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to fluidic systems and, in particular, fluidic
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interaction of materials. In one embodiment,
the present invention is directed to a microfluidic
system. The microfluidic system includes a first
fluid path and a second fluid path segregated
from the first fluid path by a first convection
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FLUIDIC ARRAYS AND METHOD OF USING

FIELD OF THE INVENTION

The present invention relates to fluidic systems and, in particular, fluidic

arrays and methods for using them to promote interaction of materials.

BACKGROUND OF THE INVENTION

Performing multiple tests on a material, a single test on multiple materials or

multiple tests on multiple materials may be a time consuming and labor intensive
process. For example, in a screening test where an indicator is used to detect the
presence of a particular substance in a variety of materials, the indicator must be

added to each of the materials and the results must be individually observed.

In some cases, the process of performing multiple tests may be performed in a
tray containing multiple wells (multi-well plate). For example, each well may be
filled with an indicator and test material may be added to each well. Such an
arrangement may facilitate observation of results and processing, such as incubation,
required to achieve the results. However, filling each well individually remains time
consuming and, as the number of materials to be tested and number of tests increase,
the number of wells required to do all of the tests increases geometrically. A system
capable of reducing the amount of time and labor required to perform multiple tests is
desirable. A small and simple system is particularly desirable.

Microfluidic systems have received attention recently as creating the
possibility of fabricating compact, integrated devices for analytical functions such as
sensing, diagnosis and genomic analysis. Microfluidic systems are flow systems
miniaturized to dimensions typically as small as a few micrometers (um). Such
systems present challenges in both their design and manufacture. For example, at the
level of miniaturization of typical microfluidic systems, fluid flow is predominantly

laminar and the effects of diffusion, surface tension and viscosity may be emphasized.



10

15

20

25

30

WO 03/015890 PCT/US02/26459
-2-

SUMMARY OF THE INVENTION

In one embodiment, the present invention is directed to a microfluidic system.

The microfluidic system includes a first fluid path and a second fluid path segregated
from the first fluid path by a first convection controller at a first contact region,
wherein at least one of the first fluid path and the second fluid path has a cross-
sectional dimension of less than about 1 millimeter.

In another embodiment, the present invention is directed to a fluidic system
including a first fluid path, a second fluid path, a third fluid path segregated from the
first fluid path by a convection controller at a first contact region and the second fluid
path by a convection controller at a second contact region, and a fourth fluid path
segregated from the first fluid path by a convection controller at a third contact region
and segregated from the second fluid flow path by a fourth convection controller at a
fourth contact region.

In another embodiment, the present invention is directed to a fluidic array
including a first set of fluid paths arranged generally parallel to one another, a second
set of fluid paths arranged generally parallel to one another and crossing the first set
of fluid paths such that a plurality of contact regions are formed between at least some
of the fluid paths in the first set of fluid paths and at least some of the fluid paths in
the second set of fluid paths, and a convection controller segregating one of the first
set of fluid paths from one of the second set of fluid paths at the contact region.

In another embodiment, the present invention is directed to a method of
promoting interaction. The method of promoting interaction includes introducing a
first fluid including a first material into a first fluid path having a cross-sectional
dimension of less than 1 millimeter, introducing a second fluid including a second
material into a second fluid path segregated from the first fluid path by a convection
controller at a contact region, and allowing the first and second materials to interact at
the contact region.

In another embodiment, the present invention is directed to a method of
immobilizing a material in a microfluidic system. The method of immobilizing a

material in a microfluidic system includes the step of introducing an immobilizer
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containing the material into a fluid path having a cross-sectional dimension of less
than about 1 millimeter.

In another embodiment, the present invention is directed to a microfluidic
system including a fluid path having a cross-sectional dimension of less than about 1
millimeter and an immobilizer positioned within the fluid path.

In another embodiment, the present invention is directed to a method of
patterning a material on a substrate. The method includes placing a first fluid path in
fluid contact with the substrate, flowing a fluid comprising the material into the first
fluid path, and immobilizing at least a portion of the material within the first fluid
path. The method further includes removing the first fluid path from the substrate,
leaving at least a portion of the immobilized material in contact with the substrate,
and placing a second fluid path in fluid contact with the substrate such that the second
fluid path is in fluid contact with at least a portion of the immobilized material.

In another embodiment, the present invention is directed to fluidic device
including a substrate with a material patterned thereon and a fluid path in fluid contact
with the substrate such that the fluid path is in fluid contact with at least a portion of
the material.

In another embodiment, the present invention is directed to method of
promoting interaction. The method includes providing a fluidic system comprising a
fluid path having a cross-sectional dimension of less than one millimeter and a first
interaction material patterned therein, and flowing a fluid comprising a second
interaction material into the fluid path to allow interaction between the first and
second interaction materials.

In another embodiment, the present invention is directed to gradient
generation apparatus including at least first, second, and third fluid paths, each having
a cross-section of less than one millimeter, the second and third fluid paths each
comprising a mixing region. The apparatus also includes a first inlet fluidly
connected to the first and second fluid paths and a second inlet fluidly connected to
the second and third fluid paths. The apparatus further includes a first connecting
path fluidly connected to the second fluid path downstream of its mixing region and

fluidly connected to the third fluid path upstream of its mixing region.
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Other advantages, novel features, and objects of the invention will become
apparent from the following detailed description of the invention when considered in
conjunction with the accompanying drawings, which are not intended to be drawn to
scale and some of which are schematic. In the figures, each identical or nearly
identical component that is illustrated in various figures is represented by a single
numeral. For purposes of clarity, not every component is labeled in every figure, nor
is every component of each embodiment of the invention shown where illustration is

not necessary to allow those of ordinary skill in the art to understand the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is perspective, plan view of a fluidic system according to one

embodiment of the present invention;

FIG. 2 is perspective, plan view of a fluidic system according to another
embodiment of the present invention;

FIG. 3 is perspective, exploded view of a fluidic system according to another
embodiment of the present invention;

FIG. 4 is perspective, exploded view of a fluidic system according to another
embodiment of the present invention;

FIG. 5 is photocopy of a photograph of a fluidic system according to another
embodiment of the present invention;

FIG. 6 is photocopy of a photomicrograph of one aspect of a fluidic system
according to another embodiment of the present invention;

FIG. 7 is photocopy of a photomicrograph of another aspect of a fluidic
system according to another embodiment of the present invention;

FIG. 8 is a top, plan view of a fluidic system according to another embodiment
of the present invention including a photocopy of a photomicrograph of a portion of
such a fluidic system,;

FIG. 9 is a top, plan view of a fluidic system according to another embodiment
of the present invention including a photocopy of a photomicrograph of a portion of

such a fluidic system;
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FIG. 10 is a perspective, plan view of a fluidic system according to another
embodiment of the present invention;

FIG. 11 is a photocopy of a photomicrograph of the embodiment of FIG. 10;

FIG. 12 is a perspective, plan view of a fluidic system according to another
embodiment of the present invention;

FIG. 13 is a top, plan view of a fluidic system according to another
embodiment of the present invention;

FIG. 14 is a photocopy of a photomicrograph of one aspect of the embodiment
of FIG. 13;

FIG. 15 is a photocopy of a photomicrograph of another aspect of the
embodiment of FIG. 13;

FIG. 16 is a top, plan view of a fluidic system according to another
embodiment of the present invention;

FIG. 17 section (a) is a top, plan view of a fluidic system according to another
embodiment of the present invention, section (b) is an enlarged, plan view of a portion
the embodiment of section (2), and section (c) is an enlarged, exploded view of a
portion the embodiment of section (a);

FIG. 18 section (a) is an exploded view of a fluidic system according to
another embodiment of the present invention, section (b) is a perspective view of
another aspect of the embodiment of section (a), and section (c) is a perspective view
of another aspect of the embodiment of section (a);

FIG. 19 is a perspective view of a fluidic system according to another
embodiment of the present invention;

FIG. 20 section (a) is a top, plan view of a fluidic system according to another
embodiment of the present invention, section (b) is an enlarged, plan view of a portion
the embodiment of section (a), and section (c), parts 0-5, are photocopies of
photomicrographs of a portion the embodiment of section (a) in operation according
to one embodiment of the present invention.;

FIG. 21 is a plot of equal-splitting index versus position number;

FIG. 22 is a photocopy of a photomicrograph of a fluidic system according to

another embodiment of the present invention;
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FIG. 23 section (a) is a plot of fluorescence intensity in absorbance units (a.u.)
versus fluid path and section (b) is a plot of theoretical intensity versus measured
intensity;

FIG. 24 is a photocopy of a photo of one aspect of the present invention; and

FIG. 25 is a plot of fluorescence intensity in a.u. versus dilution ratio.

DETAILED DESCRIPTION

The present invention is directed to a fluidic system. “Fluidic system,” as

used herein, refers to a device, apparatus or system including at least one fluid path.
In many embodiments of the invention, the fluidic system is a microfluidic system.
“Microfluidic system,” as used herein, refers to a device, apparatus or system
including at least one fluid path having a cross-sectional dimension of less than 1
millimeter (mm). “Fluid path,” as used herein, refers to any channel, tube, pipe or
pathway through which a fluid, such as a liquid or a gas, may pass. “Enclosed fluid
path,” as used herein, refers to any fluid path that is substantially contained except at
inlets, outlets, contact regions, and the like. “Cross-sectional dimension,” as used
herein, refers to the shortest distance that may be measured between any two opposed
surfaces of a fluid path. However, in certain preferred embodiments, the longest
distance that may be measured between any two opposed surfaces of a fluid path is
also less than the maximum cross-sectional dimension for that embodiment.
“Crossing angle,” as used herein, refers to the angle between two intersecting fluid
paths measured between a portion of each fluid path upstream of a contact region
between two fluid paths. Accordingly, a crossing angle of 180° indicates the fluid
paths overlap completely, but are flowing in opposite directions, while a crossing
angle of 0° indicates that the fluid paths overlap completely and are flowing in the
same direction. “Contact region,” as used herein, refers to the area at which two fluid
paths overlap. Inmost cases, a contact region is formed where a first fluid path is
tangential to a second fluid path, though it is possible that there is some degree of
overlap between the fluid paths, or that the fluid paths are separated by some distance,

so long as some degree of fluid communication between the fluid paths is possible.
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“Convection controller,” as used herein, refers to any device or system that inhibits
convection, but allows at least some diffusion.

