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(57) ABSTRACT 

This invention pertains to a new microfluidic device and the 
method ofusing it to sort droplets. The method comprises (a) 
providing a plurality of droplets fiowing in a microfluidic 
channel, wherein the plurality of droplets comprise desired 
droplets and undesired dropiet (b) identif ing desired drop-
lets in the plurality of droplets, (c) changing volume of the 
desired droplets relative to volume ofthe undesired droplets 
such that at least some of the desired droplets have a 
different volume than the undesired droplets, and (d) pas-
sively sorting the desired droplets having the different 
volume from the undesired droplets. 

23 Claims, 6 Drawing Sheets 
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SIZE ALTERNATING INJECTION INTO 
DROPS TO FACILITATE SORTING 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATIONS 

The present application is the U.S. National Stage entry of 
PCT/IJS2O15/036080, filed Jun. 16, 2015 which claims 
benefit ofpriority to U.S. Provisional Patent Application No. 
62/012,516, filed Jun. 16, 2014, which is incorporated by 
reference for all purposes. 

FIELD OF THE INYENTION 

The present invention is in the technical field of micro-
fluidics. More particularly, the present invention relates to a 
microfluidic device for changing dropiet volume of certain 
droplets and then passively sorting the resulting droplets, 
e.g., based 011 volume. 

BACKGROUND OF THE INYENTION 

Sorting is a function that must be performed in many 
droplet-based microfluidic biological applications. For 
example, when performing a cellular screen, cells having the 
desirable trait must be extracted from the full population of 
cells by dropiet sorting. In the example of sequencing DNA, 
drops containing undesirable products, or lacking the target 
DNA, must be removed by sorting, 50 that they are not 
processed in the steps that follow. Dropiet sorting can be 
achieved using a variety of methods. For example, using 
single layer membrane vaives or by pressuring bifurcating 
channel geometry, droplets can be sorted into different 
channels. Altematively, by using dielectrophoretic forces or 
surface acoustic waves, droplets can be sorted at much 
higher speeds. 

BRIEF SUMMARY OF THE INVENTION 

This invention pertains to a new microfluidic device and 
the method of using the device to sort droplets. 

In some embodiments, a method to sort desired droplets 
from undesired droplets is provided. In some embodiments, 
the method comprises (a) providing a plurality of droplets 
fiowing in a microfluidic channel, wherein the plurality of 
droplets comprise desired droplets and undesired droplets, 
(b) identifying desired droplets in the plurality of droplets, 
(c) changing volume of the desired droplets relative to 
volume of the undesired droplets such that at least some of 
the desired droplets have a different volume than the unde-
sired droplets, and (d) passively sorting the desired droplets 
having the different volume from the undesired droplets, 
thereby separating the desired droplets from undesired drop-
lets 

In some embodiments, the identifying comprises identi-
fying the desired droplets with an optical detector. 

In some embodiments, the changing comprises selectively 
injecting or removing fluid from the desired droplets. In 
some embodiments, a volume controller increases the vol-
ume of the desired droplets in response to an electrical field. 
In some embodiments, a volume controller decreases the 
volume of the desired droplets in response to an electrical 
field. In some embodiments, the changing comprises selec-
tively injecting or removing fluid from the undesired drop-
lets. In some embodiments, a volume controller increases 
the volume of the undesired droplets in response to an 
electrical field. In some embodiments, a volume controller 

decreases the volume of the undesired droplets in response 
to an electrical field. In some embodiments, the changing 
results in at least a majority of the desired droplets in the 
plurality of droplets having a different volume than the 
undesired droplets. 

In some embodiments, the passively sorting comprises 
forcing droplets towards a wall of the microfluidic channel, 
wherein droplets of different sizes are forced a different 
distance towards the wall. In some embodiments, the forcing 

10 
comprises adding a phase fluid continuously to the micro-
fluidic channel through an intersecting channel to push the 
droplets toward the wall. In some embodiments, the forcing 
comprises applying a deflection electrical field to the micro-
fluidic channel to force the droplets towards the wall. 

In some embodiments, the changing volume of the 
15 desired droplets relative to the volume of the undesired 

droplets further comprises injecting a reagent that changes 
the electromagnetic properties of the droplets to increase 
deflection distance differentiation among the droplets of 
different volume caused by the deflection electric field. 

20 In some embodiments, the passive sorting is performed by 
a method selected from the group consisting of dielectro-
phoresis, obstacle induced separation, deformability selec-
tive separation, inertial migration, and inertial Dean flow. 

