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ABSTRACT

Parallel uses of microtluidic methods and devices for focus-
ing and/or forming discontinuous sections of similar or
dissimilar size in a fluid are described. In some aspects, the
present invention relates generally to flow-focusing-type
technology, and also to microfluidics, and more particularly
parallel use of microfluidic systems arranged to control a
dispersed phase within a dispersant, and the size, and size
distribution, of a dispersed phase in a multi-phase fluid
system, and systems for delivery of fluid components to
multiple such devices.
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SCALE-UP OF MICROFLUIDIC DEVICES

RELATED APPLICATIONS

[0001] This application 1s a continuation of Ser. No.

13/255,342, with a § 371 date of Jan. 26, 2012, which 1s a
national stage filing under 35 U.S.C. § 371 of International

Patent Application Serial No. PCT/US2010/000733, filed
Mar. 12, 2010, which claims the benefit of U.S. Provisional
Patent Application Ser. No. 61/160,184, filed Mar. 13, 2009,

entitled “Scale-up of Microfluidic Devices,” by
Romanowsky, et al., and of U.S. Provisional Patent Appli-
cation Ser. No. 61/223,627, filed Jul. 7, 2009, entitled
“Scale-up of Microfluidic Devices,” by Romanowsky, et al.,
all of which are incorporated herein by reference.

FEDERALLY SPONSORED RESEARCH

[0002] This invention was made with government support
under Grant No. DMR-0213805 awarded by the National

Science Foundation. The government has certain rights 1n
the 1nvention.

FIELD OF THE INVENTION

[0003] The present imnvention relates generally to flow-
focusing-type technology, and also to microfluidics, and
more particularly parallel use of microfluidic systems
arranged to control a dispersed phase within a dispersant,
and the size, and size distribution, of a dispersed phase 1n a
multi-phase fluid system, and systems for delivery of fluid
components to multiple such devices.

BACKGROUND OF THE INVENTION

[0004] The mampulation of fluids to form fluid streams of
desired configuration, discontinuous fluid streams, particles,
dispersions, etc., for purposes of fluid delivery, product
manufacture, analysis, and the like, 1s a relatively well-
studied art. For example, highly monodisperse gas bubbles,
less than 100 microns 1n diameter, have been produced using
a technique referred to as capillary flow focusing. In this
technique, gas 1s forced out of a capillary tube 1nto a bath of
liquid, the tube i1s positioned above a small onfice, and the
contraction flow of the external liquid through this orifice
focuses the gas into a thin jet which subsequently breaks into
equal-sized bubbles via a capillary instability. In a related
technique, a similar arrangement was used to produce liquid
droplets 1n arr.

[0005] Microfluidics 1s an area of technology involving
the control of fluid flow at a very small scale. Microfluidic
devices typically include very small channels, within which
fluid tlows, which can be branched or otherwise arranged to
allow fluids to be combined with each other, to divert fluids
to different locations, to cause laminar flow between fluids,
to dilute fluids, and the like. Significant efiort has been
directed toward “lab-on-a-chip” microtfluidic technology, 1n
which researchers seek to carry out known chemical or
biological reactions on a very small scale on a “chip,” or
microtluidic device. Additionally, new techniques, not nec-
essarily known on the macro scale, are being developed
using microfluidics. Examples of techniques being mvesti-
gated or developed at the microfluidic scale include high-
throughput screening, drug delivery, chemical kinetics mea-
surements, combinatorial chemistry (where rapid testing of
chemical reactions, chemical athinity, and micro structure
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formation are desired), as well as the study of fundamental
questions 1n the fields of physics, chemistry, and engineer-
ng.

[0006] The field of dispersions 1s well-studied. A disper-
sion (or emulsion) 1s a mixture of two materials, typically
fluids, defined by a mixture of at least two incompatible
(1mmiscible) materials, one dispersed within the other. That
1s, one material 1s broken up 1nto small, 1solated regions, or
droplets, surrounded by another phase (dispersant, or con-
stant phase), within which the first phase 1s carried.
Examples of dispersions can be found in many industries
including the food and cosmetic industry. For example,
lotions tend to be oils dispersed within a water-based dis-
persant. In dispersions, control of the size of droplets of
dispersed phase can eflect overall product properties, for
example, the “feel” of a lotion.

[0007] Formation of dispersions typically is carried out 1n
equipment including moving pans (e.g., a blender or device
similarly designed to break up material), which can be prone
to failure and, 1 many cases, 1s not suitable for control of
very small dispersed phase droplets. Specifically, traditional
industrial processes typically imnvolve manufacturing equip-
ment built to operate on size scales generally unsuitable for
precise, small dispersion control. Membrane emulsification
1s one small scale technique using micron-sized pores to
form emulsions. However, polydispersity of the dispersed
phase can 1n some cases be limited by the pore sizes of the
membrane.

[0008] Batch production of discontinuous tluids are prone
to difliculties 1n product uniformity. These problems can be
compounded for complex structures such as double emul-
sions (drops-in-drops) or triple emulsions (drops-in-drops-
in-drops). A further difliculty for double or triple emulsions
1s poor encapsulation efliciency, where substantial amounts
of the mnermost phase leak out into the outermost phases,
which can limit the usefulness of such emulsions as carriers
for valuable or volatile compounds such as drugs, flavors, or
fragrances. Microfluidic devices, by contrast, can produce
multiple emulsions with extremely high uniformity and
encapsulation efliciency, essentially by regulating emulsion
formation on the individual-droplet level. Such control
comes at the cost of forming emulsion droplets essentially
one at a time, each microfluidic device producing only small
amounts of product on the order of fractions of a milliliter
per hour. The present invention in part involves appreciation
of the need for scale-up of the products of microfluidic
devices.

[0009] While many techniques involving control of multi-
phase systems exists, there 1s a need for improvement in

control of size of dispersed phase, size range (polydisper-
sity), and other factors.

SUMMARY OF THE INVENTION

[0010] The present invention relates generally to flow-
focusing-type technology, and also to microfluidics, and
more particularly parallel use of microfluidic systems
arranged to control a dispersed phase within a dispersant,
and the size, and size distribution, of a dispersed phase 1n a
multi-phase tluid system, and systems for delivery of fluid
components to multiple such devices. The subject matter of
the present invention involves, in some cases, interrelated
products, alternative solutions to a particular problem, and/
or a plurality of different uses of one or more systems and/or
articles.
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[0011] In one aspect, a method 1s provided. The methods
comprises introducing a subject fluid mto an inlet of a
channel and expelling separate portions of the subject fluid
from a plurality of microfluidic outlets each fluidly con-
nected to the inlet, simultaneously, while surrounding at
least one of the separate portions of the subject tluid at least
in part with a dispersing fluid.

[0012] In another aspect, a system for forming droplets 1n
microtluidic channels in parallel 1s provided. The system
comprises a distribution channel having an inlet fluidly
connected to a plurality of microtluidic subject fluid outlets,
cach outlet defining a portion of a microfluidic intercon-
nected region in fluid communication with at least one
dispersing fluid channel fluidly connectable to a source of a
dispersing fluid.

[0013] In another aspect, a system for forming droplets 1n
microtluidic channels in parallel 1s provided. The system
comprises an interconnected region joimng a subject fluid
channel for carrying a subject fluid, and a dispersing fluid
channel for carrying a dispersing tluid, wherein at least a
portion defining an outer wall of the interconnected to region
and a portion defining an outer wall of the subject fluid
channel are portions of a single integral unait.

[0014] 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.

[0015] Other advantages, features, and uses of the mnven-
tion will become apparent from the following detailed
description of non-limiting embodiments of the ivention
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 1dentical or nearly
identical component that 1s i1llustrated 1n various figures
typically 1s represented by a single numeral. For purposes of
clarity, not every component 1s labeled 1n every figure, nor
1s every component ol each embodiment of the mvention
shown where 1llustration 1s not necessary to allow those of
ordinary skill in the art to understand the mvention. In cases
where the present specification and a document incorporated
by reference include conflicting disclosure, the present
specification shall control.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Non-limiting embodiments of the present invention
will be described by way of example with reference to the
accompanying figures, which are schematic and are not
intended to be drawn to scale. In the figures, each identical
or nearly identical component illustrated 1s typically repre-
sented by a single numeral. For purposes of clarity, not every
component 1s labeled 1n every figure, nor 1s every compo-
nent of each embodiment of the invention shown where
illustration 1s not necessary to allow those of ordinary skill
in the art to understand the mvention. In the figures:

[0017] FIG. 1 1s a schematic 1llustration of a fluid distri-
bution article according to an embodiment.

[0018] FIG. 2 1s a schematic 1llustration of a three-dimen-
sional parallel microfluidic device according to an embodi-
ment.

[0019] FIG. 3 1s a schematic illustration of a one-dimen-
sional parallel microfluidic device according to an embodi-
ment.
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[0020] FIG. 4 1s a schematic 1llustration of a two-dimen-
sional parallel microfluidic device according to an embodi-
ment.

[0021] FIG. 5 1s a schematic 1llustration of a microfluidic
device of the invention according to an embodiment.

[0022] FIG. 6 1s a schematic cross-sectional view through
line 44 of FIG. 5.

[0023] FIG. 7 1s a photograph of a two-dimensional par-
allel microfluidic device according to an embodiment.

[0024] FIG. 8 1s a schematic illustration of a parallel
microtluidic device according to an embodiment.

[0025] FIG. 9 1s a schematic illustration of a parallel
microfluidic device according to an embodiment.

[0026] FIG. 10 1s a schematic illustration of a parallel
microtluidic device according to an embodiment.

[0027] FIG. 11 1s a schematic illustration of a parallel
microtluidic device according to an embodiment.

