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MICROFLUIDIC DEVICE AND METHODS

CROSS REFERENCE TO RELATED APPLICATIONS
{86031} This application claims priornity from U.S. Provisional Application No. 62/478,289

tiled March 29, 2017 and U.S. Provisional Application No. 62/484,451 filed on April 12,

2017 the entire contents of both of which are incorporated herein by reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
100062} This invention was made with government support under grant number CA181595
awarded by the National Institutes of Health. The government has certain rights in the

invention.

FIELD OF THE DISCLOSURE

10063} This disclosure relates generally to devices and methods for the 1solation of cells or
particles of interest. Specifically, the present disclosure is directed to microfluidic devices
and methods for analyzing cells or particles in a sample. More specifically, the present
disclosure provides a droplet microfluidic device and methods for using the same to obtain
(trap), encapsulate, and retrieve (isolate) single cells or particles from a sample with

improved efficiency.

BACKGROUND OF THE DISCLOSURE

18004} Microfluidic devices and methods provide researches with multiplexing capabilities,
tight control of experimental conditions and require limited sample size (e g., volume} to
obtain valuable data. See Lindstrom, S and Andersson-Svahn, H. Lab Chip, 2010, 10 pp.
3363-3372, and Reece, A et al. Curr. Opin. Biotechnol. | 2016, 40 pp. 90-96.

180805} Using some microfluidic methods, cells or cellular materials can be made to reside
within individual liquid droplets, 1.e., droplet microfluidics. Current approaches make use of
droplet microflurdics to isolate small amounts of a sample in aqueous droplets surrounded
by immiscible oil. See, e.g., Wen, N. et al. Molecules, 2016, 21 p. 881 and Klein, AM et
al. Cefl, 2015, 161 p. 1187-1201. This can permit cells or other cellular-molecules to be

separated, and processed at high-throughput.
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0086} Existing processes permit a high number of cells to be encapsulated at high-
throughput using microttundic droplet generators. However, cell distribution within such
droplets 1s random, as the distribution of cells in each droplet is dictated by Poisson
statistics. As aresult, only 15 6% of all droplets will contain one cell. Tan et al, J. Am.
Chem. Soc., 2006, 128 pp. 5656-5658. In order to overcome this deficiency, researchers
have attempted to increase flow rate, alter droplet volume and hydrodynamic sorting. See,
e.g., Yin, TY et al., Biosense. Biolectron., 2015, 66 pp. 19-13; and Viovy, JL and Chambert,
M., Proc. Natl Acad. Sci. U.S.A ., 2008, 105, pp3191-3196. However these technigues are

marred by substantial cost and device requirements and the need to pre-label cells.

18807} Therefore, there is a need for new droplet microfluidic devices and methods for

isolating single cells or particles from a sample at high-efficiency.

SUMMARY OF THE DISCLOSURE

186068} The present disclosure provides unique droplet microfluidic devices and methods to
sequentially capture and encapsulate single cells or pasticles in a microfluidic device. The
present devices and methods utilize a trapping scheme that improves single cell or particle
capture efficiency and is compatible with single cell or particle encapsulation within
individual droplets and retrieval of the same. The microfluidic devices of the present
disclosure are compatible with several methods for encapsulation, which provide a fully

integrated multi-parameter platform for the analysis of single cells or particles.

18009} Therefore, in a first aspect of present disclosure a microfluidic device is provided
that is configured to separate (trap), encapsulate, and optionally retrieve (isolate) single cells
or particles from a sample composed of a plurality of cells or a sample composed of a
homogenous mixture of particles. The microfluidic device of the present disclosure includes
a microthudic channel having at least one displacement element on a first surface of the
microfluidic channel and at least one trapping chamber downstream of the at least one
displacement element having a first opening, such that the opening permits the flow of fluid

and/or material from the microfluidic channel into the trapping chamber.
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(8010} In some embodiments, the microfiuidic channel includes at least two, at least 3, at
least 4, at least 5, at least 6, at least 7, at least §, at least 9 or more displacement elements
aligned in series on a first sidewall surface of the fluid channel, such that each displacement
element extends into the microfluidic channel towards the opposite sidewall of the channel.
In certain embodiments, the microfluidic channel includes between 3 and 9 displacement
elements, between 3 and 7 displacement elements or between 3 and 6 displacement
elements, inclusive. In one instance, the microfluidic channel includes 6 displacement

clements.

(8011} In some embodiments, the displacement elements are each tapered having a
maximum height extending toward the opposing sidewall of the fhuid channel into the flud
channel, and a width that progressively decreases as the displacement element extends into
the fluid channel, 1.¢, tapered. In certain embodiments, the maximum height of a
displacement element s between 10 um and 40 um, 14 pym and 40 um, between 14 um and
30 um, between 14 um and 25 pm, between 14 pm and 20 pm, 10 pum and 27 pm, between
10 um and 26 um, between 10 pm and 25 pm, between 15 um and 25 pim, between 17 um
and 23 um, or between 18 pm and 22 um. In other embodiments, the displacement elements
have a maximum height extending into the channel defined by the distance between the
topmost surface of the displacement element and the opposing wall of the fluid channel that
ts less than 10 pm, 11 pm, 12 wm, 13 pm, 14 pmy 15 pmy, 16 wm, 17 wm, 18 um, 19 pm, 20

um, 21 um, 22 um, 23 um, 24 um, 25 um, 26 um, 27 um, 28 um, 29 pum, 30 wm, or 30 wm.
} H H H H H § } H H : :

18012} In some embodiments, each of the at least one the displacement elements have
uniform dimensions. In other embodiments, each displacement element in a plurality of
displacement elements extend the same distance into the fluid channel towards the opposite
sidewall of the fluid channel. In other instances, each of the displacement elements in a
plurality of displacement elements, from start to finish, extends a distance greater toward the
opposite sidewall of the fluid channel than the preceding displacement element in the

plurality of displacement elements.
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18013} In certain embodiments, each of the at feast one displacement elements are located
downstream of a port in the microfluidic chanunel. In some embodiments, each of the at least
one displacement elements are located in the microfluidic channel between an input port and
a trapping chamber. In some embodiments, the input port 15 located upstream of the at least
one displacement element. In other embodiments, each of the at least one displacement
elements are located between two ports in a sidewall of the microtluidic channel. Here, the
microfluidic device includes a first port by which a solution can be injected into the
microfluidic channel (i.e., an input port) and another port from which solution and/or an
encapsulated cell exits the microfluidic channel (1.e., an output port). In one embodiment,
the retrieval port is located downstream of the at least one displacement element. In other
embodiments, the retrieval port 13 located downstream of the at least one trapping chamber.
In yet another embodiment, the retrieval port is located upstream of the at least one

displacement element.

10014} The microfluidic device of the present disclosure includes at least one trapping
chamber located downstream of the at least one displacement element. Here, the trapping
chamber(s) are configured to trap a single cell present in a sample (e.g., solution) after the
cell has passed at least a portion of the at least one displacement elements. A trapping
chamber has a first opening that permits the tflow of fluid and/or material from the

microfluidic channel into trapping chamber.

10815} In some embodiments, the trapping chamber has sidewalls extending in a direction
away from the microfluidic channel and the first opening and another sidewall connecting
the sidewalls extending away from the first opening to form an enclosed chamber. In certain
embodiments, the sidewalls extending away from the first opening are parallel to each other.
In other embodiments, the sidewalls extending away from the first opening and microfluidic
channel are not parallel. For example, the trapping chamber can be a U-shaped enclosure,
have one or more tapered sides or have an amorphous shape. In one embodiment, each of
the at least one trapping chambers have the same dimensions. In ancther embodiment, one
or more of the at least one trapping chambers have difterent dimensions. In yet another
embodiment, each of the at least one trapping chambers have different dimensions.

4
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[0816] In some embodiments, the trapping chamber is fully enclosed except for the first
opening. In one erobodirnent the trapping chamber s at least partially surrounded by a

pressurized channel capable of compressing the outer sidewalls of the trapping chamber.

(8017} In other embodiments, a trapping chamber has a second opening at the opposite end
of the chamber from the first opening through which fluid can flow. Here, fluid will flow
into the trapping chamber from microftuidic channel through the first opening, traverse the
trapping chamber and flow through the second opening into a channel, 1 e, a trapping
channel. As such, in some embodiments, the second opening in the trapping chamber is

connected to another microfluidic channel by a trapping channel.

(8018} In some instances, the second opening is smaller than the first opening. In some
embodiments, the first opening has a width and height that permits the passage of fhuid that
includes at least one cell, and the second opening has a width and height that permits the
passage of fhuid but not a cell or particle of interest. In a specific embodiment, the second
opening has a width that is narrower than the diameter of a cell or particle of interest. In one
embodiment, the second opening has a width that is narrower than the diameter of a cell or
particle of interest, but a height that is greater than the total height of the cell or pasticle of
interest, 8o as to prevent passage of the cell or particle of interest through the second
opening but permit the flow of fluid through the second opening. In one embodiment, the
second opening has a height that is lesser than the total height of a cell or particle of interest,
but a width that is greater than the diameter of the cell or particle of interest, so as to prevent
passage of the cell or particle of interest through the second opening but permit the flow of
fluid through the second opening. In some embodiments the second opening has a cross-
sectional diameter that is smaller than that of a cell or particle of interest or identical to that

of a cell of interest or particle of interest.

(8019} In some embodiments, the microfluidic device of the present disclosure includes a
capture element, whereby the capture element protrudes into the first opening of a trapping
chamber. In certain embodiments, the capture element can be hook-shaped. In one

embodiment, the capture element can be a hook that protrudes into the first opening of the

5
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trapping chamber and into a portion of the channel. In some embodiments, the capture
element can be positioned downstream of the trapping chamber. In other embodiments, the

capture element can be positioned upstream of the trapping chamber.

(8028} In certain instances, the microfluidic device of the present disclosure includes a
blocking rail that traverses an jnner portion of the trapping chamber. Here, the blocking rail
will be affixed to the inner sidewalls of a trapping chamber and positioned such that the
blocking rail will trap a passing cell in a “pocket” within the trapping chamber, but will

permit the flow of thiid over and/or under the blocking rail,

(8621} In one embodiment, the microfluidic device of the present disclosure includes a
pressurized control channel. Here, the pressurized control channel overlies the outermost
surface of a trapping chamber. In some instances, the pressurized control channel ts
maintained at atmospheric pressure or below. Here it will be readily known by those of
ordinary skill in the art, that atroospheric pressure is equal to about 101 325 Pa, 760 mmHg
and 14.696 psi. For example, the pressurized control channel can be maintained at 0.1
atmospheres (atm) to 1.0 atm, 0.2 atm to 1.0 atm, 0.3 atm to 1.0 atm, 0.4 atm to 1.0 atmn, 0.5
atmtof0atm O06amtol Catm, 07atmtc 1 0atm, 08 atmtol Oatm or0%atmto 10
atm. In other instances, a positive pressure is applied to the pressurized control channel such
that the underlving trapping chamber is compressed. In this embodiment, the pressure in the
trapping chamber is greater than 1.0 atim, between 1.0 atm and 2.0 atm, or between 1.5 atm,
and 2 atim, or higher. However, any pressure can be applied that is sufficient to compress
the underlying trapping chamber, which can readily be determined by one of ordinary skill

in the art.

[8622] In some instances, the microfluidic device of the present disclosure includes at least
two microfluidic channels that are adjoined by a bypass channel. Here, the bypass channel
is located downstream of the at least one trapping chamber such that the bypass chamber
connects two adjacent microfluidic channels forming a pathway through which fhuid can
flow. In certain embodiments, the bypass channel 1s curved, such as for example, U-shaped.

In one embodiment, the bypass channel has the same diameter as the microfluidic channel.

&
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In other embodiments, the bypass channel is narrower, or wider than the microfluidic
channel. In such an embodiment, the microfluidic device can include one or more trapping
chambers affixed to a trapping channel that connects the trapping chamber(s} of one

microfluidic channel to an adjacent microfluidic channel.

18023} In certain embodiments, the microfluidic device of the present disclosure includes 2,
3,4, 5, 6 or more microfluidic channels arranged in fluid communication with one another,
such that a bypass channel connects two adjacent microfluidic channels to form a

microfluidic circuit,

(8624} The microfluidic devices of the present disclosure facilitate the efficient trapping and
encapsulation of single cells or particles from a sample in microfluidic droplets. As such,
the present disclosure also provides methods for encapsulating single cells or particles from

a sample using the microtluidic device described above.

[8025] In one aspect of the present disclosure, a method for encapsulating single cells or
particles of interest includes providing a first solution having at least one cell or particle of
interest into a microfiuidic channel of the device at a position upstream of the at least one
displacement element. Here, a positive pressure is applied to the microfluidic channel
maintaining a desired rate of flow for the first solution through the microfluidic device
forcing the at least one cell through the microfluidic channel past the at least one
displacement element, which direct the flow of the at Jeast one cell to the first opening in the

trapping chamber.

(8026} In one embodiment, a positive pressure 18 applied to the microfluidic channel
maintaining a desired rate of flow for the first solution through the microflutdic device
forcing the at least one particle of interest through the microfluidic channel past the at least
one displacement element, which direct the flow of the at least one particle of tnterest to the

tirst opening in the trapping chamber.

(80627} The first solution can be an aqueous solution that inchudes one or more cells, a buffer
reagent and/or dissolved 1ons. The cell may be trapped by the first trapping chamber, or, the

7
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cell may be trapped by a subsequent trapping chamber in the series of channels. The cell
remains in the trapping chamber while the first solution continues to flow through the

channel. The cell may be trapped by any of the foregoing microfiuidic devices.

(8028} The first solution can be an aqueocus solution that includes a homogenous population
of one or more particles of interest, a buffer reagent and/or dissolved ions. The particle of
interest may be trapped by the first trapping chamber, or, the particle may be trapped by a
subsequent trapping chamber in the series of channels. The particle remains in the trapping
chamber while the first solution continues to flow through the channel. The particle may be

trapped by any of the foregoing microfluidic devices.

[8029] A second immiscible solution is then injected into a port and a pressure 15 applied to
said second solution that directs the flow rate of the sclution through the microfluidic device
forming one or more interfaces with the first solution. In some embodiments the second
solution flows in a direction opposite to that of the first solution. In other embodiments the

second solution flows in the same direction as the first solution.

8030} In some embodiments, the second solution encapsulates a trapped cell in the first
solution by removing a trapped cell or particle of interest from a trapping channel. In other
embodiments, the second solution encapsulates a trapped cell or particle of interest in the
first solution by surrounding said trapped cell or particle of interest in a portion of said

trapping chamber.

(8031} In some embodiments, the methods include retrieving a droplet comprising a single-
cell or particle of interest from a trapping chamber. In one embodiment, the trapping
chamber containing a droplet s compressed to force the droplet out of the first opening of a
trapping chamber into a microfluidic channel. In other embodiments, the flow direction of
the second solution is reversed causing a pressure change that forces a droplet out of a

trapping chamber.