In one embodiment, the fluidic system of the present invention, which is
illustrated in the following description of particular embodiments as a microfluidic
system by way of example, includes a first fluid path and a second fluid path
segregated from the first fluid path by a convection controller at a contact region.
Referring now to FIG. 1, an embodiment of a microfluidic system will be described.
This embodiment of a microfluidic system 10 may include a first fluid path 20 and a
second fluid path 30 segregated from first fluid path 20 by a convection controller 50
at a first contact region 40.

In typical operation of the embodiment of microfluidic system 10 illustrated in
FIG. 1, a first fluid is introduced, for example by pumping or gravity feed, into first
fluid path 20 through a first inlet 22 and a second fluid is similarly introduced into
second fluid path 30 through a second inlet 32. Following introduction, the first and
second fluids flow through their respective fluid paths 20, 30 as illustrated by flow
indicators 100, passing one another at contact region 40. Convection controller 50
inhibits convection between first fluid path 20 and second fluid path 30, while
allowing at least some diffusion between them. The first fluid and second fluid may
be, or contain, material to be interacted, such as reactants. For example, the first fluid
may be a test material, such as a solution suspected of containing a particular enzyme,
and the second fluid may be an indicator, such as a material that creates an observable
response when exposed to the enzyme. When the fluids are introduced into flow
paths 20, 30, mixing of the fluids by convection may be inhibited by convection
controller 50, but diffusion of the fluids, or materials therein, such as the enzyme,
indicator, or indicator and enzyme may be allowed. Accordingly, the materials may
interact at contact region 40 and the response of the indicator may be observed there.
In such an embodiment, contact region 40 is effectively a test site, performing a
function similar to a test tube or well in a tray containing a test material and an
indicator. In some embodiments, the indicator may pass through convection inhibitor

50, making flow path 20, 30 into a test site.
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The present invention is not limited to a single pair of fluid paths 20, 30. For
example, the embodiments illustrated in FIGS. 3 and 4 each include two pairs of fluid
paths 20, 30, while the embodiment illustrated in FIG. 5 includes two sets of five fluid
paths 20, 30. In these embodiments, fluid paths 20, 30 are arranged in two sets of
parallel fluid paths having a crossing angle of about 90 degrees. As illustrated by the
figures, such an arrangement increases the number of contacts regions 40
geometrically. For example, crossing two fluid paths creates one contact region,
crossing two pairs of fluid paths creates four contact regions, crossing two sets of five
fluid paths creates 25 contact regions, crossing two sets of 10 fluid paths creates 100
contact regions and so on. Because each contact region 40 may function as an
interaction site, the number of interaction sites also grows geometrically as the
number of fluid paths 20, 30 is increased. Accordingly, by introducing fluid into, for
example, 20 fluid paths arranged as two sets of 10 fluid paths crossing one another,
100 interactions are able to be performed in parallel, representing a significant time
savings over filling 100 wells with materials to be interacted, such as a test fluid and
an indicator. Some of the many other possible arrangements of fluid paths and the
materials that may introduced into the fluid paths are discussed below.

Fluid paths 20, 30 may be constructed in any manner and of any material(s)
that allow a fluid to be introduced into fluid paths 20, 30 without adversely affecting
or being affected by the fluid. For example, fluid paths 20, 30 may have any
configuration or cross-sectional dimension that allows introduction of a fluid or fluids
to be used with microfluidic system 10. In some embodiments, fluid paths 20, 30 may
be constructed in a manner and of material(s) that allow a fluid to flow through fluid
paths 20, 30 without adversely affecting or being affected by the fluid. For example,
fluid paths 20, 30 may have any configuration or cross-sectional dimension that
allows a fluid or fluids to be used with microfluidic system 10 to flow through fluid
paths 20, 30 at an acceptable pressure drop.

In one embodiment, the cross-sectional dimension of fluid paths 20, 30 is as
small as possible without inhibiting the introduction or flow of the fluid or fluids to be
used with microfluidic system 10. For example, fluid paths 20, 30 may have a cross-

sectional dimension of less than 1 millimeter (mm), preferably less than 500
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micrometers (im), more preferably less than 300pm, still more preferably less than
100pm and, most preferably, less than 50pm. In certain embodiments, the fluid paths
may have nanometer dimensions. For example, one ore more fluid paths may have
cross-sectional dimensions of less than 1000 nanometers, less than 500 nanometers,

less than 300 nanometers, less than 100 nanomefers, or even as little as 50 or less
nanometers, depending on the embodiment. However, it should be recognized that

the preferred cross-sectional dimension of fluid paths 20, 30 will vary with the fluid(s)
and application. For example, fluids including cells therein, such as blood, may suffer -
damage to the cells if the cross-sectional dimension is small. As a further example, )
fluids having a high viscosity may require excessive pumping pressure if the cross-
sectional dimension is small.

The preferred configuration of fluid paths 20, 30 may vary with microfluidic
system 10 and the fluid(s) to be used therein. Generally, fluid paths 20, 30 may be as
straight and direct as possible from inlet to outlet to minimize pressure drop and
reduce damage to time sensitive or shear sensitive liquids. However, in some
instances, fluid paths 20, 30 may be preferred to be longer or more convoluted than
otherwise necessary, such as where fluid paths 20, 30 serve as reactors or mixers
wherein a residence time is desired. In some embodiments, a pair of crossing fluid
paths 20, 30 may have configurations, such as matching lengths from inlet to contact
region 40, to facilitate matching pressures within them. As discussed in more detail
below, matching pressures across contact region 40 may further inhibit convection
between the fluid paths and also may be less likely to bias diffusion in a particular
direction, where such a bias is undesired.

Fluid paths 20, 30 may have a cross-section of any shape suitable for use with
the desired fluid or fluids. For example, the cross-section of fluid paths 20, 30 may be
polygonal, ovoid or of odd or irregular shape. The shape of fluid paths 20, 30 may
influence the shape and size of contact region 40 and may be selected to provide a
desired level of contact, and thus diffusion, between fluid paths 20, 30. For example,
where it is desired to increase the area through which materials from fluid paths 20,

30 may diffuse, the size of contact region 40 may be maximized by altering the

geometry of fluid paths 20, 30. For example, the cross-section of fluid paths 20, 30
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may be flat on the side of each fluid path 20, 30 facing contact region 40.
Alternatively, fluid paths 20, 30 may have corresponding structure that increases the
surface area of contact region 40. For example, one fluid path 20 may have concave
structure and the other fluid path 30 may have corresponding convex structure. In
some embodiments, only small amounts of diffusion between fluid paths 20, 30 may
be desired. In embodiments where only small amounts of diffusion between fluid
paths 20, 30 is desired, the surface area of contact region 40 may be decreased
accordingly. For example, fluid paths 20, 30 may have a taper toward contact region
40, such that the size of contact region 40 is reduced. The construction of convection
controller 50 may also be modified to increase or decrease the amount of diffusion
between fluid paths 20, 30, as described in greater detail below.

Fluids paths 20, 30 may include inlets 22, 32. Inlets 22, 32 may be
constructed in any manner that allows fluid to be introduced into fluid paths 20, 30.
For example, inlets 22, 32 may be constructed as injection ports, slits, funnels, other
openings, or a combination of opening types. Inlets 22, 32 may be adapted to mate
with an additional fluid path, pump, syringe, inkjet printing apparatus, robotic
dispenser, or other device to facilitate the introduction of fluid into fluid paths 20, 30.

Fluid paths 20, 30 may be oriented with respect to one another in any manner
that produces the desired number of contact regions 40. For example, fluid paths 20,
30 may overlap one another such that they are separated from one another only by
convection controller 50. Such an arrangement may be referred to as tangentially
intersecting fluid paths. Crossing angles between fluid paths 20, 30 may be any angle
producing the desired contact region 40. For example, the crossing angle may be
from about 5 to 175 degrees, about 25 to 155 degrees, about 45 to 135 degrees, about
60 to 120 degrees, or about 90 degrees. In some embodiments, fluid paths 20, 30 may
have more than one contact region 40 between a single pair of fluid paths 20, 30. For
example, fluid paths 20, 30 may be curved or zigzag in shape. An arrangement where
there are multiple contact regions between two fluid paths may be of particular
interest where it is desired to react constituents within fluid path 20 and to monitor the
progress of the reaction with an indicator in fluid path 30. In such an embodiment,

fluid path 20 may weave back and forth across fluid path 30.
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In some embodiments, fluid paths 20, 30 may cross one another without
having a contact region. For example, a substantially fluid impermeable barrier may
be placed between fluid paths 20, 30, or fluid paths 20, 30 may be displaced from one
another in a plane perpendicular to their general orientation. It should be appreciated
that fluid paths 20, 30 need not have a plane of general orientation in all
embodiments. For example, fluid paths 20, 30 may be constructed in three
dimensions and may overlap or twist about one another, creating as many or as few
contact regions 40 as desired.

