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HIGH-SPEED ON DEMAND DROPLET GENERATION AND
SINGLE CELL ENCAPSULATION DRIVEN BY INDUCED

CAVITATION
[0001] =
FIELD
{0002] The present invention relates to the field of microfluidics. In certain

embodiments methods and devices arc provided for the high speed formation of

droplets and/or the encapsulation of droplets, particles, and/or cells.

BACKGROUND

10003} Microtluidic devices have attracted great interest as they to provide a
platform for performing analyses on extremely small volumes of fluid, and when
produced utilizing photolithography techniques can be manufactured inexpensively.
These devices have the potential to act as a “lab on a chip”, integrating multiple
functionalitics including, for example, sample preparation, thermal cycling to support
the polymerase chain reaction, and absorbance or fluorescence monitoring. Their
compact size makes them particularly suitable for use in portable devices, potentially
allowing the performance of sophisticated analyses in a clinician's office or in the
field. One of the challenges with using microfluidic devices in the analysis of
multiple samples, however, is sample companmentalization. While a conventional

laboratory analyzer may utilize a series of cuvettes or similar receptacles to prevent

-1-
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contamination between samples this approach is difficult to implement with small
volumes of fluid, where interactions with device surfaces can supersede bulk flow

properties.

[0004] Typical microfluidic devices utilize a single fluid phase that flows
continuously through the device. Introduction of a discrete volumc of fluid test
sample or reagent into such a device leads to the formation of a fluid segment that
moves through the channels of the apparatus. Unfortunately, such a fluid segment
will tend to become dispersed due to forces such as diffusion and turbulence within
the flow channel. In addition it is possible for components of the fluid segment to
interact with the walls of channels of the microfluidic device, only to be released at a
later time. Such phenomena can result in contamination between fluid segments and
results in the need to design such microfluidic chips with features to reduce
turbulence within fluid channels and to design test protocols that incorporate time
consuming washing or flushing of the interior volume between samples. In addition,
dispersion of fluid segments makes it difficult to provide reproducible volumes and

concentrations of fluid segment contents for characterization reactions.

[0005] One approach to resolving this issue has been the introduction of
digital microfluidic devices, in which sample fluids for analysis or other treatment are
introduced into the channels of the device in the form of discrete, low volume
droplets. For example, introducing aqueous samples with biochemical or biological
contents as aqueous droplets that travel within a channel containing an immiscible oil
medium reduces interaction with the channel wall and prevents dispersion,
minimizing contamination between droplets. Reagents used in the characterization of
such samples can be treated similarly. In order to be effective, however, a digital
microfluidic device requires a mechanism for high-speed droplet generation with

precise volume control in order to fully realize accurate, high throughput analysis.

[0006] Passive mechanisms may be used for rapid, continuous droplet
generation as a function of flow through such a device. Highly uniform droplets can
be generated at a rate of thousands of drops per second in this fashion (Yobas ef af.
(20006) Lab on a Chip, 6:1073-1079). US 7,759,111 describes such a device, where
droplets are sheared from a stream of aqueous media by a flow of immiscible oil.
Another example of a passive device is disclosed in WO 2010/110843A1, in which a

barrier intruding into a fluid channel acts in combination with fluid and flow
-2
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characteristics of the channel to form vortices that provide periodic variations in
pressure that drive droplet formation. Such devices, however, do not provide on
demand generation of a droplet containing specifically designated volume of sample
fluid {for cxample, a volume containing a particular cell of interest) and do not lend
themselves to the production of individual droplets with different volumes. This
limits their utility for the characterization of different samples volumes and in the

performance of a variety of testing protocols.

[0007] Active methods for droplet generation, which rely on the use of an
applied force to drive droplet formation, can address these issues. Such devices may
incorporate physical components that regulate flow through the device. One example
of this is the use of pneumatically driven microvalves that are integrated into the
microfluidic device (Zeng et al. (2009) Lab on a Chip 9:134-1343), which permitted
controlled droplet formation at rates as high as 100 droplets per second. Another
example of this approach is the use of a movable wall of flexible material (PDMS)
that is integrated into the microfluidic chip and driven by air pressure to periodically
interrupt the flow of a fluid phase in order to provide a dispersion (Hsiung e/ al.
(2006) J. Micromechanics and Microengineering, 16: 2403-2410), which
demonstrated rates of droplet formation as high as 20 per second.  Yet another
example, US 2010/0059120, discloses the use of a two channels connected by an
opening, in which a flow interruptor in one channel can be triggered to block fluid
flow and force a portion of its contents into the second channel. Another example of
such a device is described in US 2010/0163412, which discloses a device that
incorporates a flexible fluid reservoir that is compressed briefly by an imbedded
piezoelectric device 1o generate pressure for droplet formation. Such features add
significantly complexity to the design of these microfluidic devices, further
complicating the manufacturing process. The mechanical nature of such approaches
limits the frequency at which droplets can be produced and may show changes in
performance over time. In addition, these approaches tend to produces droplet
populations with greater variation in droplet size than those produced using passive

devices.

10008] Other approaches to active droplet generation have relied on the use of
massless or essentially massless energies applied to the device in order to avoid the
disadvantages of mechanical components. Some of these utilize the application of

23



electrical fields to the device to alter fluid flow or change the properties of the
interface between two fluids in order to facilitate droplet formation. This can require
large differences in conductivity between the fluids involved, which limits the utility
of such devices. For example, US 2006/0231398 discloses the use of potential
differences to move droplets between immiscible low and high resistance fluids by
electrowetting, utilizing a potential difference to temporarily lower the surface tension
at the interface between the fluids until the existing flow pattern is sufficient to
generate droplets. A similar approach is described in WO 2010/151776, in which a
potential difference drives a combination of effects, including electrokinetic flow and
interference in the interface between two immiscible fluids, to generate droplets. Yet
another example of the use of potential differences to drive droplet formation is found
in WO 2011/023405A1, which discloses a combination of a nozzle structure and
establishment of a potential difference to electrospray droplets of a conductive fluid
into a fluid dielectric. An approach that does not require large conductivity
differences between the fluids involved in droplet formation is disclosed in US
2005/0031657, which describes heating a portion of a container within the device
using a resistance heater until a portion of the fluid stored therein is vaporized.
Pressure from the vaporized fluid pushes a portion of remaining fluid through a
nozzle into an immiscible fluid. Droplet generation from this approach is relatively
slow, however, producing only around 15-25 droplets per second per nozzle. While
these approaches avoid the use of mechanical components, they require the
incorporation of electrodes, resistance heaters, or similar components into the device.
This adds complexity to the design of the device and further requires the use of

supporting features for reliably supplying current.

[0009a] In one aspect, there is provided a method of moving a controlled
amount of a fluid comprising: generating a cavitation bubble in a first fluid, wherein a
flexible membrane is interposed between the first fluid and the second fluid wherein
the cavitation bubble imparts a sufficient velocity to a portion of the first fluid to
elastically deform said flexible membrane and thereby move a controlled volume of a
second fluid that is operatively coupled to the first fluid, wherein the controlled
volume of the second fluid is about 1 microliter or less; and wherein the cavitation

bubble has a duration of about 1 millisecond or less.
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[0009b] In another aspect, there is provided a method for generating droplets in
a device comprising: providing a first fluid path comprising a first fluid; a second
fluid path comprising a second fluid; and an opening fluidly coupling the first
fluidpath to the second fluid path; and generating a cavitation bubble in the first fluid
path, wherein the cavitation bubble imparts sufficient velocity to a portion of the first
fluid so as to extrude a droplet of the first fluid across the opening and into the second

fluid path.

[0009¢] In another aspect, there is provided a method for generating droplets in
a device comprising: providing a first fluid path comprising a first fluid; a second
fluid path comprising a second fluid, the second fluid path in fluid communication
with the first fluid path; a third fluid path comprising a third fluid; and an opening
fluidly coupling the second fluid path to the third fluid path; and generating a
cavitation bubble in the first fluid path, wherein the cavitation bubble imparts
sufficient velocity to a portion of the second fluid to extrude a droplet of the second

fluid across the opening and into the third fluid path.

[0009d] In another aspect, there is provided a device for generating droplets
comprising: a first fluid path; a second fluid path; an opening between the first fluid
path and the second fluid path, the opening disposed such that formation of a bubble
in a fluid in the first fluid path induces a force in the in an amount effective to thereby
extrude a droplet of the fluid from the first fluid path through the opening into the
second fluid path; and a controller coupled to an energy source and operatively
configured to cause the energy source to direct an energy that induces temporary

formation of one or more bubbles in the first fluid path.

[0009¢] In another aspect, there is provided a device for generating droplets
comprising: a first fluid path; a second fluid path; a third fluid path; a flexible
membrane interposed between the first fluid path and the second fluid path, the
flexible membrane disposed such that formation of a bubble in a fluid in the first fluid
path induces a force that elastically deforms a portion of the flexible membrane; an
opening between the second fluid path and the third fluid path, the opening disposed
such that elastic deformation of a portion of the flexible membrane induces a force on
a second fluid to thereby extrude a droplet of the second fluid from the second fluid

path through the opening into the third fluid path; and a controller operatively

-da-
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configured to direct an energy that induces temporary formation of the bubble in the
fluid in the first fluid path.

