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MIXING IN MICROFLUIDIC DEVICES

Backeround of the Invention

This invention relates generally to microfluidic devices, particularly to devices used for
analysis of biological samples, such as blood, urine and the like. These microfluidic devices
bring small amounts of a liquid sample into contact with reagents to provide a qualitative or
quantitative measure of the presence or absence of an analyte of interest. Typically, a measured
amount of the sample is moved through one or more chambers containing reagents or
conditioning agents used to prepare the sample for contacting the reagents. The amount of the
sample is usually less than 10 pL and the chambers are of a similar size. They are interconnected
by capillary passageways through which the sample moves by capillary forces or by an applied
force, such as centrifugal force.

In many cases, it is necessary to contact the sample with a conditioning liquid in order to
dilute the sample or otherwise prepare the sample for subsequent reaction. For example, assays
often require a sample be contacted to minimize interference, to control reaction conditions such
as pH, co-factors or ionic strength, to form complexes such as multi-dentate ligands, proteins
such as antibody-antigen complexes, nucleic acids, polycarbohydrates, lipids or metals, to lysis
cells e.g. bacteria, red blood cells or white blood cells, and to react analytes and metabolites into
detectable form. Mixing of the sample with a conditioning liquid presents problems related to
the small size of the microfluidic device. Movement of small amounts of liquids through narrow
passageways by capillary forces involves the interaction of fhe liquid with the walls of the
passageways. If the liquid is aqueous, which is typical of biological samples, and the walls of the
passageway are hydrophilic and narrow, for example 200 to 200 um wide and 1 to 200 pm deep,
the surface energy of the liquid creates a force which can move the liquid through the
passageway. The large surface to volume ratio means that the surface effects on the liquid are

large. The Reynolds Number, a dimensionless unit which is related to the character of the liquid
1



10

15

20

25

WO 2005/018787 PCT/US2004/025354

flow, is very low, indicating that the liquid flow is laminar, and not turbulent. Laminar flow is
streamline flow, with the velocity increasing with the distance from the wall.

Mixing of a sample with conditioning liquids is difficult when laminar flow
predominates. Mixing is usually done by creating turbulent conditions. In much of the prior art
relating to microfluidics, liquids in laminar flow are brought into close contact, relying on
diffusion of molecules from one layer of liquid to another to create a mixture of the liquids. In
active micro mixers that use macro scale techniques e.g., mechanical stirring, including active
elements can require very complex and costly devices.

In U.S. Patent 6,136,272, Weigl et al disclose a device that creates two or more shallow
laminar layers to facilitate the diffusion of molecules from one layer to an adjacent layer. The
patentees stated that their device was designed so that the Reynolds Number is below 1,
preferably less than 0.1. They observed that when the Reynolds Number is greater than 1, flow
can be laminar, but that such systems are prone to developing turbulence when the flow pattern is
disturbed. Thus, the patentees system was designed to assure laminar flow with diffusional
mixing. Enhanced diffusion is created between parallel streams in laminar flow in another U.S.
Published Patent Application 2002/0076300 (Weigl et al.).

U.S. Published Patent Application 2002/0097532 disclosed a disc containing many
channels. Two liquids were passed through a zig-zag channel in laminar flow while the disc was
rotated, with mixing said to occur by diffusion.

A T-Sensor is shown in U.S. Published Patent Application 2001/0042712. The sensor
contacts a liquid sample with an indicator liquid, the streams flowing in parallel laminar flow
with diffusion between them.

U.S. Published Application 2001/0048637 discloses a similar device, which overcomes
the "butterfly effect" caused by greater diffusion at the walls than in the center of the parallel

laminar flow streams.
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U.S. Published Application 2002/0076350 illustrates another method of improving
diffusion between laminar flow streams. Parallel laminar flow streams were moved through 90°
turns to change the aspect ratio of the streams, thereby improving diffusion between the streams.

Micro-mixers are described in U.S. 6,190, 034 B1 and U.S. 6,241,379 B1. Liquids are
mixed by creating thin layers to facilitate mixing by diffusion.

The patents and applications discussed above are related to passing a reagent stream
adjacent to a sample stream so that by diffusion a reaction occurs and then is measured. In other
patents and applications mixing is attempted by various means, despite the liquids being in
laminar flow.

In U.S. Published Application 2001/0048900 mixing separate streams by creating a
vortex in a chamber. In some embodiments, the inventors indicate that a Reynolds number of
320 is achieved and the first and second fluids have Reynolds numbers between 1 and 2000.
Therefore, the flow is in a region between laminar flow and turbulent flow.

U.S. Patent 5,921,678 discloses a liquid mixer in which two streams of liquid meet head-
on and exit together in a channel at 90° from the entrance channels. The Reynolds number of the
streams is said to be 2000-6000. Sharp-edged pillars are shown to assist in generating turbulence
at the intersection of the mixing stree;ms.

U.S. Published Application 2002/0048535 shows a device in which two liquids are
combined during rotation of the device to transfer the liquids from one container to another.

U.S. Patent 6,264,900 provides mixing of parallel laminar flow streams for carrying out
fast chemical reactions.

U.S. Patent 6,065,864 discloses a micro-mixing system including bubble-controlled
pumps and valves to establish circulating flow in a mixing chamber.

The present inventors wished to provide effective mixing of liquid reagents or

conditioning liquids with sample fluids in microfluidic devices. Such mixing is made difficult by
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the mismatch between the viscosity and volume of the liquids to be mixed. Their solution to the

problem will be described in detail below.

Summary of the Invention

Liquids are mixed in microfluidic devices by a method in which at least two liquids are
dispensed into a first chamber to combine the liquids. In a preferred embodiment, the liquids are
dispensed into the first chamber from wells containing the liquids. In a second step, the
combined liquids are discharged from the first chamber through at least one capillary passageway
into a second chamber to mix the liquids. In some embodiments, two or more parallel capillary
passageways are used. In another embodiment, the second chamber is in liquid communication
with at least a third mixing chamber through at least one capillary passageway.

