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METHOD AND APPARATUS FOR FORMING MULTIPLE EMULSIONS 

GOVERNMENT FUNDING 

Research leading to various aspects of the present invention were sponsored, at 

5 least in part, by the NSF (DMR-0243715). The U.S. Government may have rights in 

certain aspects of the invention.  

RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional Patent Application Serial 

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

10 Multiple Emulsions," by Weitz, et al., incorporated herein by reference.  

FIELD OF INVENTION 

The present invention relates generally to emulsions and the production of 

emulsions, and more particularly, to microfluidic systems for forming multiple 

emulsions, and emulsions produced therefrom.  

15 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 

20 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.  

25 Typically, multiple emulsions consisting of a droplet inside another droplet are 

made using a two-stage emulsification technique, such as by applying shear forces 

through mixing to reduce the size of droplets formed during the emulsification process.  

Other methods such as membrane emulsification techniques using, for example, a porous 

glass membrane, have also been used to produce water-in-oil-in-water emulsions.  

30 Microfluidic techniques have also been used to produce droplets inside of droplets using 

a procedure including two or more steps. For example, see 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
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28, 2004; or International Patent Application No. PCT/US03/20542, filed June 30, 2003, 

entitled "Method and Apparatus for Fluid Dispersion," by Stone, et al., published as WO 

2004/002627 on January 8, 2004, each of which is incorporated herein by reference. See 

also Anna, et al., "Formation of Dispersions using 'Flow Focusing' in Microchannels," 

5 Apple. Phys. Lett., 82:364 (2003) and Okushima, et al., "Controlled Production of 

Monodispersed Emulsions by Two-Step Droplet Breakup in Microfluidic Devices," 

Langmuir 20:9905-9908 (2004). In some of these examples, a T-shaped junction in a 

microfluidic device is used to first form an aqueous droplet in an oil phase, which is then 

carried downstream to another T-junction where the aqueous droplet contained in the oil 

10 phase is introduced into another aqueous phase. In another technique, co-axial jets can 

be used to produce coated droplets, but these coated droplets must be re-emulsified into 

the continuous phase in order to form a multiple emulsion. See Loscertales et al., 

"Micro/Nano Encapsulation via Electrified Coaxial Liquid Jets," Science 295:1695 

(2002).  

15 Multiple emulsions and the products that can be made from them can be used to 

produce a variety of products useful in the food, coatings, cosmetic, or pharmaceutical 

industries, for example. Methods for producing multiple emulsions providing consistent 

droplet sizes, consistent droplet counts, consistent coating thicknesses, and/or improved 

control would make commercial implementation of these products more viable.  

20 SUMMARY OF INVENTION 

The subject matter of this application may involve, in some cases, interrelated 

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

of a single system or article.  

In one aspect a method of making a multiple emulsion is provided, the method 

25 comprising forming a first droplet from a first fluid stream surrounded by a second fluid 

while the second fluid is surrounded by a third fluid.  

In another aspect a method is provided, the method comprising flowing a first 

fluid stream in a first direction, flowing a second fluid stream in the same direction as the 

first fluid, the second stream circumscribing the first stream, flowing a third fluid stream 

30 in a second direction that is substantially opposed to the first direction, and altering the 

direction of flow of the third fluid stream to flow substantially parallel to the first 

direction.
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In another aspect, an apparatus for forming droplets is provided, the apparatus 

comprising a first conduit having a first diameter a second conduit including an end 

defining an exit opening, the second conduit concentrically disposed in the first conduit, 

and a third conduit including an end defining an entrance opening, the third conduit 

5 concentrically disposed in the first conduit wherein the entrance opening opposes the exit 

opening of the second conduit.  

In another aspect, a method of packaging a species is provided, the method 

comprising suspending a species in a first fluid, flowing the first fluid in a stream 

surrounded by a second fluid stream, the second fluid being substantially immiscible 

10 with the first fluid, introducing a third fluid stream that surrounds the second fluid 

stream, and forming multiple droplets of the first fluid wherein the droplets contain at 

least one of the species.  

In another aspect, a method for forming droplets is provided, the method 

comprising flowing a first fluid in a first conduit, flowing a second fluid in a second 

15 conduit and expelling the second fluid, from an end defining an exit opening of the 

second conduit, into the first fluid in the first conduit, urging the second fluid, 

surrounded by the first fluid, into a restriction under conditions in which droplets of the 

second fluid in the first fluid are formed within the restriction, and releasing the droplets 

of the second fluid carried in the first fluid from the restriction into a region of dimension 

20 larger than the restriction.  

In yet another aspect, a method for forming droplets is provided, the method 

comprising flowing a first fluid in a first conduit, flowing a second fluid in a second 

conduit and expelling the second fluid, from an end defining an exit opening of the 

second conduit, into the first fluid in the first conduit, flowing a third fluid in a third 

25 conduit and expelling the third fluid, from an end defining an exit opening of the third 

conduit, into the second fluid in the second conduit, urging the second fluid, surrounded 

by the first fluid and containing the third fluid, into a restriction under conditions in 

which droplets of the second fluid in the first fluid are formed within the restriction, and 

releasing the droplets of the second fluid carried in the first fluid from the restriction into 

30 a region of dimension larger than the restriction.  

In one aspect, the present invention provides a colloidosome having at least a first 

particle shell and a second particle shell surrounding the first particle shell.



WO 2006/096571 PCT/US2006/007772 

-4

In another aspect, the present invention provides a liposome comprising a lipid 

bilayer having an inner lipid layer and an outer lipid layer. In some embodiments, the 

inner lipid layer comprises a first lipid composition and the outer lipid layer comprises a 

second lipid composition distinguishable from the first lipid composition.  

5 In yet another aspect, the present invention provides an inner fluid, a first middle 

fluid surrounding the inner fluid, a second middle fluid surrounding the first middle 

fluid, and an outer liquid surrounding the second middle fluid.  

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

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

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

Other advantages, features, and uses of the invention will become apparent from 

the following detailed description of non-limiting embodiments of the invention when 

considered in conjunction with the accompanying drawings, which are schematic and 

which are not intended to be drawn to scale. In the figures, each identical or nearly 

15 identical component that is illustrated in various figures typically is represented by a 

single numeral. For purposes of clarity, not every component is labeled in every figure, 

nor is every component of each embodiment of the invention shown where illustration is 

not necessary to allow those of ordinary skill in the art to understand the invention. In 

cases where the present specification and a document incorporated by reference include 

20 conflicting disclosure, the present specification shall control.  

BRIEF DESCRIPTION OF DRAWINGS 

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

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

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

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

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

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

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

Fig. 1 is a schematic illustration of a microfluidic device useful in making 

30 multiple emulsions, according to one embodiment of the invention; 

Figs. 2A-2G are copies of photomicrographs showing different multiple 

emulsions, another embodiment of the invention;
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Figs. 3A and 3B are copies of photomicrographs illustrating formation of droplets 

in the dripping (A) and jetting (B) regimes, in accordance with yet another embodiment 

of the invention; 

Fig. 4 illustrates various photomicrographs showing the formation of a variety of 

5 multiple emulsions in other embodiments of the invention; 

Figs. 5A-5F are copies of photomicrographs showing various hardened-shell 

polymerosomes in still other embodiments of the invention; 

Figs. 6A-6B graphically illustrate data showing the relationship between droplet 

size and flowrate, according to another embodiment of the invention.  

10 Figs. 7A-7B are schematic illustrations of a microfluidic device according to 

another embodiment of the invention; 

Figs. 8A-8B are copies of photomicrographs illustrating the influence of diblock 

copolymers on multiple emulsions, in another embodiment of the invention; 

Figs. 9A-9D illustrate evaporation and dissolution of a THF-toluene mixture, in 

is accordance with another embodiment of the invention; 

Figs. IOA-IOB illustrate the encapsulation of hydrophobic quantum dots, in still 

another embodiment of the invention; 

Figs. 11 A-I IG illustrate the evolution of polymerosomes under osmotic pressure 

shock, in still another embodiment of the invention; 

20 Figs. 12A-12C illustrate certain double'emulsions containing many internal 

droplets and multi-compartmental vesicular structure; 

Fig. 13 is a schematic illustrating the formation of polymerosomes, according to 

yet another embodiment of the invention; 

Figs. 14A-14E illustrate certain dewetting experiments, in accordance with yet 

25 another embodiment of the invention; 

Figs. 15A-1 5B are graphs illustrating interfacial tension experiments in another 

embodiment of the invention; 

Fig. 16 is a copy of a photomicrograph showing certain dewetted droplets of the 

invention; 

30 Fig. 17 is a schematic illustration of another microfluidic device useful in making 

multiple emulsions, according to another embodiment of the invention; 

RECTIFIED SHEET (RULE 911 ISA/EP
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Figs. 18A-18G are copies of photomicrographs showing various multiple 

emulsions, according to various embodiments of the invention; and 

Fig. 19 is a schematic illustrating the formation of asymmetric liposomes, 

according to still another embodiment of the invention.  

5 

DETAILED DESCRIPTION 

The present invention generally relates to multiple emulsions, and to methods and 

apparatuses for making multiple emulsions. A multiple emulsion, as used herein, 

describes larger droplets that contain one or more smaller droplets therein. The larger 

10 droplet or droplets may be suspended in a third fluid in some cases. In certain 

embodiments, emulsion degrees of nesting within the multiple emulsion are possible.  

For example, an emulsion may contain droplets containing smaller droplets therein, 

where at least some of the smaller droplets contain even smaller droplets therein, etc.  

Multiple emulsions can be useful for encapsulating species such as pharmaceutical 

15 agents, cells, chemicals, or the like. In some cases, one or more of the droplets (e.g., an 

inner droplet and/or an outer droplet) can change form, for instance, to become solidified 

to form a microcapsule, a liposome, a polymerosome, or a colloidosome. As described 

below, multiple emulsions can be formed in one step in certain embodiments, with 

generally precise repeatability, and can be tailored to include one, two, three, or more 

20 inner droplets within a single outer droplet (which droplets may all be nested in some 

cases). As used herein, the term "fluid" generally means a material in a liquid or gaseous 

state. Fluids, however, may also contain solids, such as suspended or colloidal particles.  

Fields in which multiple emulsions may prove useful include, for example, food, 

beverage, health and beauty aids, paints and coatings, and drugs and drug delivery. For 

25 instance, a precise quantity of a drug, pharmaceutical, or other agent can be encapsulated 

by a shell designed to rupture under particular physiological conditions. In some 

instances, cells can be contained within a droplet, and the cells can be stored and/or 

delivered, e.g., via a polymerosome. Other species that can be stored and/or delivered 

include, for example, biochemical species such as nucleic acids such as siRNA, RNAi 

30 and DNA, proteins, peptides, or enzymes. Additional species that can be incorporated 

within a multiple emulsion of the invention include, but are not limited to, nanoparticles, 
quantum dots, fragrances, proteins, indicators, dyes, fluorescent species, chemicals, or
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the like. A multiple emulsion can also serve as a reaction vessel in certain cases, such as 

for controlling chemical reactions, or for in vitro transcription and translation, e.g., for 

directed evolution technology.  

Using the methods and devices described herein, in some embodiments, a 

5 consistent size and/or number of droplets can be produced, and/or a consistent ratio of 

size and/or number of outer droplets to inner droplets (or other such ratios) can be 

produced. For example, in some cases, a single droplet within an outer droplet of 

predictable size can be used to provide a specific quantity of a drug. In addition, 

combinations of compounds or drugs may be stored, transported, or delivered in a 

10 multiple emulsion droplet. For instance, hydrophobic and hydrophilic species can be 

delivered in a single, multiple emulsion droplet, as the droplet can include both 

hydrophilic and hydrophobic portions. The amount and concentration of each of these 

portions can be consistently controlled according to certain embodiments of the 

invention, which can provide for a predictable and consistent ratio of two or more 

15 species in the multiple emulsion droplet.  

In one aspect, the multiple emulsions described herein may be made in a single 

step using different fluids. In one set of embodiments, a triple emulsion may be 

produced, i.e., an emulsion containing a first fluid, surrounded by a second fluid, which 

in turn is surrounded by a third fluid. In some cases, the third fluid and the first fluid 

20 may be the same. These fluids can be referred to as an inner fluid (IF), a middle fluid 

(MF) and an outer fluid (OF), respectively, and are often of varying miscibilities due to 

differences in hydrophobicity. For example, the inner fluid may be water soluble, the 

middle fluid oil soluble, and the outer fluid water soluble. This arrangement is often 

referred to as a w/o/w multiple emulsion ("water/oil/water"). Another multiple emulsion 

25 may include an inner fluid that is oil soluble, a middle fluid that is water soluble, and an 

outer 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 "oil" in the 

above tenninology merely refers to a fluid that is generally more hydrophobic and not 

miscible in water, as is known in the art. Thus, the oil may be a hydrocarbon in some 

30 embodiments, but in other embodiments, the oil may comprise other hydrophobic fluids.  