[0028] FIG. 12 1s a photograph of a microfluidic device
according to an embodiment.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

[0029] The following documents are incorporated herein
by reference 1n their entirety: U.S. Pat. No. 5,512,131, 1ssued
Apr. 30, 1996 to Kumar, et al.; International Patent Publi-
cation WO 96/29629, published Jun. 26, 1996 by White-
sides, et al.; U.S. Pat. No. 6,355,198, 1ssued Mar. 12, 2002
to Kim, et al.; International Patent Publication WO
01/89787, published Nov. 29, 2001 by Anderson, et al.;
International Patent Publication W02004/091763, pub-
lished Oct. 28, 2004 by Link et al; International Patent
Publication W0O2004/00262°7, published Jan. 8, 2004 by
Stone et al.; International Patent Publication W0O2005/
021151, published Mar. 10, 2005; WO2007/089341, pub-
lished Aug. 9, 2007 by Ahn et al.; W0O2008/121342, pub-
lished Oct. 9, 2008 by Chu et al.; W02006/096571
published Sep. 14, 2006 by Weitz et al. Also incorporated
herein by reference are U.S. Provisional Patent Application
Ser. No. 61/160,020, filed on Mar. 13, 2009, entitled “Con-
trolled Creation of Emulsions, Including Multiple Emul-
s1omns,” by Weitz, et al.; U.S. Provisional Patent Application
Ser. No. 61/160,184, filed Mar. 13, 2009, entitled “Scale-up
of Microfluidic Devices,” by Romanowsky, et al.; and U.S.
Provisional Patent Application Ser. No. 61/223,627/, filed
Jul. 7, 2009, entitled *“Scale-up of Microtluidic Devices,” by

Romanowsky, et al.

[0030] Systems and techniques for parallel use of micro-
fluidic methods and devices for focusing and/or forming
discontinuous sections of similar or dissimilar size in a fluid
are provided. In one aspect, a tluid distribution article 1s used
to distribute fluid from one mput to a plurality of outputs.
Using the disclosed methods and articles, a plurality of
microfluidic devices may be connected in three dimensions.
Microfluidic systems and the techniques are described 1n
which, 1n some cases, 1t can be important to control back
pressure and flow rate such that a microfluidic process, such
as droplet formation, can be carried out reproducibly and
consistently across a variety of similar or identical process
locations. This 1s challenging in a microfluidic environment
and 1t 1s not seen where the prior art provides any ability to
achieve this. The present invention does so. In some cases,
channel dimensions are chosen that allow pressure varia-
tions within parallel devices to be substantially reduced.
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[0031] In some embodiments, the present invention
involves devices and techniques associated with manipula-
tion ol multiphase materials 1n parallel. While those of
ordinary skill will recognize that any of a wide varniety of
materials including various numbers of phases can be
manipulated 1n accordance with certain embodiments of the
invention, various embodiments of the invention finds use,
generally, with two-phase systems of incompatible fluids. A
“flmd,” as used herein, means any substance which can be
urged to flow through devices described below to achieve
the benefits discussed herein. Those of ordinary skill in the
art will recognize which fluids have viscosity appropriate for
use 1n accordance with various embodiments of the mven-
tion, 1.¢., which substances are “fluids.” It should be appre-
ciated that a substance may be a fluid, for purposes of certain
embodiments of the invention, under one set of conditions
but may, under other conditions, have viscosity too high for
use as a fluid. Where the material or materials behave as
fluids under at least one set of conditions compatible with
certain embodiments of the invention, they are included as
potential materials for manipulation.

[0032] In one set of embodiments, the present imvention
involves formation of drops of a dispersed phase within a
dispersant, of controlled size and size distribution, in a flow
system (preferably a microfluidic system) free of moving
parts to create drop formation. That is, at the location or
locations at which drops of desired size are formed, the
device free of components that move relative to the device
as a whole to aflect drop formation or size. For example,
where drops of controlled size are formed, they are formed
without parts that move relative to other parts of the device
that define a channel within the drops flow. This can be
referred to as “passive control” of drop size, or “passive
breakup” where a first set of drops are broken up into smaller
drops.

[0033] Parallel microfluidic devices can be used to pro-
duce large-scale quantities of product by integrating many
individual devices onto the same monolithic chip. In some
cases, a parallel microfluidic device can generate emulsions
in quantities of liters per day per integrated chip, or even
greater. For example, at least about 200 mL per day per
integrated chip, at least about 1 L per day per integrated chip,
at least about 2 L per day per integrated chip, at least about
5 L per day per integrated chip, at least about 50 L per day
per integrated chip, at least about 300 L per day per
integrated chip, or even more could be produced.

[0034] In some embodiments, parallel scale-up 1s accom-
panied by a fluid distribution article for inputting tfluids to,
and collecting product from, an array of devices. As
described 1n more detail below, the fluid distribution article
and array of devices can be fabricated using known methods.
The flud distribution article can be used to operate an
arbitrary number ol microfluidic devices with a minimum
number of interfaces to external fluid supplies and collec-
tors, connect a high density array of devices, and promote a
long functioning lifetime of the integrated device through
system redundancy.

[0035] Referring now to FIG. 1, a one-dimensional par-
allel microfluidic system 300 according to one embodiment
of the present invention 1s illustrated schematically. A flmd
distribution article 190 1s used to distribute fluid from inputs
130 and 140 to a parallel drop formation array 200, and the
resulting emulsion formed by the drop formation array exits
through output 150. The fluid distribution article allows tluid
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entering, for example, a single channel 135 to flow into
channel 160 and be distributed to a plurality of channels 165,
which enter the drop formation devices 1n system 200.

[0036] FIG. 2, one embodiment of the present invention,
illustrates schematically the assembly of three-dimensional
parallel microfluidic system 100 of drop formation devices
120. System 100 includes two dimensional arrays 200 of
drop formation devices 120. As described 1n FIG. 1, 1n this
embodiment of the mvention a first flmd (1.e., a dispersant
fluad such as o1l) 1s flowed through 1nput 130 1nto channel
135, a second fluid 1s flowed through input 140 into channel
145, and an emulsion produced by the interaction of the first
fluid and the second fluid 1n drop formation devices 120 tlow
out of the system through channel 155 and output 150.
Distribution plate 190, which includes channels 160, 170,
and 180, 1s 1 a different plane than the plane of the
two-dimensional drop formation array 200, such that chan-
nels 160, 170, and 180 are 1n a different plane than cross-
channels 210, 220, and 230. Channels 165, 175, and 185,

connect channels 160, 170, and 180, respectively, to chan-
nels 210, 220, and 230, respectively.

[0037] In some embodiments, the fluid distribution article
includes one or more layers of fluidic channels stacked
above the layer(s) of microfluidic devices (FIG. 1). Although
“top,” “bottom.” “above.” “below,” etc. are used to define
certain portions and perspectives of systems ol various
embodiments of the invention, 1t 1s to be understood that the
systems can be used in orientations different from those
described. The fluid distribution article can serve one-
dimensional (1-D), two-dimensional (2-D), and/or three-
dimensional (3-D) arrays of devices 1n a scalable, parallel
configuration. For example, a 1-D linear array of devices
may be served by a single set of fluidic channels as shown
in FIG. 3, which illustrates 1-D array 400 of microtluidic
devices 120 in fluid communication with channels 210, 220,
and 230. In this embodiment, channels 210, 220, and 230 are
placed directly over the corresponding inlet or outlet of
every device 1n the array, 1.e., channel 210 supplying a first
fluid to every device through inlets 211, channel 220 sup-
plying a second fluid to every device through inlets 221, and
channel 230 collecting the product from each device from
outlets 231. In some embodiments, the fluid distribution
article channels have at least one aperture each (e.g., aper-
tures 212. 222, and 232) on the top side of the channel for
supplying fluid to the corresponding channels and/or col-
lecting product from the corresponding channels.

[0038] A similar design can be used to create a 2-D array
of devices with each 1-D sub-array served by 1ts own set of
distribution channels as shown 1n FIG. 4, which depicts a
2-D array 500 of microfluidic devices 120, a first set of
distribution channels 210, 220, and 230 1n fluid communi-
cation with each 1-D array of devices, and a second set of
distribution channels 160, 170, and 180 1n fluid communi-
cation with the first set of distribution channels 210, 220, and
230, respectively. Channels 160, 170, and 180 may have at
least two sets of apertures, a first set of apertures 165, 175,
and 185 that connect channels 160, 170, and 180 to channels
210, 220, and 230, respectively, and a second set of apertures

166, 1677, and 168 through which fluid can flow 1nto array
500 and/or product can be collected from array 500.

[0039] In some embodiments, the distribution channels 1n
cach set of distribution channels are incorporated into a
single layer. Thus, 2-D array 300 can be constructed by
fabricating devices 120 1n a first layer, distribution channels
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210, 220, and 230 1n a second layer on top of the first layer,
and distribution channels 160, 170, and 180 in a third layer
on top of the second layer. Those skilled in the art will
recognize that the order of assembly may be different.

[0040] In some cases, a 3-D array 1s constructed by
connecting units of 2-D arrays, as shown 1n FIG. 2. In some
embodiments, a set of distribution channels (e.g., channels
135, 145, and 155 in FIG. 2) are used to fluidically connect
units of 2-D arrays. A 3-D array may be constructed in a
variety ol conformations, for example by stacking 2-D
arrays, placing 2-D arrays side-by-side, etc. As shown 1n
FIG. 2, array 100 may be operated with a single set of inputs
and/or outputs 130, 140, and 150.

[0041] In some embodiments, distribution channels and
devices may be incorporated in a single layer. A non-limiting
example 1s shown in FIG. 8, which illustrates an array 600
with two distribution channels 610 and 612 that serve two
devices 620. In this example, distribution channel 610
contains a continuous phase (e.g., an o1l) fed by an inlet 614,
and distribution channel 612 contains a dispersed phase
(e.g., an aqueous solution) fed by an inlet 616. The distri-
bution channels feed 1nto droplet-making devices 620, and
the droplets 622 exit the devices through outlets 624. It
should be understood that more than two devices may be
operated using the layout depicted in FIG. 8, for example, by
replicating additional devices 620 side-by-side and extend-
ing distribution channels 610 and 612 along their respective
longitudinal axes. It should also be understood that arrange-
ments other than linear arrangements may be used. For
example, one or more of the devices and/or distribution
channels may be curved or bent. For instance, distribution
channels 610 and 612 and devices 620 may be arranged as
shown 1n FIG. 9, which illustrates two-dimensional array

650.

[0042] In another non-limiting example, devices and dis-
tribution channels constructed for producing droplet-in-
droplet emulsions may be fabricated 1n a single layer. FIG.
10 depicts one embodiment of this example and shows an
array 700 with two distribution channels 710 and 712
serving two devices 720. In this example, distribution chan-
nel 710 contains a continuous phase fed by inlet 714, and
distribution channel 712 contains a dispersed phase fed by
inlet 716. Droplets 722 of the continuous phase are gener-
ated by flowing the continuous phase into a channel 730
containing the dispersed phase. Droplets 724, each contain-
ing a continuous phase droplet 722, are generated by tlowing
droplets 722 into channels 732. Droplets 724 exit the devices
through outlets 726. FIG. 12 shows another embodiment of
a device constructed for producing droplet-in-droplet emul-
S101S.