SUMMARY

[0001] In various embodiments novel methods and devices for rapidly and
reproducibly generating droplets of a first fluid in a second fluid are described herein.
The fluids may be immiscible, where the immiscible fluids can include fluids that are
not significantly soluble in one another, fluids that do not mix for a period of time due
to physical properties such as density or viscosity, and fluids that do not mix for
periods of time due to laminar flow. Droplet formation is driven by the expansion and
subsequent contraction of transient bubbles (such as cavitation bubbles) within the

first fluid. Alternatively, the bubble formation within a first fluid may cause it to act

-4b-
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on a second fluid thereby driving generation of droplets of the second fluid in a third
fluid. Cavitation bubbles can be generated using a directed energy source, thereby
removing the need to incorporate electrodes, heaters, or similar components into
devices incorporating the invention. Suitable directed energy sources include, but are
not limited to, a pulse laser, use of which permits on demand formation of highly
reproducible droplets at speeds from less than 1 up to 100,000 droplets per second.
Droplet volume can be controlled, with droplet volumes, in certain embodiments
ranging from about 1 to about 150 picoliters. In certain embodiments live cells can be
captured within such droplets, with high cell viability, in certain embodiments of up
10 92.07%. Since mechanical valves or pumps arc not needed these methods and

devices are particularly suitable for use in microfluidic devices.

(0010] In one embodiment a first fluid and a second fluid, which may be
immiscible, are operatively coupled. In certain embodiments the operative coupling
can take the form of a fluid communication. In other embodiments a flexible
membrane may be interposed between the first fluid and the second fluid, Generation
of a cavitation bubble within the first fluid generates sufficient velocity and/or
impulse and/or displacement to the first fluid to move a controlled volume of the
second fluid. In certain embodiments such a cavitation bubble expands and contracts
within 1 millisecond, can move a controlled volume of about 1 microliter or less.
Such cavitation bubbles may be produced by irradiation, for example by a pulse laser.
In some embodiments the volume of the controlled volume of the second fluid can be
controlled by the energy and/or pulse frequency, and/or wavelength of the pulse laser,

which in turn may be modulated by a controller.

[0011] In another embodiment a first fluid path and a second fluid path are
coupled via an opening. In some embodiments {luids in the first and second fluid
paths are immiscible. Generation of a cavitation bubble within the first fluid path
imparts sufficient velocity to a portion of the first fluid to cause a droplet of the first
fluid to move across the opening and into the second fluid path. In certain
embodiments the opening may be configured as a port, a channel, or nozzle. Such
cavitation bubbles may be produced by irradiation, for example by a pulse laser. In
some embodiments intensity, duration, and/or position of the laser irradiation can

modulate the volume of the droplet.
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[0012] In another embodiment of the invention a first fluid path and a second
fluid path are in fluid communication, and the second fluid path is coupled to a third
fluid path via an opening. In some embodiments fluids in the second and third fluid
paths are immiscible. Generation of a cavitation bubble within the first fluid path
imparts sufficient velocity to a portion of the second fluid to cause a droplet of the
second fluid to move through the opening and into the third fluid path. In certain
embodiments the opening may be configured as a port, a channel, or nozzle. In some
cmbodiments the second fluid may include particles and/or cells. The second fluid
path may be monitored, with data produced by such monitoring being transmitted to a
controller. In some embodiments cavitation bubbles are produced by irradiation,
which may be initiated by a controller. Irradiation can be in the form of a laser pulse,
and in some embodiments the volume of the droplet may be modulated using the

intensity, duration, and position of the laser pulse.

[0013] In another embodiment a tlexible membrane is interposed between a
first fluid path and a second fluid path, and the second fluid path is coupled to a third
thud path via an opening. In some embodiments fluids in the second and third fluid
paths are immiscible, Generation of a cavitation bubble within the first fluid path
results in the elastic deformation of a portion of the flexible membrane into the second
fluid path. This elastic deformation imparts sufficient velocity to a portion of the
second fluid to cause a droplet of the second fluid to move through the opening and
into the third fluid path. The opening may be configured as a controller. In some
embodiments the second fluid may include particies and/or cells. The second fluid
path may be monitored, with data produced by such monitoring being transmitted to a
controller. In some embodiments cavitation bubbles are produced by irradiation,
which may be initiated by a controller. Irradiation can be in the form of a laser pulse,
and in some embodiments the volume of the droplet may be modulated using the

intensity, duration, and position of the laser pulse.

[0014] In another embodiment of the invention a first fluid path and a second
fluid path are connected by an opening, where the opening is positioned such that

formation of a bubble in the first fluid path can induce a force that causes a droplet of
the first fluid to move through the opening and into the second fluid path. In certain
embodiments the opening may be configured as a port, a channel, or nozzle. In some

embodiments the opening is configured as a nozzle. A controller is coupled to an

-6 -
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energy source (such as, for example, a pulse laser) that can direct energy into the first
fluid path to causc the formation of one or more bubbles. In some embodiments the
bubble can be 4 cavitation bubble. In still other cmbodiments the energy source is a
pulse laser; the controlier may be configured 1o adjust the volume of the droplet by
modulating the intensity, duration, and/or position of a laser pulse produced by a

pulse laser,

[0015] In still another embodiment a first fluid path and second fluid path are
positioned such that a flexible membrane is interposed between them. The flexible
membrane is in turn positioned such that formation of a bubble within the first fluid
path results in the elastic deformation of a portion of the flexible membrane, which in
turn induces a force on fluid contained in the second fluid path. The second fluid path
and a third fluid path are connected by an opening, which is disposed such that when
such a force is exerted on the fluid of the second fluid path a droplet of the fluid is
extruded through the opening into the third fluid path. A controller is configured to
direct energy that results in the temporary {ormation of a bubble in the first fluid path.
This temporary bubble can be a cavitation bubble.  In certain embodiments the
opening may be configured as a poit, a channel, or nozzle. In some embodiments the
opening is configured as a nozzle. In various embodiments a monitor may be
configured to monitor the second fluid path or the third fluid path, where the monitor
transmits the data gathered to the controller. In certain embodiments the controller
may be configured to control the transfer of a designated volume of the fluid in the
second fluid path into the third fluid path, where the designated volume is determined

using data from the monitor.

(0016} In some embodiments a fluid path may include particles or cells that
are encapsulated by droplets of the surrounding fluid that are extruded into another
fluid path. A monitor may be included in some embodiments to characterize such
particles or cells which, when coupled with a controller, may permit controlled

encapsulation of specific particles or cells within a specified droplet.

[0017) In various embodiments devices for the generation of droplets are
provided. In certain embodiments the device comprises a first fluid stream (e.g.,
microfluid stream) comprising a first fluid adjacent to a second fluid stream (e.g.,
microtluid stream) comprising a second fluid where the second fluid is immiscible in
the first fluid. In certain embodiments the device comprises a first microfluidic

-7 -
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channel comprising, containing and/or directing the first fluid stream; and a second
microfluidic channel comprising, containing and/or directing the second fluid stream
where the first microfluidic channel is adjacent to, or in proximity to, the first
microfluidic channel and is in fluid communication with the second channel (e.g., via
a port or a channel). ln certain embodiments the sccond fluid comprises an aqueous
fluid. In certain embodiments the first fluid comprises an oil or an organic solvent. In
certain embodiments the first fluid comprises a solvent selected from the group
consisting of carbon tetrachloride, chloroform, cyclohexane, 1,2-dichloroethane,
dichloromethane, diethyl ether, dimethyl formamide, ethyl acetate, heptane, hexane,
methyl-tert-butyl ether, pentane, totuene, and 2,2 4-trimethylpentane. In certain
embodiments the first fluid comprises an oil. In certain embodiments the device
comprises a third fluid stream disposed between the first microfluid stream and the
second microfluid stream. In certain embodiments the device comprises a third fluid
stream disposed between the second tluid and the port or channel. In certain
embodiments the device further comprises a third fluid stream disposed in the second
microfluidic channel between the port and the sccond fluid. In certain embodiments
the third fluid stream contains droplets, cells, or particles that are te be encapsulated.
In certain embodiments the port or channel comprises a nozzle. In certain
embodiments the first and/or second microfluidic channel is formed from a material
selected from the group consisting of glass, metal, ceramic, mineral, plastic, and
polymer. In certain embodiments the first and/or second microfluidic channel is
formed from an elastomeric material (e.g., polydimethyisiloxane (PDMS), polyolefin
plastomers (POPs), perfluoropolyethylene (a-PFPL), polyurethane, polyimides, and
cross-linked NOVOLAC® (phenol formaldehyde polymer) resin, and the like).

[0018] In certain embodiments the device produces a substantially continuous
volume tuning of droplet ranging from about 0.1 fL or about 1 fL, or about 10 fL or
about 50 {L, or about 100 1., or about 500 fL, up to about I pL, or about 500 nL, or
about 1 nl,, or about 500 pl., or about 400 pL or about 300 pL or about 200 pl. or
about 150 pL.. In certain embodiments the device produces a substantially continuous
volume tuning of droplet ranging from about 0.1 fL to about 1 pL, or about 0.1 {L. up
10 about SG0 nL, or about 1 {1 up to about 1 nL, or about | L. up to about 500 pL, or
about 500 f1. up to about 500 pl. or about 1 pL up to about 150 pL.. In certain