In embodiments where more than two fluid paths 20, 30 are used, the fluid
paths may be arranged in any manner that two fluid paths may be arranged and may
further include fluid paths having a contact region with more than one other fluid
path. In some embodiments, the arrangement of the fluid paths may be as
straightforward as possible. For example, the fluid paths may be arranged in simple
geometries, such as linear fluid paths having common crossing angles. In one
embodiment, the fluid paths are arranged in two overlapping sets of fluid paths 20, 30.
Such sets may have any number of fluid paths in each set. Where it is desired to
achieve the maximum number of contact regions 40, the number of fluid paths in each
of two sets may be equal. In order to even further increase the number of contact
regions 40, a third set of fluid paths may be placed along a third axis. In one
embodiment, multiple fluid paths may be arranged in parallel sets in three axes, such
as a 10 x 10 x 10 fluid path array arranged in three orthogonal axes.

Fluid paths 20, 30 may be constructed of any material(s) that will not
adversely affect or be affected by fluid flowing through fluid paths 20, 30. For
example, fluid paths 20, 30 may be constructed of a material that is chemically inert
in the presence of a fluid or fluids to be used within fluid paths 20, 30. Preferably,
fluid paths 20, 30 are constructed of a single material that is cheap, durable and easy
to work with, facilitating use outside a laboratory setting and making disposal cost
effective. For example, fluid paths 20, 30 may be constructed of a polymeric
material. It should be appreciated that the fluid paths may have some degree of
reaction or other interaction with the fluid to be used therein, so long as the results do

not interfere with the ability of the overall fluidic system to function as desired. For
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example, in some instances, organic solvents may be used in fluid paths constructed
of polymeric materials that absorb and/or expand in their presence. This type of
reaction may be acceptable depending on the application and degree of expansion.

Where fluid paths 20, 30 are constructed of a polymer, the polymer may be
selected based on its compatibility with the fluids to be used, its durability and shelf
life, its cost and its ease of use. Preferably, fluid paths 20, 30 are constructed from an
elastomeric polymer such as polymers of the general classes of silicone polymers,
epoxy polymers and acrylic polymers. A particularly preferred polymer is
poly(dimethylsiloxane) (“PDMS”). PDMS is a relatively inexpensive, durable,
elastomeric polymer. Because PDMS is stable, fluid paths 20, 30 and other portions
of microfluidic systems constructed of PDMS may have a shelf life of 6 months or
more. PDMS is transparent, facilitating direct observation of visually perceptible
interactions. PDMS is also relatively easy to work with. It should be understood that
while polymeric materials, and particularly PDMS, are preferred for the construction
of fluid paths 20, 30, other materials, including conventional silicon chip materials,
may be used to construct some or all portions of fluid paths 20, 30.

Convection controller 50 may be constructed in any manner and of any
material(s) that allow convection controller 50 to inhibit the convection of fluid
between fluid paths 20, 30 while allowing at least some diffusion between fluid paths
20, 30. For example, convection controller 50 may reduce or completely eliminate
convection between fluid paths 20, 30 while permitting fluids within the paths, or
materials contained within the fluids, to diffuse between fluid paths 20, 30.

Convection controller 50 may inhibit convection in any manner that reduces
convection to a level required for a particular embodiment and need not necessarily
eliminate convection. For example, convection controller 50 may provide a physical
barrier, such as a wall or membrane preventing convection across contact region 40.
Similarly, convection controller 50 may allow diffusion in any manner that allows a
desired level of diffusion for a particular embodiment and need not be open to
diffusion by all materials. For example, convection controller 50 may include pores
or may be constructed of a material, such as a gel, through which material may

diffuse. Combinations are also possible, for example, in some embodiments, gels
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could be included within pores. Convection controller 50 may be selective, allowing
only certain sizes or types of materials to diffuse through it.

In one embodiment, convection controller 50 includes a membrane capable of
inhibiting convection while allowing diffusion. Where convection controller 50
includes a membrane, the membrane may have sufficient strength and durability to
inhibit convection to a desired level. For example, the membrane may be sufficiently
strong to withstand a pressure difference across the membrane where such a pressure
difference may be present in microfluidic system 10. The membrane may also have
sufficient permeability to permit material to diffuse through it. For example, the
membrane may be porous. Where the membrane is porous, the size of the pores may
be large enough to allow diffusion of desired materials, but small enough to inhibit
convection or diffusion of undesired materials. For example, in some embodiments,
where it is desired to diffuse relatively large materials, such as cells, pores may be as
large as the materials, or slightly larger. In other embodiments where it is desired to
screen all but the smallest materials, pores may be as small as the smallest materials to
be screened. For example, reverse osmosis, nanofiltration or ultrafiltration
membranes may be used. In one embodiment, 0.1 micrometer pores have been
demonstrated to allow a desired level of diffusion.

The effectiveness of using pores in a membrane to inhibit diffusion may be
demonstrated as follows. The pressure drop for convection through a channel is
proportional to the fourth power of the diameter of the channel. When a 100x100
um’® channel is replaced by 10* membrane pores of the same length and with the
cross-sectional area of 1 um” each, at the same pressure gradient, the volumetric flow
rate through individual pores is lower than the flow rate through the channel by a
factor of 10%, The total convection through 10* pores is therefore reduced by a factor
of 10*. The diffusion is not affected by this replacement because the total cross-
sectional area of the initial channel and of the pores is the same.

In some embodiments, it may be desired to screen particles based on
properties other than size. For example, particles could be screened based on affinity
or repulsion for a particular material, their partition coefficient, or their ability to form

covalent bonds or otherwise chemically react with a particular material. In particular
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embodiments, the membrane may be charged to repel materials having a similar
charge and attract materials having an opposite charge, may be hydrophobic or
hydrophilic, or may have a bioaffinity for particular materials.

In some embodiments, convection controller 50 may trap materials from two
streams. For example, where convection controller 50 is a gel or the like, materials
and the products of the materials’ interaction may be trapped in the gel. The fluid
may then be removed from the streams and other fluids, such as a fluid containing a
material capable of identifying the interaction product. Such a technique may be
suitable for performing immunoprecipitations. Alternatively, the flow paths may
sealed for further interaction or archiving. As described in greater detail below, it is
also possible to use this technique such that only one fluid path is required and the
convection controller may be eliminated. For example, in some embodiments, two
fluid paths may be placed, one after another, in communication with a gel that could
have functioned as a convection controller or other immobilizer. In certain
embodiments, gel convection controllers may be flowed into position between two
fluid paths through a third fluid path positioned between them.

Convection controller 50 may be sized and configured in any manner that
allows it to inhibit convection and permit diffusion, as desired. For example,
convection controller 50 may be sized and configured to cover all of contact region
40. Where convection controller 50 is a membrane it may be generally planar and
may be thick enough to provide desired strength and durability to the membrane and
thin enough to allow sufficient diffusion. The thickness meeting this criteria may
vary with the material from which the membrane is constructed. In some
embodiments, a single convection controller 50 may be used at multiple contact
regions 40. For example, convection controller 50 may be large enough to span
several contact regions 40. In one embodiment, convection controller 50 is a
membrane between two layers of material including fluid paths and covers all of the
fluid contact regions 40 between the fluid paths, as illustrated in FIGS. 3 and 4.

In some embodiments, convection controller 50 may be desired to provide a
relatively large region for interaction between materials from fluid paths 20, 30. In

addition to the possibility of increasing the size of contact region 40, for example by
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modifying the configuration of fluid paths 20, 30 as described previously, it may be
desired to increase the depth of convection controller 50. For example, convection
controller 50 may be made thicker to allow more material to be diffused within
convection controller 50. In one embodiment, convection controller 50 may include
internal voids wherein interactions between materials from fluid paths 20, 30 may
occur and be observed. In another embodiment, convection controller 50 may include
two or more surfaces, such as membranes, with a space or spaces between them. For
example, as illustrated in FIGS. 2 and 4, two membranes 52 may enclose a space 60
such as a well or microwell between fluid paths 20, 30. Such an arrangement may be
particularly desirable where the interaction to be observed between materials from
each of flow paths 20, 30 would not be readily observable in a smaller volume.

Where convection controller 50 includes a space 60, such space 60 may be
constructed in any manner and configuration that allows a desired volume to be
generated or renders an interaction more readily observable. Typically, space 60 will
have a length and width set to match contact region 40 and/or convection controller
50 and a depth set to provide the desired volume or to allow an interaction to be more
readily observed. Increasing depth may make an interaction more observable by
increasing the amount of the interaction that may be observed looking down the depth
of space 60. For example, where an interaction produces luminescence or
absorbance, the observed intensity of the luminescence or absorbance may be
increased by increasing the depth of space 60. Depending on the embodiment, for a
microfluidic system, space 60 may be less than 500 micrometers deep, less than 250
micrometers deep, less than 200 micrometers deep, or less than 100 micrometers
deep. Space 60 may also vary in shape from contact region 40 and/or convection
controller 50. For example, space 60 may include a well or microwell extending
beyond contact region 40 and/or convection controller 50. Space 60 may be of any
shape that provides the desired volume or renders an interaction more readily
observable.