[0043] Such droplets may be usetul, for example, for
producing particles such as core/shell-type particles. It
should be understood that higher order emulsions (1.e., triple
emulsions, quadruple emulsions, etc.) may also be generated
using designs such as this one. For example, by flowing
droplets 724 1nto a channel containing another phase instead
of into outlet 726, a triple emulsion may be generated. For
instance, an oil-water-oi1l emulsion may be created by tlow-
ing an oil phase into an aqueous phase to generate oil
droplets suspended in the aqueous phase, flowing the oil
droplets suspended 1n the aqueous phase 1nto an o1l phase to
generate an oil-in-water emulsion suspended 1n the o1l phase
(1.e., droplets containing an o1l droplet suspended in an
aqueous droplet), and flowing the oil-in-water emulsion
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suspended 1n the o1l phase 1nto an aqueous phase to generate
an oil-water-o1l emulsion (1.e., droplets containing an o1l
droplet suspended 1n an aqueous droplet suspended 1n an o1l
droplet).

[0044] In some embodiments, one or more of the phases,
such as the aqueous phase, may contain a surfactant. For
example, the aqueous phase may contain sodium dodecyl
sulfate. As discussed herein, the oil phase may be any
suitable material. Non-limiting examples of suitable o1l
phases 1include 1-octanol and HFE-7500 o1l with 1.8% (by
weight) “R22” surfactant as the continuous phase [R22 1s the
ammonium salt of Krytox® 1357 FSL oi1l, a commercially
available perfluorinated polyether (Dupont)].

[0045] In still another non-limiting example, array 650
shown 1n FIG. 9 may be operated diflerently by changing the
direction of flow and the type of fluid flowing through the
channels, as shown 1n FIG. 11. FIG. 11 illustrates array 800
with devices 820 generating four different dispersed phases
surrounded by a continuous phase. (The four dispersed
phases may have the same or diflerent compositions,
depending on the application.) In this example, distribution
channel 610 contains a continuous phase fed by inlet 614,

and collection channel 810, containing the continuous phase
ted by channels 840, collects droplets 822, 824, 826, and

828, which exit channel 810 through outlet 816. Inlets 830,
832, 834, and 836 cach flow a different dispersed phase nto
collection channel 810 through channels 840 to generate
droplets 822, 824, 826, and 828, respectively. This may be
used, for example, to generate libranes of different droplets
in parallel. It should be understood that inlets 830, 832, 834,
and 836 may flow any combination of the same or different
fluids. It should be understood that the arrays shown 1in
FIGS. 8-11 may also be parallelized 1in three dimensions 1n
other embodiments.

[0046] An array, such as depicted in FIG. 11, may lead 1n
certain cases to substantial time savings for library genera-
tion as compared to traditional methods which mvolve
producing droplets senally 1n a first step and then mixing the
droplets together 1n a separate second step. This may be
advantageous, for example, when the library contains one or
more sensitive compositions prone to degradation. In some
cases, using a common pressure differential to drive forma-
tion of each type of droplet may improve uniformity in the
s1ze of the droplets. In certain embodiments, using a separate
inlet channel for each dispersed phase can decrease the
potential for contamination of the droplets as compared to
instances, for example, when the same inlet channel 1is
reused to flow different dispersed phases.

[0047] The fluid distribution article channels may be fab-
ricated with dimensions (height, width, and/or length) much
larger than the dimensions of the device microchannels,
which can allow the pressure drop along the tluid distribu-
tion article channels to be essentially negligible compared to
the pressure drop across each microfluidic device. As
described 1n more detail below, such a design can prevent
hydrodynamic coupling of the devices, ensure their inde-
pendent and stable performance, and/or partition fluid
equally between the devices. Thus, a single set of distribu-
tion channels can serve a linear array of microfluidic devices
and reduce their interface to a single set of inlet/outlet
apertures without substantially aflecting the performance of
the devices.

[0048] A fluid distribution article can be used to 1nterface
with an array of many independent microfluidic devices,
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thereby allowing an assembly comprising an arbitrary num-
ber of devices to be served with a single set of inlets and
outlets. In some embodiments, the methods and articles of
the present mvention allow scaling to at least about 100
devices, at least about 1,000 devices, at least about 10,000
devices, at least about 100,000 devices, or even more.

[0049] In some cases, the devices are arranged in a high
density array. For example, the spacing between devices
may be less than 100 microns, less than 50 microns, less than
microns, less than 10 microns etc. The use of a fluud
distribution article also allows denser packing of parallel
devices than can be achieved using single-layer schemes
since channel crossing must be avoided in single-layer
schemes.

[0050] The total flow rate of fluid entering and/or exiting
the assembly may be at least about 100 mL per hour, at least
about 1 L per hour, at least about 10 L per hour, at least about
100 L per hour, at least about 1000 L per hour, or even more.

[0051] In one embodiment, an article of the invention 1s
may be constructed containing a plurality of devices
arranged 1n three dimensions (e.g. a cube-like structure). For
example, such an article may contain at least 50, 100, 200,
400, 600, or even 10,000 devices. In certain instances, an
article containing at least such numbers of devices may
occupy a volume of less than 5 cm”. The present invention
discloses that a single microfluidic device may have a
pressure P and that connecting a plurality of such devices
also each having a pressure P using the disclosed fluid
distribution articles does not cause a substantial increase 1n
the pressure, e.g., the pressure of an article having 10,000
devices, each with pressure P may be far less than 10,000xP.
In some instances, the pressure may be less than 10xP, less
than 5xP, less than 2xP, etc. In certain embodiments, the
pressure ol a system having a plurality of devices has a
pressure essentially equal to P. In this aspect of the inven-
tion, 1n various embodiments, an article containing a number
of devices as described above, where each device has a
pressure P, with a plurality of devices connected as described
herein, each device having a pressure P no more than 5%
different than any other pressure P, does not cause an

increase 1n overall pressure of the overall device more than
25%, 20%, 15%, 10%, 5%, or even 2% more than P itself.

[0052] A further advantage of the present invention 1s that
cach device within an array operates essentially indepen-
dently from the other devices 1n the array. Thus, 1f a device
clogs or otherwise degrades, the other devices in the array
can conftinue to operate.

[0053] An array of devices connected as described herein
using a fluid distribution article also undergoes a very short
turn-on transient behavior, 1n contrast to single-layer fan-out
schemes that suffer from long-lived oscillations before
steady-state operation 1s reached. For example, the turn-on
transient behavior 1n a device of the present mnvention may
be less than about 10 minutes, less than about 5 minutes, less
than about 1 minute, less than about 0.1 minutes, etc.

[0054] Pressure oscillation due to hydrodynamic coupling
1s a common problem in microfluidic devices, particularly
when elastomeric materials, such as PDMS, are used 1n the
tabrication of the devices. For example, fluid pumped 1nto a
channel 1n an elastomeric microfluidic device can cause
expansion and contraction of the channel thereby introduc-
ing a pressure wave 1n the fluid. In embodiments where the
channel serves a plurality of microtluidic devices, a pressure
wave can introduce fluctuations in the pressure of the tluid
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feeding 1nto each of the devices connected to the channel. In
some embodiments, the present mmvention substantially
avoids these pressure fluctuations by controlling the volume
of the channels feeding the devices. In some cases, a
pressure change 1n a device may be relieved by the fluid
distribution channel thereby essentially preventing the pres-
sure change from aflecting another device. For example, a
fluid distribution channel connected to a first and second
device that are in fluid communication with each other can
allow the first and second device to be decoupled from each
other.

[0055] The following tests will be useful for allowing one
skilled 1n the art to design an array of microfluidic devices
substantially without hydrodynamic coupling. For a 1-D
array of N essentially identical devices connected by a
distribution channel, each device has a hydrodynamic resis-
tance value R, and the distribution channel has a hydrody-
namic resistance R, over the distance between adjacent
devices (1.e., the resistance per segment). It 1s understood
that the resistance may be different, but within the same
order of magnitude, between 1nlets and outlets of a device.
For example, the resistance between the o1l inlet and the
device outlet may be different 1n comparison to the resis-
tance between the water inlet and the device outlet. If R ; 1s
much less than R , the fractional difference in flow rates
between the first and last devices 1n the array is less than

N*R_,/R ;. In some cases, this quantity 1s maintained below
50%, below 40%, below 30%, below 20%, below 10%,

below 1%, below 0.5%, below 0.1%, etc.

[0056] For a 2-D array of MxN devices, arranged in an
MxN grid with M rows of devices, each contaiming N
devices and each row being served by i1ts own set of
first-generation linear distribution channels, the hydrody-
namic resistance between the inlet of a first-generation
distribution channel and the corresponding outlet 1s approxi-
mately R /N, assuming that R _; 1s much less than R . To
deliver fluid equally to each of the M rows of devices, the
second generation distribution channels should have resis-
tance per segment R_, much less than R /N. In this case, the
fractional difference in flow rates between the first and last
rows ol devices 1s less than M*N*R /R, To maintain
essentially equal flow per device at the same precision as for
the 1-D array, the second-generation channels should be
designed to have R_,<R_,/M.

[0057] Smmilarly, mn a 3-D array of KxMxN devices,

arranged 1n K planes of MxN grids, the third generation of
channels should have resistance per segment R_,<R_,/K.

[0058] Referring now to FIG. 5, one embodiment of the
present invention, 1n the form of a microtluidic system 26,
1s 1llustrated schematically in cross-section (although 1t will
be understood that a top view of system 26, absent top wall
38 of FIG. 6, would appear similar). Although “top” and
“bottom™ are used to define certain portions and perspectives
of various systems of the invention, 1t 1s to be understood
that the systems can be used 1n orientations different from
those described. For reference, 1t 1s noted that the system 1s
designed such that flmid flows optimally from lett to right per
the onentation of FIG. 5.