embodiments the device can provide on-demand droplet generation at a speed of

-8-
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greater than about 1,000, more preferably greater than about 2,000 droplets/sec, more
preferably greater than about 4,000 droplets/sec, more preferably greater than about
6,000 dropleis/sec, or more preferably greater than about 8,000 droplets/sec. In
certain embodiments the device can provide on-demand droplet generation at a speed
ranging from zero droplets/sec, | droplets/sec, 2 droplets/sec, about 5 droplets/sce,
about 10 droplets/sec, about 20 droplets/sec, ahout 50 droplets/sec, about 100
droplets/sec, about 500 droplets/sec, or about 1000 droplets/sec, up to about 1,500
droplets/sec, about 2,000 droplets/sec, about 4,000 droplets/sec, about 6,000
droplets/sec, about 8,000 droplets/sec, about 10,000 droplets/sec, about 20,000
droplets/sec, about 50,000 droplets/sec, or about 100,000 droplets/sec. In certain
embodiments the device can provide on-demand droplet generation at a speed of
greater than about 1,000, more preferably greater than about 10,000, more preferably
greater than about 20,000 droplets/sec, more preferably greater than about 40,000,
more preferably greater than about 50,000 droplets/scc, more preferably greater than
about 80,000, or more preferably greater than about 100,000 droplets/sec. In certain
embodiments the device is present in (or a component of) a system comprising an
energy source capable of forming a bubble in a fluid stream or a microchannel. In
certain embodiments the energy source comprises an optical encrgy source or
microwave emitter. In certain embodiments the energy source comprises a laser (e.g.,
a pulse laser). In certain embodiments the device and/or system are configured to
excite vapor bubbles in the second microfluidic stream. In certain embodiments the
device and/or system are configured to excite vapor bubbles in the second
microfluidic channel in proximity to the port or channel. In certain embodiments the
device and/or system are configured to excite vapor bubbles in a third microfluidic
channel or chamber that is not in fluid communication with the first or second
microfluidic stream. In certain embodiments the vapor bubbles are excited in a liquid
or gel medium. In certain embodiments the where vapor bubbles are excited in an oil
or non-aqueous medium, In certain embodiments the vapor bubbles are excited in a
medium that comprises light-absorbing nano/microparticles (e.g. dye molecules,
metal nanoparticles, and the like). In certain embodiments the device is disposed on a
substrate comprising a material selected from the group consisting of a polymer, a
plastic, a glass, quartz, a diclectric material, a semiconductor, silicon, germanium,
ceramie, and a metal or metal alloy. In certain embodiments the device is integrated
with other microfluidic components (¢.g., microfluidic components such as PDMS
-9.
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channels, wells, valves, and the like). In certain cmbodiments the device is a

component of a lab-on-a-chip.

[0019] In various embodiments systems are provided for the generation of
droplets and/or the encapsulation of particles or cells. In certain embodiments the
systems comprisc a device as described above (or below), and an excitation source for
forming gas bubbles in a fluid. In certain embodiments the excitation source is a
laser, a microwave source, or an ultrasonic energy source. In certain embodiments the
system further comprises components for detecting particles or cells in the system
(e.g.. an optical detection system, an electrical detection system, a magnetic detection
system, an acoustic wave detection system, an electrochemical detection system, and
the like). In certain embodiments the components comprise an optical detection

system for detecting scattering, fluorescence, or s ramen spectroscopy signal,

[0020] In various embodiments methods for generating droplets are provided.
In certain embodiments the methods involve providing a device as described above
(and below herein); and utilizing an energy source to form bubbles in the second
microfluidic stream or the second microfluidic channel or in a third microfluidic
channe! or chamber to inject droplets into the first microfluidic stream or channel. In
certain embodiments the utilizing an energy source comprises utilizing a pulse laser to
excite cavitation bubbles in the second microfluidic stream or channel or in the third

microfluidic channel or chamber.

[0021] In various embodiments methods of moving a controlled amount of a
fluid are provided. In certain embodiments such methods comprise: generating a
cavitation bubble in a first fluid, where the cavitation bubble imparts a sufficient
velocity to a portion of the first fluid to thereby move a controlled volume of a second
fluid that is operatively coupled to the first fluid. In certain embodiments the
controlled volume of the second fluid is about 10 pl or less, or about 5 pl or less, or
about 1 ul or less, or about 500 nL or less, or about 100 nL or less, or about 1 nL or
less, or about 500 pl. or less, or about 200 pl. or less. In certain embodiments the
cavitation bubble has a duration about 100 ms or less, or about 50 ms or less, or about
1 ms or less, or about 0.5 ms or less, or about 1 ms or less or about 0.5 ms or less, or
about 0.1 ms or less, or about 0.05 ms or less. In certain embodiments the controlled
volume of the second fluid is 1 uL or less and the duration of the cavitation bubble is
about | ms or less. [n certain embodiments the first fluid and the second fluid are in
-10-
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fluid communication. In certain embodiments a flexible membrane is interposed
between the first fluid and the second fluid. In certain embodiments the first and
second fluids are immiscible. In certain embodiments the cavitation bubble is
generated by irradiation of a volume of the first fluid with a pulsed laser. In certain
embodiments the method further comprises controlling the controlled volume of the
second fluid using a controller that adjusts at least one of energy and/or pulse
frequency, and/or wavelength of the pulsed laser. In certain embodiments the method
comprises generating a plurality of separate and additional cavitation bubbles at a
frequency of at least about 1000 Hz, or at least about 5,000 Hz, or at least about
10,000 Hz. In certain embodiments the controlled volume of the second fluid is about
500 nanoliters or less. In certain embodiments the controlled volume of the second
fluid is about 200 pL or less. In certain embodiments the method is repeated at a
frequency of about 1 kHz or greater, or at a frequency of about 5 kHz or greater, or at

a frequency of about 10 kHz or greater.

[0022] In various embodiments methods for generating droplets in a device
are provided. In certain embodiments the methods comprise: providing a first fluid
path comprising a first fluid; a second fluid path comprising a second fluid; and an
opening fluidly coupling the first fluid path to the second fluid path; and generating a
cavitation bubble in the first {luid path, where the cavitation bubble imparts sufficient
velocity and/or impulse and/or displacement to a portion of the first fluid so as to
extrude a droplet of the first fluid across the opening and into the second fluid path.
In certain embodiments the first fluid and the second fluid are immiscible fluids. In
certain embodiments the first {luid is an aqueous fluid and the second fluid is an
organic solvent or an oil. In certain embodiments the second fluid is an aqueous fluid
and the first fluid is an organic solvent or an oil. In certain embodiments the opening
is configured as a nozzle. In certain embodiments the cavitation bubble is generated
by irradiation of a volume of the first fluid with a pulsed laser. In certain
embodiments the method involves selecting at least one of an intensity, duration,
wavelength and position of the laser pulse to thereby produce a desired volume of the

droplet.

[0023] In certain embodiments methods for generating droplets in a device are
provided comprising: providing a first fluid path comprising a first fluid; a second

fluid path comprising a second fluid, the second fluid path in fluid communication
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with the first fluid path; a third fluid path comprising a third fluid; and an opening
fluidly coupling the second fluid path to the third fluid path; and generating a
cavitation bubble in the first fluid path, where the cavitation bubble imparts sufficient
velocity to a portion of the sccond fluid to extrude a droplet of the second fluid across
the opening and into the third fluid path. In certain embodiments the second fluid and
the third fluid are immiscible fluids. In certain embodiments the second fluid is an
aqueous fluid and the third fluid is an organic solvent or an oil. In certain
ermbodiments the second fluid is an aqueous fluid and the third fluid is an organic
solvent or an oil. In certain embodiments the the method further comprises
monitoring the second fluid path and transmitting data generated by such monitoring
to a controller. In certain embodiments the second fluid further compriscs a particle.
In certain embodiments the second fluid further comprises a cell. In certain
embodiments the opening is configured as a nozzle. In certain embodiments the
cavitation bubble is gencrated by irradiation of a volume of the first fluid. In certain
embodiments the irradiation is initiated by a controller. In certain embodiments the
irradiation is a laser pulse. In certain embodiments the method further comprises
selecting at least one of an intensity, duration, wavelength, and position of the laser

pulse to thereby produce a desired volume of the droplet.

[0024] In certain embodiments methods for generating droplets in a device are
provided comprising: providing a first fluid path comprising a first fluid, a second
fluid path comprising a second fluid, a third fluid path comprising a third tluid, a
flexible membrane interposed between the first fluid path and the second fluid path,
and an opening between the second fluid path and the third fluid path; and generating
a cavitation bubble in the first fluid path that elastically deforms a portion of the
flexible membrane (e.g,, a membrane fabricated form an elastomeric material (e.g.
polydimethylsiloxane (PDMS), polyoletin plastomers (POPs), perfluoropolyethylene
(a-PFPE), polyurethane, polyimides, and cross-linked NOVOLAC® (phenol
formaldehyde polymer) resin, and the like)) into the second fluid path, where the
elastic deformation of the portion of the flexible membrane imparts sufficient velocity
and/or impulse, and/or displacement to a portion of the second fluid to extrude a
droplet of the second fluid across the opening and into the third fluid path. In certain
embediments the second fluid and the third fluid arc immiscible fluids. In certain

embodiments the second fluid is an aqueous fluid and the third fluid is an organic
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solvent or an oil. In certain embodiments the second fluid is an aqueous fluid and the
third fluid is an organic solvent or an oil. In certain embodiments the method further
comprises monitoring the fluid in the second fluid path and transmitting data

generated by such monitoring to a controller.

[0025] In various embodiments devices for generating droplets are provided.
In certain embodiments the devices comprise a first fluid path; a second fluid path; an
opening between the first fluid path and the second fluid path, the opening disposed
such that formation of a bubble in a fluid in the first fluid path induces a force in the
in an amount effective to thereby extrude a droplel of the fluid from the first fluid path
through the opening into the second fluid path; and a controller coupled to an energy
source that is and operatively configured to cause the energy source to direct an
energy that induces temporary formation of one or more bubbles in the first fluid path.
In certain embodiments the bubble is a cavitation bubble. In certain embodiments the
opening is configured as a nozzle, In certain embodiments the energy source a pulsed
laser. In certain embodiments the controller is configured to adjust volume of the
droplet as a function of at least one of an intensity of the laser pulse, a duration of the
laser pulse, a wavelength of the laser pulse, and a position of the laser pulse within the

first fluid channel.

[0026] In various embodiments devices for generating droplets are provided.
In certain embodiments the devices comprise a first fluid path; a second fluid path; a
third fluid path; a flexible membranc interposced between the first fluid path and the
second fluid path, the flexible membrane disposed such that formation of a bubble in
a fluid in the first fluid path induces a force that elastically deforms a portion of the
flexible membranc; an opening between the second fluid path and the third fluid path,
the opening disposed such that elastic deformation of a portion of the flexible
membrane induces a force on a second fluid to thercby extrude a droplet of the second
tluid from the second fluid path through the opening into the third fluid path; and a
controller operatively configured to direct an energy that induces temporary formation
of the bubble in the fluid in the {irst fluid path. In certain embodiments the bubble is
a cavitation bubble. In certain embodiments the device further comprises a monitor
configured to monitor the second or third fluid path, and further configured to transfer
data from the monitor to the controller. In certain embodiments the controller is

further configured to control a designated volume of the second fluid into the third
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fluid path, the designated volume being determined at least in part by data from the

monitor.