(8032} In one embodiment, the droplets are 1solated from the device.



WO 2018/183744 PCT/US2018/025248

BRIEF DESCRIPTION OF THE DRAWINGS

180633} FIGS. 1A-1F: Exemplary microfluidic devices of the present disclosure. FIG. 1Az a
vertical cross section of a first exemplary microfluidic device (100a) of the present
disclosure having a microfluidic chanuel (101) that includes a plurality of displacement
elements (102} on a first surface of the microfluidic channel, an input port (105} for
providing fluid to the microfluidic channel (101), and a trapping chamber (103) having a
first opening (104) and a second opening (106) connecting the trapping chamber to a
trapping channel (107). In the depicted embodiment, the trapping chamber (103} has a U-
shaped portion located downstream of the first and second openings. FEG. 1B: a vertical
cross section of another exemplary microfluidic device of the present disclosure (100b)
including a microfluidic channel (101) having a plurality of displacement elements (102)
within the microfluidic channel (101}, a retrieval port {(105a) for isolating an encapsulated
cell, and a trapping chamber (103) having parallel sidewalls, a first opening (104} and a
second opening (106) connecting the trapping chamber to a trapping channel (107). FIG.
1C: a vertical cross section of a third exemplary microfluidic device of the present
disclosure (100c¢) including a microthuidic channel (101) having a plurality of displacement
elements (102) within the microfluidic channel (101}, an input port (105} for providing fluid
to the microfluidic channel {101), a retrieval port (105a) for isolating an encapsulated cell, a
capture structure (109) at the first opening (104) of the trapping chamber (103}, which has a
trapping channel (107) affixed to the opposite side of the trapping chamber (103). FIG. 1D:
a vertical cross section of a fourth exemplary microthuidic device of the present disclosure
{100d) including a microfluidic channel (101} having a plurality of displacement elements
(102) within the microthuidic channel (101), an input port (105), a retrieval port (1033), a
hook-shaped capture structure (109) overhanging a portion of a first opening (104) of the
trapping chamber (103). Tu the depicted embodiment the trapping chamber 1s contacted on
at least three sides by a pressurized control element (110). FIG. 1E: a vertical cross section
of another exemplary microfluidic device of the present disclosure (100¢) including a
microfluidic channel (101} having a plurality of displacement elements (102) within the
microfluidic channel (101}, an input port (105) for providing a fluid sample to the

microftuidic channel (101}, a retrieval port (105a) for isolating an encapsulated cell, a

9
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blocking rail (111) that sections off a first portion of the trapping chamber (103}, In this
ernbodiment, the trapping chamber (103) includes a trapping channel (107). Here, the
depicted microfluidic device (100e) includes a plurality of displacement elements (102},
whereby each displacement element (102) increases in height when compared to the
preceding displacement element (102). FIG. 1F: In the depicted embodiment, a
microfluidic device of the present disclosure has more than one trapping chamber (103},
Here, the microfluidic device (100f) includes a fluid channel (101} having a plurality of
displacement elements (102} within the microfluidic channel (101), a retrieval port (1052}
tor isolating an encapsulated cell, and multiple trapping chambers (103), each having a first
opening {104} and a second opening (100) connecting the trapping chamber to a trapping

channel (107).

[8034] FIGS. 2A-2E: Description and function of exemplary displacement elements (102),
FIG, 2A: Three-dimensional depiction of exemplary displacement elements (102} shown as
a horizontal cross-section. FIG. 2B: The inset dirnensions (in micrometers) of the
exemplary displacement element shown in FIG. 2ZA. FIG. 2C: Photography of additional
exemplary displacement elements (102) for use in any of the microfluidic devices or
methods of the present disclosure. Here, each microfluidic channel used to compare
displacement structure function was identical. The displacement elements designated as
“v3” have maximnum height of 20 um. Displacernent elements designated as “v4” have
maximum height of 10 pm, and displacement elements designated as “v5” have maximum
height of 30 um. Liqund was then flowed through each channel from position vi to yf to
calculate the displacement of cells over each set of displacement elements tested. The data
was then fit with a linear slope, where integration of slope lines provides the displacement
coefficient or ability of the exemplary displacement elements to relocate cell flow through
the channel. FIG. 2D: A companson of displacement coefficients for the ditferent
displacement elements investigated. FIG. 2E: provides a time lapse of a cell containing
solution (flutd sample) flowing from a first end (yi} of the microfluidic channel (101}, over
the plurality of displacement elements (102) to a second end (vy1) of the microfluidic channel

(101).

10
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18035} FIGS. 3A-3E: Exemplary microfluidic devices of the present disclosure. FIG. 3A:
A wertical cross section of a microftuidic device (300a) of the present disclosure having a
tirst microfluidic channel (101} that includes a plurality of displacement elements (102), an
input port (105), and a first trapping chamber (103) having a first opening (104) and a
second opening {106) connecting the first trapping chamber (103) to a trapping channel
(107). In the depicted microfluidic device (300a), the first microfluidic channel (101} 1s
connected to a second microfluidic channel (101a) having another plurality of displacement
clements (102) on a first surface thereotf and a second trapping chamber (103a) affixed toa
second trapping channel (107a). As shown, the two microfluidic channels (101, 101a) are
connected to one anocther by a bypass channel (108} and by trapping channel {107}, FIG.
38: A vertical cross section of a second microtluidic device (300b) of the present disclosure
having a first channel (101) that includes a plurality of displacement elements (102), an
input port {105), and a first trapping chamber (103) having a first opening (104) and a
second opening {106) connecting the first trapping chamber (103) to a trapping channel
(107). In the second microfluidic device (300b), the first microfluidic channel (101} 1s
connected to a second microfluidic channel (101a) having a plurality of displacement
elements (102} on a first surface of the second microfluidic channel (101a) and a second
trapping chamber (103a) affixed to a second trapping channel (107a). As shown, the two
microfluidic channels {101, 101a) are connected to one another by a bypass channel (108)
and by a trapping channel (107). In the second microfluidic device each microfluidic
channel (101/101a) includes a capture structure (109} at the first opening (104) of each
trapping chamber (103/103a). FIG. 3C shows a third exemplary microfluidic element
{300c} including a first fluid channel (101) having a plurality of displacement elements
(102) within the fluid channel (101), an mput port (105), a hook-shaped capture structure
(109) overhanging a portion of a first opening (104) of the first trapping chamber (103). Tn
the exemplary microftuidic device (300c¢), the ftirst microfluidic channel (101} is connected
to a second microfiuidic channel (101a) having a plurality of displacement elements (102),
and a second a hook-shaped capture structure (109a} overhanging a portion of a second
opening {104) of the second trapping chamber (103a). As shown, the two microfluidic

channels (101, 101a) are connected to one another by a bypass channel (108) and each of the

11
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trapping chambers (103/103a) are contacted by a pressurized control element (110/110a).
FIG. 3D: shows a vertical cross section of a fourth exemplary microfluidic device (300d)
having a first channel (101) that includes a plurality of displacement elements (102), an
input port (105), and a first trapping chamber (103) having a first opening (104) and a
second opening {106) connecting the first trapping chamber (103) to a trapping channel
(107). In the exemplary microfluidic device (300d), the first microfluidic channel (101} is
connected to a second microfluidic channel (101a) having a plurality of displacement
clements (102} on a first surface of the second microfluidic channel (101a), a retrieval port
{105a), and a second trapping chamber (103a) affixed to a second trapping channel (107a).
As shown, the two microfiuidic channels (101, 101a) are connected by a bypass channel
(108) and by trapping channel (107} In this microfluidic device (300d) each trapping
chamber (103/103a) includes a blocking rail (111} that sections off a first portion of each
trapping chamber (103/103a). FIG. 3E: A vertical cross section of a microfluidic device
{300e} of the present disclosure having a first channel (101} that includes a plurality of
displacement elements (102), an input port (105}, and a first U-shaped trapping chamber
{103) having a first opening (104} and a second opening (106} connecting the first U-shaped
trapping chamber (103} to a trapping channel (107). In the depicted microfluidic device
300e), the first microfluidic channel (101) is connected to a second microfluidic channel
(101a} having a plurality of displacement elements (102) on a first surface of the second
microfluidic channel (101a) and a second U-shaped trapping chamber (103a) atfixed to a
second trapping channel (107a). As shown, the two microfluidic channels (101, 1013} are

connected to one another by a bypass channel (108) and by the trapping channel (107}

[0036] FIG. 4: Time lapse of seeded flow of particles or cells from a microfluidic channel
{101} through a first opening (104) into vacant trapping chamber (103) and through a second
opening {100} in the trapping chamber (left) and through a first opening (104) into
“plugged” trapping chamber (103) (right). The right panel, shows the effects of the
“plugging effect” on fluid flow through the trapping chamber (103) and trapping channel
(107). Scale bars: 50 um.

12
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18037} FIGS. SA-SF: Time lapse of seeded flow of particles or cells through exemplary
microfluidic devices of the present disclosure showing trapping of a single cell or particle of
interest. FIG, 5A: An overlay of a cell or particle flow trajectories showing the impact of
the displacement elements on flow path. FIG, 5B: Cells or particles of interest are provided
to a microfluidic channel (101) in a first solution and are flowed downstream overa
plurality of displacement elements (102} where they are focused toward a trapping chamber
{103, 103a, 103b) and are trapped sequentially. FEG. 53C: Cells or particles of interest are
provided to a microfluidic channel (101) in a first solution and are flowed downstream over
a plurality of displacement elements (not shown) where they are focused toward a trapping
chamber (103) having a blocking rail (111} and a second opening (106} that is affixed to a
trapping channel(107). A single cell or particle is forced into a “pocket” formed by the
blocking rail {111} by the flow and trapped. FIG. 5B: Cells or particles of interest are
provided to a microfluidic channel (101) and are flowed downstream over a plurality of
displacement elements (not shown) where they are focused toward a trapping chamber (103}
having a capture element (109) located across the first opening (104) of the trapping
chamber (103). Here, the trapping chamber also has a second opening (106) that ts affixed
to a trapping channel {107}, A single cell or particle is forced toward the capture element
(109} located downstrearn of the first opening of the trapping chamber where it is captured
and remains. FIG. SE: Cells or particles of interest are provided to a microfluidic channel
(101) and are flowed downstream over a plurality of displacement elements (not shown)
where they are focused toward a trapping chamber (103) having a capture element (109}
located upstream of the first opening (104) of the trapping chamber (103). Again, the
trapping chamber also has a second opening (106} that is affixed to a trapping channel (107},
A single cell or particle of interest is flowed toward the capture element (109) where it is
directed into the trapping chamber (103) and remains trapped due to the flow. FIG, 5F:
Cells or particles of interest are provided to a microfluidic channel (101) and are flowed
downstream over a plurality of displacement elements (102) where they are tocused toward
a trapping chamber (103} having a capture element (109) located downstream of the
trapping chamber (104). Here, the capture element extends across the first opening (104) of

the trapping chamber (103). In this embodiment, the trapping chamber is fully enclosed

1
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except for the first opening {103), i.e, it does not have a second opening (100} that is affixed
to a trapping channel (107). The trapping chamber is also surrounded by a pressurized
trapping channel (110). A single cell or particle of interest is forced toward the capture
element (109} located downstream of the first opening of the trapping chamber and directed

into the trapping chamber by fluid flow where it remains. Scale bars: 50 um.

16038} FIGS. 6A-6E: Depictions of exemplary single cell or particle of interest
encapsulation methods of the present disclosure. FIG. 6A: A first encapsulation mode,
whereby the trapped cell or particle of interest blocks the flow through the trapping channel
{107). Here, the second solution {114} (oil) is diverted towards the bypass channel {108)
pathway and into the second adjacent microfiuidic channel (101a), where it finally surrounds
the trapping chamber (103), generating a droplet (115} containing the single trapped cell or
particle. FIG. 6B: A second encapsulation method, whereby the second solution (114} 13
injected at lower flow rates, a thin precursor tilm of second solution {oil) forms (“wets”)
ahead of the interface (113), directing the first interface (113) to progresses into the trapping
chamber (103} and through the trapping channel (107), releasing the trapped cell or particle
into a droplet (115) from within the trapping chamber. FIG. 6C: A third exemplary
encapsulation method, utilizing the device of FIG. 3F and the trapping method of FIG. 5B
whereby the second opening (106) and/or the trapping channel (107} has a cross-sectional
diameter that 1s not fully blocked by the cell or particle of interest plugged therein. Hence,
as the second solution flows downstream toward the trapping chamber (103}, the second
solution will flow into the trapping chamber (103) and through the trapping channel (107)
releasing the cell or particle of interest from the trapping channel (107) and “sweeping” the
cell or particle into the trapping chamber (103) where it forms a droplet (115) encapsulating
the trapped cell. or particle. F1G. 6D: A fourth exemplary encapsulation method, utilizing
the device of FIG. 3D and the trapping method of FIG. 5C whereby the second opening
{106} and/or the trapping channel {107) is not blocked by a cell or particle of interest and the
cell or particle has been trapped by a blocking rail (111). Hence, as the second solution
(114) flows into the trapping chamber (103) around the blocking rail (111} and through the
trapping channel (107) forming a droplet (115} within a “pocket” created by the blocking

rail {111) that encapsulates the single, trapped cell or particle. FIG. 6E: In another
14
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exemplary encapsulation method, when a cell or particle is trapped using the microfluidic
device of FIG. 3B and the method set forth in FIG. SE capillary valving will force the
second solution to flow downstream past the trapping channel (107} toward the bypass
channel (108). As the second solution flows past the trapping channel (107}, the trapped cell
ot particle will be released from the second opening (100) in the trapping chamber where it
was plugged into the trapping chamber where it will be captured by the capture element
{109} and retained within the trapping chamber. Then, as the interface (113) progresses into
the microftuidic channel toward the first opening (104} in the trapping chamber (103) an
interface (113) at the first opening (104) in the trapping chamber (103) is forred, causing a
droplet (115) encapsulating the trapped cell or particle to form having the same dimensions

of the trapping chamber (103). Scale bar: 50 uym.

18639 FIG. 7. An exemplary embodiment, whereby a droplet 1s isolated using a

microfluidic device and method of the present disclosure.

BETAILED DESCRIPTION OF THE DISCLOSURE
10040} As set forth herein, the microtluidic device and methods of the present disclosure

provide a highly efficient single cell or particle of interest trapping and encapsulation.

18041} The terms “a and “an” as used herein unless clearly indicated to the contrary, should
be understood to mean one, but also possibly more than one. The term “or”, as used herein

means inclusively in the alternative.