Also provided are systems for sorting droplets. In some 
25 embodiments, the system comprises a source of droplets in 

fluid communication with a microfluidic channel, an optical 
detector positioned for determination of desired droplets in 
a plurality of droplets in the microfluidic channel, a dropiet 
volume controller, downstream of the optical detector, to 

30 change the volume ofthe desired droplets, and a dropiet size 
sorter, downstream of the dropiet volume controller, in fluid 
communication with the channel, which separates the 
desired droplets from undesired droplets. 

In some embodiments, the volume controller injects fluid 
35 into desired droplets to increase the volume of the droplets. 

In some embodiments, the volume controller comprises an 
electrical field generator such that the volume controller 
injects fluid into desired droplets in response to an electrical 
field. 

40 In some embodiments, the volume controller reduces the 
volume of the desired droplets. In some embodiments, the 
volume controller comprises an electrical field generator 
such that the volume controller reduces the volume of the 
desired droplets in response to an electrical field. 

45 In some embodiments, the microfluidic channel further 
comprises an intersecting channel for providing a phase fluid 
that is added to the microfluidic channel to size-differentially 
force the droplets toward a wall ofthe microfluidic channel. 

In some embodiments, the system further comprises one 
50 or more electrodes for generating a deflection electrical field 

applied to the microfluidic channel to deflect the droplets 
within the microfluidic channel, which results in deflection 
distances that correspond to the volume of the droplets and 
aliows desired droplets to be separated from the undesired 

55 droplets while passing through the size sorter. 
In some embodiments, the volume controller additionally 

injects a reagent that changes the electromagnetic properties 
of the droplets to increase deflection distance differentiation 
among the droplets of different volume caused by the 

60 deflection electric field. 
In some embodiments, the dropiet size sorter is selected 

from the group consisting of a dielectrophoresis dropiet size 
sorter, an obstacle induced separation dropiet size sorter, a 
deformability selective separation dropiet size sorter, an 

65 inertial migration dropiet size sorter, and an inertial Dean 
flow dropiet size sorter. 

Additional embodiments are described elsewhere herein. 
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BRIEF DESCRTPTION OF THE DRAWINGS 

FIG. 1 provides a schematic illustration of a system for 
detecting desired droplets within a plurality of droplets, 
changing the desired droplets size (volume) and subse-
quently sorting the droplets based 011 their different sizes. 
The figure shows the system, which includes a detector, a 
dropiet volume controller (e.g., dropiet injector) followed by 
a size sorting device. An optical detector (102) measures or 
otherwise detects an aspect the droplets prior to injection to 
determine which drops to increase in size based 011 a 
predetermined criteria. Injection of additional fluid and 
optionally reagents into at least some of the drops can be 
achieved, for example, by control of a fluid from an injector 
by electrodes (109, 100), which control release of fluid into 
the droplets by triggering an electrical field. The drops 
(some enlarged by injection, some not) then flow into a 
hydrodynamic size sorter. The sorter includes an intersecting 
channel used to add continuous phase fluid to the emulsion, 
to push the drops against one of the walls. This causes the 
small drops to stream closer to the wall ofthe channel across 
from the intersecting channel, and the larger drops, by virtue 
of their larger size, to stream more centralized compared to 
the smaller droplets in the channel. In some embodiments, 
further downstream the channel expands, causing the drops 
to flow along paths dictated by the average ofthe streamlines 
set in motion by the flow from the intersecting channel. 
Consequently, the small drops will tend to flow farther 
towards the far edges of the expanded channel, while the 
large drops flow more centrally. Outlets are placed in these 
locations to collect the desired drops. 

FIG. 2 illustrates another example of droplet size control 
(e.g., injection) in a drop sorting device. The figures shows 
an altemate embodiment where the drops are sorted using a 
fixed electrical field instead of an intersecting channel. As 
the drops pass electrodes (202, 203) that generate the electric 
field, the drops are deflected by the field. The deflection of 
the drops differs for different size drops allowing for them to 
be guided to different channels. 

FIG. 3A and 3B illustrates an aspect in which different 
droplets of different size flow differently in a microchannel 
and are passively sorted. The arrows (301) at the left indicate 
speed of flow within the microchannel. As depicted, the flow 
profiles are parabolic in the channel. The fastest fiows are in 
the center ofthe channel and they drop offto the edge ofthe 
channel where at the boundary with the wall, the flow is zero 
or nearly zero. In some embodiments, drops flow one-by-
one in a channel, where their position is centered, and evenly 
spaced out between neighboring drops. A large drop that fills 
almost the entire channel (e.g., 302, 304) will sample the 
entire flow profile across the parabola, while a smaller drop 
(303, 305) will sample only the faster fiows in the center of 
the channel. The large drop (302, 304) will move slower 
than the small one (303, 305). The small drop (303, 305) 
catches up to the large drop (302, 304), unable to pass as the 
size of the channel is too small to squeeze through and thus 
the small drop (303) is pushed closer to the side of the 
channel. When these drops meet a bifurcation, such as 
depicted in FIG. 3B, because the smaller drop (305) is closer 
to the wall of the channel, it will naturally follow those 
streamlines 011 the edges. 

