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METHODS, SYSTEMS, AND DEVICES FOR MULTIPLE SINGLE-CELL
CAPTURING AND PROCESSING USING MICROFLUIDICS

BACKGROUND
[0001] The ability to perform molecular and cellular analyses of biological systems has
grown explosively over the past several decades. In particular, the advent and refinement of
molecular and cellular techniques, such as DNA sequencing, gene cloning, monoclonal
antibody production, cell transfection, amplification techniques (such as PCR), and
transgenic animal formation, have fueled this explosive growth. These techniques have
spawned an overwhelming number of identified genes, encoded proteins, engineered cell
types, and assays for studying these genes, proteins, and cell types. As the number of possible
combinations of samples, reagents, and processes becomes nearly incalculable, it has become
increasingly apparent that novel approaches may be necessary even to begin to make sense of

this complexity, especially within reasonable temporal and monetary limitations.

SUMMARY
[0002] Methods, systems, and devices are described for multiple single-cell capturing and
processing utilizing microfluidics. Embodiments may provide for capturing, partitioning,
and/or manipulating individual cells from a larger population of cells along with generating
genetic information and/or reaction products related to each individual cell. Some
embodiments may provide for specific target amplification (STA), whole genome
amplification (WGA), whole transcriptome amplification (WTA), real-time PCR preparation,
and/or haplotyping of multiple individual cells that have been partitioned from a larger
population of cells. Some embodiments may provide for other applications. Some specific
embodiments provide for mRNA sequencing or preamplification of the multiple individual
cells. Some embodiments may be configured for imaging the individual cells or associated
reaction products as part of the processing. Reaction products may be harvest and/or further

analyzed in some cases.

[0003] The methods, systems, and devices may include different microfluidic devices

and/or controllers for multiple single-cell capturing and processing utilizing microfluidics.
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Some microfluidic devices are provided that may include multiple capture configurations and
multiple multi-chamber reaction configurations. Each capture configuration may be
configured to capture an individual cell from multiple cells. Each multi-chamber reaction
configuration may then be utilized to process cach cell after it has by lysed. Reactions
products may be harvest from each multi-chamber reaction configuration. Microfluidic
controllers are also provided that may be utilized to operate the microfluidic device to capture

and to process individual cells from multiple cells.

[0004] Some embodiments include a microfluidic device for multiple single-cell capturing
and processing. The microfluidic device may include: a plurality of capture configurations
coupled in series, wherein each respective capture configuration is configured to capture a
single cell; and a plurality of multi-chamber reaction configurations, wherein each respective
multi-chamber reaction configuration is coupled with a respective capture configuration from

the plurality of capture configurations and is configured for single-cell processing.

[0005] In some embodiments, each respective capture configuration comprises one or more
a physical barriers sized to hold only a single cell. In some embodiments, each respective
capture configuration includes: one or more bypass channels coupled with an input channel
and an output channel; a drain coupled with the input channel and the output channel; and/or
a capture nest situated proximal to a junction of the input channel and the one or more bypass
channels and coupled with the drain, wherein the capture nest is configured to capture a
single cell from a plurality of cells such that a remaining plurality of cells is diverted into at
least one of the one or more bypass channels when the single cell is captured in the capture
nest. The one or more bypass channels may include a first bypass channel and a second
bypass channel. The first bypass channel and the second bypass channel may be
symmetrically configured. The symmetrically configured first bypass channel and second

bypass channel may include a first wing configuration and a second wing configuration.

[0006] In some embodiments, at least the input channel or the output channel is further
configured as a focusing channel. The focusing channel may include a narrowing channel in
at least a horizontal direction or a vertical direction. The plurality of multi-chamber reaction
configurations may be further configured for thermal cycling while one or more valves of a

respective multi-chamber reaction configuration may be actuated.

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

WO 2013/130714 PCT/US2013/028170

[0007] Some embodiments include one or more imaging features, wherein each respective
imaging feature allows for imaging of captured single cells at a respective capture nest site.
Some embodiments a plurality of harvest wells, wherein each respective harvest well is
coupled with a respective multi-chamber reaction configuration and configured to deliver

reaction products for further analysis.

[0008] Some embodiments further include a genomic analysis configuration coupled with
each respective multi-chamber reaction configuration to further analyze the reaction products

from each respective multi-chamber reaction configuration.

[0009] In some embodiments, each respective capture configuration includes a capture
chamber configured to capture a single cell from a limiting dilution. In some embodiments,
each capture chamber is configured to capture a single cell utilizing a stochastic capture

Process.

[0010] In some embodiments, each respective capture configuration includes: a capture
compartment; and/or a binding partner covering a discrete region of the capture compartment,
where the discrete portion is sized so that only a single cell binds to the discrete region. Some
embodiments include one or more capture supports, wherein each capture support comprises
a binding partner distributed over at least a portion of the capture support. The one or more
capture supports may include one or more bead structures. Some embodiments include a

capture feature configured to capture the one or more capture supports.

[0011] Some embodiments include a method for multiple single-cell capturing and
processing using microfluidics. The method may include: loading a plurality of cells into a
microfluidic device; flowing the plurality of cells to a first capture configuration of the
microfluidic device; capturing a first single cell from the plurality of cells in the first capture
configuration; flowing a first remaining plurality of cells from the plurality of cells to a
second capture configuration of the microfluidic device; capturing a second single cell from
the first remaining plurality of cells in the second capture configuration; and/or performing
multistage processing of at least the first captured single cell and the second captured single
cell to produce respective harvest products with respect to at least the first captured single

cell and the second captured single cell on the microfluidic device.
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[0012] Capturing at least the first single cell or the second single cell may include capturing
at least the first single cell or the second single cell utilizing one or more a physical barriers
sized to hold only a single cell. Some embodiments include flowing the first remaining
plurality of cells from the plurality of cells through one or more bypass channels of the first
capture configuration to a flow channel coupled with a second capture configuration coupled
with the first output channel of the first capture configuration. Some embodiment include
flowing a second remaining plurality of cells from the first remaining plurality of cells
through one or more second bypass channels to an outlet of the second capture configuration

to a third capture configuration through the second output channel.

[0013] In some embodiments, the first capture configuration includes: one or more bypass
channels coupled with a first input channel and a first output channel; a first drain coupled
with the first input channel and the first output channel; and/or a first capture nest coupled
with the first drain and configured to capture an individual cell from the plurality of cells.
The second capture configuration may include: a plurality of bypass channels coupled with a
second input channel and a second output channel, wherein the second input channel is
coupled with the first output channel of the first capture configuration; a second drain
coupled with the second input channel and the second output channel; and/or a second
capture nest coupled with a second drain configured to capture an individual cell from the

first remaining plurality of cells.

[0014] In some embodiments, performing the multistage processing of at least the first
captured single cell and the second captured single cell to produce respective harvest
products with respect to at least the first captured single cell and the second captured single
cell on the microfluidic device includes lysing, on the microfluidic device, each respective
individually captured cell to release the one or more constituents of each respective cell.
Performing the multistage processing of at least the first captured single cell and the second
captured single cell to produce respective harvest products with respect to at least the first
captured single cell and the second captured single cell on the microfluidic device may
include flowing the one or more constituents of each respective captured cell into a respective
multi-chamber reaction configuration of the microfluidic device for further processing.
Performing the multistage processing of at least the first captured single cell and the second

captured single cell to produce respective harvest products with respect to at least the first
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captured single cell and the second captured single cell on the microfluidic device may
include performing a thermal cycling procedure while flowing the one or more constituents
through one or more aspects of a respective multi-chamber reaction configuration of the
microfluidic device. Performing the multistage processing of at least the first captured single
cell and the second captured single cell to produce respective harvest products with respect to
at least the first captured single cell and the second captured single cell on the microfluidic
device may include washing, in the microfluidic device, each respective captured cell with
one or more reagents. Performing the multistage processing of at least the first captured
single cell and the second captured single cell to produce respective harvest products with
respect to at least the first captured single cell and the second captured single cell on the
microfluidic device may include dosing, in the microfluidic device, each respective captured

cell with one or more reagents.

[0015] Performing the multistage processing of at least the first captured single cell and the
second captured single cell to produce respective harvest products with respect to at least the
first captured single cell and the second captured single cell on the microfluidic device may
include performing a preamplification process within the microfluidic device. Performing the
multistage processing of at least the first captured single cell and the second captured single
cell to produce respective harvest products with respect to at least the first captured single
cell and the second captured single cell on the microfluidic device may include performing a
mRNA sequencing process within the microfluidic device. Performing the multistage
processing of at least the first captured single cell and the second captured single cell to
produce respective harvest products with respect to at least the first captured single cell and
the second captured single cell on the microfluidic device may include performing at least a
specific target amplification, a whole genome amplification, a whole transcriptome
amplification, a real-time PCR preparation, a copy number variation, or a haplotyping within
the microfluidic device. Performing the multistage processing of at least the first captured
single cell and the second captured single cell to produce respective harvest products with
respect to at least the first captured single cell and the second captured single cell on the
microfluidic device may include marking reaction products from the further processing

associated with respective captured cells for identification purposes.
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[0016] Some embodiments include harvesting the harvest products from a plurality of
harvest wells of the microfluidic device. Some embodiments include processing the harvest
products. Some embodiments include imaging at least the respective captured cells or the

harvest products within the microfluidic device.

[0017] In some embodiments, capturing at least the first single cell or the second single cell
includes capturing at least the first single cell or the second single cell utilizing a capture
chamber configured to capture a single cell from a limiting dilution. Capturing at least the
first single cell or the second single cell may include capturing at least the first single cell or
the second single cell utilizing a stochastic capture process. Capturing at least the first single
cell or the second single cell may include: capturing at least the first single cell or the second
single cell utilizing: a capture compartment; and/or a binding partner covering a discrete
region of the capture compartment, where the discrete portion is sized so that only a single
cell binds to the discrete region. Capturing at least the first single cell or the second single
cell may include: capturing at least the first single cell or the second single cell utilizing one
or more capture supports, wherein each capture support comprises a binding partner
distributed over at least a portion of the capture support. The one or more capture supports
may include one or more bead structures. Some embodiments further include a capture

feature configured to capture the capture support.