(8042} As used herein, the phrase “at least one” in reference to one or more elements,
should be understood to mean at least one element selected from any one or more of the
elements in the list of elements, but not necessarily including at least one of each and every
element specifically listed within the list of elements and not excluding any combinations of
elements in the list of elements. Meaning that elements may optionally be present other than
the elements specifically identified within the list of elements that the phrase “at least one”

refers to, whether related or unrelated to those elements specifically identified.
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18043} References in the specification to “one embodiment”,

29 <L

an embodiment”, “an
instance”, “an example”, ete., indicate that the embodiment described may include a
particular feature or characteristic, but every embodiment may not necessarily include the
particular feature, structure, or characteristic. Moreover, such phrases are not necessarily
referring to the same embodiment. Further, when a particular feature, structure, or
characteristic is described in connection with an embodiment, it i3 submitted that it is within
the knowledge of one skilled in the art to affect such feature, structure, or characteristic in
connection with other embodiments whether or not explicitly described. For purposes of the
description hereinafter, the terms “upper”, “lower”, “right”, “left”, “vertical”, “horizontal”,
“top”, “bottom”, and derivatives thereof shall relate to the invention, as it is oriented in the
drawing figures. The terms “on”, “overlying”, “atop”, “positioned on” or “positioned atop”
means that a first element, is present on a second element, wherein intervening elements
may interface between the first element and the second element. The term “ajoined”, “direct

> 6c
2

2%

contact”, “connected to”, “affixed to” or “attached t0” means that a first element, and a
second element, are connected without any intermediary element at the interface of the two

elements,

Devices

[8044] In a first aspect of present disclosure, a microfluidic device is provided that is
configured to separate {(trap), encapsulate, and retrieve (isolate) single cells or particles from
a sample composed of a plurality of cells or a sample compoesed of a homogenous
population of particles. As depicted in Figures 1A-1F and 3A-3D, the microfluidic device
of the present disclosure comprises a first region that includes a microfluidic channel (101}
having at least one displacement element (102) on a first surface of the microfluidic channel
and at least one trapping chamber {103} downstream of the at least one displacement
element (102) having a first opening (104}, such that the opening permits the flow of fluid

and/or material from the microfluidic channel (101) into the trapping chamber (103).

{8045} As used herein, the term “micro” or the “micro-prefix” means an element having

widths or diameters of less than about 1 mm, and less than about 100 microns
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{micrometers). For example, as in “microfluidic device” refers to a device, apparatus or

system that includes at least one microscale channel.

[8646] A “channel”, as used herein, means a feature on or in a device or an element thereof
{(e.g., a substrate} that at least partially directs the flow of a fluid. In some cases, the channel
may be formed, at least in part, by a single component, e.g. an etched substrate or molded
unit. The channel can have any cross-sectional shape, for example, circular, oval, triangular,
irregular, square or rectangular (having any aspect ratio), or the like, and can be covered or
uncovered {i.e., open to the external environment surrounding the channel). In embodiments
where the channel is completely covered, at least one portion of the channel can have a
cross-section that s completely enclosed, and/or the entire channel may be completely
enclosed along its entire length with the exception of an opening such as, for example a port
(inlet or outlet). A channel may have in at least some of its sections 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.

[8G47] As used herein, a “cross-sectional dimension”, in reference to a channel, is measured
in a direction generally perpendicular to flow of solution within the channel. In some
embodiments, the channels (e.g., microftuidic and trapping) of the device may be of a

particular size {e.g, the size of a cell or particle of interest), or larger, or smaller.

180648} The elements of the microfluidic device of the present disclosure can be composed of
any material known in the art. In some embodiments, the elements of the microfluidic
device are composed of a hydrophobic material such as, for example, polydimethylsiloxane
{(PDMS). In other embodiments, the elements of the microfluidic device are composed of or
coated with a hydrophobic material such as, for example, trimethyl-siloxane. For example, a
hydrophobic material such as PDMS or tri-methyl-siloxane is used to prevent the fluid (e g,
cell or particle containing solution or immiscible fluid) from adhering to the walls of the
microfluidic device (1.e., channel sidewalls, trapping chambers and ports) which could
impede one or more of tluid flow, encapsulation, or isolation of an encapsulated cell or
particle. By using the natural hydrophobicity of PDMS or other hydrophobic channel

coating, the water-cell flow forms an interfacial geometry with the oil phase that is

[y
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appropriate for droplet formation and the shearing process can be used to create more
uniform droplet sizes. In certain embodiments, the elements of the microfluidic device may

be composed of a flucrinated thermoplastic (e.g., THV500G (3M™} or THV220 (3M™}),

80449} In certain embodiments, the microfluidic device is composed of
polydimethylsiloxane (PDMS). For example, PDMS can be supplied as a mixture of a base
and a curing agent, whereby the mixture is introduced on an uppermost surface of a wafer or
substrate. The wafer may include pre-fabricated elements (e g, channels, chambers and
openings), which can be formed by etching the wafer or substrate, such as for example by
lithographically. Other methods of microtluidic device fabrication known in the art can also

be used.

10850} In some embodiments, the microfluidic channel {101} has a cross-sectional depth
{(from innermost horizontal sidewall to innermost horizontal sidewall) 20 pum to 160 um with
cross-sectional widths (from 1nnermost vertical sidewall to innermost vertical sidewall) of
between 20 um to 80 pm. In other embodiments, the microfhuidic channel has width of

between 20 um and 60 pm, 20 pum and 50 pm, 20 um and 40 pm, or 20 um and 30 um.

{80851} In a specific embodiment, the rmicrofluidic channel has a cross-sectional width of
between 30 pum and 35 pm. In vet other embodiments, the microfluidic channel has width of
20 um, 21 pm, 22 pm, 23 pm, 24 wm, 25 pro, 26 pm, 27 wm, 28 um, 29 pm, 30 pm, 31 pm,
32 wm, 33 um, 34 pm, 35 pm, 36 um, 37 um, 38 um, 39 wm or 40 um. In a specific
embodiment, microfluidic channel has a width of 32 um, as depicted in FIG. 2A of the

present disclosure.

{8852} In some embodiments, the microfluidic channel has cross-sectional depth of between
20 um and 120 pm, 20 um and 100 pm, 20 um and 80, or 20 pm and 60 pm. In a certain
embodiments, the microftuidic channel has a depth of between 30 pm and 70 pym, 40 ym and
70 um, 50 um and 70 pm, or 40 pm and 60 pm. In a specific embodiment, the microfluidic
channel has a depth of between 50 pm and 60 um. In yet other embodiments, the
microfluidic channel has depth of 40 um, 41 pm, 42 pm, 43 pm, 44 pm, 45 um, 46 pm, 47

um, 48 pm, 49 pm, 50 urm, ST pm, 52 wm, 53 umy, 54 pm, 55 pm, 56 pm, 57 um, 58 pm, 59
18
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um, 60 pm, 61 um, 02 um, 63 pm, 64 ym, 65 um, 66 um, 67 pum, 68 um, 69 um or 70 um.
In a specific embodiment, microfluidic channel has a depth of 536 pm, as depicted in FIG. ZA

of the present disclosure.

(8453} In some instances, the microfiuidic channel depth and/or width can be uniform. In

other instances, microfluidic channel depth and/or width can be non-uniform.

[0054] Further, the microfluidic channels of the present disclosure include at least one
displacement elements (102). Here, it has been shown that serial alignment of a plurality of
displacement elements in the microfluidic channel can direct flow and steer cells or particles
of interest toward a trapping chamber. See FIG. 2D, Therefore, in some embodiuments, the
microfluidic channel includes at least two, at least 3, at least 4, at least 3, at least &, at least
7, at least B, at least 9 or more displacement elements aligned in series on a first sidewall
surface of the tluid channel, such that each displacement element extends into the
microfluidic channel towards the opposite sidewall of the channel. In certain embodiments,
the microftuidic channel inchudes between 3 and 9 displacement elements, between 3 and 7
displacement elements or between 3 and 6 displacement elements, inclusive. In one
instance, such as that depicted in FIG. 3A, the microfluidic channel includes 6 displacement

elements.

18635} In some embodiments, the each of the at least one displacement element{(s) (102} can
be connected to form a single structure of interconnected displacement elements as shown,
tor example, in FIG. 5B. In other embodiments, each at least one displacement element can
be a distinct and separate element that does not contact another displacement element as

shown, for example, in FIGS. 1A-IB.

[8036] As shown in FIGS. 1A and 2A, the displacement elements each have a tapered
geometry. Asused herein the term “tapered” means having a first width (W1} at the base of
the displacement element (i.e., the surface of the displacement element in contact with a
surface of the microfluidic channel), and a second width (W2) that is smaller than the first
width as height (H) increases. For example, a tapered displacement element has a fixed

maximum height (measured in the direction extending toward into the microfluidic channel
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(101) toward the opposing sidewall) and a width that progressively decreases as the

displacement element extends into the microfluidic channel. See FIG. 1A,

(8037} As shown in FIGS. 2B and 2C of the present disclosure, the height of each of the at
least one displacement elements can be altered to modulate displacement of fluid flow and
or materials therein (e g., cells or particles). Furthermore, as shown in FIG. 2C the geometry
and dimensions of the displacement elements alters displacement of cells or particles
flowing through the microfluidic channel. As such, the dimensions of the displacement
elements can be tailored to manipulate thuid flow and the flow path of cells or particles to be

captured through the microfiuidic channel.

(8058} Accordingly, in some embodiments, the maximum height of a displacement element
is between 10 um and 30 um, between 10 pm and 25 um, between 15 pm and 25 pm,
between 17 um and 23 wm, or between 18 um and 22 um. In a specific embodiment, the
maximum height of a displacement elernent 153 between 10 wm and 25 pm, inclusive. In
other embodiments, the maximum height of a displacement element is 10 ym, 11 pm, 12
urn, 13 pm, 14 pmy, 15 umy 16 pm, 17 i, 183 pm, 19 pr, 20 um, 21 pmy, 22 pm, 23 pm, 24
pum, 25 pm, 26 pm, 27 wm, 28 pm, 29 um, 30 pm, or 30 ym. As shown in FIGS. 2A-2B, in

certain embodiments, the maximum height of a displacement element 1s 20 pM.

18639} In other embodiments, the displacement elements have a maximum height extending
into the channel as defined by the distance between the topmost surface of the displacement
clement and the opposing wall of the microfluidic channel. Here, the distance between the
topmost surface of the displacement element and the opposing wall of the microfiutdic
channel 1s about the size of a cell, such that the cell or particle can be arranged into a single-
file as fluid containing a plurality of cells or particles flows down a microfluidic channel.
As such, in certain embodiments, the distance between the topmost surface of the
displacement element and the opposing wall of the raicrofluidic channel is between 10 pum
and 45 um or between 10 pm and 30 pm. In other embodiments, the distance between the
topmost surface of the displacement element and the opposing wall of the microfluidic

channel 1s between 10 pm and 40 pm, 14 ym and 40 um, between 14 wm and 30 pm,
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between 14 pm and 25 pm, between 14 um and 20 um, 10 pm and 27 um, between 10 pm
and 26 um, between 10 wm and 25 pm, between 15 pm and 25 wm, between 17 um and 23
um, or between 18 um and 22 pm. In a specific embodiment, the distance between the
topmost surface of the displacement element and the opposing wall of the microfluidic
channel is between 10 pm and 26 pm, inclusive. In other embodiments, the distance
between the topmost surface of the displacement element and the opposing wall of the
microftuidic channel is 10 um, 11 pm, 12 pm, 13 pm, 14 pum, 15 um, 16 wm, 17 pm, 18 pmy,
19 um, 20 um, 21 pm, 22 ym, 23 pm, 24 pm, 25 um, 26 um, 27 pm, Z8 ym, 29 pym, 30 pm,
30 um, 31 pro, 32 pm, 33 pm, 34 wm, 35 pm, 36 um, 37 wm, 33 um, 39 um, 40 um, 41 um,

42 um, 43 um, 44 um or, 45 um.

18060} In some embodiments, each of the at least one the displacement elements have
uniform dimensions. In other embodiments, each displacement element in a plurality of
displacement elements extend the same distance into the microfluidic channel towards the
opposite sidewall of the microfluidic channel. In other instances and as shown in FIG. 1E,
each of the displacement elements in a plurality of displacement elements, from start to
finish, extends a distance greater toward the opposite sidewall of the microfluidic channel
than the preceding displacement element tn the plurality of displacement elements. In other
embodiments, at least one of the displacement elements in a plurality of displacement
elements have different dimensions than the other displacement elements. For example, at
least two, at least three, at least four, at least five, at least six, at least seven, at least & or at
least 9 of the displacement elements in a plurality of displacement elements can have
different dimensions. In other embodiments, only 1, only 2, only 3, only 4, only 5, only 6,
only 7, only 8 or only 9 of the displacement elements in a plurality of displacement elements
differ from the dimensions of all the other displacement elements in the plurality of

displacement clements.

[8061] In certain embodiments, such as those depicted in FIGS. 1C-1E and FIG. 3C the at
least one displacement element is located in the microfluidic channel between two ports
{105/105a) in a sidewall of the microfluidic channel. Here, the microfluidic device includes
a first port by which a solution can be injected 1nto the microfluidic channel (i.e., an input
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port} and another port from which solution and/or an encapsulated cell exits the microfluidic
channel (i.e., an output port). Tn some embodiments, each of the at least one displacement
elements are located in the microfluidic channel between an input port and a trapping
chamber. In other embodiments, at feast one displacement element is located upsiream of
the trapping chamber. In vet another embodiment at least one displacement element
overlaps with at least a portion of the trapping chamber. In some embodiments, the input
port is located upstream of the at least one displacement element. In one embodiment, the
retrieval port is located downstream of the at least one displacement element. In other

embodiments, the retrieval port is located downstream of the at least one trapping chamber.

18062} The ports can have any dimensions or shape that permits the passage of a solution
containing at least one cell or particle of interest into the microfluidic channel. For example,
the port can be a circular opening in a sidewall of the microfluidic chanuvel, a rectangular
opening, a square opening or an amorphous shaped opening in the sidewall of the
microfluidic channel. In specific embodiments, the port may be an opening in the sidewall
of the microfluidic channel have a cross-sectional width and/or height of between 10 pm and
60 um, 10 um and 50 pm, between 10 pm and 40 um, between 10 ym and 30 pm, between
10 pwm and 20 um, 10 pm and 25 pm, between 10 um and 20 pm, between 20 um and 60

um, between 20 um and 50 pm, between 20 pm and 40 um, or between 20 pum and 30 ym.