[0027] In certain embodiments of any of the foregoing methods and devices,
droplets arc generated with droplet volume variations of about 10% or less, preferably
about 5% or less, more preferably about 3% or less, or about 2% or less, or about 1%

or less at repetition rates ranging from about 1kHz up to about 10 kHz.

BRIEF DESCRIPTION OF THE DRAWINGS
[0028] Figures 1A and 1B depicts the process of creating a cavitation bubble
using a pulsed laser. Figure 1A shows plasma generation within a volume of fluid as
aresult of irradiation with a focused laser pulse, followed by generation of a
shockwave and cavitation bubble expansion and subsequent collapse. Figure 1B
shows a graph of a typical time course for expansion and subsequent collapse of a
cavilation bubble.
[0029] Figure 2 illustrates the time course of formation and subsequent
collapse ol a cavitation bubble gencrated using a pulsed laser,
{0030] Figure 3 schematically illustrates generation of droplets within a fluid

channel in accordance with one embodiment of the invention,

[0031] Figure 4 schematically illustrates generation of droplets that
incorporate particles or cells within a fluid channel in accordance with another
embodiment of the invention,

[0032] Figure 5 schematically illustrates generation of droplets within a fluid

channel in accordance with another embodiment of the invention.

[0033] Figure 6 schematically illustrates generation of droplets within a fluid

channel in accordance with another embodiment of the invention.

[0034] Figure 7 schematically illustrates generation of droplets that
incorporate particles or cells within a fluid channel in accordance with another
embodiment of the invention.

[0035] Figure 8, panels (a)-(i), show a time-resolved image series of on-

demand droplet generation.

214 -



CA 02864138 2014-10-29

[0636] Figure 9 depicts modulation of the volume of a generated droplet by

varying the energy of the laser pulse and by varying the location of the laser pulse.

16037] Figure 10, panels (a)-(d), illustrate continuous generation of droplets
within a fluid channe! using a series of laser pulses repeated at different intervals,
The scale bar has a length of 100 microns. Panel (a) illustrates 2 millisecond
intervals, panel (b) illustrates | millisecond intervals, panel (¢) illustrates 500

microsecond intervals, and panel (d) illustrates 100 microsecond intervals,

[0038] Figure 11, panels (a) and (b), illustrate collected droplets generated at
different laser pulse frequencies. The scale bar has a length of 100 microns. Panel (a)
illustrates droplets generated by a laser pulse frequency of 1 kHz. Panel (b) illustrates

droplets generated by a laser pulse frequency of 10 kHz.

[0039] Figure 12, panels (a)-(d), illustrates continuous generation of droplets
within a fluid channel using a series of laser pulses repeated at ditferent intervals.
Panel (a) illustrates 2 millisecond intervals, panel (b) illustrates 1 millisecond
intervals, pancl (c) illustrates 500 microsecond intervals, and panel (d) illustrates 100

microsecond intervals.

[0040] Figure 13, pancls a-c, depict encapsulation of a particle or cell within a
droplet generated by a cavitation bubble. Panel (a) shows particles within a fluid
channel. Panel (b) shows the position of a cell, indicated by a white arrow, before and
at different time intervals following the induction of a cavitation bubble and
subsequent generation of a droplet. Panel (¢) illustrates continuous generation of

series of droplets thal each encapsulate a cell.

[0041} Figure 14 illustrates consecutive generation of droplets within a fluid

channel using laser pulses at a frequency of 1 Hz.

DETAILED DESCRIPTION
[0042) In various embodiments devices and methods are provided for on-
demand high speed droplet generation of droplets of controlled volume that ha e
particular application in the field of microfluidics. In various embodiments, the
methods and devices can also be used to encapsulate cells and/or particles, and/or

other fluid droplets.
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[0043] In various embodiments the devices and methods described herein
utilize a novel controllable actuation mechanism, utilizing directed energy that

induces short-lived cavitation bubbles. In some embodiments this energy is in the
form of a pulse laser that provides bursts of optical energy, the intensity, duration,

wavelength, and/or position of which can be controlled.

[0044] Figure 1A illustrates the underlying mechanism of laser pulse induced
cavitation bubble formation in aqueous media. A laser pulse is focused on a specified
volume of the aqueous medium. Absorption of this optical energy results ina
breakdown of water molecules within the area of focus, generating a plasma bubble
near the focal point. The components of the plasma recombine in a few nanoseconds,
generating a shockwave of released energy and an explosive vapor bubble (also
referred to as a cavitation bubble) that expands as rapidly as 100 meters per second
followed by a rapid collapse. Figure 1B shows a typical time course for bubble
formation and collapse. Bubble radius can be seen to increase rapidly up to

approximately 1 microsecond following initiation, followed by a rapid collapse.

[06045] Figure 2 shows a series of photomicrographs of bubble formation using
this actuation mechanism. A shockwave can be seen expanding outwards from the
point of plasma generation at 22 nanoseconds following initiation. A rapidly
expanding cavitation bubble is readily observable at 72 nanoseconds, with the bubble
expanding out of the frame by 55 microseconds. This is followed by a rapid collapse
of the bubble, which is essentially complete by 152 microseconds following initiation.
The pressure inside such a bubble can be as high as tens of megapascals or more as
the bubble expands. A number of unique properties, such as rapid actuation of the
driving force (femtoseconds to nanoseconds, depending on laser pulse duration), rapid
conversion of the directed energy into mechanical power, the large magnitude of the
resulting forces, the relatively large displacement produced by the cavitation bubble,
and the extremely transicnt nature of the forces involved provide a unique mechanism
for ultrafast micro- and nano-fluidic actuation. Utilizing this actuation mechanism,
micro- and nano-fluidic components such as switches, valves, and pumps can be
realized to guide, drive, and regulate fluid flows at micro- and nano-fluidic scales

with unprecedented speed and accuracy, thereby enabling novel functionalities.
[0046] One illustrative embodiment of the invention is shown schematically in
Figure 3. The figure shows a device, which can be a microfluidic device, comprising
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a first fluid channel (320) (e.g., a microchannel) containing a first fluid (322) and a
second fluid channel (310) (e.g., a microchannel) containing a second fluid (312)
where the second fluid is immiscible in the first fluid and where the fluid channels are
in fluid communication with cach other via an opening (330). In some embodiments
this opening is in the form of a nozzle. A directed energy source (340), for example a
pulse laser, is directed towards the first fluid channel (320). In certain embodiments,
the laser can be directed using, for example, a mirror (350) and focused into a volume
of the first fluid channel (320) using a lens (355). In some embodiments the mirror
and/or the lens are configured to permit focusing of the directed energy source at
different positions within the first fluid channel (320). The directed energy source
(340) initiates the formation of a transient bubble (360) (e.g., a cavitation bubble)
within the first fluid channel (320), driving a droplet of the first fluid (370) into the
second fluid channel (310). Collapse of the bubble causes a back flow of the extruded

3

first fluid, causing the formation of a narrow “neck” and quickly leading to the relcase

the droplet (380) into the second fluid channel (310},

[0047] A'series of photographs showing the formation and release of a droplet
in such a device is shown in Figure 8. Figure 8, panel (a), shows a set of parallel fluid
channels connected by an opening. Induction of a cavitation bubble is seen in Figure
8, panel (b}, which extrudes a portion of the contents of one channel into the other as
can be seen in Figure 8, pancls (¢) to (e). As the bubble collapses a narrow “neck” of
connecting fluid is formed, as seen in Figure 8, panels (f) and (g). Finally, this neck

retracts and the droplet is released as shown in Figure 8, panels (h) and (i).

10048} Another embodiment of the invention is shown in Figure 4. The figure
shows a device, which can be a microfluidic device, comprising a first fluid channel
(420) (e.g., a microchannel) containing a first fluid, a second fluid channel (415) (e.g,
a microchannel) containing a second fluid (417), and a third fluid channel (410) (e.g.,
a microchannel) containing a third fluid (412) where the second fluid is immiscible in
the third fluid and where the second fluid channel and the third fluid channel are in
thuid communication with each other via an opening (430). In some embodiments this
opening is in the form of a nozzle, In certain embodiments the second fluid may
include particles or cells (416), and can be immiscible in the first fluid by virtue of
laminar flow and/or by virtue of chemical immiscibility. A directed energy source

(440), for example a pulse laser, is directed towards the first fluid channel (420),
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optionally using a mirror (450) and directed, and optionally focused, into a volume of
the first fluid channel (420) using, for example, a lens (455). In some embodiments
the mirror and/or the lens are configured to permit focusing of the directed energy
source at different positions within the first fluid channel (420). The directed energy
source (440) initiates the formation of a transient bubble (460) (¢.g., a cavitation
bubble) within the first fluid channel (420), driving a droplet of the second fluid (470)
into the third fluid channel (410). Collapses of the bubble causes a back flow of the
extruded second fluid, causing the formation of a narrow “neck” and quickly leading

to the release the droplet (480) into the third fluid channel (410).