Mixing of liquids results when they enter and leave chambers that are large relative to the
narrow channels through which they enter and leave. The disturbance in the flow pattern of the
liquids is considered to be responsible for the mixing that is observed to occur. In some
instances, droplets have been observed to form when the liquids exit from a capillary passageway
into a large chamber. Such droplets may contribute to mixing as they coalesce within the
chamber.

The mixing process is completed by forcing the liquids in the first chamber through one
or more capillary passageways into the second chamber. In microfluidic devices using the
method of the invention, the capillary passageways have cross-sectional dimensions between 1
and 2000 pm, preferably 200 to 1000 pum, or as may be required by the properties of the liquids.
The length of the capillaries between the two chambers will be between 0.5 to 100 mm,
preferably 1-50 mm. The cross-sectional shape of the capillary passageways is not believed to be
critical. Typically, the passageways have a rectangular cross-section, but the shape will be

determined by the method used to form the passageways. The dimensions in a typical design
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will be chosen to provide a liquid velocity of 1 mm/sec or more in the passageways, taking into
account the liquid viscosity and applied force.

Each of the two chambers is larger than the total volume of the liquids being mixed.
Preferably, the volume of each chamber is about two times larger than the volume of the
combined liquids or more. The depth of each chamber is sufficient to provide free space above
the liquids after they have entered the chamber. Preferably, the space above the liquid will be
sufficient to allow the liquid entering the chamber to separate into droplets, e.g. about 100 um or
more. More preferably, the depth of the chamber will have about twice the depth needed to hold
the volume of combined liquids being mixed. The capillary passageways preferably are located

in the free space above the liquid in the chambers.

Brief Description of the Drawings

Figure 1 illustrate mixing of two liquids according to the invention.
Figure 2 shows an alternative embodiment of the invention.

Figure 3 illustrates a microfluidic device.

Description of the Preferred Embodiments

Flow in Microchannels

The microfluidic devices employing the invention typically use channels having cross-
sectional dimensions in the range of about 1 to 2000pm, preferably about 200-1000 pm. When
the channels have a cross-section that is generally rectangular, the dimension may refer to the
diagonal of the rectangle. The minimum dimension for such channels is believed to be about
5um for many practical applications, since smaller channels may effectively filter out
components in the sample being analyzed. Where not a problem, smaller dimensions may be
used. Channels in the preferred range make it possible to move liquid samples by capillary
forces alone. It is also possible to stop movement by capillary walls that have been treated to

become hydrophobic relative to the sample fluid or by marked changes in the channel
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dimensions. Resistance to flow can be overcome by applying a pressure difference, for example,
by pumping, vacuum, electroosmosis, heating, absorbent materials, additional capillarity or
centrifugal force. As a result, liquids can be metered and moved from one region of the device to
another as required for the analysis being carried out in microfluidic device.

A mathematical model can be used to relate the pressure difference (e.g. centrifugal
force), the fluid physical properties, the fluid surface tension, the surface energy of the capillary
walls, the capillary size and the surface energy of particles contained in fluids to be analyzed. It
is possible to predict the flow rate of a fluid through the capillary and the desired degree of
hydrophobicity or hydrophilicity. The following general principles can be drawn from the
relationship of these factors.

For any given passageway, the interaction of a liquid with the surface of the passageway
may or may not have a significant effect on the movement of the liquid. When the surface to
volume ratio of the passageway is large i.e. the cross-sectional area is small, the interactions
between the liquid and the walls of the passageway become very significant. This is especially |
the case when one is concerned with passageways with nominal diameters less than about
200um, when capillary forces related to the surface energies of the liquid sample and the walls
predominate. When the walls are wetted by the liquid, the liquid moves through the passageway
without external forces being applied. Conversely, when the walls are not wetted by the liquid,
the liquid attempts to withdraw from the passageway. These general tendencies can be employed
to cause a liquid to move through a passageway or to stop moving at the junction with another
passageway having a different cross-sectional area. If the liquid is at rest, then it can be moved
by a pressure difference, such as by applying centrifugal force. Other means could be used,
including air pressure, vacuum, electroosmosis, heating, absorbent materials, additional
capillarity and the like, which are able to apply the needed pressure difference at the junction

between passageways having different cross-sectional areas or surface energies. In the present
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invention high capillary forces are available, making it possible to move liquids by capillary
forces alone, without requiring external forces, except for short periods when a capillary stop
must be overcome. However, the smaller passageways inherently are more likely to be sensitive
to obstruction from particles in the biological samples or the reagents. Consequently, the surface
energy of the passageway walls is adjusted as required for use with the sample fluid to be tested,
e.g. blood, urine, and the like. This feature allows more flexible designs of analytical devices to

be made.

Microfluidic Analytical Devices

The analytical devices of the invention may be referred to as “chips”. They are generally
small and flat, typically about 1 to 2 inches square (25 to 50 mm square) or disks having a radius
of about 40 to 80 mm. The volume of samples will be small. For example, they will contain
only about 0.1 to 10 uL for each assay, although the total volume of a specimen may range from
10 to 200 pL. The chambers holding the sample fluids and reagents typically will be relatively
wide and shallow in order that the samples can be easily seen and changes resulting from reaction
of the samples can be measured by suitable equipment. The interconnecting capillary
passageways typically will have a cross-sectional dimension in the range of 1 to 2000 pm,
preferably 200 to 500 pm. The shape will be determined by the method used to form the
passageways but passageways having rectangular cross-sections are preferred. The depth of the
passageways will be at least 5 um in many practical applications where samples contain particles,
but may be smaller where the nature of the sample permits.