(8063} As shown in FIGS. 1A-1F and 3A-3D, the microfluidic device of the present
disclosure includes at least one trapping chamber (103) located downstream of the at feast
one displacement elements (102). Here, the trapping chamber(s} are configured to trap a
single cell or particle present in a sample (e.g, solution) after the cell has passed at least a
portion of the at least one displacement elements. A trapping chamber (103} has a first
opening (104) that permits the flow of fluid and/or matenal from the microfluidic channel

(101) into trapping chamber (103}

18064} In some embodiments, each of the at least one displacement elements are located
upstream of the first opening of said trapping chamber as shown in FIG. 1A, In other

embodiments, at least one of the displacement elements is located upstream of the first
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opening of said trapping chamber and another of the at least one displacement elements is
located downstream of the first opening of the trapping chamber. In yet another
embodiment, at least one displacement element partially overlaps with a portion of the first

opening of said trapping chamber, as shown in F1G. 3A

19065} In some embodiments, such as those shown 1o FIGS. 1D and 3C, the trapping
chamber (103) at least two sidewalls extending in a direction away from the microfluidic
channel (101) and the first opening (104) and anocther sidewall connecting the at least two
sidewalls extending away from the first opening (104) to form an enclosed chamber. As
depicted in FIG. 1D, in some instances the sidewalls extending away from the first opening
{103} are parallel to each other. In other embodiments, the sidewalls extending away from
the first opening and microfluidic channel are not parallel. For example, the trapping
chamber can be a U-shaped enclosure, have one or more tapered sides or have an amorphous

shape as set torth in FIG. 1A,

8066} In one embodiment, such as that depicted in FIG. 1F, each of the at least one
trapping chambers {(103) have the same dimensions. In another embodiment, one or more of
the at feast one trapping chambers have different dimensions. In yet another embodiment,

each of the at least one trapping chambers have different dimensions.

[8667] In some embodiments, such as those shown in FIGS. 1A-1C and 1E-1F, a trapping
chamber has a second opening (100} at the opposite end of the chamber from the first
opening (104) through which fluid can tlow. Here, fluid will flow into the trapping chamber
(103) from the microfhuidic channel (101} through the first opening (104), traverse the
trapping chamber and flow through the second opening (106} into a channel (107),1.¢, a
trapping channel. As such, in some embodiments, the second opening (106) in the trapping

chamber is connected to another channel, such as a trapping channel {107},

[0668] In some instances, the second opening (106} is smaller than the first opening (103).
In some embodiments, the first opening (103) has a width and height that permits the
passage of fluid that includes at least one cell or particle of interest, and the second opening

(106) has a width and height that permits the passage of fluid but not a cell or pasticle of
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interest . In a specific embodiment, the second opening (106} has a width that is narrower
than the diameter of a cell or particle of interest. In another embodiment, the second
opening has a width that is narrower than the diameter of a cell or particle of interest, but a
height that 1s greater than the total height of the cell or particle, 50 as to prevent passage of
the cell or particle through the second opening but permit the flow of fluid through the
second opening. For example, the second opening may have a cross-sectional width and/or
height between 10 uny and 40 um, 14 pm and 40 pm, between 14 um and 30 pm, between
14 ym and 25 pum, between 14 um and 20 pm, 10 um and 27 um, between 10 pm and 26
ur, between 10 pum and 25 pm, between 15 pm and 25 um, between 17 um and 23 pm,
between 18 pm and 22 pm or a combination thereof. In another embodiment, the second
opening may have a cross-sectional width and/or height between 10 pm and 26 pm,
inclusive. In other embodiments, the second opening may have a cross-sectional width
and/or height canbe 10 um, 11 wm, 12 pm, 13 pm, 14 pm, 15 pro, 16 pm, 17 pm, 18 pm, 19
pr, 20 pm, 21 pm, 22 um, 23 pm, 24 pm, 25 um, 26 pm, 27 pm, 28 pm, 29 pm, 30 pm, 30
pm, 31 pm, 32 pm, 33 um, 34 pm, 35 pmy, 36 um, 37 wm, 38 pm, 39 um, 40 um, 41 pm, 42

um, 43 um, 44 um, 45 ym or a combination thereof.

(8069} In certain embodiments, the second opening has dimenstons that do not permit the
passage of a cell, particle or any fluid. Here, once a cell or particle enters a trapping
chamber it will “plug” in the second opening preventing the flow of fluid and material
through the second opening or a trapping channel. When a cell or particle “plugs” the
second opening of a trapping chamber fluid flow s diverted out of the trapping chamber

{(“plugging effect”), as shown in FIG. 4.

(8078} In some embodiments, such as those depicted in FIGS. 1C-1D, the microfluidic
device of the present disclosure wncludes a capture element (109), whereby the capture
element (109) protrudes into the first opening (104) of a trapping chamber(103). In certain
embodiments, the capture element can be hook-shaped. See, eg, FIGS 3B and 3C. For
example and as depicted in FIG. 1C, the capture element (109} can be a hook that protrudes
into the first opening of the trapping chamber (103} and into a portion of the channel (101}
In some embodiments and as shown in FIGS. 1D and 3C, the capture element (109) can be
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positioned downstream of the trapping chamber (103). In other embodiments, such as that
depicted in FIGS. 1C and 3B, the capture element (109) can be positioned upstream of the

trapping chamber (103).

(8071} In certain instances, the microfluidic device {100e) of the present disclosure includes
a blocking rail (111) that traverses an inner portion of the trapping chamber (103). Here, the
blocking rail (111} is affixed to the inner sidewalls of a trapping chamber (103} and
positioned such that the blocking rail (111) will trap a passing cell or particle of interest, but
will permit the flow of fluid over and/or under the blocking rail through the trapping
chamber. See FIGS. 1E and 3D. In other embodiments, the blocking rail {111) can be
configured to form a “pocket” in which a cell may be trapped. Here, the pocket can have a
cross-sectional width of a about a cell, such as for example, between is between 10 um and
40 um, 14 pm and 40 pm, between 14 um and 30 pm, between 14 pm and 25 yum, between
14 um and 20 um, 10 pm and 27 pm, between 10 um and 26 pm, between 10 um and 25

ur, between 15 pum and 25 pm, between 17 pm and 23 um, or between 18 um and 22 ym.

18072} In another embodiment and as shown in FIG. 1D and 3C, the microfluidic device
(100d, 300c) of the present disclosure includes a pressurized control channel (110). Here,
the pressurized control channel (111) overlies the outermost surface of a trapping chamber
{103). In some instances, the pressurized control channel (111} is maintained at atmospheric
pressure. In other instances, a positive pressure is applied to the pressurized control channel
(111) such that the underlying trapping chamber (103} is compressed such that the contents
of the trapping chamber are expelled from the chamber (103) through the opening (104) into
the microtluidic channel (101). Here, the the pressurized control chanuel can be maintained
at 0.1 atmospheres (atmjto 1.0 atm, 02 atm to 1 O atm, 03 atmto 1.0 atm, 04 atmto 1.0
atm, 0.5 atro to 1.0 atm, 0.6 atm to 1.0 atm, 0.7 aim to 1.0 atm, 0.8 atm to 1.0 atm, or 0.9 atm
to 1.0 atm. In other examples, the pressurized control channel can be maintained at between
1 and 15psi, 3 and 15 psi, 5 and 1S psi, 7 and 15 psi, 9 and 15 psi, 11 and 15 pst, 12 and 15
pst, 13 and 15 psi, 14 and 15 psi, or 15 psi. In other instances, such as when a positive
pressure is applied to the pressurized control channel such that the underlying trapping
chamber is compressed the pressure in the trapping chamber 15 greater than 1.0 atro, greater
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than 2.0 atm, greater than 3.0 atm, greater than 4 atm or higher. In some embodiments, the
pressurized control channel can be pressurized to a pressure at between 15 and 30 psi, 17
and 30 psi, 19 and 30 psi, 21 and 30 psi, 23 and 30 psi, 25 and 30 psi, 26 and 30 psi, 27 and
30 pst, 28 and 30 psi, 30 to 40 psi, or greater. However, any pressure can be applied that is
sufficient to compress the underlying trapping chamber, which can readily be determined by

one of ordinary skill in the art.

18073} As shown in FIGS. 3A-3E, in some instances, the microfluidic device of the present
disclosure includes at least two microfluidic channels (101/101a) that are connected by a
bypass channel (108). Here, the bypass channel (108) is located downstream of the at least
oune trapping chamber (103} of the first microfluidic channel (101) such that the bypass
channel (108) connects two adjacent microthuidic channels (101/101a) forming a pathway
through which fluid can flow. This enables sequential trapping and encapsulation of single

cells using the microfluidic devices of the present disclosure.

18074} In certain embodiments, the microfluidic device of the present disclosure includes 2,
3,4, 5, 6 or more microtluidic channels arranged in fluid communication with one another,
such that a bypass channel connects two adjacent microfluidic channels to form a
microfluidic circuit. The microfluidic device can include any of the above-referenced
microftuidic channels affixed to a trapping chamber. In some embodiments, the
microfluidic device has at least 2 microfluidic channels that are the same, wherein each
microfluidic channel is affixed to an identical trapping chamber. In other embodiuments, all

of the microtluidic channels and trapping chambers of the microfluidic device are the same.

(8075} In some embodiments, the exemplary microfluidic devices of the present disclosure
include one or more ports in a sidewall of a microfluidic channel. Here, the microfluidic
device includes a first port by which a solution (cells, particles, buffer, oil} can be injected
into the microfluidic channel (e, an input port) and, optionally, another port from which
solution and/or an encapsulated cell or particle exits the microtluidic channel (i.e, an output

port}. In some instances, the same port can be used as an input port and an output port.
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180876} In certain embodiments, the bypass channel is curved, such as for example, U-
shaped. In one embodiment, the bypass channel (108) has the sarue cross-sectional diameter
as the microfluidic channel. In other embodiments, the bypass channel is narrower, or wider
than the microfluidic channel. In some embodiments, the overall length of the bypass
channel (108} will affect the ability of the exemplary microthuidic devices to encapsulate
cells by altering the rate at which an interface between immiscible solution and a cell- or
particle-containing flutd travel through the microfluidic device. More specifically, the
overall length of the bypass channel will be between 130 pm and S000 pm, 200um and 4500
pm, 300 pm and 4000 pm, 300 ww and 3000 pm, 300 pm and 2000 um, 300 pm and 1500
wm, 300 um and 1400 pm, 300 um and 1300 pm, 300 pm and 1200 um, 300 pm and 1100
pm, or 300 puro and 1000 pm, inclusive. In a specific embodiment, the overall length of the
bypass channel will be between 300 pm and 1000 um, 350 um and 1000 pm, 400 um and
1000 pm, 500 pm and 1000 um, 600 pm and 1000 pm, 700 pm and 1000 prm, 800 pm and
1000 pm. In a preferred embodiment, the overall length of the bypass channel will be
between 300 pm and 1000 pm, which provides unique flow rates and paths that surprisingly

enable several of the encapsulation methods of the present disclosure.

(8677} In some embodiments, the microftuidic device (300a, 300b, 300e) includes at teast
two microfluidic channels in fluid communication with one another through a bypass
channel and at least one trapping channel affixed to a trapping chamber, whereby the
trapping channel connects the trapping chamber(s) of a first microftuidic channel to an
adjacent microfluidic channel. See FIG. 4. In specific embodiments, each of the
microfluidic channels have at least one trapping chamber affixed to a trapping channel,
whereby the trapping channel connects the trapping chamber(s) of a first microfluidic
channel to an adjacent microfluidic channel. See, for example, FIGS. 3A-3B and 3E. In
some embodiments, the microthmdic device has one or more capture elements located
downstream or upstream of a trapping chamber. In certain embodiments, the microfluidic
device (300b} has one or more capture elements located upstream of each trapping chamber.

See Fi(G. 3B,
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18078} In yet other embodiments, the microfluidic device (300¢) includes at least two
microfluidic channels in fluid communication with one another through a bypass channel
only. Here, at least one of the microfluidic channels have one or more enclosed trapping
chambers as shown, for example, in FIG. 3C. As stated above, the dimensions of each
enclosed trapping chamber may vary, so long as each trapping chamber is surrounded by a
pressurized control channel, as shown in FIG. 3C. As depicted in FIG. 1D, in some
instances the sidewalls extending away from the first opening are paraliel to each other. Ina
specific embodiment, the sidewalls extending away from the first opening and microfluidic
channel are not parallel. See FIG. 1A, In certain emnbodiments, the microfluidic device also
includes a capture element positioned downstream of the first opening of a trapping
chamber, as described above. In other embodiments, the microfluidic device has one or

more capture elements located downstream of each trapping chamber. See FIG. 3C.

(8479} In some instances, as depicted in FIG. 3D, the microtluidic device of the present
disclosure (300d) includes at least two microfluidic channels in fluid communication with
one another through a bypass channel and at least one trapping channel, whereby the
trapping channel connects the trapping chamber{s} of a first microfluidic channel to an
adjacent microfluidic channel. See FIG. 4. In specific embodiments, each of the
microfluidic channels have at least one trapping chamber affixed to a trapping channel,
whereby the trapping channel connects the trapping chamber(s) of a first microfluidic
channel to an adjacent microfluidic channel. Here, one of more of the trapping chambers
can include a blocking rail as shown, for example, in FIG. 3D, As stated above, the
blocking rail and trapping chamber can be configured in any manner known to one of
ordinary skill in the art that permits the flow of fluid, but not cells or particles of interest,
around, under or over the blocking ratl through the trapping chamber and into the trapping

channel.

Methods.

{6088} The inventors have identified several methods for trapping and encapsulating single
cells or particles of interest for turther isolation and analysis using the microfluidic devices
of the present disclosure. Generally, efficient trapping of a single cell or particle in an
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aqueocus solution containing a plurality of cells or an aqueous solution containing a
homogeneous population of a particular particle of interest 1s performed by introducing a
cell or particle to a microfluidic channel through a port located on a sidewall of a
microfluidic channel. A positive pressure is applied to the microfluidic channel forcing the
fluid contained therein to flow down the microfluidic channel over one or more
displacement elements, which displace the flow and cells or particles, directing the cells or
particles towards a capture chamber affixed to the microfhuidic channel. A cell or particle s
then trapped (captured) within the trapping chamber (such as, for example by plugging ina
trapping channel or being restrained by a capture element or binding rail. Without being
bound by any one particular theory, the location and geometry of the microfluidic channel,
displacement elements, trapping chamber, trapping channel, capture element and/or binding
rail increases resistance in the device and thus increases the flow toward the trapping
chambers. This enables the devices of the present disclosure to include a shorter bypass

channel, as set forth above, to connect adjacent microfluidic channels,

18081} Next, encapsulation occurs when an immiscible fluid is introduced to the
microfluidic channel through a port creating an interface with the aqueous solution. Using
the methods disclosed herein, the interface can be manipulated to create aqueous droplets
that encapsulate a single cell or particle trapped in a trapping chamber of a microfluidic
device. More specifically, when an interface progresses inside a channel its direction can be
controlled by capillary effect, which is governed by the dimensions of the channel and
flow-rate of fluid through a channel or series of channels; hydrodynamic resistance as
governed by flow rate and viscosity of the liquid flowing through the channel; and wetting,

which is controlled by the friction created by elements of the device.

10082} Therefore, the present disclosure also provides methods for encapsulating single cells

or particles from a sample using the microfluidic device(s) described above.

18083} In one aspect of the present disclosure, a method for encapsulating single cells or
particles of interest includes providing a first solution having at least one cell into a

microfluidic channel of the device at a position upstream of at least one displacement
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element. In some instances, first solution is a homogeneous mixture of particles. Here, a
positive pressure is applied to the microfluidic channel maintaining a desired rate of flow for
the solution through the microftuidic device forcing the at least one cell or particle of
interest through the microfluidic channel past the at least one displacement element, which
directs the flow of the at least one cell or particle to the first opening in the trapping
chamber. The cell or particle may be trapped by the first trapping chamber or, in
embodiments where the device comprises more than one trapping chamber, the cell or
particle may be trapped by a subsequent trapping chamber in the microfluidic device. The
cell or particle remains in the trapping chamber while the first solution continues to flow

downstream through the microfluidic device.