[6049] Another illustrative embodiment is shown in Figure 5. The figure
shows a device, which can be a microfluidic device, comprising a first fluid channel
(520) (e.g., a microchannel) containing a first fluid (522), a second fluid channel
(515) (e.g., a microchannel) containing a second fluid (517), and a third fluid channel
(510) (e.g., a microchannel) containing a third fluid (512) where the second fluid is
immiscible in the third fluid and where the second fluid channel and the third fluid
channel are in fluid communication with each other via an opening (530). In some
embodiments this opening is in the form of a nozzle. The second fluid may include
particles or cells (516) that may be subsequently encapsulated in the generated fluid
droplet, and can be in fluid communication with the first fluid channel (520) via an
aperture (535) or similar structure. A directed energy source (540), for example a
pulse laser, is directed towards the first fluid channel (520), optionally using a mirror
(550), and directed (and optionally focused) into a volume of the first fluid channel
(520) using, for example, a lens (555). In some embodiments the mitror and/or the
lens are configured to permit {focusing of the directed energy source at different
positions within the first fluid channel (520). The directed energy source (540)
initiates the formation of a transient bubble (560) (e.g., a cavitation bubble) within the
first fluid channel (520), driving a droplet of the second fluid (570) into the third fluid
channel (510). Collapse of the bubble causes a back flow of the extruded second
fluid, causing the formation of a narrow “neck” and quickly leading to the rclease the

droplet (580) into the third fluid channel (510).

[0050] Another embodiment of the invention is shown in Figure 6. The figure
shows a device, which can be a microfluidic device, comprising a first fluid channel

(620} (e.g., a microchannel) containing a first fluid (622), a second fluid channel
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(615) (e.g., a microchannel) containing a second fluid (617), and a third fluid channel
(610) (e.g., a microchannel) containing a third fluid (612) where the second fluid is
immiscible in the third fluid and where the second fluid channel] and the third fluid
channel are in fluid communication with each other via an opening (630). [n some
embodiments this opening is in the form of anozzle. A flexible membrane (635) is
interposed between the first fluid channel (620) and the second fluid channel (615). A
directed energy source (640), for example a pulse laser, is directed towards the first
fluid channel (520), optionally using a mirror (650) and focused into a volume of the
first fluid channe! (620) optionally using a lens (655). In some embodiments the
mirror and/or the lens are configured to permit focusing of the directed energy source
at different positions within the first fluid channel (620). The directed energy source
(640) initiates the formation of a transient bubble (660) (e.g., a cavitation bubble)
within the first fluid channel (620), which results in an elastic deformation of the
flexible membrane (635). This elastic deformation drives a droplet of the second fluid
(670) into the third fluid channel (610). Reversal of the clastic deformation following
collapse of the bubble (660) results in a back flow of the extruded second fluid,
causing the formation of a narrow “neck” and quickly leading to the release the
droplet (680) into the third fluid channcl (610). Response time of this configuration
can be controlled by the stiffness of the elastic membrane in addition to the other

parameters discussed above.

[0051] Yet another embodiment of the invention is shown in Figure7. The
figure shows a device, which can be a microfluidic device, comprising a first fluid
channel (720) (e.g., a microchannel) containing a first fluid (722), a second fluid
channel (715) (e.g., a microchannel) containing a second fluid (717), and a third fluid
channel (710) (e.g., a microchannel) containing a third fluid (712) wherein the first,
second, and third fluids are immiscible (e.g., by virtue of laminar flow and/or
chemidal immiscibility). The second fluid may include particles or cells (716) that
may be subsequently encapsulated in the generated fluid droplet. A dirceted energy
source (740), for example a pulse laser, is directed towards the first fluid channel
(720, optionally using a mirror (750}, and focused into a volume of the {irst fluid
channel (720), optionally using a lens (755). In some embodiments the mirror and/or
the lens are configured to permit {ocusing of the directed energy source at different

positions within the {irst fluid channel (720). The directed energy source (740)
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initiates the formation of a transient bubble (760) (e.g., a cavitation bubble) within the
first fluid channel (720), driving a droplet of the second fluid (770) into the third fluid
channel (710). Collapse of the bubble causes a back flow of the extruded second
fluid, causing the formation of a narrow “neck” and quickly leading to the release the
droplet (780} into the third fluid channel (710).

[0052] While use of a pulse laser as a directed energy source has been noted
above, it should be noted that other energy sources are suitable for use with the
invention. Alternative directed energy sources include non-laser, high output optical
sources (e.g focused arc lamps), microwave irradiation, inductive heating, and

acoustic energy (e.g. ultrasound).

[0053] In certain embodiments, pulsed lasers are preferred energy sources.
Lasers are advantageous in that they do not require any ¢lectrical or mechanical
wiring or interconnects to deliver energy. A laser beam can be focused to any
arbitrary 3D Jocation across a transparent substrate. This eliminates the interfacing

problems and facilitates the integration on standard foundry microfluidic chips.

[0054] Mustrative lasers include, but are not limited to nanosecond pulsed
laser with a wavelength, for example, at 532 nm. Microsecond, picosecond or
femtosecond pulse lasers, and the like, can also be applied. In certain embodiments

the wavelength of laser can also in the UV, visible light, or ncar infrared.

[0055] In certain embodiments the devices or systems comprising the devices
can incorporate a monitoring device that characterizes the contents of one or more of
the fluid channels. Data from this monitoring device can be transmitted to a
controller, which in turn may be configured to trigger the directed energy source
based on data received from the monitor. For example, a {luorescence monitor may
by aligned with a fluid channel that contains fluorescently labeled cells or particles.
When data from the monitor indicates that a cell containing the desired fluorescent
label is aligned with droplet generating mechanism, the controller can initiate a laser
pulse that results in the formation of a droplet that encapsulates the desired cell.
Similarly, absorbance may be used to differentiate contents of a monitored fluid
stream. This arrangement advantageously permits selection of specific volumes
within a fluid channel that may have unique or desirable contents for transfer to a

second fluid channel for collection or distribution to another functional arca of the

220 -



CA 02864138 2014-10-29

device. Monitors are not limited to fluorescence or absorbance monitors. For
example, magnetic monitors, capacitance monitors, inductance nonitors,

electrochemical monitors can simitarly be used to advantage.

{0056] [t will be noted that while in certain embodiments, one or more of the
tluid streams (e.g., fluid paths) may be confined within physical channels (e.g.,
microchannels), the fluid streams need not be constrained or separated by a physical
barrier/channel wall. In certain embodiments fluid sireams can be confined and/or
separated, and/or directed along predetermined paths by variations in the
polarity/hydrophobicity/surface free energy of the surface upon which they are
disposed (see, e.g., Zhao et al. (2002) Anal. Chem., 74(16): 4259-4268), by the use of
electrowetting techniques (see, e.g., Cheng and Hsiung (2004) Biomedical
Microdevices, 6(5): 341-347), by electrokinetic means, by the use of directed laminar
flow (e.g.. by adjusting flow rates, and/or stream cross-section, and/or stream

viscosily), and the like,

[0057] In certain embodiments, the fluid streams are microfluid streams. A
"microfluid stream” refers to a stream wherein at least about 40%, or at least about
50%, , or at least about 60%,, or at least about 70%,, or at least about 80%,, or at least
about 90%,, or at least about 95%,, or at least about 98%, or at least about 99%, of the
flux or mass of said fluid stream passes through a cross-sectional area having at least
one characteristic dimension (e.g., width or diameter) less than 1,000 um, more
preferably less than about 900 um, or less than about 800 pum, or less than about 700
um, or less than about 600 pm, or less than about 500 pm, or less than about 400 um,
or less than about 300 um, or less than about 250 pm, or less than about 200 um, or
less than about 150 pm. or less than about 100 pm, or less than about 75 um, or less
than about 50 pm, or less than about 40 pm, or less than about 30 um, or less than
about 20 pum, or less than about 10 pm, or less than about 1 pm. In certain
embodiments the "microfluid stream™ refers 1o a fluid stream contained within a

microfluidic channel.

10058 In certain embodiments one or more of the fluid streams are disposed

in a channel or a microchannel. The terms "microfluidic channel” or "microchannel”

are used interchangeably and refer to a channel having at least one characteristic

dimension (e.g., width or diameter) lessithan 1,000 um, more preferably less than

about 900 pum, or less than about 800 pm, or less than about 700 um, or less than
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about 600 i, or less than about 500 pm, or less than about 400 um, or less than
about 300 pum, or less than about 250 pum, or less than about 200 pun, or less than
about 150 um, or less than about 100 pm, or less than about 75 um, or less than about

50 um, or less than about 40 pm, or less than about 30 pm, or less than about 20 pm.

[0059] In certain embodiments the methods and devices described herein may
utilize immiscible fluids, In this context, the term "immiscible" when used with
respect to two fluids indicates that the fluids when mixed in some proportion, do not
form a solution. Classic immiscible materials are water and oil. Immiscible fluids, as
used herein also include fluids that substantially do not form a solution when
combined in some proportion. Commonly the materials are substantially immiscible
when they do not form a solution if combined in equal proportions. In certain
embodiments immiscible fluids include fluids that are not significantly soluble in one
another, fluids that do not mix for a period of time due to physical properties such as
density or viscosity, and fluids that do not mix for periods of time due to laminar
flow.

[0060] In addition, such fluids are not restricted to liquids but may include
liquids and gases. Thus, for example, where the droplets are to be formed comprising
an aqueous solvent (such as water) any number of organic compounds such as carbon
tetrachloride, chloroform, cyclohexane, 1,2-dichloroethane, dichloromethane, diethyl
cther, dimethyl formamide, ethyl acetate, heptane, hexane, methyl-tert-butyl ether
pentane, toluene, 2,2,4-trimethylpentane, and the like are contemplated. Various
mutually insoluble solvent systems are well known to those skilled in the art (sec e.g.
Table 1). In another example, droplets of aqueous buffer containing physiologically
normal amounts of solute may be produced in a dense aqueous buftfer containing high
concentrations of sucrose. In vet another example, droplets of an aqueous buffer
containing physiologically normal amounts of solute may be produced in a second
aqueous buffer containing physiologically normal amounts of solute where the two
buffers are segregated by laminar flow. In still another example, droplets of a fluid

may be produced in a gas such as nitrogen or air.

