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(57) Abréegée/Abstract:

Fluidic devices and methods associated with mixing of fluids In fluidic devices are provided. In some embodiments, a method may
Involve the mixing of two or more fluids in a channel segment (5) of a fluidic device. The fluids may be In the form of, for example, at
least first (10-1), second (20-2) and third (10-3) fluid plugs, composed of first (10-1A), second (20-2A), and third (10-3A) fluids,
respectively. The second fluid may be immiscible with the first and third fluids. In certain embodiments, the fluid plugs may be
flowed In series In the channel segment, e.g., In linear order, causing the first and third fluids to mix without the use of active
components such as mixers. The mixing of fluids in a channel segment as described herein may allow for improved performance
and simplification in the design and operations of fluidic devices that rely on mixing of fluids.
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1dic device. The fluids may be in the form of,
for example, at least first (10-1), second (20-
3 2) and third (10-3) fluid plugs, composed of

first (10-1A), second (20-2A), and third (10-
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| may be immiscible with the first and third
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plugs may be flowed in series in the channel
segment, €.g., in limear order, causing the
first and third tluids to mix without the use of
3 active components such as mixers. The mix-
ing of fluids in a channel segment as de-
scribed herein may allow for improved per-
formance and simplification in the design
and operations of fluidic devices that rely on
mixing of tluids.
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MIXING OF FLUIDS IN FLUIDIC SYSTEMS

FIELD OF INVENTION
The present embodiments relate generally to methods for flowing fluids 1n fluidic

devices, and more specifically, to methods that involve the mixing of fluids.

BACKGROUND

The manipulation of fluids plays an important role in tields such as chemistry,
microbiology and biochemistry. These fluids may include liquids or gases and may
provide reagents, solvents, reactants, or rinses to chemical or biological processes.

While various tluidic (e.g., microfluidic) methods and devices, such as microfluidic
assays, can provide inexpensive, sensitive and accurate analytical platforms, fluid
manipulations—such as the mixture of multiple fluids, sample introduction, introduction
of reagents, storage of reagents, separation of tluids, collection of waste, extraction ot
fluids for off-chip analysis, and transter of fluids from one chip to the next—can add a
level of cost and sophistication. Accordingly, advances in the field that could reduce
costs, simplity use, and/or improve tluid manipulations in microfluidic systems would be

beneficial.

SUMMARY OF THE INVENTION

Methods for flowing fluids in fluidic devices, and related components, devices
and systems associated therewith are provided. The subject matter of this application
involves, in some cases, interrelated methods, alternative solutions to a particular
problem, and/or a plurality of different uses of fluids and devices.

In one set of embodiment, a series of methods are provided. In one embodiment,
a method comprises flowing in series in a channel a first fluid plug comprising a first
fluid, a second fluid plug comprising a second fluid, and a third fluid plug comprising a
third fluid. The first fluid plug has a first volume. The second fluid plug 1s positioned
between the first and third fluid plugs and the second fluid is immiscible with each of the
first and third fluids. The method further comprises reducing the first volume of the first
fluid plug by at least 50% and combining at least a portion of the first fluid into the third
fluid plug so as to mix at least portions of the first and third fluids.

In another embodiment, a method comprises flowing in series in a channel a first

fluid plug comprising a first fluid, a second fluid plug comprising a second fluid, and a
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third fluid plug comprising a third fluid. The second fluid 1s immiscible with each of the
first and third fluids and the second fluid plug is positioned between the first and third
fluid plugs. The first fluid comprises a first component for a chemical and/or biological
reaction and the third fluid comprises a second component for a chemical and/or
biological reaction. The first component is different from the second component. The
method further comprises depositing at least a portion of the first fluid on a wall of the
channel during the flowing step and combining at least a portion of the first fluid
deposited on the wall of the channel into the third fluid plug so as to mix at least portions
of the first and third fluids.

In one embodiment, a method comprises flowing 1n series 1n a channel a first
fluid plug comprising a first fluid, a second fluid plug comprising a second fluid, and a
third fluid plug comprising a third fluid. The first fluid comprises a first component for a
chemical and/or biological reaction and the third fluid comprises a second component for
a chemical and/or biological reaction. The second fluid 1s immiscible with the first and
third fluids, and the second tluid plug is positioned between the first and third fluid
plugs. The method further comprises combining at least a portion of the first fluid into
the third fluid plug so as to mix at least portions of the first and third fluids and
pertorming one or more chemical and/or biological reactions involving each of the first
and second components.

In another embodiment, a method comprises providing a fluidic device
containing a first fluid and a second fluid. The first and second tluids are stored and
sealed 1n the fluidic device and kept separate from one another during storage. The
method further comprises unsealing the fluidic device and flowing 1n series 1n a channel
a series of tluid plugs comprising a first fluid plug comprising the first fluid, a second
fluid plug comprising the second fluid, and a third fluid plug comprising a third fluid.
The third fluid plug 1s positioned between the first and second fluid plugs and the third
fluid 1s immiscible with the first and second fluids. The method turther comprises
combining at least a portion of the first fluid into the second fluid plug so as to mix at

least portions of the first and second fluids.

Other advantages and novel features of the present invention will become
apparent from the following detailed description of various non-limiting embodiments of

the invention when considered in conjunction with the accompanying figures. In cases
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where the present specification and a document incorporated by reference include
contlicting and/or inconsistent disclosure, the present specification shall control. If two
or more documents incorporated by reterence include contlicting and/or inconsistent
disclosure with respect to each other, then the document having the later etfective date

shall control.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting embodiments of the present invention will be described by way of
example with reterence to the accompanying figures, which are schematic and are not
intended to be drawn to scale. In the figures, each i1dentical or nearly identical
component illustrated is typically represented by a single numeral. For purposes of
clarity, not every component 1s labeled 1n every figure, nor 1s every component of each
embodiment of the invention shown where 1llustration 1s not necessary to allow those of
ordinary skill in the art to understand the invention. In the figures:

FIGs. 1A-1E show methods of mixing fluid plugs in a channel segment according
to one set of embodiments:

FIGs. 2A-2D show methods of mixing multiple fluid plugs simultaneously in a
channel segment according to one set of embodiments;

FIGs. 3A-3D show methods of mixing of at least three different fluid plugs in a
channel segment according to one set of embodiments;

FIGs. 4A-4E show methods of mixing fluid plugs with a substantially dry reagent
in a channel segment according to one set of embodiments;

FIGs. 5A-5B show cross-sectional dimensions of a channel segment according to
one set of embodiments:

FIGs. 6A-6C show methods of mixing involving the use of vent valves according
to one set of embodiments;

FIG. 7 shows a plot demonstrating the influence ot hydraulic channel diameter on
mixing according to one set of embodiments;

FIG. 8 shows a plot demonstrating the influence of treated and untreated channels
on mixing according to one set of embodiments;

FI1Gs. 9-11 show plots of proportions of solutions after serial mixing between

multiple fluids according to one set of embodiments; and
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FIGs. 12A-12C show channels including different draft angles according to one

set of embodiments.

DETAILED DESCRIPTION

Fluidic devices and methods associated with mixing of fluids in fluidic devices
are provided. In some embodiments, a method may involve the mixing of two or more
fluids 1n a channel segment of a fluidic device. Mixing may take place when at least
some of the fluids are positioned series in the channel segment. The fluids may be in the
form of, for example, at least first, second and third fluid plugs, composed of first,
second, and third fluids, respectively. The second fluid may be immiscible with the first
and third fluids. In certain embodiments, the fluid plugs may be tlowed in series in the
channel segment, e.g., in linear order. As the first fluid plug tlows in the channel
segment, at least a portion of the first fluid may be removed from the first plug, thereby
reducing the volume of the first fluid plug. For instance, portions of the first fluid may
be deposited on the wall of the channel during this flowing step. As the third fluid plug
flows 1n the channel, the third fluid may mix with portions of the deposited fluid to form
a mixture of the first and third fluids 1n the third fluid plug. The mixing of fluids in a
channel segment as described herein may allow for improved pertormance and
simplification 1n the design and operations of fluidic devices that rely on mixing of
fluids. For example, in some embodiments active components such as mixers are not
needed 1n the fluidic device.

An example of a method of mixing 1n a channel segment 1s shown 1n FIGs. 1A-E.
As shown 1llustratively in FIG. 1A, a channel segment 5, including an upstream portion 7
and a downstream portion 8, may contain a first fluid plug 10-1 containing a first fluid
10-1A, a second fluid plug 20-2 containing a second fluid 20-2A, and a third fluid plug
10-3, containing a third fluud 10-3A. As shown 1illustratively in this figure, the second
fluid plug may be positioned between and directly adjacent to the first and third fluid
plugs. In some embodiments, the second fluid may be immiscible with the first and third
fluids, while the first and third fluids may optionally be miscible with one another. For
example, the second tluid may be a gas (e.g., air) and the first and third fluids may be
liquids. Other tluid plugs may also be present 1n the channel segment as described in

more detail below.
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As used herein, when a fluid or fluid plug 1s referred to as being “adjacent”
another fluid or fluid plug, it can be directly adjacent the fluid or fluid plug, or an
intervening fluid or fluid plug also may be present. A fluid or fluid plug that 1s ““directly
adjacent” or “in contact with” another fluid or fluid plug means that no intervening fluid
or fluid plug 1s present.

As shown 1n FIG. 1B, the fluids may be tflowed 1n series, e€.g., from upstream to
downstream 1n the direction of arrow 9. The channel segment may be configured such
that the flowing of the fluid plugs leads to the reduction of volume of the first fluid plug.
For example, at least a portion of the first tluid (e.g., fluid portion 10-1B) may deposit
onto a wall of the channel segment during fluid tflow. Various channel configurations
and methods for reducing the volume of the first tluid plug are described in more detail
herein. In certain embodiments, in which the second fluid 1s immaiscible with the first
fluid, fluid portion 10-1B does not combine with the second fluid plug and as the second
fluid plug tflows 1n the channel segment. In embodiments in which the third fluid 1s
miscible with the first tluid, the first and third tfluids may combine to form a mixture 10-
3C of at least portions of the two fluids, as shown illustratively in FIG. 1C.

In some cases, as the first fluid plug flows, its volume may continue to reduce to
a desired extent, for example, until mixture 10-3C includes a certain ratio of the first and
third fluids, until a particular reduced volume of the first fluid plug has been reached,
until a particular concentration of a component 1s present, or until a particular physical or
chemical property 1s achieved. In some cases, the volume of the first fluid may be
reduced by, for example, at least 50% as shown in FIG. 1C. In other cases, as shown
illustratively in FIG. 1D, the entire volume of the first fluid plug may be reduced, such
that only the second and third fluid plugs remain. The third tluid plug may then mix
with the entire volume of the first fluid, as shown 1n FIG. 1E.

In some embodiments, the first and third fluids may contain a first and second
component, respectively, tfor a chemical and/or biological reaction. In some cases, the
first and second components are the same. In other embodiments, the first and second
components are different. In some instances, a chemical and/or biological reaction
involving the first and second components may be pertormed within the third fluid plug
containing the mixture of the first and third tluids. For example, the first fluid may
contain a silver salt and the third fluid may contain a reducing agent. The mixture of the

first and third fluid may react with a reagent (e.g., gold colloids) to form detectable
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species (e.g., a silver film or particles that may be detected, for example, optically), as
described in more detail below. Additional examples of chemical and/or biological
reactions are described 1in more detail below. In certain embodiments, one or more fluid
plugs contains a rinse solution. Other types of fluids are also possible.

As described herein, in some embodiments a fluid from a fluid plug may be
deposited onto a wall of a channel (e.g., 1in the form a fluid portion which may be
available for mixing with a fluid from another fluid plug). The fluid portion may be
deposited as a film (e.g., a continuous or discontinuous film) of liquid on the wall of a
channel, as fluid droplets, or in any other suitable form. The form in which deposition
occurs may depend on factors such as the type of fluid being deposited, surface tension,
surtface energy of the channel wall, surface roughness of the channel wall, channel
geometry and/or other factors. In some cases, at least a portion of the tfluid deposited on
the wall remains on the wall of the channel for the remainder of fluid flow. In other
cases, however, substantially all of the fluid portion 1s combined with another fluid
during subsequent fluid tlow.