While there are several ways in which the capillaries and chambers can be formed, such
as injection molding, laser ablation, diamond milling or embossing, it is preferred to use injection
molding in order to reduce the cost of the chips. Generally, a base portion of the chip will

contain the desired network of chambers and capillaries. After reagent compounds have been
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placed in the chambers as desired, a top portion will be attached over the base to complete the
chip.

The chips usually are intended to be disposable after a single use. Consequently, they
will be made of inexpensive materials to the extent possible, while being compatible with the
reagents and the samples which are to be analyzed. In most instances, the chips will be made of
plastics such as polycarbonate, polystyrene, polyacrylates, or polyurethene, alternatively, they
can be made from silicates, glass, wax or metal.

The capillary passageways will be adjusted to be either hydrophobic or hydrophilic,
properties which are defined with respect to the contact angle formed at a solid surface by a
liquid sample or reagent. Typically, a surface is considered hydrophilic if the contact angle of
water on the surface is less than 90 degrees and hydrophobic if the contact angle is greater than
90°. Preferably, the surface energy is adjusted by plasma induced polymerization at the surface
of the passageways. The analytical devices of the invention may also be made with other
methods used to control the surface energy of the capillary walls, such as coating with
hydrophilic or hydrophobic materials, grafting, or corona treatments. The surface energy of the
capillary walls may be adjusted for use with the intended sample fluid. For example, to prevent
deposits on the walls of a hydrophobic passageway or to assure that none of the liquid is left in a
passageway. For most passageways in the microfluidic devices of the invention, the surface is
generally hydrophilic since the liquid tends to wet the surface and the surface tension forces
causes the liquid to flow in the passageway. For example, the surface energy of capillary
passageways is adjusted so that the contact angle of water on the surface is between 10° to 60°
‘when the passageway is to contact whole blood or a contact angle of water on the surface of 25°
to 80° when the passageway is to contact urine.

Movement of liquids through the capillaries may be prevented by capillary stops, which,

as the name suggests, prevent liquids from flowing through the capillary. If the capillary
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passageway is hydrophilic and promotes liquid flow, then a hydrophobic capillary stop can be
used, i.e. a smaller passageway having hydrophobic walls. The liquid is not able to pass through
the hydrophobic stop because the combination of the small size and the non-wettable walls
results in a surface tension force which opposes the entry of the liquid. Alternatively, if the
capillary is hydrophobic, no stop is necessary between a chamber and the capillary. The liquid in
the chamber is prevented from entering the capillary until sufficient force is applied, such as by
centrifugal force, to cause the liquid to overcome the opposing surface tension force and to pass
through the hydrophobic passageway. However, centrifugal force is only needed to start the flow
of liquid. Once the walls of the hydrophobic passageway are fully in contact with the liquid, the
opposing force is reduced because presence of liquid lowers the energy barrier associated with
the hydrophobic surface. Consequently, the liquid no longer requires centrifugal force in order to
flow. While not required, it may be convenient in some instances to continue applying
centrifugal force while liquid flows through the capillary passageways in order to facilitate rapid
analysis.

When a hydrophobic stop is located in a hydrophilic capillary, a pressure difference must
be applied to overcome the effect of the hydrophobic stop. In general, the pressure difference
needed is a function of the surface tension of the liquid, the cosine of its contact angle with the
hydrophilic capillary and the change in dimensions of the capillary. That is, a liquid having a
high surface tension will require less force to overcome a hydrophobic stop than a liquid having a
lower surface tension. A liquid which wets the walls of the hydrophilic capillary, i.e. it has a low
contact angle, will require more force to overcome the hydrophobic stop than a liquid which has
a higher contact angle. The smaller the hydrophobic channel, the greater the force which must be
applied.

When the capillary passageways are hydrophilic, a sample liquid (presumed to be

aqueous) will naturally flow through the capillary without requiring additional force. If a
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capillary stop is needed, one alternative is to use a narrower hydrophobic section which can serve
as a stop as described above. A hydrophilic stop can also be used, even through the capillary is |
hydrophilic. Such a stop is wider and deeper than the capillary forming a “capillary jump” and
thus the liquid’s surface tension creates a lower force promoting flow of liquid. If the change in
dimensions between the capillary and the wider stop is sufficient, then the liquid will stop at the
entrance to the capillary stop. It has been found that the liquid will eventually creep along the-
hydrophilic walls of the stop, but by proper design of the shape this movement can be delayed
sufficiently so that stop is effective, even though the walls are hydrophilic.

In order to design chips in which centrifugal force is applied to overcome hydrophilic or
hydrophobic stops empirical tests or computational flow simulation can be used to provide useful
information enabling one to arrange the position of liquid-containing chambers on chips and size
the interconnecting capillary channels so that liquid sample can be moved as required by
providing the needed force by adjusting the rotational speed.

Microfluidic devices can take many forms as needed for the analytical procedures which
measure the analyte of interest. The microfluidic devices typically employ a system of capillary
passageways connecting chambers containing dry or liquid reagents or conditioning materials.
Analytical procedures may include preparation of a metered sample by diluting the sample,
prereacting the analyte to ready it for subsequent reactions, removing interfering components,
mixing reagents, lysising cells, capturing bio molecules, carrying out enzymatic reactions or
incubating for binding events, staining, or deposition. Such preparatory steps may be carried out
before or during metering of the sample, or after metering but before carrying out reactions
which provide a measure of the analyte.
| In such analytical procedures a sample will be combined with a conditioning liquid or
with a reagent liquid and then transferred to a mixing chamber before being sent to subsequent

processing. It will be evident that intimate mixing of the sample with the reagent or conditioning
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liquid is important to accurate and reproducable results. As is well known, the flow in
microfluidic devices is typically laminar, that is, the viscosity of the liquid has a greater effect
than the inertia of the flowing liquid so that the liquid flows linearly without being turbulent.
One consequence of laminar flow conditions is that mixing of two or more liquids is slow since it
principally results from molecular diffusion. As discussed above, some microfluidic devices
have been designed to improve diffusion between layers of liquids in laminar flow. Many of
these devices do not intend that complete mixing occurs, but in others provision for close
contacting of liquid streams is provided.