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
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under the conditions at which the multiple emulsion is produced. For instance, the fluid 

and the liquid may be selected to be immiscible within the time frame of the formation of 

the fluidic droplets. In some embodiments, the inner and outer fluids are compatible, or 

miscible, while the middle fluid is incompatible or immiscible with each of the inner and 

5 outer fluids. In other embodiments, however, all three 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, additional fourth, fifth, sixth, etc. fluids may be 

added to produce increasingly complex droplets within droplets, e.g., a first fluid may be 

surrounded by a second fluid, which may in turn be surrounded by a third fluid, which in 

10 turn may be surrounded by a fourth fluid, etc.  

In the descriptions herein, multiple emulsions are generally described with 

reference to a three phase system, i.e., having an outer fluid, a middle fluid, and an inner 

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 droplet. As examples, an 

15 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. Accordingly, it should be understood 

that the descriptions of the inner fluid, middle fluid, and outer fluid are by ways of ease 

of presentation, and that the descriptions below are readily extendable to systems 

20 involving additional fluids.  

As fluid viscosity can affect droplet formation, in some cases the viscosity of the 

inner, middle, and/or outer fluids may be adjusted by adding or removing components, 

such as diluents, that can aid in adjusting viscosity. In some embodiments, the viscosity 

of the inner fluid and the middle fluid are equal or substantially equal. This may aid in, 

25 for example, an equivalent frequency or rate of droplet formation in the inner and middle 

fluids. In other embodiments, the outer fluid may exhibit a viscosity that is substantially 

different from either the inner or middle fluids. A substantial difference in viscosity 

means that the difference in viscosity between the two fluids can be measured on a 

statistically significant basis. Other distributions of fluid viscosities within the droplets 

30 are also possible. For example, the inner fluid may have a viscosity greater than or less 

than the viscosity of the middle fluid, the middle fluid may have a viscosity that is 

greater than or less than the viscosity of the outer fluid, etc. It should also be noted that,
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in higher-order droplets, e.g., containing four, five, six, or more fluids, the viscosities 

may also be independently selected as desired, depending on the particular application.  

In one set of embodiments, multiple emulsions are formed by flowing three (or 

more) fluids through a system of conduits. The system may be a microfluidic system.  

5 "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 

10 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 

15 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.  

Conduits may include an orifice that may be smaller, larger, or the same size as the 

average diameter of the conduit. For example, conduit orifices may have diameters of 

less than about 1 mm, less than about 500 micrometers, less than about 300 micrometers, 

20 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 can also be disposed in or nested in another conduit, 

25 and multiple nestings are possible in some cases. In some embodiments, one conduit can 

be concentrically retained in another conduit and the two conduits are considered to be 

concentric. In other embodiments, however, one conduit may be off-center with respect 

to another, surrounding conduit. By using a concentric or nesting geometry, the inner 

and outer fluids, which are typically miscible, may avoid contact facilitating great 

30 flexibility in making multiple emulsions and in devising techniques for encapsulation 

and polymerosome formation. For example, this technique allows for fabrication of 

core-shell structure, and these core-shell structures can be converted into capsules.
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As the systems described herein may be truly three-dimensional microfluidic 

devices, e.g., having concentric conduit arrangements, the inner fluid can be completely 

shielded from the outer fluid in certain embodiments. This may reduce or eliminate 

problems that can occur in other systems, when the inner and outer fluid may contact 

5 each other at or near a solid surface, such as in a two-dimensional system.  

A flow pathway can exist in an inner conduit and a second flow pathway can be 

formed in a coaxial space between the external wall of the interior conduit and the 

internal wall of the exterior conduit, as discussed in detail below. The two conduits may 

be of different cross-sectional shapes in some cases. In one embodiment, a portion or 

10 portions of an interior conduit may be in contact with a portion or portions of an exterior 

conduit, while still maintaining a flow pathway in the coaxial space. Different conduits 

used within the same device may be made of similar or different materials. For example, 

all of the conduits within a specific device may be glass capillaries, or all of the conduits 

within a device may be formed of a polymer, for example, polydimethylsiloxane, as 

15 discussed below.  

A geometry that provides coaxial flow can also provide hydrodynamic focusing 

of that flow, according to certain embodiments of the invention. Many parameters of the 

droplets, both inner droplets and middle layer droplets (outer droplets) can be controlled 

using hydrodynamic focusing. For instance, droplet diameter, outer droplet thickness 

20 and the total number of inner droplets per outer droplet can be controlled.  

Multiple emulsion parameters can also be engineered by adjusting, for example, 

the system geometry, the flowrate of the inner fluid, the flowrate of the middle fluid 

and/or the flowrate of the outer fluid. By controlling these three flow rates 

independently, the number of internal droplets and the shell thickness of the outer droplet 

25 (middle fluid) can be predicatively chosen.  

The schematic diagram illustrated in Fig. 1 shows one embodiment of the 

invention including a device 100 having an outer conduit 110, a first inner conduit (or 

injection tube) 120, and a second inner conduit (or collection tube) 130. An inner fluid 

140 is shown flowing in a right to left direction and middle fluid 150 flows in a right to 

30 left direction in the space outside of injection tube 120 and within conduit 110. Outer 

fluid 160 flows in a left to right direction in the pathway provided between outer conduit 

110 and collection tube 130. After outer fluid 160 contacts middle fluid 150, it changes
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direction and starts to flow in substantially the same direction as the inner fluid 140 and 

the middle fluid 150, right to left. Injection tube 120 includes an exit orifice 164 at the 

end of tapered portion 170. Collection tube 130 includes an entrance orifice 162, an 

internally tapered surface 172, and exit channel 168. Thus, the inner diameter of 

5 injection tube 120 decreases in a direction from right to left, as shown, and the inner 

diameter of collection tube 130 increases from the entrance orifice in a direction from 

right to left. These constrictions, or tapers, can provide geometries that aid in producing 

consistent multiple emulsions. The rate of constriction may be linear or non-linear.  

As illustrated in Fig. 1, inner fluid 140 exiting from orifice 164 can be completely 

10 surrounded by middle fluid 150, as there is no portion of inner fluid 140 that contacts the 

inner surface of conduit 110 after its exit from injection tube 120. Thus, for a portion 

between exit orifice 164 to a point inside of collection tube 130 (to the left of entrance 

orifice 162), a stream of fluid 140 is concentrically surrounded by a stream of fluid 150.  

Additionally, middle fluid 150 may not come into contact with the surface of collection 

15 tube 130, at least until after the multiple emulsion has been formed, because it is 

concentrically surrounded by outer fluid 160 as it enters collection tube 130. Thus, from 

a point to the left of exit orifice 164 to a point inside of collection tube 130, a composite 

stream of three fluid streams is formed, including inner fluid 140 concentrically 

surrounded by a stream of middle fluid 150, which in turn is concentrically surrounded 

20 by a stream of outer fluid 160. The inner and middle fluids do not typically break into 

droplets until they are inside of collection tube 130 (to the left of entrance orifice 162).  

Under "dripping" conditions, the droplets are formed closer to the orifice, while under 

"jetting" conditions, the droplets are formed further downstream, i.e., to the left as shown 

in Fig. 1.  

25 In some cases, such as when droplets of middle fluid 150 (outer droplets) are 

formed at the same rate as are droplets of inner fluid 140, then there is a one-to-one 

correspondence between inner fluid and middle fluid droplets, and each droplet of inner 

fluid is surrounded by a droplet of middle fluid, and each droplet of middle fluid contains 

a single inner droplet of inner fluid. The term "outer droplet," as used herein, typically 

30 means a fluid droplet containing an inner fluid droplet that comprises a different fluid.  

In many embodiments that use three fluids for multiple emulsion production, the outer 

droplet is formed from a middle fluid and not from the outer fluid as the term may imply.
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It should be noted that the above-described figure is by way of example only, and other 

devices are also contemplated within the instant invention. For example, the device in 

Fig. 1 may be modified to include additional concentric tubes, for example, to produce 

more highly nested droplets. For instance, in Fig. 17, a device having three concentric 

5 tubes is shown, which may be used to produce nested fluidic droplets having an inner 

fluid, a first middle fluid surrounding the inner fluid, and a second inner fluid 

surrounding the first middle fluid. Even higher degrees of nesting are possible, for 

example, 4 concentric tubes, 5 concentric tubes, or the like. It should be noted that 

"concentric," as used herein, does not necessarily refer to tubes that strictly coaxial, but 

10 also includes nested or "off-center" tubes that do not share a common center line.  

Droplet formation and morphology can be affected in a number of ways. For 

example, the geometry of the device, including the relationship of an outer conduit and 

two inner conduits, can be useful in developing multiple emulsions of desired size, 
frequency, and content. For example, the size of the orifice 162 and the inner taper of 

15 collection tube 130 can help to maintain three fluids in position, allowing droplets 180 to 

form. In addition, droplet formation can be affected by the rate of flow of the inner fluid, 
the rate of flow of the middle fluid, the rate of flow of the outer fluid, the total amount of 

flow or a change in the ratios, and/or combinations of any of these flow rates. In some 

embodiments, multiple droplets of inner fluid can be formed within a single droplet of 

20 the middle fluid. For example, 2, 3, 4, 5, 10, 30, 100, 300, 1000 or more droplets of 

inner fluid can be formed within a droplet of middle fluid by varying the frequency of 

droplet formation of either (or both) the inner fluid or the middle fluid, in relation to the 

other of the inner fluid or the middle fluid. For example, if the velocity of the inner fluid 

is altered so that five droplets are formed over the same amount of time as a single 

25 droplet of middle fluid, then a droplet of middle fluid may contain, on average, five 

droplets of inner fluid. It should be noted that, depending on the fluid flow 

characteristics, some of the middle fluid droplets may contain more or fewer droplets of 

inner fluid, although the average is five droplets, as discussed in this example. As the 

absolute and relative flow rates of the three fluids can be carefully controlled using the 

30 devices described herein, the middle fluid droplets containing specific numbers of inner 

fluid droplets can be consistently and repeatedly formed. In some embodiments, the 

standard deviation from a target number of inner fluid droplets per middle fluid droplet
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may be, for example, less than one inner droplet, or less than 20% of the number of inner 

droplets per middle fluid droplet. In other embodiments, the standard deviation may be, 

for example, less than 15%, less than 12%, less than 10%, less than 8%, or less than 6% 

of the number of inner droplets per middle fluid droplet.  

5 Dripping conditions produce droplets close to the entrance of collection tube 130 

(Fig. 1) within a single orifice diameter; this can be analogized to a dripping faucet.  

Droplets produced by dripping are typically highly monodisperse. By contrast, under 

jetting conditions, as illustrated in Fig. 3B, produces a long jet that extends three or more 

orifice diameters downstream into the collection tube, where it breaks into droplets.  

10 Although the distance from the opening may be greater under the jetting regime, droplets 

formed by either method are typically formed inside the collection tube. The jetting 

regime is typically quite irregular, resulting in polydisperse droplets, whose radius is 

much greater than that of the jet. Jet formation is believed to be caused by the viscous 

stress of the outer fluid on the middle fluid. When viscous effects dominate over inertial 

15 effects, the Reynolds number is low. The formation of multiple emulsions is similar to 

that of single emulsions; however, there are at least two fluids flowing coaxially, each of 

which can form droplets through either mechanism.  

The size distribution of the multiple emulsions is believed to be determined by 

the breakup mechanism, whereas the number of innermost droplets (inner fluid) may 

20 depend on the relative rates of droplet formation of the inner and middle fluids. As a 

result, a wide variety of droplet morphologies can be produced. For example, Figs. 5A

5F, shows different sized mono- and polydisperse multiple emulsions. When the rates of 

breakup and formation are equal, the annulus and core of the coaxial jet can break 

simultaneously, which can be used to generate a multiple emulsion with a single internal 

25 drop. These types of multiple emulsions can be generated when both fluids are 

simultaneously dripping (Fig. 3A) or simultaneously jetting (Fig. 3B). The dripping and 

jetting mechanisms are closely related, and the transition between them can be induced 

by varying the flowrate of the outermost fluid. The dripping regime occurs at lower 

outer flow rates, while increasing the flowrate focuses the coaxial jet more strongly, 

30 thinning the inner stream, leading initially to smaller multiple emulsion droplets.  

The relative sizes of the inner fluid droplet and the middle fluid droplet can also 

be carefully controlled, i.e., the ratio of the size of the inner and outer droplets can be
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predicatively controlled. For instance, inner fluid droplets may fill much of or only a 

small portion of the middle fluid (outer) droplet. Inner fluid droplets may fill less than 

90%, less than 80%, less than 70%, less than 60%, less than 50%, less than 30%, less 

than 20%, or less than 10% of the volume of the outer droplet. Alternatively, the inner 

5 fluid droplet may form greater than 10%, 20%, 30%, 40%, 50%, 60%, 70%, 90%, 95%, 

or 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. The ratio of the middle fluid 

shell thickness to the middle fluid droplet radius can be equal to or less than, e.g., 5%, 

10 4%, 3%, or 2%. This can allow, in some embodiments, for the formation of multiple 

emulsions with only a very thin layer of material separating, and thus stabilizing, two 

miscible fluids. The middle shell material can also be thickened to greater than or equal 

to, e.g., 10%, 20%, 30%, 40%, or 50% of the middle fluid droplet radius. Examples of 

different size inner droplets with a constant sized outer droplet are provided in Figs. 2A

15 2D. For example, Figs. 2E and 2F illustrate a single middle fluid droplet containing a 

plurality of inner fluid droplets.  