[0018] Some embodiments include a method of preamplification utilizing a microfluidic
device configured to capture and to process individual cells from a plurality of cells. The
method may include: priming the microfluidic device utilizing one or more solutions;
flowing the plurality of cells through the microfluidic device such that individual cells from
the plurality of cells are capture at individual capture sites of the microfluidic device; lysing
the plurality of captured individual cells at the individual capture sites of the microfluidic
device; performing reverse transcription, within the microfluidic device, on the plurality of
individual lysed cells to produce reverse transcription products associated with each
respective individual cell; and/or performing preamplification, within the microfluidic device,
on the respective reverse transcription products associated with each respectively lysed
individual cell to produce preamplification products associated with each individual capture

cell.
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[0019] Some embodiments include delivering the preamplification products associated with
each individual capture cell to a respective harvest inlet from a plurality of harvest inlets of
the microfluidic device. Some embodiments include loading the one or more solutions into
the microfluidic device. In some embodiments, the one or more solutions include at least one

or more reagents or one or more buffers.

[0020] Some embodiments include loading the plurality of cells into the microfluidic
device. Some embodiments include imaging one or more of the captured individual cells on
the microfluidic device. Some embodiments include loading at least one or more lysis
reagents, one or more reverse transcription reagents, or one or more preamplification reagents
into the microfluidic device. Some embodiments include: removing one or more protective
layers of one or more harvesting inlets; and/or harvesting the preamplification products from

cach respective harvest inlet from the plurality of harvest inlets of the microfluidic device.

[0021] Some embodiments include staining the one or more individual capture cells on the
microfluidic device. Some embodiments include determining whether the one or more

individual captured cells are alive or dead based on the staining. Some embodiments include
determining whether the one or more individual captured cells are alive or dead based on the

imaging.

[0022] In some embodiments, the microfluidic device utilized includes a plurality of
capture configurations coupled in series, each respective capture configuration that include: a
plurality of bypass channels coupled with an input channel and an output channel; a drain
coupled with the input channel and the output channel; and/or a capture nest situated
proximal to a junction of the input channel and the plurality of bypass channels and coupled
with the drain, wherein the capture nest is configured to capture an individual cell from the
plurality of cells such that a remaining plurality of cells is diverted into at least one of the
plurality of bypass channels when the individual cell is captured in the capture nest, wherein
the capture nest comprises one of the individual capture sites. The microfluidic device may
also include a plurality of multi-chamber reaction configurations, wherein each respective
multi-chamber reaction configuration is coupled with a respective capture configuration from

the plurality of capture configurations and configured for single-cell processing.
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[0023] Some embodiments include a method of preamplification utilizing a microfluidic
device configured to capture and to process individual cells from a plurality of cells. The
method may include: loading one or more solutions into the microfluidic device; priming the
microfluidic device utilizing the one or more solutions; loading the plurality of cells into the
microfluidic device; flowing the plurality of cells through the microfluidic device such that
individual cells from the plurality of cells are capture at individual capture sites of the
microfluidic device; imaging one or more of the captured individual cells on the microfluidic
device; loading at least one or more lysis reagents, one or more reverse transcription
reagents, or one or more preamplification reagents into the microfluidic device; lysing the
plurality of captured individual cells at the individual capture sites of the microfluidic device;
performing reverse transcription, within the microfluidic device, on the plurality of individual
lysed cells to produce reverse transcription products associated with each respective
individual cell; performing preamplification, within the microfluidic device, on the respective
reverse transcription products associated with each respectively lysed individual cell to
produce preamplification products associated with each individual capture cell; delivering
the preamplification products associated with each individual capture cell to a respective
harvest inlet from a plurality of harvest inlets of the microfluidic device; removing one or
more protective layers of one or more harvesting inlets; and/or harvesting the
preamplification products from each respective harvest inlet from the plurality of harvest

inlets of the microfluidic device.

[0024] Some embodiments include a method of mRNA sequencing utilizing a microfluidic
device configured to capture and to process individual cells from a plurality of cells. The
method may include: priming the microfluidic device utilizing one or more solutions;
flowing the plurality of cells through the microfluidic device such that individual cells from
the plurality of cells are capture at individual capture sites of the microfluidic device; lysing
the plurality of captured individual cells at the individual capture sites of the microfluidic
device; performing reverse transcription, within the microfluidic device, on the plurality of
individual lysed cells to produce reverse transcription products associated with each
respective individual cell; and/or performing PCR, within the microfluidic device, on the
respective reverse transcription products associated with each respectively lysed individual

cell to produce PCR products associated with each individual capture cell.
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[0025] Some embodiments include delivering the PCR products associated with each
individual capture cell to a respective harvest inlet from a plurality of harvest inlets of the
microfluidic device. Some embodiments include loading the one or more solutions into the
microfluidic device. The one or more solutions may include at least one or more reagents or

one or more buffers.

[0026] Some embodiments include loading the plurality of cells into the microfluidic
device. Some embodiments include imaging one or more of the captured individual cells on
the microfluidic device. Some embodiments include loading at least one or more lysis
reagents, one or more reverse transcription reagents, or one or more PCR reagents into the
microfluidic device. Some embodiments include: removing one or more protective layers of
one or more harvesting inlets; and/or harvesting the PCR products from each respective

harvest inlet from the plurality of harvest inlets of the microfluidic device.

[0027] Some embodiments include staining the one or more individual capture cells on the
microfluidic device. Some embodiments include determining whether the one or more

individual captured cells are alive or dead based on the staining. Some embodiments include
determining whether the one or more individual captured cells are alive or dead based on the

imaging. In some embodiments, the PCR products include amplified cDNA.

[0028] Some embodiments include preparing one or more libraries utilizing the PCR
products associated with each individual captured cell. Preparing the one or more libraries
may include: determining a cDNA concentration from each respective harvest products
associated with each individual cell; and/or diluting each respective cDNA concentration to

within a pre-determined concentration range.

[0029] Some embodiments include preparing the dilated cDNA concentration for
tagmentation to produce tagmentation products. Some embodiments include performing PCR
amplification on the tagmentation products to produce PCR products. Some embodiments

include generating one or more library pools from the PCR products.

[0030] In some embodiments, the microfluidic device utilized includes a plurality of
capture configurations coupled in series, each respective capture configuration that include: a
plurality of bypass channels coupled with an input channel and an output channel; a drain

coupled with the input channel and the output channel; and/or a capture nest situated
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proximal to a junction of the input channel and the plurality of bypass channels and coupled
with the drain, wherein the capture nest is configured to capture an individual cell from the
plurality of cells such that a remaining plurality of cells is diverted into at least one of the
plurality of bypass channels when the individual cell is captured in the capture nest, wherein
the capture nest comprises one of the individual capture sites. The microfluidic device may
also include a plurality of multi-chamber reaction configurations, wherein each respective
multi-chamber reaction configuration is coupled with a respective capture configuration from

the plurality of capture configurations and configured for single-cell processing.

[0031] Some embodiments include a method of mRNA sequencing utilizing a microfluidic
device configured to capture and to process individual cells from a plurality of cells. The
method may include: loading one or more solutions into the microfluidic device; priming the
microfluidic device utilizing the one or more solutions; loading the plurality of cells into the
microfluidic device; flowing the plurality of cells through the microfluidic device such that
individual cells from the plurality of cells are capture at individual capture sites of the
microfluidic device; imaging one or more of the captured individual cells on the microfluidic
device; loading at least one or more lysis reagents, one or more reverse transcription reagents,
or one or more PCR reagents into the microfluidic device; lysing the plurality of captured
individual cells at the individual capture sites of the microfluidic device; performing reverse
transcription, within the microfluidic device, on the plurality of individual lysed cells to
produce reverse transcription products associated with each respective individual cell;
performing PCR, within the microfluidic device, on the respective reverse transcription
products associated with each respectively lysed individual cell to produce PCR products
associated with each individual capture cell; delivering the PCR products associated with
cach individual capture cell to a respective harvest inlet from a plurality of harvest inlets of
the microfluidic device; removing one or more protective layers of one or more harvesting
inlets; and/or harvesting the PCR products from each respective harvest inlet from the

plurality of harvest inlets of the microfluidic device.

[0032] Some embodiments include microfluidic controller configured for multiple single-
cell processing using a microfluidic device. The microfluidic controller may include: a
housing; a microfluidic device input and output module configured to load and unload the

microfluidic device into the housing; a pressure module configured to couple with the
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microfluidic device to provide controller pressure to the microfluidic device; a sealing
module configured to provide one or more pressure seals to the microfluidic device; and/or a

thermal cycling module configured to thermal cycle the microfluidic device.

[0033] Some embodiments include an imaging module configured to image one or more
aspects of the microfluidic device. The imaging module may include at least a microscope or
a camera configured to image one or more captured cells in the microfluidic device. The
imaging module may include at least a microscope or a camera configured to image one or
more reaction products in the microfluidic device. In some embodiments, the thermal cycling
module is configured to thermal cycle the microfluidic device while the pressure module

activates one or more valves within the microfluidic device.

[0034] Some embodiments include an input module configured to receive input from a user
of the microfluidic controller. Some embodiments include a display module configured to at
least provide information to a user of the microfluidic controller or receive input from the

user of the microfluidic controller.

[0035] In some embodiments, the pressure module configured to couple with the
microfluidic device to provide controller pressure to the microfluidic device is configured to
control pressure in the microfluidic device to flow a plurality of cells through the microfluidic
device and to capture individual cells at individual capture configurations within the
microfluidic device. The pressure module configured to couple with the microfluidic device
to provide controller pressure to the microfluidic device may be configured to control
pressure in the microfluidic device to perform multistage processing of multiple single cells

captured within the microfluidic device.

[0036] In some embodiments, the thermal cycling module configured to thermal cycle the
microfluidic device is configured to perform the multistage processing of multiple single cells

captured within the microfluidic device.

[0037] In some embodiments, the multistage processing comprises preamplification

processing. The multistage processing may include mRNA sequence processing.

[0038] In some embodiments, the pressure module configured to couple with the

microfluidic device to provide controller pressure to the microfluidic device is configured to
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control pressure in the microfluidic device to prime the microfluidic device. The pressure

module configured to couple with the microfluidic device to provide controller pressure to
the microfluidic device may be configured to control pressure in the microfluidic device to
load a plurality of cells into the microfluidic device and to capture multiple individual cells

from the plurality of cells in the microfluidic device.