In the present invention, complete mixing is wanted. It has been found that through
mixing can be achieved by proper design of the device so that uniform mixtures are produced
combining liquid samples with liquid reagents or conditioning agents that have differing

viscosities and volumes.

Mixing of Liquids

If accurate analytical results are to be obtained, mixing of samples with larger volumes of
liquid reagents or conditioning liquids is important. Although thorough mixing has been shown
to occur in the combination of chambers and capillaries that are described here, the process by
which the mixing occurs is not fully understood. Much of the prior art presumes that laminar
flow prevents efficient mixing and therefore emphasizes creation of thin layers of liquid flowing
in parallel to facilitate diffusional mixing. The present inventors believe that in their methods,
localized effects occur that benefit mixing, but are difficult to measure. When liquids pass
through capillaries, they are in laminar flow; therefore, one would expect that little mixing
occurs. However, as liquids enter and exit capillaries connecting relatively large chambers it is
probable that some localized eddies or disturbancies are created as the liquids speed up or slow
down and flow around distinct edges. Thus, while the flow may be nominally laminar in nature,

the effects created at the intersection of walls of the capillaries and chambers with the liquid may
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contribute to mixing of the liquids. Furthermore, energy is added to the liquids by the application
of centrifugal (or other) force to force the liquids to overcome capillary stops. The liquids will be
accelerated and decelerated as they move from their initial positions through capillaries into large
chambers. It has been observed that droplets often form as the liquids exit from capillaries.
Forming droplets that combine different liquids may induce mixing of the liquids. Combining
the individual droplets is presumed to provide further mixing in a process analogous to layering.
That is, if two incompatible liquids are combined by successively dividing and layering them,
ultimately the layers become so thin as to be indistinguishable. Thus, if thousands of droplets are
combined, any separation of the two liquids is not evident and the liquids are effectively
completely mixed. Also, a certain degree of mixing by molecular diffusion is presumed to occur
as the subdivision of the liquids proceeds and the distance which molecules must move is
reduced. While the degree of mixing may be determined after it has occurred, the design of the
necessary microfluidic features will vary depending on the relative volumes of the liquids to be
mixed and on their physical properties and may require experimental confirmation.

This general description of the mixing process applies to various liquids. However, the
conditions used require modification depending on the viscosity and relative volumes of the
liquids being mixed. It will be evident that mixing a viscous liquid with one that is much less
viscous will be more difficult than mixing two liquids having similar low viscosities. Mixing
two viscous liquids also will be difficult to do uniformly. Combining two liquids having
significantly different volumes would be expected to more difficult than mixing liquids of equal
volumes.

It has been found that certain parameters can be used to define the conditions needed for
producing mixing of liquids according to the invention. In general, two or more liquids are
combined in a first chamber, which is emptied through at least one connecting capillary

passageway into a second chamber, where the liquids complete the mixing process. One such

12



10

15

20

25

WO 2005/018787 PCT/US2004/025354

process is shown in a simplified diagram in Fig. 1, discussed below. Movement of the liquids
typically requires application of force to overcome the resistance to flow inherent in the use of
small passageways and that resulting from capillary stops added to prevent liquids from flowing.
Centrifugal force is often used for this purpose, but other methods which can produce the neéded
force may be used, including air pressure, vacuum, electroosmosis, absorbent materials,
additional capillarity and the like. The force applied is sufficient to create a flow of liquid in the
capillary passageways of 1 mm/sec or more. These passageways have cross-sectional
dimensions between 1 um and 2000 pm, preferably 200 to 1000 pum, as determined by the
physical properties of the liquids. The passageways will have a length between 0.5 and 100 mm,
preferably 1-50 mm, depending on the arrangement of chambers and passageways on the chip.
The difference in dimensions between those of the capillary passageways and the associated
chambers is so large that the movement of liquids from one chamber to another creates a
disturbance in the flow. Further, the surface tension of the liquids is believed to be responsible
for the droplets which have been observed to form at the point where liquids exit the capillary
passageways and enter a larger chamber for mixing. The droplets are forced to the outside of the
receiving chamber by centrifugal force (in the typical case), where they recombine.

The chambers may be various shapes, but typically they will be generally circular or
square. They may contain internal features such as steps or ramps. Such features are believed to
have a minor effect on mixing of the liquids, although they may be included for other reasons. It
is considered important that sufficient space be provided in the mixing chambers above the
liquids being mixed. At least 100 pm free space is believed to be needed in a typical chamber
containing about 0.1 to 50 pL. Preferably, the chambers will have a volume about twice that of
the total volume of the liquids being mixed and the depth of the chambers will be about twice
that of the liquid level in the chamber. Larger chambers and greater depths are assumed to

provide improve mixing, but may not be optimum. Smaller chambers and smaller depths may
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provide satisfactory results, although it is expected that mixing will be impaired as less air space
above the liquids is available. |

Figures 1A&B show mixing according to the invention in a simplified form such as will
occur in microfluidic devices. A sample liquid in container 10 is retained in container 10 until
released by applying force e.g., centrifugal force to overcome capillary stop 12. Similarly, a
liquid reagent or a conditioning liquid e.g., a buffer solution remains in container 14 by a
capillary stop 16 until the necessary force has been applied. The two liquids flow through
capillaries into first chamber 18. Chamber 18 receives the sample and the second liquid at the
same time so that preliminary mixing occurs, as the liquids enter chamber 18. In most cases, the
mixing is not adequate and a second step is needed. The combined liquids leave first chamber 18
through at least one capillary passageway 20 and enter the second mixing chamber 22. The
liquid may form small droplets as it leaves capillary 20 and enters the mixing chamber, thereby
mixing the liquids within the droplets as they are formed. Further mixing is accomplished as the
droplets recombine at the bottom of the mixing chamber 22.