Fig. 3 provides two photomicrographs showing the formation of monodisperse 

droplets in the dripping region (Fig. 3A) and in the jetting region (Fig. 3B). In both 

cases, monodisperse droplets are formed downstream of the entrance orifice to collection 

20 tube 130. However, it is notable that droplets break off more closely to the entrance 

orifice when the system is operated in the dripping region than when the system is 

operated under jetting conditions. In the example shown, using the same device, a 

change in the flow of the outer fluid can be used to control whether jetting or dripping 

action is employed. In this example, the dripping region resulted in a polydispersity of 

25 less than about 1%, while in the jetting region, polydisperity was about 3%. The scale 

bar shown in Fig. 3A represents 200 micrometers. In both examples, the outer fluid and 

the inner fluid were silicon oil and the middle fluid was a glycerol/water mixture. The 

inner fluid and middle fluid were of substantially equal viscosities, and the outer fluid 

exhibited a viscosity of about 1 order of magnitude greater than the viscosity of either the 

30 inner or middle fluid.  

As noted above, the invention also provides, in certain aspects, triple emulsions 

or other, higher-order multiple emulsions. For example, in Fig. 17, an apparatus for
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producing triple emulsions is illustrated. In Fig. 17, device 100 has an outer conduit 110, 

a first inner conduit (or injection tube) 120, a second inner conduit (or injection tube) 

125, and a third inner conduit (or collection tube) 130. An inner fluid 140 is shown 

flowing in a left to right direction within conduit 125, as well as first middle fluid 150 

5 within the space outside of conduit 125 and within conduit 120. Second middle fluid 

155 also flows in a left to right direction in Fig. 17, outside of conduit 120 and within 

conduit 110. Outer fluid 160 flows in a right to left direction in the pathway provided 

between outer conduit 110 and collection tube 130. After outer fluid 160 contacts 

second middle fluid 155, it changes direction and starts to flow in substantially the same 

10 direction as inner fluid 140 and middle fluids 150 and 155, i.e., left to right. Through 

this action, a series of nested emulsions 180 are formed, in which inner fluid 140 is 

surrounded by first middle fluid 150, which in turn surround by second middle fluid 155, 

which in contained within outer fluid 160. Injection tube 125 includes an exit orifice 164 

at the end of tapered portion 170, while injection tube 125 includes an exit orifice 169 at 

15 the end of tapered portion 177. Collection tube 130 includes an entrance orifice 162 and 

an internally tapered surface 172, as well as exit 168. The inner diameter of injection 

tube 120 generally decreases in a direction from left to right, as shown, the inner 

diameter of injection tube 125 also decreases in the direction from left to right, as shown, 

in the inner diameter of collection tube 130 increase from the entrance orifice in a 

20 direction from left to right. These constrictions, or tapers can provide geometries that aid 

in producing consistent multiple emulsions.  

Examples of such multiple emulsions are illustrated in Figs. 18A-1 8G. Fig. 18A 

illustrates an example of a device that was used to produce the multiple emulsions shown 

in Figs. 18B-18G. In Fig. 18A, the dimension of the tips is on the order of 100 mm.  

25 Figs. 18-1 8D illustrate various water/oil/water/oil ("w/o/w/o") emulsions. In Fig. 18B, 

a water/silicon oil/water/silicon oil emulsion is shown, while in Fig. 18C, a 

water/toluene/water/silicon oil emulsion is shown. As noted above, the volume of each 

component within a multiple emulsion can be tuned by controlling the various flow rates, 

and in some cases, multiple droplets may be contained within a single droplet. For 

30 instance, in Fig. 18E, within the fluidic droplets are contained to distinct inner fluidic 

droplets, while in Figs. 18F and 18G, several inner fluidic droplets are contained within 

an outer fluidic droplet.
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The rate of production of multiple emulsion droplets may be determined by the 

droplet formation frequency, which under many conditions can vary between 

approximately 100 Hz and 5000 Hz. In some cases, the rate of droplet production may 

be at least about 200 Hz, at least about 300 Hz, at least about 500 Hz, at least about 750 

5 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 multiple emulsion products, e.g., 

polymerosomes or colloidosomes, can be facilitated by the parallel use of multiple 

devices in some instances. In some cases, relatively large numbers of devices may be 

10 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), orifices, microfluidics, etc. In 

15 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 inner, middle, and outer fluids, 

depending on the application.  

In some embodiments of the invention, a hardened shell may be formed around 

20 an inner droplet, such as by using a middle fluid that can be solidified or gelled. In this 

way, capsules can be formed with consistently and repeatedly-sized inner droplets, as 

well as a consistent and repeatedly-sized outer shell. In some embodiments, this can be 

accomplished by a phase change in the middle fluid. A "phase change" fluid is a fluid 

that can change phases, e.g., from a liquid to a solid. A phase change can be initiated by 

25 a temperature change, for instance, and in some cases the phase change is reversible. For 

example, a wax or gel may be used as a middle fluid at a temperature which maintains 

the wax or gel as a fluid. Upon cooling, the wax or gel can form a solid or semisolid 

shell, e.g., resulting in a capsule. The shell may also be a bilayer, such as can be formed 

from two layers of surfactant.  

30 In another embodiment, the shell can be formed by polymerizing the middle fluid 

droplet. This can be accomplished in a number of ways, including using a pre-polymer
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that can be catalyzed, for example, chemically, through heat, or via electromagnetic 

radiation (e.g., ultraviolet radiation) to form a solid polymer shell.  

In one aspect of the invention, multiple emulsions can be formed that include 

amphiphilic species such as amphiphilic polymers and lipids and amphiphilic species 

5 typically includes a relatively hydrophilic portion, and a relatively hydrophobic portion.  

For instance, the hydrophilic portion may be a portion of the molecule that is charged, 

and the hydrophobic portion of the molecule may be a portion of the molecule that 

comprises hydrocarbon chains. The polymerosomes may be formed, for example, in 

devices such as those described above with respect to multiple emulsions. As mentioned 

10 above, one or more of the fluids forming the multiple emulsions may include polymers, 

such as copolymers, which can be subsequently polymerized. An example of such a 

system is normal butyl acrylate and acrylic acid, which can be polymerized to form a 

copolymer of poly(normal-butyl acrylate)-poly(acrylic acid).  

When lipids are used, the resulting emulsion droplets are typically referred to as 

15 vesicles or lipid vesicles. When an amphiphilic polymer, such as a diblock copolymer, is 

used, the resulting droplets can be referred to as polymerosomes. "Polymers," as used 

herein, may include polymeric compounds, as well as compounds and species that can 

form polymeric compounds, such as prepolymers. Prepolymers include, for example, 

monomers and oligomers. In some cases, however, only polymeric compounds are used 

20 and prepolymers may not be appropriate.  

Upon formation of a multiple emulsion, an amphiphilic species that is contained, 

dissolved, or suspended in the emulsion can spontaneously associate along a 

hydrophilic/hydrophobic interface in some cases. For instance, the hydrophilic portion 

of an amphiphilic species may extend into the aqueous phase and the hydrophobic 

25 portion may extend into the non-aqueous phase. Thus, the amphiphilic species can 

spontaneously organize under certain conditions so that the amphiphilic species 

molecules orient substantially parallel to each other and are oriented substantially 

perpendicular to the interface between two adjoining fluids, such as an inner droplet and 

outer droplet, or an outer droplet and an outer fluid. As the amphiphilic species become 

30 organized, they may form a sheet, e.g., a substantially spherical sheet, with a 

hydrophobic surface and an opposed hydrophilic surface. Depending on the arrangement 

of fluids, the hydrophobic side may face inwardly or outwardly and the hydrophilic side
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may face inwardly or outwardly. The resulting multiple emulsion structure may be a 

bilayer or a multi-lamellar structure.  

In one set of embodiments, a method of forming multiple emulsion structures 

containing amphiphilic species, such as polymer vesicles or "polymerosomes," involves 

5 the removal of a portion of the middle fluid after the formation of a multiple emulsion.  

For instance, a component of the middle fluid, such as a solvent or carrier, can be 

removed from the fluid, in part or in whole, through evaporation or diffusion. The 

remaining component or components of the middle fluid may self-organize or otherwise 

harden as a result of the reduction in the amount of solvent or carrier in the middle fluid, 

10 similar to those processes previously described. This shell formation can occur, for 

example, through crystallization or self-assembly of polymers dissolved in the middle 

fluid. For instance, a surfactant or surfactants can be used so that when the surfactant 

concentration in the middle fluid increases (e.g., concurrently with a decrease in the 

solvent concentration) the surfactant molecules are oriented so that like regions of the 

15 surfactant are associated with the inner droplet and/or the outer fluid. Within the shell 

itself (i.e., the middle fluid), different regions of the surfactant molecules may associate 

with each other, resulting in a concentrating of materials that then form a membrane of 

lamellar sheet(s) composed primarily or substantially of surfactant. The membrane may 

be solid or semi-solid in some cases. Non-surfactants can also be used.  

20 In some cases, the middle fluid comprises a solvent system used as a carrier, and 

a dissolved or suspended polymer such as a diblock copolymer, which can be 

amphiphilic. After formation of a multiple emulsion, the solvent can be removed from 

the shell using techniques such as evaporation or diffusion, leaving the diblock 

copolymers behind. As the solvent leaves the middle fluid layer, the polymers can self

25 assemble into single or multiple layers on the inner and/or outer surfaces, resulting in a 

polymerosome. This can result in a thin membrane that is capable of carrying, 

protecting, and delivering the inner droplet. Once formed, these polymerosomes can be 

removed from the outer fluid, dried, stored, etc.  

In cases where it may be desirable to remove a portion of the middle fluid from 

30 the outer drop, for example, when forming a shell through self-assembly, some of the 

components of the middle fluid may be at least partially miscible in the outer fluid. This 

can allow the components to diffuse over time into the outer solvent, reducing the
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concentration of the components in the outer droplet, which can effectively increase the 

concentration of any of the immiscible components, e.g., polymers or surfactants, that 

comprise the outer droplet. This can lead to the self-assembly or gelation of polymers or 

other shell precursors in some embodiments, and can result in the formation of a solid or 

5 semi-solid shell. During droplet formation, it may still be preferred that the middle fluid 

be at least substantially immiscible with the outer fluid. This immiscibility can be 

provided, for example, by polymers, surfactants, solvents, or other components that form 

a portion of the middle fluid, but are not able to readily diffuse, at least entirely, into the 

outer fluid after droplet formation. Thus, the middle fluid can include, in certain 

10 embodiments, both a miscible component that can diffuse into the outer fluid after 

droplet formation, and an immiscible component that helps to promote droplet formation.  

Other amphiphilic species may also be used, besides diblock copolymers. For 

example, other polymers, or other species such as lipids or phospholipids may be used 

with the present invention. For example, liposomes can also be formed from 

15 phospholipids and/or other lipids. For example, lipids or phospholipids may be provided 

instead of polymers in the methods described above. Other methods may also be used to 

produce robust encapsulants, for example, surface-induced polymerization of either the 

inner or outer interface, or temperature-induced gelation of the inner or middle fluid.  

In one embodiment, an asymmetric liposome is provided, i.e., a liposome 

20 comprising a lipid bilayer having a first, inner surface comprising a first lipid 

composition and a second outer surface comprising a second lipid composition 

distinguishable from the first lipid composition, where the first, inner surface and the 

second, outer surface together form a lipid bilayer membrane defining the liposome, or at 

least one shell of the liposome if the liposome is a multilamellar liposome. Such a 

25 liposome may be formed, for example, by incorporating a first lipid in a first droplet and 

a second lipid in a second droplet surrounding the first droplet in a multiple emulsion, 

then removing the solvent can be removed from the shell using techniques such as 

evaporation or diffusion, leaving the lipids behind. As mentioned, higher degrees of 

nesting, i.e., to produce multilamellar liposomes, can also be fabricated, e.g., a first shell 

30 of a liposome may comprise a first, inner surface comprising a first lipid composition 

and a second outer surface comprising a second lipid composition distinguishable from 

the first lipid composition, and a second shell comprising a first, inner surface
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comprising a third lipid composition and a second outer surface comprising a fourth lipid 

composition distinguishable from the third lipid composition.  

An example of such a process used to make an asymmetric liposome is shown in 

Fig. 19. In this figure, an inner fluid 301, a first middle fluid 302 (containing first lipids 

5 312), a second middle fluid 303 (containing second lipids 313), and an outer fluid 304 

are combined within microfluidic device 320, such as the ones described herein, e.g., in 

Fig. 17, to produce triple emulsion 330. As shown in Fig. 19, first middle fluid 302, 

containing lipids 312, may be present at one location within the triple emulsion, while 

second middle fluid 303, containing lipids 313, may be present within a different 

10 location without the triple emulsion, for example, lipids 312 may be arranged on the 

periphery of the triple emulsion, while lipids 313 are attracted to the center interface of 

the triple emulsion 330 (between the second middle fluid and the inner fluid).  