[0039] In some embodiments, at least the pressure module or the thermal cycling module is
configured to facilitate to perform at least lysis, reverse transcription, PCR, or harvesting on
the microfluidic device. In some embodiments, at least the pressure module or the thermal
cycling module is configured to facilitate to perform at least lysis, reverse transcription,

preamplification, or harvesting on the microfluidic device.

[0040] Some embodiments include a microfluidic device configured for multiple single-cell
processing. The microfluidic device may include multiple capture configurations coupled in
series. Each respective capture configuration may include: multiple bypass channels coupled
with an input channel and an output channel; a drain coupled with the input channel and the
output channel; and/or a capture nest situated proximal to a junction of the input channel and
the multiple bypass channels and coupled with the drain. The capture nest may be configured
to capture an individual cell from multiple cells such that the remaining cells is diverted into
at least one of the multiple bypass channels when the individual cell is captured in the capture
nest. The microfluidic device may include multiple multi-chamber reaction configurations.
Each respective multi-chamber reaction configuration may be coupled with a respective
capture configuration from the multiple capture configurations and configured for single-cell

processing.

[0041] In some embodiments, at least the input channel or the output channel is further
configured as a focusing channel. The focusing channel may include a narrowing channel in
at least a horizontal direction or a vertical direction. In some embodiments, the multiple
bypass channels are symmetrically configured. In some embodiments, the multi-chamber
reaction configurations are further configured for thermal cycling while one or more valves
of a respective multi-chamber reaction configuration are actuated. In some embodiments, the

microfluidic device is further configured for imaging.
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[0042] Some embodiments include method for multiple single-cell processing using
microfluidics. The method may include: loading multiple cells into a microfluidic device;
and/or flowing the multiple cells into at least a first capture configuration of the microfluidic
device. The first capture configuration may include: multiple first bypass channels coupled
with a first input channel and a first output channel; a first drain coupled with the first input
channel and the first output channel; and/or a first capture nest coupled with the first drain
and configured to capture an individual cell from the multiple cells. The method may include:
capturing a first individual cell from the multiple cells at the first capture nest; flowing a first
remaining set of cells from the multiple cells through at least one of the multiple first bypass
channels to at least a second capture configuration coupled with the first output channel of
the first capture configuration; and/or flowing the first remaining set of cells into at least the
second capture configuration of the microfluidic device. The second capture configuration
may include: multiple second bypass channels coupled with a second input channel and a
second output channel, where the second input channel is coupled with the first output
channel of the first capture configuration; a second drain coupled with the second input
channel and the second output channel; and/or a second capture nest coupled with a second
drain configured to capture an individual cell from the first remaining set of cells. The
method may include: capturing a second particle or cell from the first remaining set cells at
the second capture nest; and flowing a second remaining set of cells from the first remaining
set of cells through at least one of the multiple second bypass channels to a third capture

configuration through the second output channel.

[0043] In some embodiments, the method further includes lysing each respective
individually captured cell to release the one or more constituents of each respective cell. The
method may further include flowing the one or more constituents of each respective captured
cell into a respective multi-chamber reaction configuration for further processing. The
method may further include performing a thermal cycling procedure while flowing the one or
more constituents through one or more aspects of a respective multi-chamber reaction
configuration. The method may further include washing respective captured cells with one or
more reagents. The method may further include dosing respective captured cells with one or

more agents. The method may further include imaging the respective captured cells.

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

WO 2013/130714 PCT/US2013/028170

14

[0044] In some embodiments, the further processing of the method may include performing
at least specific target amplification, whole genome amplification, whole transcriptome
amplification, real-time PCR preparation, or haplotyping. The method may include marking
reaction products from the further processing associated with respective captured cells for
identification purposes. The reaction products may be exported and analyzed in a

downstream system, for example.

[0045] Some embodiments may include a microfluidic controller configured for multiple
single-cell processing using a microfluidic device. The microfluidic controller may include:
a housing; a microfluidic device input and output module configured to load and unload the
microfluidic device into the housing; a pressure module configured to couple with the
microfluidic device to provide controller pressure to the microfluidic device; a sealing
module configured to provide one or more pressure seals to the microfluidic device; and/or a

thermal cycling module configured to thermal cycle the microfluidic device.

[0046] In some embodiments, the microfluidic controller includes an imaging module
configured to image one or more aspects of the microfluidic device. In some embodiments,
the thermal cycling module is configured to thermal cycle the microfluidic device while the
pressure module activates one or more valves within the microfluidic device. The
microfluidic controller may include an input module configured to receive input from a user
of the microfluidic controller. The microfluidic controller may include a display module
configured to at least provide information to a user of the microfluidic controller or receive

input from the user of the microfluidic controller.

[0047] Some embodiments include a microfluidic system configured for multiple single-
cell processing. The microfluidic system may include a microfluidic device and/or a
microfluidic controller coupled with the microfluidic device. The microfluidic device may
include multiple capture configurations coupled in series. Each respective capture
configuration may include: multiple bypass channels coupled with an input channel and an
output channel; a drain coupled with the input channel and the output channel; and/or a
capture nest situated proximal to a junction of the input channel and the multiple bypass
channels and coupled with the drain. The capture nest may be configured to capture an

individual cell from multiple cells such that the remaining cells is diverted into at least one of
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the multiple bypass channels when the individual cell is captured in the capture nest. The
microfluidic device may include multiple multi-chamber reaction configurations. Each
respective multi-chamber reaction configuration may be coupled with a respective capture
configuration from the multiple capture configurations and configured for single-cell
processing. The microfluidic controller may include: a housing; a microfluidic device input
and output module configured to load and unload the microfluidic device into the housing; a
pressure module configured to couple with the microfluidic device to provide controller
pressure to the microfluidic device; a sealing module configured to provide one or more
pressure seals to the microfluidic device; and/or a thermal cycling module configured to

thermal cycle the microfluidic device.

[0048] The foregoing has outlined rather broadly the features and technical advantages of
examples according to the disclosure in order that the detailed description that follows may
be better understood. Additional features and advantages will be described hereinafter. The
conception and specific examples disclosed may be readily utilized as a basis for modifying
or designing other structures for carrying out the same purposes of the present disclosure.
Such equivalent constructions do not depart from the spirit and scope of the appended claims.
Features which are believed to be characteristic of the concepts disclosed herein, both as to
their organization and method of operation, together with associated advantages will be better
understood from the following description when considered in connection with the
accompanying figures. Each of the figures is provided for the purpose of illustration and

description only, and not as a definition of the limits of the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0049] A further understanding of the nature and advantages of the disclosure may be
realized by reference to the following drawings. In the appended figures, similar components
or features may have the same reference label. Further, various components of the same type
may be distinguished by following the reference label by a dash and a second label that
distinguishes among the similar components. If only the first reference label is used in the
specification, the description is applicable to any one of the similar components having the

same first reference label irrespective of the second reference label.
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[0050] FIG. 1 shows a diagram of a microfluidic system in accordance with various

embodiments;

[0051] FIG. 2 shows a diagram of a microfluidic device in accordance with various

embodiments;

[0052] FIG. 3A shows a diagram of a capture configuration of a microfluidic device in

accordance with various embodiments;

[0053] FIG. 3B shows a micrograph of a capture configuration of a microfluidic device in

accordance with various embodiments;

[0054] FIGs. 3C-3K show different capture configurations of a microfluidic device in

accordance with various embodiments;

[0055] FIG. 4 shows a micrograph of multiple capture configurations coupled in a series of

a microfluidic device in accordance with various embodiments;

[0056] FIG. 5A shows a diagram of a multi-chamber reaction configuration of a

microfluidic device in accordance with various embodiments;

[0057] FIG. 5B shows a diagram of a multi-chamber reaction configuration of a

microfluidic device in accordance with various embodiments;

[0058] FIG. 5C shows a diagram of several multi-chamber reaction configurations of a

microfluidic device in accordance with various embodiments;

[0059] FIG. 6 shows a schematic diagram of the unit cell architecture for a microfluidic
device adapted for cell handling based on limiting dilution and/or stochastic capture in

accordance with various embodiments;

[0060] FIG. 7 shows the use of limiting dilution of a cell suspension to obtain a single cell

per separate reaction volume in accordance with various embodiments;

[0061] FIG. 8A and FIG. 8B show the results of cell counting in a chip using brightfield to

image, as compared to the theoretical distribution in accordance with various embodiments;

[0062] FIG. 9 shows a fluorescent cell "ghost" images permit detection of more cells than

pre-PCR brightfield imaging in accordance with various embodiments;
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[0063] FIG. 10 shows brightfield, fluorescences, and Poisson distributions in accordance

with various embodiments;

[0064] FIG. 11A and FIG. 11B illustrate examples single cell capture configurations sites

with a capture feature and drain in accordance with various embodiments;

[0065] FIG. 12 shows different examples of single cell capture configurations in

accordance with various embodiments;

[0066] FIG. 13A provides illustrative capture feature different baffle combinations in

accordance with various embodiments.