Convection controller 50 may be constructed from any material that
sufficiently inhibits convection while allowing desired diffusion. A variety of

materials are known in the art that inhibit convection and allow diffusion, in some
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cases such materials selectively exclude certain materials. For example, a variety of
membranes, gels and filter materials are known that perform these functions. Many
of these materials are polymeric materials, such as cellulose, cellulose acetate,
polyamide, polyacrylamide, acrylonitrile, polyvinylidene, (sulfonated) polysulfone,
nylon polypropylene, polyethylene, and polytetrafluoroethylene (PTFE). Another
example of a suitable polymeric material that may be formed into a convection
controller 50, such as a membrane, is polycarbonate. Polycarbonate is relatively
inexpensive, durable and easy to work with and is capable of inhibiting convection
while allowing diffusion through pores created within the material. A suitable
polycarbonate membrane is available from Osmonics, Inc. of Minnetonka, MN.
Microfluidic system 10 according to the present invention may be constructed
using any method that will repeatably produce microfluidic system 10 having the
desired structure and functionality. For example, microfluidic system 10, or portions
of microfluidic system 10, may be constructed by conventional etching techniques
known in the art. Preferably, microfluidic system 10 is constructed according to the
methods described in “Rapid Prototyping of Microfluidic Systems in
Poly(dimethylsiloxane).” Anal. Chem. 1998, 70, 4974-4984., "Fabrication of
topologically complex three-dimensional microfluidic systems in PDMS by rapid
prototyping", J.R. Anderson; D.T. Chiu; R.J. Jackman; O. Cherniavskaya; J.C.
McDonald; HK. Wu; S.H. Whitesides; G.M. Whitesides Anal. Chem. 2000, 72, 3158-
3164., and a review "Fabrication of microfluidic systems in poly(dimethylsiloxane)",
J.C. McDonald; D.C. Duffy; J.R. Anderson; D.T. Chiu; H.K. Wu; O.J.A. Schueller;
G.M. Whitesides Electrophoresis 2000, 21, 27-40., which are hereby incorporated by
reference in their entirety. The method described in this reference may be modified
where required to accommodate the construction of convection controller 50. For
example, convection controller 50 may be positioned between two layers of material
containing fluid paths therein as part of aligning and joining the layers and bound to
the material by conformal contact. Where a space 60 is desired within convection
controller 50, space 60 may be constructed as a microwell in a layer and assembled as

described in the above-referenced article.
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In some instances, it may be desired to treat the edges of convection controller
50 with prepolymer prior to assembly and sealing of the fluidic system, particularly
where the material convection controller 50 is constructed from varies from the
material fluid paths 20, 30 are constructed into. Upon curing, the prepolymer may
seal any gaps at the edge of convection controller 50, inhibiting leakage. FIG. 6
illustrates the leakage that may occur at the edge 52 of a membrane convection
controller 50 without prepolymer, as seen with fluorescent dye. By contrast, FIG. 7
illustrates the lack of leakage at the edge 52 of a membrane convection controller 50
when prepolymer is added as described above. Areas other than the edges where
leaks may occur, such as between fluid paths and around contact points, may be
treated similarly. Materials other than a prepolymer may also be used to seal leaks as
described above. For example, any material capable of forming a fluid seal and
compatible with the fluids, fluid paths, and convection controller may be used.

Any type of fluids or other flowable materials may be introduced into fluid
flow paths 20, 30. For example, fluids may include solutions, suspensions, flowable
gels, slurries, and the like. While the fluidic system of the present invention may be
used to promote interaction of any substances, in a typical use a first fluid path 20, or
set of fluid paths, will contain a material to be tested, while a second fluid path 30, or
set of fluid paths, will contain an indicator material. Test materials may include any
material that may be desired to be interacted with another material to produce some
observable result. Indicators may include any material that may interact with a test
material to produce an observable result, such as a color change, pH change,
generation of luminescence, precipitation, change in index of refraction, light
scattering, or the like. It also should be appreciated that the fluidic system of the
present invention may be used for any interaction of materials and such reaction need
not be a “test.”

Interactions promoted or performed by the arrangement of the present
invention need not be limited to chemical reactions. For example, interactions based
on forces such as bioaffinity and hydrophobicity or hydrophilicity may be performed.
Some such interactions may be relatively complex. For example, a first fluid, such as

an aqueous phase may be placed in a first flow path 20, a second fluid, such as a



10

15

20

25

30

WO 03/015890 PCT/US02/26459
-18-

surfactant, may be placed in space 60, and a third fluid, such as an oil, may be placed
in second fluid path 30. The first fluid may be forced through pores in a first
membrane, entering space 60 as drops and being coated with the second fluid. The
drops may then be forced through pores in a second membrane into the third fluid,
where they form vesicles. The size of the vesicles may be adjusted with the pore size
and pressure.

Fluids may flow through fluid paths 20, 30 under constant flow conditions,
varying flow conditions, or even conditions of no flow depending on the interaction to
be performed. Where it is desired to flow a fluid through flow paths 20, 30, flow may
be provided by pressure, such as by pumps, columns of water, and the like, by
electroosmosis, or any other mechanism capable of generating a desired flow
condition. As an alternate example, fluid may be supplied at a constant volumetric
flow rate or a volumetric flow rate that varies over time in a predetermined or random
manner, supplying fresh material to contact region 40 at a constant or variable rate.
Such a system may allow a reaction or test to be run continuously, which is not
possible in a tray system. Whatever the flow conditions, it is generally preferred to
equalize the pressure across contact regions so that convection is minimized and the
risk of damaging the convection controller is reduced. As discussed in U.S.
Provisional Patent No. 60/286,476, which is hereby incorporated by reference in its
entirety, the behavior of flows in microfluidic fluid paths is complex and depends, for
example, on the aspect ratio of the fluid paths. At relatively high aspect ratios, where
flow conditions are laminar and there is no pressure difference across the fluid contact
region, no convection controller may be required as the only exchange between fluid
paths may be diffusive. However, as these conditions may be difficult to attain, some
sort of convection controller is preferred. In some embodiments, it may be desired to
maintain a pressure gradient between fluid paths, such as where it is desired to
provide a constant flow of material from one fluid path into the other. In such an
instance, a small amount of convection through the convection controller is intended
and desired.

Where it is desired not to flow a fluid through one or more of fluid paths 20,

30, an immobilizer may be used. The immobilizer may be any material that holds an
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interaction material in such a way that the material can interact with another
interaction material and is not active in the context of the interaction. For example,
the immobilizer may be an inert matrix. In one embodiment, the immobilizer is a
thixotropic material, such a flowable gel that is capable of being flowed at sufficient
pressure, but that generally does not flow. In another embodiment, the immobilizer is
a flowable material that is capable of being transformed into a non-flowable material
by curing, setting, or the like. An example of such a material is agarose. Interaction
materials, such as test materials and indicator materials may be introduced into the
immobilizer (or part of it) and immobilized with it. In another embodiment, a fluid
that is not an immobilizer but from which an interaction material may be deposited by
precipitation, adsorption, absorption, covalent bonding or other chemical reaction, or
the like may be used instead of an immobilizer to immobilize an interaction material.
An example of such a material is a solution of a protein, from which the protein may
be deposited via adsorption. While an immobilizer will typically remain within the
fluid path, the fluid in this embodiment would typically be removed after the
interaction material has deposited as desired. Immobilization may be reversible. For
example, a thixotropic immobilizer may have sufficient pressure applied to induce
flow. As another example, precipitation by adsorption, or the like, may be reversible.
Immobilization may also be substantially irreversible. This may allow, for example, a
patterned material to remain attached to a substrate while a material it interacted with
is removed from the patterned material/and or substrate, potentially resulting in
reusable devices.

In an embodiment where the immobilizer will be left in the fluid path, it may
be preferred that the immobilizer allows diffusion through it so that interaction
material immobilized therein may travel to the contact region. While the immobilizer
would typically fill fluid path 20, 30, this is not required and as little of fluid path 20,
30 needs be filled as is required to contact the interaction material to the contact
region. For example, at least 5% of the fluid path, at least 25% of the fluid path, or at
least 50% of the fluid path at any given point may be filled with the immobilizer. In

some embodiments, both fluid paths 20, 30 may contain an immobilizer.
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It should be appreciated that once a material is immobilized in a fluid path, the
fluid path can be removed from the material, or opened on at least one side. For
example, where a fluid path has three sides formed of a monolith and one side that is a
separate material, (a substrate), fluid may be immobilized therein and the monolith
removed, leaving a pattern of immobilized material on the substrate.

The use of immobilization may also allow use of only a single fluid path, or
set of fluid paths which do not cross or otherwise make contact with one another at
contact points. For example, instead of immobilizing a material of interest in a fluid
path and allowing it to interact at a contact point through a convection controller, the
material can be immobilized on, or in, a substrate. The substrate may then be used to
form one side of a fluid path and fluid may be flowed across it to allow the desired
interaction. The material to be immobilized may be patterned on to the substrate such
that it only comes into contact with, and is able to interact with, a fluid flowing in the
fluid path in certain locations. For example, the material may be patterned in a way
that provides contact points similar to those provided at convection inhibitors in
crossing fluid paths.

One embodiment where only a single fluid path, or set of fluid paths which do
not cross or otherwise make contact with one another, are used is illustrated in FIGS.
17 (set of fluid paths) and 19 (single fluid path). In the embodiment illustrated in
FIG. 19, which is a microfluidic system 10, a series of parallel lines of interaction
material 200 are patterned onto a substrate 202 with a series of parallel fluid paths 204
crossing them at a right angles, creating multiple interaction sites 206. As is the case
with crossing fluid paths, this arrangement allows the number of interaction sites to
increase geometrically with a linear increase in the number of fluid paths and lines of
interaction material. Accordingly, it will be recognized that this embodiment may be
used in many of the same testing and other interaction applications disclosed
previously.