Subsequently, upon evaporation or one or more of the middle fluids, an asymmetric 

vesicle 340, such as an asymmetric liposome, may be formed, in which lipids 312 form 

15 an outer portion of a lipid bilayer membrane, while lipids 313 form an inner portion of 

the lipid bilayer membrane that defines the asymmetric liposome.  

In another embodiment, a colloidosome is produced, i.e., a fluidic droplet 

surrounded by a shell of colloidal particles. Such a colloidosome can be produced, for 

example, by providing colloidal particles in a shell of a multiple emulsion droplet (e.g., 

20 in an outer droplet), then removing the solvent can be removed from the shell using 

techniques such as evaporation or diffusion, leaving the colloids behind to form the 

colloidosome. Nested colloidosomes can also be produced in some cases, i.e., a 

colloidosome having at least a first particle shell and a second particle shell surrounding 

the first particle shell. The shells may or may not have the same composition of colloids.  

25 Such a nested colloidosome can be produced, according to one set of embodiments, by 

producing a multiple emulsion having an inner droplet, a middle droplet, and an outer 

droplet (etc., if higher degrees of nesting are desired), where some or all of the middle 

droplet(s) and outer droplets contain colloidal particles. Next, the solvents can be 

removed from the shells using techniques such as evaporation or diffusion, leaving 

30 behind multiple layers of colloids to from the nested colloidosome.  

In still other embodiments, any combination of the above-described systems may 

also be used. For example, in one embodiment, a particle may be produced comprising a
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lipid bilayer and a colloidal layer (in any order), a lipid bilayer and a polymer layer, a 

colloidal layer and a polymer layer, etc.  

In another set of embodiments, fluid can be removed from an inner droplet in 

order to, for example, concentrate any species that may be contained within the inner 

5 droplet. Fluid may be removed from the inner droplet, or the inner droplet may be 

concentrated, using techniques similar to those described herein for removing fluid from 

an outer droplet. For instance, fluid can diffuse from or evaporate out of the inner 

droplet in order to reduce the size of the inner droplet, and therefore concentrate any 

components of the inner droplet that do not substantially diffuse or evaporate. For 

10 example, the volume of an inner droplet can be reduced by more than 50%, 75%, 90%, 

95%, 99%, or 99.9%. Thus, the core radius of the inner droplet can be reduced by, for 

example, a factor of 2, 5, 10, or more, in some cases.  

Fluid components can be chosen by those skilled in the art for particular diffusion 

or evaporative characteristics. The middle fluid (outer droplet) can also be selected so 

15 that the middle fluid provides for transfer of the inner fluid, either into or through the 

middle fluid. The size (thickness) of the outer droplet may also affect the rate of transfer 

out of the inner droplet, and in some cases the thickness of the outer droplet can be 

selected in order to control the rate at which inner fluid is removed from the inner 

droplet. Those of ordinary skill in the art will be able to optimize such a system, using 

20 no more than routine skill, to achieve a desired diffusion or evaporate a characteristic, 

depending on the particular application.  

In another aspect, the methods and apparatus of the invention can be used to form 

droplets containing species and to provide methods of delivering such species. The 

species may be any substance that can be contained in any portion of the droplet and can 

25 be differentiated from the droplet fluid. The species may be present in any fluidic within 

droplet, for example, within an inner droplet and/or within an outer droplet, etc. Species 

may include, for example, pharmaceutical agents, drugs, DNA, RNA, proteins, 

fragrance, reactive agents, biocides, fungicides, preservatives, chemicals, or cells. Cells, 

for example, can be suspended in a fluid multiple emulsion, or contained in a 

30 polymerosome. One or more cells and one or more cell types can be contained in a 

droplet. The inner fluid may be, for example, an aqueous buffer solution. As the 

polydispersity and size of the droplets can be narrowly controlled, emulsions can be
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formed that include a specific number of species or particles per droplet. For instance, a 

single droplet may contain 1, 2, 3, 4, or more species. Emulsions can be formed with 

low polydispersity so that greater than 90%, 95%, or 99% of the droplets formed contain 

the same number of species. For example, an emulsion can be formed in which greater 

5 than about 95% of the droplets formed contain a single cell at the point of droplet 

production, without a need to separate or otherwise purify the emulsion in order to obtain 

this level of dispersity. Typically, the fluid supporting the cell is the inner fluid and is 

aqueous based. The middle fluid may be a non-aqueous fluid and the outer fluid may be 

an aqueous fluid. If a polymerosome is used, the shell may be formed of a material 

10 capable of protecting the cell. The shell may help retain, for example, moisture, and can 

be sized appropriately to maximize the lifetime of the cell within the polymerosome. For 

instance, the shell (outer droplet) may be sized to contain a specific volume, e.g., 10 nL, 

of inner fluid as well as a single cell or a select number of cells. Likewise, cells may be 

suspended in the bulk inner fluid so that, statistically, one cell will be included with each 

15 aliquot (e.g., 10 nL) of inner fluid when the inner fluid is used to form a droplet.  

According to still another set of embodiments, a specific shell material may be 

chosen to dissolve, rupture, or otherwise release its contents under certain conditions.  

For example, if a polymerosome contains a drug, the shell components may be chosen to 

dissolve under certain physiological conditions (e.g., pH, temperature, osmotic strength), 

20 allowing the drug to be selectively released. Materials useful in these "smart capsules" 

are known to those skilled in the art. If it is desired that the inner species be dried, the 

shell material may be of a substance that is permeable to water molecules.  

A variety of materials and methods, according to certain aspects of the invention, 

can be used to form any of the above-described components of the systems and devices 

25 of the invention. In some cases, the various materials selected lend themselves to 

various methods. For example, various components of the invention can be formed from 

solid materials, in which the channels can be formed via micromachining, filn 

deposition processes such as spin coating and chemical vapor deposition, laser 

fabrication, photolithographic techniques, etching methods including wet chemical or 

30 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
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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 can be formed of a polymer, for example, an elastomeric polymer such as 

polydimethylsiloxane ("PDMS"), polytetrafluoroethylene ("PTFE" or Teflon*), or the 

5 like.  

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

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

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

or at least partially transparent material, such as glass or a transparent polymer, for 

10 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 channel walls, 

where the base supporting material does not have a precise, desired functionality. For 

example, components can be fabricated as illustrated, with interior channel walls coated 

with another material. Material used to fabricate various components of the systems and 

15 devices of the invention, e.g., materials used to coat interior walls of fluid channels, may 

desirably be selected from among those materials that will not adversely affect or be 

affected by fluid flowing through the fluidic system, e.g., material(s) that is chemically 

inert in the presence of fluids to be used within the device.  

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

20 polymeric and/or flexible and/or elastomeric materials, and can be conveniently formed 

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

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

25 embodiment, the hardenable fluid comprises a polymeric liquid or a liquid polymeric 

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

thermoplastic polymers, thermoset polymers, or mixture of such polymers heated above 

their melting point. 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 

30 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
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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, epoxy polymers, and 

5 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 

10 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 preferred in one set of embodiments, for example, the 

silicone elastomer polydimethylsiloxane. Non-limiting examples of PDMS polymers 

15 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 

20 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 

25 masters can be advantageous in this regard.  

One advantage of forming structures such as microfluidic structures of the 

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

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

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

30 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



WO 2006/096571 PCT/US2006/007772 

- 25 

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

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

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

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

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

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

10 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 (Duffy, et al.), incorporated 

15 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 channel surfaces can thus be more easily filled and wetted 

20 with aqueous solutions.  

In one embodiment, 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, the interior surface of a bottom wall can comprise the surface 

of a silicon wafer or microchip, or other substrate. Other components can, as described 

25 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 

30 which have been oxidized). Alternatively, other sealing techniques can be used, as 

would be apparent to those of ordinary skill in the art, including, but not limited to, the 

use of separate adhesives, thermal bonding, solvent bonding, ultrasonic welding, etc.
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The following applications are each incorporated herein by reference: U.S.  

Provisional Patent Application Serial No. 60/659,045, filed March 4, 2005, by Weitz, et 

al.; U.S. Provisional Patent Application Serial No. 60/498,091, filed August 27, 2003, by 

Link, et al.; U.S. Provisional Patent Application Serial No. 60/392,195, filed June 28, 

5 2002, by Stone, et al.; U.S. Provisional Patent Application Serial No. 60/424,042, filed 

November 5, 2002, by Link, et aL.; U.S. Patent No. 5,512,131, issued April 30, 1996 to 

Kumar, et al.; International Patent Publication WO 96/29629, published June 26, 1996 

by Whitesides, et al.; U.S. Patent No. 6,355,198, issued March 12, 2002 to Kim, et aL.; 

International Patent Application Serial No.: PCT/USO1/16973, filed May 25, 2001 by 

10 Anderson, et al., published as WO 01/89787 on November 29, 2001; International Patent 

Application Serial No. PCT/US03/20542, filed June 30, 2003 by Stone, et al., published 

as WO 2004/002627 on January 8, 2004; International Patent Application Serial No.  

PCT/US2004/010903, filed April 9, 2004 by Link, et al.; U.S. Provisional Patent 

Application Serial No. 60/461,954, filed April 10, 2003, by Link, et al.; International 

15 Patent Application Serial No. PCT/US2004/027912, filed August 27, 2004, by Link, et 

al.; U.S. Provisional Patent Application Serial No. 60/659,046, filed March 4, 2005, 

entitled "Systems and Methods of Forming Particles," by Garstecki, et al.; and a U.S.  

utility patent application, entitled "Systems and Methods of Forming Particles," by 

Garstecki, et al., filed on even date herewith.  

20 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 

To demonstrate capsule production, a rigid spherical shell was fabricated by 

photopolymerizing a polymer (Norland Optical Adhesive, NJ) contained in the middle 

25 fluid. The adhesive was diluted with acetone by 30% to decrease its viscosity. After 

generating the multiple emulsions using the acetone/adhesive solution as a middle fluid, 

the shell was formed by polymerizing the resulting droplets with an ultraviolet light 

source for approximately 10 seconds as the multiple emulsion droplets traversed the 

collection tube. Bright field images of the multiple emulsions and the resulting solid 

30 shells are shown in Figs. 5A and 5B, respectively. To confirm that the outer droplet 

(middle fluid) had formed a solid shell, the spheres were crushed between two
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microscope cover slides. The cracked polymer shells are evident in the scanning electron 

micrograph image shown in Fig. 5C.  

EXAMPLE 2 

In another technique for forming polymerosomes, multiple emulsions were 

5 created with a single internal drop, and diblock copolymers were dissolved in the 

intermediate, or middle, fluid. A volatile fluid was used as a component of the 

intermediate phase, and was subsequently evaporated, allowing the diblock copolymers 

to organize into lamellar and/or multi-lamellar shells, thus forming polymerosomes. As 

the multiple emulsion droplet morphology can be carefully controlled, controllable 

10 polymerosomes can be made, as was illustrated. For instance, polymerosomes may be 

made consistently monodisperse, e.g., of consistent size, and/or of consistent shell 

thickness. This consistency can be achieved by forming the multiple emulsion in a 

single step and then by subsequently hardening the shell, as shown in this example.  

To illustrate this level of control, a water-in-oil-in-water multiple emulsion with a 

15 middle fluid composed of 70% toluene and 30% tetrahydrofuran (THF) was generated.  

The components of this middle fluid served as a carrier fluid for a diblock copolymer, 

poly(butyl acrylate)-b-poly(acrylic acid) (Fig. 5D). As the solvent evaporated after 

formation of the multiple emulsion, the amphiphilic polymers self-assembled into layers 

on both interfaces, forming a polymerosome. The polymer layer can be made extremely 

20 thin, making it difficult to resolve in bright field microscopy; a phase contrast image of a 

typical polymer vesicle is shown in Fig. 5E. To confirm that these structures were 

indeed polymerosomes, they were "deflated" with osmotic stress through addition of a 

sucrose solution (0.1 M) to the continuous fluid. The polymerosome from Fig. 5E, 

deflated in this way, is shown in Fig. 5F. During the procedure, the inner and outer 

25 fluids remained separate, providing for efficient and robust encapsulation. Thus, any 

contact or contamination between the inner and outer fluids can be avoided, even when 

the two fluids are partially or totally miscible.  