[0059] System 26 includes a series of walls defining
regions of the microfluidic system via which the system will
be described. A microfluidic interconnected region 28 1s
defined in the system by walls 29, and includes an upstream
portion 30 and a downstream portion 32, connected to an
outlet further downstream which 1s not shown 1n FIG. §. In
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the embodiment illustrated in FI1G. 5, a subject fluid channel
34, defined by side walls 31, 1s provided within the outer
boundaries of 1interconnected region 28. Subject fluid chan-
nel 34 has an outlet 37 between upstream portion 30 and
downstream portion 32 of interconnected region 28. The
system 1s thus arranged to deliver a subject fluid from
channel 34 into the interconnected region between the
upstream portion and the downstream portion.

[0060] FIG. 6, a cross-sectional illustration through line
4-4 of FI1G. 5 shows (1n addition to some of the components
shown 1n FIG. 5, such as walls 29 and 31) a bottom wall 36
and a top wall 38 which, together with walls 29 and 31,
defining continuous region 28 (at upstream portion 30
thereol) and subject fluid channel 34. It can be seen that
interconnected region 28, at upstream portion 30, includes
two separate sections, separated by subject fluid channel 34.
The separate sections are interconnected further down-
stream.

[0061] Referring again to FIG. 3, mnterconnected region 28
includes a dimensionally-restricted section 40 formed by
extensions 42 extending from side walls 29 into the inter-
connected region. Fluid flowing from upstream portion 30 to
downstream portion 32 of the interconnected region must
pass through dimensionally-restricted section 40 in the
embodiment illustrated. Outlet 37 of subject fluid channel 34
1s positioned upstream of the dimensionally-restricted sec-
tion. In the embodiment 1llustrated, the downstream portion
ol interconnected region 28 has a central axis 44, which 1s
the same as the central axis of subject fluid channel 34. That
1s, the subject fluid channel 1s positioned to release subject
fluid upstream of the dimensionally-restricted section, and 1n
line with the dimensionally-restricted section. As arranged
as shown 1n FIG. 5, subject fluid channel 34 releases subject
fluid into an interior portion of interconnected region 28.
That 1s, the outer boundaries of the interconnected region are
exterior ol the outer boundaries of the subject fluid channel.
At the precise point at which fluid flowing downstream in
the interconnected region meets fluid released from the
subject fluid channel, the subject fluid 1s surrounded at least
in part by the flmd 1n the interconnected region, but is not
completely surrounded by fluid in the imnterconnected region.
Instead, 1t 1s surrounded through approximately 50% of 1ts
circumierence, 1n the embodiment 1llustrated. Portions of the

circumierence of the subject fluid are constrained by bottom
wall 36 and top wall 38.

[0062] In the embodiments illustrated, the dimensionally-
restricted section 1s an annular orifice, but 1t can take any of
a varieties of forms. For example, it can be elongate ovoid,
square, or the like. Preferably, 1t 1s shaped 1n any way that
causes the dispersing fluid to surround and constrict the
cross-sectional shape of the subject fluid. The dimension-
ally-restricted section 1s non-valved in preferred embodi-
ments. That 1s, 1t 1s an orifice that cannot be switched
between an open state and a closed state, and typically 1s of
fixed size.

[0063] Although not shown 1n FIGS. 5 and 6, one or more
intermediate fluid channels can be provided in the arrange-
ment of FIGS. 5 and 6 to provide an encapsulating fluid
surrounding discontinuous portions of subject fluid pro-
duced by action of the dispersing tluid on the subject tluid.
In one embodiment, two intermediate fluid channels are
provided, one on each side of subject fluid channel 34, each
with an outlet near the outlet of the subject fluid channel. In
some cases, discontinuous sections of the subject flud are
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created by introducing intermediate fluid between the sub-
ject fluid and the dispersing fluid, with each section sur-
rounded by a shell of the intermediate fluid. In some
embodiments, the shell 1s hardened. The following defini-
tions will assist 1n understanding certain aspects of the
invention. Also included, within the list of definitions, are
sets of parameters within which certain embodiments of the
invention fall.

[0064] “Channel,” as used herein, means a feature on or 1n
an article (substrate) that can at least partially confine and
direct the flow of a fluid, and that has an aspect ratio (length
to average cross sectional dimension) of at least 2:1, more
typically at least 3:1, 5:1, or 10:1. The feature can be a
groove or other indentation of any cross-sectional shape
(curved, square or rectangular) and can be covered or
uncovered. In embodiments where 1t 1s completely covered,
at least one portion of the channel can have a cross-section
that 1s completely enclosed, or the entire channel may be
completely enclosed along 1ts entire length with the excep-
tion of 1ts 1nlet and outlet. An open channel generally will
include characteristics that facilitate control over tluid trans-
port, e.g., structural characteristics (an elongated indenta-
tion) and/or physical or chemical characteristics (hydropho-
bicity vs. hydrophilicity) or other characteristics that can
exert a force (e.g., a containing force) on a fluid. The tfluid
within the channel may partially or completely fill the
channel. In some cases where an open channel 1s used, the
fluid may be held within the channel, for example, using
surface tension (1.e., a concave or convex meniscus). The
channel may be of any size, for example, having a largest
dimension perpendicular to fluid flow of less than about 5 or
2 millimeters, or less than about 1 millimeter, or less than
about 500 microns, less than about 200 microns, less than
about 100 microns, or less than about 50 or 25 microns. In
some cases the dimensions of the channel may be chosen
such that fluid 1s able to freely flow through the reactor. The
dimensions of the channel may also be chosen, for example,
to allow a certain volumetric or linear flowrate of fluid in the
channel. Of course, the number of channels and the shape of
the channels can be varied by any method known to those of
ordinary skill in the art. In the embodiments illustrated 1n the
accompanying figures, all channels are completely enclosed.
“Channel”, as used herein, does not include a space created
between a channel wall and an obstruction. Instead, obstruc-
tions, as defined herein, are understood to be contained
within channels. Larger channels, tubes, etc., can be used in
microtluidic device for a variety of purposes, e.g., to store
fluids 1n bulk and to deliver fluids to components of various
embodiments of the mvention.

[0065] In some, but not all embodiments, all components
of the systems described herein are microfluidic. “Micro-
flmdic™, as used herein, refers to a device, apparatus or
system 1ncluding at least one fluid channel having a cross-
sectional dimension of less than 1 millimeter (mm), and a
ratio of length to largest cross-sectional dimension of at least
3:1, and “microfluidic channel” 1s a channel meeting these
criteria. Cross-sectional dimension 1s measured perpendicu-
lar to the direction of fluid flow. Most fluid channels 1n
certain components of the invention have maximum cross-
sectional dimensions less than 2 millimeters, and preferably
1 millimeter. In one set of embodiments, all fluid channels,
at least at regions at which one fluid 1s dispersed by another,
are microfluidic or of largest cross sectional dimension of no
more than 2 millimeters. In another embodiment, all fluid
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channels associated with fluid dispersion, formed in part by
a single component (e.g. an etched substrate or molded unit)
are microfluidic or of maximum dimension of 2 millimeters.
Of course, larger channels, tubes, etc. can be used to store
fluids 1n bulk and to deliver fluids to components of other
embodiments of the invention.

[0066] A “microfluidic interconnected region.” as used
herein, refers to a portion of a device, apparatus or system
including two or more microfluidic channels 1n flud com-
munication.

[0067] The “cross-sectional dimension” of the channel 1s
measured perpendicular to the direction of fluid flow. Most
fluid channels 1n components of various embodiments of the
imnvention have maximum cross-sectional dimensions less
than 2 mm, and 1n some cases, less than 1 mm. In one set of
embodiments, all fluid channels are microfluidic or have a
largest cross sectional dimension of no more than 2 mm or
1 mm. In another embodiment, the fluid channels may be
formed i part by a single component (e.g. an etched
substrate or molded unit). Of course, larger channels, tubes,
chambers, reservoirs, etc. can be used to store fluids 1n bulk
and to deliver fluids to components of various embodiments
of the invention. In one set of embodiments, the maximum
cross-sectional dimension of all active fluid channels 1s less
than 500 microns, less than 200 microns, less than 100
microns, less than 50 microns, or less than 25 microns.
Devices and systems may include channels having non-
microfluidic portions as well.

[0068] The fluidic droplets within the channels may have
a cross-sectional dimension smaller than about 90% of an
average cross-sectional dimension of the channel, and 1n

certain embodiments, smaller than about 80%, about 70%,
rout 60%, about 50%, about 40%, about 30%, about 20%,

a

about 10%, about 5%, about 3%, about 1%, about 0.5%,
about 0.3%, about 0.1%, about 0.05%, about 0.03%, or
about 0.01% of the average cross-sectional dimension of the
channel.

[0069] As used herein, “integral” means that portions of
components are joined in such a way that they cannot be
separated from each other without cutting or breaking the
components from each other.

[0070] A “droplet,” as used herein 1s an 1solated portion of
a first flmd that 1s completely surrounded by a second fluid.
It 1s to be noted that a droplet 1s not necessarily spherical, but
may assume other shapes as well, for example, depending on
the external environment. In one embodiment, the droplet
has a minimum cross-sectional dimension that 1s substan-
tially equal to the largest dimension of the channel perpen-
dicular to fluid flow 1 which the droplet 1s located.

[0071] The “average diameter” of a population of droplets
1s the arithmetic average of the diameters of the droplets.
Those of ordinary skill in the art will be able to determine
the average diameter of a population of droplets, for
example, using laser light scattering or other known tech-
niques. The diameter of a droplet, in a non-spherical droplet,
1s the mathematically-defined average diameter of the drop-
let, itegrated across the entire surface. As non-limiting
examples, the average diameter of a droplet may be less than
about 1 mm, less than about 500 micrometers, less than
about 200 micrometers, less than about 100 micrometers,
less than about 75 micrometers, less than about 50 microm-
eters, less than about 25 micrometers, less than about 10
micrometers, or less than about 5 micrometers. The average
diameter of the droplet may also be at least about 1 microm-
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eter, at least about 2 micrometers, at least about 3 microm-
eters, at least about 5 micrometers, at least about 10 microm-
eters, at least about 15 micrometers, or at least about 20
micrometers 1n certain cases.

[0072] As used herein, a “fluid” 1s given 1ts ordinary
meaning, 1.e., a liquid or a gas. The fluild may have any
suitable viscosity that permits flow. If two or more fluids are
present, each fluid may be independently selected among
essentially any fluids (liquids, gases, and the like) by those
of ordinary skill in the art, by considering the relationship
between the fluids. The fluids may each be miscible or
immiscible. For example, two fluids can be selected to be
immiscible within the time frame of formation of a stream
of fluids, or within the time frame of reaction or interaction.
Where the portions remain liquid for a significant period of
time then the fluds should be significantly immiscible.
Where, after contact and/or formation, the dispersed por-
tions are quickly hardened by polymerization or the like, the
fluids need not be as immiscible. Those of ordinary skill 1n
the art can select suitable miscible or immiscible fluids,
using contact angle measurements or the like, to carry out
various techniques of the imnvention.