FIG. 4A and 4B illustrate a different passive sorting 
aspect. Instead ofhaving small side channels to siphon away 
the drops as depicted in FIG. 3A-B, a rapid expansion in the 
size of the channel occurs. The fluid flow lines will expand 
moving left to right in FIG. 4B to fill this new geometry (the 
profile is still parabolic, but the parabola is now larger). 

4 
Flow lines in the center of the channel before, will remain 
near the center of the new expanded channel. However, flow 
lines near the walls of the old channel will move a larger 
distance to be next to the wall of the new channel. Small 

5 drops which are closer to the walls of the old channel will 
follow these stream lines and separate from larger drops in 
the center. 

DETAILED DESCRIPTION OF THE 
10 INVENTION 

An aspect of the sorter described herein is to change the 
size of certain droplets within a plurality of droplets and 

15 
subsequently sort (e.g., passively) the plurality based 011 

droplet size. For example, the droplets are individually 
flowed through the microfluidic channel by a droplet volume 
controller (e.g., a droplet injector) and their volume is 
increased or decreased when an electric field controlled by 

20 electrodes (109 and 110), is activated. In some embodi-
ments, an optical measurement by a detector (102) is used to 
identify desired droplets. The detector can be in communi-
cation with the droplet volume controller, thereby control-
ling which drops' size is altered. The result of this process 

25 is a bidisperse collection of drops which can be separated 
into two distinct streams based 011 their size. This can be 
achieved, for example, using a passive hydrodynamic sort-
ing design that sorts the drops based 011 their size into two 
different channels. 

30 While the application generally describes controlling the 
volume and sorting of droplets, it should be appreciated that 
the methods and systems described herein can equally be 
applied to any discrete objects that can be injected into or out 
of. Thus, the methods can be applied, for example, to 
discrete phases as well as to cells, micelles, liposomes, or 
other discrete objects or containers that have a boundary, 
interface, or membrane that prevents or delays entry of 
external fluid into the object. The methods can be used, for 

40 example, to sort cells having a marker of interest (e.g., a 
marker indicating a disease, e.g. a cancer marker). 
Droplets and Microfluidics Systems 

In some embodiments, a droplet is formed in a mixture of 
immiscible fluids (e.g., water and oil). In some embodi-

45 ments, a droplet is an aqueous droplet that is surrounded by 
an immiscible carrier fluid (e.g., oil). Methods and compo-
sitions for partitioning (e.g., forming droplets from) a 
sample are described, for example, in published patent 
applications WO 2010/036352, US 2010/0173394, US 

50 2011/0092373, US 2011/0092376, U52012/0222748; 
W02013/09573; andUS 2011/0218123 the entire content of 
each of which is incorporated by reference herein. 

In some embodiments, the droplets that are generated are 
initially (pre-sorting and pre-volume changing) substantially 

55 uniform in shape andlor size. For example, in some embodi-
ments, the droplets are substantially uniform in average 
diameter. In some embodiments, the droplets that are gen-
erated have an average diameter of about 0.001 microns, 
about 0.005 microns, about 0.01 microns, about 0.05 

60 microns, about 0.1 microns, about 0.5 microns, about 1 
microns, about 5 microns, about 10 microns, about 20 
microns, about 30 microns, about 40 microns, about 50 
microns, about 60 microns, about 70 microns, about 80 
microns, about 90 microns, about 100 microns, about 150 

65 microns, about 200 microns, about 300 microns, about 400 
microns, about 500 microns, about 600 microns, about 700 
microns, about 800 microns, about 900 microns, or about 
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1000 microns. In some embodiments, the droplets that are 
generated have an average diameter of less than about 1000 
microns, less than about 900 microns, less than about 800 
microns, less than about 700 microns, less than about 600 
microns, less than about 500 microns, less than about 400 5 

microns, less than about 300 microns, less than about 200 
microns, less than about 100 microns, less than about 50 
microns, or less than about 25 microns. 