An example of a method of mixing several fluids in a channel segment 1s shown
in FIGs. 2A-E. As shown 1n FIG. 2A, channel segment 5, including upstream portion 7
and downstream portion 8, may contain multiple fluid plugs. In some embodiments, as
illustrated in FIG. 2A, the channel segment may include a first 10-1, a second 20-2, a
third 10-3, a fourth 20-4, a fifth 10-53, a sixth 20-6, a seventh 10-7, an eighth 20-8, a ninth
10-9, a tenth 20-10, and an eleventh 10-11 fluid plug, which contain a first, a second, a
third, a fourth, a fifth, a sixth, a seventh, an eighth, a ninth, a tenth, and an eleventh fluid,
respectively. In some cases, the fluid plugs may alternate in respect to a particular
property (e.g., phase, composition, viscosity, pH, volume, etc.). For example, 1in one set
of embodiments, the odd numbered tluids shown 1n FIG. 2 (1.e., first, third, fifth, seventh,
ninth, and eleventh) may be liquids and the even numbered fluids (1.e., second, fourth,
sixth, eighth, and tenth) may be immiscible with those liquids (e.g., they may be gases).
It should be understood that the labeling of “odd” or “even” fluids 1s for descriptive
purposes only and 1s not intended to limait the fluids to a particular property or
configuration. For instance, in other embodiments, one or more odd numbered fluids
described herein may be immiscible fluids (e.g., gases) and one or more even numbered

fluids may be liquids. Other configurations are also possible.
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In some embodiments, the channel segment may be configured such that flowing
the fluids through the channel segment results in the deposition of fluids from more than
one fluid plug (e.g., odd numbered fluids) on a wall of the channel segment, as shown
illustratively in FIG 2B. This deposition may occur simultaneously or subsequently. As
shown in FIG. 2B, fluid portion 10-1B may be removed from fluid 10-1A and fluid
portion 10-3B may be removed from fluid 10-3A, e.g., by the fluid portions being
deposited on a wall of the channel segment (e.g., dispersed along or within the channel).
During tlow, the fluid portions may mix with the next “like”-fluid upstream in the
sequence. For instance, in embodiments in which the odd numbered tluids are miscible
with each other but immiscible with the even numbered fluids, the tfluid portions (formed
from an odd numbered fluid) may mix with other odd numbered fluids and do not mix
with the even numbered tluids. For example, fluid portion 10-5B from the fifth fluid
plug may mix with the fluid in the seventh, but not the sixth, fluid plug. Simultaneously
or sequentially, fluid portion 10-7B tfrom the seventh fluid plug may mix with the fluid 1n
the ninth fluid plug, but not the eight fluid plug.

In some embodiments, as the fluids flow 1n series, the composition (or other
property such as viscosity, pH, and/or volume) of the fluid portions and each fluid 1n 1ts
respective tluid plug may change, as illustrated in FIG. 2C. For instance, the third fluid
plug may contain fluid 10-3A at the start of the process, as shown 1n FIG 2A. As the
third fluid plug flows, the third fluild may mix with (and optionally react with) fluid
portion 10-1B from the first fluid to form a mixture 10-3C of the first and third fluid in
the third fluid plug. Subsequent fluid portions 10-3D removed from the third fluid plug
may be a mixture of the first and third fluid as shown 1n FIG. 2C-2D. In some cases, as
the tluids tlow 1n series, the volume of the fluid in the first fluid plug may be reduced by
various amounts. In certain cases, the entire volume of a fluid (e.g., the first fluid as
shown 1llustratively in FIG. 2D) may be incorporated into one or more subsequent fluid
plugs that contain fluids miscible with the fluid, such that the fluid plug is no longer
present 1n the channel segment.

Another example of a method of mixing several fluids 1in a channel segment 1s
shown in FIGs. 3A-D. As shown illustratively in FIGs. 3A-D, channel segment 3,
including upstream portion 7 and downstream portion 8, may contain multiple fluid
plugs that alternate 1n respect to particular property (e.g., phase), such that the fluid in

each fluid plug 1s immiscible with the fluids in adjacent fluid plugs. For instance, as
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shown in FIG. 3A, first fluid 10-1A, third fluid 10-3A fifth fluid 10-5A, seventh fluid 10-
7A, ninth fluid 10-9A, and eleventh fluid 10-11A are separated from each other by
intervening fluid plugs 20-2, 20-4, 20-6, 20-8, and 20-10. The first, third, and fifth fluids
may differ in a particular property (e.g., composition, viscosity, pH, volume, etc.) and the
seventh, ninth, and eleventh fluids also may differ in a particular property (e.g.,
composition, viscosity, pH, volume, etc.). In some embodiments, the first, third, and
fifth fluids may have a particular property that 1s substantially similar to the seventh,
ninth, and eleventh fluids, respectively, although in other embodiments the particular
property may differ. When tflowed in the channel segment, at least one of the first, third,
fifth, seventh, ninth, and eleventh fluid plugs may deposit a fluid portion (e.g., 10-1B,
10-3B, 10-3B, 10-7B, 10-9B, 10-11B, respectively) on a wall of the channel, as
illustratively shown in FIG. 3B. During tlow, the tluid portions may mix with the next
miscible fluid upstream in the sequence, as indicated by arrows 40 shown 1n FIG. 3B-C.

In some embodiments, a fluid, after mixing with a fluid portion, may become
substantially different from a fluid in another fluid plug with respect to at least one
property (e.g., composition, viscosity, pH, volume, etc.). For instance, as shown in FIG.
3C, seventh fluid 10-7A, which may initially be substantially similar in composition to
first fluid 10-1A (e.g., prior to mixing), may differ from the first fluid after mixing with a
tluid portion (e.g., fluid portion 10-3B from fifth fluid 10-5A). In other embodiments, a
fluid, after mixing with a fluid portion, may become substantially similar to a fluid 1n
another fluid plug with respect to at least one property (e.g., composition, viscosity, pH,
volume, etc.). For example, eleventh fluid 10-11A may become substantially similar to
third fluid 10-3A after the eleventh fluid mixes with fluid portion 10-9B, which has the
same composition as the third tluid.

It should be appreciated that while FIGs. 3A-3D show that mixing can occur
between each “like” fluid of fluid plug (e.g., first, third, fifth, seventh, ninth, and
eleventh fluids), in other embodiments, one or more such fluids/tfluid plugs may be
designed to not mix with another fluid, e.g., by controlling surface tension, polarity,
interfacial tension, and/or other factors as described 1n more detail herein. For example,
in one embodiment, fitth fluid plug 10-5 may be designed such that fluid 10-5A within
the fluid plug 1s not substantially removed from the fluid plug during fluid flow. In such
an embodiment, fluid portion 10-3B from the third fluid plug may flow past fluid plug
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10-5 and may mix directly with fluid from seventh fluid plug 10-7. Other configurations
of mixing are also possible.

In certain embodiments, a fluid plug may contain fluids from more than one fluid
plug, e.g., after a mixing process described herein. During fluid flow, the fluid plug
containing the multiple tfluids may itself have tluid removed from it (e.g., by depositing
fluid on a wall of a channel segment and/or dispersed along or within the channel) to
tacilitate further mixing of fluids. For example, as illustrated in FIG. 3C, the first, third,
fifth, seventh, ninth, and eleventh fluid plugs may contain miscible tluids. During tflow,
the first fluid plug 10-1 may have a fluid portion 10-1B removed from it, which mixes
with the third fluid 10-3A 1n the third fluid plugl0-3. As the fluids continue to flow 1n
the channel segment, the third tluid plug 10-3 may have a fluid portion 10-3D (1.e., a
mixture of the first and third fluids) removed from 1t that mixes with the fluid in the fifth
fluid plug 10-5. The fifth fluid plug 10-5 may subsequently have a fluid portion 10-5D
removed from it that contains a mixture of the first, third, and fifth fluids. This fluid
portion may mix with seventh fluid plug 10-7.

In some embodiments, the mixing and process of removal of a fluid from a fluid
plug may continue until each fluid plug contains fluid from at least a portion of the
miscible fluids upstream. However, in other embodiments, only fluids from certain tluid
plugs are mixed with one another, while fluids from other fluids plugs are not mixed.
The amount of mixing and the number of fluids plugs that are mixed together may be
controlled, for example, by determining the length of intervening tluids between tluid
plugs, the volume of the fluid plugs, the phase of the fluid plugs, the viscosity of the
fluid plugs, the flow speed of the fluid plugs, the surface tension of the fluids, the
polarity of the fluids, the density of the fluids, the interfacial surface tension between
adjacent fluids, interfacial surface tension between the fluid plug and the channel wall,
channel design (e.g., geometry, length, radius of curvature of corners), and properties of
the channel wall (e.g., surface roughness, surface texture, surtace energy). Other factors
may also contribute to the amount of mixing.

It should also be appreciated that while removal of a fluid portion from a fluid
plug may result in that fluid portion being added to another fluid plug (which results in
mixing) in some embodiments, in other embodiments, the fluid portion 1s not added to
another fluid plug and does not result in mixing between fluid plugs. The fluid plug may

be used for a different purpose, such as for priming the walls of the channel segment
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(e.g., to change the surface tension of the channel wall) or for other purposes. For
example, in some embodiments, as a fluid plug (e.g., first fluid plug 10-1 of FIG. 3A)
flows in the channel segment, fluid portion 10-1B 1s removed from the fluid plug but
continues to travel down the channel segment from a downstream side to an upstream
side. The fluid may be designed to not substantially mix with any subsequent fluid in the
channel segment and may end up in the waste region without being substantially
combined 1nto a fluid plug. Other configurations of fluid flow are also possible.

In some embodiments, the amount of mixing and/or the number of fluids plugs
that are mixed together may be controlled by certain characteristics of the fluid plugs. In
some embodiments, the amount and/or duration of mixing may be controlled in part by
the distance between fluid plugs or the length/volume of the intervening fluids in a
channel segment. For example, it it 1s desirable to have two fluids mix, they may be
positioned relatively close to one another 1n a channel segment (e.g., first and third fluids
in FIG. 1A). If 1t 1s undesirable to have two fluids mix, they may be positioned relatively
farther away from one another in a channel segment (e.g., first and eleventh fluids in
FIG. 1A). In certain embodiments, a longer (more volumous) intervening fluid plug will
separate fluid plugs to a greater extent than a shorter (less volumous) intervening fluid
plug, and may prevent two fluid plugs from mixing due to their long separation in the
channel segment. In some instances, a larger percentage of volume reduction of a fluid
plug, for a given channel length and flow time, may be achieved with a shorter (less
volumous) fluid plug compared to a longer (more volumous) tluid plug.

The phase of the fluid plugs may be used, in some 1nstances, to prevent mixing.
For 1nstance, a fluid plug in the liquid phase and 1ts liquid fluid portion may not be able
to mix with fluid plugs in the gas phase. Accordingly, where it 1s desirable to have fluids
mix, such fluids may be miscible with one another to facilitate mixing in some
embodiments. Where 1t 1s undesirable to have fluids mix, they may be designed to be
immiscible with one another in certain embodiments.

In some cases, the viscosity of the fluid plug may influence mixing within the
fluid plug. For example, a more viscous fluid plug may have reduced mixing through
various mechanisms, such as circulating currents and diffusion, compared to a less
viscous fluid plug. A relatively more viscous fluid may also deposit less tluid on the

walls of a channel segment during fluid flow compared to a relatively less viscous fluid

1n some embodiments.

10



10

15

20

25

30

CA 02900708 2015-08-07

WO 2014/158367 PCT/US2014/015243

The tlow speed of the fluid plugs may also influence mixing within a fluid plug
and the removal of a fluid portion from the fluid plug (e.g., deposition of the fluid
portion on a wall of the channel segment). For instance, faster flow speeds may result 1n
larger amounts of fluid being removed from a fluid plug, for a given amount of flow
time, compared to removal at slower tlow speeds. In some embodiments, slower tlow
speeds may result in enhanced diffusion of a fluid portion into a fluid plug compared to
flow at higher tlow speeds.

In some instances, mixing may be controlled using more than one characteristic,
such as more than one of the characteristics described above (e.g., volume and phase of
the fluids). Other methods of controlling mixing based on characteristics of the fluid
plugs are also possible. In certain embodiments, the amount of mixing and/or the
number of fluids plugs that are mixed together may be controlled by certain properties of
the fluids. For instance, a fluid or fluid plug that has a lower surface tension with respect
to a channel wall may more readily facilitate removal of a fluid portion from the fluid
plug (e.g., produce a fluid portion that is deposited on the channel wall) than a fluid/fluid
plug that has a higher surface tension with respect to the channel wall. Thus, the relative
surface tension of the fluid can be varied to control the amount of fluid removed from a
fluid plug (and, therefore, the subsequent amount of mixing between fluids).

In certain embodiments, the surface tension between a fluid and a channel wall
may be selected as desired. In some cases, a wetting agent may be added to a fluid or
fluid plug to control the surface tension. The wetting agent may be added, for example,
prior to mixing, as a result of mixing, or as a result of a fluid being removed from a fluid
plug. In certain cases, a wetting agent may be added to the channel wall to control
surface tension, e.g., during manufacturing of the device, prior to tluid flow, and/or as a
result of fluid flow. In general, any suitable wetting agent at any desired concentration
may be used. Examples of suitable wetting agents include, but are not limited to,
polyvinyl alcohol, non-1onic detergents (e.g., poly(ethylene oxide) derivatives like
Tween 20 and Triton, fatty alcohols), anionic detergents (e.g., sodium dodecyl sulfate
and related detergents with shorter or longer alkane chains such as sodium decyl sulfate
or sodium octadecyl sulfate, or fatty acid salts), cationic detergents (e.g., quaternary
ammonium cations such as cetyl trimethylammonium bromide), zwitterionic detergents
(e.g., dodecyl betaine), perfluorodetergents (e.g., Capstone FS-10), low surface tension

liquids (e.g., alcohols such as 1sopropanol), and combinations thereof. In certain
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embodiments, a non-wetting agent (e.g., 1onic compounds) may be added to increase the
surface tension.