[0067] FIG. 13B and FIG. 13C illustrate the variables for, and performance of, different

capture feature/baffle combinations in accordance with various embodiments;

[0068] FIG. 14A and FIG. 14B illustrate a strategy for using capture features to catch
single, affinity-reagent-coated beads, which then may display the affinity reagent (e.g.,

antibody) so as to capture single cells in accordance with various embodiments;

[0069] FIGs. 15A-15G shows additional capture configurations for single-cell capture in

accordance with various embodiments;

[0070] FIG. 16 shows a diagram of a microfluidic carrier in accordance with various

embodiments;

[0071] FIG. 16A shows aspects of a microfluidic device in accordance with various

embodiments;

[0072] FIG. 17 shows a diagram of a microfluidic controller in accordance with various

embodiments; and

[0073] FIG. 18 shows a flow diagram of a method for processing multiple single cells using

microfluidics in accordance with various embodiments;

[0074] FIG. 19 shows a flow diagram of a method for processing multiple single cells using

microfluidics in accordance with various embodiments;

[0075] FIG. 20 shows a flow diagram of a method for capturing and processing multiple

single cells using microfluidics in accordance with various embodiments;
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[0076] FIG. 20A shows a flow diagram of a method for capturing and processing multiple

single cells using microfluidics in accordance with various embodiments;

[0077] FIG. 20B shows a flow diagram of a method for capturing and processing multiple

single cells using microfluidics in accordance with various embodiments;

[0078] FIG. 21 shows a flow diagram of a method for capturing and preamplification

processing multiple single cells using microfluidics in accordance with various embodiments;

[0079] FIG. 21A shows a flow diagram of a method for capturing and preamplification

processing multiple single cells using microfluidics in accordance with various embodiments;

[0080] FIG. 22 shows a flow diagram of a method for capturing and mRNA sequencing

multiple single cells using microfluidics in accordance with various embodiments;

[0081] FIG. 22A shows a flow diagram of a method for capturing and mRNA sequencing

multiple single cells using microfluidics in accordance with various embodiments;

[0082] FIG. 22B shows a flow diagram of a method for capturing and mRNA sequencing

multiple single cells using microfluidics in accordance with various embodiments;

DETAILED DESCRIPTION
[0083] Methods, systems, and devices are described for multiple single-cell capturing and
processing utilizing microfluidics. Some embodiments provide for capturing, partitioning,
and/or manipulating individual cells from a larger population of cells along with generating
genetic information and/or reaction products related to each individual cell. Some
embodiments may provide for specific target amplification (STA), whole genome
amplification (WGA), whole transcriptome amplification (WTA), real-time PCR preparation,
and/or haplotyping of multiple individual cells that have been partitioned from a larger
population of cells. Some embodiments provide for other applications. Some specific
embodiments provide for mRNA sequencing or preamplification of the multiple individual
cells, for example. Some embodiments may be configured for imaging the individual cells or
associated reaction products as part of the processing. Reaction products may be harvest

and/or further analyzed in some cases.
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[0084] The methods, systems, and devices may include different microfluidic devices
and/or controllers for multiple single-cell capturing and processing utilizing microfluidics.
Some microfluidic devices are provided that may include multiple capture configurations and
multiple multi-chamber reaction configurations. Each capture configuration may be
configured to capture an individual cell from multiple cells. Each multi-chamber reaction
configuration may then be utilized to process cach cell after it has by lysed. Reactions
products may be harvest from each multi-chamber reaction configuration. Microfluidic
controllers are also provided that may be utilized to operate the microfluidic device to capture

and to process individual cells from multiple cells.

[0085] Further aspects of different embodiments may utilize aspects as described in the
following sections: (I) microfluidic systems, (II) physical structures of fluid networks, (II1)
particles, (IV) input mechanisms, (V) positioning mechanisms, (VI) retention mechanisms,
(VII) treatment mechanisms, (VIII) measurement mechanisms, (IX) release mechanisms, (X)
output mechanisms, (XI) cell culture mechanisms, (XII) particle-based manipulations, and/or

(XIIT) embodiments.
[0086] (I) Microfluidic Systems

[0087] Particle, such as cell, manipulations and analyses are performed in microfluidic
systems. A microfluidic system generally comprises any system in which very small volumes
of fluid are stored and manipulated, generally less than about 500 uL, typically less than
about 100 uL, and more typically less than about 10 uL. Microfluidic systems carry fluid in
predefined paths through one or more microfluidic passages. A microfluidic passage may
have a minimum dimension, generally height or width, of less than about 200, 100, or 50 um.

Passages are described in more detail below in Section I1.

[0088] Microfluidic systems may include one or more sets of passages that interconnect to
form a generally closed microfluidic network. Such a microfluidic network may include one,
two, or more openings at network termini, or intermediate to the network, that interface with
the external world. Such openings may receive, store, and/or dispense fluid. Dispensing fluid
may be directly into the microfluidic network or to sites external the microfluidic system.

Such openings generally function in input and/or output mechanisms, described in more
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detail in Sections IV and X below, and may include reservoirs, described in more detail in

Section II below.

[0089] Microfluidic systems also may include any other suitable features or mechanisms
that contribute to fluid, reagent, and/or particle manipulation or analysis. For example,
microfluidic systems may include regulatory or control mechanisms that determine aspects of
fluid flow rate and/or path. Valves and/or pumps that may participate in such regulatory
mechanisms are described in more detail below in Section II. Alternatively, or in addition,
microfluidic systems may include mechanisms that determine, regulate, and/or sense fluid
temperature, fluid pressure, fluid flow rate, exposure to light, exposure to electric fields,
magnetic field strength, and/or the like. Accordingly, microfluidic systems may include
heaters, coolers, electrodes, lenses, gratings, light sources, pressure sensors, pressure
transducers, microprocessors, microelectronics, and/or so on. Furthermore, each microfluidic
system may include one or more features that act as a code to identify a given system. The
features may include any detectable shape or symbol, or set of shapes or symbols, such as
black-and-white or colored barcode, a word, a number, and/or the like, that has a distinctive

position, identity, and/or other property (such as optical property).

[0090] Microfluidic systems may be formed of any suitable material or combination of
suitable materials. Suitable materials may include elastomers, such as polydimethylsiloxane
(PDMS); plastics, such as polystyrene, polypropylene, polycarbonate, etc.; glass; ceramics;
sol-gels; silicon and/or other metalloids; metals or metal oxides; biological polymers,
mixtures, and/or particles, such as proteins (gelatin, polylysine, serum albumin, collagen,

etc.), nucleic acids, microorganisms, etc.; and/or the like.

[0091] Exemplary materials for microfluidic systems are described in more detail in the
patent applications listed above under Cross-References, which are incorporated herein by

reference.

[0092] Microfluidic systems, also referred to as chips, may have any suitable structure.
Such systems may be fabricated as a unitary structure from a single component, or as a multi-
component structure of two or more components. The two or more components may have any
suitable relative spatial relationship and may be attached to one another by any suitable

bonding mechanism.
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[0093] In some embodiments, two or more of the components may be fabricated as
relatively thin layers, which may be disposed face-to-face. The relatively thin layers may
have distinct thickness, based on function. For example, the thickness of some layers may be
about 10 to 250 um, 20 to 200 pum, or about 50 to 150 um, among others. Other layers may
be substantially thicker, in some cases providing mechanical strength to the system. The
thicknesses of such other layers may be about 0.25 to 2 cm, 0.4 to 1.5 cm, or 0.5 to 1 cm,
among others. One or more additional layers may be a substantially planar layer that
functions as a substrate layer, in some cases contributing a floor portion to some or all

microfluidic passages.

[0094] Components of a microfluidic system may be fabricated by any suitable mechanism,
based on the desired application for the system and on materials used in fabrication. For
example, one or more components may be molded, stamped, and/or embossed using a
suitable mold. Such a mold may be formed of any suitable material by micromachining,
etching, soft lithography, material deposition, cutting, and/or punching, among others.
Alternatively, or in addition, components of a microfluidic system may be fabricated without

a mold by etching, micromachining, cutting, punching, and/or material deposition.

[0095] Microfluidic components may be fabricated separately, joined, and further modified
as appropriate. For example, when fabricated as distinct layers, microfluidic components may
be bonded, generally face-to-face. These separate components may be surface-treated, for
example, with reactive chemicals to modify surface chemistry, with particle binding agents,
with reagents to facilitate analysis, and/or so on. Such surface-treatment may be localized to
discrete portions of the surface or may be relatively nonlocalized. In some embodiments,
separate layers may be fabricated and then punched and/or cut to produce additional
structure. Such punching and/or cutting may be performed before and/or after distinct

components have been joined.

[0096] Exemplary methods for fabricating microfluidic systems are described in more
detail in the patent applications identified above under Cross-References, which are

incorporated herein by reference.

[0097] (1) Physical Structures of Fluid Networks
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[0098] Microfluidic systems may include any suitable structure(s) for the integrated
manipulation of small volumes of fluid, including moving and/or storing fluid, and particles
associated therewith, for use in particle assays. The structures may include passages,

reservoirs, and/or regulators, among others.

[0099] Passages generally comprise any suitable path, channel, or duct through, over, or
along which materials (e.g., fluid, particles, and/or reagents) may pass in a microfluidic
system. Collectively, a set of fluidically communicating passages, generally in the form of
channels, may be referred to as a microfluidic network. In some cases, passages may be
described as having surfaces that form a floor, a roof, and walls. Passages may have any
suitable dimensions and geometry, including width, height, length, and/or cross-sectional
profile, among others, and may follow any suitable path, including linear, circular, and/or
curvilinear, among others. Passages also may have any suitable surface contours, including
recesses, protrusions, and/or apertures, and may have any suitable surface chemistry or
permeability at any appropriate position within a channel. Suitable surface chemistry may
include surface modification, by addition and/or treatment with a chemical and/or reagent,

before, during, and/or after passage formation.

[0100] In some cases, passages, and particularly channels, may be described according to
function. For example, passages may be described according to direction of material flow in a
particular application, relationship to a particular reference structure, and/or type of material
carried. Accordingly, passages may be inlet passages (or channels), which generally carry
materials to a site, and outlet passages (or channels), which generally carry materials from a
site. In addition, passages may be referred to as particle passages (or channels), reagent
passages (or channels), focusing passages (or channels), perfusion passages (or channels),

waste passages (or channels), and/or the like.

[0101] Passages may branch, join, and/or dead-end to form any suitable microfluidic
network. Accordingly, passages may function in particle positioning, sorting, retention,

treatment, detection, propagation, storage, mixing, and/or release, among others.

[0102] Reservoirs generally comprise any suitable receptacle or chamber for storing
materials (e.g., fluid, particles and/or reagents), before, during, between, and/or after

processing operations (e.g., measurement and/or treatment). Reservoirs, also referred to as
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wells, may include input, intermediate, and/or output reservoirs. Input reservoirs may store
materials (e.g., fluid, particles, and/or reagents) prior to inputting the materials to a
microfluidic network(s) portion of a chip. By contrast, intermediate reservoirs may store
materials during and/or between processing operations. Finally, output reservoirs may store
materials prior to outputting from the chip, for example, to an external processor or waste, or

prior to disposal of the chip.

[0103] Further aspects of reservoirs are included in the patent applications identified above

under Cross-References, which are incorporated herein by reference.