[0073] As used herein, a first entity 1s “surrounded™ by a
second enfity 1f a closed loop can be drawn around the first
entity through only the second entity. A first entity 1is
“completely surrounded™ 1t closed loops going through only
the second enfity can be drawn around the first enfity
regardless of direction. In one aspect, the first entity may be
a cell, for example, a cell suspended 1n media 1s surrounded
by the media. In another aspect, the first entity 1s a particle.
In yet another aspect of the invention, the entities can both
be tluids. For example, a hydrophilic liquid may be sus-
pended 1n a hydrophobic liquid, a hydrophobic liquid may
be suspended 1n a hydrophilic liquid, a gas bubble may be
suspended 1n a liquid, etc. Typically, a hydrophobic liquid
and a hydrophilic liquid are substantially immiscible with
respect to each other, where the hydrophilic liquid has a
greater athnity to water than does the hydrophobic liquid.
Examples of hydrophilic liquids include, but are not limited
to, water and other aqueous solutions comprising water, such
as cell or biological media, ethanol, salt solutions, etc.
Examples of hydrophobic liquids include, but are not limited
to, o1ls such as hydrocarbons, silicon oi1ls, fluorocarbon oils,
organic solvents efc.

[0074] The term “determining,” as used herein, generally
refers to the analysis or measurement ol a species, for
example, quantitatively or qualitatively, or the detection of
the presence or absence of the species. “Determining” may
also refer to the analysis or measurement of an interaction
between two or more species, for example, quantitatively or
qualitatively, or by detecting the presence or absence of the
interaction. Example techniques iclude, but are not limited
to, spectruscopy such as infrared, absorption, fluorescence,
UV/visible, FTIR (“Fournier Transform Infrared Spectros-
copy’), or Raman; gravimetric techniques; ellipsometry:
piezoelectric measurements; 1immunoassays; electrochemai-
cal measurements; optical measurements such as optical
density measurements; circular dichroism; light scattering
measurements such as quasielectric light scattering; pola-
rimetry; refractometry; or turbidity measurements.

[0075] The mnvention, 1n some aspects, provides for for-
mation of discontinuous, or isolated, regions of a subject
fluid 1n a dispersing fluid, with these fluids optionally
separated by one or more mtermediate fluids. These fluids
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can be selected among essentially any fluids (liquids, gases,
and the like) by those of ordinary skill in the art, by
considering the relationship between the {fluids. For
example, the subject fluid and the dispersing fluid are
selected to be immiscible within the timescale of formation
of the dispersed portions. Where the dispersed portions
remain liquid for a significant period of time, the fluids
should be significantly immiscible. Where, after formation
of dispersed portions, the dispersed portions are quickly
hardened by polymerization or the like, the fluids need not
be as immiscible. Those of ordinary skill in the art can select
suitable 1mmiscible fluids, using contact angle measure-
ments or the like, to carry out various techmiques of the
invention.

[0076] In some embodiments, a discontinuous section has
a maximum dimension, and the size ratio of the section
having the largest maximum dimension to that having the
smallest maximum dimension 1s at least 10:1, at least 25:1,
at least 50:1, at least 100:1, etc. The discontinuous sections
may have a maximum cross-sectional dimension of less than
50 microns, less than 25 microns, less than 10 microns, less
than 5 microns, less than 1 micron, and so on.

[0077] Subject fluid dispersion can be controlled by those
of ordinary skill 1n the art, based on the teachings herein, as
well as available teachings in the field of flow-focusing.
Reference can be made, for example, to “Generation of
Steady Liquid Microthreads and Micron-Sized Monodis-
persed Sprays and Gas Streams,” Phys. Rev. Lett., 80:2. Jan.
12, 1998, Ganan-Calvo, as well as numerous other texts, for
selection of fluids to carry out the purposes ol various
embodiments of the mnvention. As will be mom fully appre-
ciated from the examples below, control of dispersing flud
flow rate, and ratio between the tlow rates of dispersing and
subject fluids, can be used to control subject fluid stream
and/or dispersion size, and monodispersity versus polydis-
persity in fluid dispersions. The microfluidic devices of the
present invention, coupled with tflow rate and ratio control as
taught herein, allow significantly improved control and
range. The size of the dispersed portion can range down to
less than one micron in diameter. In some embodiments, the
ratio of the flow rate of the subject fluid to the dispersing
fluid 1s less than 1:5, less than 1:25, less than 1:50, less than
1:100, less than 1:250, less than 1:400, etc. The flow rate of
the dispersing fluid within a microfluidic channel can be any
suitable rate. For example, the tlow rate may be between
6x107> and 1x10~~ milliliters per second, 1x10™* and 1x107>

milliliters per second, and the like.

[0078] Many dispersions have bulk properties (e.g. rheol-
ogy; how the dispersion(s) flows, and optionally other
properties such as optical properties, taste, feel, etc., intlu-
enced by the dispersion size and the dispersion size distri-
bution. Typical prior art techniques, such as prior art flow
focusing techniques, most commonly mvolve monodisperse
systems. The present invention also involves control of
conditions that bidisperse and polydisperse discontinuous
section distributions result, and this can be useful when
influencing the bulk properties by altering the discontinuous
size distribution, etc.

[0079] The 1invention, 1n some embodiments, can be used
to form a variety of dispersed fluid sections or particles for
use 1n medicine (e.g., pharmaceuticals), skin care products
(c.g. lotions, shower gels), foods (e.g. salad dressings, 1ce
cream), ink encapsulation, paint, micro-templating of micro-
engineered materials (e.g., photonic crystals, smart materi-
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als, etc.), foams, and the like. Highly monodisperse and
concentrated liqud crystal droplets produced according to
various embodiments of the invention can self-organize nto
two and three dimensional structures, and these can be used
in, for example, novel optical devices.

[0080] In some embodiments, a gas-liquid dispersion may
be formed to create a foam. As the volume percent of a gas
in a gas-liquid dispersion increases, individual gas bubbles
may lose their spherical shape as they are forced against
cach other. If constrained by one or more surfaces, these
spheres may be compressed to disks, but will typically
maintain a circular shape pattern when viewed through the
compressing surface. Typically, a dispersion 1s called a foam
when the gas bubbles become non-spherical, or polygonal,
at higher volume percentages. Although many factors, for
example, dispersion size, viscosity, and surface tension may
aflect when a foam 1s formed, 1n some embodiments, foams
form (non-spherical bubbles) when the volume percent of
gas 1n the gas-liquid dispersion exceeds, for example, 75, 80,

35, 90 or 95.

[0081] A variety of materials and methods can be used to
form components of the system, according to one set of
embodiments of the present invention. In some cases various
materials selected lend themselves to various methods. For
example, components of certain embodiments of the inven-
tfion can be formed from solid materials, in which the
channels can be formed via micromachining, film deposition
processes such as spin coating and chemical vapor deposi-
tion, laser fabrication, photolithographic techniques, etching
methods including wet chemical or plasma processes, and
the like. See, for example, Angell, et al., Scientific American
248:44-55 (1983). In one embodiment, at least a portion of
the system 1s formed of silicon by etching features 1n a
s1licon chip. Technology for precise and eflicient fabrication
of devices of various embodiments of the mvention from
silicon 1s known. In another embodiment that section (or
other sections) can be formed of a polymer, and can be an
clastomeric polymer, or polytetrafluoroethylene (PTFE; Tet-

lon®), or the like.

[0082] Diflerent components can be fabricated of different
materials. For example, a base portion of a microfluidic
device including a bottom wall and side walls can be
tabricated from an opaque material such as silicon or PDMS,
and a top portion, or cover, can be fabricated from a
transparent material such as glass or a transparent polymer,
for observation and control of the fluidic process. Compo-
nents can be coated so as to expose a desired chemical
functionality to fluids that contact interior channel walls,
where base supporting material does not have the precise,
desired functionality. For example, components can be fab-
ricated as 1llustrated, with interior channel walls coated with
another material.

[0083] Matenial used to fabricate various devices of the
invention, or material used to coat interior walls of fluid
channels, may desirably be selected from among those
materials that will not adversely affect or be affected by fluid
flowing through the device, e.g., material(s) that 1s chemi-
cally mnert 1n the presence of fluids at working temperatures
and pressures that are to be used within the device.

[0084] In one embodiment, certain components of the
invention are Iabricated from polymeric and/or flexible
and/or elastomeric materials, and can be conveniently
formed of a hardenable fluid, facilitating fabrication via
molding (e.g. replica molding, injection molding, cast mold-
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ing, e¢tc.). The hardenable fluid can be essentially any fluid
art that can be induced to solidily, or that spontanecously
solidifies, 1nto a solid capable of containing and transporting
fluids contemplated for use 1 and with the microfluidic
network structures. In one embodiment, the hardenable fluid
comprises a polymeric liquid or a liquid polymeric precursor
(1.e. a “prepolymer”). Suitable polymeric liquids can
include, for example, thermoplastic polymers, thermoset
polymers, or mixture of such polymers heated above their
melting point; or a solution of one or more polymers 1n a
suitable solvent, which solution forms a solid polymeric
material upon removal of the solvent, for example, by
evaporation. Such polymeric materials, which can be solidi-
fied from, for example, a melt state or by solvent evapora-
tion, are well known to those of ordinary skill 1n the art. A
variety polymeric materials, many of which are elastomeric,
are suitable, and are also suitable for forming molds or mold
masters, for embodiments where one or both of the mold
masters 1s composed of an elastomeric material. A non-
limiting list of examples of such polymers includes poly-
mers of the general classes of silicone polymers, epoxy
polymers, and acrylate polymers. Epoxy polymers are char-
acterized by the presence of a three-membered cyclic ether
group commonly referred to as an epoxy group, 1,2-epoxide,
or oxirane. For example, diglycidyl ethers of bisphenol A
can be used, in addition to compounds based on aromatic
amine, triazine, and cycloaliphatic backbones. Another
example includes the well-known Novolac polymers.
Examples of silicone elastomers suitable for use according
to certain embodiments of the invention include those
formed from precursors including the chlorosilanes such as
methylchlorosilanes, ethylchlomsilanes, and phenylchlo-
rosilanes, and the like.