In cases where it may be desirable to remove a portion of the middle fluid from 

the outer droplet, some of the components of the middle fluid may be at least partially 

30 miscible in the outer fluid. This can allow the components to diffuse over time into the 

outer solvent, reducing the concentration of the components in the outer droplet, 

effectively increasing the concentration of any immiscible components, e.g., polymers or
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surfactants, that comprise the outer droplet. This can lead to tighter organization of the 

polymeric components, and eventually the formation of a shell. During droplet 

formation, it may still be desirable that the middle fluid be substantially immiscible with 

the outer fluid. This immiscibility can be provided, for example, by polymers, 

5 surfactants, solvents, or other components that form a portion of the middle fluid that are 

not able to diffuse, at least entirely, into the outer fluid after droplet formation. Thus, the 

middle fluid can include, e.g., both a miscible component that can diffuse into the outer 

fluid after droplet formation, and an immiscible component that helps to promote droplet 

formation.  

10 In addition to polymerosomes, liposomes can also be formed from phospholipids 

in a similar manner. Alternatively, other methods to produce robust encapsulants may 

include, for example, surface-induced polymerization of either or both the inner or outer 

interface, and/or temperature-induced gelation of the inner and/or middle fluid.  

EXAMPLE 3 

15 This example illustrates that the size distribution of multiple emulsions may be 

controlled by the break-up mechanism, according to one embodiment of the invention.  

In a device having the geometry shown in Fig. 1, multiple emulsions may be 

generated. They may be generated when fluids passing through the device are in a 

dripping regime (Fig. 3A) or ajetting regime (Fig. 3B). The dripping and jetting 

20 mechanisms are closely related, and the transition between them can be controlled by 

controlling the flowrate of the fluids through the device, for example, by controlling the 

flowrate of the outer most fluid.  

Figs. 6A and 6B illustrate how a change in the outer flowrate, QOF in relation to 

the total flow can affect the size of the outer emulsion droplets that are produced. The 

25 radius of the outer emulsion droplets, Rdrop, decreases linearly with QOF, as shown by the 

circles in Fig. 6A. However, increasing QOF beyond a threshold value caused the jet to 

abruptly lengthen, signifying the transition to the jetting regime. At this flowrate, a 

discontinuous increase in Rdrop occurred, as shown by the triangles in Fig. 6A. In 

contrast, the radius of the coaxial jet, Ret, measured near the exit orifice, decreased 

30 monotonically through the transition, as shown in Fig. 6B. The droplet production 

frequency also decreased correspondingly.
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Fig. 3 is a photomicrograph showing steady-state droplet formation mechanisms 

that can result in monodisperse multiple emulsions with a single internal droplet: (A) 

dripping and (B) jetting. In both cases, the rate of droplet formation was the same for the 

inner and middle fluids, meaning that each inner droplet was contained in a single outer 

5 droplet. The transition between dripping and jetting was controlled by the flowrate of 

outer fluid 160, QOF, for fixed total flow rates of the inner and middle fluids. The 

multiple emulsions in (A) exhibited a polydispersity of less than about 1%, while those 

in (B) had a polydispersity of about 3%. The inset in Fig. 3B shows the "pinch-off" of 

the multiple emulsion droplets from the coaxial jet. The same device and same fluids 

10 were used for the experiments described in Figs. 3, 4, and 6. The outer fluid used was 

silicon oil with a viscosity 7OF = 0.48 Pa-s, the middle fluid was a glycerol-water mixture 

with a viscosity iMF = 0.05 Pa-s and the inner fluid was silicon oil with a viscosity 77IF 

0.05 Pa-s. Interfacial tension for the aqueous mixture and silicon oil without surfactants 

was approximately 20 mN/m. The flow rates of the fluids in (A) were QOF= 2500 

15 microliter hr-, QMF= 200 microliter hr, and QIF= 800 microliter hr'. The flow rates in 

(B) were QOF= 7000 microliter hr-, QMF= 200 microliter hr-, and QIF= 800 microliter 

The following analysis is presented to explain some of the observed results.  

However, it is to be understood that this mathematical analysis is not intended to be 

20 binding, but merely of a proposed description of an observed phenomenon. By matching 

the viscosities of the innermost and middle fluids, 17IF = 7 MF, the velocity profile of the 

coaxial jet could be made equivalent to that of a single fluid with the same viscosity. The 

growth rate of a perturbation could be determined by its velocity perpendicular to the 

interface, vi y /7OF , where y is the interfacial tension, leading to a droplet pinch-off 

25 time of t C,,,,,= CRj,,90 / ; numerical calculations gave C 20 when =F OF 0. 1 

While strictly valid for a cylinder of a single fluid; for a coaxial fluid thread, the effective 

surface tension may be modified by the fact that there are two interfaces. However, 

Rayleigh-Plateau instability cannot occur until the length of the jet has grown to be 

comparable to its radius; this takes a time t9, ~eR /Q, where Qsn is the net flowrate 

30 of the two inner fluids. If, for example, the pinch-off time is less than the growth time, 

droplets will be formed as soon as the jet is large enough to sustain the instability, which
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will occur just inside the outlet; this leads to the dripping regime as illustrated in Fig. 3A.  

By contrast, if tpinch > tg, the jet will grow faster that the droplets can form and will lead 

to the jetting regime, where the droplets are formed downstream, farther inside the outlet, 

as illustrated in Fig. 3B. An effective capillary number (Ca) of the interface can be 

5 defined by Ca = = 70FQ s..n - , where v is the downstream velocity of the inner 

fluids; this governs the transition between dripping and jetting that occurs when Ca ~ 1.  

Expressing the control parameter in terms of a capillary number helps to capture the 

physically observed phenomenon picture that the transition from dripping to jetting 

occurs when viscous stresses on the interface due to the fluid flow become so large that 

10 the Rayleigh-Plateau instability is suppressed in these system geometries.  

Using this physical picture, Rjet and Rdrop could be determined as a function of 

QOF by considering the velocity flow profiles in both the jetting and dripping regimes.  

However, these velocity profiles may evolve as the fluids enter and move downstream 

through the collection tube, and therefore a different treatment for each mechanism may 

15 prove useful.  

When a coaxial jet first enters the exit orifice, the velocity profile of the fluids is 

approximately flat across the channel, as depicted in the right inset in Fig. 6B; it may 

remain this way for a distance comparable to the orifice radius times the Reynolds 

number. Thus, in the dripping regime, where droplets form very close to the orifice, 

20 mass flux can be related to cross-sectional area as follows: 

Q 2 R, | 

QOF )FR ,i -_ R "' 

where Rorce is the radius of the exit orifice. The values of Rjet/Rorce predicted from this 

equation, with no adjustable parameters, were in good agreement with the measured 

values in the dripping regime, as shown in Fig. 6B (dotted line). Comparison of the 

25 measured radii of the droplets and the coaxial jet showed that Rdrop = 1.87Ryet; this 

empirical relationship was consistent with theoretical calculations of the droplet size for 

the breakup of an infinitely long cylindrical thread in an ambient fluid for T71F/ 7 0F = 0. 1.  

From this, Rdrop was predicted and was found to be in good agreement with the data, as 

represented by the solid line in Fig. 6A. It is believed that the small discrepancy near the 

30 transition is likely a result of the deviation from a flat velocity profile.
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In the jetting regime, where droplets are formed well downstream and well within 

the entrance orifice of the inner conduit, the fluid flow has evolved into the classic 

parabolic velocity profile of laminar pipe flow. The viscosity difference between the 

fluids cause the inner coaxial jet to develop a different velocity profile from that of the 

5 outer fluid. The full profiles can be determined by solving the Navier-Stokes equations 

in the low Reynolds number limit. The jet expanded slightly due to the widening taper 

of the collection tube, modifying the flow profiles. Using this system, the jet radii was 

predicted using no adjustable parameters, and good agreement was obtained with values 

measured before the jet has expanded, as shown by the dashed-dotted line in Fig. 6B.  

10 Droplet formation in the jetting regime may be generally irregular, leading to 

more polydisperse size distribution. However, in some cases, stable droplet formation 

can be achieved, occurring at a fixed location on the jet. It is believed that this level of 

control is a result, at least in part, of the geometry of the collection tube, and specifically 

the result of an increasing inner diameter downstream of a narrow orifice. As illustrated 

15 in Figs. 1 and 3, the collection tube (inner conduit) may include an internal taper that 

starts generally small at the exit orifice and gradually expands downstream of the orifice.  

This decrease in diameter may be continuous or stepped, and may or may not include a 

corresponding decrease in the outer diameter of the conduit. This may lead to an 

expansion of the jet diameter as the fluid flows downstream through the area of 

20 increasing inner diameter, and a concomitant decrease in the velocity results. As soon as 

Ca decreases sufficiently to sustain the Rayleigh-Plateau instability, the jet rupture, 

fixing the location and resulting in substantially monodisperse droplets. Thus, the 

systems described herein can provide a mechanism for producing substantially 

monodisperse droplets, including multiple emulsions, in the jetting regime. In the jetting 

25 regime, the frequency of rupture decreases, producing droplets which can be 

substantially larger than the size of the jet, i.e., the droplets may have a diameter that is, 

for example, greater than lX, 2X, or 3X the radius of the jet, as illustrated in Fig. 4A. It 

takes time to fill the volume of these larger droplets, and mass conservation of the 

dispersed phases and the characteristic time scale for droplet break-off can be used to 

30 obtain Qd = g rtR,/ /,. Solving for the droplet radius gives 

Rdop ~15Q., RtOF '.  
Rr
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This prediction provides a good match with empirical results as shown by the 

dashed line in Fig. 4A.  

EXAMPLE 4 

The use of diblock copolymers to generate polymer vesicles is an attractive 

5 strategy to create new structures for encapsulation. These structures are called 

polymerosomes, and like more traditional vesicles formed from bilayers of 

phospholipids, they can encapsulate nano- to picoliter volumes of fluid.. In addition, the 

low toxicity of certain diblock copolymers makes these structures promising for drug 

delivery applications. Depending on the length and chemical nature of the copolymers, 

10 the resultant polymerosome can be much more robust than liposomes of comparable 

sizes. The flexibility afforded by the use of diblock copolymers may significantly 

increase the control over the properties of polymerosomes; the character of each block of 

the diblocks can be tuned to fit the desired application. For example, the membrane 

thickness can be controlled by varying the degree of polymerization of the individual 

15 diblock molecules, whereas fluidity and permeability of the membrane can be adjusted 

by changing the glass transition temperature of the hydrophobic block. Similarly, 

control over the nature of the individual polymer blocks can lead to alternative 

mechanisms to trigger release.  

Polymerosomes can be spontaneously formed by precipitating block copolymers 

20 by adding a poor solvent for one of the diblocks. Alternatively, they can be formed by 

rehydrating a dried film of the copolymers. Rehydrating a lamellar structure of diblocks 

can cause them to assemble into layers that pucker and fuse to form vesicles, among 

other ordered structures such as micelles or wormlike micelles; however, the resultant 

polymerosomes may be polydisperse.  

25 Encapsulation and film rehydration can be combined into one step by rehydrating 

the dried films with an aqueous solution that contains the desired material to be 

encapsulated; as the polymerosomes form, they trap some of the surrounding fluid 

within. Alternatively, the polymerosomes can be filled after they are fonned by 

osmotically driving the desired materials inside. In these cases, however, the 

30 encapsulation efficiency is generally low. Furthermore, both encapsulation techniques 

present difficulties when encapsulating hydrophobic materials or materials that cannot be
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driven through the membrane. Thus, efficient use of polymerosomes in different 

encapsulation technologies requires new fabrication methodologies.  

This example describes a new method to create highly uniform polymerosomes 

using a one-step process where the inner and outer fluids are maintained as completely 

5 separate streams; this ensures highly efficient encapsulation. A microfluidic technique is 

used to generate uniform double emulsions of water droplets surrounded by a layer of 

organic solvent; these droplet-in-droplet or core-shell structures may be dispersed in a 

continuous water phase. The diblock copolymers are dissolved in the organic solvent; 

these self-assemble on the concentric interfaces of the double emulsions.  

10 Polymerosomes are then formed by completely evaporating the organic solvent from the 

shell. This technique allows control of the size of the polymerosome and maintains 

separation of the internal fluids from the external fluid throughout the entire process, 

providing for highly efficient encapsulation.  

To form the double emulsions, a microfluidic device was used having two round 

15 glass capillary tubes nested within an outer square tube; these round tubes are tapered at 

the ends, as shown in Fig. 7. The inner dimension of the outer square tube was equal to 

the outer dimension of the inner round tubes in this example; this simplified the 

alignment. The outer diameter of the round tubes was 1 mm, whereas the radii of the 

tapered orifices was between 20 and 100 micrometer. Three different fluids were 

20 simultaneously pumped into the system at controlled flow rates. The innermost fluid 

was pumped through the inner tube, whereas the middle fluid was pumped through the 

outer square capillary in the same direction (Fig. 7A). This produced a coaxial flow at 

the exit of the first tapered capillary tube. The outermost fluid was pumped from the 

opposite direction through the outer square capillary; it acted to hydrodynamically focus 

25 the middle and inner fluids through the second round capillary tube, as shown in Fig. 7A.  