In embodiments 1n which a wetting agent 1s added to a fluid or tluid plug, the
percentage (by weight/volume) of the wetting agent in the fluid or fluid plug may be
greater than or equal to about 0.001%, greater than or equal to about 0.01%, greater than
or equal to about 0.025%, greater than or equal to about 0.05%, greater than or equal to
about 0.1%, greater than or equal to about 0.1%, greater than or equal to about 0.5%,
greater than or equal to about 1%, greater than or equal to about 5%, greater than or
equal to about 10%, greater than or equal to about 20%, greater than or equal to about
30%, greater than or equal to about 40%, or greater than or equal to about 40%. In some
instances, the percentage of wetting agent in the tluid or fluid plug may be less than or
equal to about 75%, less than or equal to about 50%, less than or equal to about 40%,
less than or equal to about 30%, less than or equal to about 20%, less than or equal to
about 10%, less than or equal to about 3%, less than or equal to about 1%, less than or
equal to about 0.5%, less than or equal to about 0.01%, or less than or equal to about
0.01%. Combinations of the above-referenced ranges are also possible (e.g., greater than
or equal to about 0.01% or less than or equal to about 50%). Other ranges of wetting
agent percentages are also possible.

Polarity of the fluids may also influence mixing. For example, in some
embodiments fluids with differing polarities (e.g., a water based fluid and an o1l based
fluid) may not mix or may mix to a relatively lesser extent, while fluids with similar
polarities (e.g., a water based fluid and a methanol based fluid) may mix or may mix to a
relatively greater extent. In some cases, polarity may be used to prevent or limit adjacent
fluids from mixing and/or prevent or limit fluid portions from mixing with certain non-
adjacent fluid plugs. In other cases, polarity may be used to prevent or limit adjacent
fluids from mixing and allow fluid portions to mix with certain non-adjacent fluid plugs.

In some 1nstances, the density of the fluids may be used to control mixing.
Significant differences 1in density between fluids may prevent or limit the fluids from
mixing. Conversely, fluids with similar densities may readily mix.

In certain cases, the interfacial tension between fluids may also influence mixing.
For instance, fluids with a high intertacial tension with each other may not mix or may
mix to a lesser extent, while fluids with a low interfacial tension with one another may

mix to a relatively greater extent. In some cases, interfacial tension may be used to
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prevent or limit adjacent fluids from mixing and prevent or limit fluid portions from
mixing with certain non-adjacent tluid plugs. In other cases, interfacial tension may be
used to prevent or limit adjacent fluids from mixing and allow fluid portions to mix with
certain non-adjacent fluid plugs.

In some instances, mixing may be controlled using more than one property
described herein (e.g., surface tension and polarity). Other methods of controlling
mixing based on properties of the fluids are also possible.

In some embodiments, the amount of mixing and/or the number of fluids plugs
that are mixed together may be controlled by certain characteristics of the channel
segment. For instance, the geometry of the channel segment may be used to control
mixing. Non-limiting examples of geometrical channel features that may influence
mixing include cross-sectional shape, cross-sectional area, aspect ratio, hydraulic
diameter, radius of curvature of internal corners, deviations in the channel (e.g., turns,
bends), radius of curvature ot deviations 1n the channel, and gradual and/or abrupt
changes 1n channel geometry (e.g., changes in cross-section area). For instance, a
channel cross-section with sharper corners may more readily facilitate removal of a fluid
from a fluid plug compared to a channel cross-section with blunt corners. In one
example, a channel with a cross-section that includes a radius of curvature substantially
smaller than the half-width and/or half-height of the channel may more readily facilitate
removal of a fluid from a fluid plug compared to a channel cross-section that does not
include such a radius of curvature, or a channel cross-section having a relatively larger
radius of curvature. A radius of curvature substantially smaller than the halt-width
and/or half-height of the channel may be, for example, less than or equal to about 50%,
less than or equal to about 40%, less than or equal to about 30%, less than or equal to
about 20%, less than or equal to about 10%, or less than or equal to about 5% of the halt-
width and/or half-height of the channel. Additional examples of channel configurations
and dimensions are provided in more detail below.

The length of the channel segment may also be used to control mixing. For
example, longer channel segments may allow greater volume reduction of a fluid plug
compared to a shorter channel, with all other factors being equal. In some cases, a
channel that 1s substantially longer than the length occupied by the fluid plug may allow
greater volume reduction of the fluid (e.g., the entire volume) than a channel that 1s not

substantially longer than the length occupied by the fluid plug. Examples of values of
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lengths are provided in more detail below. In some instances, mixing may be controlled
using more than one characteristic (e.g., cross-section shape and length). Other methods
of controlling mixing based on characteristics of the channel are also possible.

In some embodiments, the amount of mixing and/or the number of fluids plugs
that are mixed together may be controlled by certain characteristics of a channel wall
(e.g., surface roughness, surface texture, surface energy, surtace polarity, surface charge,
interfacial surface tension between the channel wall and a fluid, local variations in the
characteristics of the channel wall). For instance, the surface roughness of a channel
wall may be selected to facilitate or prevent removal of a fluid portion from a fluid plug.
A channel wall with a higher surface roughness may more readily facilitate removal of a
fluid portion from a fluid plug than a channel wall with a lower surface roughness.

In some embodiments, a channel segment (or a portion thereof) may have a root
mean square surface (RMS) roughness of less than about less than or equal to about 10
microns. In certain embodiments, the RMS surtace roughness may be, for example, less
than or equal to about 5 microns, less than or equal to about 3 microns, less than or equal to
about 1 micron, less than or equal to about 0.8 microns, less than or equal to about 0.3
microns, less than or equal to about 0.3 microns, less than or equal to about 0.1 microns,
less than or equal to about 0.08 microns, less than or equal to about 0.05 microns, less than
or equal to about 0.08 microns, less than or equal to about 0.01 microns, or less than or
equal to about 0.005 microns. In some 1nstances, the RMS surface roughness may be
greater than or equal to about 0.005 microns, greater than or equal to about 0.01 microns,
greater than or equal to about 0.05 microns, greater than or equal to about 0.1 microns,
greater than or equal to about 0.5 microns, greater than or equal to about 1 micron, or
greater than or equal to about 3 microns. Combinations of the above-reterenced ranges are
also possible (e.g., greater than or equal to about 0.05 microns and less than or equal to
about 5 microns. RMS surface roughness 1s a term known to those skilled 1n the art, and

may be expressed as:

— 1/2

0, = [((Z—Zm )Zﬁu = %i(z—zm)sz

where A 1s the surtace to be examined, and |z — z,,| 1s the local height deviation from

the mean.
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In general, surface roughness and/or surface texture of the channel may be formed
during fabrication or later modified using any suitable method. Exemplary methods of
tabricating or moditying the surtace roughness and/or surtace texture of the channel include
chemical etching (e.g., acid, alkaline, corrosive solvent), plasma etching (e.g., low pressure,
atmospheric, flame, plasma etching with inert and/or reactive gases), electrochemical
etching, corona discharge, mechanical methods (e.g., mechanical machining, laser
machining, mechanical polishing, mechanical grinding, bead-blasting, grit-blasting, shot-
peening), ultrasonic machining, electrical methods (e.g., electrochemical polishing, electric
discharge machining, electroforming ), coating (e.g., by spray-coating, physical vapor
deposition, chemical vapor deposition, painting), and combinations thereof. In some
instances, the surface roughness and/or texture may be produced using a molding process.
The surface texture and/or roughness ot the mold may be modified using any of the above
methods and/or coating or plating the mold surtace. Other methods of producing a desired
surface texture and/or surface roughness are also possible.

In some instances, the surface charge of a channel wall may be used to control
mixing. In one example, the surface charge of a channel wall may be used to tacilitate
the formation of a fluid portion of an oppositely charged tluid. In some embodiments,
the surface charge density on a channel wall or a portion thereof may be greater than or
equal to about 0 C/m”, greater than or equal to about 0.01C/m”, greater than or equal to
about 0.05 C/m?, greater than or equal to about 0.1 C/m>, or greater than or equal to
about 0.5 C/m”. In some instances, the surface charge density on a channel wall or
portion thereof may be less than or equal to about 1 C/m>, less than or equal to about 0.5
C/mz, less than or equal to about 0.1 C/mz, or less than or equal to about 0.03 C/m”.
Combinations of the above-reterenced ranges are also possible (e.g., greater than or
equal to about 0 C/m* and less than or equal to about 1 C/m?). Other values of surface
charge density are also possible.

In some 1nstances, mixing may be controlled using more than one characteristic
(e.g., surface energy, surface polarity, and surface roughness). Other methods of
controlling mixing based on characteristics of a channel wall are also possible. It should
also be understood that other characteristics of a channel wall can be used to control
mixing.

In some embodiments, the surface energy of a channel wall or a portion thereof

may be used to control mixing. In some instances, the surface energy of a channel wall
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may be greater than or equal to about 10 dynes/cm, greater than or equal to about 235
dynes/cm, greater than or equal to about 50 dynes/cm, greater than or equal to about 75
dynes/cm, greater than or equal to about 100 dynes/cm, greater than or equal to about
200 dynes/cm, greater than or equal to about 300 dynes/cm, or greater than or equal to
about 400 dynes/cm. In some embodiments, the surface energy of a channel wall may be
less than or equal to about 500 dynes/cm, less than or equal to about 400 dynes/cm, less
than or equal to about 300 dynes/cm, less than or equal to about 200 dynes/cm, less than
or equal to about 100 dynes/cm, less than or equal to about 75 dynes/cm, or less than or
equal to about 25 dynes/cm. Combinations of the above-referenced ranges are also
possible (e.g., greater than or equal to about 10 dynes/cm and less than or equal to about
200 dynes/cm). Other values of surface energy are also possible.

As known to those of ordinary skill in the art, surface energy includes both a
polar component and a dispersion (non-polar) component. In some embodiments, the
surface polarity (e.g., as indicated by the ratio of the polar component to the dispersive
component of the surface energy) ot a channel wall or a portion thereof may be used to
control mixing. For example, tor a cyclo-oletin copolymer the surtace polarity 1s O
(entirely dispersive), for water the surtace polarity 1s 2.3 (tairly polar), and for plasma-
treated surfaces the surtace polarity may have a ratio ot 3 or more.

In some 1nstances, the ratio of the polar component to the dispersive component
of the surface energy may be greater than or equal to about 0, greater than or equal to
about 0.5, greater than or equal to about 1, greater than or equal to about 1.5, greater than
or equal to about 2 greater than or equal to about 2.5, greater than or equal to about 3,
greater than or equal to about 3.5, or greater than or equal to about 4. In some
embodiments, the ratio of the polar component to the dispersive component of the
surface energy may be less than or equal to about 5, less than or equal to about 4.5, less
than or equal to about 4, less than or equal to about 3.5, less than or equal to about 3, less
than or equal to about 2.5, less than or equal to about 2, less than or equal to about 1.5, or
less than or equal to about 1. Combinations of the above-referenced ranges are also
possible (e.g., greater than or equal to about O and less than or equal to about 3). Other
values of surface polarity are also possible.

In some embodiments, the surtace charge, surtace energy, and/or surtace polarity
of the channel may be selected as desired. In general, surface charge, surface energy,

and/or surface polarity of the channel may be formed during fabrication or later modified
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using any suitable method. Exemplary methods of fabricating or modifying the surface
charge, surface energy, and/or surface polarity of the channel include exposure to
reactive agents (e.2., redox agents, permanganate, peroxides, chromic acid, other acids,
alkaline solutions, corrosive solvent), plasma exposure (e.g., low pressure, atmospheric,
flame, plasma etching with inert and/or reactive gases), surface tunctionalization, coating
methods (e.g., evaporation, sputtering, vapor deposition processes, electroless plating,
chemical deposition processes, electrochemical deposition processes), and combinations
thereof. In some instances, a portion of the channel may be coated with materials such
as metallic material, non-metallic material, nanoparticles, surface reactive agents, amine
reactive group (e.g., NHS-activated molecules, molecules with carboxylic acid or
aldehyde), thiol-reactive groups (e.g., maleimido-activated molecules), carboxy-reactive
groups (e.g., amines), polyelectrolyte (e.g., polyethylene amine, dextran sulfate,
copolymer with charged side chains), hydrophobic or partially hydrophobic material
(e.g., co-polymer with hydrophobic chains such as polystyrene), silane (e.g.,
methoxysilanes, ethoxysilanes, trichloro(1H, 1H, 2H, 2H - perfluorooctyl)silane, epoxy
silanes), parylene, silicon dioxide, polyvinyl pyrrolidone, carbon-based nanostructures
(e.g., carbon nanotubes), photosensitive molecules (e.g., derivatives of diazirine),
biomolecules (e.g., proteins, DNA, carbohydrates, lipids, amino acid side chains), and
combinations thereof. Other methods of producing a desired surtace charge, surface
energy, and/or surface polarity on channel are also possible.