In another embodiment of Fig. 1, three capillary passageways e.g., 20, 20a and 20b are
used to connect the first chamber 18 to the second mixing chamber 22. More than three
capillaries may be used, as in Example 1 below. Preferably, the capillaries will not have the
same diameter so that the Veloc{ty in the capillaries varies, producing different sized droplets, and
further improving mixing. If multiplq capillaries are used, they may be arranged to cause the
exiting liquids to meet within chamber 22.

Another alternative shown in }?ig. 2A&B is particularly useful when liquids having
different viscosities are being mixed. The capillaries 20 et al would discharge into a premixing
chamber 24, from which additional capillaries 21 et al would carry the combined liquids to the
mixing chamber 22. Additional pre-mixing chambers could be provided to further improve

mixing. In both sectional views, Fig. 1B and Fig. 2B, it can be seen that the capillary
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passageways 20 and 21 typically will be positioned at the top of a chip containing the deeper
chambers. Thus, when force is applied to the liquids, they move up to the passageways and then
enter the next chamber.

Having described several embodiments found to provide effective mixing in practice, it
will be understood that certain variants suggest themselves for consideration in particular cases.
One alternative would be to combine the capillaries supplying the separate liquids before
entering the first chamber. This would have the advantage of creating a degree of mixing in the
combined capillary as the liquid velocity increases, which would lead to more mixing created by
the entry to the chamber. Then too, the first chamber could be provided with microstructures to
create localized eddies or disturbancies to improve mixing. In the simplest case, the liquids
could be deposited directly in the first chamber 18 rather than being first placed in wells 10 and
14.

It has already been suggested that when multiple capillaries are used to supply the liquids
to the second mixing chamber, the capillaries could have different diameters and that they could
be arranged to impinge as the liquid streams/droplets enter the mixing chamber. Another
alternative would be to manifold the several capillaries before entering the second mixing
chamber to obtain the advantages associated with entrance created eddies and changes in liquid
velocity. The second mixing chamber could also be provided with microstructures to assist
mixing.

The microfluidic device illustrated in Fig. 3 will be described in Example 3 as used in a
particular analytical procedure. The device mixes a liquid in chamber 18 with a metered sample
contained in capillary 14 and chamber 16. The liquids are received in chamber 20 and
transferred to mixing chamber 30, from which the mixed liquids flow out for analysis.

Another aspect of the invention relates to the movement of mixed liquids to downstream

chambers for further processing. It will be evident that mixing should be completed before the
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liquids are moved. Several possible means for preventing premature movement of the liquids
before mixing is complete have been considered. In one method, the mixed liquids enter a
capillary positioned above the normal depth of the liquid in the mixing well. It has been found
that, after centrifugal force holding the liquid in position in the mixing chamber is reduced, the
liquid tends to creep up along the walls of the chamber and can reach the exit capillary. In a
second method, the exit capillary is entered from below the level of liquid in the mixing chamber
but not until the resistance of a hydraulic stop is overcome by application of the necessary force.
In a third method, the exit capillary is located above the liquid depth in the mixing chamber and
the natural tendency for the liquid to move by capillary forces is assisted by providing

microstructures, for example a grooved ramp leading to the exit capillary.

Applications
Microfluidic devices have many applications. Analyses may be carried out on samples of

many biological fluids, including but not limited to blood, urine, water, saliva, spinal fluid,
intestinal fluid, food, and blood plasma. Blood and urine are of particular interest. A sample of
the fluid to be tested is deposited in the sample well and subsequently measured in one or more
metering capillaries or wells into the amount to be analyzed. The metered sample will be
assayed for the analyte of interest, including for example a protein, a cell, a small organic
molecule, or a metal. Examples of such proteins include albumin, HbAlc, protease, protease
inhibitor, CRP, esterase and BNP. Cells which may be analyzed include E.coli, pseudomonas,
white blood cells, red blood cells, h.pylori, strep a, chlamdia, and mononucleosis. Metals which
may be detected include iron, manganese, sodium, pdtassium, lithium, calcium, and magnesium.

In many applications, color developed by the reaction of reagents with a sample is
measured. Other spectroscopic analysis of the sample are possible, using sensors positioned for
detecting absorbance, reflectance, transmission and emission such as fluorescence,

phosphorescence, luminescence, and other changes in the near and far infrared, Raman, and
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ultraviolet wavelengths. It is also feasible to make electrical measurements of the sample, using
electrodes positioned in the small wells in the device. Examples of such analyses include
electrochemical signal'transducers based on amperometric, impedimetric, potentimetric detection
methods. Examples include the detection of oxidative and reductive chemistries and the
detection of binding events.

There are various reagent methods which could be used in microfluidic devices.

Reagents undergo changes whereby the intensity of the signal generated is proportional to the
concentration of the analyte measured in the clinical specimen. These reagents contain indicator
dyes, metals, enzymes, polymers, antibodies, electrochemically reactive ingredients and various
other chemicals dried onto carriers. Carriers often used are papers, membranes or polymers with
various sample uptake and transport properties. They can be introducec} into the reagent
chambers in the microfluidic devices.

A number of uses for reagents are possible. For example, an analyte can be reacted with
reagent in a first chamber and then the reacted reagent directed to a second chamber for further

p
reaction. Also, a reagent can be re-suspensed in a liquid in a first chamber and moved to a
second chamber for a reaction. An analyte or reagent can be trapped in a first or second chamber
and a determination of free versus bound reagent be made. A third liquid reagent can be used to
wash materials trapped in the second chamber and to move materials to the waste chamber.

The determination of a free versus bound reagent is particularly useful for multizone
immunoassay and nucleic acid assays. There are various types of multizone immunoassays that
could be adapted to these devices. In the case of adaption of immunochromatography assays,
reagents and filters are placed into separate chambers and do not have to be in physical contact as
chromatographic forces are not in play. Immunoassays or DNA assay can be developed for
detection of bacteria such as Gram negative species (e.g. E. Coli, Entereobacter, Pseudomonas,

Klebsiella) and Gram positive species (e.g. Staphylococcus Aureus, Entereococc).