[0104] Regulators generally comprise any suitable mechanism for generating and/or
regulating movement of materials (e.g., fluid, particles, and/or reagents). Suitable regulators
may include valves, pumps, and/or electrodes, among others. Regulators may operate by
actively promoting flow and/or by restricting active or passive flow. Suitable functions
mediated by regulators may include mixing, sorting, connection (or isolation) of fluidic

networks, and/or the like.
[0105] (III) Particles

[0106] Microfluidic systems may be used to manipulate and/or analyze particles. A particle
generally comprises any object that is small enough to be inputted and manipulated within a
microfluidic network in association with fluid, but that is large enough to be distinguishable
from the fluid. Particles, as used here, typically are microscopic or near-microscopic, and
may have diameters of about 0.005 to 100 um, 0.1 to 50 um, or about 0.5 to 30 um.
Alternatively, or in addition, particles may have masses of about 102 to 10 grams, 107 to
107 grams, or 10" to 10 grams. Exemplary particles may include cells, viruses, organelles,

beads, and/or vesicles, and aggregates thereof, such as dimers, trimers, etc.

[0107] One example of particles is cells. Cells, as used here, generally comprise any self-
replicating, membrane-bounded biological entity, or any nonreplicating, membrane-bounded
descendant thereof. Nonreplicating descendants may be senescent cells, terminally
differentiated cells, cell chimeras, serum-starved cells, infected cells, nonreplicating mutants,

anucleate cells, etc.
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[0108] Cells used as particles in microfluidic systems may have any suitable origin, genetic
background, state of health, state of fixation, membrane permeability, pretreatment, and/or
population purity, among others. Origin of cells may be eukaryotic, prokaryotic, archae, etc.,
and may be from animals, plants, fungi, protists, bacteria, and/or the like. Cells may be wild-
type; natural, chemical, or viral mutants; engineered mutants (such as transgenics); and/or the
like. In addition, cells may be growing, quiescent, senescent, transformed, and/or
immortalized, among others, and cells may be fixed and/or unfixed. Living or dead, fixed or
unfixed cells may have intact membranes, and/or permeabilized/disrupted membranes to
allow uptake of ions, labels, dyes, ligands, etc., or to allow release of cell contents. Cells may
have been pretreated before introduction into a microfluidic system by any suitable
processing steps. Such processing steps may include modulator treatment, transfection
(including infection, injection, particle bombardment, lipofection, coprecipitate transfection,
etc.), processing with assay reagents, such as dyes or labels, and/or so on. Furthermore, cells
may be a monoculture, generally derived as a clonal population from a single cell or a small
set of very similar cells; may be presorted by any suitable mechanism such as affinity
binding, FACS, drug sclection, etc.; and/or may be a mixed or heterogencous population of

distinct cell types.

[0109] Eukaryotic cells, that is, cells having one or more nuclei, or anucleate derivatives
thereof, may be obtained from any suitable source, including primary cells, established cells,
and/or patient samples. Such cells may be from any cell type or mixture of cell types, from
any developmental stage, and/or from any genetic background. Furthermore, cukaryotic cells
may be adherent and/or nonadherent. Such cells may be from any suitable eukaryotic

organism including animals, plants, fungi, and/or protists.

[0110] Eukaryotic cells may be from animals, that is, vertebrates or invertebrates.
Vertebrates may include mammals, that is, primates (such as humans, apes, monkeys, etc.) or
nonprimates (such as cows, horses, sheep, pigs, dogs, cats, marsupials, rodents, and/or the
like). Nonmammalian vertebrates may include birds, reptiles, fish, (such as trout, salmon,
goldfish, zebrafish, etc.), and/or amphibians (such as frogs of the species Xenopus, Rana,
etc.). Invertebrates may include arthropods (such as arachnids, insects (e.g., Drosophila),

etc.), mollusks (such as clams, snails, etc.), annelids (such as earthworms, etc.), echinoderms
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(such as various starfish, among others), coelenterates (such as jellyfish, coral, etc.), porifera

(sponges), platyhelminths (tapeworms), nemathelminths (flatworms), etc.

[0111] Eukaryotic cells may be from any suitable plant, such as monocotyledons,
dicotyledons, gymnosperms, angiosperms, ferns, mosses, lichens, and/or algae, among others.
Exemplary plants may include plant crops (such as rice, corn, wheat, rye, barley, potatoes,
etc.), plants used in research (e.g., Arabadopsis, loblolly pine, etc.), plants of horticultural

values (ornamental palms, roses, etc.), and/or the like.

[0112] Eukaryotic cells may be from any suitable fungi, including members of the phyla
Chytridiomycota, Zygomycota, Ascomycota, Basidiomycota, Deuteromycetes, and/or yeasts.
Exemplary fungi may include Saccharomyces cerevisiae, Schizosaccharomyces pombe,
Pichia pastoralis, Neurospora crassa, mushrooms, puffballs, imperfect fungi, molds, and/or

the like.

[0113] Eukaryotic cells may be from any suitable protists (protozoans), including amoebae,
ciliates, flagellates, coccidia, microsporidia, and/or the like. Exemplary protists may include

Giardia lamblia, Entamoeba. histolytica, Cryptosporidium, and/or N. fowleri, among others.

[0114] Particles may include eukaryotic cells that are primary, that is, taken directly from
an organism or nature, without subsequent extended culture in vitro. For example, the cells
may be obtained from a patient sample, such as whole blood, packed cells, white blood cells,
urine, sputum, feces, mucus, spinal fluid, tumors, diseased tissue, bone marrow, lymph,
semen, pleural fluid, a prenatal sample, an aspirate, a biopsy, disaggregated tissue, epidermal
cells, keratinocytes, endothelial cells, smooth muscle cells, skeletal muscle cells, neural cells,
renal cells, prostate cells, liver cells, stem cells, osteoblasts, and/or the like. Similar samples
may be manipulated and analyzed from human volunteers, selected members of the human
population, forensic samples, animals, plants, and/or natural sources (water, soil, air, etc.),

among others.

[0115] Alternatively, or in addition, particles may include established eukaryotic cells.
Such cells may be immortalized and/or transformed by any suitable treatment, including viral
infection, nucleic acid transfection, chemical treatment, extended passage and selection,
radiation exposure, and/or the like. Such established cells may include various lineages such

as neuroblasts, neurons, fibroblasts, myoblasts, myotubes, chondroblasts, chondrocytes,
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osteoblasts, osteocytes, cardiocytes, smooth muscle cells, epithelial cells, keratinocytes,
kidney cells, liver cells, lymphocytes, granulocytes, and/or macrophages, among others.
Exemplary established cell lines may include Rat-1, NIH 3T3, HEK 293, COS 1, COS7, CV-
1, C2C12, MDCK, PC12, SAOS, HeLa, Schneider cells, Junkat cells, SL2, and/or the like.

[0116] Particles may be prokaryotic cells, that is, self-replicating, membrane-bounded
microorganisms that lack membrane-bound organelles, or nonreplicating descendants thereof.
Prokaryotic cells may be from any phyla, including Aquificae, Bacteroids, Chlorobia,
Chrysogenetes, Cyanobacteria, Fibrobacter, Firmicutes, Flavobacteria, Fusobacteria,
Proteobacteria, Sphingobacteria, Spirochaetes, Thermomicrobia, and/or Xenobacteria, among
others. Such bacteria may be gram-negative, gram-positive, harmful, beneficial, and/or
pathogenic. Exemplary prokaryotic cells may include E. coli, S. typhimurium, B subtilis, S.

aureus, C. perfiingens, V. parahaemolyticus, and/or B. anthracis, among others.

[0117] Viruses may be manipulated and/or analyzed as particles in microfluidic systems.
Viruses generally comprise any microscopic/submicroscopic parasites of cells (animals,
plants, fungi, protists, and/or bacteria) that include a protein and/or membrane coat and that
are unable to replicate without a host cell. Viruses may include DNA viruses, RNA viruses,
retroviruses, virions, viroids, prions, etc. Exemplary viruses may include HIV, RSV, rabies,
hepatitis virus, Epstein-Barr virus, rhinoviruses, bacteriophages, prions that cause various
diseases (CJD (Creutzfeld-Jacob disease, kuru, GSS (Gerstmann-Straussler-Scheinker

syndrome), FFI (Fatal Familial Insomnia), Alpers syndrome, etc.), and/or the like.

[0118] Organelles may be manipulated and/or analyzed in microfluidic systems. Organelles
generally comprise any particulate component of a cell. For example, organelles may include
nuclei, Golgi apparatus, lysosomes, endosomes, mitochondria, peroxisomes, endoplasmic

reticulum, phagosomes, vacuoles, chloroplasts, etc.

[0119] Particle assays may be performed with beads. Beads generally comprise any
suitable manufactured particles. Beads may be manufactured from inorganic materials, or
materials that are synthesized chemically, enzymatically and/or biologically. Furthermore,
beads may have any suitable porosity and may be formed as a solid or as a gel. Suitable bead
compositions may include plastics (e.g., polystyrene), dextrans, glass, ceramics, sol-gels,

clastomers, silicon, metals, and/or biopolymers (proteins, nucleic acids, etc.). Beads may
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have any suitable particle diameter or range of diameters. Accordingly, beads may be a
substantially uniform population with a narrow range of diameters, or beads may be a

heterogeneous population with a broad range of diameters, or two or more distinct diameters.

[0120] Beads may be associated with any suitable materials. The materials may include
compounds, polymers, complexes, mixtures, phages, viruses, and/or cells, among others. For
example, the beads may be associated with a member of a specific binding pair (see Section
VI), such as a receptor, a ligand, a nucleic acid, a member of a compound library, and/or so
on. Beads may be a mixture of distinct beads, in some cases carrying distinct materials. The
distinct beads may differ in any suitable aspect(s), such as size, shape, an associated code,
and/or material carried by the beads. In some embodiments, the aspect may identify the

associated material. Codes are described further in Section XII below.

[0121] Particles may be vesicles. Vesicles generally comprise any noncellularly derived
particle that is defined by a lipid envelope. Vesicles may include any suitable components in
their envelope or interior portions. Suitable components may include compounds, polymers,
complexes, mixtures, aggregates, and/or particles, among others. Exemplary components may
include proteins, peptides, small compounds, drug candidates, receptors, nucleic acids,

ligands, and/or the like.
[0122] (IV) Input Mechanisms

[0123] Microfluidic systems may include one or more input mechanisms that interface with
the microfluidic network(s). An input mechanism generally comprises any suitable
mechanism for inputting material(s) (e.g., particles, fluid, and/or reagents) to a microfluidic
network of a microfluidic chip, including selective (that is, component-by-component) and/or

bulk mechanisms.

[0124] The input mechanism may receive material from internal sources, that is, reservoirs
that are included in a microfluidic chip, and/or external sources, that is, reservoirs that are

separate from, or external to, the chip.