18084} As used herein the terms “fluid” and “solution” are used interchangeably to refers to
a substance that tends to flow and to conform to the outline of 1ts container, such as a
channel. Typically, fluids are materials that are unable to withstand a static shear stress.
When a shear stress is applied to a fluid, it experiences a continuing and permanent
distortion. Typical fluids include liquids {e.g., water or aqueous solutions), supercritical
fluids, and the like. The fluid may have any suitable viscosity, for example, a viscosity
similar to water (e.g., as in an aqueocus solution) or oil. In specific instances, multiple fluids
can be provided to a microfluidic device. The tluids can be miscible or immiscible. Those
of ordinary skill in the art can select suitable miscible or immiscible fluids, using contact
angle measurements, tables of interfacial energies, and the like. The skilled artisan can also
modulate interfacial tension between two fluids to obtain desired properties of the fluids
such as jetting of one fluid in the other, onset of Rayleigh-Plateau instability, shear-driven

drift, and the like, using suitable surfactants.

{0085} The first solution can be an aqueous liquid that includes one or more cells such as,
for example, a plurality of cells. In certain instances, the first solution can be an aqueous
solution that includes a plurality of particles that has been processed to contain only one type
of particle, such as a nucleus, organelle or bead (i.e., a “homogenous mixture of particles™)
In some embodiments, the first solution can include a buffer reagent and/or dissolved ions.
In one embodiment, the solution can be an aqueous buffer including, for example, a pluronic
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F-68 solution and phosphate buffered saline. In other embodiments the first solution
includes a surfactant. In other embodiments, solution could contain antibodies, cell lysis
solution, reagents such as enzymes (e.g., transposases, polymerases) or other materials
known to those of ordinary skill in the art used to to perform amplification (PCR) or

nucleotide sequence tagging and/or barcoding,

18086} A “sample” refers to a fluid capable of flowing through a channel. Thus, a sample
can include a fluid suspension of biologically-derived particles (such as cells, organelles,
nuclel, etc.). The sample can comprise a material in the form of a fluid suspension that can
be driven through microfluidic channels can be used in the systems and methods described
herein. For example, a sample can be obtained from an animal, water source, food, soil, or
air. If a solid sample is obtained, such as a tissue sample or soil sample, the solid sample
can be liguefied or solubilized prior to subsequent introduction into the system. A sample
can generally include suspensions, liquids, and/or fluids having at least one type of particle,
cell, and/or bead. Further, focusing can produce a flux of particles enriched in a first particle
based on size. Cells can be, alive or fixed, such as adult red blood cells, fetal red blood
cells, trophoblasts, fetal fibroblasts, white blood cells, epithelial cells, tumor cells, cancer
cells, hematopoeitic stem cells, bacterial cells, mammalian cells, plant cells, neutrophils, T
lymphocytes, B lvmphocytes, monocytes, cosinophils, natural killer cells, basophils,
dendritic cells, circulating endothelial cells, antigen specific T-cells, and fungal cells.
Samples can be diluted or concentrated to attain a predetermined ratio before and/or during
introduction of the sample into the system. In general, the cell to volume ratio can be less
than about 50%. In other embodiments, cell to volume ratios can be less than about 40%,
30%, 20%, 10%, 8%, or 6%. More particularly, in some embodiments, cell to volume ratios
can be in a range of about 0.001% to about 5%, e.¢., in a range of about 0.01% to about 4%.
In general, a maximum cell to volume ratio for a specified cell size and channel geometry
can be determined by one of ordinary skill in the art. The term “particle” can also include a
particle, such as non-biologically derived sphere (i.e., a bead) having predetermined

dimensions. In sorue instances, the bead can be conjugated to another particle or cell.
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18087} As used herein, the term “flow” refers to the passage of a fluid in a specific direction,
i.e., downstream, which may change over time. The flow may be continuous and/or
discontinuous. The flow may be laminar or turbulent. In specific embodiments of the
present disclosure the flow is laminar. A continuous flow may for example move a solution
containing one or more cells or particles through a channel. As such, the flow path, shape or
rate may depend on the shape of the channels in which the fluid travels or displacement

elements therein.

{0088} Various techniques exist for moving a sample through a microfluidic channel. For
example, a microfluidic system can include a pumping mechanism for introducing and
moving the fluid sample into and through one or more microfluidic channels. The pumping
mechanism can also regulate and control a flow rate within the channels as needed. A
specific pumping mechanism can be provided in a positive pumping configuration, in a
negative pumping configuration, or in some combination of both. In one embodiment, a
sarnple can be introduced tuto the inlet and can be pulled into the system under negative
pressure or vacuum using the negative pumping configuration. A negative pumping
configuration can allow for processing of a complete volume of sample, without leaving any
sample within the channels. Exemplary negative pumping mechanisms can include, but are
not limited to, syringe pumps, peristaltic pumps, aspirators, and/or vacuum pumps. In other
embodiments, a positive pumping configuration can also be employed. A sample can be
introduced into the inlet and can be injected or pushed into the system under positive
pressure. Exemplary positive pumping mechanisms can include, but are not himited to,
syringe pumps, peristaltic pumps, pneumatic pumps, displacement pumps, and/or a column
of fluid. Oscillations caused by some pumping mechanisms, such as a peristaltic pump, can

optionally be damped to allow for proper focusing within the channels.

18089} Flow rates within the channels can be regulated and controlled. For instance, any
number and variety of microfluidic valves can also be included in the system to block or
unblock the pressurized flow of particles through the channels. The microvalve can include
one or more mobile diaphragms or flexible membranes tormed in a layer above a channel
branch, inlet, or outlet such that upon actuation, the membrane is expanded up to decrease
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resistance within a channel branch, inlet, or outlet, or expanded down into the channel to
increase resistance within the same. Further details and discussion of such microfluidic
diaphragms are disclosed in PCT Publication No. PCT/US2006/039441 entitled, “Devices
and Methods for Cell Manipulation” filed Oct. 5, 2007 and incorporated herein by reference
in its entirety. Optionally, one or more microfluidic, size-based separation modules or filters
can be included to prevent clogging within the channels by preventing certain cell or particle
sizes or cell types from entering the chanunels and/or to facilitate collection of cells or

particles for downstream processing.

(8090} The fluid stream of cells or particles of interest can pass through a port (inlet or
outlet) of a microfluidic channel through a nozzle and into a medium suitable to induce
droplet formation from the fluid stream. Droplet formation of the fluid can be induced by
injecting the fluid 1nto a second immuscible iquid, as described by Utada et al, Phys. Rev.
Lett. 99, (94502 (2007}, incorporated herein by reference in its entirety. The mechanism of
droplet formation of the fluid is related to the presence of the surrounding viscous liguid. A
liquid forced through an orifice will ultimately break into droplets at slow flows, whereas at
faster flows the liquid forms a thin stream that breaks into droplets away from the orifice;

these are the dripping and jetting regimes.

(8891} In some embodiments, of the present disclosure, the trapping step includes providing
a solution comprising at least one cell or particle of interest, preferably a plurality of cells or
particles by injecting the cells or particles through an inlet port located upstream of at least
one displacement element. In some embodiments, the solution can be injected at a flow rate
of 0 to 40 ul/hr, 10 to 40 ul/hr, 15 to 40 pl/hr, 20 to 40 ul/hr or 30 to 40 pl/hr. In methods
specific to the trapping and encapsulation of non-biological particles such as particle
containing solution can be injected at a flow rate of up to 100-200 pl/hr, 100-150 pl/hr,
100, or higher. In other embodiments, the cell- or particle~-containing solution can be
injected at a flow rate between 1pl/hr and 20 pl/hr, Sul/hr and 20 pl/hr, 6ul/hr and 20 pl/hr,
Tul/hr and 15 pl/br, Tal/hr and 10 pl/hy, 5 plbr and 10 pl/br, 6pl/hr and 10 pl/br or Tpl/hr
and 8 ul/hr. In some embodiments, the cell or particle-containing solution can be injected at

a flow rate of Tul/hr, 2 wi/he, 3 pl/be, 4 pl/br, S plibr, 6 pl/hr, 7 ul/he, 8 pl/he, 9 pl/he, 10

(8]
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wl/hr, 11 pl/hr, 12 plihr, 13 plhr, 14 pl/hr, 15 pl/br, 16 pl/hr, 17 pl/hr, 18 pl/hy, 19 pl/hr, 20

ul/hr or greater.

[8692] In a specific embodiment where the cells are living, the cell containing solution 13
injected at flow rate of between ¢ pl/hr and 10 pl/hr. In one example, the cell containing
solution is injected at flow rate of 8 ul/hr. In another embodiment, where the cells are fixed,
the cell containing solution is injected at tlow rate of between 18 pl/hrand 22 pl/hr. Ina

specific embodiment, the cell containing solution is injected at flow rate of 20 pl/hr.

[8093] As shown in FIGS. 5A-SB, the cells flow downstream through the microfluidic
channel (101) over at least one displacement element (102}, where the cells are displaced
and focused toward a trapping chamber (103, 103a, 103b), where a single cell is captured in

each subsequent trapping chamber.

18094} In some embodiments, such as those depicted 1n FIGS. 4 and 5A-5B, the cells or
particles are trapped in a trapping chamber (103} by flowing through the first opening (104)
of the trapping chamber through the trapping chamber (103) and “plugging” the trapping
channel (107) by at least partially blocking in the second opening (106). In some instances,
the second opening (106) and trapping channel are designed so that a single cell or particie
of interest will completely plug the trapping channel (107} by blocking all fluid flow
through the trapping channel (i e., bypass mode, wetting mode). In other embodiments, the
second opening and trapping channel is designed so that a single cell or particle plugs in the
second opening (106) or the trapping channel (107) and only partially blocks the flow of

fluid through the trapping channel (i.e., sweeping mode).

{8095} In other embodiments as depicted in FIG. 5C, a cell or particle provided to the
microfluidic channel (101} in an agueous buffer solution is captured in a trapping chamber
{103) by tlowing through the first opening (104} of a trapping chamber that includes a
blocking rail {111}, Here, the cell or particle flows downstream over displacement elements
{(not shown) and is directed into a trapping chamber (103) including a blocking rail (111).
Once the cell or particle is contacted by the blocking rail (111), it is guided into a “pocket”

where the cell remains trapped. As depicted in FIG. 5C the agueous cell- or particle-
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containing solution can flow freely arcund the blocking rail (111) through the trapping

chamber {103} into an adjacent microfluidic channel (101a).

[8696] In another embodiment as shown in FIG. SD, a cell or particle is trapped in a
trapping chamber (103} by flowing downstream over displacement elements (not shown)
where it 1s directed toward a capture element (109) extending into a portion of the
microfluidic channel (101} and the first opening (104) of the trapping chamber (103). The
cell or particle then remains trapped by a hook shaped capture element (109) where it

remains until encapsulation.

8697} In one embodiment as shown in FIG. 5E, a cell or particle is trapped in a trapping
chamber (103} containing a first opening (104) and a second opening (106} affixed to a
trapping channel (107) by flowing the cell or pasticle downstream through the microfluidic
channel (101) over displacement elements (102) where 1t is directed toward a capture
element (109) extending into a portion of the microfluidic channel (101) and the first
opening {104) of the trapping chamber (103). Here, the cell or particle flows into the
trapping chamber (103) where a single cell 1s pulled toward the trapping chanuvel (107) and

plugged, as described above.

18098} In yet another embodiment, which is depicted in FIG. 5F, a cell or particle is
captured by flowing downstream over displacement elements (102) where it 15 directed
toward a capture element (109} extending into a portion of the microfluidic channel (101}
and the first opening (104) of a trapping chamber (103) which does not have a second
opening and is not in fluid communication with a trapping channel. Here, the trapping
chamber (103) has a pressurized control channel (110} on the outer surfaces of the trapping
chamber. The cell or particle 18 then directed into the trapping chamber by fluid flow
wherein a cell remains until encapsulation. In some embodiments, the cell or particle can

remain trapped in the capture element adjacent to the trapping chamber.

10099} Once a cell or particle 13 trapped by the trapping chamber and/or capture element the
cell or particle can then be encapsulated in a droplet. Generally, during the encapsulation

step, a second solution that 15 different than the first cell- or particle-containing solution is
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introduced to the microtluidic channel through a port (i.e., input port). A pressure is then
applied to the microfluidic channel to direct the second solution to flow in a desired
direction toward the trapping chamber(s) containing a trapped cell. Here, the second
solution creates an interface with the first solution present 1o the microfluidic device. As the
interface progresses through the microfluidic device, the bulk of the interface moves at a
speed and direction is controlled by the flow rate and, in some instances by the dimensions

of the channels, as set forth herein.

{01030} The port used to provide the second solution to the microfluidic channel can be the
same as the port used to inject the first cell- or particle-containing solution, or it can be

different.

18101} In some embodiments, the second solution is an immiscible fluid, such as otl or an
organic solvent. In certain embodiments, the liquid is an oil, such as those known to
ordinary skill in the art. In specific embodiments, the solution is mineral oil, vegetal oil,

silicone otl, or fluorocarbon ail (e.g., FC40 and HFE7500 fluoronated oil}.

(8102} In some embodiments, a pressure is applied to the microfluidic device so that the

second solution flows in the same direction as the first solution.

10163} In embodiments where a cell or particle 1s trapped using any of the methods set forth
in FIGS. 5B-5D and 5F, the second solution flows in the same direction as the first solution.
Theretore, the interface between the first solution and the second solution moves through the

device in the same general direction as the first solution.