Fig. 7A is a side view and Fig. 7B is a front view of the device. The three different 

fluids within the device are denoted as fl, f2, and f3, and were pumped into the device 

and forced to flow through the constriction with a radius a. The coaxial flow of the inner 

fluids was maintained through the second orifice where surface tension caused the fluid 

30 stream to break into droplets; surprisingly, the coaxial geometry was maintained and 

double emulsions were formed with no leakage of the inner fluid to the outer fluid.
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The position of droplet formation depended on the flowrate of the outermost 

fluid. At low outer flow rates, double emulsion droplets were formed within about one 

orifice diameter of the entrance; by contrast, at higher flow rates, the neck was stretched 

into a coaxial thread that broke further downstream. The formation of droplets relatively 

5 close is referred to as orifice dripping, whereas the formation of droplets at the end of a 

relatively long thread is referred to as jetting. The droplets formed through the dripping 

mechanism were relatively monodisperse, whereas droplets formed through the jetting 

mechanism had a somewhat larger polydispersity.  

Typically, the droplets fonned through the dripping mechanism had very low 

10 polydispersities, less than about 3%, as observed in Fig. 8A. The number of small 

aqueous droplets contained within the larger oil droplets depended on the relative 

frequency of droplet formation for the innermost and middle fluids. If the innennost 

fluid broke into droplets more rapidly than the middle fluid, then large oil droplets were 

obtained that contained many small aqueous droplets. However, if the rate of droplet 

15 formation was about the same, double emulsions with a single inner droplet were 

formed.  

This technique maintained complete separation of the internal and external fluids, 

making it useful for generating capsule geometries such as polymerosomes. The overall 

frequency of droplet production in the dripping regime could range from about 100 Hz to 

20 about 7000 Hz, which allowed the formation of up to about 107 double emulsion droplets 

per hour.  

To generate polymerosomes, a strategy that exploited the core-shell structures of 

the double emulsion was used. Water-in-oil-in-water double emulsions were generated 

with a diblock copolymer dissolved in an intermediate hydrophobic fluid. The inner 

25 aqueous phase was distilled water (Millipore), and the outer phase was a mixture of 80% 

(v/v) glycerol in distilled water. Glycerol was added to the outer fluid to increase its 

viscosity, which improved the efficiency of the flow focusing. The intermediate phase 

was a volatile organic solvent; the evaporation of the organic solvent caused the 

amphiphilic block copolymers to self-assemble, forming the polymerosome. In these 

30 experiments, the diblock copolymers poly(normal-butyl acrylate)-poly(acrylic acid) 

(PBA-PAA) were used. The PBA was the relatively hydrophobic block and had a 

molecular weight (MW) of about 4,000, whereas the PAA was the relatively hydrophilic
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block and had a MW of about 1,500. The dissolved diblocks in this example were 

mostly unimers (as opposed to larger aggregates), because the aggregates did not appear 

to efficiently stabilize the inner droplet against coalescence with the outer phase, and 

thus double emulsion break-up could occur.  

5 Tetrahydrofuran (THF) was used as a solvent for both the PBA and the PAA 

blocks, since the diblocks dissolve as unimers in it; however, since THF was highly 

miscible with water, it could not be used alone as the organic solvent because the droplet 

formation required an interfacial tension between the middle fluid and the two others 

fluids. Therefore, a cosolvent mixture of THF and toluene was used. This mixture was 

10 still a good solvent for the diblock, while simultaneously having sufficiently large 

surface tension to enable droplet formation. Cosolvent mixtures of toluene and THF 

were used that varied from 50-50 wt%, respectively, to 80-20 wt%, and had between 0.1 

wt% and 5 wt% PBA-PAA. Despite the addition of the large amount of toluene, which 

decreased the polar character of the organic mixture, the diblocks retained their 

15 amphiphilic nature and stabilized the double emulsion, as shown in Fig. 8A. This figure 

is a microscope image of the double emulsion formation in the capillaries, acquired with 

a high-speed video camera. In control experiments, it was confirmed that the stability 

imparted to the double emulsions by the diblocks could be important; without them, the 

inner water droplet did not maintain its integrity well and simply broke through the 

20 intermediate hydrophobic phase as shown in Fig. 8B. Thus, in Fig. 8A, 0.8 wt% of the 

copolymer was added to the cosolvent solution f2. In Fig. 8B, no diblocks were added to 

the cosolvent mixture, f2. Stable double emulsions were generated in Fig. 8A, whereas 

in Fig. 8B, the inner phase broke through the organic phase; only simple emulsions of the 

middle fluid in the continuous aqueous phase were observed. The radius of the 

25 constriction was 70 micrometers for both Figs. 8A and 8B.  

EXAMPLE 5 

In this example, the formation of the PBA-PAA polymerosomes from double 

emulsions (prepared as in Example 4) was followed by monitoring the evaporation of the 

cosolvent mixture from the middle phase, as shown by the microscope images in Fig. 9.  

30 The two interfaces of the double emulsion separated by the thin shell of organic fluid can 

be observed (Fig. 9A), where the middle fluid layer was visible. As the organic solvents 

dissolved in the surrounding water and ultimately evaporated, the shell gradually became
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thinner and the interfaces tended to disappear; the bottom part appeared to vanish after 

the upper part, which may be due to inhomogeneity in the thickness of the organic fluid 

shell (Figs. 9B and 9C). Figs. 9A-9C are separated by 3 min. The scale bar in Fig. 9A 

represents 40 micrometers. Under bright field microscopy, the thin wall of the vesicle, 

5 which appeared to form after the solvents had evaporated, could not be readily observed 

because the refractive indices of the inner and outer fluids were nearly equal. However, 

phase contrast microscopy could be used to enhance the index-of-refraction mismatch 

between the membrane and the surrounding fluid, as shown in Fig. 9D. The scale bar in 

Fig. 9D represents 30 micrometers.  

10 EXAMPLE 6 

In this example, to characterize the nature of the membrane of the polymerosome, 

a small quantity of CdSe quantum dots were added to the inner fluid before the formation 

of the double emulsion; these served as fluorescent markers that could be trapped on the 

inner side of the walls of the polymerosome, providing a method of visualizing the 

15 membrane. A phase contrast image of a 70 micrometer vesicle is shown in Fig. 1 OA, and 

for comparison, a fluorescence image, with excitation at 488 nm, is shown in Figure 

1OB; the ring of fluorescing quantum dots trapped in the wall of the membrane is readily 

observed.  

The initial thickness of the shell was about 30 micrometers, and the initial 

20 diblock concentration was 0.5 wt%; since the radius of the shell remained the same, the 

final thickness would be about 1.5 micrometers if all of the solvent evaporated. This is 

consistent with the measured membrane thickness of a few microns; however, there is 

the possibility that a small amount of solvent remains, albeit only a small amount. The 

membrane does not appear to be unilamellar; the expected thickness of a bilayer of these 

25 diblocks is about 40 nm, suggesting that the shell is at least on the order of 100 layers 

thick in this case. However, the thickness of the wall could be controlled by adjusting 

the initial concentration of the diblock copolymers in the cosolvent mixture. No leakage 

of the fluorescent particles through the walls of the polymerosome was observed over at 

least several days, confirming that the self-assembled membrane was stable.  

30 EXAMPLE 7 

An interfacial tension between the middle fluid and both the inner and outer 

fluids may be important to drive the Rayleigh-Plateau instability that forms the double
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emulsions. However, a polymerosome should have a vanishing surface tension if the 

membrane is to be truly flexible. In this example, this is shown using poly(butyl 

acrylate), which has a glass transition temperature of -35 'C, so the vesicle membrane is 

fluid. This can occur if substantially all of the solvent in the shell evaporates, leaving a 

5 membrane comprised of diblock copolymers.  

To determine whether this occurs, the polymerosomes were subjected to an 

osmotic shock by introducing glucose to the outer, continuous phase, at a final 

concentration of approximately 100 mM, at a time taken as the origin. The final 

concentration of sucrose was approximately 100 mM. Before the addition of sucrose (t < 

10 0), the vesicle radius was generally constant. After the addition of sucrose (t > 0), the 

resultant osmotic pressure "pumped" water out of the polymerosomes, and the vesicles 

shrank due to the osmotic pressure difference between the external and internal 

environments, as shown in the sequence of images in Figs. 1OA-1OF. The interval 

between two successive images is 60 s, except for the last two images, which are 

15 separated by 5 min.  

The deflation and collapse of the polymerosome appears to confirm that there 

was no remaining surface tension and that virtually all of the organic solvent had 

evaporated. However, liposomes and polymerosomes are known to undergo well

defined shape transformations as the osmotic pressure in the environment is varied; the 

20 collapsed morphology of the last image has never been reported. This may be an 

indication of the membrane heterogeneity or incomplete drying of the membrane.  

The permeability of the membrane, P, was determined from the initial rate of 

change in the polymerosome radius, R, using the equation: 

dR 
- = -UPAc 
dt 

25 where a (alpha) is the molar volume of water (alpha = 18 x 10- L/mol) and Ac (delta-c) 

(mol/L) is the difference in concentration of glucose between the inner and outer 

solutions. R appeared to decrease linearly in time, as shown in Fig. lOG for two 

different vesicles. In Fig. 1OG, the radius of two polymerosomes of roughly the same 

initial radius are displayed as a function of time. The two polymerosomes were 

30 submitted to an osmotic pressure shock by placing them in a 100 mM glucose solution.  

The permeability of the polymerosomes was deduced from the slope of the linear regime
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that is observed for the two vesicles using the above equation, as follows. From the 

slope, it was determined that P ~ 7 + 1 micrometers/s, where the error reflects 

uncertainty in the glucose concentration. This value of permeability was comparable to 

that measured for others polymerosomes, P ~ 10 micrometers/s, and was about 10 times 

5 smaller than that measured for phospholipid vesicles, P ~ 15 to 150 micrometers/s. In 

addition, these results suggested that the membrane thickness of the polymerosomes was 

probably not excessively large, as the permeability is comparable to that of others 

polymerosomes. Nevertheless, the membranes may still be somewhat heterogeneous; 

regions of non-uniform thickness can be observed in some polymerosomes. Moreover, 

10 some of the solvent may still remain trapped in the membrane, which may affect 

permeability.  

EXAMPLE 8 

The synthesis technique described in the above examples, of course, is not 

restricted to simple polymerosomes. Double emulsion droplets can also be formed that 

15 contain more than a single internal water droplet. These can be used to form a new class 

of polymerosome structures. This example illustrates such double emulsion droplets 

with many internal water droplets.  

In Fig. I0A, the organic phase has been labeled with quantum dots to allow 

visualization by fluorescence microscopy. Surprisingly, the interior water droplets 

20 retained their integrity as the organic fluid evaporated. This resulted in the formation of 

a foamlike structure, with the final polymerosome having many internal compartments, 

as shown by the phase contrast image in Fig. lOB and the fluorescence image in Fig.  

10C. The scale bars are 30 micrometers. These structures confirmed that the internal 

water droplets acted as a "template" for creating the polymerosome in the above

25 described synthesis techniques. Moreover, the flexibility afforded by this method 

allowed the creation of new classes of structures which may find additional uses as 

encapsulation structures.  

EXAMPLE 9 

Polymeric vesicles, or polymerosomes, are of interest for the encapsulation and 

30 delivery of active ingredients. They offer enhanced stability and lower permeability 

compared to lipid vesicles, and the versatility of synthetic polymer chemistry provides 

the ability to tune properties such as membrane thickness, surface functionality, and
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degradation kinetics. One approach to form large polymerosomes with diameters of 10 

micrometers to 100 micrometers, illustrated in this example, is to use water-in-oil-in

water double emulsion droplets of controlled architecture as templates. A volatile 

organic solvent containing an amphiphilic diblock copolymer was used as the middle 

5 phase, as shown schematically in Fig. 13. This technique offers the advantages of high 

encapsulation efficiencies and controllable vesicle sizes and architectures.  

Fig. 13 is a schematic for the formation of polymerosomes from water-in-oil-in

water droplets. Initially, a double emulsion of single aqueous droplets within droplets of 

organic solvent was prepared using a microcapillary device. Amphiphilic diblock 

10 copolymers, dissolved in the middle phase, a volatile organic solvent, assembled into 

monolayers at the oil-water interfaces. Evaporation of the middle phase then lead to the 

formation of polymer bilayers (polymerosomes).  

In this approach, the concentration of polymer in the organic phase is an 

important variable: if it is lower than the amount required to fully coat the oil-water 

15 interfaces, then the polymerosomes may not be stable. In practice, it is convenient to 

work with an excess concentration; indeed, this excess may be used to tune the thickness 

and structure of the polymerosome walls through formation of multi-layered copolymer 

interfaces.  

Surprisingly, polymerosomes formed from double emulsions with poly(butyl 

20 acrylateblock-acrylic acid) (PBA-PAA) with relatively thick walls (about 1.5 

micrometers) had permeabilities comparable to those of unilamellar polymersomes 

(about 10 mn to 20 mn thick). This suggested that there may be "defects" in the 

copolymer layer, which may be in the form of inhomogeneous thickness. To prepare 

uniform polymerosomes with well-controlled structures, it is generally important to 

25 understand how these thickness inhomogeneities may develop, and how their formation 

depends on polymer concentration.  