Table 1 illustrates various solvents that are either miscible or immiscible in each
other. The solvent on left column does not mix with solvents on right column unless

otherwise stated.
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Solvents Immiscibility

Acctone can be mixed with any of the solvents listed in the column at left

Acetonitrile cyclohexane, heptane, hexane, pentane, 2,2 4-trimethylpentane

carbon can be mixed with any of the solvents listed in the column at left

tetrachloride except water

chleroform can be mixed with any of the solvents listed in the column at left
except water

cvelohexane acetonitrile, dimethyl formamide, dimethyl sulfoxide, methanol,
waler

1,2- can be mixed with any of the solvents listed in the column at left

dichloroethane except water

dichloromethane | can be mixed with any of the solvents listed in the column at left

except water

diethyl ether

dimethyl sulfoxide, water

dimethyl cyclohexane, heptane, hexane, pentane, 2,2,4-trimethylpentane,
formamide water

dimethyl cyclohexane, heptane, hexane, pentane, 2,2 4-trimethylpentane,
sol{oxide diethyl ether

1,4-dioxane can be mixed with any of the solvents listed in the column at left
ethanol can be mixed with any of the solvents listed in the column at left

ethyl acctate

can be mixed with any of the solvents listed in the columnn at left
except water

heptane acetonitrile, dimethyl formamide, dimethyl sulfoxide, methanol,
water

hexane acetonitrile, dimethyl formamide, dimethyl sulfoxide, methanol,
acctic acid, water

methanol cyclohexane, heptane, hexane, pentane, 2,2 4-trimethylpentane

methyl-tert-butyl
ether

can be mixed with any of the solvents listed in the column at left
except water

pentane acetonitrile, dimethy! formamide, dimethy! sulfoxide, methanol,
water, acetic acid

l-propanol can be mixed with any of the solvents listed in the column at left

2-propanol can be mixed with any of the solvents listed in the column at left

tetrahydrofuran | can be mixed with any of the solvents listed in the column at left

toluene can be mixed with any of the solvents listed in the column at left
except watcr

2,2.4- acetonitrile, dimethy! formamide, dimethyl sulfoxide, methanol,

trimethylpentane

water

water

carbon tetrachloride, chloroform, cyclohexane, 1,2-

dichloroethane, dichloromethane, diethy! ether, dimethyl
formamide, ethyl acetate, heptane, hexane, methyl-tert-butyl ether,
pentane, toluene, 2,2 4-trimethylpentane

[0061]

In certain embodiments the first fluid and second fluid need not be

immiscible in each other. In such embodiments, injected droplets can be kept

separate from each other simply by adjusting flow rates in the microchannels and rate

of bubble formation to form separated bubbles,
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[0062] In various embodiments the droplets generated by the devices and
methods described herein can contain or encapsulate a wide variety of materials. In
some embodiments the droplets may contain test samples, cells, organelles, proteins,
nucleic acids, enzymes, PCR or other (esting reagents, biochemicals, dycs, or
particulates (for example polymeric microspheres, metallic microparticles, or
pigments). In still other embodiments a droplet may encapsulate one or more
previously generated droplets. In addition, the invention need not be limited to
aqueous droplet systems. For example, such droplet generating methods and devices
may be used in nanoparticle coating, where materials in organic solvents can be used

to deposit layers on or encapsulate nanoparticles.

[0063] As noted above, in some embodiments an opening in a fluid channel
can be configured as a nozzle. The depth, inner diameter, and outer diameter of such
a nozzle can be optimized to control droplet size, droplet uniformity, mixing at the

fluid interface, or a combination of these.

[0064] The droplet generation devices described herein may be provided on a
substrate that differs from the material that comprises the fluid channels. For
example, the fluid channels may be fabricated using an elastomeric material that is
disposed upon a rigid surface. Suitable fluid channel materials include but are not
limited to flexible polymers such as PDMS, plastics, and similar materials. Fluid
channels may also be comprised of nonflexible materials such as rigid plastics, glass,
silicon, quartz, metals, and similar material. Suitable substrates include but are not
limited to transparent substrates such as polymers, plastic, glass, quartz, or other
dielectric materials. Other suitable substrate materials include but are not limited to
nontransparent materials such as opaque or translucent plastics, silicon, metal,
ceramic, and similar materials.

[0065] The parameters described above and in the Examples (e.g., flow
rate(s), laser intensity, laser frequency/wavelength, channel dimensions, port/nozzle
dimensions, channel wall stiffness, location of cavitation bubble formation, and the
like) can be varied to optimize droplet formation and/or droplet/particle/cell

cncapsulation for a particular desired application,

[0066] There are a number of formals, materials, and size scales that may be

used in the construction of the droplet generating devices described herein and in
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microfluidic devices that may incorporate them. In some embodiments the droplet
generating devices and the connecting fluid channels are comprised of PDMS (or
other polymers), and fabricated using soft lithography. PDMS is an attractive
material for a variety of reasons, including but not limited to ow cost, optical
transparency, ease of molding, and elastomeric character. PDMS also has desirable
chemical characteristics, including compatibility with both conventional siloxane
chemistries and the requirements of cell culture (e.g. low toxicity, gas permeability).
In an illustrative soft lithography method, a master mold is prepared to form the fluid
channel system. This master mold may be produced by a micromachining process, a
photolithographic process, or by any number of methods known to those with skill in
the art. Such methods include, but are not limited to, wet etching, electron-beam
vacuum deposition, photolithography, plasma enhanced chemical vapor deposition,
molecular beam epitaxy, reactive ion etching, and/or chemically assisted ion beam
milling (Choudhury (1997) The Handbook of Microlithography, Micromachining, und
Microfabrication, Soc. Photo-Optical Instru. Engineer.; Bard & Faulkner,

Fundamentals of Microfabrication).

[0067] Once prepared the master mold is exposed to a pro-polymer, which is
then cured to form a patterned replica in PDMS. The replica is removed from the
master mold, trimmed, and [luid inlets are added where required. The polymer replica
may be optionally be treated with a plasma (e.g. an O, plasma) and bonded to a
suitable substrate, such as glass. Treatment of PDMS with O, plasma generates a
surface that seals tightly and irreversibly when brought into conformal contact with a
suitable substrate, and has the advantage of generating fluid channel walls that are
negatively charged when used in conjunction with aqueous solutions. These fixed
charges support electrokinetic pumping that may be used to move fluid through the
device. While the above described fabrication of a droplet generating device using
PDMS, it should be recognized that numerous other materials can be substituted for or
used in conjunction with this polymer. Examples include, but are not limited to,
polyolefin plastomers, perfluoropolyethylene, polyurethane, polyimides, and cross-

linked phenol/formaldehyde polymer resins.

[0068] In some embodiments single layer devices are contemplated. In other
embodiments multilayer devices are contemplated. For example, a multilayer

network of fluid channels may be designed using a commercial CAD program. This
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design may be converted into a series of transparencies that is subsequently used as a
photolithographic mask to create a master mold. PDMS cast against this master mold
vields a polymeric replica containing a multilayer network of fluid channels. This
PDMS cast can be treated with a plasma and adhered to a substrate as described

above.

- {0069} As noted above, the methods and devices described herein are
particularly suitable for use in microfluidic devices. Tn some embodiments therefore
the fluid channels are microchannels. Such microchannels have characteristic
dimensions ranging from about 100 nanometers to 1 micron up to about 500 microns.
In various embodiments the characteristic dimension ranges from about 1, 5, 10, 15,
20, 25, 35, 50 or 100 microns up to about 150, 200, 250, 300, or 400 microns. In
some embodiments the characteristic dimension ranges from about 20, 40, or about 50
microns up to about 100, 125, 150, 175, or 200 microns. In various embodiments the
wall thickness between adjacent fluid channels ranges trom about 0.1 micron to about
50 microns, or about 1 micron to about 50 microns, more typically from about §
microns to about 40 microns. In certain embodiments the wall thickness between
adjacent fluid chamnels ranges from about 5 microns to about 10, 13, 20, or 25

mierons.

[0070] In various embodiments the depth of a fluid channel ranges from 5, 10,
15, 20 microns to about 1mm, 800 microns, 600 microns, 500 microns, 400 microns,
300 microns, 200 microns, 130 microns, 100 microns, 80 microns, 70 microns, 60
microns, 50 microns, 40 microns, or about 30 microns. In certain embodiments the
depth of a fluid channel ranges from about 10 microns to about 60 microns, more
preferably from about 20 microns to about 40 or 50 microns., In some embodiments
the fluid channels can be open; in other embodiments the fluid channels may be

covered.

{0071} As noted above, some embodiments of the invention include a nozzle,
Where a nozzle is present, the nozzle diameter can range from about 0.1 micron, or
about 1 micron up to about 300 microns, 200 microns, or about 100 microns. In
certain embodiments the nozzle diameter can range trom about 5, 10, 15, or 20
microns up to about 2§, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, or about 80 microns. In
some embodiments the nozzle diameter ranges from about 1, 5, 10, 15, or 20 microns
to about 25, 35, or 40 microns,
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[0072) In some embodiments the methods and devices described herein can
generate droplets at a rate ranging from zero droplets/sec, about 2 droplets/sec, about
5 droplets/sec, about 10 droplets/sec, about 20 droplets/sec, about 50 droplets/sec,
about 100 droplets/sec, about 300 droplets/sec, or about 1000 droplets/sec, up to about
1,500 droplets/sec, about 2,000 droplets/sec, about 4,000 droplets/sec, about 6,000
droplets/sec, about 8,000 droplets/sec, about 10,000 droplets/sec, about 20,000
droplets/sec, about 50,000 droplets/sec, and about 100,000 droplets/sec.

[0073] [n various embodiments the devices and methods described herein can
generate droplets having a substantially continuous volume, Droplet volume can be
controlled to provide volumes ranging from about 0.1fL, about 1{L, about 10 {L, and
about 100 fL to about 1 microliter, about 500 nl., about 100nL, about 1 nl, about 500
pL. or about 200 pL.. In certain embodiments volume control of the droplet ranges

from about [ pL to about 150 pL, about 200 pL, about 250 pL, or about 300 pL.