[0085] Silicone polymers are preferred i one set of
embodiments, for example, the silicone elastomer polydim-
cthylsiloxane (PDMS). Exemplary polydimethylsiloxane
polymers include those sold under the trademark Sylgard by
Dow Chemical Co., Midland, MI, and particularly Sylgard
182. Sylgard 184, and Sylgard 186. Silicone polymers
including PDMS have several beneficial properties simpli-
tying fabrication of the microfluidic structures of certain
embodiments of the invention. For instance, such materials
are mexpensive, readily available, and can be solidified from
a prepolymeric liquid via curing with heat. For example,
PDMSs are typically curable by exposure of the prepoly-
meric liquid to temperatures of about, for example, 65° C. to
about 75° C. for exposure times of about, for example, 1
hour. Also, silicone polymers, such as PDMS, can be elas-
tomeric 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. elasto-
meric) molds or masters can be advantageous in this regard.

[0086] One advantage of forming structures such as
microtluidic structures of various embodiments of the inven-
tion from silicone polymers, such as PDMS, i1s the ability of
such polymers to be oxidized, for example by exposure to an
oxygen-containing plasma such as an air plasma, so that the
oxidized structures contain at their surface chemical groups
capable of cross-linking to other oxidized silicone polymer
surfaces or to the oxidized surfaces of a variety of other
polymeric and non-polymeric materials. Thus, components
can be fabricated and then oxidized and essentially 1rrevers-
ibly sealed to other silicone polymer surfaces, or to the
surfaces of other substrates reactive with the oxidized sili-
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cone polymer surfaces, without the need for separate adhe-
sives 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 form the seal. That 1s, the pre-oxidized silicone
surface acts as a contact adhesive against suitable mating
surfaces. Specifically, in addition to being 1rreversibly seal-
able to 1tself, oxidized silicone such as oxidized PDMS can
also be sealed 1rreversibly to a range of oxidized matenals
other than 1itself including, for example, glass, silicon, sili-
con oxide, quartz, silicon nitride, polyethylene, polystyrene,
glassy carbon, and epoxy polymers, which have been oxi-
dized 1n a similar fashion to the PDMS surface (for example,
via exposure to an oxygen-contaiming plasma). Oxidation
and sealing methods useful 1n the context of the present
invention, as well as overall molding techniques, are
described 1n Dufly el al., Rapid Prototyping of Microtluidic
Systems and Polydimethylsiloxane. Analytical Chemistry,
Vol. 70, pages 474-480, 1998, incorporated herein by ref-

CIrence.

[0087] Another advantage to forming microtluidic struc-
tures of various embodiments of the mvention (or interior,
fluid-contacting surfaces) from oxidized silicone polymers
1s that these surfaces can be much more hydrophilic than the
surfaces of typical elastomeric polymers (where a hydro-
philic interior surface 1s desired). Such hydrophilic channel
surfaces can thus be more easily filled and wetted with
aqueous solutions than can structures comprised of typical,
unoxidized elastomeric polymers or other hydrophobic
materials. Thus, certain devices of the invention can be made
with surfaces that are more hydrophilic than unoxidized
clastomeric polymers.

[0088] In some embodiments, it may be desirable to make
a channel surface hydrophobic. One non-limiting method for
making a channel surface hydrophobic comprises contacting
the channel surface with an agent that confers hydrophobic-
ity to the channel surface. For example, 1n some embodi-
ments, a channel surface may be contacted (e.g., flushed)
with Aquapel (a commercial auto glass treatment) (PPG
Industries. Pittsburgh, PA). In some embodiments, a channel
surface contacted with an agent that confers hydrophobicity
may be subsequently purged with air. In some embodiments,
the channel may be heated (e.g., baked) to evaporate solvent
that contains the agent that confers hydrophobicity.

[0089] Thus, in one aspect of the mvention, a surface of a
microtluidic channel may be modified to facilitate the pro-
duction of emulsions such as multiple emulsions. In some
cases, the surface may be modified by coating a sol-gel onto
at least a portion of a microfluidic channel. As 1s known to
those of ordinary skill 1n the art, a sol-gel 1s a matenal that
can be 1n a sol or a gel state, and typically includes polymers.
The gel state typically contains a polymeric network con-
taining a liquid phase, and can be produced from the sol state
by removing solvent from the sol, e.g., via drying or heating
techniques. In some cases, as discussed below, the sol may
be pretreated belore being used, for instance, by causing
some polymerization to occur within the sol.

[0090] In some embodiments, the sol-gel coating may be
chosen to have certain properties, for example, having a
certain hydrophobicity. The properties of the coating may be
controlled by controlling the composition of the sol-gel (for
example, by using certain materials or polymers within the
sol-gel), and/or by modifying the coating, for instance, by
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exposing the coating to a polymerization reaction to react a
polymer to the sol-gel coating, as discussed below.

[0091] For example, the sol-gel coating may be made
more hydrophobic by incorporating a hydrophobic polymer
in the sol-gel. For instance, the sol-gel may contain one or
more silanes, for example, a fluorosilane (1.e., a silane
containing at least one fluorine atom) such as heptadecatluo-
rosilane, or other silanes such as methyltriethoxy silane
(MTES) or a silane containing one or more lipid chains, such
as octadecylsilane or other CH,(CH,) — silanes, where n
can be any suitable integer. For instance, n may be greater
than 1, 5, or 10, and less than about 20, 25, or 30. The silanes
may also optionally include other groups, such as alkoxide
groups, for mstance, octadecyltrimethoxysilane. In general,
most silanes can be used 1n the sol-gel, with the particular
silane being chosen on the basis of desired properties such
as hydrophobicity. Other silanes (e.g., having shorter or
longer chain lengths) may also be chosen i other embodi-
ments of the invention, depending on factors such as the
relative hydrophobicity or hydrophilicity desired. In some
cases, the silanes may contain other groups, for example,
groups such as amines, which would make the sol-gel more
hydrophilic. Non-limiting examples include diamine silane,
triamine silane, or N-[3-(trimethoxysilyl)propyl] ethylene
diamine silane. The silanes may be reacted to form oligom-
ers or polymers within the sol-gel, and the degree of
polymerization (e.g., the lengths of the oligomers or poly-
mers) may be controlled by controlling the reaction condi-
tions, for example by controlling the temperature, amount of
acid present, or the like. In some cases, more than one silane
may be present 1n the sol-gel. For instance, the sol-gel may
include fluorosilanes to cause the resulting sol-gel to exhibit
greater hydrophobicity, and other silanes (or other com-
pounds) that facilitate the production of polymers. In some
cases, materials able to produce S10, compounds to facili-
tate polymerization may be present, for example, TEOS
(tetracthyl orthosilicate).

[0092] It should be understood that the sol-gel 1s not
limited to containing only silanes, and other materials may
be present 1in addition to, or in place of, the silanes. For
instance, the coating may include one or more metal oxides,
such as S10,, vanadia (V,0.), titania ('110,), and/or alumina

(AL O5).

[0093] In some instances, the microfluidic channel 1s
constructed from a material suitable to receive the sol-gel,
for example, glass, metal oxides, or polymers such as
polydimethylsiloxane (PDMS) and other siloxane polymers.
For example, 1n some cases, the microfluidic channel may be
one 1n which contains silicon atoms, and in certain instances,
the microfluidic channel may be chosen such that 1t contains
silanol (S1—OH) groups, or can be modified to have silanol
groups. For instance, the microfluidic channel may be
exposed to an oxygen plasma, an oxidant, or a strong acid
cause the formation of silanol groups on the microfluidic
channel.

[0094] The sol-gel may be present as a coating on the
microtluidic channel, and the coating may have any suitable
thickness. For instance, the coating may have a thickness of
no more than about 100 micrometers, no more than about 30
micrometers, no more than about 10 micrometers, no more
than about 3 micrometers, or no more than about 1 microm-
cter. Thicker coatings may be desirable in some cases, for
instance, 1n applications in which higher chemical resistance
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1s desired. However, thinner coatings may be desirable 1n
other applications, for instance, within relatively small
microfluidic channels.

[0095] In one set of embodiments, the hydrophobicity of
the sol-gel coating can be controlled, for instance, such that
a first portion of the sol-gel coating 1s relatively hydropho-
bic, and a second portion of the sol-gel coating 1s relatively
hydrophobic. The hydrophobicity of the coating can be
determined using techniques known to those of ordinary
skill 1n the art, for example, using contact angle measure-
ments such as those discussed below. For instance, 1n some
cases, a first portion of a microfluidic channel may have a
hydrophobicity that favors an organic solvent to water, while
a second portion may have a hydrophobicity that favors
water to the organic solvent.

[0096] The hydrophobicity of the sol-gel coating can be
modified, for instance, by exposing at least a portion of the
sol-gel coating to a polymerization reaction to react a
polymer to the sol-gel coating. The polymer reacted to the
sol-gel coating may be any suitable polymer, and may be
chosen to have certain hydrophobicity properties. For
instance, the polymer may be chosen to be more hydropho-
bic or more hydrophilic than the microflumidic channel and/or
the sol-gel coating. As an example, a hydrophilic polymer
that could be used 1s poly(acrylic acid).

[0097] The polymer may be added to the sot-gel coating
by supplying the polymer in monomeric (or oligomeric)
form to the sol-gel coating (e.g., 1n solution), and causing a
polymerization reaction to occur between the polymer and
the sol-gel. For instance, free radical polymerization may be
used to cause bonding of the polymer to the sol-gel coating.
In some embodiments, a reaction such as free radical polym-
erization may be iitiated by exposing the reactants to heat
and/or light, such as ultraviolet (UV) light, optionally 1n the
presence ol a photoinitiator able to produce free radicals
(e.g., via molecular cleavage) upon exposure to light. Those
of ordmary skill in the art will be aware of many such
photoinitiators, many of which are commercially available,
such as Irgacur 2939 (Ciba Specialty Chemicals) or 2-hy-
droxy-4-(3-trimethoxysilylpropoxy)-diphenylketone
(SIH6200.0, ABCR GmbH & Co. KG).