In this example, the structural evolution during solvent evaporation from double 

emulsion droplets stabilized by a polystyrene-block-poly(ethylene oxide) (PS-PEO) 

diblock copolymer was investigated. It was found that, during evaporation, the majority 

30 of the organic phase dewets from a thin organic film separating the inner and outer 

aqueous phases, ultimately producing a polymerosome that was relatively thin over most 

of its surface. Dewetting implies the existence of an adhesive interaction between the
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aqueous phases that is comparable to the interfacial tension, as previously observed in 

both oil-in-water and water-in-oil single emulsion systems. This may arise from a 

depletion effect, due to excess diblock copolymer in the organic phase, and therefore that 

its strength may increase with polymer concentration. Thus, these results suggested that 

5 obtaining uniform polymerosomes using emulsion techniques requires control of the 

polymer concentration.  

Double emulsion droplets of controlled architecture were produced using glass 

microcapillary devices, as previously described. The inner phase was 5 vol% glycerol in 

water, and the middle hydrophobic phase was 0.01 wt% to 1.5 wt% polymer in toluene, 

10 chloroform, or a mixture thereof. PEO can form aggregates in toluene, so the solutions 

were warmed to -35 "C before using. This was found by dynamic light scattering to 

break up any aggregates in solution.  

Unless otherwise noted, these experiments were conducted with an asymmetric 

polystyrene-block-poly(ethylene oxide) diblock copolymer (PS-PEO; M = 19 kg/mol 

15 6.4 kg/mol). A symmetric PS-PEO block copolymer (M of 9.5k to 9.5k) and a 

polybutadiene-block-PEO polymer (M, of 5.5k to 5.0k) were also used to test the 

generality of the observed behavior. The outer phase was 50 vol% glycerol, 50 vol% 

water, and 5 mg/mL polyvinyl alcohol (PVA; Mn 13k to 23k, 87%-89% hydrolyzed).  

The diblock copolymers stabilized the inner droplets against coalescence with the 

20 exterior aqueous phase, while PVA prevented coalescence of the oil droplets. The 

diblock copolymers were obtained from Polymer Source, while all other chemicals were 

obtained from Aldrich.  

Double emulsion droplets were collected into deionized water to yield an exterior 

phase that was -5% glycerol. The outer radii, R,, of the double emulsions varied from 

25 about 25 micrometers to about 100 micrometers, while the internal droplet radii, R, 

varied from about 15 micrometers to about 50 micrometers. These values could be tuned 

by the size of the capillaries used. Evaporation of the solvent from double emulsions 

placed onto a glass slide was observed via optical microscopy. Characteristic interfacial 

tensions were measured by forming a pendant droplet of water at the tip of a blunt 

30 stainless steel needle immersed in a polymer solution, and fitting the Laplace equation to 

the measured droplet shape.
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When the concentration of diblock copolymer in the middle phase was too low, 

stable polymerosomes could not be formed; instead, solvent evaporation lead to rupture 

of the organic layer and coalescence of the inner aqueous phase with the outer phase.  

For typical droplet sizes (R,= 50 micrometers, R, = 70 micrometers), at 0.01 wt% 

5 polymer, complete adsorption of PS-PEO at the oil-water interfaces corresponded to an 

area of about 30 nm2 per polymer chain. While this surface density was sufficient to 

stabilize the double emulsion initially, it appeared to be too sparse to form stable 

polymerosomes.  

For the same droplet sizes, a polymer concentration of 0.1 wt% corresponded to 

10 an area per chain of about 3 nm2, which is roughly the expected surface density in a 

bilayer of diblock copolymers of this molecular weight. It was observed that under these 

conditions, stable polymerosomes could be formed. However, a clear non-uniformity in 

shape was observed during solvent evaporation; the majority of the organic phase 

dewetted from the inner aqueous droplet, leaving behind only a thin organic film 

15 separating the inner and outer aqueous phases. Though the contact angle is low, there 

was a distinct contact line between the organic droplet and the thin organic film, as seen 

in Fig. 14A. When one of the thin organic films ruptures, it retracted as a liquid, which 

may imply that it remained solvated. After full solvent evaporation, a polymerosome 

with nearly uniform thickness and a small thicker patch of excess polymer was 

20 generated, as shown in Fig. 14B. Breakage of the polymerosome now occurs by 

fracture, which may be due to the glassy nature of the unsolvated PS block.  

For larger polymer concentrations of 1.0 wt% to 1.5 wt%, corresponding to a 

large excess of diblock copolymer in the organic phase, solvent evaporation lead to 

dewetting with larger contact angles (Fig. 14C). Ultimately, polymerosomes with 

25 thicker patches of excess polymer were formed (Fig. 14D). The dewetting phenomenon 

was apparently quite general, as a symmetric PS-PEO polymer (M, of 9.5k-9.5k) and a 

polybutadiene-PEO diblock copolymer (M, of 5.5k-5.0k) showed nearly identical 

behavior; the same mechanism may thus be responsible for the inhomogeneous 

thicknesses in the PBA-PAA polymersomes.  

30 Fig. 14A is an optical micrograph revealing dewetting during solvent evaporation 

from a double emulsion droplet that initially was formed of an aqueous droplet 

surrounded by a shell of 0.1 wt% PS-PEO diblock copolymer dissolved in a
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toluene/chloroform mixture (2:1 by volume). Arrows indicate droplets where drainage 

of the organic phase to the side revealed a clear wetting line. Following complete 

solvent evaporation, Fig. 14B shows that the result is a thin polymerosome with a patch 

of excess polymer. At higher initial polymer concentrations (1.5 wt%), Fig. 14C shows 

5 that larger contact angles are evident. Fig. 14D shows homogeneous polymerosome 

structures formed with 1.0 wt% initial polymer content. Fig. 14E is a schematic of the 

structure of a double emulsion droplet with partial wetting of the organic phase on a thin 

layer of solvated block copolymer brushes.  

The organic solvent used as the middle phase may also be important: dewetting 

10 took place when the organic solvent was purely toluene, whereas with pure chloroform, 

rupture and coalescence of the inner and outer aqueous phases was almost always seen.  

The PS-PEO diblock copolymer was not as effective as a surfactant at the water

chloroform interface as at the water-toluene interface, presumably due to the high 

solubility of PEO in chloroform.  

15 These results showed that the oil phase partially dewets from the copolymer

water interface during solvent evaporation. This may be manifested as a coexistence 

between a thin organic layer, presumably an oil-solvated bilayer of the diblock 

copolymer, that is similar to a "Newton black" film encountered in soap bubbles, and a 

droplet of the organic phase, as shown in Fig. 14E. This implies that there is an energy 

20 of adhesion, Wadh, between the inner and outer aqueous phases, or associated polymer 

layers, 

yb = y +Y y-adh 

i0 

where 7b represents the interfacial energy of the solvated bilayer film and 7' and 7"0 

are the interfacial energies of the inner and outer oil-water interfaces with adsorbed 

25 polymer monolayers, respectively. Assuming that 7, 7", the Young-Dupre equation 

determining the contact angle, , becomes: 

W'd/ = 27, (1-cos 0.') 

(In reality, the value of 2,1 is expected to be somewhat lower than that of n due to the 

presence of PVA at the external interface and the compression of the outer interface 

30 during solvent evaporation. As a result, the numerical factor in should be somewhere
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00 between 1 and 2.) In Fig. 14C, values of " are as large as 350, corresponding to 

W,,, = 0.3 6,. Thus, the adhesive interaction must be of the same order of magnitude as 

0 

The driving force for dewetting may be a depletion interaction between the inner 

5 and outer oil-water interfaces, due to the presence of excess block copolymer in the 

organic phase. The magnitude of the depletion effect increases with the concentration of 

dissolved polymer; thus, it should become more important as solvent evaporation 

proceeds, and should be more apparent for higher initial polymer concentrations, as was 

observed. For planar hard walls, the adhesion due to depletion of a polymer solution is 

10 Wad, =al.s,, 

where gs"- is the osmotic pressure, is the size scale of the polymer, and a is a 

numerical coefficient that depends on the concentration regime. In dilute polymer 

solutions, is the chain radius of gyration, Rg, a= 4 / Jr , and 

gs =c k, T 

15 where c is the number density of polymer chains. In the semi-dilute regime, a 5, and 

corresponds to the mesh size, which scales as c314, while go-n scales as c914 in a good 

solvent. As a result, in the dilute regime, Wad, ~ c, while in the semi-dilute regime, Wadi 
c3/2 

To estimate the magnitude of depletion interactions, the excess PS-PEO diblock 

20 copolymer is treated as a polystyrene homopolymer of the same molecular weight.  

Toluene and chloroform were generally good solvents for both the PS and PEO blocks, 

thus the PEO block was not expected to be collapsed in solution. At an excess 

concentration of 1.0 wt%, the previous equation gives s"= 850 Pa. Using Rg ~ 4.9 nm, 

Wad,, = 0.0094 mN/m. This is a relatively small interaction energy; however, as solvent 

25 evaporates from the double emulsion droplets, the concentration of free PS-PEO 

increases, and the depletion effect becomes stronger. For example, at a concentration of 

17 wt% (in the semi-dilute regime), values of = 3.2 in, and gos" = 65 kPa can be 

calculated from data for polystyrene in toluene, yielding Wadi, = 1.0 mN/m.
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This discussion of depletion interactions applies to hard substrates and 

individually solvated polymer chains. In this system, however, there were two important 

differences: the surfaces were not "hard," but were covered by an adsorbed "brush-like" 

polymer layer, and the copolymer chains may aggregate, thereby increasing , but 

5 decreasing the number density of aggregates more rapidly, leading to a decrease in Wadh.  

Polymer solutions spreading on an end-grafted "brush" of the same polymer may 

exhibit partial wetting (finite contact angle) or complete wetting, depending on the 

polymer concentration and brush grafting density. The driving force for dewetting in 

these systems is depletion effects, similar to those considered here. Moreover, the 

10 depletion interaction may actually be enhanced on brushlike polymeric substrates, since 

the thickness of the exclusion zone is larger, the sum of the free chain dimension and the 

brush layer. By contrast, any aggregation of the PS-PEO diblock copolymer would 

reduce Wadh. To check for aggregates, dynamic light scattering (DLS) was used. It was 

found that a dilute solution of 5 mg/mL of PS-PEO in toluene was formed primarily of 

15 unimers with hydrodynamic radii Rh ~ 4 nm. This value compared favorably with the 

estimate of Rg= 4.9 nm used in calculating the magnitude of depletion effects, given the 

inaccuracy of DLS for determining such small sizes.  

However, after coming into contact with water, a population of aggregates 

centered around Rh ~ 35 nm (presumably microemulsion droplets) appeared, as well as a 

20 distribution of larger aggregates with Rh > 100 nm. In addition, optical microscopy 

revealed large aggregates of about 1 micrometer to 5 micrometers in the oil phase; these 

are apparently spontaneously-formed water-in-oil emulsion droplets. This aggregation 

may lessen the strength of the depletion interaction.  

An important feature of this behavior is that the adhesive interaction may be 

25 comparable to the interfacial tension of the block-copolymer-covered oil-water interface.  

Therefore, these estimates of the depletion interaction were compared to independent 

measurements of the interfacial tension, 7, between water and solutions of PS-PEO in 

toluene. At 0.1 wt% and 1 wt% polymer, the value of 7 leveled off to 1 mN/m to 2 

mN/m within 30 min. At 0.01 wt%, a similar value was attained within 4 h. The 

30 limiting value varied somewhat between measurements (+0.5 mN/m) but did not depend 

strongly on block copolymer concentration in the range of 0.01 wt% to 1 wt%. Thus, the 

value of the measured surface tension was indeed of the same magnitude as the estimates
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of the depletion interaction in the semidilute regime, provided large aggregates did not 

form.  

During solvent evaporation from the double emulsion droplets, the shrinking area 

of the external oil-water interface may lead to non-equilibrium effects that further lower 

5 the interfacial tension. To understand how the block copolymer responds as the 

interfacial area shrinks, polymer was allowed to adsorb to a pendant water droplet for 5 

minutes, followed by removal of water at a constant volumetric rate. As the surface area 

of the droplet decreased, the interfacial tension was observed decreased as well. If the 

compression was stopped with 7 above 1 mN/m, expansion re-traces the path of 

10 compression with little hysteresis. However, when the droplet surface was compressed 

further, a plateau in r is reached at ~1 mN/m, as seen in Fig. 15A. The plateau may 

reflect desorption of polymer from the interface when driven below the equilibrium area 

per chain. Compression into the plateau region gave rise to hysteresis, as seen in Fig.  

15A, indicating that polymer may be removed from the interface during compression.  

15 More specifically, Fig. 14A illustrates the interfacial tension (7) between water and 

toluene containing 0.1 wt% PS-PEO as a function of normalized droplet surface area 

(A/AO) for two different compression-expansion isotherms. Open symbols correspond to 

compression, closed to expansion. For the squares, compression was stopped prior to 

reaching the plateau in surface tension, while for the circles, compression was continued 

20 past the onset of the plateau.  