In some embodiments, the droplets that are generated are 
initially (pre-sorting and pre-volume changing) substantially 10 

uniform in volume. For example, in some embodiments, the 
droplets that are generated have an average volume of about 
0.001 nL, about 0.005 nL, about 0.01 nL, about 0.02 nL, 
about 0.03 nL, about 0.04 nL, about 0.05 nL, about 0.06 nL, 
about 0.07 nL, about 0.08 nL, about 0.09 nL, about 0.1 nL, 15 

about 0.2 nL, about 0.3 nL, about 0.4 nL, about 0.5 nL, about 
0.6 nL, about 0.7 nL, about 0.8 nL, about 0.9 nL, about 1 nL, 
about 1.5 nL, about 2 nL, about 2.5 nL, about 3 nL, about 
3.5 nL, about 4 nL, about 4.5 nL, about 5 nL, about 5.5 nL, 
about 6 nL, about 6.5 nL, about 7 nL, about 7.5 nL, about 20 

8 nL, about 8.5 nL, about 9 nL, about 9.5 nL, about 10 nL, 
about 11 nL, about 12 nL, about 13 nL, about 14 nL, about 
15 nL, about 16 nL, about 17 nL, about 18 nL, about 19 nL, 
about 20 nL, about 25 nL, about 30 nL, about 35 nL, about 
40 nL, about 45 nL, or about 50 nL. 25 

In some, but not all embodiments, all components of the 
systems and methods described herein are microfluidic. 
"Microfluidic," as used herein, refers to a device, apparatus 
or system including at least one fluid channel having a 
cross-sectional dimension of less than 1 mm, and a ratio of 30 

length to largest cross-sectional dimension perpendicular to 
the channel of at least about 3:1. A "microfluidic channel," 
as used herein, is a channel meeting these criteria. 

Microfluidic systems may be provided that are able to 
cause two or more droplets to fuse or coalesce into one 35 

dropiet, for example, in cases where the two or more 
droplets ordinarily are unable to fuse or coalesce, for 
example due to composition, surface tension, dropiet size, 
etc. as known to those of ordinary skill in the art. Examples 
of embodiments in which two or more droplets are fused 40 

have been described above. The fluidic droplets may be 
fused together using any suitable technique, for example, as 
discussed in U.S. patent application Ser. No. 11/246,911, 
filed Oct. 7, 2005, entitled "Formation and Control of 
Fluidic Species," by Link, et al., published as U.S. Patent 45 

ApplicationPublicationNo. 2006/0163385 onJul. 27, 2006; 
or U.S. patent application Ser. No. 11/360,845, filed Feb. 23, 
2006, entitled "Electronic Control of Fluidic Species," by 
Link, et al., published as U.S. PatentApplication Publication 
No. 2007/0003442 011 Jan. 4, 2007, each incorporated herein 50 

by reference. As an example, in microfluidic systems, the 
surface tension of the droplets, relative to the size of the 
droplets may prevent fusion or coalescence of the droplets 
from occurring. In one embodiment, two droplets may be 
given opposite electrical charges (i.e., positive and negative 55 

charges, not necessarily ofthe same magnitude), which may 
increase the electrical interaction of the two droplets such 
that fusion or coalescence of the droplets can occur. Elec-
trical charges (positive or negative) may be imparted onto 
droplets through the use of Taylor cones, or through any 60 

other suitable techniques. For instance, an electric field may 
be imposed 011 a reactor containing the droplets, the droplets 
may be passed through a capacitor, a chemical reaction may 
occur to cause the droplets to become charged, fiowing the 
droplets over a region with opposite wetting properties, etc. 65 

The "cross-sectional dimension" of the channel is mea-
sured perpendicular to the direction of fluid flow. Most fluid 

channels in components of the invention have maximum 
cross-sectional dimensions less than about 2 mm, and in 
some cases, less than about 1 mm. In one set of embodi-
ments, all fluid channels containing embodiments of the 
invention are microfluidic or have a largest cross sectional 
dimension of 110 more than about 2 mm or about 1 mm. In 
another embodiment, the fluid channels may be formed in 
part by a single component (e.g. an etched substrate or 
molded unit). Of course, larger channels, tubes, chambers, 
reservoirs, etc. can be used to store fluids in bulk and to 
deliver fluids to components of the invention. In one set of 
embodiments, the maximum cross-sectional dimension of 
the channels) containing embodiments of the invention are 
less than about 500 microns, less than about 200 microns, 
less than about 100 microns, less than about 50 microns, or 
less than about 25 microns. 

A "channel," as used herein, means a feature 011 or in an 
article (substrate) that at least partially directs the flow of a 
fluid. The channel can have any cross-sectional shape (cir-
cular, oval, triangular, irregular, square or rectangular, or the 
like) and can be covered or uncovered. In embodiments 
where it is completely covered, at least one portion of the 
channel can have a cross-section that is completely enclosed, 
or the entire channel may be completely enclosed along its 
entire length with the exception of its inlet(s) and outlet(s). 
A channel may also have an aspect ratio (length to average 
cross sectional dimension) of at least about 2:1, more 
typically at least about 3:1, at least about 5:1, or at least 
about 10:1 or more. An open channel generaily will include 
characteristics that facilitate control over fluid transport, 
e.g., structural characteristics (an elongated indentation) 
and/or physical or chemical characteristics (hydrophobicity 
vs. hydrophilicity) or other characteristics that can exert a 
force (e.g., a containing force) 011 a fluid. The fluid within the 
channel may partially or completely fihl the channel. In some 
cases where an open channel is used, the fluid may be held 
within the channel, for example, using surface tension (i.e., 
a concave or convex meniscus). 