[0104] For example, in the exemplary encapsulation method shown in FIG. 6A,
encapsulation of a cell or particle of intereste in a droplet trapped using the trapping method
depicted in FIG. 5B using the microfluidic devices of FIGS. 3A occurs by injecting a second
solution (114) that 1s immiscible with regard to the first solution {112) such that the two
solutions form an interface (113) in the microfluidic channel (101). Here, the interface
progresses through the microfluidic device in the same direction that the first solution (112)
moved through the microfluidic device. As the second solution flows downstream toward
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the trapping chamber (103), a second interface between the first solution and the second
solution 1s formed in the first opening (104) of the trapping chamber. In this exemplary
encapsulation method, the second interface is formed in the first opening of the trapping
chamber because the trapped cell or particle blocks the trapping channel preventing tlow
from being directed into the trapping chamber. Also, the flow rate, bypass channel and
channel dimensions enable the formation of the first interface before a wetting film is
formed on inner sidewalls of the microfluidic device See FIG. 6A. In this embodiment, the
tlow rate of the second solution is sufficiently high enough to prevent wetting ahead of the
interface and low enough not to damage the cell. For example, the flow rate 13 between 6
ul/hr and 10 pl/hr in instances when a live cell is captured. In a specific embodiment where
live cells are trapped and encapsulated, the second solution cell 1s injected at a flow rate of 8
ul/hr. In embodiments where the cells in a sample are fixed, the second solution is injected
at a flow rate of between 6 ul/hr and 22 ul/hr, 10 pl/hr and 20 pl/hr, 15 pl/br and 20 ul/hr, or
18 ul/hr and 22 pl/br. In a specific embodiment, the second solution 1s injected at a flow
rate of 20 pul/hr. Next, the first interface (113) progresses through the bypass channel (108)
into a second adjacent microfluidic channel (101a) that is connected to the trapping chamber
{103} by a trapping channel (107). Since, the first interface must flow through the bypass
channel and not be redirected into the trapping chamber, 1t 15 essential that the bypass
chamber be contigured for low resistance as set forth above. When the first interface (113)
moves downstream of the trapping channel in the second adjacent microfiuidic channel
{1012} a droplet encapsulating the single cell or particle trapped in the trapping chamber is
tormed due to a change in pressure across the trapping channel that releases the plugged cell
ot particle from the trapping channel into an aqueocus droplet having the same dimensions as

the trapping chamber. See FIG 6A.

[8105] In another exemplary encapsulation method of the present disclosure, encapsulation
of a cell or particle in a droplet trapped using the trapping method depicted in FIG. 5B
occurs by injecting a second solution {114) that is immiscible with regard to the first
solution (112) such that the two solutions tform an interface (113) in the microfluidic channel
(101). Again, the interface progresses through the microfluidic device in the same direction

that the first solution (112) moved through the microfluidic device. As the second solution

37



WO 2018/183744 PCT/US2018/025248

flows downstream toward the trapping chamber (103),the tlow rate of the second solution
(114) maintained at a flow rate that causes a thion precursor film of second solution (i) to
torm (“wetting”} on the inner sidewalls of the microfluidic device ahead of the interface
(113). This directs the first interface (113) to progresses toward the bypass channel and into
the trapping chamber {103) through the trapping channel (107). Ouce the second solution
wets the inner sidewalls of the trapping chamber (103} and tlows into the trapping channel
{107) the second solution surrounds the first sclution containing the trapped cell or particle
torming a droplet (115} prior to the first interface reaches the trapping channel in the second
adjacent microfluidic channel (101a). See FIG. 6B. In this method, the flow rate is
maintained at a rate of less than 6 ul/hr. In certain embodiments, the low flow rate for this
encapsulation method is maintained at a rate of less than 1 ul/br. In some non-limiting
examples, the flow rate is between 0.1 ul/hr and 1.0 pl/hr, 0.2 pl/br and 1 pl/hy, 0.3 plibr
and 1 ul/hr, 0.4 ul/brand 1 pl/hr, 0.5 p/hr and 1 pl/hr, 0.6 pl/hr and 1 plhr, 0.7 pl/br and 1
ul/br, 0.8 pl/hrand 1 pl/hr or 0.9 pl/hr and 1 pl/hy, inclusive. In a specific embodiment, the
flow rate 1s between 1 ul/hr and 6 ul/hr, 1 ul/hr and 5 p/hr, 1 pl/hr and 4 pl/hr, 1 pl/hrand 3
pl/hr or 1 pl/br and 2 pl/he

[8106] In a third exemplary encapsulation method, encapsulation of a cell or particle ina
droplet trapped using the trapping method depicted in FIG. 5B and the device of FIG. 3E
occurs by injecting a second solution (114) that s immiscible with regard to the first
solution (112} such that the two solutions form an interface (113} in the trapping chamber
(103). Again, the interface progresses through the microfluidic device in the same direction
that the first solution (112) moved through the microfluidic device. However, in this
trapping method the second opening (106} and/or the trapping channel (107) has a cross-
sectional diameter that is not fully blocked by the cell or particle plugged therein. Hence, as
the second solution flows downstream toward the trapping chamber {103}, the second
sotution will flow into the trapping chamber (103} and through the trapping channel (107}
releasing the cell or particle from the trapping channel {107) and “sweeping” the cell or
particle into the trapping chamber (103) where it forms a droplet (115) encapsulating the
trapped cell or particle of interest. See FIG. 6C. An additional feature of this encapsulation

method is that additional trapping steps may be conducted in the same trapping chamber
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after a first encapsulation step is completed because the trapping channel (107} is
unobstructed once the first cell or particle is encapsulated. Thus allowing tnjection of a train
of droplets through a port, which flow downstream toward and into a trapping chamber
containing a droplet, such that multiple droplets are maintained within the same trapping
chamber. The second droplet could then be fused either chemically or using an electrical

field delivered by on-chip electrodes to the first droplet.

18107} In a fourth exemplary embodiment, encapsulation of a cell or particle in a droplet
trapped using the trapping method depicted in FIG. 5C using the device shown in FIG. 3D
occurs by injecting a second solution (114) that is immiscible with regard to the first
solution (112} such that the two solutions form an interface (113} in the trapping chamber
(103). Again, the interface progresses through the microfluidic device in the same direction
that the first solution (112) moved through the microfluidic device. However, 1o this
trapping method the second opening (106} and/or the trapping channel {107) 1s not blocked
by the cell or particle of interest because the cell or particle 1s separated from the trapping
channel and second opening by the blocking rail {111}, Hence, as the second solution flows
into the trapping chamber (103) around the blocking rail (111} and through the trapping
channel (107) forming a droplet (115} within a “pocket” created by the blocking rail (111)
that encapsulates the single, trapped cell particle. See FIG. 6D,

[0168] In a fifth exemplary embodiment, encapsulation of a cell or particle of interest in a
droplet trapped using the trapping method depicted in FIG. 5D using the microfluidic
devices of FIGS. 3C occurs by injecting a second solution {114} that is immiscible with
regard to the first solution (112} such that the two solutions form an interface (113) in the
microfluidic channel (101). Here, the interface progresses through the microfluidic device
in the same direction that the first solution (112) moved through the microfluidic device. As
the second solution flows downstream toward the trapping chamber (103}, a second
intertace between the first solution and the second solution is formed in the first opening
{104) of the trapping chamber. In this encapsulation method, the second interface is formed
in the first opening of the trapping chamber because the trapping chamber is enclosed except
tor the opening; hence, there is no flow through the trapping chamber. Also, the flow rate,
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bypass channel and channel dimensions enable the formation of the first interface before a
wetting film 1s formed on inner sidewalls of the microfluidic device. See FIG. 6A. This
results in a droplet being formed that encapsulates the single-trapped cells, whereby the

droplet has the same dimensions as the trapping chamber.

(01698} In a sixth exemplary embodiment, the encapsulation of a single cell or particle
trapped using the device of FIGS. 1C or 3B occurs by injecting a second solution (114) that
is immiscible with regard to the first solution (112) such that the two solutions form an
interface (113} in the microfluidic channel (101). Here, the interface (113) progresses
through the microfluidic device in the same direction that the first solution (112) moved
through the microfluidic device. In this instance, flow of the second fluid into the trapping
channel is restricted because the flow rate pushes the second solution past the trapping
channel opening tn a microfluidic channel to the bypass channel. As such, when a cell or
particle is trapped using the microftuidic device of FIG. 1C or 3B and the method set forth
in FIG. 5D will force the second solution to flow downstream past the trapping channel
(107) toward the bypass channel (108}, As the second solution flows past the trapping
channel (107) the cell or particle will remain in the trapping chamber due to the location of
the hook like capture element (109} that extending into at least a portion of the first opening
{104) of the trapping chamber (103). Then, as the interface (113} progresses into the
microfluidic channel toward the first opening (104) in the trapping chamber (103) an
interface (113) at the first opening (104) in the trapping chamber (103) is formed, causing a
droplet (115) encapsulating the trapped cell or particle to form having the same dimensions

of the trapping chamber (103). See FIG. ¢E.

(8118} In one embodiment, a pressure is applied to the microfluidic device so that the
second solution flows in a direction opposite to that of the first solution. Here,
encapsulation of a single cell or pasticle in an aquecus droplet is based on “capillary
valving”. See H Boukellal et al. Lab Chip, (2009} 9, 331-338. Here, the interface will
preferably follow the path with the larger cross-section when flowing a reduced flow rate
(1.e., less than 6 ul/hr, less than 2 pl/hr, or less than 0.1 pl/hr and 1 pl/hr). Further, in
specific embodiments, the second solution 1s flowed through the raicrofluidic device in the

40



WO 2018/183744 PCT/US2018/025248

absence of a surfactant to reduce wetting. As shown in FIG. 6E, when a cell or particie is
trapped using the microfluidic device of FIG. 3B and the method set forth in FIG. 5E
capillary valving will force the second solution to flow downstream past the trapping
channel (107) toward the bypass channel (108). As the second solution flows past the
trapping channel (107} the cell or particle will be released from the second opening (106} in
the trapping chamber where it was plugged into the trapping chamber where 1t will be
captured by the capture element (109} and retained within the trapping chamber. Then, as
the interface (113) progresses into the microfluidic channel toward the first opening (104} in
the trapping chamber (103) an interface (113) at the first opening (104) 1u the trapping
chamber (103) 1s formed, causing a droplet (115) encapsulating the trapped cell or particieto

form having the same dirnensions of the trapping chamber (103).

18111} In some embodiments, the single cell or particle containing droplets formed by any
one of the encapsulation steps above, can be isolated {i.e, retrieved). In one embodiment,
after encapsulation the flow of the second solution {e.g., oil} is reversed. For example, the
second solution can be reversed by applying a pressure through a port that is opposite to the
direction that the second solution first flowed through the microfluidic device. During this
isolation step, the flow rate of the second solution is incrementally increased to 40 pl/h to
displace the droplets from the trapping chamber(s). In embodiments whereby several
droplets were formed sequentially, the droplet closest to the port 1s dislodged first and the
reversed flow will sequentially displace the remaining droplets until all droplets are flowing
through adjacent microfluidic channels of a microfluidic device, where they can be retrieved
through a second port (output port) located downstream of the final trapping chamberin a
series of trapping chambers. See FIG. 7. In another embodiment, a droplet encapsulating a
single cell mayv be isolated by evicting the droplet from a trapping chamber by applying a
positive pressure to a pressurized control channel located on the outermost surface of the
trapping chamber (see FIG. 3C). Here, the pressurized control channel is kept at
atmospheric pressure until after encapsulation, then the pressurized control channel is put
under pressure. Increasing the pressure in the pressurized control channel exerts a force on

the walls of the trapping chamber, which reduces the volume of the chamber, forcing the
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droplet out of the first opening in the trapping chamber into a microfluidic channel where it

can be isolated as set forth above.

[8112] While the present invention has been shown and described with reference to certain
embodiments thereof, it will be understood by those skilled in the art that varicus changes in
from and details may be made therein without departing from the spirit and scope of the

present invention, the non-limiting examples to follow and equivalents thereof.

EXAMPLES

Example 1: Device configuration for trapping cells with high efficiency.

18113} As stated above, the configuration of the bypass channel (108) is integral to
accomplish efficient trapping and single-cell encapsulation. The bypass was shorted when
compared to those known in the art. A cell proceeds through microfluidic channel (101)
into the trapping chamber when its center of mass s located within the streamlines that flow
down a microflmdic channel over the displacement elements and through a trapping
chamber. As the incoming cells are distributed randomly across the cross-section of the
channel, the probability of cell capture using one of the above referenced trapping methods
ts increased by increasing the ratio of the flow through the microfluidic channel over the
flow through the bypass channel ((Qtrap/Qbypass). Here, a particle (i.e, acell}is
preferentially directed towards a vacant trapping chamber if and only if Qtrap>Qbypass.
However, increasing the hydrodynamic resistance of the bypass channel by using a lengthy
channel causes the following issues: (1) cell clogging due to a limited shear rate through the
bypass channel; (2} high pressure differential exerted on the captured cells; and (3) multiple
cells captured per trapping chamber. Notably, a long bypass channel is not always
compatible with a reliable encapsulation as captured cells tend to be squeezed out due to an

excessive pressure differential,

(8114} Displacement elements are utilized to focus cells towards the capturing streamlines
and make single-cell capture compatible with the subsequent encapsulation. See FIGS. 2A-
2E. Displacement elements coerce cells into crossing streamlines to ensure capture

regardless of their inttial position. FIG. 2E. Here, it was shown that fluid flow 1s locally
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split between the diverted flow going under the displacement element {(approximately 30%
of the total flow) and the steering flow in the open microfiuidic channel. The diverted flow
is inaccessible to the typical cell, as the channel height between the channel sidewall and the
maximum height of the displacement element is about 12 pm. Thus, a cell following a
streamline heading under the overhang is displaced towards a steering flow streamline by

sliding against the edge of the overhang.

[8115] Data revealed that a single displacement element elicits a weaker flow displacement
than the series of six structures aligned in series. This ts supported by numerical simulations
that show the generation of an elongated longitudinal vortex by repeated structures (data not
shown). Here, flow streamlines initially going below the overhangs (diverted flow) are
steered towards the open microfluidic channel section (steering flow) after passing
underneath 2 or more displacement elements. Consequently, a series of overhangs leads to
improved cell focusing. As shown in FIG. 2E, the normalized lateral position v is used to
mounttor the position of the cell. Plotting the final lateral position ve as a function of the
initial cell position y;, shows that the overhangs displace cells towards the trapping chamber.
Optimally, the series of overhangs are slanted compared to the walls of the channel (tapered)
to gradually increase the portion of flow going under the structures and minimize the

number of constrictions with higher shear stress. FIGS. 2A and 2C.

(8116} In embodiments that depend on cell plugging to trap a cell in a trapping chamber,
complete plugging of the trapping channel by a cell: (1) prevents the capture of multiple
cells per trap, and (2} enables cell-plugging encapsulation methods. Here, trapping channels
with a square cross-section ensure an efficient plugging of the flow by single-cells, as shown
in FIG. 4. This device design assures that an efficient plugging can be achieved with cells of
different sizes and rigidity, as demonstrated by the observed ability to use both live and
fixed cells. It also reduces the likelihood of the cell being deformed and forced through the

trapping channel.

[8117] Further, the number of trapping chambers necessary to capture each cell in a sample

of cells was evaluated in order to determine trapping efficiency. A498 cancer cells (~105

4
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cells/mL) were injected using a syringe pump at low flow rate (6 to 20 uL/h) into a circuit
privaed with a 2% weight Pluronic F-08 solution in D-PBS (solution 1). Cell were
monitored as they progressed through the microfluidic device, and the trapping events were
recorded at the first vacant trapping chamber. Data (v=566 cells) revealed that an incoming
cell is captured by the first unoccupted trapping chamber in 93 8% of cases, and by the
second empty trapping chamber in a series of trapping chambers 5.6% of the time.
Furthermore, a cell was not captured by one of the first 4 trapping chambers in a series of
trapping chambers in less than 0.6% of trials. As such, the microfluidic devices of the
present disclosure are self-correcting because a cell not captured by the first trapping
chamber in a series of trapping chambers will be displaced towards a subsequent trapping

chamber by the displacement elements where they will be captured.