Where a substrate 202 is used, it may be any material that is able to have a
pattern formed thereon, or therein, of the desired interaction material. For example,
the substrate may be a membrane or may be a thicker piece of material. In some

embodiments, the substrate may be constructed from a material that would be suitable
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for use as a convection controller. Where the interaction material is a hydrophilic or
hydrophobic material, such as a protein, a suitably hydrophilic or hydrophobic
material upon which it may be adsorbed, such as polycarbonate, may be used as
substrate 202. Where interaction materials may be damaged if the membrane dries
out after patterning, the substrate may be able to at least temporarily maintain
moisture.

Where the substrate is formed as a membrane, it may be desired to support the
substrate on a support 208, for example as illustrated in FIG. 17, section ¢. Support
208 may be constructed in many manner and using any materials that provide
sufficient support to substrate 202. For example, support 208 may be constructed of
the same material from which the fluid paths are formed and may be of sufficient size
and shape to support the relevant areas of the substrate.

Interaction materials may be patterned onto a substrate in any manner that
allows them to applied in the desired pattern and in a manner that makes them
accessible for desired interactions. For example, the method may be capable of laying
out interaction materials in a pattern to create desired contact points between the
interaction materials and the fluid path, and the patterned interaction materials may be
accessible to interaction materials in the fluid paths. One suitable method for
patterning interaction materials is illustrated in FIG. 18. In this method, one or more
fluid paths 206 may be placed in fluid contact with substrate 202 and fluid including
interaction material therein may be flowed into the fluid path. The interaction
material may be allowed to deposit on the substrate, and the fluid removed to
immobilize the interaction material, as described previously. The shape of the fluid
path or paths may dictate the pattern, both in terms of shape and size, of interaction
fluid formed on the substrate. Typically, the shape and size of the interaction material
will match the size and shape of the open side of the fluid path from which it is
patterned. Additionally, fluid contact need only be made where it is desired to pattern
material, and this can be used to further control the patterning of the interaction
material. For example, the fluid path may be open to the substrate at intervals,
creating spots, dotted lines, or many other patterns, depending on the size and shape

of the openings. After the pattern is formed, the fluid paths may be removed from the
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substrate. Where the patterned interaction material may be relatively sensitive, care
may be take to remove the fluid paths such that the interaction material is not
substantially damaged, i.e., the interaction fluid will function as desired in a particular
embodiment. Additional method of patterning materials on substrates that may be
suitable for embodiments of the present invention may be found in PCT Publication
No. WO 01/89787, which is hereby incorporated by reference herein in its entirety.

In some embodiments using more than one fluid path may allow different
interaction materials to be patterned onto the substrate. The flow paths may be in
contact with the substrate at the same time, or different times. In some embodiments,
it be desired to form patterns of different interaction materials that overlap. It should
be appreciated that embodiments of the method of forming a pattern of material on a
substrate of the present invention is not limited to interaction materials and may be
used for other purposes, such as the formation of markings, and the like.

In the example embodiment of FIG. 18, two fluid paths 206 are used to pattern
two stripes of interaction material 200 on a membrane substrate 202. As shown in
FIG. 17, section a, the fluid paths are placed in contact with the substrate and the
substrate if supported by a support 208. Fluid including the desired interaction
materials (e.g., an aqueous solution of protein) is flowed through the fluid paths as
illustrated by flow indicators 100 in FIG. 17, section b. The interaction material is
deposited on the substrate and the flow paths and support are removed, leaving a
substrate patterned with two strips, each including a different interaction material, as
illustrated by FIG. 17, section c.

Where the reaction to be performed is a test, the results of interactions
between fluids in the fluid paths may be observable in any manner. For example, they
may be observable visually with the naked eye or with instrumentation, or may be
observable by other means, such as through changes in temperature, pH, or the like.
Where the reaction is not observable with the naked eye, an instrument, such as a pH
meter, optical detection system or thermocouple may be present within or outside the
fluid system to make the observation. Even where the reaction is visible to the eye, it
may be desired to use an instrument, for example to automate measurement or to

measure intensity of fluorescence or absorbance.
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In some embodiments, the present invention may use the flow conditions
within the fluid paths to further increase the amount of interactions that may be
performed. For example, where fluid flows under highly laminar conditions, as is
often the case in microfluidic systems, fluid does not mix as it flows, except by
diffusion. Accordingly, it is possible to introduce two or more fluids into a fluid path
such that they flow in parallel. Such fluid paths containing multiple fluids may
effectively act as multiple fluid paths. For example, as illustrated in FIG. 16, three
fluids, designated i, 2 and 3 may flow in fluid path 20 and three fluids designated A,
B and C may be flow in fluid path 30. At contact region 50, nine different
interactions may occur. Techniques suitable for flowing fluids in parallel and the
related equipment is described in U.S. Provisional Patent No. 60/286,476, which is
hereby incorporated by reference in its entirety.

In certain types of testing, such as immunoassays, it may be desirable to
serially dilute test material. One method of serial dilution that may be useful in
certain embodiments of the present invention is disclosed PCT Publication No. WO
02/22264, which is hereby incorporated herein by reference in its entirety. Dilution
may also be performed according to a method of gradient generation of the present
invention. In the method of the present invention, a fluid to be diluted to introduced
into a first inlet of a microfluidic device and a dilutant is introduced into a second
inlet of the device. The fluid to be diluted then may be split. A first portion of the
fluid may pass undiluted into a first flow path, while a second portion of the fluid
passes into a second flow path that is also connected to, and receives dilutant from,
the second inlet. Accordingly, the fluid may be diluted. A portion of the diluted
material may then be passed via a connecting path to a third fluid path while the
remainder continues through the second fluid path. The third fluid path may also be
connected to the second inlet and the already diluted material may be further diluted.
This process may be repeated to achieve as many levels of dilution as desired. This
method of dilution allows simultaneous dilution of a material in multiple streams over
a wide range of pre-selected dilution ratios. In certain testing applications, this may
allow a relevant dynamic range of dilution between saturation and no

response/background to be quickly identified so that quantitative results beyond
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simple positive/negative testing are achievable. This method also offers significant
time savings over manual dilution techniques.

The level of dilution in each step of the method of gradient generation of the
present invention may be controlled. For example, the amount of dilution may be
controlled by controlling the relative amounts of the fluid and dilutant introduced into
each fluid path. Where more dilution is desired, relatively greater amounts of dilutant
may be added to each fluid path and, where less dilution is desired, relatively lesser
amounts of dilutant may be added to each fluid path. In certain embodiments, it is
desired to decrease the concentration of the fluid (or materials therein) by 50%. In
such embodiments, the amount of fluid and dilutant added to each fluid path may be
evenly matched. In other embodiments, 10%, 25%, 75%, or 90% reductions in
concentration may be desired.

The amount of fluid and dilutant added to each fluid path may be controlled in
any manner that creates the desired level of dilution as accurately and precisely as
required. Various factors may influence the flow rate of fluid and dilutant, and thus,
the relative amount of each that is supplied. For example, the feed pressure, the
viscosity, the flow conditions, and other factors may all be related to the flow rate of
the fluid and the dilutant. Where dilution is to take place in a microfluidic system, the
flow conditions in such systems may be taken in to account. For example such
systems typically are characterized by highly laminar flow conditions. Where
desired, inlet pressure may be controlled, for example, by a pumping system or
gravity feed. Flow conditions within the fluid paths may be controlled by controlling
the physical configuration, such as size and shape, of the fluid paths. Where it is
desired to feed even amounts of fluid and dilutant to fluid paths, the fluid paths from
the inlets to the point at which the fluids meet may be as substantially evenly matched
as is practical in a given embodiment.

Where it is desired to have even mixing of the fluid and dilutant, a mixing
region downstream of the meeting place of the fluid may be desired. A mixing region
may be particularly desirable where the fluids are under laminar flow conditions, such
as in common in microfluidic systems, and would otherwise mix only by diffusion. In

other embodiments, mixing by diffusion may be acceptable, and the length of the
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fluid path may be selected to allow more or less diffusion. Mixing regions will
typically include a mixer able to create flow conditions, such as turbulent flow, which
promote mixing. Mixers may be active or static. Static mixers are generally preferred
as no means of energizing them are required and there are no moving parts to wear
out or breakdown. One example of a static mixer suitable for use in a fluidic system
of the present invention, and, in particular, a microfluidic system of the present
invention is a chaotic advective mixer (CAM) — a microscale surface structure that
mixes small volumes of liquids relatively efficiently. CAMs are described in PCT
Application No. US 02/23462 filed July, 24, 2002 and titled “Laminar Mixing
Apparatus and Methods”, which is hereby incorporated by reference herein in its
entirety.

One embodiment of an apparatus for gradient generation is illustrated in FIGS.
17 and 20. In the illustrated embodiment, a gradient generation apparatus includes
(from left to right) first, second, and third fluid paths 204 each having a cross-section
of less than one millimeter. Second and third fluid paths 204 each comprising a
mixing region 230. A first inlet 232 is fluidly connected to first and second fluid
paths 204 and a second inlet is fluidly connected to the second and third fluid paths
204. A first connecting path 240 is fluidly connected to second fluid path 204
downstream of its mixing region 230 and fluidly connected to third fluid path 204
upstream of its mixing region 230. Fluid paths and inlets in this embodiment of the
present invention may be constructed as described above for other embodiments of
the invention. The embodiment illustrated in FIGS 17 and 20 has been constructed
such that the fluid will be diluted 50% at each mixing stage be supplying equal
amounts of fluid and dilutant to each fluid path where mixing takes place.