[0125] Input mechanisms that input materials from internal sources may use any suitable
receptacle to store and dispense the materials. Suitable receptacles may include a void formed

in the chip. Such voids may be directly accessible from outside the chip, for example, through
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a hole extending from fluidic communication with a fluid network to an external surface of
the chip, such as the top surface. The receptacles may have a fluid capacity that is relatively
large compared to the fluid capacity of the fluid network, so that they are not quickly
exhausted. For example, the fluid capacity may be at least about 1, 5, 10, 25, 50, or 100 uL.
Accordingly, materials may be dispensed into the receptacles using standard laboratory

equipment, if desired, such as micropipettes, syringes, and the like.

[0126] Input mechanisms that input materials from external sources also may use any
suitable receptacle and mechanism to store and dispense the materials. However, if the
external sources input materials directly into the fluid network, the external sources may need
to interface effectively with the fluid network, for example, using contact and/or noncontact
dispensing mechanisms. Accordingly, input mechanisms from external sources may use
capillaries or needles to direct fluid precisely into the fluid network. Alternatively, or in
addition, input mechanisms from external sources may use a noncontact dispensing
mechanism, such as "spitting,” which may be comparable to the action of an inkjet printer.
Furthermore, input mechanisms from external sources may use ballistic propulsion of

particles, for example, as mediated by a gene gun.

[0127] The inputting of materials into the microfluidics system may be facilitated and/or
regulated using any suitable facilitating mechanism. Such facilitating mechanisms may
include gravity flow, for example, when an input reservoir has greater height of fluid than an
output reservoir. Facilitating mechanisms also may include positive pressure to push
materials into the fluidic network, such as mechanical or gas pressure, or centrifugal force;
negative pressure at an output mechanism to draw fluid toward the output mechanism; and/or
a positioning mechanism acting within the fluid network. The positioning mechanism may
include a pump and/or an electrokinetic mechanism. Positioning mechanisms are further
described below, in Section V. In some embodiments, the facilitating mechanism may
include a suspension mechanism to maintain particles such as cells in suspension prior to

inputting.
[0128] (V) Positioning Mechanisms

[0129] Microfluidic systems may include one or more positioning mechanisms. A

positioning mechanism generally comprises any mechanism for placing particles at
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preselected positions on the chip after inputting, for example, for retention, growth,
treatment, and/or measurement, among others. Positioning mechanisms may be categorized
without limitation in various ways, for example, to reflect their origins and/or operational
principles, including direct and/or indirect, fluid-mediated and/or non-fluid-mediated,
external and/or internal, and so on. These categories are not mutually exclusive. Thus, a given
positioning mechanism may position a particle in two or more ways; for example, electric
fields may position a particle directly (e.g., via electrophoresis) and indirectly (e.g., via

electroosmosis).

[0130] The positioning mechanisms may act to define particle position longitudinally
and/or transversely. The term "longitudinal position" denotes position parallel to or along the
long axis of a microfluidic channel and/or a fluid flow stream within the channel. In contrast,
the term "transverse position" denotes position orthogonal to the long axis of a channel and/or
an associated main fluid flow stream. Both longitudinal and transverse positions may be

defined locally, by equating "long axis" with "tangent" in curved channels.

[0131] The positioning mechanisms may be used alone and/or in combination. If used in
combination, the mechanisms may be used serially (i.e., sequentially) and/or in parallel (i.e.,
simultancously). For example, an indirect mechanism such as fluid flow may be used for
rough positioning, and a direct mechanism such as optical tweezers may be used for final

positioning (and/or subsequent retention, as described elsewhere).

[0132] The remainder of this section describes without limitation a variety of exemplary

positioning mechanisms, sorted roughly as direct and indirect mechanisms.

[0133] Direct positioning mechanisms generally comprise any mechanisms in which a
force acts directly on a particle(s) to position the particle(s) within a microfluidic network.
Direct positioning mechanisms may be based on any suitable mechanism, including optical,
electrical, magnetic, and/or gravity-based forces, among others. Optical positioning
mechanisms use light to mediate or at least facilitate positioning of particles. Suitable optical
positioning mechanisms include "optical tweezers," which use an appropriately focused and
movable light source to impart a positioning force on particles. Electrical positioning
mechanisms use electricity to position particles. Suitable electrical mechanisms include

"electrokinesis," that is, the application of voltage and/or current across some or all of a
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microfluidic network, which may, as mentioned above, move charged particles directly (e.g.,
via electrophoresis) and/or indirectly, through movement of ions in fluid (e.g., via
electroosmosis). Magnetic positioning mechanisms use magnetism to position particles based
on magnetic interactions. Suitable magnetic mechanisms involve applying a magnetic field in
or around a fluid network, to position particles via their association with ferromagnetic and/or
paramagnetic materials in, on, or about the particles. Gravity-based positioning mechanisms
use the force of gravity to position particles, for example, to contact adherent cells with a

substrate at positions of cell culture.

[0134] Indirect positioning mechanisms generally comprise any mechanisms in which a
force acts indirectly on a particle(s), for example, via fluid, to move the particle(s) within a

microfluidic network, longitudinally and/or transversely.

[0135] Longitudinal indirect positioning mechanisms generally may be created and/or
regulated by fluid flow along channels and/or other passages. Accordingly, longitudinal
positioning mechanisms may be facilitated and/or regulated by valves and/or pumps that
regulate flow rate and/or path. In some cases, longitudinal positioning mechanisms may be
facilitated and/or regulated by electroosmotic positioning mechanisms. Alternatively, or in
addition, longitudinal positioning mechanisms may be input-based, that is, facilitated and/or
regulated by input mechanisms, such as pressure or gravity-based mechanisms, including a

pressure head created by unequal heights of fluid columns.

[0136] Transverse indirect positioning mechanisms generally may be created and/or
regulated by fluid flow streams at channel junctions, laterally disposed regions of reduced
fluid flow, and/or channel bends. Channel junctions may be unifying sites or dividing sites,
based on the number of channels that carry fluid to the sites relative to the number that carry
fluid away from the sites. Transverse indirect positioning mechanisms may be based on

laminar flow, stochastic partitioning, and/or centrifugal force, among others.

[0137] Transverse positioning of particles and/or reagents in a microfluidic system may be
mediated at least in part by a laminar flow-based mechanism. Laminar flow-based
mechanisms generally comprise any positioning mechanism in which the position of an input
flow stream within a channel is determined by the presence, absence, and/or relative

position(s) of additional flow streams within the channel. Such laminar flow-based
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mechanisms may be defined by a channel junction(s) that is a unifying site, at which inlet
flow streams from two, three, or more channels, flowing toward the junction, unify to form a
smaller number of outlet flow streams, preferably one, flowing away from the junction. Due
to the laminar flow properties of flow streams on a microfluidic scale, the unifying site may
maintain the relative distribution of inlet flow streams after they unify as laminar outlet flow
streams. Accordingly, particles and/or reagents may remain localized to any selected one or
more of the laminar flow streams, based on which inlet channels carry particles and/or

reagents, thus positioning the particles and/or reagents transversely.

[0138] The relative size (or flow rate) and position of each inlet flow stream may determine
both transverse position and relative width of flow streams that carry particles and/or
reagents. For example, an inlet flow stream for particles/reagents that is relatively small
(narrow), flanked by two larger (wider) flow streams, may occupy a narrow central position
in a single outlet channel. By contrast, an inlet flow stream for particles/reagents that is
relatively large (wide), flanked by a comparably sized flow stream and a smaller (narrower)
flow stream, may occupy a wider position that is biased transversely toward the smaller flow
stream. In either case, the laminar flow-based mechanism may be called a focusing
mechanism, because the particles/reagents are "focused" to a subset of the cross-sectional
arca of outlet channels. Laminar flow-based mechanisms may be used to individually address

particles and/or reagents to plural distinct retention sites.

[0139] A laminar flow-based mechanism may be a variable mechanism to vary the
transverse position of particles/reagents. As described above, the relative contribution of each
inlet flow stream may determine the transverse position of particles/reagents flow streams.
Altered flow of any inlet flow stream may vary its contribution to the outlet flow stream(s),
shifting particles/reagents flow streams accordingly. In an extreme case, referred to as a
perfusion mechanism, a reagent (or particle) flow stream may be moved transversely, either
in contact with, or spaced from, retained particles (reagents), based on presence or absence of
flow from an adjacent inlet flow stream. Such a mechanism also may be used to effect
variable or regulated transverse positioning of particles, for example, to direct particles to

retention sites having different transverse positions.

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

WO 2013/130714 PCT/US2013/028170

32

[0140] Transverse positioning of particles and/or reagents in a microfluidic system may be
mediated at least in part by a stochastic (or portioned flow) positioning mechanism.
Stochastic transverse positioning mechanisms generally comprise any positioning mechanism
in which an at least partially randomly selected subset of inputted particles or reagent is
distributed laterally away from a main flow stream to a region of reduced fluid flow within a
channel (or, potentially, to a distinct channel). The region of reduced flow may promote
particle retention, treatment, detection, minimize particle damage, and/or promote particle
contact with a substrate. Stochastic positioning mechanisms may be determined by dividing

flow sites and/or locally widened channels, among others.

[0141] Dividing flow sites may effect stochastic positioning by forming regions of reduced
fluid flow rate. Dividing flow sites generally include any channel junction at which inlet flow
streams from one (preferably) or more inlet channels are divided into a greater number of
outlet channels, including two, three, or more, channels. Such dividing sites may deliver a
subset of particles, which may be selected stochastically and/or based on a property of the
particles (such as mass), to a region of reduced flow rate or quasi-stagnant flow formed at or
near the junction. The fraction of particles represented by the subset may be dependent upon
the relative flow directions of the outlet channels relative to the inlet channels. These flow
directions may be generally orthogonal to an inlet flow stream, being directed in opposite
directions, to form a "T-junction." Alternatively, outlet flow directions may form angles of

less than and/or greater than 90.degree.