17



10

15

20

25

WO 2005/018787 PCT/US2004/025354

Immunoassays can be developed for complete panels of proteins and peptides such as albumin,
hemoglobin, myoglobulin, a-1-microglobulin, immunoglobulins, enzymes, glycoproteins,
protease inhibitors, drugs and cytokines. See, for examples: Greenquist in U.S. 4,806,311,
Multizone analytical Element Having Labeled Reagent Concentration Zone, Feb. 21, 1989,
Liotta in U.S. 4,446,232, Enzyme Immunoassay with Two-Zoned Device Having Bound
Antigens, May 1, 1984.

Potential applications where dried reagents are resolubilized include, filtration,
sedimentation analysis, cell lysis, cell sorting (mass differences) and centrifugal separation.
Enrichment (concentration) of sample analyte on a solid phase (e.g. microbeads) can be used to
improved sensitivity. The enriched microbeads could be separated by continuous centrifugation.
Multiplexing can be used (e.g. metering of a variety of reagent chambers in parallel and/or in
sequence) allowing multiple channels, each producing a defined discrete result. Multiplexing can
be done by a capillary array comprising a multiplicity of metering capillary loops, and fluidly
connected with the entry port, or an arfay of dosing channels and/or capillary stops connected to
each of the metering capillary loops. Combination with secondary forces such as magnetic
forces can be used in the device design. Particle such as magnetic beads used as a carrier for
reagents or for capturing of sample constituents such as analytes or interfering substances.
Separation of particles by physical properties such as density (analog to split fractionation).

Example 3 below illustrates the invention used in carrying out an assay for measuring the
glycated hemoglobin (HcA 1c) content of a patient’s blood which can indicate the condition of
diabetic patients. The méthod used has been the subject of a number of patents, most recently
U.S. 6,043,043. Normally the concentration of glycated hemoglobin is in the range of 3 to 6
percent. But, in diabetic patients it may rise to a level about 3 to 4 times higher. The assay
measures the average blood glucose concentration to which hemoglobin has been exposed over a

period of about 100 days. Monclonal antibodies specifically developed for the glycated N-

18



10

15

20

25

WO 2005/018787 PCT/US2004/025354

terminal peptide residue in hemoglobin Alc are labeled with colored latex particles and brought
into contact with a sample of blood to attach the labeled antibodies to the glycated hemoglobin.
Before attaching the labeled antibodies, the blood sample is first denatured by contact with a
denaturant/oxidant e.g. lithium thiocyanate as described in Lewis U.S. 5,258,311. Then, the
denatured and labeled blood sample is contacted with an agglutinator reagent and the turbidity
formed is proportional to the amount of the glycated hemoglobin present in the sample. The total
amount of hemoblobin present is also measured in order to provide the percentage of the
hemoglobin which is glycated. The mixing of the blood sample with the denaturant/oxidant is

carried out in accordance with the present invention.

Example 1
A microfluidic device was made having the general configuration shown in Fig. 1,

including five parallel capillaries 20 et al connecting chambers 18 and 22.

The sample well 10 was filled with 10 pL of a phenol red solution with buffer (pH 4.0).
The well 14 was filled with 10 pL of a solution of phenol red (pH 7.0). 10 mm long capillaries
connected the sample and reagent chambers to the first chamber 18. Each capillary was 200 um
deep and 700 pm wide, containing 0.4 pL. The first chamber 18 was 5.5 mm in diameter, 1.5
mm deep, and had a capacity of about 36 pL.. The second chamber 22 was 5.5 mm in diameter
and 1.1 mm deep, with a capacity of about 26 pL. The device was placed on a platform and
rotated at 2500 rpm at a distance of about 28 mm to overcome the resistance of the stops 12 and
16 and to deliver the liquids from wells 10 and 14 at the same time to first chamber 18. The
mixed liquids passed immediately through five capillary passageways (20 et al) connecting first
chamber 18 and the second chamber 22. Each capillary was 3.5 mm long, 200 um deep, and 200
um wide. The color of the liquid collected in second chamber 22 was uniformly yellow,

indicating complete mixing had occurred.
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It was found that once the centrifugal force was removed, the liquid moved up along the
sides of second mixing chamber 22, so the exiting capillaries (not shown in Fig. 1) could be
filled.

Example 2

Another microfluidic device was made, which differed from the device of Example 1 in
that only one capillary passageway connected the first chamber 18 and the second chamber 22.
Also, the second chamber 22 was provided with a series of five steps ramped down in the
direction of the centrifugal force that was applied. The first chamber 18 was 5.5 mm in diameter,
1.5 mm deep, and had a capacity of about 36 pL. The second chamber 22 was 5 mm wide and 7
mm long with an average depth of about 1.2 mm and a volume of about 46 pL. The single
capillary (3 mm long, 200 pum deep, 500 um wide) exited at the top of the stepped ramp. The
mixing chamber and the two capillaries supplying the dilution chamber had the same dimensions
as in Example 1.

10 pL of a phenol red solution (pH. 7.0) was added to well 10 and 10 pL of phenol red
solution with buffer (pH 4.0) was added to well 14. The device was rotated at a speed which was
sufficient to overcome the capillary stops and deliver the two solutions to the ramped dilution
chamber and then to the mixing chamber. The color of the liquid in the mixing chamber was

found to be uniform, indicating complete mixing had occurred.