The channel may be of any size, for example, having a 
largest dimension perpendicular to fluid flow of less than 
about 5 mm or about 2 mm, or less than about 1 mm, or less 
than about 500 microns, less than about 200 microns, less 
than about 100 microns, less than about 60 microns, less 
than about 50 microns, less than about 40 microns, less than 
about 30 microns, less than about 25 microns, less than 
about 10 microns, less than about 3 microns, less than about 
1 micron, less than about 300 nm, less than about 100 nm, 
less than about 30 nm, or less than about 10 nm. In some 
cases the dimensions ofthe channel may be chosen such that 
fluid is able to freely flow through the article or substrate. 
The dimensions of the channel may also be chosen, for 
example, to allow a certain volumetric or linear flowrate of 
fluid in the channel. Of course, the number of channels and 
the shape of the channels can be varied by any method 
known to those of ordinary skill in the art. In some cases, 
more than one channel or capillary may be used. For 
example, two or more channels may be used, where they are 
positioned inside each other, positioned adjacent to each 
other, positioned to intersect with each other, etc. 

Non-limiting examples of microfluidic systems that may 
be used with the present invention are disclosed in U.S. 
patent application Ser. No. 11/246,911, filed Oct. 7, 2005, 
entitled "Formation and Control of Fluidic Species," pub-
lished as U.S. Patent Application Publication No. 2006/ 
0163385 011 Jul. 27, 2006; U.S. patent application Ser. No. 
11/024,228, filed Dec. 28, 2004, entitled "Method and 
Apparatus for Fluid Dispersion," published as U.S. Patent 
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Application Publication No. 2005/0172476 011 Aug. 11, 
2005; U.S. patent application Ser. No. 11/360,845, filed Feb. 
23, 2006, entitled "Electronic Control of Fluidic Species," 
published as U.S. Patent Application Publication No. 2007/ 
000342 onJan. 4,2007; Intemationa1 PatentApplicationNo. 
PCT/TJS2006/007772, filed Mar. 3, 2006, entitled "Method 
and Apparatus for Forming Multiple Emulsions," published 
as WO 2006/096571 011 Sep. 14, 2006; U.S. patent appli-
cation Ser. No. 11/368,263, filed Mar. 3, 2006, entitled 
"Systems and Methods of Forming Particles," published as 
U.S. Patent Application Publication No. 2007/0054119 011 
Mar. 8, 2007; U.S. Provisional Patent Application Ser. No. 
60/920,574, filed Mar. 28, 2007, entitled "Multiple Emul-
sions and Techniques for Formation"; and Internationa1 
Patent Application No. PCT/U52006/001938, filed Jan. 20, 
2006, entitled "Systems and Methods for Forming Fluidic 
droplets Encapsulated in Particles Such as Colloidal Par-
ticles," published as WO 2006/078841 011 Jul. 27, 2006, each 
incorporated herein by reference in their entireties. 

Awide variety ofmethods and materials exists and will be 
known and appreciated by one of skill in the art for con-
struction of microfluidic channels and networks thereof, 
such as those described, for example, in U.S. Pat. No. 
8,047,829 and U.S. Patent Application Publication No. 
20080014589, each of which is incorporated herein by 
reference in its entirety. For example, the microfluidic 
channel may be constructed using simple tubing, but may 
further involve sealing the surface of one slab comprising 
open channels to a second flat slab. Materials into which 
microfluidic channels may be formed include silicon, glass, 
silicones such as polydimethylsiloxane (PDMS), and plas-
tics such as poly(methyl-methacrylate) (known as PMMA or 
"acrylic"), cyclic olefin polymer (COP), and cyclic olefin 
copolymer (COC). The same materials can also be used for 
the second sealing slab. Compatible combinations of mate-
rials for the two slabs depend 011 the method employed to 
seal them together. The microfluidic channel may be encased 
as necessary in an optically clear material to allow for 
optical excitation (resulting in, e.g., fluorescence) or illumi-
nation (resulting in, e.g., selective absorption) ofa sample as 
necessary, and to allow for optical detection of spectroscopic 
properties of light from a sample, as the sample is fiowing 
through the microfluidic channel. Some examples of such 
optically clear materials that exhibit high optical clarity and 
low autofluorescence include, but are not limited to, boro-
silicate glass (e.g., SCHOTT BOROFLOAT® glass (Schott 
North America, Elmsford N.Y.)) and cyclo-olefin polymers 
(COP) (e.g., ZEONOR® (Zeon Chemicals LP, Louisville 
Ky.)). 
Identifying Desired Droplets 