Fluid paths 204 may supply fluid to any location where the gradient generated
is to b used. FIG. 17 illustrates one possible use for the gradient generation apparatus
of the present invention, where the gradient generation apparatus provides fluid to a
microfluidic system comprising interaction material 200 patterned onto a substrate, as
described previously herein. It should be appreciated that other microfluidic systems,
including other embodiments of the present invention using crossing fluid paths may

also be fed fluid from the gradient generation apparatus of the present invention.
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Other uses and configurations of the present invention are envisioned. For
example, the convection controller might contain multiple membranes separated by a
series of spaces. If a flow gradient were created and if the membranes had smaller
pores with each successive membrane in the direction of the gradient, materials could
be separated by size. Such a system might be used to separate proteins where very
small samples are involved.

As an alternate example, a system according to the present invention may
allow layers of material containing fluid proteins to be removed or detached from

layers of material containing one or more convection controllers.

EXAMPLES
Example 1

To demonstrate that individual contact regions in an array of contact regions
may be addressed independently, calcium(IT) ions were detected in a fluid path of one
layer of a 5x5 array using a fluorescent probe, fluo-3 (Molecular Probes, Eugene,
OR), in a fluid path in the other layer; the other eight fluid paths were filled with
water, as illustrated in FIGS. 8 and 9. The fluid paths were 200 microns wide.
Fluorescence was observed only at the contact regions of the fluid paths containing
calcium(II) ions and fluo-3. FIG. 8 illustrates that where the convection controller
comprised a single polycarbonate membrane 10 micrometers thick with 0.1
micrometer vertical through-holes there was weak flow through the contact region
due to unequal pressures and diffusion that led to leakage of fluorescent
calcium(ID)/fluo-3 complex into the fluid path. However, because the signal is
stronger at the contact region, convection through the membrane is demonstrated to
be much lower than diffusion (otherwise convection would have flushed the
florescent product out of the membrane at the contact region). It takes 0.1 second (s)
for a small molecule with the diffusion constant D = 10° cm?/s to diffuse 10 pm (the
thickness of the membrane). Convection through the membrane was therefore much
lower than 0.01 cm/s.

Leakage was not observed in a system where the convection controller

included two membranes with a 200 micrometer thick microwell between them,
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resulting in a 8 x 10" m® space. Because it takes 10 s for a small molecule to diffuse
200 pm (the size of the microwell), the convective flow rate through the microwell
may be deduced to be much lower than 0.002 cm/s. The lack of leakage in this
system is illustrated in FIG. 9.

The fluidic systems of both FIGS. 8 and 9 were designed to balance fluid
pressure, and thus to prevent convection, across each contact region of the fluid paths.
The distances from any contact region to the inlet was designed to be equal in the two
layers of fluid paths, as was the distance from the contact region to the outlets.
Assuming that all fluid paths were of uniform dimensions, and the pressure was equal
at all inlets and at all outlets, this design ensured that there was no pressure
differential across the contact regions. However, variations in the pressures, and
imperfections in the dimensions of the fluid paths, as well as diffusion of calcium ions
through the membrane, were sufficient to generate observable flow through the
convection controller.

This experiment demonstrates that specific contact regions were addressable
in fluidic systems having convection controllers comprising both a single membrane

and a pair of membranes separated by a space.

Example 2

A fluidic system with a convection controller including a space in the form of
a microwell was used to demonstrate that detection of bacteria by agglutination of test
beads was possible, as illustrated in FIG. 10. The convection controllers included two
polycarbonate membranes 52 with approximately 1.0-um pores separating a
microwell from two upper fluid paths 20, containing Staphyloslide™ Latex beads
(VWR Pittsburgh, PA), and a bottom fluid path 30, containing Staphylococcus
aureas. The membranes were permeable to both beads and bacteria. The upper fluid
paths were filled with two types of blue Staphyloslide™ Latex beads. The first fluid
path was filled with a suspension of test beads coated with human fibrinogen and
immunoglobulin G (IgG) on their surfaces.

The second fluid path was filled with a suspension of control beads without

fibrinogen or IgG on their surfaces. The bottom fluid path was filled with a
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suspension of Staphylococcus aureas (ca. 10° bacteria/mL). The pressure was made
slightly higher in the fluid path with bacteria relative to the fluid paths with beads to
maintain weak flow of bacteria into the fluid paths containing the beads. The fluid
flow was maintained by gravity, and the pressure in the fluid paths was regulated by
controlling the height of fluid in reservoirs connected to the inlets. When bacteria
came into contact with the test beads, protein A on the surface of the bacterial cell
wall bound to the Fc region of IgG on multiple beads, and the beads agglutinated.
Agglutination was visible only at the contact region 54 where the test solution and the
bacteria came into contact. Agglutination occurred on the surface of the membrane in
the fluid path containing the beads.

This experiment demonstrates that it is possible to detect the presence of
bacteria by the agglutination of test beads and that embodiments of the present

invention are useful as biological assays.

Example 3

To demonstrate the use of a system that incorporated a functional gel, a
combination of colorimetric and fluorometric assays in a 5x5 fluid path array were
used, as illustrated in FIGS. 12-15. The substrates were first immobilized in agarose
gels 34 in one set of parallel fluid paths, then the solutions of enzymes were injected
into the other set of fluid paths. The agarose did not flow and, therefore, balancing of
pressures within the fluid paths was not required. In this experiment, the enzymes
diffused from their respective fluid paths, through a membrane convection controller,
as described in Example 1, and into the fluid paths that contained the gels with the
substrates. Chromogenic substrates 5-bromo-4-chloro-3-indolyl galactoside (X-Gal)
and a combination nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate
(NBT/BCIP) (all from Molecular Probes, Eugene, OR) were used to detect the
activities of B-galactosidase (B-gal) and alkaline phosphatase (AP), respectively (both
from Sigma-Aldrich, St. Louis, MO). Cleavage of these substrates generated a dark
blue precipitate localized at the contact region of the fluid paths.

Fluorogenic ELF-97 phosphate and acetate (both from Molecular Probes,
Eugene, OR) were used to detect enzymatic activity of alkaline phosphatase (AP) and
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esterase (Sigma-Aldrich, St. Louis, MO). When an enzyme cleaved the O-R bond of
the ELF-97 substrate, an intensely fluorescent precipitate of ELF-97 alcohol formed at
the contact region of the fluid paths. This assay was especially suited for parallel
screening because all substrates generated the same fluorescent compound upon
cleavage. FIGS. 14 and 15 show detection of esterase, B-galactosidase, and alkaline
phosphatase (the latter by two independent assays).

This experiment demonstrated the viability of a fluidic system incorporating a
functional gel. Furthermore, several samples were able to be analyzed simultaneously
and in a small volume, and the results of the analyses were able to be compared
directly. Each sample analyzed in this system left a pattern of signals that
corresponded to its enzymatic activity. It is believed that this method will be useful
for analysis and identification of complex mixtures of enzymes in biological samples,

and as a tool in biomedical assays.

Example 4

In order to demonstrate the utility of a fluidic device and related methods of
the invention incorporating both a gradient generator, and patterned interaction
material, an FIA (serial-dilution fluorescent immunoassay) device was constructed
and operated. The FIA was performed for or the presence of HIV antibodies in HIV-
positive human serum (Golden West Biological, Inc.). In traditional immunoassays
for HIV, viral proteins or peptides are immobilized on microtiter plates, and a serum
sample containing antibodies against these proteins is serially diluted and incubated
with the plates; the antibodies immobilize on the adsorbed viral proteins. A
secondary antibody conjugated to either an enzyme or a fluorophore is used to
quantify these antibodies. The most common formats for immunoassays for HIV test
for the presence for only one antibody; embodiments of the method and apparatus of
the present invention allow testing for multiple HIV antibodies simultaneously. The
present example is performed using two antibodies, but the method is generalizable to
10-100 antibodies. These antibodies are directed against the HIV envelope
glycoproteins GP 41 and GP 120 (referred to herein as anti-GP41 and anti-GP 120)

from human serum (Protein Sciences, Inc.). A fluorescent mouse anti-human IgG
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(secondary antibody derived from mouse that recognized both anti-GP 41 and anti-GP
120) (Sigma) is used for readout of the concentrations of anti-GP 41 and anti-GP 120.

This example uses a microfluidic device according to the present invention
with two components to perform the miniaturized FIA. The first component is a
gradient generator that makes use of a CAM to mix fluid streams (see FIGS. 17 and
20). The gradient generator mixes and dilutes a fluid containing an interaction
material— here a sample of analytes (the antibodies contained in the serum) — with a
dilutant - here buffer - into a series of solutions containing exponentially decreasing
concentrations of antibodies. The microfluidic network has two inlets, one for the
serum; the other for the dilution buffer (5% bovine serum albumin, BSA, used to
block non-specific interactions between antibodies and antigens). In each fluid path
where two streams meet, the CAM causes efficient mixing, resulting in equal
redistribution of the solutions between the left and right halves of the fluid path. This
mixing is illustrated in FIG. 20, section C, parts 0-5, which show the mixing within
the channel (looking into the direction of flow) at 0, 1, 2, 3 and 4 mm (points 0 to 4)
and at the point where the steam splits in two (5). FIG. 21 shows the equal splitting
index at each of points 0-5. The equal splitting index is defined as the ratio between
the average intensities of the tow halves of the fluid path with the higher intensity as
the numerator and the lower intensity as the denominator. Accordingly, an index of
one indicates complete mixing. FIG. 21 also demonstrates that mixing occurs
relatively rapidly, and is nearly complete at point 3.