Example 3
In this example, a test for HbAlc was carried out in a microfluidic chip of the type shown

in Figure 3. The surface energy of the internal features had been adjusted to provide a contact
angle of 25° for water on the surface and were covered with a polypropylene film lid (Excel
2930). A sample of blood was introduced via sample port 10, from which it proceeded by
capillary action to the pre-chamber 12 and then to metering capillary 14. The auxiliary metering
well 16 is optional, only being provided where the sample size requires additional volume. The

volume of the sample in capillary 14 and well 16 was 0.3 uL. The denaturant/oxidizing liquid

20



10

15

20

25

WO 2005/018787 PCT/US2004/025354

(9.62 pL) (Sigma mammalian cell lysis/extraction reagent) was contained in well 18. It was
emptied into the first chamber 20 (18.84 uL) at the same time the metering well 16 and the
associated metering capillary 14 are emptied by application of centrifugal force by spinning at
1200 rpm at a distance of 29 mm to overcome the capillary stops (not shown). The first chamber
20 provided space for the blood sample and the denaturant/ oxidant. The combined liquids were
transferred through a set of three 2000 pm long capillary passageways having cross-sectional
dimensions of 30 by 30 um. The second chamber 30 received and mixed the liquids. As the
force is removed the fluid exited from the top of chamber 30 into chamber 24 through capillary
passageway 23. Excess liquids were transferred to waste well 31 by spinning at 2500 rpm at a
distance of 43 mm.

Chamber 24 provided uniform contact of the preconditioned sample with labeled
monoclonal antibodies disposed on a dry substrate and served as a second metering area. The
volume of the sample in the capillary leading to chamber 24 was 2.0 pL. Contact of unbound
labeled antibodies with the agglutinator, which was disposed on a substrate was carried out in
chamber 26, producing a color which was measured to determine the amount of glycated
hemoglobin in the sample. Application of a centrifugal force by spinning at 2500 rpm at a
distance of 53 mm caused the incubated conjugate iﬁ chamber 24 and the wash buffer in chamber
22 to empty into chamber 26. The remaining wells provided space for excess sample (28),
excess denatured sample (31), and for a wicking material (32) used to draw the sample over the
substrate in chamber 26.

A 2uL sample was pipetted into sample port 10, from which it passed through a
passageway located within the chip (not shown) and entered the pre-chamber 12, metering
capillary 14, and auxiliary metering chamber 16. Any excess sample passed into overflow well
28, which contains a wetness detector. No centrifugal force was applied, although up to 400 rpm

could have been used. The sample size (0.3uL) was determined by the volume of the capillary
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14 and the metering chamber 16. A capillary stop at the entrance of the capillary connecting well
16 and the first chamber 20 prevented further movement of the blood sample until overcome by
centrifugal force, in this example provided by spinning the chip at 1200 rpm. The
denaturant/oxidant solution (Sigma mammalian cell lysis/extraction reagent) also was prevented
from leaving well 18 by a capillary stop until 1200 rpm was used to transfer 10pL of the
denaturant/oxidant solution along with the metered blood sample into the first chamber 20 and
thereafter into second mixing chamber 30. The volume of the first chamber 20 was about twice
the size of the combined denaturant/oxidant solution and the blood sample. After mixing, 2ulL of
the mixture leaves the second chamber 30 through a capillary and enters chamber 24 where
microstructures assure uniform wetting of the substrate (a fibrous Whatman glass conjugate
release membrane) containing the latex labeled monoclonal antibodies for HbAlc. Incubation
was completed within a few minutes, after which the labeled sample was released to chamber 26
by raising the rotation speed to 2500 rpm to overcome the capillary stop (not shown) at the outlet
of chamber 24. The labeled sample contacted the agglutinator (polyaminoaspartic acid HbAlc
peptide) which was striped on a Whatman 5 pm pore size nitrocellulose reagent in concentrations
of 0.1 to 3 mg/mL. The absorbent material (Whatman glass fiber membrane) in well 32
facilitated uniform passage of the labeled sample over the strip. While the labeled sample was
released to chamber 26 at 2500 rpm, the buffer solution (phosphate buffered saline) left well 22
and passed through chamber 24 and over the strip in chamber 26 to improve the accuracy of the
reading of the bands on the strip. The color developed was measured by reading the reflectance

with a digital camera.

Example 4
The chip of Fig. 3 was tested with two types of solutions. In the first test, a solution of

phosphate buffer at pH4 was introduced as sample inlet 10, from which it was transferred to

sample capillary 14 and well 16. Then, this solution was combined with the phosphate buffer at
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pH10 in chamber 18 in the first mixing chamber 20. It was found that mixing of the two buffer
solutions was substantially complete in chamber 30 at a pH7 by dye measurement. When blood
was the sample, a more viscous liquid than the buffer, mixing with a lysis buffer (lithium
thiocyanate) from chamber 18 required use of both first chamber 20 and second chamber 30 of

Fig. 3.

Example 5
In order to simulate the mixing of blood with an aqueous buffer solution in a microfluidic

device having the general configuration and design elements of Fig. 1, 25% of polyethylene
glycol (PEG 20,000 mw) was added to a 0.5 N NaOH solution. The viscosity was approximately
that of human blood. 10pL (of the PEG/NaOH solution was added to well 10 and 100 pL of a
pH4 buffer (50 mm phosphate) was added to well 14. Phenol red pH indicator was used to
indicate the progress of mixing as the two solutions were combined in chambers 18 and 22. It
was found that visually the liquids tended to appear as separate liquids while under higher
applied centrifugal force, but that complete mixing occurred when the centrifugal force was
reduced.

From a series of similar tests, it was concluded that there was no significant difference in
mixing efficiency between the chip with one and four capillaries, between chips with rectangular
and cylindrical receiving chambers, between chips with and without ramp structures, and

complete mixing of viscous fluids is possible.