A variety of situations can occur in which a mixture of 
desired and undesired droplets occur in a mixture of drop-
lets. In some embodiments, the desired droplets will contain 
a reagent, object (e.g., a cell) or molecule that does not occur 
in the undesired cells. Altematively, in some embodiments, 
the desired droplets will lack a reagent, object (e.g., a cell) 
or molecule that does occur in the undesired cells. In some 
embodiments, desired droplets will have a small or single 
cell while undesired cells will have a larger number ofcells, 
or in other embodiments the undesired droplets will not 
contain cells. In some embodiments, the droplets (desired 
and undesired) will contain cells but only the desired drop-
lets will contain cells expressing a marker that cells in 
undesired droplets lack. In some embodiments, the droplets 
(desired and undesired) will contain cells but only the 
undesired droplets will contain cells expressing a marker 
that cells in desired droplets lack. 

8 
Methods of detecting desired droplets and distinguishing 

desired droplets from undesired droplets will depend 011 the 
particular criteria for identiFying desired droplets. In some 
embodiments, an optical detector will detect the criteria. In 

5 some embodiments, the droplets will contain a delectable 
label (e.g., a fluorescent label), and in some embodiments 
the label will be linked to an aflinity agent, e.g., an antibody 
or nucleic acid being complementary to a target. Exemplary 
optical detectors can include, but are not limited to, a 

10 camera, a charge coupled device (CCD), a complementary 
metal-oxide-semiconductor (CMOS) (alternatively referred 
to as a complementary-symmetry metal-oxide-semiconduc-
tor (COS-MOS)), one or more individual photodiodes, pho-
todiode arrays (PDAs), avalanche photodiodes (APDs), ava-

15 lanche photodiodes arrays, photomultiplier tubes (PMTs), or 
photomultiplier tube arrays). The optical detector can be in 
communication (e.g. via wiring or wirelessly) to a mecha-
nism to change volume of targeted droplets. 
Changing Volume of the Desired Droplets Relative to Vol-

20 ume of the Undesired Droplets 
Upon recognition of a desired dropiet, a mechanism for 

changing the dropiet volume is activated, thereby increasing 
or decreasing the volume of the desired dropiet. Altema-
tively, the mechanism for changing the dropiet volume can 

25 change the volume of undesired droplets. In either case, the 
result is to change the volume ofthe desired droplets relative 
to the undesired droplets, thereby generating a population of 
desired droplets having a first volume and a population of 
undesired droplets having a second volume, where the first 

30 and second volumes are sufliciently different to passively 
sort the two populations. It will be appreciated that the first 
and second volumes will be an average volume within the 
population, but in general there will be limited variability 
with in the population. For example, in some embodiments, 

35 drop sizes are normally distributed, e.g., with mono-disperse 
drops being where at least 95% of the measured drops 
are +/-1 tm of the desired mean value. In some embodi-
ments, the first volume and second volumes differ by at least 
5, 10, 15, 20, 25, 50, or 100%, e.g., 5-50%. 

40 In some embodiments, the mechanism (also referred to 
herein as an "injector") to change volume of targeted drop-
lets comprises an electric field generated by the electrodes 
(depicted in FIG. 1 as 109, 110) is then switched 011 and oil, 
to inject or withdraw fluid into or from the dropiet, and 

45 thereby increase or decrease the dropiet size. An example of 
a dropiet injector is described in US Patent Publication No. 
U52012/0132288. In some embodiments, the flow at the 
injector is reversed such that a volume of the dropiet is 
removed when the field is turned on, thereby selectively 

50 reducing the size of some of the droplets. In any case, the 
process results in a bi-disperse collection of droplets which 
is easily separated into two distinct streams. 

In some embodiments, instead of injecting additional fluid 
into target droplets, the target droplets are fused with an 

55 adjacent dropiet, thereby rendering the target dropiet larger. 
Passively Sorting Droplets 

As described above, the methods described herein involve 
identification of desired droplets at an upstream location and 
targeted changing of dropiet size such that the droplets can 

60 be sorted passively into desired and undesired populations 
based 011 volume, size, or other criteria. "Passive sorting" 
refers to performing sorting by providing a constant force or 
obstruction that sorts droplets based 011 their property (e.g., 
volume, electromagnetic properties, density, etc.) and thus 

65 does not involve active detection ofthe desired criteria at the 
sorting stage. "Active sorting" 011 the other hand involves 
selectively (e.g., 011 and off depending 011 the dropiet iden-
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tity) applying a force. For example, "active" sorting of 
droplets using an electric field might involve a detector that 
activates the electric field, which is turned 011 and off 111 
response to the identity of particular droplets. In contrast, 
passive sorting using an electric field involves the electric 
field being constantly 011. Passive sorting can involve 
obstructions, hydrodynamic force or other technology, but 
will always be present and is not varied depending 011 the 
identity of the droplets. 