[0142] The dividing-flow positioning mechanism, with two or more outlet channels, may
be used as a portioned-flow mechanism. Specifically, fluid, particles, and/or reagents carried
to the channel junction may be portioned according to fluid flow through the two or more
outlet channels. Accordingly, the fractional number or volume of particles or reagent that
enters the two or more channels may be regulated by the relative sizes of the channels and/or
the flow rate of fluid through the channels, which in turn may be regulated by valves, or other
suitable flow regulatory-mechanisms. In a first set of embodiments, outlet channels may be of
very unequal sizes, so that only a small fraction of particle and/or reagents are directed to the
smaller channel. In a second set of embodiments, valves may be used to forms desired
dilutions of reagents. In a third set of embodiments, valves may be used to selectively direct

particles to one of two or more fluid paths.
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[0143] Locally widened channels may promote stochastic positioning by producing regions
of decreased flow rate lateral to a main flow stream. The decreased flow rate may deposit a
subset of inputted particles at a region of decreased flow rate. Such widened channels may
include nonlinear channels that curve or bend at an angle. Alternatively, or in addition,
widened regions may be formed by recesses formed in a channel wall(s), chambers that

intersect channels, and/or the like, particularly at the outer edge of a curved or bent channel.

[0144] Transverse positioning of particles and/or reagents also may be mediated at least in
part by a centrifugal positioning mechanism. In centrifugal positioning mechanisms, particles
may experience a centrifugal force determined by a change in velocity, for example, by
moving through a bend in a fluid path. Size and/or density of particles may determine the rate
of velocity change, distributing distinct sizes and/or densities of particle to distinct transverse

positions.
[0145] (VI) Retention Mechanisms

[0146] Microfluidic systems may include one or more retention mechanisms. A retention
mechanism generally comprises any suitable mechanism for retaining (or holding, capturing,
or trapping) particles at preselected positions or regions of microfluidic networks, including
single or plural mechanisms, operating in series and/or in parallel. Retention mechanisms
may act to overcome the positioning force exerted by fluid flow. Furthermore, retention
mechanisms, also referred to as capture or trapping mechanisms, may retain any suitable
number of particles, including single particles or groups/populations of particles. Suitable
retention mechanisms may be based on physical barriers coupled with flow, chemical
interactions, vacuum forces, fluid flow in a loop, gravity, centrifugal forces, magnetic forces,

electrical forces, and/or optically generated forces, among others.

[0147] Retention mechanisms may be selective or nonselective. Selective mechanisms may
be fractionally selective, that is, retaining less than all (a subset of) inputted particles.
Alternatively, or in addition, selective mechanisms may be particle-dependent, that is,
retaining particles based on one or more properties of the inputted particle, such as size,
surface chemistry, density, magnetic character, electrical charge, optical property (such as

refractive index), and/or the like.

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

WO 2013/130714 PCT/US2013/028170

34

[0148] Retention mechanisms may be based at least partially on particle contact with any
suitable physical barrier(s) disposed in a microfluidic network. Such particle-barrier contact
generally restricts longitudinal particle movement along the direction of fluid flow, producing
flow-assisted retention. Flow-assisted particle-barrier contact also may restrict side-to-
side/orthogonal (transverse) movement. Suitable physical barriers may be formed by
protrusions that extend inward from any portion of a channel or other passage (that is, walls,
roof, and/or floor). For example, the protrusions may be fixed and/or movable, including
columns, posts, blocks, bumps, walls, and/or partially/completely closed valves, among
others. Some physical barriers, such as valves, may be movable or regulatable. Alternatively,
or in addition, a physical barrier may be defined by a recess(es) formed in a channel or other
passage, or by a fluid-permeable membrane. Other physical barriers may be formed based on
the cross-sectional dimensions of passages. For example, size-selective channels may retain
particles that are too large to enter the channels. (Size-selective channels also may be referred

to as filter channels, microchannels, or particle-restrictive or particle-selective channels.)

[0149] Further aspects of physical barriers and size-selective channels are described below

in Section XIII.

[0150] Chemical retention mechanisms may retain particles based on chemical interactions.
The chemical interactions may be covalent and/or noncovalent interactions, including ionic,
electrostatic, hydrophobic, van der Waals, and/or metal coordination interactions, among
others. Chemical interactions may retain particles selectively and/or nonselectively. Selective
and nonselective retention may be based on specific and/or nonspecific chemical interactions

between particles and passage surfaces.

[0151] Chemical interactions may be specific. Specific mechanisms may use specific
binding pairs (SBPs), for example, with first and second SBP members disposed on particles
and passage surfaces, respectively. Exemplary SBPs may include biotin/avidin,
antibody/antigen, lectin/carbohydrate, etc. These and additional exemplary SBPs are listed
below in Table 1, with the designations of first and second being arbitrary. SBP members
may be disposed locally within microfluidic networks before, during and/or after formation
of the networks. For example, surfaces of a substrate and/or a fluid layer component may be

locally modified by adhesion/attachment of a SBP member before the substrate and fluid
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layer component are joined. Alternatively, or in addition, an SBP member may be locally
associated with a portion of a microfluidic network after the network has been formed, for
example, by local chemical reaction of the SBP member with the network (such as catalyzed

by local illumination with light).

[0152] Chemical interactions also may be relatively nonspecific. Nonspecific interaction
mechanisms may rely on local differences in the surface chemistry of microfluidic networks.
Such local references may be created before, during and/or after passage/microfluidic
network formation, as described above. The local differences may result from localized
chemical reactions, for example, to create hydrophobic or hydrophilic regions, and/or
localized binding of materials. The bound materials may include poly-L-lysine, poly-D-
lysine, polyethylenimine, albumin, gelatin, collagen, laminin, fibronectin, entactin,
vitronectin, fibrillin, elastin, heparin, keratan sulfate, heparan sulfate, chondroitin sulfate,

hyaluronic acid, and/or extracellular matrix extracts/mixtures, among others.

[0153] Other retention mechanisms may be used alternatively, or in addition to, physical
barrier-based and/or chemical interaction-based retention. Some or all of these mechanisms,
and/or the mechanisms described above, may rely at least partially on friction between

particles and passages to assist retention.

[0154] Retention mechanisms may be based on vacuum forces, fluid flow, and/or gravity.
Vacuum-based retention mechanisms may exert forces that pull particles into tighter contact
with passage surfaces, for example, using a force directed outwardly from a channel.
Application of a vacuum, and/or particle retention, may be assisted by an aperture/orifice in
the wall of a channel or other passage. By contrast, fluid flow-based retention mechanisms
may produce fluid flow paths, such as loops, that retain particles. These fluid flow paths may
be formed by a closed channel-circuit having no outlet (e.g., by valve closure and active
pumping), and/or by an eddy, such as that produced by generally circular fluid-flow within a
recess. Gravity-based retention mechanisms may hold particles against the bottom surfaces of
passages, thus combining with friction to restrict particle movement. Gravity-based retention

may be facilitated by recesses and/or reduced fluid flow rates.

[0155] Retention mechanisms may be based on centrifugal forces, magnetic forces, and/or

optically generated forces. Retention mechanisms based on centrifugal force may retain
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particles by pushing the particle against passage surfaces, typically by exerting a force on the
particles that is generally orthogonal to fluid flow. Such forces may be exerted by
centrifugation of a microfluidic chip and/or by particle movement within a fluid flow path.
Magnetic force-based retention mechanisms may retain particles using magnetic fields,
generated external and/or internal to a microfluidic system. The magnetic field may interact
with ferromagnetic and/or paramagnetic portions of particles. For example, beads may be
formed at least partially of ferromagnetic materials, or cells may include surface-bound or
internalized ferromagnetic particles. Electrical force-based retention mechanisms may retain
charged particles and/or populations using electrical fields. By contrast, retention
mechanisms that operate based on optically generated forces may use light to retain particles.

Such mechanisms may operate based on the principal of optical tweezers, among others.

[0156] Another form of retention mechanism is a blind-fill channel, where a channel has a
inlet, but no outlet, either fixedly or transiently. For example, when the microfluidic device is
made from a gas permeable material, such as PDMS, gas present in a dead-end channel can
escape, or be forced out of the channel through the gas permeable material when urged out by
the inflow of liquid through the inlet. This is a preferred example of blind-filling. Blind-
filling can be used with a channel or chamber that has an inlet, and an outlet that is gated or
valved by a valve. In this example, blind filling of a gas filled channel or chamber occurs
when the outlet valve is closed while filling the channel or chamber through the inlet. If the
inlet also has a valve, that valve can then be closed after the blind fill is complete, and the
outlet can then be opened to expose the channel or chamber contents to another channel or
chamber. If a third inlet is in communication with the channel or chamber, that third inlet can
introduce another fluid, gas or liquid, into the channel or chamber to expel the blind-filled
liquid to be expelled from the channel or chamber in a measured amount. The result is similar
to a sample loop system of an HPLC. Further aspects of Retention Mechanisms are described

in Sections V and XIII.
[0157] (VII) Treatment Mechanisms

[0158] Treatment mechanisms generally comprise any suitable mechanisms for exposing a
particle(s) to a reagent(s) and/or a physical condition(s), including fluid-mediated and non-

fluid-mediated mechanisms.
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[0159] Particles may be exposed to reagents. A reagent generally comprises any chemical
substance(s), compound(s), ion(s), polymer(s), material(s), complex(es), mixture(s),
aggregate(s), and/or biological particle(s), among others, that contacts a particle or particle
population in a microfluidic system. Reagents may play a role in particle analysis, including
operating as chemical/biological modulators (interaction reagents), detection/assay reagents,

solvents, buffers, media, washing solutions, and/or so on.

[0160] Chemical modulators or biological modulators may include any reagent that is being
tested for interaction with particles. Interaction generally includes specific binding to
particles and/or any detectable genotypic and/or phenotypic effect on particles (or
modulators). Further aspects of interactions and genotypic/phenotypic effects that may be

suitable are described below in Section XII.

[0161] Chemical modulators may include ligands that interact with receptors (e.g.,
antagonists, agonists, hormones, etc.). Ligands may be small compounds, peptides, proteins,
carbohydrates, lipids, etc. Further aspects of ligands and receptors, and their use in measuring

interaction, or effects on signal transduction pathways, are described below in Section XII.

[0162] Alternatively, or in addition, chemical modulators may be nucleic acids. The nucleic
acids may be DNA, RNA, peptide nucleic acids, modified nucleic acids, and/or mixtures
thereof, and may be single, double, and/or triple-stranded. The nucleic acids may be produced
by chemical synthesis, enzymatic synthesis, and/or biosynthesis, and may be plasmids,
fragments, sense/antisense expression vectors, reporter genes, vectors for genomic
integration/modification (such as targeting nucleic acids/vectors (for knockoutdownin)), viral
vectors, antisense oligonucleotides, dSRNA, siRNA, nucleozymes, and/or the like. Nucleic
acid reagents may also include transfection reagents to promote uptake of the nucleic acids by
cells, such as lipid reagents (e.g., lipofectamine), precipitate-forming agents (such as calcium
phosphate), DMSQO, polyethylene glycol, viral coats that package the nucleic acids, and/or so

on.