In certain cases, as shown in illustratively FIG. 3D the entire volume of a fluid
(e.g., the first fluid) may be incorporated into one or more fluid plugs downstream such
that the fluid plug 1s no longer present in the channel segment. In some cases, the
volume of the fluid in the fluid plug may be reduced by a certain percentage (e.g.,
compared to the 1nitial volume of the fluid plug). For instance, in some embodiments,
the volume of a fluid plug may be reduced by greater than or equal to about 50%, greater
than or equal to about 60%, greater than or equal to about 70%, greater than or equal to
about 80%, greater than or equal to about 90%, or greater than or equal to about 95%. In
some 1nstances, the volume of a fluid 1n a fluid plug may be reduced by less than or
equal to about 100%, less than or equal to about 90%, less than or equal to about 80%,
less than or equal to about 70%, or less than or equal to about 60%. Combinations of the
above-referenced ranges are also possible (e.g., greater than or equal to about 50% and

less than or equal to about 100%). In some cases, 100% of the volume of the fluid is
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removed from a fluid plug, such that the fluid plug no longer remains 1n the system. In
such embodiments, the fluid removed tfrom the fluid plug may be entirely dispersed
along or within the channel. In other embodiments, 0% of the tfluid 1s removed trom a
fluid plug during fluid tflow. Other values of volume reduction percentage are also
possible. As described herein, in some embodiments the volume of more than one fluid

plugs 1s reduced by the amounts noted above.

In addition to fluid plugs, a channel segment may also contain at least one
substantially dry reagent in some embodiments (e.g2., during storage and/or prior to a
flowing step described herein). An example of mixing between a tluid from a fluid plug
and a substantially dry reagent is shown in FIGs. 4A-E. As shown illustratively in FIG.
4A, a channel segment 5, including an upstream portion 7 and a downstream portion 3,
may contain a substantially dry reagent 30, first fluid plug 10-1, a second fluid plug 20-2,
a third fluid plug 10-3. The fluid plugs may contain a first fluid 10-1A, a second fluid
20-2A, and a third tluid 10-3A, respectively. As shown 1llustratively in this figure, the
second fluid plug may be positioned between the first and third fluid plugs. In some
cases, the second fluid may be immiscible with the first and third fluids, while the first
and third tluids may optionally be miscible with one another. Additionally, as shown in
the figure, the substantially dry reagent may be positioned downstream of the fluid plugs.
In general, however, the substantially dry reagent may have any suitable position relative
to the tfluad plugs. For instance, the substantially dry reagent may be positioned between
two fluid plugs in some embodiments. In some cases, a substantially dry reagent 1s
positioned 1n a gaseous fluid plug (e.g., air) which is flanked on both ends by two liquid
fluid plugs. Such a configuration may be appropriate tor storage of the reagents in
certain embodiments.

As shown in FIG. 4B, the tfluids may be flowed in series toward the substantially
dry reagent, €.g2., from upstream to downstream in the direction of arrow 9. In some
embodiments, flowing first fluid plug 10-1 over the substantially dry reagent may cause
the first fluid to mix with the reagent (which i1s no longer substantially dry). The reagent
may mix with the first tfluid to form a homogenous or heterogeneous (e.£., solution or
suspension) mixture. During flow, a mixture 10-1C of the first fluid and reagent may
leave a fluid portion 10-1D, which may be immiscible with second fluid 20-2A and
miscible with third fluid 10-3A, as illustrated in FI1G. 3C. As shown 1n FIGs. 3D-E, fluid

portion 10-1D may mix with the third fluid 1n the third fluid plug to form a mixture of
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the first fluid, the reagent, and third fluid 10-3E. In certain cases, the entire volume of
the mixture of the first fluid and the reagent may be removed from first fluid plug 10-1
and may mix with the third fluid plug.

Fluids can be tlowed 1n a device described herein using any suitable method. In
some embodiments, a fluidic device employs one or more vent valves to controllably
flow and/or mix portions of fluid within the system. The vent valves can comprise, for
example, a port in fluid communication with the channel in which a fluid 1s positioned,
and may be actuated by positioning a seal over the port opening or by removing the seal
from the port opening. In certain embodiments, the seal may include a valving
mechanism such as a mechanical valve operatively associated with a tube 1n fluid
communication with the port. Generally, opening the vent valve allows the port to
function as a vent. When the port functions as a vent, the fluid located on one side of the
vent valve tlows, while the fluid located on the opposite side of the vent valve relative to
the first fluid remains stationary. When the valve 1s closed, the port no longer functions
as a vent, and the fluid located on both sides of the vent valve can tlow through the
system towards an outlet. Advantageously, fluid control such as a sequence of fluid flow
and/or a change 1n tlow rate, can be achieved by opening and closing one or more vent
valves and by applying a single source of fluid flow (e.g., a vacuum) operated at a
substantially constant pressure. This can simplify the operation and use of the device by
an intended user. Vent valves are described in more detail in U.S. Patent Publication No.
2011/0120562, tiled November 24, 2010 and entitled “Fluid Mixing and Delivery in
Microfluidic Systems,” which 1s incorporated herein by reference 1n 1ts entirety for all
purposes.

In some embodiments, when the fluid flow source 1s activated, one or more
channels 1n the fluidic device may be pressurized (e.g., to approximately -30kPa) which
may drive the fluids within the channel toward the outlet. In some embodiments, tluids
can be stored serially in a channel upstream of a vent valve positioned along the channel,
and after closing the vent valve, the fluids can tlow sequentially towards the channel
outlet. In some cases, fluids can be stored 1n separate, intersecting channels, and after
closing a vent valve the fluids can be flowed sequentially. The timing ot delivery and
the volume of tluid can be controlled, tor example, by the timing of the vent valve

actuation.
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An example of controlling movement of fluid plugs 1n a fluidic device
comprising multiple channel segments (e.g., branching channels) and at least one vent
valve 1s shown 1n FIGS. 6 A-6C. In the device illustrated in FIG. 6A, a channel segment
210 1s tlmdically connected to two channel segments (e.g2., branching channels) 212 and
214, which intersected at vent valve 216. As shown 1n this figure, channel segment 210
may optionally contain fluid plug 218. In some embodiments, fluids plugs 220 and 222
may be stored and/or sealed in channel segments 212 and 214, respectively (e.g., prior to
first use of the device). Channel segment 210 is shown connected to outlet 224, while
channel segments 212 and 214 are shown connected to inlets 226 and 228, respectively.
All of the fluids 1n the device may be separated by plugs of gas (immuiscible with fluid
plugs 218, 220 and 222).

As shown illustratively in FIG. 6B, fluids 220 and 222 may be transported
sequentially. To transport fluid plug 222, vent valve 216 and inlet 228 may be both
closed (while inlet 226 1s opened). To transport fluid plug 220 after fluid plug 222 1s
transported, vent valve 216 and inlet 226 may be both closed (while inlet 228 1s opened).
Mixing can then occur between fluid plugs 218, 222 and/or 220 1n channel segment 210
as described herein (e.g., with respect to FIGS. 1-4). The timing of when the vent valves
are opened or closed can be used to vary the length/volume of the plugs of gas separating
fluid plugs 218, 222 and/or 220, as well as the duration ot fluid tlow.

Advantageously, vent valves can be operated without constricting the cross-
section of the microfluidic channel on which they operate, as might occur with certain
valves 1n the prior art. Such a mode of operation can be effective in preventing leaking
across the valve. Moreover, because vent valves can be used, some systems and methods
described herein do not require the use of certain internal valves, which can be
problematic due to, for example, their high expense, complexity in fabrication, fragility,
limited compatibility with mixed gas and liquid systems, and/or unreliability in
microfluidic systems.

It should be understood that while vent valves are described, other types of
valving mechanisms can be used with the systems and methods described herein. Non-
limiting examples of a valving mechanism which may be operatively associated with a
valve include a diaphragm valve, ball valve, gate valve, butterfly valve, globe valve,

needle valve, pinch valve, poppet valve, or pinch valve. The valving mechanism may be
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actuated by any suitable means, including a solenoid, a motor, by hand, by electronic
actuation, or by hydraulic/pneumatic pressure.

As described herein, in some embodiments, reagents (e.2., for a chemical and/or
biological reaction) may be stored in fluid and/or dry form 1n a fluidic device. The
method of storage may depend on the particular application. Reagents can be stored, for
example, as a liquid, a gas, a gel, a plurality of particles, or a film. The reagents may be
positioned 1n any suitable portion of a device, including, but not limited to, 1n a channel
or channel segment, reservoir, on a surface, and in or on a membrane, which may be part
of a reagent storage area. A reagent may be associated with a tfluidic system (or
components of a system) 1n any suitable manner. For example, reagents may be
crosslinked (e.g., covalently or 1onically), absorbed, or adsorbed (physisorbed) onto a
surface within the fluidic system. In some cases, a liquid 1s contained within a channel
or reservoir of a device.

In certain embodiments, one or more channel segments of a fluidic device
includes a stored liquid reagent (€.2., in the form of a fluid plug). In some cases, more
than one liquid reagents (e.g., fluid plugs) are stored 1n a channel or channel segment.
The Liquid reagents may be separated by a separation tluid, which may be immiscible
with the liquid reagents. The fluid reagents may be stored in the device prior to first use,
or introduced 1nto the device at first use. In some cases, the liquid reagents may be kept
separate during storage of the fluids (e.g., while the device is sealed). During use of the
device, at least portions of the liquids may be combined (e.g., mixed) using the methods
described herein.

Certain fluidic devices may be designed to include both liquid and dry reagents
stored 1n a single article prior to first use and/or prior to introduction of a sample into the
device. In some cases, the liquid and dry reagents are stored in fluid communication
with each other prior to first use. In other cases, the liquid and dry reagents are not in
fluid communication with one another prior to first use, but at first use are placed in fluid
communication with one another. For instance, one or more liquid reagents may be
stored 1n a first common channel and one or more dry reagents stored 1n a second
common channel, the first and second common channels not being connected or in
tluidic communication with one another prior to first use. Additionally or alternatively,
the reagents may be stored 1n separate vessels such that a reagent 1s not 1n fluid

communication with the fluidic device prior to first use. The use of stored reagents can
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simplify use of the fluidic device by a user, since this minimizes the number of steps the
user has to perform in order to operate the device. This simplicity can allow the fluidic
devices described herein to be used by untrained users, such as those in point-of-care
settings, and 1n particular, for devices designed to perform immunoassays.

In various embodiments involving the storage of tluid (e.g., liquid) reagents prior
to first use, the fluids may be stored (and, in some embodiments, statically maintained
without mixing) 1n a fluidic device for greater than 10 seconds, one minute, one hour,
one day, one week, one month, or one year. By preventing contact between certain
fluids, tfluids containing components that would typically react or bind with each other
can be prevented from doing so, €.g2., while being maintained in a common channel. For
example, while they are stored, tfluids (e.g., in the form of fluid plugs) may be kept
separated at least in part by immiscible separation fluids so that fluids that would
normally react with each other when 1n contact may be stored for extended periods of
time 1n a common channel. In some embodiments, the fluids may be stored so that they
are statically maintained and do not move in relation to their position in the channel.
Even though fluids may shift slightly or vibrate and expand and contract while being
statically maintained, certain fluidic devices described herein are adapted and arranged
such that fluids in a common channel do not mix with one another during these
processes.

Fluidic devices that are used for storage of one or more reagents (e.g., prior to
first use) may be stored at reduced temperatures, such as less than or equal to 10°C, 4°C,
0°C, or -10°C. Fluids may also be exposed to elevated temperatures such as greater than
25°C, greater than 35°C or greater than 50°C. Fluids may be shipped from one location
to the other by surface or air without allowing for mixing of reagent fluids contained in
the channel. The amount of separation fluid may be chosen based on the end process
with which the fluids are to be used as well as on the conditions to which 1t 1s expected
that the fluidic device will be exposed. For example, if the fluidic device is expected to
receive physical shock or vibration, fluids may only fill portions but not all of a channel
segment. Furthermore, larger plugs of immiscible separation fluid may be used along
with one or more channel configurations described herein. In this manner, distinct fluids
within a channel system of a tfluidic device may avoid mixing.