Using the above-described design, it was possible to achieve substantially
exactly 1:1 mixing at each of the mixing sites. When the serum solution and the BSA
solution were in}tially mixed, the concentration of the antibody was decreased by half.
The fluid path with the mixed stream was then split into two halves; one of the
streams was maintained in a separate fluid path and the other was again mixed 1:1
with BSA. Each successive mixing decreased the antibody concentration by half.
Using 1:1 dilutjons (i.e., a mixing factor of 2) in 10 sequential repetitive mixings, it
was possible to achieve a dynamic range of 219 ~ 10? for a fluid path network with 10
dilutions using (a 1:3 dilution would achieve a dynamic range of 106, with the same

repetition of mixing). The design of the microfluidic system illustrated in FIG. 17
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generates a series of streams with exponentially-decreasing concentrations, as long as
proper division and redistribution of the analyte is ensured (when the mixing fluid
path is split, each succeeding fluid path inherits half of the original concentration).
One of the ways to achieve proper division is to generate a homogeneous solution
after mixing, for instance, in our case with the CAM. As described in the detailed
description, incorporation of any other types of components into the microfluidic
system that provide substantial homogenization (i.e. any mixer) or even the proper
splitting of the analyte will work in this design. (See FIG. 20 for additional
information.) To test for mixing ratios generated by the gradient generator, BSA-
FITC (bovine serum albumin conjugated to fluorescein) was diluted against phosphate
buffer saline (PBS). FIGS 22 and 23 show the result obtained with a microfluidic
system that makes eight consecutive dilutions. The dots indicate theoretical values
calculated from the fluorescence intensity of the first channel and reducing it be 50%
for each dilution. Agreement between observed and expected values is good (FIG.
23, section b).

The second important component of the embodiment of the microfluidic
system of this example is substrate — here a polycarbonate membrane (Osmonics,
Inc.) - presenting interaction material — here the antigens - patterned in microstripes.
Recombinant HIV coating glycoproteins GP 120 and GP 41 were adsorbed onto
separate arrays of microstripes on a hydrophilic, polycarbonate membrane. This
patterning step used an array of microfluid paths to deliver the antigens to the
membrane, as described previously herein. The hydrophilic polycarbonate membrane
contains nanoscale pores (~200 nm); these pores have large hydrophilic surfaces that
both adsorb sufficient amount of proteins to give good sensitivity, and also maintain
the proteins in hydrated and active forms when the membrane is temporarily dried
during assembly of the system. When serially diluted serum containing anti-GP 120
and anti-GP 41 was flowed orthogonally across the stripes of adsorbed antigens, the
antibodies in the-serum bound to these antigens. The proteins were thus immobilized
in a series of rectangular spots, formed by overlapping the antibody and antigen
streams. The patterns were then washed by flowing BSA in the fluid paths. The

antibodies interacted with the antigens that are adsorbed irreversibly on the membrane
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in a concentration-dependent manner, the same as in a typical serially diluted
immunoassay. The amount of adsorbed anti-GP120 and anti-GP41 in this sample of
serum was visualized using a secondary antibody tethered to a fluorophore (anti-
human IgG-FITC, FIGS. 24-25). In FIG. 24, each rectangular spot represents a
pairwise interaction between an adsorbed antigen and an immobilized antibody from a
solution of different concentration (decreasing from left to right, with a serum free
control on the far right). The fluorescent signals of the distinct micropatterns for
different antigens bound to different amounts of antibodies indicate the concentrations
of the antibody in the solution.

FIG. 25 shows the results from three independent assays. The error bars show
one standard deviation from the mean of fluorescence intensities. From these assays,
it may be inferred that the patient’s serum has antibodies that have high affinities to
the antigens presented on the polycarbonate surface. The serial dilution experiments
show that the serum is positive for both anti GP 120 and GP 41: fluorescent signals
decreased rapidly in a concentration-dependent manner between fluid paths 8 and 10
of the system of FIG. 24, while keeping at a low level in fluid paths 10 and 11. Fluid
path 12 is the negative control; its fluorescent signal is lower than the lowest
dilutions, since in fluid paths 1-11 there are some non-specific IgGs bound to the
substrate. The difference between the signals in fluid path 12 and the average signals
in fluid paths 10 and 11 shows the strength of this background binding, caused by
non-specific IgGs (IgGs that do not bind specifically to GP 120 or GP 41) in the
serum. Between fluid paths 8 and 10, the area where the titration between the
antibody and antigen is carried out, the signal decreases in a concentration-dependent
manner. Before fluid path 8, the fluorescent signal is saturated for both anti GP 120
and anti GP 41. After fluid path 10, the signal no longer decreases, meaning that after
this dilution, the antibodies no longer react specifically. Had such a wide dynamic
range not been scanned, it would not have been possible to see a concentration-
dependent change in the antibody-antigen reactions, and one might have been lead to
think that either the interaction was non-specific (in the range between fluid paths 1

and 7) or there was no reaction at all (in the range between fluid paths 10 and 12).
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In this assay, flowing liquids were used to ensure proper mixing inside the
fluid paths. This assay differed from flow-injection assays, in that the flow speed that
was typically very low (approximately 3 nL/s or 0.6 cm/s in a fluid path with
dimension of approximately 100 pm X 50 pm), compared with most flow-based
assays (ranging from 100 nL/s to 10°nL/s). Accordingly, this assay mimics traditional
immunoassays in 96-wells. The same experiment was repeated with an additional
incubation step (1 hour at 37°C) where the antibodies (serum containing anti-GP 120
and anti-GP 41) were allowed to react with the antigens after the serially-diluted
antibodies had been flowed in, (mimicking the incubation step done in microtiter
plates in traditional 96-well plate). Less than 7% deviations in fluorescent intensities
across all of the fluid paths were observed. The additional incubation step was
possible because the individual fluid paths were physically separate and the diluted
antibody-containing solutions from each fluid path did not mix with each other.

Flows of serum and BSA sustained for 15 min - 4 hours (at 3 nL/s) gave similar
immobilization results, with or without a subsequent incubation step of 1 hour at room -
temperature.

In traditional HIV testing, positive serum reactions for any one type of
antibody is typically not definitive evidence for HIV infection. Additional tests such
as serum reactions to other kinds of HIV viral antigens, or Western blots are needed to
confirm initial results. These experiments demonstrate that a single device according
to the present invention can eliminate some uncertainties in determining HIV
infection, since reactions to multiple viral antigens can be determined in a single
experiment. The experiments further demonstrate that the methodology of the present
invention provides a general route to quantifying the interactions between one
molecule and many other molecules on the surface at the same time. Quantitative
assays of multiple analytes simultaneous with very small volumes of liquid of this

format may find wide uses in clinical, pharmaceutical and environmental sciences.

Example 5
In order to demonstrate that the method and apparatus of the invention may

also be adapted for use in inhibition assays, such an assay was attempted. In an
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inhibition assay, an inhibitor that prevents binding between an antibody in solution
and an antigen immobilized on a substrate is serially diluted. Using an inhibition
assay it was possible to obtain the binding constant between the antibody in the
solution and the antigen, as well as the concentration of the antibody in the solution.

The inhibitor (which was the same molecule as the antigen on the surface) was
flowed instead of the dilution buffer into the inlet, with the rest of the experiment the
same as described in Example 4. The serial dilution generated a gradient of inhibitor.
Since the inhibitor competes with the surface-immobilized antigen to bind the
antibody in the solution, different amounts of immobilization of the antibody on the
surface was achieved. Then by assaying the amount of antibody immobilization from
a second antibody that is fluorescently labeled, it was possible to determine the
amount of antibody immobilization as a function of the inhibitor concentration. From
the curve plotted between the fluorescence intensity (which is a measurement of the
amount of immobilized antibody) and the concentration of the antigen (which was
known), it was possible to obtain the binding constant between the inhibitor (antigen)
with the antibody in mol/L. Performing this kind of assay in microfluidic fluid paths
not only saves the volume of solution by orders of magnitude, but also enables
assaying for two or more kinds of antibody-antigen interactions quantitatively in one
experiment. This demonstrates that the method and apparatus of the invention may be
adapted for use in inhibition assays.

It will be understood that each of the elements described herein, or two or
more together, may be modified or may also find utility in other applications differing
from those described above. While particular embodiments of the invention have
been illustrated and described, the present invention is not intended to be limited to
the details shown, since various modifications and substitutions may be made without
departing in any way from the spirit of the present invention as defined by the

following claims.
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CLAIMS
1. A microfluidic system, comprising:
a first fluid path;
a second fluid path segregated from the first fluid path by a first convection
controller at a first contact region;
wherein at least one of the first fluid path and the second fluid path has a

cross-sectional dimension of less than about 1mm.

2. The microfluidic system of claim 1, wherein the first fluid path and the second

fluid path are substantially tangentially intersecting at the first contact region.

3. The microfluidic system of claim 1, wherein at least one of the first fluid path
and the second fluid path is substantially rectangular in cross-section at the first

contact region.

4. The microfluidic system of claim 1, wherein the first fluid path and the second

fluid path have a crossing angle between about 45 and 135 degrees.

5. The microfluidic system of claim 4, wherein the first fluid path and the second

fluid path have a crossing angle of about 90 degrees.

6. The microfluidic system of claim 1, wherein the convection controller is
permeable by diffusion.
7. The microfluidic system of claim 6, wherein the convection controller has an

affinity for at least one material to be used within the microfluidic system and

repulses at least one material to be used within the microfluidic system.

8. The microfluidic system of claim 7, wherein the convection controller carries

an electrical charge.
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9. The microfluidic system of claim 6, wherein the convection controller

comprises pores about 0.05 to 0.2 micrometers in average diameter.

10.  The microfluidic system of claim 9, wherein the inhibitor comprises pores

about 0.1 micrometers in diameter.

11.  The microfluidic system of claim 6, wherein the convection controller

comprises a portion about 5 to 50 microns thick.