[0098] The photoinitiator may be included with the poly-
mer added to the sol-gel coating, or in some cases, the
photoinitiator may be present within the sol-gel coating. For
instance, a photoinitiator may be contained within the sol-
gel coating, and activated upon exposure to light. The
photoinitiator may also be conjugated or bonded to a com-
ponent of the sol-gel coating, for example, to a silane. As an
example, a photomitiator such as Irgacur 2959 may be
conjugated to a silane-1socyanate via a urethane bond, where
a primary alcohol on the photomitiator may participate in
nucleophilic addition with the 1socyanate group, which may
produce a urethane bond.

[0099] It should be noted that only a portion of the sol-gel
coating may be reacted with a polymer, 1n some embodi-
ments of the invention. For instance, the monomer and/or
the photoinitiator may be exposed to only a portion of the
microtluidic channel, or the polymerization reaction may be
initiated 1n only a portion of the microfluidic channel. As a
particular example, a portion of the microfluidic channel
may be exposed to light, while other portions are prevented
from being exposed to light, for instance, by the use of
masks or filters. Accordingly, different portions of the micro-
fluidic channel may exhibit different hydrophobicities, as
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polymerization does not occur everywhere on the microtlu-
idic channel. As another example, the microfluidic channel
may be exposed to UV light by projecting a de-magnified
image of an exposure pattern onto the microtluidic channel,
in some cases, small resolutions (e.g., 1 micrometer, or less)
may be achieved by projection techniques.

[0100] Another aspect of the present invention 1s generally
directed at systems and methods for coating such a sol-gel
onto at least a portion of a microfluidic channel. In one set
of embodiments, a microfluidic channel 1s exposed to a sol,
which 1s then treated to form a sol-gel coating. In some
cases, the sol can also be pretreated to cause partial polym-
erization to occur. Extra sol-gel coating may optionally be
removed from the microfluidic channel. In some cases, as
discussed, a portion of the coating may be treated to alter 1ts
hydrophobicity (or other properties), for instance, by expos-
ing the coating to a solution containing a monomer and/or an
oligomer, and causing polymerization of the monomer and/
or oligomer to occur with the coating.

[0101] The sol may be contained within a solvent, which
can also contain other compounds such as photoimitiators
including those described above. In some cases, the sol may
also comprise one or more silane compounds. The sol may
be treated to form a gel using any suitable technique, for
example, by removing the solvent using chemical or physi-
cal techniques, such as heat. For instance, the sol may be
exposed to a temperature of at least about 130° C., at least
about 200° C., or at least about 250° C., which may be used
to drive ofl or vaporize at least some of the solvent. As a
specific example, the sol may be exposed to a hotplate set to
reach a temperature of at least about 200° C. or at least about
250° C. and exposure of the sol to the hotplate may cause at
least some of the solvent to be driven off or vaporized. In
some cases, however, the sol-gel reaction may proceed even
in the absence of heat, e.g., at room temperature. Thus, for
instance, the sol may be lett alone for a while (e.g., about an
hour, about a day, etc.), and/or air or other gases may be
passed over the sol, to allow the sol-gel reaction to proceed.

[0102] In some cases, any ungelled sol that 1s still present
may be removed from the microfluidic channel. The
ungelled sol may be actively removed, e.g., physically, by
the application of pressure or the addition of a compound to
the microflmdic channel, etc., or the ungelled sol may be
removed passively 1n some cases. For instance, in some
embodiments, a sol present within a microflmdic channel
may be heated to vaporize solvent, which builds up 1n a
gaseous state within the microfluidic channels, thereby
increasing pressure within the microfluidic channels. The
pressure, 1n some cases, may be enough to cause at least
some of the ungelled sol to be removed or “blown™ out of the

microfluidic channels.

[0103] In certain embodiments, the sol 1s pretreated to
cause partial polymerization to occur, prior to exposure to
the microflmidic channel. For instance, the sol may be treated
such that partial polymerization occurs within the sol. The
sol may be treated, for example, by exposing the sol to an
acid or temperatures that are sutlicient to cause at least some
gellation to occur. In some cases, the temperature may be
less than the temperature the sol will be exposed to when
added to the microflmidic channel. Some polymerization of
the sol may occur, but the polymerization may be stopped
before reaching completion, for instance, by reducing the
temperature. Thus, within the sol, some oligomers may form
(which may not necessarily be well-characterized in terms of
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length), although full polymerization has not yet occurred.
The partially treated sol may then be added to the micro-
fluidic channel, as discussed above.

[0104] In certain embodiments, a portion of the coating
may be treated to alter its hydrophobicity (or other proper-
ties) after the coating has been introduced to the microfluidic
channel. In some cases, the coating 1s exposed to a solution
containing a monomer and/or an oligomer, which 1s then
polymerized to bond to the coating, as discussed above. For
instance, a portion of the coating may be exposed to heat or
to light such as ultraviolet right, which may be used to
initiate a free radical polymerization reaction to cause
polymerization to occur. Optionally, a photoinitiator may be
present, e.g., within the sol-gel coating, to facilitate this
reaction.

[0105] Additional details of such coatings and other sys-
tems may be seen 1n U.S. Provisional Patent Application Ser.
No. 61/040,442, filed Mar. 28, 2008, entitled “Surfaces,
Including Microfluidic Channels. With Controlled Wetting
Properties.” by Abate, et al.; and an international Patent
Application filed Feb. 11, 2009, entitled “Surfaces, Includ-
ing Microfluidic Channels, With Controlled Wetting Prop-
erties,” by Abate, et al., each incorporated herein by refer-
ence 1n their entireties.

[0106] In one embodiment, a bottom wall 1s 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 water or
microchip, or other substrate. Other components can, as
described above, be sealed to such alternative substrates.
Where 1t 1s desired to seal a component comprising a
silicone polymer (e.g. PDMS) to a substrate (bottom wall) of
different material, 1t 1s preferred that the substrate be
selected from the group of maternials to which oxidized
silicone polymer 1s able to irreversibly seal (e.g., glass,
silicon, silicon oxide, quartz, silicon nitride, polyethylene,
polystyrene, epoxy polymers, and glassy carbon surfaces
which have been oxidized). Alternatively, other sealing
techniques can be used, as would be apparent to those of
ordinary skill 1n the art, including, but not limited to, the use
of separate adhesives, thermal bonding, solvent bonding,
ultrasonic welding, eftc.

[0107] In another embodiment, the present invention gen-
crally relates to systems and methods for creating emulsions,
including multiple emulsions. In some cases, emulsions,
including multiple emulsions, may be created through a
“triggering” process, where a tluidic droplet or other entity
1s used to create one or more nestings of droplets containing
the fluidic droplet or other entity. In such a manner, multiple
emulsions may be formed 1n some cases, €.g., triple emul-
sions, quadruple emulsions, quintuple emulsions, etc. In
certain embodiments, a first droplet (or other entity) 1s used
to “plug”™ a channel; fluid pooling behind the droplet pushes
the droplet through the channel to form the emulsion. This
process may be repeated to create multiple emulsions in
some cases. Other aspects of the present invention generally
relate to systems for producing such emulsions, methods of
using such emulsions, methods of promoting such emul-
sions, or the like.

[0108] Thus, 1n certain embodiments, the present mven-
tion generally relates to emulsions, including multiple emul-
sions, and to methods and apparatuses for making such
emulsions. A “multiple emulsion,” as used herein, describes
larger droplets that contain one or more smaller droplets
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therein. The larger droplets may be suspended in a third
fluid. In certain embodiments, larger 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
agents, cells, chemicals, or the like. As described below,
multiple emulsions can be formed in certain embodiments
with generally precise repeatability.

[0109] Fields in which emulsions or multiple emulsions
may prove useful include, for example, food, beverage,
health and beauty aids, paints and coatings, and drugs and
drug delivery. For instance, a precise quantity of a drug,
pharmaceutlcal or other agent can be contained within an
emulsion, or 1n some 1nstances, cells can be contained within
a droplet, and the cells can be stored and/or delivered. Other
species that can be stored and/or delivered include, for
example, biochemical species such as nucleic acids such as
siRNA, RNA1 and DNA, proteins, peptides, or enzymes, or
the like. Additional species that can be incorporated within
an emulsion include, but are not limited to, nanoparticles,
quantum dots, fragrances, proteins, indicators, dyes, fluo-
rescent species, chemicals, or the like. An emulsion can also
serve as a reaction vessel 1in certain cases, such as for
controlling chemical reactions, or for 1n vitro transcription
and translation, e.g., for directed evolution technology.

[0110] Using the methods and devices described herein, 1n
some embodiments, an emulsion having a consistent size
and/or number of droplets can be produced, and/or a con-
sistent ratio of size and/or number of outer droplets to inner
droplets (or other such ratios) can be produced for cases
involving multiple emulsions. 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 1n a droplet. For instance,
hydrophobic and hydrophilic species can be delivered 1n 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 mmven-
tion, which can provide for a predictable and consistent ratio
of two or more species in a multiple emulsion droplet.

[0111] In one aspect, an emulsion may be created through
a “triggering’” process, where a droplet or other entity 1s used
to create one or more nestings of tluidic droplets containing,
the droplet or other entity. Other entities besides fluidic
droplets, for instance, cells or gel particles, may also be used
in certain embodiments.

[0112] More generally, various aspects of the mnvention are
directed to systems and methods for creating emulsions,
including multiple emulsions, using a process in which a
deformable entity, such as a tluidic droplet or a gel, at least
partially plugs an outlet channel, where the creation of a
droplet containing the deformable entity 1s “triggered” by
pushing the deformable entity into the outlet channel. The
outlet channel may be, for mstance, a microfluidic channel,
as 1s discussed below. Typically, droplet formation cannot
occur without this partial plugging (although there may be a
relatively low “error” rate 1n some embodiments), and so the
formation of the droplet 1s said to be “triggered” by creating
and releasing the partial plug of the deformable entity into
the outlet channel.
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[0113] As used herein, a “deformable entity” 1s any entity
able to at least partially plug an outlet channel, where a
carrying tluid containing the deformable entity cannot tlow
past the deformable entity into the outlet channel while the
deformable entity at least partially plugs the outlet channel.
In some cases, the “plugging” may be complete, 1.e., view-
ing the outlet channel in cross-section, 1t 1s not possible for
a molecule of the carrying fluid to flow through the outlet
channel without crossing the deformable entity. However, 1n
other cases, the plugging may be partial, such that 1t 1s
theoretically possible for a molecule to enter into the outlet
channel without crossing the deformable entity, although the
carrying tluid may still be prevented from entering into the
outlet channel due to effects such as viscosity, hydrophobic
repulsion, charge repulsion, or the like.