A fluidic device may include one or more characteristics that facilitate control

over tluid transport and/or prevent fluids from mixing with one another during storage.
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For example, a device may include structural characteristics (e.g., an elongated
indentation or protrusion) and/or physical or chemical characteristics (e.g.,
hydrophobicity vs. hydrophilicity) or other characteristics that can exert a torce (e.£., a
containing force) on a fluid. In some cases, a fluid may be held within a channel using
surface tension (e.g., a concave or convex meniscus). For example, certain portions of a
channel segment may be patterned with hydrophobic and hydrophilic portions to prevent
movement and/or mixing of fluids during storage. One measure of hydrophobicity that
can be useful 1n selecting such materials 1s contact angle measurements taken between
water and a candidate material. While “hydrophobic” can be considered a relative term in
some cases, a particular degree or amount of hydrophobicity can be easily selected by
those of ordinary skill in the art, with the aid of knowledge of the characteristics of
particular materials and/or readily-determined contact angle measurements for selecting
fluids and/or materials described herein.

In some cases, a channel may segment have an absence of inner walls or other
dividers to keep the fluids apart and fluids may be separated by a separation fluid as
described herein.

In some embodiments, fluids can be stored on two sides of a fluidic device, as
described in more detail in U.S. Patent Publication No. 2010/0158756, filed December
17, 2009, entitled “Reagent Storage in Microfluidic Systems and Related Articles and
Methods,” which 1s incorporated herein by reference in its entirety for all purposes. In
some cases, the tfluidic device may include channel segments having non-circular cross
sections and channel segments having circular cross-sections. In certain embodiments, at
least some of the channel segments having circular cross-sections may pass through the
thickness of the article and may connect channels tormed on either surfaces of the article.

In some embodiments, a channel segment may include one or more corners (e.g.,
curved corners) having a certain radius of curvature. The curved corner may be, for
example, a convex portion of a surface that mates with a cover. The convex portion of
the surface may be formed during fabrication of the channel segment by various
techniques (e.g., injection molding). In certain embodiments, a channel segment may
include one or more corners (e.2., curved corners) having a radius of curvature of, for
example, less than or equal to about 100 um, less than or equal to about 50 um, less than
or equal to about 30 um, less than or equal to about 20 um, less than or equal to about 10

um, less than or equal to about 5 um, less than or equal to about 3 um, less than or equal
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to about 2 um, less than or equal to about 1 um, less than or equal to about 0.5 um, or
less than or equal to about 0.1 um. In some embodiments, the radius of curvature of a
curved corner of a channel may be, e.g., greater than or equal to about 0.1 um, greater
than or equal to about 0.5 um, greater than or equal to about 1 um, greater than or equal
to about 2 um, greater than or equal to about 3 um, greater than or equal to about 5 um,
greater than or equal to about 10 um, greater than or equal to about 20 um, greater than
or equal to about 30 um, greater than or equal to about S0 um, or greater than or equal to
about 100 um. Combinations of the above-noted ranges are also possible (e.g., a radius
of curvature of greater than or equal to about 1 micron and less than or equal to about 20
microns). Other ranges are also possible. A curved corner having a relatively smaller
radius of curvature may increase the amount of fluid being removed tfrom a fluid plug
flowing along a portion of the channel, compared to a fluid plug tlowing in a channel
having a relatively larger radius of curvature.

In some embodiments, a channel having a curved corner may have a ratio of a
cross-sectional dimension (e.g., a width or a height) of the channel to the radius of
curvature of the substantially curved corner of greater than or equal to about 1:1, greater
than or equal to about 2:1, greater than or equal to about 3:1, greater than or equal to
about 3:1, greater than or equal to about 10:1, greater than or equal to about 20:1, greater
than or equal to about 30:1, greater than or equal to about 50:1, greater than or equal to
about 100:1, greater than or equal to about 200:1, or greater than or equal to about 500:1.
In some 1nstances, the ratio of a cross-sectional dimension (e.g., a width or a height) of
the channel to the radius of curvature of the substantially curved corner may be less than
or equal to about 600:1, less than or equal to about 400:1, less than or equal to about
200:1, less than or equal to about 100:1, less than or equal to about 75:1, less than or
equal to about 50:1, less than or equal to about 235:1, less than or equal to about 10:1, or
less than or equal to about 5:1. Combinations of the above-reterenced ranges are also
possible (e.g., greater than or equal to about 3:1 and less than or equal to about 400:1).
Other values of the ratio of a cross-sectional dimension (e.g., a width or a height) of the
channel to the radius of curvature of the substantially curved corner are also possible.

In some fluidic devices described herein, it 1s desirable to have fluidic
components (€.g2., channel, channel segment, channel portion) having non-zero dratt
angles. As known to those of ordinary skill in the art, a draft angle 1s the amount of

taper, €.g., tor molded or cast parts, perpendicular to the parting line. For example, as
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shown illustratively in FIG. S5A, a substantially rectangular channel 125, which has walls
125-A and 125-C that are substantially perpendicular to surface 121 (e.g., a parting line),
has a draft angle 196 ot 0°. The cross sections of fluidic channels having non-zero draft
angles, on the other hand, may resemble a trapezoid, a parallelogram, or a triangle. For
example, as shown in the embodiment illustrated in FIG. 3B, channel 127 has a
substantially trapezoidal cross-section. Draft angle 196 1s formed by the angle between a
line perpendicular to surface 121 and wall 127-A of the channel, and 1s non-zero 1n this
embodiment.

In some embodiments, during fluid flow a corner of a channel having a draft
angle less than 90° may cause a tluid to deposit a relatively larger fluid portion than a
corner of a channel having a draft angle greater than or equal to 90°, as shown in FIG.
12. Figure 12A shows a cross-section of a channel portion including corners a draft
angle 200 less than 90° and a draft angle 205 greater than 90°. During fluid flow, a fluid
portion 201 1n the corner of the channel encompassing draft angle 200 may be greater
than a fluid portion 206 in the corner encompassing draft angle 205, as shown
illustratively in FIG. 12B. In certain embodiments, the amount ot a fluid portion
deposited in a corner of a channel may increase with decreasing draft angle. For
example, more tluid may be deposited in channel portion 215 than channel portion 210
shown in FIG. 12C.

The draft angle of a channel, channel segment, or channel portion, for example,
greater than or equal to about to about 1°, greater than or equal to about 2°, greater than
or equal to about 3°, greater than or equal to about 5°, greater than or equal to about 8°,
greater than or equal to about 10°, greater than or equal to about 20°, greater than or
equal to about 30°, greater than or equal to about 45°, greater than or equal to about 60°,
or greater than or equal to about 75°. In some 1nstances, the draft angle may be less than
or equal to about 90°, less than or equal to about 75°, less than or equal to about 60°, less
than or equal to about 435, less than or equal to about 30°, less than or equal to about 20°,
less than or equal to about 10°, or less than or equal to about 5°. Combinations of the
above-referenced ranges are also possible (e.g., greater than or equal to about 1° and less
than or equal to about 60°).

It should be understood that a channel, channel segment, or channel portion can
have any suitable cross-sectional dimension, which may depend on, for example, where

the channel 1s positioned, how the channel is to be used (e.g., for mixing or for storage of
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reagents), the size of the fluidic device, the volume of reagents intended to flow 1n the
device, etc. For instance, in some embodiments, a channel, channel segment, channel
portion, etc. may have a maximum cross-sectional dimension (e.g., a width or height) of
less than or equal to about 5 mm, less than or equal to about 3 mm, less than or equal to
about 1 mm, less than or equal to about 750 microns, less than or equal to about 600
microns, less than or equal to about 500 microns, less than or equal to about 300
microns, less than or equal to about 200 microns, less than or equal to about 100
microns, less than or equal to about 50 microns, less than or equal to about 25 microns,
less than or equal to about 10 microns, or less than or equal to about 5 microns. In some
instances, a channel, channel segment, or channel portion, may have a maximum Cross-
sectional dimension of greater than or equal to about 0.1 microns, greater than or equal to
about 1 microns, greater than or equal to about 5 microns, greater than or equal to about
10 microns, greater than or equal to about 25 microns, greater than or equal to about 50
microns, greater than or equal to about 100 microns, greater than or equal to about 200
microns, greater than or equal to about 400 microns, greater than or equal to about 600
microns, greater than or equal to about 900 microns, greater than or equal to about 1 mm,
greater than or equal to about 1.5 mm, or greater than or equal to about 3 mm.
Combinations of the above-reterenced ranges are also possible (e.g., greater than or
equal to about 1 micron and less than or equal to about 1 mm). Other values of
maximum cross-sectional dimensions are also possible.

In some cases, at least one or at least two cross-sectional dimensions (€.g., a
height and a width) of a channel, channel segment, or channel portion may be less than
or equal to about 2 mm, less than or equal to about 1 mm, less than or equal to about 7350
microns, less than or equal to about 500 microns, less than or equal to about 300
microns, less than or equal to about 200 microns, less than or equal to about 100
microns, less than or equal to about 50 microns, less than or equal to about 25 microns,
less than or equal to about 10 microns, or less than or equal to about 5 microns. In some
instances, at least one or at least two cross-sectional dimensions of a channel, channel
segment, channel portion, etc. may be greater than or equal to about 0.1 microns, greater
than or equal to about 1 micron, greater than or equal to about 5 microns, greater than or
equal to about 10 microns, greater than or equal to about 25 microns, greater than or
equal to about 50 microns, greater than or equal to about 100 microns, greater than or

equal to about 200 microns, greater than or equal to about 400 microns, greater than or
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equal to about 600 microns, or greater than or equal to about 700 microns. Combinations
of the above-referenced ranges are also possible (e.g., greater than or equal to about 10
um and less than or equal to about S00 um). Other values are also possible.

A channel, channel segment, or channel portion may have a certain width-to-
height ratio. In certain instances, the ratio of the width to height of a channel, channel
segment, or channel portion may be greater than or equal to about 1:1, greater than or
equal to about 2:1, greater than or equal to about 5:1, greater than or equal to about 10:1,
greater than or equal to about 13:1, or greater than or equal to about 20:1. In some
instances the width-to-height ratio may be less than or equal to about 30:1, less than or
equal to about 20:1, less than or equal to about 135:1, less than or equal to about 10:1, less
than or equal to about 3:1, or less than or equal to about 2:1. Combinations of the above-
referenced ranges are also possible (e.g., greater than or equal to about 1:1 and less than
or equal to about 20:1). Other values are also possible.

A channel, channel segment, or channel portion may also have an aspect ratio
(length to largest average cross-sectional dimension) of at least 2:1, more typically at
least 3:1, 5:1, or 10:1. In some cases, the channels, channel segments, or channel
portions have very large aspect ratios, €.g., at least 100:1, 500:1 or 1000:1. Such long
channels may be useful for mixing large volumes of fluids and/or large numbers of
difterent tluid plugs 1n the channel. For instance, the channel, channel segment, or
channel portion may contain greater than or equal to 3, 5, 10, 20, 30, or 50 tfluid plugs
(e.g., the fluid reagents and separating tluids being counted as different plugs). In certain
embodiments, a channel, channel segment, or channel portion has a length to largest
width of less than or equal to 10, 7, 5, 3, or 2. Short channels may be useful in certain
devices for mixing smaller volumes of fluids.

A channel, channel segment, or channel portion may have a length and/or volume
for mixing as described herein. In some embodiments a channel, channel segment, or
channel portion may have a volume of greater than or equal to about 0.001 picoliters,
greater than or equal to about 0.01 picoliters, greater than or equal to about 0.1 picoliters,
oreater than or equal to about 1 picoliters, greater than or equal to about 10 picoliters,
greater than or equal to about 100 picoliters, greater than or equal to about 0.001
microliters, greater than or equal to about 0.01 microliters, greater than or equal to about
0.1 mucroliters, greater than or equal to about 1 microliter, greater than or equal to about

10 microliters, greater than or equal to about 25 microliters, greater than or equal to
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about SO microliters, greater than or equal to about 100 mucroliters, greater than or equal
to about 150, or greater than or equal to about 200 microliters. In some instances, a
channel, channel segment, or channel portion may have a volume of less than or equal to
about 250 microliters, less than or equal to about 200 muicroliters, less than or equal to
about 150 microliters, less than or equal to about 100 microliters, less than or equal to
about SO microliters, less than or equal to about 25 microliters, less than or equal to
about 15 microliters, less than or equal to about 10 microliters, less than or equal to
about 5 microliters, less than or equal to about 1 microliters, less than or equal to about
0.1 microliters, or less than or equal to about 0.01 microliters, less than or equal to about
0.001 microliter, less than or equal to about 100 picoliter, less than or equal to about 10
picoliter, less than or equal to about 1 picoliter, or less than or equal to about 0.1
picoliter, less than or equal to about 0.01 picoliter. Combinations of the above-
referenced ranges are also possible (e.g., greater than or equal to about 0.001 picoliters
and less than or equal to about 200 microliters). Other volumes are also possible.