[8118] In addition, we observed that using the subject methods and microfluidic devices,
single-cell capture was equally efficient for live and fixed cells. For example, a single cell is

captured in roore than 96% of the cases for live cells, and 99% for fixed cells.

18119} In view of the foregoing, by focusing cells towards the trapping chambers using the
Otrap>Obypass design rule improved single-cell trapping efficiency using a short bypassing
channel (Qtrap/Qbypass = 0.2} compatible with the encapsulation step was achieved.
Therefore, using the present methods and microftuidic devices a cell-of-interest is highly
likely (>99%} to be trapped within the first two trapping chambers in a series of trapping
chambers, ensuring that any sample of live or fixed single-cells injected in our device can be
reliably trapped without cell loss, overcoming a major limitation of current single-cell

droplet microfluidic encapsulation methods.

Example 2: Materials and Methods,

18128} Microthuidic devices were tabricated following typical protocols, such as those set
forth in E. Brouzes, Single-Cell Analysis: Methods and Protocols (2012) pp. 105-139, the
entire contents of which is incorporated herein by reference. Designs were created on
Autocad 2000, printed onto Fuji transparent masks at 25,400 dpi (CAD/Art Services, Inc.,

OR). A photoresist mold was fabricated on a 3-inch silicon wafer (UniversityWater, MA)
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using two-step photolithography. The first layer of negative photoresist (SUS-2010,
MicroChem, MA) was about 12 pm thick, and the second layer (20 um thick) was obtained
after finely aligning the second mask to overlap with the design of the first one. The master
was treated with a vapor of a fluorinated 1H, 1H, 2H, 2ZH-Perfluorcoctylirichlorosilane
(007146, Oakwood Chemical, SC) for 90 minutes. A single layer of PDMS (Sylgard 184
Silicone Elastomer Kit, Dow Corning} obtained by molding, was bonded using an O plasma
cleaner (Harrick plasma), onto a glass slide previcusly spin-coated with PDMS (1,000 rpm

tor 40 seconds). This ensured comparable surface properties on the four walls of our circuit.

10121} Surface freatment. A hydrophobic and fluorophilic device are required to obtain the
exceptional results described above. As such, a solution of Novec 17207 (3M™) was
injected for 20 minutes at 100 pl/h just after bonding; then the chip is left to dry at room
temperature for 20 minutes, before being placed on a hotplate at 150°C for 30 minutes. This
treatment protocol reliably provided high-quality surface treatment, displaying a static
contact angle with purified water of 8,5, = 106° +/- 3 (n=16). The resulting microfluidic
device is reusable by washing the elements with FC40 fluorinated oil and then placing it

onto a hot plate at 100°C for a at feast 2 hours in the absence of water.

18122} Microfluidic device operation. Fluorinated o, HFE 7500 (3M™) was combined
with a peg-based krytox surfactant’ at 2% weight to ensure reproducible droplet generation
and stability while guaranteeing good wetting on the treated walls (where desired). The
microfluidic device is placed on an inverted microscope (Diaphot-TMD, Nikon) and the
fluid flow was observed using a 10X objective (Ph1 10/0.30 DL 160/0.17, Nikon) under
bright-field illumination. A 1 ml Gastight syringe (Hamilton) driven by a 290N Nemesys
syringe pump (Cetont GmbH) delivered drove flow rate. Images were recorded using a

CCD camera (XCD-V60, Sony).

10123] Normalized lateral position of cells through the microfluidic device. A goal was to
normalize the position of the center of the cell so that it is null when the cell is in contact

with the sidewall of the microfluidic channel from which the displacement elements extend



WO 2018/183744 PCT/US2018/025248

out into the channel, and equal to 1 when flowing up against the opposite sidewall on which

a trapping chamber resides.

[8124] i r 1s the estimated cell radius, v the position of the center of the cell and wqy, the

width of the channel, then the normalized lateral position of a cell (y) is defined by the

formula:
¥—¥F
z = —
Woe — 2

101258} Cell culture and viability assay. Experiments were conducted to demonstrate that
the trapping-encapsulation methods set forth herein have a marginal effect on cell viability.
There, there was no positional trapping effect, as cell viability did not correlate with specific

traps along the raicrofluidic device.

10126} Here, A498 cells and HeLa cells were maintained in complete medium consisting of
Eagle's Minimum Essential Medium (EMEM, Quality Biclogical} and DMEM (Gibco
11965092}, respectively, supplemented with 10% fetal bovine serum (Corning) and 1%
Penicillin-Streptomycin (Gibeco 15140122) 1n a standard tissue culture incubator

(HERACELL VIOS 160i) at 37°C and 5% CO2.

(8127} For device loading, cells were washed with DPBS, after detachment from culture
dishes with Accutase (Innovative Cell Technologies) and kept on ice until loading. Calcein
AM (Molecular Probes C1430) and Sytox orange (Molecular Probes S11368) were used to
quantity cell viability. Optimal concentrations were found to be 0.2 pM for both dyes. The
Live-Dead assays were conducted on a Nikon Eclipse Ti-E, using excitation filters 395/25
and 545/30 and enussion filters 460/50 and 620/60 for Calcein AM and Sytox Orange

respectively. When both signals were visible, the cell was considered compromised.

18128} Droplet volume estimate. The volume of a droplet was calculated immediately after
generation by measuring and roultiplying the droplet surface area by the height of the

trapping chamber. With Sy.pie representing the droplet surface area, /1, indicating the
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height of the channel and Vypie being the estimated volume of the droplet the following
formula was used to determine droplet volument:

Varopisr = 8o X Sgrvopler
Example 3. Trapping and encapsulation of single cells using droplet microfluidics.

18129} Cells were first isolated and immobilized into individual traps, a series of which are
used to create a linear array of hydrodynamic capturing sites. See FIGS. 1A-1F. Each trap
consists of two flow paths the trapping pathway and the bypass pathway. The trapping
pathway circumvents the bypass pathway by allowing the flow of solution through a
trapping channel that connects a trapping chamber of a first microfluidic channel to a second
adjacent microfluidic channel. See FIG. 4. The trapping channels were designed to have a

constricted opening of sub-cellular dimensions.

18138} In certain embodiments, an incoming cell progresses downstream through an
unoccupied trapping chamber to the trapping channel until it blocks the entrance of the
trapping channel. The cell then plugs the trapping flow path {(cell-plugging effect) and
turther fluid flow is diverted through the bypass channel, effectively reconfiguring the iocal

tlow topology.

10131} As set forth above, the bypass channel was shortened to make the trapping and
encapsulation steps compatible, and overcame the loss of trapping efficiency by
incorporating displacement elements that displace incoming cells towards the trapping

chambers.

[0132] Next, the same celi-plugging principle was utilized to facilitate single-cell
encapsulation methods using the present microflutdic devices. Here, the injected immiscible
solution {oil} was diverted towards the bypass channel until it surrounded the trapping
chamber containing a single-cell. See FIG. 6A. This lead to two different modes of
encapsulation: the bypass mode and the wetting-driven mode. For both methods Droplet

generation was sequential and took place at all occupied traps, resulting in true single-cell
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encapsulation. The encapsulated cells were recovered for further analysis by reversing the

flow of oil. See FIG. 7.

18133} Based on the fluid injection rate and the surface properties of the microttuidic
device, cell-encapsulation methods were developed to take advantage of the cell-plugging
effect. As set forth herein, a captured cell plugs the trapping channel, thus diverting the
incoming flow towards the bypass pathway. The fluid (oil} first closes the chamber entry by
forming an oil-water interface betore progressing through the bypass channel. A droplet is
not vet generated, but the aqueous tlow is sphit: a small portion is stationary in the trapping

chamber, while the rest travels downstream through the bypass channel.

[0134] In the bypass mode, the droplet 1s generated when the oil front progresses through
the entire bypass channel and cuts off the side of the trapping channel opposite to the cell.
FIG. 6A. Some secondary droplets may occasionally get generated during the process, but
are rapidly evacuated by the flow of oil. A second exemplary mode of encapsulation 13
wetting-driven and encapsulation occurs when the oif wets the walls of the trapping chamber
and cuts off the trapping channel from within the trapping chamber as shown in FIG. 6B
This mode of encapsulation is dependent on the development of a thin precursor film that
develops ahead of the macroscopic wetting front and creeps along the walls of the trapping
chamber untif it reaches the trapping channel. The agueous phase is thus surrounded by oil
and a droplet is generated before the o1l front can cut off the trapping channel from the

bypass channel.

10135] While both the bypass and wetting-driven methods of encapsulation resulted in the
encapsulation of a single cell, their underlying principles are quite different. The wetting-
driven mode depends on a series of quasi-equilibrium states, as a thin film of oil needs to
develop along the trapping chamber walls. This implies a very slow inflow of ¢il and an
excellent oil wetting of the channel surfaces. Bypass mode is less dependent on surface
properties and is relatively accommuodating of various flow rates. Importantly, a captured
cell can be extruded through the trapping channel if the pressure differential it experiences

reaches a critical value. Thus, it was necessary to design a short bypass channel with a large
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cross-section to minimize the pressure exerted on trapped cells when oil flows through a

bypass channel.

18136] A cell proceeds through the trapping pathway only if its center of mass 1s located
within the streamlines that flow through the chamber. As the incoming cells are distributed
randomly across the cross-section of the channel, one can 1ncrease the probability of cell
capture by increasing the ratio of the flow through the trapping pathway over the flow
through the bypassing channel {(Qquap/Quypass). It has been shown herein that a particle is
preferentially directed towards a vacant trapping pathway if and only if Quap>Qhogpass.
However, increasing the hydrodynamic resistance of the bypass channel by using a lengthy
channel causes multiple problems: (1) cell clogging due to a limited shear rate through the
bypassing pathway; (2} high pressure differential exerted on the captured cells; and (3)
multiple particles per trap. Iuportantly, a long bypass channel 15 not compatible with a
reliable encapsulation as captured cells tend to be squeezed out due to an excessive pressure

differential.

191371 To overcome these issues, the present microthundic devices include a plurality of
displacement elements to focus cells towards the capturing streamlines and make single-cell
capture compatible with the subsequent encapsulation. FIG. 2ZA-2E. Here, tapered
displacement elements coerce cells into crossing streamlines to ensure capture regardless of
their initial position. Streamlines initially going below the displacement elements (diverted
flow) are steered towards the open channel section (steering flow) after passing underneath
at least two displacement elements. Consequently, a series of displacement elements

exhibited better cell focusing characteristics.

18138} The effect of the displacement elements were examined by reporting the lateral
position of cells flowing through a straight microfluidic channel comprising a series of
displacement elements FIG. 2C-2E. The normalized lateral position y is used to monitor the
position of the cell (ESI). Plotting the tinal lateral position yf as a function of the initial cell

position yi, shows that the displacement elements efficiently displace cells.
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18139} From the point of view of rare samples, it was critical to evaluate the percentage of
single cells that can be effectively trapped and further analyzed. Thus, the number of traps
necessary to capture each cell was determined 1n order to define the trapping efficiency of
the present methods and devices. As set torth above celis were injected through a port into a
microfluidic channel. Here, A498 cancer cells (~105 celis/ml} were injected using a syringe
pump at low flow rate (6 to 20 ul/h) into a circuit primed with a 2% weight Pluronic F-68
solution in D-PBS. Cells were monitored as they progress through the channels and trapping
chamber, and the trapping events recorded. Cell capture was equally efficient for live and
fixed cells. Aggregates of live cells are occasionally injected into the circuit, which result in

multiple cells being trapped in a single capturing site. Nevertheless, a single cell is captured

18140} By focusing tnconmung cells towards the trapping pathway, the Qtrap>Qbypass design
rule is fundamentally amended and as a result a very high single-cell trapping efficiency

using a short bypassing channel (Qtrap/Qbypass = 0.2} was obtained.

{8141} The distributions of droplet volume for both hive and fixed cells are unimodal and
were left-skewed. Most droplets follow a normal distribution: 90% of the droplets have a
volume of 164=9 pl for live cells; 85% of the droplets fall within the 15548 pl range for
fixed cells. Both distributions are centered on the estimated volume of the trapping chamber
{(i.e., 160 pl). The smaller droplets result from a leaking flow through the trapping channel
when cells do not completely plug the flow through the trapping chanunel. This effect was
also observed for very rigid particles such as strongly fixed cells or polystyrene beads {data
not shown). The droplet content reflects the cell distribution during the trapping step, and

most droplets contain a single cell.

18142} Once the encapsulation was completed, single cells were retrieved by reversing the
tlow of o1l (FIG. 7). This was achieved by slowly reducing the flow of incoming oil,
unplugging the oil tubing and connecting another cil tubing into the outlet. The oil flow rate
is incrementally increased to 40 pl/h to displace the droplets out of the traps. The droplet

closest to the outlet is dislodged first and sequentially triggers the displacement of the other
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droplets while traveling through the circuit. At the level of a single module, the presence of
a droplet in the bypass channel increases its effective hydrodynamic resistance and thus
slightly increases the pressure differential across the trapping chamber. This pressure
imbalance was sufficient to dislodge the trapped droplet. As such, the present devices and
methods permit the isolation of single-cell containing droplets from a larger sample of cells.
FIG. 7. These single-cells encapsulated within droplets can therefore be retrieved and

turther evaluated using methods known by those of ordinary skill in the art.
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WHAT IS CLAIMED i8:
1. A microtluidic device comprising:
a first region comprising
a microfluidic channel, wherein said microfluidic channel comprises at least
one displacement element on a first inner sidewall surface of said microfluidic
channel, wherein said at least one displacement element extends into the microfluidic
channel toward an second inner sidewall surface of the microfluidic channel that is
opposite said first inner sidewall surface, and
at least one trapping chamber coupled to the microfiuidic channel
downstream of said at feast one displacement element, wherein said at least one
trapping chamber comprises a first opening o said second 1oner sidewall of said
microfluidic channel that allows the flow of fluid into said at least one trapping
chamber;
a second region downstream of said first region comprising a second microfluidic
channel; and
a third region comprising a bypass channel, wherein said bypass channel adjoins the

first region and the second region.

2. The microfluidic device of claim 1, further comprising a port in a sidewall of said
microfluidic channel, wherein said port is located upstrearn of said at feast one displacement

element.

3. The microfluidic device of claim 1, wherein said at least one displacement element
coruprises between three and nine tapered displacement elements, wherein each of said
tapered displacement elements are aligned in series on said first inner sidewall surface of

satd microfluidic channel.

4. The microfluidic device of claim 3, comprising six tapered displacement elements.

(4
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5. The microfluidic device of claim 3, wherein each of said tapered displacement elements
has a maximoum height of between 10 pm and 25 um, and wherein the maximum height of

the microffuidic channel is between 22 pm and 37 pm.