In some embodiments, the passive sorting comprises a 
hydrodynamic force, e.g., a constant flow from a side 
channel such as depicted in FIG. 1. In yet another embodi-
ment, instead of a hydrodynamic force, an electric field is 
used to force the droplets to one side of the channel. An 
exemplary embodiment is depicted in FIG. 2. The electric 
field will generate a force coming from one side of the 
channel that will have a differentiation effect depending 011 
dropiet size, thereby sorting the drops into two distinct 
streams. 

In some embodiments, the injector will further inject one 
or more substance to assist in later sorting ofthe droplets. In 
some embodiments, the injector for changing the volume of 
the droplets also injects a reagent that changes the electro-
magnetic properties ofthe dropiet, enhancing the differential 
effect of the field. In some embodiments, a temperature-
sensitive polymer is injected into the desired (or alterna-
tively, the undesired) droplets and the temperature can later 
be changed to solidify the polymer. For example, molten 
agarose can be injected. US Patent Application No. 2011/ 
0218123 describes other temperature-sensitive substances 
that can also be used. 

Exemplary passive sorting methods can include any ofthe 
foliowing. 
1) Dielectrophoresis (DEP). DEP is a phenomenon in which 

a force is exerted 011 a dielectric particle when it is 
subjected to a non-uniform electric field. Methods ofDEP 
sorting are described in, e.g., Ahn et al., Applied Physics 
Letters 88, 024104 (2006) and Lenshof and Laurell, 
Chemical Society Reviews 39:1203-1217 (2010). 

2) Obstacle induced separation. This method is also referred 
to as deterministic lateral displacement and involves 
deflecting different sized droplets to a different degree 
based 011 the placement of obstacles (posts) in the flow 
path. Examples of Obstacle induced separation are 
described in, e.g., Lenshof and Laurell, Chemical Society 
Reviews 39:1203-1217 (2010). 

3) Deformability selective separation. This method takes 
advantage of the diiferential deformability of diiferent-
sized droplets. Examples of deformability selective sepa-
ration are described in, e.g., Lenshof and Laurell, Chemi-
cal Society Reviews 39:1203-1217 (2010). 

4) Inertia1 migration. This method relies 011 inertial forces 
such as pinching and expanding the channel. Examples of 
inertial migration are described in, e.g., Karimi, et al., 
Biomicrofluidics 7, 021501 (2013), e.g., FIG. 2. See also, 
FIG. 3A-B of the present application. 

5) Inertia1 Dean Fiows. This method refers to using a curving 
channels to force larger drops to the side ofwalls because 
they respond more to drag forces. Examples of inertial 
Dean fiows are described in, e.g., Karimi, et al., Biomi-
crofluidics 7, 021501 (2013), e.g., FIG. 5. 

6) Gravity or centrifugation. 111 some embodiments, a force 
(e.g., gravity or force from centrifugation) can be used to 
separate more dense and less dense droplets. 

7) Microfluidic sorting by density. One can flow fluids of 
different density into a merged channel (two separate 
channels having fluids of different densities can be 

10 
merged into one channel). Because in microfluidic flow 
(low reynolds number, high viscous forces) mixing due to 
diffusion occurs 011 a long time scale versus the forward 
movement ofthe fluid, when the two fluids come together 

5 in the main channel, mixing of the fluid will not occur 
immediately but will occur over a time period. Drops or 
particles fiowing will have a force applied on them due to 
the density of the fluid: the parts of the drop in the high 
density layer will see higher drag forces than the parts of 

10 the drop in the lower density layer. Depending 011 how the 
density layer in the merged flow is created, drops of 
different sizes will separate. 
It is understood that the examples and embodiments 

described herein are for illustrative purposes only and that 
15 various modifications or changes in light thereof will be 

suggested to persons skilled in the art and are to be included 
within the spirit and purview ofthis application and scope of 
the appended claims. All publications, patents, and patent 
applications cited herein are hereby incorporated by refer-

20 ence in their entirety for all purposes. 
What is claimed is: 
1. A method to sort desired droplets from undesired 

droplets comprising, 
(a) providing a plurality of droplets fiowing in a micro-

25 fluidic channel, wherein the plurality of droplets com-
prise desired droplets having an optically detectable 
label and undesired droplets that do not have an opti-
cally detectable label, 

(b) identiFying desired droplets having an optically detect-
30 able label in the plurality of droplets, 

(c) changing volume ofthe desired droplets by selectively 
injecting or removing fluid from the desired droplets, 
changing the volume of the undesired droplets by 
selectively injecting or removing fluid from the unde-

35 sired droplets, or a combination thereof such that at 
least some of the desired droplets have a different 
volume relative to the undesired droplets, 

(d) passively sorting the desired droplets having the 
different volume from the undesired droplets, thereby 

40 separating the desired droplets from undesired droplets. 
2. The method of claim 1, wherein the identif ing com-

prises identifying the desired droplets with an optical detec-
tor. 