In some embodiments, a channel, channel segment, or channel portion may have
a length of greater than or equal to about 1 mm, greater than or equal to about 5 mm,
greater than or equal to about 10 mm, greater than or equal to about 20 mm, greater than
or equal to about 40 mm, greater than or equal to about 60 mm, or greater than or equal
to about 80 mm. In some instances, the length may be less than or equal to about 100
mm, less than or equal to about 90 mm, less than or equal to about 70 mm, less than or
equal to about S0 mm, less than or equal to about 30 mm, or less than or equal to about
10 mm. Combinations of the above-referenced ranges are also possible (e.g., greater
than or equal to about 1 mm and less than or equal to about 100 mm). Other values of
length are also possible.

A channel, channel segment, or channel portion may have any suitable
configuration. In some embodiments, a channel, channel segment, or channel portion
may be a common channel, a branching channel, a channel segment on a side of a device
that 1s separated from another channel segment by an intervening channel (e.g., a channel
segment passing through the thickness of the device, as part of a two-sided device), or
any other suitable configuration. In some cases, channel segments or channel portions
may be separated trom one another by a component (e.g., a vent valve or port), or may
differ from one another based on a feature of the channel segment or portion (e.g.,

surface roughness, dimension, etc.). Other contfigurations are also possible.
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A channel, channel segment, or channel portion can be covered or uncovered. In
embodiments where 1t 1s covered, at least one portion of the channel can have a cross-
section that 1s substantially enclosed, or the entire channel may be substantially enclosed
along 1ts entire length with the exception of its inlet(s) and outlet(s). One or more
inlet(s) and/or outlet(s) may also be enclosed and/or sealed. In certain embodiments, one
or more covers 1s adapted and arranged such that a channel segment, an inlet, and/or an
outlet 1s substantially enclosed and/or sealed prior to first use of the device by a user, but
opened or unsealed at first use. In some embodiments, such a configuration may
substantially prevent fluids and/or other reagents stored in the device from being
removed from the device (e.g., due to evaporation) during fabrication, shipping, and/or
storage of the device, as described herein.

As used herein, ““prior to first use” of the device means a time or times betore the
device 1s first used by an intended user after commercial sale. First use may include any
step(s) requiring manipulation of the device by a user. For example, first use may
involve one or more steps such as puncturing a sealed inlet or removing a cover from an
inlet to introduce a reagent into the device, connecting two or more channels to cause
fluid communication between the channels, preparation of the device (e.g., loading of
reagents into the device) before analysis of a sample, loading ot a sample onto or into the
device, preparation of a sample 1n a region of the device, performing a reaction with a
sample, detection of a sample, etc. First use, in this context, does not include
manufacture or other preparatory or quality control steps taken by the manufacturer of
the device. Those of ordinary skill 1in the art are well aware of the meaning of first use in
this context, and will be able easily to determine whether a device of the invention has or
has not experienced first use. In one set of embodiments, devices of the invention are
disposable after first use, and 1t 1s particularly evident when such devices are first used,
because 1t 1s typically impractical to use the devices at all after first use.

A fluidic device, or portions thereof, can be tabricated of any material suitable for
forming a channel or other component. Non-limiting examples of materials include
polymers (e.g., polyethylene, polystyrene, polymethylmethacrylate, polycarbonate,
poly(dimethylsiloxane), PVC, PTFE, PET, and a cyclo-olefin copolymer), or metals
including nickel, copper, stainless steel, bulk metallic glass, or other metals or alloys, or
ceramics 1including glass, quartz, silica, alumina, zirconia, tungsten carbide, silicon

carbide, or non-metallic materials such as graphite, silicon, or others. The material
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forming the fluidic device and any associated components (€.2., a cover) may be hard or
flexible. Those of ordinary skill in the art can readily select suitable material(s) based
upon e.g., its rigidity, its inertness to (e.£2., freedom tfrom degradation by) a fluid to be
passed through 1t, 1ts robustness at a temperature at which a particular device 1s to be
used, its transparency/opacity to electromagnetic waves (e.g., light in the ultraviolet and
visible regions, terahertz waves, microwaves, and so on), and/or the method used to
fabricate features 1in the material. For instance, for injection molded or other extruded
articles, the material used may include a thermoplastic (e.g., polypropylene, polystyrene,
polyethylene, polymethylmethacrylate, cyclo-olefin copolymer, polycarbonate,
acrylonitrile-butadiene-styrene, nylon 6, PVC, PTFE, PET), an elastomer (e.g.,
polyisoprene, 1sobutene-1soprene, nitrile, neoprene, ethylene-propyvlene, hypalon,
silicone), a thermoset (e.2., epoxy, unsaturated polyesters, phenolics), or combinations
thereof. In some embodiments, fluidic devices including two or more components or
layers may be tormed in different matenals to tailor the components to the major
function(s) of the each of the components, €.g2., based upon the factors described herein.

In some embodiments, the material and dimensions (e.g., thickness) of a fluidic
device (and/or cover of a device) are chosen such that it 1s substantially impermeable to
water vapor. For instance, a fluidic device designed to store one or more fluids therein
prior to first use may include a cover comprising a material known to provide a high
vapor barrier, such as metal foil, certain polymers, certain ceramics and combinations
thereof. In other cases, the material 1s chosen based at least in part on the shape and/or
configuration of the fluidic device. For instance, certain materials can be used to form
planar devices whereas other materials are more suitable for forming devices that are
curved or irregularly shaped.

In some 1nstances, a fluidic device 1s comprised of a combination of two or more
materials, such as the ones listed above. For instance, channels of the fluidic device may
be formed 1n polystyrene or other polymers (e.g2., by injection molding) and a
biocompatible tape may be used to seal the channels. The biocompatible tape or flexible
material may include a material known to improve vapor barrier properties (e.g2., metal
foil, polymers or other materials known to have high vapor barriers), and may optionally
allow access to inlets and outlets by puncturing or unpeeling the tape. A variety ot
methods can be used to seal a microfluidic channel or portions of a channel, or to join

multiple layers of a device, including but not limited to, the use of adhesives, use
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adhesive tapes, gluing, bonding, welding, brazing, lamination of materials, or by
mechanical methods (e.g., clamping, snapping mechanisms, €tc.).

In some instances, a tluidic device comprises a combination of two or more
separate components (e.g2., layers or fluidic devices) mounted together. Independent
channel networks, which may optionally include reagents stored and/or sealed therein
prior to first use, may be included on or in the different components of the fluidic device.
The separate components may be mounted together or otherwise associated with one
another by any suitable means, such as by the methods described herein, e.g., to form a
single (composite) fluidic device. In some embodiments, two or more channel networks
are positioned 1n different components or layers of the tluidic device and are not
connected fluidically prior to first use, but are connected tfluidically at first use, e.g., by
use of a fluidic connector, as described in more detail in U.S. Patent No. 8,202,492,
1ssued June 19, 2012 (filed May 1, 2008) and entitled “Fluidic Connectors and
Microfluidic Systems.” In other embodiments, the two or more channel networks are
connected tluidically prior to first use.

Advantageously, each of the different components or layers that form a
composite tluidic device may be tailored individually depending on the designed
function(s) of that component or layer. For example, in one set of embodiments, one
component of a composite fluidic device may be tailored for storing wet reagents. In
some such embodiments, that component may be formed 1n a material having a relatively
low vapor permeability. Additionally or alternatively, e.g2., depending on the amount of
fluids to be stored, the storage region(s) of that fluidic device may be made with larger
cross-sectional dimensions than channels or regions of other components not used for
storage of liquids. The material used to form the fluidic device may be compatible with
fabrication techniques suitable for forming larger cross-sectional dimensions. By
contrast, a second component that may be tailored for detection of an analyte may, in
some embodiments, include channel portions having smaller cross-sectional dimensions.
Smaller cross-sectional dimensions may be usetul, for example, 1n certain embodiments
to allow more contact time between fluids flowing in the channel (e.g., a reagent solution
or a wash fluid) and an analyte bound to a surtace of the channel, for a given volume of
fluid. Additionally or alternatively, a channel portion of the second component may
have a lower surface roughness compared to a channel portion of another component.

The smaller-cross sectional dimensions or lower surface roughness of the channel
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portions of the second component may, 1n certain embodiments, require a certain
fabrication technique or fabrication tool different from that used to form a different
component ot the fluidic device. Furthermore, in some particular embodiments, the
material used tor the second component may be well characterized for protein attachment
and detection. As such, 1t may be advantageous to form different channels segments
used tor ditferent purposes on ditfferent components of a tfluidic device, which can then
be joined together prior to use by an intended user.

Additional characteristics and examples of tluidic devices and components
thereot that can be combined with aspects described herein are described in more detail
in U.S. Patent Publication No. 2011/02565351, filed April 15, 2011 and entitled “Systems
and Devices for Analysis of Samples,” which 1s incorporated herein by reference 1n its
entirety for all purposes.

The methods and systems described herein may involve variety of different types
of analyses, and can be used to determine a variety of different samples. In some cases,
an analysis involves a chemical and/or biological reaction. In some embodiments, a
chemical and/or biological reaction involves binding. Ditferent types of binding may
take place 1n fluidic devices described herein. Binding may involve the interaction
between a corresponding pair of molecules that exhibit mutual affinity or binding
capacity, typically specific or non-specific binding or interaction, including biochemaical,
physiological, and/or pharmaceutical interactions. Biological binding defines a type of
interaction that occurs between pairs of molecules including proteins, nucleic acids,
glycoproteins, carbohydrates, hormones and the like. Specific examples include
antibody/antigen, antibody/hapten, enzyme/substrate, enzyme/inhibitor,
enzyme/cotactor, binding protein/substrate, carrier protein/substrate, lectin/carbohydrate,
receptor/hormone, receptor/ettector, complementary strands of nucleic acid,
protein/nucleic acid repressor/inducer, ligand/cell surtace receptor, virus/ligand, etc.
Binding may also occur between proteins or other components and cells. In addition,
devices described herein may be used for other fluid analyses (which may or may not
involve binding and/or reactions) such as detection of components, concentration, etc.

In some embodiments, a chemical and/or biological reaction involves a reducing
agent (e.g., hydroquinone, chlorohydroquinone, pyrogallol, metol, 4-aminophenol and
phenidone, Fe(+2), Ti(+3), and V(+2)). In some cases, a chemical and/or biological

reaction involves a metal precursor (€.2., a solution of a metal salt, such as a silver salt).
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In some cases, a heterogeneous reaction (or assay) may take place in a fluidic
device; for example, a binding partner may be associated with a surface ot a channel, and
the complementary binding partner may be present in the tluid phase. Other solid-phase
assays that involve affinity reaction between proteins or other biomolecules (e.g., DNA,
RNA, carbohydrates), or non-naturally occurring molecules, can also be performed.
Non-limiting examples of typical reactions that can be performed 1n a fluidic device
include chemical reactions, enzymatic reactions, immuno-based reactions (e.g., antigen-
antibody), and cell-based reactions.

Non-limiting examples of analytes that can be determined (e.g., detected) using
fluidic devices described herein include specific proteins, viruses, hormones, drugs,
nucleic acids and polysaccharides; specifically antibodies, e.g., IgD, I1gG, 1gM or IgA
immunoglobulins to HTLV-I, HIV, Hepatitis A, B and non A/non B, Rubella, Measles,
Human Parvovirus B19, Mumps, Malaria, Chicken Pox or Leukemia; autoantibodies:
human and animal hormones, e.g., thyroid stimulating hormone (TSH), thyroxine (T4),
vitamin D, vitamin B12, luteinizing hormone (LH), follicle-stimulating hormones (FSH),
testosterone, progesterone, human chorionic gonadotropin, estradiol; other proteins or
peptides, e.g. troponin I, troponmin T, c-reactive protein, myoglobin, brain natriuretic
protein, prostate specific antigen (PSA), tree-PSA, complexed-PSA, pro-PSA, EPCA-2,
PCADM-1, ABCAS, hK2, beta-MSP (PSP94), AZGP1, Annexin A3, PSCA, PSMA,
JIM27, PAP; drugs, e.g., paracetamol or theophylline; marker nucleic acids, e.g., PCA3,
TMPRS-ERG; polysaccharides such as cell surface antigens for HLA tissue typing and
bacterial cell wall material. Chemicals that may be detected include explosives such as
TNT, nerve agents, and environmentally hazardous compounds such as polychlorinated
biphenyls (PCBs), dioxins, hydrocarbons and MTBE. Typical sample fluids include
physiological tluids such as human or animal whole blood, blood serum, blood plasma,
semen, tears, urine, sweat, saliva, cerebro-spinal fluid, vaginal secretions; in-vitro fluids
used in research or environmental fluids such as aqueous liquids suspected of being
contaminated by the analyte.