The rate of compression (or evaporation) may also be important: faster 

compression lead to a lower plateau value, as shown in Fig. 15B. Solvent evaporation 

from the double emulsion droplets typically corresponds to characteristic deformation 

rates of 10-4 Hz to 10-2 Hz. Thus, the interfacial tension of the shrinking oil-water 

25 interface in the case of the double emulsion system may be driven somewhat below its 

equilibrium value, but can be expected to remain in the range of 0.5 mN/m to 1 mN/m at 

low concentrations of PS-PEO. The presence of PVA at the outer oil-water interface 

may also be important during solvent evaporation from double emulsion droplets.  

However, compression isotherms with both PVA and PS-PEO present suggests that PS

30 PEO dominates the surface behavior. More specifically, Fig. 15B illustrates 

Compression isotherms at different rates of water withdrawal from a 5 microliter droplet: 

0.1 microliter/min (circles), 1 microliter/min (squares), 10 microliter/min (diamonds). A
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rough characterization of the surface deformation rate is given by the average rate of 

change of area over the compression, normalized by the area in the middle of the plateau 

region. These values correspond to ~0.002 Hz (circles), -0.02 Hz (squares), and ~0.2 Hz 

(diamonds). Error bars represent 95% confidence intervals of the values of surface 

5 tension, as fitted by non-linear least squares analysis.  

In some cases, the organic phase can essentially completely dewets the inner 

water droplet during solvent evaporation. Continued solvent evaporation from the 

organic droplets lead to an interfacial instability, as shown in Fig. 15, wherein the large 

droplet spontaneously broke up into many smaller droplets. Apparently, at sufficiently 

10 high polymer concentrations and rates of solvent evaporation, the value of 7 can become 

arbitrarily small, and can even become negative. In such cases of vanishing interfacial 

tension, the presence of even a very small adhesive interaction may be sufficient to drive 

dewetting. For example, Van der Waals interactions may give rise to an adhesion energy 

per unit area of Wadh = A /(1 2,h) , where A is the Hamaker constant, (about 10-20 J for 

15 water-hydrocarbon-water systems), and h is the thickness of the oil film. Using 15 nm as 

an estimate for h gives Wadh = 0.001 mN/m. This is smaller than the characteristic value 

of 7 of order 1 mN/m, as well as the estimated magnitude of the depletion interaction.  

However, the observation of vanishing interfacial tension suggests that even Van der 

Waals forces may be large enough to drive dewetting under some conditions.  

20 Fig. 16 shows that under some conditions, solvent evaporation lead to dewetting 

of the organic phase with contact angles approaching 180" (upper right). Further solvent 

evaporation from organic droplets that have completely detached from the inner aqueous 

droplets lead to an interfacial instability causing breakup into smaller droplets (left side).  

In conclusion, when forming polymerosomes from double emulsion templates, it 

25 may be important to consider wetting of the organic phase on the polymer brushes at the 

oil-water interface. In order to avoid a dewetting instability in the presence of excess 

polymer, it may be necessary to carefully control the interfacial tension by adjusting the 

strength of adsorption of the polymer at the oil-water interfaces and the rate of solvent 

evaporation. In addition, it may be important to independently control the osmotic 

30 pressure of the organic phase as solvent evaporation increases the concentration of 

nonvolatile components, for example, through their size or state of aggregation.
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This invention is not limited in its application to the details of construction and 

the arrangement of components set forth in the following description or illustrated in the 

drawings. The invention is capable of other embodiments and of being practiced or of 

being carried out in various ways. Also, the phraseology and terminology used herein is 

5 for the purpose of description and should not be regarded as limiting. Thus, 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 

10 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.  

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

experimentation, many equivalents to the specific embodiments of the invention 

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

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

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

20 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.  

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

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

ordinary meanings of the defined terms.  

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

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

30 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
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are conjunctively present in some cases and disjunctively present in other cases.  

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

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

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

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

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

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

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

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

10 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, 

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

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

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

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

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

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

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

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

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

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

25 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, 

30 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
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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 

5 elements); etc.  

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

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

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

method are recited.  

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

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

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

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

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

15 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 making a multiple emulsion comprising: 

forming a first droplet from a first fluid stream surrounded by a second 

fluid while the second fluid is surrounded by a third fluid.  

5 

2. The method of claim 1, wherein the first fluid is miscible in the third fluid.  

3. The method of claim 1, wherein the second fluid comprises a material selected 

from surfactants, prepolymers, polymers, lipids, copolymers and amphiphiles 

10 

4. The method of claim 3, wherein the copolymer is a diblock copolymer, a triblock 

copolymer and/or a random copolymer.  

5. The method of claim 1, wherein the second fluid comprises two surfactants.  

15 

6. The method of claim 3, wherein the material is amphiphilic.  

7. The method of claim 1, wherein the second fluid comprises a phase change fluid.  

20 8. The method of claim 1, wherein the first and second fluids form a polymerosome 

or a liposome.  

9. The method of claim 1, wherein the second fluid forms a droplet surrounding a 

single droplet of the first fluid.  

25 

10. The method of claim 9, wherein greater than 90% of the second fluid droplets 

formed contain a single first fluid droplet.  

11. The method of claim 1, wherein the second fluid stream forms a droplet around 

30 the first droplet.
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12. The method of claim 1, wherein the first fluid comprises a species selected from a 

cell and a drug.  

13. The method of claim 9, wherein the standard deviation of the diameter of the 

5 second fluid droplets is less than 10%.  

14. The method of claim 9, wherein the second fluid droplet is less than about 200 

microns in diameter.  

10 15. The method of claim 9, wherein the second fluid droplet is less than about 50 

microns in diameter.  

16. The method of claim 9, wherein the second fluid droplet is less than about 10 

microns in diameter.  

15 

17. The method of claim 9, wherein the second fluid droplet is less than about 1 

micron in diameter.  

18. The method of claim 9, wherein the second fluid droplet is less than about 500 

20 nm in diameter.  

19. The method of claim 1, wherein the second fluid is essentially void of surfactants.  

20. The method of claim 11, further comprising reducing the amount of the second 

25 fluid in the second fluid droplet.  

21. The method of claim 20, wherein the second fluid is reduced through evaporation 

or diffusion.  

30 22. The method of claim 21, further comprising bringing about a phase change in the 

second fluid.
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23. The method of claim 1, comprising a plurality of inner droplets inside an outer 

droplet of the second fluid.  

24. The method of claim 1, wherein the viscosity of the first fluid is substantially 

5 equal to the viscosity of the second fluid.  

25. The method of claim 24, wherein the viscosity of the third fluid is substantially 

different from the viscosity of the first fluid.  

10 26. A method comprising: 

flowing a first fluid stream in a first direction; 

flowing a second fluid stream in the same direction as the first fluid, the 

second stream circumscribing the first stream; 

flowing a third fluid stream in a second direction that is substantially 

15 opposed to the first direction; and 

altering the direction of flow of the third fluid stream to flow substantially 

parallel to the first direction.  

27. The method of claim 26, wherein at least a portion of the third stream 

20 circumscribes a portion of the second stream.  

28. The method of claim 26, wherein the fluid of the first stream is miscible in the 

fluid of the third stream.  

25 29. An apparatus for fonning droplets, the apparatus comprising: 

a first conduit having a first diameter; 

a second conduit including an end defining an exit opening, the second 

conduit concentrically disposed in the first conduit; and 

a third conduit including an end defining an entrance opening, the third 

30 conduit concentrically disposed in the first conduit wherein the entrance opening 

opposes the exit opening of the second conduit.
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30. The apparatus of claim 29, wherein the second and third conduits are disposed in 

different portions of the first conduit.  

31. The apparatus of claim 29, wherein the exit opening of the second conduit is of 

5 smaller diameter than is the entrance opening of the third conduit.  

32. The apparatus of claim 29, wherein the exit opening of the second conduit is 

tapered.  

10 33. The apparatus of claim 29, wherein the first conduit is substantially polygonal in 

cross section and the second and third conduits are substantially circular in cross 

section.  

34. The apparatus of claim 29, wherein the first conduit is substantially circular in 

15 cross section and the second and third conduits are substantially polygonal in 

cross section.  

35. The apparatus of claim 29, wherein each of the three conduits is axially aligned.  

20 36. The apparatus of claim 29, wherein at least one of the conduits has an average 

diameter of less than 1 mm.  

37. The apparatus of claim 29, wherein at least one of the conduits comprises a glass 

capillary.  

25 

38. The apparatus of claim 29, wherein the interior diameter of the third conduit 

increases along a portion of the conduit starting from the entrance opening.  

39. The apparatus of claim 29, wherein the interior of a portion of the third conduit 

30 adjacent to the entrance opening is constricted.
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40. The apparatus of claim 29, the apparatus further comprising a fourth conduit 

including an end defining an exit opening, the fourth conduit concentrically 

disposed in the secontd conduit.  

5 41. A method of packaging a species comprising: 

suspending a species in a first fluid; 

flowing the first fluid in a stream surrounded by a second fluid stream, the 

second fluid being substantially immiscible with the first fluid; 

introducing a third fluid stream that surrounds the second fluid stream; 

10 and 

forming multiple droplets of the first fluid wherein the droplets contain at 

least one of the species.  

42. The method of claim 41, wherein the species is selected from cells, drugs, nucleic 

15 acids, proteins, fragrances, nanoparticles and quantum dots.  

43. The method of claim 41, wherein the species is a cell.  

44. The method of claim 41, further comprising solidifying a portion of the second 

20 fluid surrounding the droplet.  

45. The method of claim 43, wherein greater than 50% of the droplets contain one 

cell.  

25 46. The method of claim 43, wherein greater than 90% of the droplets contain one 

cell.  

47. The method of claim 43, wherein greater than 50% of the droplets formed contain 

the same number of cells.  

30 

48. The method of claim 41, comprising solidifying at least a portion of the inner 

droplet.
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49. A method for forming droplets, comprising: 

flowing a first fluid in a first conduit; 

flowing a second fluid in a second conduit and expelling the second fluid, 

5 from an end defining an exit opening of the second conduit, into the first fluid in 

the first conduit; 

urging the second fluid, surrounded by the first fluid, into a restriction 

under conditions in which droplets of the second fluid in the first fluid are formed 

within the restriction; and 

10 releasing the droplets of the second fluid carried in the first fluid from the 

restriction into a region of dimension larger than the restriction.  

50. The method of claim 49, comprising surrounding the first and second fluids with 

a third fluid.  

15 

51. The method of claim 49, wherein the second fluid surrounds a fourth fluid.  

52. An article, comprising: 

a colloidosome having at least a first particle shell and a second particle 

20 shell surrounding the first particle shell.  

53. The article of claim 52, wherein the colloidosome further comprises a third 

particle surrounding the second particle shell.  

25 54. An article, comprising: 

a liposome comprising a lipid bilayer having an inner lipid layer and an 

outer lipid layer, the inner lipid layer comprising a first lipid composition and the 

outer lipid layer comprising a second lipid composition distinguishable from the 

first lipid composition.  

30 

55. The article of claim 54, wherein the liposome is multilamellar.
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56. The article of claim 54, wherein the liposome further comprises a second lipid 

bilayer.  

57. The article of claim 56, wherein the second lipid bilayer has an inner lipid layer 

5 and an outer lipid layer, the inner lipid layer comprising a third lipid composition 

and the outer lipid layer comprising a fourth lipid composition distinguishable 

from the third lipid composition.  

58. A method for forming droplets, comprising: 

10 flowing a first fluid in a first conduit; 

flowing a second fluid in a second conduit and expelling the second fluid, 

from an end defining an exit opening of the second conduit, into the first fluid in 

the first conduit; 

flowing a third fluid in a third conduit and expelling the third fluid, from 

15 an- end defining an exit opening of the third conduit, into the second fluid in the 

second conduit; 

urging the second fluid, surrounded by the first fluid and containing the 

third fluid, into a restriction under conditions in which droplets of the second 

fluid in the first fluid are formed within the restriction; and 

20 releasing the droplets of the second fluid carried in the first fluid from the 

restriction into a region of dimension larger than the restriction.  

59. The method of claim 58, comprising surrounding the first and second fluids with 

a fourth fluid.  

25 

60. An article, comprising: 

an inner fluid; 

a first middle fluid surrounding the inner fluid; 

a second middle fluid surrounding the first middle fluid; and 

30 an outer liquid surrounding the second middle fluid.
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61. The article of claim 60, comprising: 

a third middle fluid surrounding the second middle fluid, wherein the 

outer liquid surrounds the third middle fluid.  

5 62. The article of claim 60, where the inner fluid and the first middle fluid are 

substantially immiscible.  

63. The article of claim 60, wherein the first middle fluid and the second middle fluid 

are substantially immiscible.  

10 

64. The article of claim 60, where the second middle fluid and the outer liquid are 

substantially immiscible.  

65. The article of claim 60, wherein the second middle fluid is formed as a droplet 

15 having an average diameter of less than 1 mm.
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