[0074] As indicate above, the microchannel droplet formation/injection
devices described herein can provide a system integrated with other processing
modules on a microfluidic "chip" or in flow through fabrication systems for
microparticle coating, microparticle drug carrier formulation, and the like. These
uses, however, are merely illustrative and not limiting,

[0075] In various embodiments microfluidic that incorporate
components/modules/devices that performing the methods described herein can can
manipulate volumes as small as one to several nanoliters. Because the microfluidic
reaction volume is close to the size of single mammalian cells, material loss is
minimized in single-cell mRNA analysis with these devices. The ability to process
live cells inside microfluidic devices provides a great advantage for the study of
single-cell transcriptomes because mRNA is rapidly degraded with cell death. One
illustrative highly integrated microfluidic device, having 26 parallel 10 nL reactors for
the study of gene expression in single human embryonic stem cells (hESC) has been
reported (Zhong et al. (2008) Lab on a Chip, 8: 68-74; Zhong et al. (2008) Curr. Med.
Chem., 15: 2897-2900) and can be easily modified to integrate the devices described
herein. Certain illustrative microfluidic devices include systems for obtaining single-
cell cDNA including cell capture, mRNA capture/purification, cDNA

synthesis/purification, are performed inside the device. The present devices and

-27-



CA 02864138 2014-10-29

methods offer effective means of encapsulating and and/or separating individual cells

for, e.g., turther processing, in such devices,

10076) Any of a number of approaches can be used to convey the fluids, or
mixtures of droplets, particles, cells, efe. along the flow paths and/or channels of the
devices described herein. Such approaches include, but are not limited to gravity
flow, syringe pumps, peristaltic pumps, electrokinetic pumps, bubble-driven pumps,

and air pressure driven pumps.

EXAMPLES
[0077] The following examples are offered to illustrate, but not to limit the

claimed invention,

Example 1
Droplet Generation Driven by Pulse-Laser induced cavitation

[0078] A pulse laser-driven droplet generation (PLIDG) device as shown in
Figure 3 was constructed using standard soft lithography techniques. The PLDG
device had two fluid channels, onc filled with water and the other with oil. Both fluid
channels were 100 microns in width and 100 microns in heighi. The fluid channels
were connected with an opening configured as a nozzle, with a neck that was 30

microns in width. Flow rates in the channels were adjusted to produce a stable

oil/water interface.

[0079] The actuation of this PLDG device was based on a laser pulse-induced
cavitation bubble, generated when an intense laser pulse was focused into the water
containing fluid channel. Plasma formation at the focal point of the laser pulse
generates a rapidly expanding cavitation bubble, as described above. This perturbs
the oil/water interface and pushes a droplet of water into the neighboring oil-filled
{luid channel to from stable water droplets. The lifetime of this cavitation bubble

ranged from tens to hundreds of microseconds in these studies.

[0080] To induce cavitation bubbles a Q-switched Nd:YVO4 pulsed laser

beam with a wavelength of $32nm, a 15 nsec pulse width, and a maximum repetition

frequency of 100K Hz was focused through a 100X objective lens into the PLDG

device. Other wavelengths, such as UV, visible, and infrared may also be suitable.

Droplet generation was captured using a time resolved imaging system. Figure 8
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shows a series of such images obtained during droplet generation. Using corn oil for
a continuous oil phase and phosphate buffered saline (PBS) for an aqueous phase,
corn oil and PBS flow rates were adjusted (o form a stable interface at the nozzle
opening (Figure 8, panel (a)). Cavitation bubble formation is initiated within 1
microsecond of the initiating laser pulse (Figure 8 panel (b)) and reaches maximum
size within 3 microseconds, pushing PBS into the corn oil channe! (Figure 8, panel
{c)). The bubble begins to collapse after 5 microseconds (Figure 8, panel (d)). Asthe
cavitation bubble collapses a narrow neck is formed between the PBS fluid channel
and the extruded droplet (Figures 8, panels (d) to (f)). This connection severs due to
hydrodynamic instability (Figure 8, panel (g)). As aresulta 137 pL droplet was
generated using a 100 microjoule laser pulse in about 500 microseconds, then

transported away by tlow through the corn oil channel (Figure 8, panels (h) and (i)).

Example 2
Volume Control of Droplets Generated by PLDG

10081} The volume of PLDG can be controlled can be controlled by adjusting
the energy delivered by the pulse laser, which s a function of laser intensity and pulse
duration, the location of the laser excitation, or a combination of the above.

Alternatively, the encrgy of the pulse laser may be adjusted using a beam polarizer.

{0082} Figure 9 illustrates control of the volume of droplets produced by
PLDG by adjusting these parameters. Droplets indicated by Figure 9, panels (a) to
(d), show the effects of varying the laser energy (Figure 9, panel (a) = 100
microjoules, panel (b) = 90 microjoules, pancl (¢) = 80 microjoules, panel (d) =70
microjoules) at a fixed distance of 47 microns from the nozzles. This produces
controtled droplet sizes ranging from about 55 to about 5 microns, decreasing with

decreasing laser energy.

[0083] Control of droplet siz¢ is shown in Figure 9 in panels (e) to (g), where
laser energy is held constant at 100 microjoules and the distance of the focus point to
the nozzle is adjusted between about 40 microns and about 80 microns. Droplet size
decreases from about 60 microns to about 25 microns as the focus point is moved

away from the corn oil/PBS interface. Using a combination of laser energy and focal
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point distance from the fluid interface droplet volume can be controlled between 1 pL

to 150 plL.

Example 3
Consistency of the Size of Droplets Produced by PLDG

[0084] Since it is an on demand methodology, PI.DG can produce droplets at
different frequencies by controlling the interval between laser pulses. Figure 10
shows the resuits of continuous droplet generation at different excitation intervals
ranging from 2 msec (Figure 10, panel (2)) to 100 microseconds (Figure 10, panel
(d)). The flow rate of the fluid channel receiving the droplets was adjusted to keep

the droplets dispersed at high droplet generation rates,

[0085] Figure 11 shows illustrative droplets collected at droplet generation
frequencies of 1kHz (panel (a)) and 10 kHz (panel (b)). Droplet size was consistent
despite a 10 fold difference in the rate at which the droplets are formed, Figure 12
shows results from a similar study, in which the interval between laser excitations was
set at 2 msec (panel (a)), SO0 microseconds (panel (¢)), and 100 microseconds (panel
{d)). Data collected from droplets generated at 500 microsecond intervals (2kiz)

showed a volume variation of 0.689%.

10086] Continuous generation of draplets at different Jaser excitation intervals
is shown in Figure 14, with excitation intervals at 2 msec (panel (a)), 500

microseconds (panel (b)), and 100 microseconds (panel (¢)). Using a pulse interval of
100 microseconds and a laser power of 90 microjoules a consistent droplet production

rate of 10kHz can be achieved.

Example 4
Encapsulation in Droplets by PLDG

[0087] Since it is an on demand methodology that also permits droplet volume
control, PLIDG permits the encapsulation of specified contents of a fluid channel as
droplets in a second fluid channel. An cxample of such an application is the
encapsulation of a single particle or cell designated from a stream of particles or cells
passing through a PLDG device, as directed by a controller based on data received
from a monitor. Such a particle or cell could be isolated within a droplet of growth

media and carried by a second fluid channel for further characterization,
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10088) This is shown in Figure 13. In Figure 13, panel (a), particles (indicated
by white arrows) are shown in a fluid channel of a PLDG device. Generation of the
encapsulating droplet is shown in Figure 13, panel (b). The droplet seen extruding
through the nozzle at 250 microseconds from induction of the cavitation bubble can
be seen to enclose a particle. Figure 13, panel (¢), shows results of a similar study,
with continuous capture of cells. Encapsulation of live HeLa cells in this fashion
shows high viability rates (92.07%). PLDG device reliability has been tested by
continuously applying laser pulscs at a rate of 10 kHz for one hour, corresponding to
the generation of 3.6 million cavitation bubble generations with no observable

damage 1o the device,

{0089] Droplet generation methods and devices that are particularly suited to
use in microfluidic devices have been disclosed. These provide for rapid, on demand
droplet generation at rates as high as 100 kHz. Droplet volume can be adjusted and
has been shown to be highly reproducible, with volume ditferences of less than 1%.
The disclosed devices do not utilize mechanical parts, and the use of an externally
located directed energy source (for example a pulse laser) greatly simplifies design of
both the device and supporting equipment. It should also be noted that the efficiency
and inherent simplicity of the PLDG approach may have utility outside of the field of
microfiuidics. The high rate of droplet production and the narrow size distribution of
the resulting droplets indicate that such methods and devices may have utility in the
preparation of emulsions where consistency of the droplet size is paramount.
Examples include but are not limited to pharmaceuticals, including vaccine
compositions. The high rate of droplet production and the ability to control the
volume of droplets as they are extruded indicate that such methods and devices may
have utility in the deposition of generated droplets across a fluid/gas interface and
onto solid surfaces, thereby depositing and localizing nonvolatile droplet contents.
Examples of such uses include but are not limited to high resolution printing and
generation of microarrays. It should be apparent, however, to those skilled in the art
that many morc modifications besides those already described are possible without

departing from the inventive concepts herein.

[0090] It is understood that the examples and embodiments described herein
are for illustrative purposes only and that various modifications or changes in light

thereof will be suggested to persons skilled in the art and are to be included within the
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spirit and purview of this application and scope of the appended claims, The terms
“comprises” and “comprising” should be interpreted as referring to elements,
components, or steps in a non-exclusive manner, indicating that the referenced
elements, components, or steps may be present, or utilized, or combined with other

elements, components, or steps that are not expressly referenced.