Example 6
The efficiency of lysing blood with a buffer was tested by centrifuging diluted samples of

the mixed blood and buffer and by examining the mixed blood and buffer with a Bayer occult
blood reagent pad. If the lysis is incomplete, red pellets of blood form in the centrifuge or dark

green spots appear in the occult blood pad. For comparison, solutions of 50 pL blood and 500
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pL diluted or undiluted lysing buffer (lithium thiocyanate) were incubated for 3 minutes and then
spun in a centrifuge at 1300 rpm for 10 minutes. Then, the solution was diluted 100 fold in
phosphate buffer saline solution (pH7.0) and centrifuged again at 1300 rpm for 10 minutes.
Mixing of blood in the lysing buffer in a microfluidic device was carried out, after which the
mixture was taken from the mixing chamber and diluted 100 and 10,000-fold in phosphate buffer
and test by the centrifugation and occult blood reagent methods. It was found that the blood had
been substantially completely lysed in the microfluidic device.

A further study showed that the lysis of blood occurred almost instantly during the mixing

provided in the microfluidic device.
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WHAT IS CLAIMED IS:
1. A method of mixing liquids in microfluidic devices comprising:
(a)  dispensing at least a first liquid and a second liquid into a first chamber to form
combined liquid;
(b)  discharging said combined liquid of (a) from said first chamber into a second
chamber via at least one capillary passageway in liquid communication with said first chamber,

to complete mixing of said combined liquids.

2. A method of mixing liquids of Claim 1 wherein said combined liquid of (a) is

discharged into said second chamber through more than one capillary passageway.

3. A method of mixing liquids of Claim 2 wherein said combined liquid of (a) is

discharged into said second chamber through at least two capillary passageways.

4, A method of mixing liquids of Claim 1 wherein said second chamber is in liquid

communication with at least a third chamber through at least one capillary passageway.

5. A method of Claim 1 wherein said combined liquid of (a) is discharged into said

second chamber in the form of droplets.

6. A method of Claim 1 wherein said first chamber has a volume of at least about

twice that of the combined liquid of (a).

7. A method of Claim 1 wherein said second chamber has a volume of at least about

twice that of the combined liquid of (a).
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8. A method of Claim 6 wherein said first chamber has a depth of at least about

twice that required to hold the combined volume of (a).

9. A method of Claim 7 wherein said second chamber has a depth of at least about

twice that required to hold the combined volume of (a).

10. A method of Claim 1 wherein a space of at least 100 um is above the level of

liquid in the first chamber.

11. A method of Claim 1 wherein a space of at least 100 um is above the level of

liquid in the second chamber.

12. A method of Claim 1 wherein said at least one capillary passageway has a cross-

sectional dimension of 1 to 2000 pm.

13. A method of Claim 12 wherein said at least one capillary passageway has a cross-

sectional dimension of 200 to 1000 pm.

14. A method of Claim 1 wherein said at least one capillary passageway has a length

of 0.5 to 100 mm.

15. A method of Claim 14 wherein said at least one capillary passageway has a length

of 1 to 50 mm.

16. A method of Claim 1 wherein three or more capillary passageways are in liquid

communication between said first and second chambers.
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17. A method of Claim 1 wherein at least one of said first and second chambers

contains steps or ramps to assist mixing of said combined liquids.

18. A method of Claim 1 wherein the velocity of said combined liquids of (2) in said

at least one capillary passageway is at least 1 mm/sec.

19. A method of Claim 1 wherein said first and second liquids are dispensed from

wells into said first chamber through capillary passageways.

20. A method of Claim 1 wherein the combined liquids are completely mixed and

thereafter moved to downstream chambers for further processing.

21. A microfluidic device comprising:

(a) a first chamber for receiving and combining at least a first liquid and a second
liquid;

(b)  a second chamber for complete mixing of said at least first and second liquids,
said second chamber being in liquid communication with said first chamber via at least one

capillary passageway.

22. A microfluidic device of Claim 21 wherein said first and second chambers are in

liquid communication through more than one capillary passageway.

23. A microfluidic of Claim 22 wherein said first and second chambers are in liquid

communication through at least two capillary passageways.

24. A microfluidic device of Claim 21 wherein said second chamber is in liquid

communication with at least a third chamber through at least one capillary passageway.
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25. A microfluidic device of Claim 21 wherein said first chamber has a volume of at

least about twice that of the combined volume of said first and second containers.

26. A microfluidic device of Claim 21 wherein said second chamber has a volume of

at least about twice that of the combined volume of said first and second containers.

27. A microfluidic device of Claim 25 wherein said first chamber has a depth of at

least about twice the required to hold the combined volume of said first and second containers.

28. A microfluidic device of Claim 26 wherein said second chamber has a depth of at

least about twice that required to hold the combined volume of said first and second containers.

29. A microfluidic device of Claim 21 wherein a space of at least 100 um is above the

level of liquid in the first chamber.

30. A microfluidic device of Claim 21 wherein a space of at least 100 pm is above the

level of liquid in the second chamber.

31. A microfluidic device of Claim 21 wherein said at least one capillary passageway

has a cross-sectional dimension of 1 to 2000 pm.

32. A microfluidic device of Claim 31 wherein said at least one capillary passageway

has a cross-sectional dimension of 200 to 1000 pum.

33. A microfludic device of Claim 21 wherein said at least one capillary passageway

has a length of 0.5 to 100 mm.
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34. A microfluidic device of Claim 33 wherein said at least one capillary passageway

has a length of 1 to 50 mm.

35. A microfluidic device of Claim 21 wherein three or more capillary passageways

are in liquid communication between said first and second chambers.

36. A microfluidic device of Claim 21 wherein said at least one passageway is sized

to provide a velocity of combined liquids of at least 1 mm/sec.

37. A microfluidic device of Claim 21 wherein at least one of said first and second

chambers contains steps or ramps to assist mixing or removal of said first and second liquids.

38. A microfluidic device of Claim 21 wherein said first chamber is in liquid
communication through capillary passageways with wells containing said at least first and second

liquids.

39, A microfluidic device of Claim 21 wherein said second chamber contains means

for preventing premature movement of said liquids before mixing is complete.
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