[0114] Other examples may be seen 1 U.S. Provisional
Application No. 61/160,020, filed on Mar. 13, 2009, entitled
“Controlled Creation of Emulsions, Including Multiple
Emulsions,” by Weitz, et al., incorporated herein by refer-
ence.

[0115] The following documents are incorporated herein
by reference: U.S. patent application Ser. No. 08/131,841,
filed Oct. 4, 1993, entitled “Formation of Microstamped
Patterns on Surfaces and Dernvative Articles,” by Kumar, et
al., now U.S. Pat. No. 5,512,131, 1ssued Apr. 30, 1996;
priority to International Patent Application No. PCT/US96/
03073, filed Mar. 1, 1996, entitled “Microcontact Printing on
Surfaces and Dernivative Articles,” by Whitesides, et al.,
published as WO 96/29629 on Jun. 26, 1996; U.S. patent
application Ser. No. 09/004,583, filed Jan. 8, 1998, entitled
“Method of Forming Articles Including Waveguides via
Capillary Micromolding and Microtransfer Molding,” by
Kim, et al., now U.S. Pat. No. 6,355,198, 1ssued Mar. 12,
2002; International Patent Application No. PCT/USO1/
16973, filed May 25, 2001, entitled “Microfluidic Systems
including Three-Dimensionally Arrayed Channel Net-
works,” by Anderson, et at, published as WO 01/89787 on
Nov. 29, 2001; U.S. Provisional Patent Application Ser. No.
60/392,195, filed Jun. 28, 2002, entitled “Multiphase Micro-
fluidic System and Method,” by Stone, et a.; U.S. Provi-
sional Patent Application Ser. No. 60/424,042, filed Nov. 3,
2002, entitled “Method and Apparatus for Fluid Dispersion,”
by Link, et al.; U.S. Provisional Patent Application Ser. No.
60/461,934, filed Apr. 10, 2003, entitled “Formation and
Control of Fluidic Species,” by Link, et al.; International
Patent Application No. PCT/US03/20542, filed Jun. 30,
2003, entitled “Method and Apparatus for Fluid Dispersion.”
by Stone, et. al. published as WO 20041002627 on Jan. 8,
2004; U.S. Provisional Patent Application Ser. No. 60/498,
091, filed Aug. 27, 2003, entitled “Electronic Control of
Fluidic Species,” by Link, et al.; international Patent Appli-
cation No. PCT/US2004/010903, filed Apr. 9, 2004, entitled
“Formation and Control of Fluidic Species,” by Link, et al.,
published as WO 2004/091763 on Oct. 28, 2004: Interna-
tional Patent Application No. PCT/US2004/027912, filed
Aug. 27, 2004, entitled “Flectronic Control of Fluidic Spe-
cies,” by Link, et. al., published as WO 2005/021151 on
Mar. 10, 2005; U.S. patent application Ser. No. 11/024,228,
filed Dec. 28, 2004, entitled “Method and Apparatus for
Fluid Dlspersmn 7 by Stone, et al., published as U.S. Patent
Application Publication No. 2005 -0172476 on Aug. 11,

2005; U.S. Provisional Patent Application Ser. No. 60/6359,

045, ﬁled Mar. 4, 2005, entitled “Method and Apparatus for

Forming Multiple Emulsions™ by Weitz, et. al.; U.S. Provi-
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sional Patent Application Ser. No. 60/659,046, filed Mar. 4,
2003, entitled “Systems and Methods of Forming Particles,”
by Garstecki, et. al.; and U.S. patent application Ser. No.
11/246,911, filed Oct. 7, 2005, entitled “Formation and
Control of Fluidic Species,” by Link, et al.

[0116] The function and advantage of these and other
embodiments of the present invention will be more fully
understood from the examples below. The following
examples am intended to illustrate the benefits of the present
invention, but do not exemplity the full scope of the inven-
tion.

Example 1

[0117] This example demonstrates the fabrication of a
parallel drop formation system.

[0118] An array of microfluidic drop formation devices
was fabricated from PDMS (polydimethylsiloxane) using
standard multilayer soft lithography. The fluidic channels
were arranged 1 a PDMS layer to have solid walls and
ceilings but open ftloors. Fabrication of the channels was
completed by bonding the channel-containing layer to a base
of glass or PDMS. A channel in one layer can be connected
to a channel 1n an adjacent layer by punching a hole in the
ceiling of the lower layer channel.

[0119] In this example, the bottom-most layer contains an
array of microfluidic devices, which are not connected
together within this layer. This device layer was plasma

bonded to a glass slide coated with a thin layer of cured
PDMS elastomer.

[0120] On top of the device layer was bonded a first
distribution channel layer containing an array of fluidic
channels, with spacing that matches that of the inlets 1n the
device layer and with suthlicient length to cover the tull row
of devices. This single first channel layer constituted the
fluid distribution article for a 1-D array of devices.

[0121] For a 2-D array of devices, a second channel layer
was bonded above the first, with a set of channels runmng
perpendicularly to the lower set and with appropnate length
and spacing to cover the inlets and outlets of the lower
channels as shown in FIG. 7.

[0122] To make a 3-D array of devices, several 2-D arrays
and fluid distribution articles were stacked in the following
sequence (building upwards from a glass slide): glass slide
for bottom-most rigid support; solid spacer layer; device
layer; fluid distribution article comprising a first channel
layer and a second perpendicular channel layer; second
sequence ol solid spacer layer; device layer; fluid distribu-
tion article; and so on, for an arbitrary number of 1terations.
The fluid distribution articles are served by a set of distri-
bution channels perpendicular to the device layers.

[0123] The assembled device array was operated by sup-
plying fluids through polyethylene surgical tubing using a
Syringe pump.

Example 2

[0124] This example demonstrates the calculation of chan-
nel dimensions for a parallel microfluidic device.

[0125] As a sample calculation, the desirable channel
dimensions to serve a 5x5 array ol T-junctions producing
simple emulsion droplets was estimated using the following
equation, which i1s known 1n the art:

R=[(12*p* L)/ (w i) *{[1-[(192/7°)*(h/w)]] '},
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where “R” 1s the resistance 1n a rectangular microchannel,
“n” 1s the fluid viscosity, “L” 1s the channel length, “w” 1s
the channel width, and “h” i1s the channel height.

T-junctions with channel length 4000 um, width 50 um, and
height 25 um, have resistance of about 100 kPa*s/ul. assum-
ing a viscosity of u=1 mPa*s. If the first-generation distri-
bution channels have height 150 um, width 1500 um, and the
distance between adjacent devices 1s 10,000 p m, then the
resistance per segment 1s R _,=0.2 kPa*s/ul.. This affords
equal tlow division between the 5 devices at the 1% accu-
racy level. For the second-generation distribution channels,
increasing the height to 250 um and keeping the other
dimensions the same gives R2=0.04 kPa*s/ul., which again

allords equal flow division at the 1% level.

Example 3

[0126] This example demonstrates parallelization of
double emulsion formation.

[0127] Each dropmaking unit included two sequential
cross junctions as shown i FIG. 12. An array of units was
molded 1n one monolithic block of PDMS using standard
soit lithography. Inlet and outlet holes were hand-punched,
and plasma bonding was used to seal the microchannels to
a glass base plate. Plasma bonding was again used to seal a
layer of distribution channels onto the array. To make the
channel surfaces in the devices hydrophobic for drop for-
mation, the assembled device was tlushed with Aquapel (a
commercial auto glass treatment) and purged with air. The
device was baked for several hours to dry the remaining
Aquapel.

[0128] To produce double emulsions, the following fluids
were 1njected through the distribution channels: 1-octanol as
the mnermost phase, water with 0.5% (by weight) sodium
dodecyl sulfate (“SDS”, a surfactant) as the shell phase, and
HFE-7500 o1l with 1.8% (by weight) “R22” surfactant as the
continuous phase (R22 1s the ammonium salt of Krytox 157
FSL o1l, a commercially available perfluorinated polyether).
The total flow rates used were 250 microliters per hour for
the innermost phase, 1000 microliters per hour for the shell
phase, and 4000 microliters per hour for the continuous
phase. Double emulsions of different sizes could be formed
by changing the tlow rates and/or by using devices with
different sized microchannels. The distribution channels can
be adjusted for these cases, for example by using a calcu-
lation as in Example 2.

[0129] Those of ordinary skill in the art will recognize that
auxiliary components, not shown or described in detail
heremn, are useful in implementing the invention. For
example, sources of various fluids, means for controlling
pressures and/or flow rates of these fluids as delivered to
channels shown herein, etc. Those of ordinary skill 1n the art
will readily envision a variety of other means and structures
for performing the functions and/or obtaining the results or
advantages described herein, and each of such variations or
modifications 1s deemed to be within the scope of the present
invention. More generally, those skilled 1n the art would
readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exem-
plary and that actual parameters, dimensions, materials, and
configurations will depend upon specific applications for
which the teachings of the present invention are used. Those
skilled 1n 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.
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It 1s, therefore, to be understood that the foregoing embodi-
ments are presented by way of example only and that, within
the scope of the appended claims and equivalents thereto,
the mvention may be practiced otherwise than as specifically
described. The present mvention 1s directed to each indi-
vidual feature, system, material and/or method described
herein. In addition, any combination of two or more such
teatures, systems, materials and/or methods, 11 such features,
systems, materials and/or methods are not mutually incon-
sistent, 1s included within the scope of the present invention.
[0130] Inthe claims (as well as 1n the specification above),

22 4

all transitional phrases such as “comprising”. “including”,
“carrying’’, “having”, “containing”’, “involving”, “composed
of”’, “made of”, “formed of” and the like are to be under-
stood to be open-ended, 1.e. to mean including but not
limited to. Only the transitional phrases “consisting of” and
“consisting essentially of” shall be closed or semi-closed
transitional phrases, respectively, as set forth 1n the United
States Patent Oflice Manual of Patent Examiming Proce-
dures, section 2111.03.
What 1s claimed 1s:
1. A method comprising;
introducing a subject fluid 1into an inlet of a channel; and
expelling separate portions of the subject fluid from a
plurality of microfluidic outlets each fluidly connected
to the inlet, simultaneously, while surrounding at least
one of the separate portions of the subject fluid at least
in part with a dispersing fluid.
2-78. (canceled)
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