In some embodiments, one or more reagents that can be used to determine an
analyte of a sample (e.g., a binding partner of the analyte to be determined) is stored
and/or sealed 1n a channel or chamber ot a tluidic device prior to tirst use in order to

perform a specific test or assay.

33



10

15

20

25

30

CA 02900708 2015-08-07

WO 2014/158367 PCT/US2014/015243

In cases where an antigen 1s being analyzed, a corresponding antibody or aptamer
can be the binding partner associated with a surface of a microfluidic channel. If an
antibody 1s the analyte, then an appropriate antigen or aptamer may be the binding
partner associated with the surface. When a disease condition 1s being determined, 1t
may be preferred to put the antigen on the surface and to test for an antibody that has
been produced in the subject. Such antibodies may include, for example, antibodies to
HIV.

In some embodiments, a fluidic device is adapted and arranged to perform an
analysis involving accumulating an opaque material on a region of a channel segment,
exposing the region to light, and determining the transmission of light through the
opaque material. An opaque material may include a substance that interferes with the
transmittance of light at one or more wavelengths. An opaque material does not merely
refract light, but reduces the amount of transmission through the material by, for
example, absorbing or retlecting light. Different opaque materials or different amounts
of an opaque material may allow transmittance of less than, for example, 90, 80, 70, 60,
50, 40, 30, 20, 10 or 1 percent of the light illuminating the opaque material. Examples of
opaque materials include molecular layers of metal (e.g., elemental metal), ceramic
layers, dyes, polymeric layers, and layers of an opaque substance (e.2., a dye). The
opaque material may, 1n some cases, be a metal that can be electrolessly deposited.

These metals may include, for example, silver, gold, copper, nickel, cobalt, palladium,
and platinum. Precursors of these metals may be stored and/or tflowed in the devices
described herein.

An opaque material that forms 1n a channel may include a series of discontinuous
independent particles that together form an opaque layer, but in one embodiment, 1s a
continuous material that takes on a generally planar shape. The opaque material may
have a dimension (e.g., a width of length) of, for example, greater than or equal to 1
micron, greater than or equal to 5 microns, greater than 10 microns, greater than or equal
to 25 mucrons, or greater than or equal to S0 microns. In some cases, the opaque material
extends across the width of the channel (e.g., a measurement zone) containing the opaque
material. The opaque layer may have a thickness of, for example, less than or equal to
10 microns, less than or equal to 5 microns, less than or equal to 1 micron, less than or
equal to 100 nanometers or less than or equal to 10 nanometers. Even at these small

thicknesses, a detectable change in transmittance can be obtained. The opaque layer may
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provide an increase 1n assay sensitivity when compared to techniques that do not form an
opaque layer.

In one set of embodiments, a fluidic device described herein 1s used for
performing an immunoassay (e.g., for human IgG or PSA) and, optionally, uses silver
enhancement for signal amplification. In such an immunoassay, after delivery of a
sample (e.g., containing human Ig(G) to a reaction site or analysis region, binding
between two components (e.g., between the human IgG and anti-human IgG) can take
place. One or more reagents, which may be optionally stored in a channel of the device
prior to use, can then tlow over this binding pair complex. Optionally, one of the stored
reagents may include a solution of metal colloid (e.g., a gold conjugated antibody) that
specifically binds to the antigen to be detected (e.g., human IgG). In other embodiments,
the metal colloid can be bound with the sample prior to arriving at the reaction site or
analysis region. This metal colloid can provide a catalytic surface for the deposition of
an opaque material, such as a layer of metal (e.g., silver), on a surface of the analysis
region. The layer of metal can be formed by using a two component system: a metal
precursor (e.g., a solution of silver salts) and a reducing agent (e.g., hydroquinone,
chlorohydroquinone, pyrogallol, metol, 4-aminophenol and phenidone, , Fe(+2), Ti(+3),
and V(+2)), which can optionally be stored in different channels prior to use.

Mixing of the two reagents can be performed using the methods described herein
(e.g., as shown 1llustratively in FIGs. 1-4). In other embodiments, as a positive or
negative pressure differential 1s applied to the system, the silver salt and reducing
solutions can merge at a channel intersection, where they mix (e.g., due to diffusion) in a
channel, and then flow over the analysis region. If antibody-antigen binding occurs in
the analysis region, the flowing of the metal precursor solution through the region can
result 1in the formation of an opaque layer, such as a silver layer, due to the presence of
the catalytic metal colloid associated with the antibody-antigen complex. The opaque
layer may include a substance that interferes with the transmittance ot light at one or
more wavelengths. An opaque layer that 1s formed 1n the channel can be detected
optically, for example, by measuring a reduction 1n light transmittance through a portion
of the analysis region (e.g., a serpentine channel region) compared to a portion of an area
that does not include the antibody or antigen.

Alternatively, a signal can be obtained by measuring the variation of light

transmittance as a function of time, as the film 1s being formed 1n an analysis region.
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The opaque layer may provide an increase 1n assay sensitivity when compared to
techniques that do not form an opaque layer. Additionally, various amplification
chemistries that produce optical signals (e.g., absorbance, tluorescence, glow or tlash
chemiluminescence, electrochemiluminescence), electrical signals (e.g., resistance or
conductivity of metal structures created by an electroless process) or magnetic signals
(e.g., magnetic beads) can be used to allow detection of a signal by a detector.

Various types of fluids can be used with the fluidic devices described herein. As
described herein, fluids may be introduced into the fluidic device at first use, and/or
stored within the fluidic device prior to first use. Fluids include liquids such as solvents,
solutions and suspensions. Fluids also include gases and mixtures of gases. The fluids
may contain any suitable species such as a component for a chemical and/or biological
reaction, a buffer, and/or a detecting agent. When multiple fluids are contained in a
fluidic device, the fluids may be separated by another fluid that 1s preterably
substantially immiscible in each of the first two fluids. For example, if a channel
contains two difterent aqueous solutions, a separation plug of a third fluid may be
substantially immiscible in both of the aqueous solutions. When aqueous solutions are to
be kept separate, substantially immiscible fluids that can be used as separators may
include gases such as air or nitrogen, or hydrophobic ftluids that are substantially
immiscible with the aqueous fluids. Fluids may also be chosen based at least in part on
the fluid’s reactivity with adjacent fluids, or based on other factors described herein. For
example, an 1nert gas such as nitrogen may be used 1in some embodiments and may help
preserve and/or stabilize any adjacent fluids. An example of an substantially immiscible
liquid for separating aqueous solutions 1s perfluorodecalin.

The choice of a separator fluid may be made based on other factors as well,
including any effect that the separator fluid may have on the surface tension of the
adjacent fluid plugs. In some embodiments, it may be prefterred to maximize the surface
tension within any fluid plug to promote retention of the fluid plug as a single continuous
unit under varying environmental conditions such as vibration, shock and temperature
variations. Other factors relevant to mixing between tluids and fluid plugs can also be
considered as described herein.

Separator tluids may also be inert to a reaction site (e.g., measurement zone) to
which the tluids will be supplied. For example, if a reaction site includes a biological

binding partner, a separator fluid such as air or nitrogen may have little or no effect on
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the binding partner. The use of a gas (e.g., air) as a separator fluid may also provide
room for expansion within a channel of a tfluidic device should liquids contained in the
device expand or contract due to changes such as temperature (including freezing) or
pressure variations.

A variety of determination (e.g., measuring, quantifying, detecting, and
qualitying) techniques may be used, €.g., to analyze a sample component or other
component or condition associated with a fluidic described herein. Determination
techniques may include optically-based techniques such as light transmission, light
absorbance, light scattering, light retlection and visual techniques. Determination
techniques may also include luminescence techniques such as photoluminescence (e.g.,
fluorescence), chemiluminescence, bioluminescence, and/or electrochemiluminescence.
In other embodiments, determination techniques may measure conductivity or resistance.
As such, an analyzer may be configured to include such and other suitable detection
systems.

Different optical detection techniques provide a number of options for
determining reaction (e.g., assay) results. In some embodiments, the measurement of
transmission or absorbance means that light can be detected at the same wavelength at
which it 1s emitted from a light source. Although the light source can be a narrow band
source emitting at a single wavelength 1t may also may be a broad spectrum source,
emitting over a range of wavelengths, as many opaque materials can effectively block a
wide range of wavelengths. In some embodiments, a system may be operated with a
minimum of optical devices (e.g., a simplified optical detector). For instance, the
determining device may be free of a photomultiplier, may be free of a wavelength
selector such as a grating, prism or filter, may be free of a device to direct or collimate
light such as a collimator, or may be free of magnifying optics (e.g., lenses). Elimination
or reduction of these features can result in a less expensive, more robust device.

Additional examples of detection systems are described 1in more detail below 1n
U.S. Patent Publication No. 2011/0256551, filed April 15, 2011 and entitled “Systems
and Devices for Analysis of Samples,” which 1s incorporated herein by reference 1n 1ts
entirety for all purposes.

The articles, components, systems, and methods described herein may be
combined with those described 1n International Patent Publication No. W0O2005/066613
(International Patent Application Serial No. PCT/US2004/043585), tiled December 20,
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2004 and entitled “Assay Device and Method™ [H0498.70211WOO00]; International
Patent Publication No. WO2005/072858 (International Patent Application Serial No.
PCT/US2005/003514), filed January 26, 2005 and entitled “Fluid Delivery System and
Method” [H0498.70219WOO00]; International Patent Publication No. WQ2006/113727
(International Patent Application Serial No.PCT/US06/14583), tiled April 19, 2006 and
entitled “Fluidic Structures Including Meandering and Wide Channels”
[HO0498.70244WO00]; U.S. Patent No. 8,202,492, 1ssued June 19, 2012 (filed May 1,
2008) and entitled “Fluidic Connectors and Microfluidic Systems” [C1256.70000USO1];
U.S. Patent Publication No. 2009/0075390, tiled August 22, 2008, entitled “Liquid
Containment for Integrated Assays™ [C1256.70001USO1]; U.S. Patent No. 8,222,049,
1ssued July 17, 2012 (filed April 25, 2008), entitled “Flow Control in Microfluidic
Systems” [C1256.70002US01]; U.S. Patent No. 8,221,700, 1ssued July 17, 2012 (filed
February 2, 2010), entitled “Structures for Controlling Light Interaction with
Microfluidic Devices,” [C1256.70003US01]; U.S. Patent Publication No. 2010/0158756,
filed December 17, 2009, entitled “Reagent Storage in Microtluidic Systems and Related
Articles and Methods,” [C1256.70004US01]; U.S. Patent Publication No. 2011/0120562,
filed November 24, 2010, entitled “Fluid Mixing and Delivery in Microfluidic Systems,”
[C1256.70005US01]; U.S. Patent Publication No. 2011/0253224, filed April 15, 2011,
entitled “Feedback Control in Microfluidic Systems,” [C1256.70006USO1]; U.S. Patent
Publication No. 2011/0256551, filed April 15, 2011, entitled *“Systems and Devices for
Analysis of Samples,” [C1256.70010US01], each of which is incorporated herein by

reference 1n its entirety for all purposes.

EXAMPLES
Example 1

This example shows the influence of channel geometry and surface tension of a
fluid on volume reduction of a tfluid plug during flow of the fluid plug in a channel.

Fluid plugs containing a fluid and varying concentrations of wetting agent were
flowed through several channels that differed only in hydraulic diameter. The volume
reduction of a fluid plug for a given channel length increased as the hydraulic diameter
of the channel increased. The volume reduction for a given channel length also

increased as the surface tension decreased (1.e., as the amount of wetting agent 1n the
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fluid plug increased). The effect of hydraulic diameter was less pronounced for fluids as
the surface tension decreased.

Three tluid plugs, varying only in the concentration of wetting agent, were
flowed through channels with a hydraulic diameter of 0.4 mm to 1.0 mm. The distance
required for complete volume reduction of each fluid plug (i.e., length ot channel
required to disperse the plug in mm per microliters) was recorded for each hydraulic
diameter. Polyvinyl alcohol was used as the wetting agent to reduce the surface tension
of the fluid. Each fluid plug contained 0.025% polyvinyl alcohol, 0.08% polyvinyl
alcohol, or 0.4% polyvinyl alcohol in deionized water. FIG. 8 shows the distance
required for each concentration of polyvinyl alcohol for each hydraulic diameter tested.

This example demonstrates that the volume reduction of a fluid plug (and,
theretore, the amount of mixing between fluids) can be varied by tailoring the channel

geometry and/or the surtace tension of the fluid contained 1n the fluid plug.

Example 2

This example shows the influence of surtace energy of the channel and surface
tension of the fluid on volume reduction.