12.  The microfluidic system of claim 11, wherein the convection controller

comprises a portion about 10 microns thick.

13.  The microfluidic system of claim 6, wherein the convection controller

comprises a membrane.

14.  The microfluidic system of claim 13, wherein the membrane comprises

polycarbonate.

15.  The microfluidic system of claim 1, further comprising an interaction material

positioned within one of the first fluid path and the second fluid path.

16.  The microfluidic system of claim 15, wherein the interaction material is one of

a test fluid and an indicator.

17.  The microfluidic system of claim 15, wherein the interaction material is

immobilized within the one of the first fluid path and the second fluid path.

18.  The microfluidic system of claim 1, wherein the convection controller
comprises:

a first membrane; and
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a second membrane in spaced relation to the first membrane.

19.  The microfluidic system of claim 18, wherein the first membrane and the

second membrane are no more than 500 micrometers apart.

20.  The microfluidic system of claim 19, wherein the first membrane and the

second membrane are no more than 250 micrometers apart.

21.  The microfluidic system of claim 20, wherein the first membrane and the

second membrane are no more than 100 micrometers apart.

22.  The microfluidic system of claim 1, further comprising:

a third fluid path segregated from the second fluid path by a second
convection controller at a second contact region; and

a fourth fluid path segregated from the first fluid path by a third convection
controller at a third contact region and segregated from the third fluid path by a fourth

convection controller at a fourth contact region.

23.  The microfluidic system of claim 22, wherein the first convection controller,
the second convection controller, the third convection controller and the fourth

convection controller comprise a single convection controller.

24.  The microfluidic system of claim 22, wherein at least one of the first fluid path
and the second fluid path comprises a cross-sectional dimension of less than about

300pm.

25.  The microfluidic system of claim 24, wherein at least one of the first fluid path
and the second fluid path comprises a cross-sectional dimension of less than about

100pm.
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26.  The microfluidic system of claim 25, wherein at least one of the first fiuid path
and the second fluid path comprises a cross-sectional dimension of less than about

50pm.

27.  The microfluidic system of claim 1, wherein both the first fluid path and the

second fluid path have a cross-sectional dimension of less than about 500um.

28. A fluidic system, comprising:

a first fluid path;

a second fluid path;

a third fluid path segregated from the first fluid path by a convection controller
at a first contact region and the second fluid path by a convection controller at a
second contact region; and

a fourth fluid path segregated from the first fluid path by a convection
controller at a third contact region and segregated from the second fluid flow path by

a fourth convection controller at a fourth contact region.

29. A fluidic array, comprising:

a first set of fluid paths arranged generally parallel to one another;

a second set of fluid paths arranged generally parallel to one another and
crossing the first set of fluid paths such that a plurality of contact regions are formed
between at least some of the fluid paths in the first set of fluid paths and at least some
of the fluid paths in the second set of fluid paths; and

a convection controller segregating one of the first set of fluid paths from one

of the second set of fluid paths at the contact region.

30. A method of promoting interaction, comprising:

introducing a first fluid including a first material into a first fluid path having a
cross-sectional dimension of less than 1 millimeter;

introducing a second fluid including a second material into a second fluid path

segregated from the first fluid path by a convection controller at a contact region; and
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allowing the first and second materials to interact at the contact region.

31.  The method of promoting interaction of claim 30, further comprising
maintaining a pressure within the first fluid path at the contact region substantially

equal to a pressure within the second fluid path at the contact region.

32.  The method of promoting interaction of claim 30, further comprising diffusing

at least one of the first material and the second material into the convection controller.

33.  The method of promoting interaction of claim 30, further comprising flowing
at least one of the first fluid through the first fluid path and the second fluid through
the second fluid path.

34.  The method of promoting interaction of claim 30, further comprising
immobilizing at least one of the first fluid in the first fluid path and the second fluid in

the second fluid path.

35.  The method of promoting interaction of claim 30, wherein the first fluid is the

first material.

36.  The method of promoting interaction of claim 30, wherein the second fluid is

the second material.

37. A method of immobilizing a material in a microfluidic system, comprising:
introducing an immobilizer containing the material into a fluid path having a

cross-sectional dimension of less than about 1 millimeter.

38.  The method of immobilizing a material in a microfluidic system of claim 37,
wherein introducing the immobilizer comprises flowing an immobilizer comprising a

flowable gel into the fluid path.
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39.  The method of immobilizing a material in a microfluidic system of claim 37,
wherein introducing the immobilizer comprises flowing the immobilizer into the fluid
path and allowing the immobilizer to set within the fluid path.
40. A microfluidic system, comprising

a fluid path having a cross-sectional dimension of less than about 1 millimeter;

an immobilizer positioned within the fluid path.

41.  The microfluidic system of claim 40, wherein the immobilizer comprises a

gel.

42.  The microfluidic system of claim 41, wherein the immobilizer comprises a

flowable gel.

43.  The microfluidic system of claim 40, wherein the immobilizer comprises a test

material.

44.  The microfluidic system of claim 40, wherein the immobilizer comprises an

indicator material.

45.  The microfluidic system of claim 40, wherein at least 5% of the fluid path is

occupied by the immobilizer at least one point in the fluid path.

46.  The microfluidic system of claim 45, wherein at least 25% of the fluid path is

occupied by the immobilizer at least one point in the fluid path.

47.  The microfluidic system of claim 46, wherein at least 50% of the fluid path is

occupied by the immobilizer at least one point in the fluid path.

48. A method of patterning a material on a substrate, comprising:
placing a first fluid path in fluid contact with the substrate;

flowing a fluid comprising the material into the first fluid path;
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immobilizing at least a portion of the material within the first fluid path;

removing the first fluid path from the substrate, leaving at least a portion of
the immobilized material in contact with the substrate; and

placing a second fluid path in fluid contact with the substrate such that the
second fluid path is in fluid contact with at least a portion of the immobilized

material.

49.  The method of claim 48, wherein immobilizing further comprises adsorbing a

portion of the fluid onto the substrate.

50.  The method of claim 48, wherein removing comprises removing the fluid path

from the substrate such that the immobilized material is not substantially damaged.

51. The method of claim 48, wherein placing further comprises placing a first
plurality of fluid paths in contact with the substrate and flowing further comprises
flowing a plurality of fluids into the first plurality of fluid paths.

52.  The method of claim 48, wherein placing a first fluid path further comprises
placing a first fluid path having a cross-sectional dimension of less than 1 millimeter

in fluid contact with the substrate.

53. A fluidic device, comprising:
a substrate with a material patterned thereon; and \
a fluid path in fluid contact with the substrate such that the fluid path is in

fluid contact with at least a portion of the material.

54.  The fluidic device of claim 53, wherein the material is patterned onto the

substrate in at least one strip.

55.  The fluidic device of claim 54, wherein the material is patterned onto the

substrate in a plurality of strips.
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56.  The fluidic device of claim 55, wherein at least portions of the plurality of

strips are substantially linear.

57.  The fluidic device of claim 56, wherein the portions of the plurality of strips

that are substantially linear are substantially parallel.
58.  The fluidic device of claim 53, further comprising a plurality of fluid paths.

59.  The fluidic device of claim 58, wherein at least potions of the plurality of fluid

paths are substantially linear.

60.  The fluidic device of claim 59, wherein the portions of the plurality of fluid

paths that are substantially linear are substantially parallel.

61.  The fluidic device of claim 60, wherein the material is patterned onto the
substrate in a plurality of strips, at least portions of the plurality of strips are
substantially linear, substantially parallel, and substantially perpendicular to the

portions of the plurality of fluid paths that are substantially linear and parallel.

62. A method of promoting interaction, comprising:

providing a fluidic system comprising a fluid path having a cross-sectional
dimension of less than one millimeter and a first interaction material patterned
therein; and

flowing a fluid comprising a second interaction material into the fluid path to

allow interaction between the first and second interaction materials.

63.  The method of claim 62, further comprising:

observing the interaction of the first and second interaction materials.
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64.  The method of claim 62, wherein providing further comprises providing a
fluidic system comprising a plurality of fluid paths and a first plurality of interaction
materials patterned within them and wherein flowing further comprises flowing a
plurality of fluids comprising a second plurality to interaction materials into the

plurality of fluid paths.

65. A gradient generation apparatus, comprising:

at least first, second, and third fluid paths each having a cross-section of less
than one millimeter, the second and third fluid paths each comprising a mixing region;

a first inlet fluidly connected to the first and second fluid paths;

a second inlet fluidly connected to the second and third fluid paths; and

a first connecting path fluidly connected to the second fluid path downstream
of its mixing region and fluidly connected to the third fluid path upstream of its

mixing region.

66.  The gradient generation apparatus of claim 65, wherein the first and second
fluid paths are sized and arranged such that fluid introduced into the first inlet is

divided evenly between them.

67.  The gradient generation apparatus of claim 66, wherein the second and third
fluid paths are sized and arranged such that fluid introduced into the second inlet is

divided evenly between them.

68.  The gradient generation apparatus of claim 65, further comprising:

a fourth fluid path fluidly connected to the second inlet and a mixing region;
and

a second connecting path connected to the third fluid path downstream of its

mixing region and connected to the fourth fluid path upstream of its mixing region.
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69.  The gradient generation apparatus of claim 68, wherein the second, third and
fourth fluid paths are sized and arranged such that fluid introduced into the second

inlet is divided evenly between them.

70.  The gradient generation apparatus of claim 65, wherein the mixing region

comprises a static mixer.

71.  The gradient generation apparatus of claim 70, wherein the static mixer

comprises a chaotic advective mixer.
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