3. The method of claim 1, wherein the changing com-
45 pnses selectively injecting or removing fluid from the 

desired droplets. 
4. The method of claim 1, wherein a volume controller 

increases the volume of the desired droplets in response to 
an electrical field. 

50 5. The method of claim 1, wherein a volume controller 
decreases the volume of the desired droplets in response to 
an electrical field. 

6. The method of claim 1, wherein the changing com-
prises selectively injecting or removing fluid from the unde-

55 sired droplets. 
7. The method of claim 6, wherein a volume controller 

increases the volume ofthe undesired droplets in response to 
an electrical field. 

8. The method of claim 6, wherein a volume controller 
60 decreases the volume of the undesired droplets in response 

to an electrical field. 
9. The method ofclaim 1, wherein the changing results in 

at least a majority of the desired droplets in the plurality of 
droplets having a different volume than the undesired drop-

65 lets. 
10. The method of claim 1, wherein the passively sorting 

comprises forcing droplets towards a wall of the microflu-
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idic channel, wherein droplets of different sizes are forced a 
different distance towards the wall. 

11. The method of claim 10, wherein the forcing com-
prises adding a phase fluid continuously to the microfluidic 
channel through an intersecting channel to push the droplets 
toward the wall. 

12. The method of claim 10, wherein the forcing com-
prises applying a deflection electrical field to the microflu-
idic channel to force the droplets towards the wall. 

13. The method of claim 1, wherein the changing volume 
of the desired droplets relative to the volume of the unde-
sired droplets further comprises injecting a reagent that 
changes the electromagnetic properties of the droplets to 
increase deflection distance differentiation among the drop-
lets of different volume caused by the deflection electric 
field. 

14. The method of claim 1, wherein the passive sorting is 
performed by a method selected from the group consisting 
of dielectrophoresis, obstacle induced separation, deform-
ability selective separation, inertial migration, and inertial 
Dean flow. 

15. A system for sorting droplets, the system comprising: 
a source ofdroplets in fluid communication with a micro-

fluidic channel, 
an optical detector positioned for determination ofdesired 

droplets in a plurality of droplets in the microfluidic 
channel, 

a dropiet volume controller, downstream of the optical 
detector, configured to change the volume of the 
desired droplets by selectively injecting or removing 
fluid from the desired droplets in order to change the 
volume ofthe desired droplets relative to the volume of 
the undesired droplets, and 

a dropiet size sorter, downstream of the dropiet volume 
controller, in fluid communication with the channel, 
which separates the desired droplets from undesired 
droplets. 

12 
16. The system of claim 15, wherein the volume controller 

injects fluid into desired droplets to increase the volume of 
the droplets. 

17. The system of claim 16, wherein the volume controller 
comprises an electrical field generator such that the volume 
controller injects fluid into desired droplets in response to an 
electrical field. 

18. The system of claim 15, wherein the volume controller 
reduces the volume of the desired droplets. 

10 19. The system of claim 18, wherein the volume controller 
comprises an electrical field generator such that the volume 
controller reduces the volume of the desired droplets in 
response to an electrical field. 

20. The system of claim 15, wherein the microfluidic 

15 channel further comprises an intersecting channel for pro-
viding a phase fluid that is added to the microfluidic channel 
to size-differentially force the droplets toward a wall of the 
microfluidic channel. 

21. The system of claim 15, further comprising one or 

20 more electrodes for generating a deflection electrical field 
applied to the microfluidic channel to deflect the droplets 
within the microfluidic channel, which results in deflection 
distances that correspond to the volume of the droplets and 
aliows desired droplets to be separated from the undesired 

25 droplets while passing through the size sorter. 
22. The system of claim 16, wherein the volume controller 

additionally injects a reagent that changes the electromag-
netic properties of the droplets to increase deflection dis-
tance differentiation among the droplets of different volume 

30 caused by the deflection electric field. 
23. The system ofclaim 15, whereinthe dropiet size sorter 

is selected from the group consisting of a dielectrophoresis 
dropiet size sorter, an obstacle induced separation dropiet 
size sorter, a deformability selective separation dropiet size 
sorter, an inertial migration dropiet size sorter, and an 
inertial Dean flow dropiet size sorter. 

* * * * * 
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