Two 1dentical channels with a height of 3.5 mm and a width of 0.5 mm were
fabricated. One channel was treated with atmospheric corona discharge to increase the
surface energy of the channel. A corona discharge was applied for about 1 second at a
distance of 1 cm away from the surface of the channel. The corona discharge treatment
produced a surface energy of greater than 72 dynes/cm as indicated by deionized water
spreading 1nto a film rather than beading up. Polyvinyl alcohol was used as the wetting
agent to reduce the surface tension of the fluid. The fluid plugs contained either 0.025%
polyvinyl alcohol or 0.08% polyvinyl alcohol in deionized water. FIG. 9 shows the
length of channel required for complete volume reduction of the fluid plug for each
concentration of polyvinyl alcohol for the untreated and the corona-treated channel.

Two channels that differed only 1n their surtface energy were tormed. Fluid plugs
containing a fluid and varying concentrations of wetting agent were flowed through the
two channels. The volume reduction of a fluid plug, for a given channel length,
increased as surtace energy increased. The volume reduction, for a given channel length,
also 1ncreased as the surtface tension decreased (1.e., as the amount of wetting agent 1n the

fluid plug increased). The effect of surface energy was less pronounced with decreased
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surface tension. In addition, the effect of surface tension was less pronounced with
increased surface energy.

The corona treated channel had about a 50% decrease 1n mean length ot channel
required to disperse the plug compared to the untreated channel for a fluid plug with
0.025% polyvinyl alcohol. Decreasing the surface tension of the fluid caused about a
0% decrease 1n mean length of channel required to disperse the plug in the untreated
channel.

This example demonstrates that the volume reduction of a fluid plug (and,
theretore, the amount of mixing between fluids) can be varied by tailoring the surface
energy of the channel containing the fluid plug, and/or the surtace tension of the fluid

contained 1n the fluid plug.

Example 3

This example shows serial mixing of multiple tluid plugs in a channel.

A microfluidic channel was loaded with fluid plugs containing air or a solution of
deionized water containing 5 mg/mL of a blue dye (methylene blue) or 10 mg/mL of a
red dye (allurared). The aqueous fluid plugs were immiscible with the air tluid plugs.
The tluid plugs alternated between aqueous fluid plugs and air tfluid plugs. The aqueous
fluid plugs alternated 1n dye color, such that the first aqueous fluid plug contained a red
dye, the second contained a blue dye, third contained a red dye, etc. The channel
contained nine fluid plugs ot each dye color. Each aqueous fluid plug had a volume of 2
ul.. Mixing was initiated by connecting a vacuum of approximately 30 kPa to the outlet
of the system. From the outlet, the mixed solutions flowed through a microtluidic
channel in which the optical density of the solutions was measured with red and green
light as described below. The ratio of red dye to blue dye 1n the fluid plugs atter flowing
in the channel could be calculated from these measurements using the regression model
described above.

The optical densities of the aqueous tluid plugs were measured after following in
the channel. An LED emitting either red (~630 nm) or green (~505 nm) light was
positioned above the channel, while an optical detector was positioned below the
channel, and the optical transmission through the channel was monitored and recorded
using a data capture system. The optical density was calculated using the optical

transmission of deionized water without any dye as a reference value. Various solutions
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containing known concentrations of red dye, blue dye, or a mixture of the two were
flowed through the system, and the optical density was measured with red and green
light. A multivariate regression model was fit to these results to permit estimation of the
dye concentration 1n mixed solutions based on the optical density measured with red and
green light. This model was used in the experiments described herein.

Mixing of multiple tfluid plugs was shown using aqueous fluid plugs ditfering
only 1n the presence of either a red dye or a blue dye. The aqueous fluid plugs alternated
in dye color and were separated by fluid plugs containing air. The fluid plugs were
flowed 1n a microfluidic channel. The ratios of red and blue dye in each aqueous fluid
plug were measured after flowing in the microfluidic channel for about 350 mm (1.e., the
first plug was 350 mm away from their initial positions). The first three aqueous fluid

plugs were completely dissipated along the channel wall, as indicated by the absence of

any data points in fluid plug #s 1-3 1n FIG. 10, and were absorbed by the subsequent
aqueous tluid plugs. After the sixth aqueous fluid plug, the percent of red dye and blue
dye in each aqueous fluid plug was within 50% +3% which was the initial overall
percentage of red and blue dye 1n the channel. FIG. 10 shows a plot of the percent of the
red and blue dye 1n each aqueous fluid plug calculated from their measured optical
densities after flowing in the microfluidic system. The overall enrichment of red
solution 1n the earlier segments 1s attributed to the fact that the first and third aqueous
fluid plugs were red.

This example demonstrates that serial mixing can be pertormed with multiple
fluid plugs 1in a channel. This example also demonstrates that the ratio of components in
the fluid plugs after mixing converges toward the initial overall ratio of components 1n

the total volume loaded into the channel.

Example 4

This example shows the influence of surtace roughness and channel length on
mixing of multiple fluid plugs.

Mixing of multiple tluid plugs was pertormed with an identical set-up as
Example 3, except the microtluidic channel had an additional length of 630 mm and the
additional channel length had been treated with micro-abrasive blasting to change the
surface texture. Roughness was measured by stylus profilometry with a stylus tip radius

of approximately 2 um. The channel had an average roughness between about 0.1 um
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and 0.5 um. The first four aqueous fluid plugs were completely dissipated along the
channel wall. After the fifth aqueous fluid plug, the ratio of red dye to blue dye in the
aqueous tluid plugs was about 50:50, which was the 1nitial overall ratio of red dye to
blue dye.

FIG. 11shows a plot of the percent of the red and blue dye 1n each aqueous fluid
plug calculated from their measured optical densities atter tlowing in the microtluidic
system. The first four aqueous fluid plugs were distributed along the channel, and were
absorbed by the subsequent aqueous fluid plugs. After the fifth aqueous fluid plug, the
percent of red dye and blue dye was within 50% +5% in each fluid plug. The overall
enrichment of red solution in the earlier segments 1s attributed to the fact that the first
and third aqueous fluid plugs were red.

This example demonstrates that surtace roughness can be used to increase tluid

dissipation and enhance mixing in a channel.

Example 3

This example shows the influence of volume of the tluid plugs on mixing ot
multiple fluid plugs.

Mixing of multiple fluid plugs was performed with an 1dentical set-up as
Example 3, except the first aqueous fluid plug had a volume of 1 microliter. The first
and second aqueous fluid plugs were completely dissipated along the channel wall. After
the second aqueous fluid plug, the ratio of red dye to blue dye in the aqueous fluid plugs
was about 50:50.

FIG. 12 shows a plot of the percent of the red and blue dye in each aqueous fluid
plug calculated from their measured optical densities after flowing in the microfluidic
channel. The first and second aqueous fluid plugs were entirely dissipated along the
channel, and were absorbed by the subsequent aqueous tluid plugs. After the second
aqueous fluid plug, the percent of red dye and blue dye 1n each fluid plug was within
50% £5%.

This example demonstrates that the ratio of components in each tluid plug after

mixing is dependent upon the volume of the fluid plugs carrying the tfluids to be mixed.

Having thus described several aspects of at least one embodiment of this

invention, 1t 1s to be appreciated various alterations, modifications, and improvements
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will readily occur to those skilled 1n the art. Such alterations, modifications, and
improvements are intended to be part of this disclosure, and are intended to be within the
spirit and scope of the invention. Accordingly, the toregoing description and drawings
are by way of example only.

What 1s claimed 1s:
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CLAIMS

A method, comprising:

flowing 1in a channel a series of fluid plugs comprising a first fluid plug
comprising a first fluid, a second fluid plug comprising a second fluid, and a third fluid
plug comprising a third tfluid, wherein the first fluid plug has a first volume,

wherein the second fluid plug 1s positioned between the first and third fluid plugs,
and

wherein the second fluid 1s immaiscible with each of the first and third tluids;

reducing the first volume of the first fluid plug by at least 50%; and

combining at least a portion of the first fluid into the third fluid plug so as to mix

at least portions of the first and third tluids.

A method, comprising:

flowing in series 1n a channel a first fluad plug comprising a first tfluid, a second
fluid plug comprising a second fluid, and a third fluid plug comprising a third fluid,

whereln the second fluid 1s immiscible with each of the first and third fluids,

wherein the second fluid plug 1s positioned between the first and third tluid plugs,
and

wherein the first fluid comprises a first component for a chemical and/or
biological reaction and the third fluid comprises a second component for a chemical
and/or biological reaction, and wherein the first component 1s difterent from the second
component; and

depositing at least a portion of the first fluid on a wall of the channel during the
flowing step; and

combining at least a portion of the first fluid deposited on the wall of the channel

into the third fluid plug so as to mix at least portions of the first and third fluids.

3. A method, comprising:
flowing in series in a channel a first fluid plug comprising a first tfluid, a second
fluid plug comprising a second fluid, and a third fluid plug comprising a third fluid,
wherein the first fluid comprises a first component for a chemical and/or
biological reaction and the third fluid comprises a second component for a chemical

and/or biological reaction,
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wherein the second fluid 1s immiscible with the first and third tfluids, and
wherein the second fluid plug 1s positioned between the first and third tfluid plugs;
and
combining at least a portion of the first fluid into the third fluid plug so as to mix
at least portions of the first and third fluids; and
performing one or more chemical and/or biological reactions involving each of

the first and second components.

4, A method, comprising:

providing a fluidic device containing a first fluid and a second fluid, wherein the
first and second fluids are stored and sealed in the fluidic device and kept separate from
one another during storage;

unsealing the fluidic device;

flowing in series in a channel a series of fluid plugs comprising a first fluid plug
comprising the first fluid, a second fluid plug comprising the second fluid, and a third
fluid plug comprising a third fluid positioned between the first and second fluid plugs,
wherein the third fluid 1s immaiscible with the first and second fluids:; and

combining at least a portion of the first fluid into the second fluid plug so as to

mix at least portions of the first and second fluids.

S. A method as in any one of the preceding claims, wherein prior to the flowing
step, the channel comprises a reagent that 1s substantially dry, the method comprising

contacting the first and/or third fluid with the reagent.

6. A method as 1n any one of the preceding claims, comprising contacting the
reagent with a fluid, and performing a chemical and/or biological reaction between the
reagent and at least one of the first and second components, or a reaction product

between the first and second components.

7. A method as in any one of the preceding claims, comprising reducing the first

volume of the first fluid plug by at least S0%.
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3. A method as 1in any one of the preceding claims, comprising reducing the first

volume of the first fluid plug by at least 75%.

9. A method as 1n any one of the preceding claims, comprising reducing the first
volume of the first fluid plug by 100% such that the first fluid is entirely dispersed within

the channel.

10. A method as in any one of the preceding claims, wherein, the first fluid and the

third fluid are miscible with one another.

11. A method as in any one of the preceding claims, performing one or more

chemical and/or biological reactions involving each of the first and second components.

12. A method as 1n any one of the preceding claims, comprising performing a

chemical and/or biological reaction between the first and second components.

13. A method as 1n any one of the preceding claims, tlowing 1n series a fourth tluid
plug comprising a tourth fluid and a fifth fluid plug comprising a fifth fluid along with
the first, second and third fluid plugs, wherein the fourth fluid 1s immiscible with the
first, third and fifth fluids.

14. A method as 1n any one of the preceding claims, comprising reducing the volume

of the third flmd plug.

13. A method as 1n any one of the preceding claims, comprising reducing the volume

of the third fluid plug by at least 50%.

16. A method as 1n any one of the preceding claims, comprising combining at least a

portion of the third fluid into the fifth fluid plug so as to mix at least portions of the third
and fifth fluids.

17. A method as 1n any one of the preceding claims, comprising depositing at least a

portion of the first fluid on a wall of the channel during the flowing step.
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18. A method as in any one of the preceding claims, wherein the first and/or third

fluid comprises a component for a chemical and/or biological reaction.

19. A method as in any one of the preceding claims, wherein the first and/or third

fluid comprises a wetting agent.

20. A method as in any one of the preceding claims, wherein the first and/or third

fluid comprises a metal salt.

21. A method as in any one of the preceding claims, wherein the second fluid

comprises a gas.

22. A method as 1in any one of the preceding claims, wherein the second fluid 1s
hydrophobic.
23. A method as 1n any one of the preceding claims, wherein the second fluid 1s

directly adjacent the first and third fluids.

24. A method as 1n any one of the preceding claims, wherein the channel has a cross-
section comprising a radius of curvature substantially smaller than the halt-width of the

channel.
25. A method as in any one of the preceding claims, wherein the channel has a cross-
section comprising a radius of curvature substantially smaller than the halt-height ot the

channel.

26. A method as 1n any one of the preceding claims, wherein the channel has an

average diameter of less than or equal to about 1 mm.

27. A method as 1n any one of the preceding claims, wherein the channel, prior to the

flowing step, has been subjected to plasma treatment.
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28. A method as 1n any one of the preceding claims, wherein prior to the flowing
step, the first and/or third fluids are stored and sealed in the channel or in one or more

branching channels in fluid communication with the channel.
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