[0163] Modulators may be miscellancous chemical materials and/or biological entities.
Miscellaneous chemical modulators may be ions (such as calcium, sodium, potassium,
lithium, hydrogen (pH), chloride, fluoride, iodide, etc.), dissolved gases (NO, CO.sub.2,

O.sub.2, etc.), carbohydrates, lipids, organics, polymers, etc. In some embodiments,

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

WO 2013/130714 PCT/US2013/028170

38

biological modulators may be exposed to cells, for example, to infect cells, to measure cell-
cell interactions, etc. Biological modulators may include any cells, viruses, or organelles, as

described above in Section III.

[0164] Recagents may be detection/assay reagents. Detection/assay reagents generally
comprise any reagents that are contacted with particles to facilitate processing particles (or
particle components) for detection of a preexisting or newly created aspect of the particles (or
components). Detection/assay reagents may include dyes, enzymes, substrates, cofactors,
and/or SBP members (see Table 1 of Section VI above), among others. Dyes, also referred to
as labels, generally include any optically detectable reagent. Suitable dyes may be
luminophores, fluorophores, chromogens, chromophores, and/or the like. Such dyes may be
conjugated to, or may be, SBP members; may act as enzyme substrates; may inherently label
cells or cell structures (e.g., DNA dyes, membrane dyes, trafficking dyes, etc.); may act as
indicator dyes (such as calcium indicators, pH indicators, etc.); and/or the like. Enzymes may
operate in particle assays by incorporating dyes into products and/or by producing a product
that may be detected subsequently with dyes, among others. Suitable enzymes may include
polymerases (RNA and/or DNA), heat-stable polymerases (such as Taq, VENT, etc.),
peroxidases (such as HRP), phosphatases (such as alkaline phosphatase), kinases, methylases,
ligases, proteases, galactosidases (such as beta-galactosidase, glucuronidase., etc.),
transferases (such as chloramphenicol acetyltransferase), oxidoreductases (such as
luciferase), and/or nucleases (such as DNAses, RNAses, etc.), among others. SBP members,
such as antibodies, digoxigenin, nucleic acids, etc., may be directly conjugated to dyes,
enzymes, and/or other SBP members; may be noncovalently bound to dyes and/or enzymes
(either pre-bound or bound in an additional exposure step); and/or so on. Further aspects of
detection/assay reagents, including the types of assays in which these reagents may be used,

are described below in Section XII.

[0165] Treatment mechanisms may use fluid-mediated mechanisms to expose particles to
reagents. The reagents may be brought to the particles, for example, when the particles are
retained, or the particles may be brought to the reagents, for example, when the reagents are

present (and optionally retained) in specific portions of fluid networks.
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[0166] Fluid-mediated mechanisms may be flow-based, field-based, and/or passive, among
others. Flow-based treatment mechanisms may operate by fluid flow, mediated, for example,
by gravity flow or active flow (pumping), to carry reagents to particles, or vice versa. In some
embodiments, the flow-based treatment mechanisms may operate by regulated transverse
(side-to-side) positioning, as described above/below in Sections V and X, to precisely
regulate exposure of reagents (or particles) to particles (or reagents). By contrast, field-based
mechanisms may combine particles and reagents by moving reagents (or particles) with
electric fields. The electric fields may produce any suitable electrokinetic effects, such as
electrophoresis, dielectrophoresis, electroosmosis, etc. Alternatively, or in addition, reagents

may be combined with particles by diffusion of the reagents.

[0167] Particles in microfluidic systems may be exposed to physical modulators/conditions
using non-fluid-mediated mechanisms. However, these "non-fluid-mediated" mechanisms
may use properties of fluid to assist in their operation, such as transfer of thermal energy or
pressure to particles via fluid. The physical modulators/conditions may be applied to particles
from sources that are external and/or internal to the microfluidic systems. Exemplary physical
modulators/conditions may include thermal energy (heat), radiation (light), radiation
(particle), an electric field, a magnetic field, pressure (including sound), a gravitational field,

etc.

[0168] Treatment mechanisms may act on any suitable particles, including any of the

particles described above in Section II1. The particles may be intact, permeabilized, and/or
lysed. Accordingly, treatment mechanisms may act on released cell components. Particles
may be treated in arrays, either serially, for example, using a shared treatment mechanism,

and/or in parallel, for example, using distinct and/or shared treatment mechanisms.

[0169] Further aspects of treatment mechanisms are described above in Section V

(positioning reagents/fluid/particles) and below in Section XIII.
[0170] (VIII) Measurement Mechanisms

[0171] Particles manipulated by a microfluidic system may be analyzed by one or more
measurement mechanisms at one or more measurement sites. The measurement mechanisms
generally comprise any suitable apparatus or method for detecting a preselected particle or

particle characteristic (provided, for example, by the particle, a particle component, and/or an
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assay product, among others). The measurement sites generally comprise any suitable particle
position or positions at which a measurement is performed, internal and/or external to the

System.

[0172] The measurement mechanism may employ any suitable detection method to analyze
a sample, qualitatively and/or quantitatively. Suitable detection methods may include
spectroscopic methods, electrical methods, hydrodynamic methods, imaging methods, and/or
biological methods, among others, especially those adapted or adaptable to the analysis of
particles. These methods may involve detection of single or multiple values, time-dependent
or time-independent (e.g., steady-state or endpoint) values, and/or averaged or (temporally
and/or spatially) distributed values, among others. These methods may measure and/or output

analog and/or digital values.

[0173] Spectroscopic methods generally may include detection of any property of light (or
a wavelike particle), particularly properties that are changed via interaction with a sample.
Suitable spectroscopic methods may include absorption, luminescence (including
photoluminescence, chemiluminescence, and electrochemiluminescence), magnetic
resonance (including nuclear and electron spin resonance), scattering (including light
scattering, electron scattering, and neutron scattering), diffraction, circular dichroism, and
optical rotation, among others. Suitable photoluminescence methods may include
fluorescence intensity (FLINT), fluorescence polarization (FP), fluorescence resonance
energy transfer (FRET), fluorescence lifetime (FLT), total internal reflection fluorescence
(TIRF), fluorescence correlation spectroscopy (FCS), fluorescence recovery after
photobleaching (FRAP), fluorescence activated cell sorting (FACS), and their

phosphorescence and other analogs, among others.

[0174] Electrical methods generally may include detection of any electrical parameter.
Suitable electrical parameters may include current, voltage, resistance, capacitance, and/or

power, among others.

[0175] Hydrodynamic methods generally may include detection of interactions between a
particle (or a component or derivative thereof) and its neighbors (e.g., other particles), the
solvent (including any matrix), and/or the microfluidic system, among others, and may be

used to characterize molecular size and/or shape, or to separate a sample into its components.
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Suitable hydrodynamic methods may include chromatography, sedimentation, viscometry,

and electrophoresis, among others.

[0176] Imaging methods generally may include detection of spatially distributed signals,
typically for visualizing a sample or its components, including optical microscopy and

electron microscopy, among others.

[0177] Biological methods generally may include detection of some biological activity that
is conducted, mediated, and/or influenced by the particle, typically using another method, as

described above. Suitable biological methods are described below in detail in Section XII.

[0178] The measurement mechanism may be used to detect particles and/or particle
characteristics at any suitable detection site, internal and/or external to the microfluidic

System.

[0179] Suitable internal detection sites may include any site(s) in or on a microfluidic
system (a chip). These sites may include channels, chambers, and/or traps, and portions
thereof. Particles or particle characteristics may be detected while the particles (or released
components/assay products) are stationary or moving. Stationary particles may be
encountered following particle retention, for example, cells growing in a cell chamber.
Moving particles may be encountered before and/or after particle retention, or upon
confinement to a region. In particular, particles may be moved past a detection site by any

suitable positioning mechanism, for example, by fluid flow (flow-based detection).

[0180] Suitable external detection sites may include any site(s) away from or independent
of a microfluidic system. External detection sites may be used to detect a particle or particle
characteristic after removal of particles (or particle components) from a microfluidic system.
These external sites may be used instead of and/or in addition to internal sites, allowing
particles (or particle components) to be further manipulated and/or detected. These further
manipulations and/or detection methods may overlap with, but preferably complement, the
manipulations and/or methods performed in the microfluidic system, including mass
spectrometry, electrophoresis, centrifugation, PCR, introduction into an organism, use in

clinical treatment, and/or cell culture, among others.
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[0181] The measurement method may detect and/or monitor any suitable characteristic of a
particle, directly and/or indirectly (e.g., via a reporter molecule). Suitable characteristics may
include particle identity, number, concentration, position (absolute or relative), composition,
structure, sequence, and/or activity among others. The detected characteristics may include
molecular or supramolecular characteristics, such as the presence/absence, concentration,
localization, structure/modification, conformation, morphology, activity, number, and/or
movement of DNA, RNA, protein, enzyme, lipid, carbohydrate, ions, metabolites, organelles,
added reagent (binding), and/or complexes thereof, among others. The detected
characteristics also may include cellular characteristics, such as any suitable cellular genotype
or phenotype, including morphology, growth, apoptosis, necrosis, lysis, alive/dead, position
in the cell cycle, activity of a signaling pathway, differentiation, transcriptional activity,
substrate attachment, cell-cell interaction, translational activity, replication activity,
transformation, heat shock response, motility, spreading, membrane integrity, and/or neurite

outgrowth, among others.

[0182] Further aspects of detected characteristics and their use in particle assays are

described below in Sections XII and XIII.
[0183] (IX) Release Mechanisms

[0184] A microfluidic system may include any suitable number of particle release
mechanisms. A release mechanism generally comprises any mechanism(s) for allowing a
retained particle to move away from a preselected site/area at which it is retained, including
removing, overcoming, and/or rendering ineffective the retention mechanism(s) that retains
the particle. Release mechanisms that are suitable may be selected based, at least partially, on
the retaining force. After release, particles (or particle components) may have any suitable

destination.