CLAIMS:

1. A method of moving a controlled amount of a fluid, said method comprising:

generating a cavitation bubble in a first fluid, wherein a flexible membrane is
interposed between the first fluid and a second fluid,

wherein the cavitation bubble imparts a sufficient velocity to a portion of the first fluid
to elastically deform said flexible membrane and thereby move a controlled volume of said
second fluid that is operatively coupled to the first fluid,

wherein the controlled volume of the second fluid is about 1 microliter or less; and

wherein the cavitation bubble has a duration of about 1 millisecond or less.

2. The method of claim 1, wherein the first fluid and the second fluid are in fluid
communication.

3. The method of claim 1 or 2, wherein the first and second fluids are immiscible.

4. The method of any one of claims 1 to 3, wherein the cavitation bubble is generated by

irradiation of a volume of the first fluid with a pulsed laser.

5. The method of claim 4, further comprising a step of controlling the controlled volume
of the second fluid using a controller that adjusts at least one of the timing of occurrence of
pulses emitted by the pulsed laser, the frequency of occurrence of pulses emitted by the
pulsed laser, the wavelength of pulses emitted by the pulse laser, the energy of pulses emitted

by the pulse laser, and the aiming or location of pulses emitted by the pulse laser.

6. The method of any one of claims 1 to 5, further comprising generating a plurality of

separate and additional cavitation bubbles at a frequency of at least 1000 Hz.

7. The method of any one of claims 1 to 6, wherein the controlled volume of the second

fluid is about 500 nanoliters or less.
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8. The method of any one of claims 1 to 6, wherein the controlled volume of the second

fluid is about 200 pL or less.

9. The method of any one of claims 1 to 8, wherein said method is repeated at a

frequency of 1 kHz or greater.

10.  The method of any one of claims 1 to 9, wherein the fluid comprising said second
fluid contains cells or particles and the controlled volume of fluid comprising said second

fluid that is moved into a third fluid contains said cells or particles.

11. The method of claim 5, wherein a monitor monitors the contents of one or more of the
fluids and transmits data to the controller that triggers said pulsed laser to form the cavitation

bubble based on data received from the monitor.

12. The method of claim 11, wherein:

said monitor comprises a fluorescence monitor;

said second fluid contains fluorescently labeled cells or particles; and
when data from the monitor indicates that a cell or particle comprising the desired fluorescent
label is aligned in a region of the second fluid, and where the laser is focused on a region of
the first fluid, and the controller initiates a laser pulse that moves the controlled volume of the

second fluid containing the fluorescently labeled cells or particles into the third fluid.

13. A method for generating droplets in a device, said method comprising:
providing
a first fluid path comprising a first fluid,
a second fluid path comprising a second fluid,
a third fluid path comprising a third fluid,
a flexible membrane interposed between the first fluid path and the second
fluid path, and
an opening between the second fluid path and the third fluid path; and
-34-
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generating a cavitation bubble in the first fluid path that elastically deforms a portion
of the flexible membrane into the second fluid path, wherein the elastic deformation of the
portion of the flexible membrane imparts sufficient velocity to a portion of the second fluid to

extrude a droplet of the second fluid across the opening and into the third fluid path.

14. The method of claim 13, wherein the second fluid and the third fluid are immiscible
fluids.

15.  The method of claim 13 or 14, wherein the cavitation bubble is generated by

irradiation of a volume of the first fluid.

16.  The method of claim 15, wherein the irradiation is a laser pulse.

17.  The method of any one of claims 13 to 16, further comprising a step of monitoring the
fluid in the second fluid path and transmitting data generated by such monitoring to a

controller.

18.  The method of claim 17, wherein said controller adjusts at least one of the timing of
occurrence of pulses emitted by the pulsed laser, the frequency of occurrence of pulses
emitted by the pulsed laser, the wavelength of pulses emitted by the pulse laser, the energy of

pulses emitted by the pulse laser, and the aiming or location of pulses emitted by the pulse

laser.

19.  The method of any one of claims 13 to 18, wherein the opening is configured as a
nozzle.

20.  The method according to any one of claims 1 to 9 and 13 to 19, wherein the second

fluid further comprises a particle.
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21.  The method according to any one of claims 1 to 9 and 13 to 19, wherein the second

fluid further comprises a cell.

22. A device for generating droplets comprising:

a first fluid path;

a second fluid path;

a third fluid path;

a flexible membrane interposed between the first fluid path and the second
fluid path, the flexible membrane disposed such that formation of a bubble in a fluid in
the first fluid path induces a force that elastically deforms a portion of the flexible
membrane;

an opening between the second fluid path and the third fluid path, the opening
disposed such that elastic deformation of a portion of the flexible membrane induces a
force on a second fluid to thereby extrude a droplet of the second fluid from the
second fluid path through the opening into the third fluid path; and

a controller operatively configured to direct an energy that induces temporary

formation of the bubble in the fluid in the first fluid path.

23.  The device of claim 22, wherein said controller is configured to produce a cavitation

bubble having a duration of 1 millisecond or less.

24.  The device of claim 22 or 23, wherein said controller permits said energy to be

directed at a programmable timing.

25.  The device of any one of claims 22 to 24, wherein said controller adjusts at least one
of the timing of occurrence of pulses emitted by the pulsed laser, the frequency of occurrence
of pulses emitted by the pulsed laser, the wavelength of pulses emitted by the pulse laser, the
energy of pulses emitted by the pulse laser, and the aiming or location of pulses emitted by

the pulse laser.

-36 -

Date Regue/Date Received 2020-08-20



26. The device of claim 22, wherein said bubble is a cavitation bubble.

27.  The device of any one of claims 22 to 26, further comprising a monitor configured to
monitor the second or third fluid path, and further configured to transfer data from the

monitor to the controller.

28.  The device of claim 27, wherein the controller is further configured to control a
designated volume of the second fluid into the third fluid path, the designated volume being

determined at least in part by data from the monitor.

29.  The device of any one of claims 22 to 28, wherein said device is configured to produce

droplet generation at a rate up to 100 kHz with a droplet volume differences of less than 1%.

30. A method of moving a controlled amount of a fluid, said method comprising:
providing a common channel comprising a first fluid stream, a second fluid stream, and a
third fluid stream that are adjacent to each other where said second fluid stream is disposed
between said first fluid stream and said third fluid stream, and where said first, second, and
third fluid streams are separated from each other by laminar flow, chemical immiscibility, or
both laminar flow and chemical immiscibility;

generating a cavitation bubble in said first fluid stream, wherein the cavitation bubble
imparts a sufficient velocity to a portion of the fluid comprising said first fluid stream to
thereby move a controlled volume of a fluid comprising said second fluid stream into said
third fluid stream;

wherein the cavitation bubble is generated by irradiation of a volume of the first fluid
stream with a pulsed laser;

wherein the controlled volume of the fluid comprising said second fluid stream is
about 1 microliter or less; and

wherein the cavitation bubble has a duration of about 1 millisecond or less.
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31.  The method of claim 30, wherein the fluid comprising said first fluid stream and the

fluid comprising said second fluid stream are chemically immiscible.

32.  The method of claim 30, wherein the fluid comprising said first fluid stream and the

fluid comprising said second fluid stream are immiscible due to laminar flow.

33.  The method of any one of claims 30 to 32, further comprising generating a plurality of

separate and additional cavitation bubbles at a frequency of at least 1000 Hz.

34.  The method of any one of claims 30 to 33, wherein the controlled volume of the fluid

comprising said second fluid stream is about 500 nanoliters or less.

35.  The method of any one of claims 30 to 34, wherein the controlled volume of the fluid

comprising the second fluid stream is about 200 pL or less.

36.  The method of any one of claims 30 to 35, wherein said method is repeated at a

frequency of 1 kHz or greater.

37.  The method of any one of claims 30 to 36, wherein the fluid comprising said second
fluid stream contains cells or particles and the controlled volume of fluid comprising said

second fluid stream that is moved into said third fluid stream contains said cells or particles.

38.  The method of any one of claims 30 to 37, wherein a monitor monitors the contents of
one or more of the fluid streams and transmits data to a controller that triggers the laser based

on data received from the monitor.

39.  The method of any one of claims 30 to 32, further comprising a step of controlling the
controlled volume of the fluid comprising said second fluid stream using a controller that
adjusts at least one of the timing of occurrence of pulses emitted by the pulsed laser, the

frequency of occurrence of pulses emitted by the pulsed laser, the wavelength of pulses
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emitted by the pulse laser, the energy of pulses emitted by the pulse laser, and the aiming or

location of pulses emitted by the pulse laser.

40.  The method of claim 39, further comprising generating a plurality of separate and
additional cavitation bubbles at a frequency of at least 1000 Hz.

41.  The method of claim 39 or 40, wherein the controlled volume of the fluid comprising

said second fluid stream is about 500 nanoliters or less.

42.  The method of any one of claims 39 to 41, wherein the controlled volume of the fluid

comprising the second fluid stream is about 200 pL or less.

43.  The method of any one of claims 39 to 42, wherein said method is repeated at a

frequency of 1 kHz or greater.

44.  The method of any one of claims 39 to 43, wherein the fluid comprising said second
fluid stream contains cells or particles and the controlled volume of fluid comprising said

second fluid stream that is moved into said third fluid stream contains said cells or particles.
45.  The method of any one of claims 39 to 44, wherein a monitor monitors the contents of
one or more of the fluid streams and transmits data to said controller that triggers the laser
based on data received from the monitor.

46. The method of claim 38 or 45, wherein:

said monitor comprises a fluorescence monitor;

said second fluid stream contains fluorescently labeled cells or particles; and
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when data from the monitor indicates that a cell or particle comprising the
desired fluorescent label is aligned in a region of the first fluid stream where the laser is
focused, the controller initiates a laser pulse that moves the controlled volume of the fluid
second fluid stream containing the fluorescently labeled cells or particles into the third fluid

stream.
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