6. The microfluidic device of claim 5, wherein each of said tapered displacement elements,
from upstream to downstream, have a greater maximum height than each preceding tapered

displacement element in the series of displacement elements.

7. The microfluidic device of claim 3, wherein said at least one trapping chamber comprises

at least two parallel sidewalls.

8. The microfluidic device of claim 3, wherein said at least one trapping chamber is

enclosed except for said first opening.

9. The microftuidic device of claim 8, further comprising a pressurized control channel on

an outermost surface of said at least one trapping chamber,

10. The microfluidic device of claim 9, further comprising a capture element located
downstream of said first opening, wherein said capture element is located on a sidewall of
said microfluidic channel, and wherein said capture element extends into said first opening

of the trapping chamber and a portion of said microfhuidic channel.

11. The microfluidic device of claim 10, wherein said capture element is hook-shaped.

12. The microftuidic device of claim 7, wherein said at least one trapping chamber
comprises a second opening opposite said first opening, and wherein said second opening is

connected to a trapping channel.

13. The microfluidic device of claim 12, wherein said trapping channel has a cross sectional
height and width that does not permit a cell having a diameter of between 10 pm and 26 um

to traverse the at least one trapping channel.

4%
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14. The microfiuidic device of claim 13, further comprising a capture element located on a
sidewall of said microfluidic channel, and wherein said capture element extends into said

tirst opening of the at least one trapping chamber and a portion of said microfluidic channel.

15. The microftuidic device of claim 14, wherein said capture element is downstream of

said first opening of said at least one trapping chamber.

16. The microfluidic device of claim 14, wherein said capture element is upstream of said

first opening of said at least one trapping chamber.

17. The microfiuidic device of claim 12, further comprising a blocking rail within said at
least one trapping chamber, wherein said blocking rail permits the flow of tfluid through said

at least one trapping chamber.

18. The microftuidic device of claim 12, wherein said bypass channel is a U-shaped channel

in fluid communication with said first region and said second region,

19, The microfluidic device of claim 18, wherein said trapping channel connects said first
microfluidic channel and said second microfluidic channel, and wherein said first

microfluidic channel and said second microfluidic channel are in fluid communication.

20. A method for encapsulating a single cell in a droplet comprising:

providing a first solution comprising at least one cell to the microfluidic device of
claim 19, wherein said first solution 1s injected into said first microfluidic channel through a
port located upstream of said tapered displacement elements, wherein said first solution
flows downstream over said tapered displacement elements,

directing said at least one cell into said at least one trapping chamber by flowing said
first solution through said first microfluidic channel at a flow rate of between 6 ul/hr and 22
ul/hr,

trapping a single cell in said at feast one trapping chamber, wherein said single cell
flows through said trapping chamber to said second opening in said at least one trapping

chamber, wherein said single cell plugs in said second opening;
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providing a second solution to the microfluidic device, wherein said second solution
flows in the same direction as the first solution toward said at least one trapping chamber
and forms first interface with said first solution in said first microfiuidic channel, and a
second interface with said first solution across said first opening of the at least one trapping
chamber;

directing said second solution into said bypass channel and said second nucrofluidic
channel toward said trapping channel by flowing said second solution at a flow rate of
between 6 pl/hr and 22 ul/hr; and

forming a droplet of said first solution comprising said single cell in said at least one
trapping chamber by flowing said interface through said second microtluidic channel past

said entire trapping channel.

21. The method of claim 20, wherein said first solution 18 an aqueous solution comprising a

plurality of cells and said second solution is an oil.

22. The method of claim 20, wherein said at least one cell 1s a living cell, and said flow rate
through said first microfluidic channel and said flow rate through said second ricrotluidic

channel is between 6 ul/hr and 10 pl/hr.

23. The method of claim 20, wherein said at least one cell is a fixed cell, and said flow rate
through said first microfluidic chanuvel and said flow rate through said second microftuidic

channel 1s between 15 pl/hr and 20 pl/hr.

24. The method of claim 20, wherein said microfluidic device further comprises a capture
clement and said trapping further comprises contacting said capture element with said single

cell, wherein said contacting directs said single cell into said at least one trapping chamber

25. The method of claim 24, wherein said capture element i3 located on a sidewall of said
first microfluidic channel, and wherein said capture element extends into said first opening

of the at least one trapping chamber and a portion of said first microfluidic channel.
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26. The method of claim 25, wherein said capture element is downstream of said first

opening of said at least one trapping chamber.

27. The method of claim 25, wherein said capture element is upstream of said first opening

of said at east one trapping chamber.

28. A method for encapsulating a single cell in a droplet comprising:

providing a first solution comprising at least one cell to the microfluidic device of
claim 17, wherein said first solution is injected into said first microfluidic channel through a
port located upstream of said tapered displacement elements, wherein said first solution
tlows downstream over said tapered displacement elements;

directing said at least one cell into said at least one trapping chamber by flowing said
first solution through said first microfluidic channel at a flow rate of between 6 pl/hr and 22
ul/hr;

trapping a single cell in said at least one trapping charober, wherein said single cell
tlows through said first opening of said trapping chamber and contacts said blocking rail in
said trapping chamber, wherein said single cell does not contact said second opening in said
trapping chamber;

providing a second solution to the microfluidic device, wherein said second solution
flows in the same direction as the first solution toward said at least one trapping chamber;
and

directing said second solution into said at least one trapping chamber channel and
said trapping channel by flowing said second solution at a tlow rate of between 6 pl/hr and
22 ul/hr; and

forming a droplet of said first solution comprising said single cell in said at least one
trapping chamber by flowing said second solution around said blocking rail into said

trapping channel.

29. The method of claim 28, wherein said first solution is an aquecus solution comprising a

plurality of cells, and wherein said second solution is an o1l
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30. The method of claim 28, wherein said at least one cell is a living cell, and said flow rate

is between 6 ul/hr and 10 pl/hr.

31. The method of claim 28, wherein said at least one cell is a fixed cell, and said flow rate

is between 15 pl/hr and 20 pl/hr.

32. A method for encapsulating a single cell in a droplet comprising:

providing a first solution comprising at least one cell to the microfluidic device of
claim 19, wherein said first solution is injected into said first microfluidic channel through a
port located upstream of said tapered displacement elements, wherein said first solution
tlows downstream over said tapered displacement elements;

directing said at least one cell into said at least one trapping chamber by flowing said
first solution through said first microfluidic channel at a flow rate of between 6 ul/hr and 22
pl/hr;

trapping a single cell in said at least one trapping charober, wherein said single cell
tlows through said at least one trapping chamber to said second opening in said at least one
trapping chamber, wheretn said single cell plugs in said second opening;

providing a second solution to the microfluidic device, wherein said second solution
flows in the same direction as the first solution toward said at least one trapping chamber
and forms first interface with satd first solution in said first microfiuidic channel;

directing said second solution into said at least one trapping chamber by flowing said
second solution at a flow rate of less than 6 pl/hr; and

forming a droplet of said first solution comprising said single cell in said trapping
chamber by flowing said second solution along the 1nner sidewalls of the at least one
trapping chamber into the trapping channel, wherein the second solution surrounds the first

solution containing said trapped single cell.

33. The method of claim 32, wherein said first solution is an aqueous solution comprising a

plurality of cells, and wherein said second solution is an oil.
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34 The method of claim 32, wherein said at least one cell is a living cell, and said flow rate
through said first microtluidic chanuvel and said flow rate through said second microfluidic

channel is between 6 ul/hr and 10 pl/hr.

35. The method of claim 32, wherein said at least one cell is a fixed cell, and said flow rate
through said first microfluidic channel and said flow rate through said second ricrotluidic

channel is between 15 pl/hr and 20 pl/hr

36. The method of claim 32, wherein said microfluidic device further comprises a capture
element and said trapping further comprises contacting said capture element with said single

cell, wherein said contacting directs said single cell into said at ieast one trapping chamber.

37. The method of claim 36, wherein said capture element is located on a sidewall of said
tirst microfluidic channel, and wherein said capture element extends into said first opening

of the at least one trapping chamber and a portion of said first microfiuidic channel. .

38. The method of claim 37, wherein said capture element is downstream of said first

opening of said at least one trapping chamber.

39 The method of claim 37, wherein said capture element is upstream of said first opening

of said at least one trapping chamber.

40. A method for encapsulating a single cell in a droplet comprising;

providing a first solution comprising at least one cell to the microfluidic device of
claim 9, wherein said first solution is injected into said first microfluidic channel through a
port located upstream of said tapered displacement elements, wherein said first solution
flows downstream over said tapered displacement elements,

directing said at least one cell into said at least one trapping chamber by flowing said
first solution through said first microfluidic channel at a flow rate of between ¢ pl/hr and 22
ul/hr,

trapping a single cell in said at least one trapping chamber, wherein said single cell

flows into said trapping chamber;
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providing a second solution to the microfluidic device, wherein said second solution
flows in the same direction as the first solution toward said at least one trapping chamber
and forms a first interface with said first solution in said first microfluidic channel, and a
second interface with said first solution across said first opening in the at least one trapping
chamber;

directing said second solution into said bypass channel and said second nucrofluidic
channel by flowing said second solution at a flow rate of between 6 ul/hr and 22 pl/hr; and

forming a droplet of said first solution comprising said single cell in said at least one
trapping chamber by flowing said first interface past said entire at least one trapping

chamber.

41. The method of claim 40, wherein said first solution is an aquecus solution comprising a

plurality of cells and the second solution 13 an oil.

42. The method of claim 40, wherein said at least one cell 1s a living cell, and said flow rate
through said first microfiuidic channel and said flow rate through said second microfluidic

channel is between 6 ul/hr and 10 pl/br.

43. The method of claim 40, wherein said at least one cell 1s a fixed cell, and said flow rate
through said first microfluidic channel and said flow rate through said second microfluidic

channel 15 between 15 plhr and 20 pl/hr.

44, The method of claim 40, wherein said microfluidic device turther comprises a capture
element and said trapping further comprises contacting said capture element with said single

cell, wherein said contacting directs said single cell into said at least one trapping chamber.

45. The method of claim 44, wherein said capture element is located on a sidewall of said
first microftuidic channel, and wherein said capture element extends 1unto said first opening

of the at least one trapping chamber and a portion of said first microfiuidic channel.

46. The method of claim 44, wherein said capture element is downstream of said first

opening of said at least one trapping chamber.

4%
o



PCT/US2018/025248

1718

WO 2018/183744

g1-v1 'S5l

901

1017



PCT/US2018/025248

218

WO 2018/183744

501

a1-21 'Sbid

<01

SOT

_/

901

101

101



PCT/US2018/025248

3/18

WO 2018/183744

41-41 'S5l

1017

101

501




PCT/US2018/025248

4/18

WO 2018/183744

4¢-YZ 'S

JUSIDIe00
jual QOm&mwﬁ

T 4

_

s § (D)




PCT/US2018/025248

5/18

WO 2018/183744

de-ve Shid




PCT/US2018/025248

6/18

WO 2018/183744

de-2€ SO




WO 2018/183744 . PCT/US2018/025248

FIG. 3E




WO 2018/183744

106

104

102

&

18

103

101

PCT/US2018/025248

FiG. 4



PCT/US2018/025248

9/18

WO 2018/183744

0

1

20T

d45-v5 'SHi

qg0T

R

120

d




WO 2018/183744 PCT/US2018/025248

0
-
L

103
108

104’

FIGS. 5C-5E




PCT/US2018/025248

11716

WO 2018/183744

N \ .

4G "Dl

7

Y01, 4

) \\\\ W \\\\ \\ \\\\ \\\\ \\\

\\\\@ ....... \N\ﬂr;i\\&/

............ /m@.m

W

W

A\




WO 2018/183744 PCT/US2018/025248

1216

1013
~107

108

112

113

102
101

FIG. 6A



oy PCT/US2018/025248

WO 2018/183744

49 "Oid

£0T

R )

mﬁ m % -
MMM wmﬁ ; maﬂ




WO 2018/183744 14/16 PCT/US2018/025248

115

1@13

FIG. 6C-6D

107

103

1117

MO|



WO 2018/183744 15/16 PCT/US2018/025248

8
ooney
on
vt -
gt
Lk
= O
m «
= )
-
~
)
P gooec]
T
|
o))
o
o~ oed
oo




WO 2018/183744

16716

PCT/US2018/025248

FiG. 7



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 18/25248

CPC

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - BO1D 21/26, BO1D 21/34, BO1L 3/00, C12M 1/34, C12Q 1/24, FO4B 53/10,GO1N 15/10 (2018.01)
- B01D 21/0042, BO1D 2311/2688, BO1D 2313/086, BO1L 3/502707, BO1L 3/502746, BO1L

3/502761, BO1L 3/502776, BO1L 2200/10, BO1L 2300/0819, BO1L 2300/0861, BO1L 2300/0877,
BO1L 2400/0409, BO1L 2200/0636, BO1L 2400/0638, BO1L 2400/0655, BO1L 2400/084, BO1L
2400/086, C12Q 2565/629, F04B 53/1077, GO1N 2015/1062, Y10T 137/2224, Y10T 137/86212,

Y10T 137/034, Y10T 137/3003, Y10T 137/87716

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
See Search History Document

See Search History Document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

[0032]

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2016/0199837 A1 (BERKELEY LIGHTS, INC.) 14 July 2016 (14.07.2016), Fig. 4H; para 1-46
[0108], [0191], [0192] .

A US 2016/0123858 A1 (THE GENERAL HOSPITAL CORPORATION) 05 May 2016 1-46
(05.05.2018), Fig. 5; para [0103], [0104], [0107]

A ~| SHIELDS, IV, et al. "Microfluidic Cell Sorting: A Review of the Advances in the Separation of 1-46
Cells from Debulking to Rare Cell Isolation." Lab Chip [online], 16 February 2015 (16.02.2015)
[Retrieved on 2018-05-22], Volume 15, Number 5, pp. 1230-1249, Retrieved from the Internet:
<DOI: 10.1039/c4ic01246a>, see entire document, especially Figs. 6B, 16A; pg 11, para 3 to pg
12, para 1; pg 15, para 4

A US 2013/0224736 A1 (MARIE et al.) 29 August 2013 (29.08.2013), Fig. 5B; para [0016]-[0018], | 1-46
[0041], [0074], [0083]}, [0088]

A US 2009/0008253 A1 (GILBERT et al.) 08 January 2009 (08.01.2008), Fig. 1b; para (0010], 1-46

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E" earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

O document efeiving to an oral disclosure, use, exhihition ar other

means

document published prior to the international filing date but later than
the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the apﬁllqatlon but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be

considered to involve an inventive step when the document is
gomblned with one or more other such documents, such combination
eing obvious to a person skilled in the ait

“&" document member of the same patent family

Date of the actual completion of the international search

22 May 2018

Date of mailing of the international search report

20JUN 2018

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.0. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: §71-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - claims
	Page 54 - claims
	Page 55 - claims
	Page 56 - claims
	Page 57 - claims
	Page 58 - claims
	Page 59 - claims
	Page 60 - claims
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - wo-search-report

