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EXTERNAL MATERIAL ACCESSION SYSTEMS AND METHODS

BACKGROUND OF THE INVENTION

In the pharmaceutical discovery process, hi gh-throughput screening methods
and systems have been touted as one method among many, for at least initially identifying
promising new pharmaceutical candidate compounds. These methods and systems have been
described for use in conjunction with, or even in place of, more traditional rational drug design
procedures and methods.

In the past, high-throughput screening operations have simply involved the
incorporation of very complex automation elements, e.g., robotics and multiplexed fluid
handling systems, in order to carry out assay methods developed for use with conventional
technologies, but in massively parallel experiments. Specifically, large numbers of standard
assays are carried out in multi-well assay plates into which reagents are dispensed using the
automated and highly parallelized fluid handling systems and robotic plate handling
equipment. While such systems have increased the number of different materials that can be
screened, these systems tend to be extremely complex, relatively unreliable, and have large
space, reagent and cost requirements for acquiring and maintaining the overall systems.

Microfluidic devices and systems have been described as potential avenues for
performing these high-throughput screening operations while minimizing the space, reagent
and cost requirements of the overall systems. However, such systems have largely failed in
this respect due to an inability to conveniently introduce large numbers of different reagents
into the microfluidic systems. Specifically, such systems have generally relied upon
conventional, large, expensive fluid handling systems to introduce samples and reagents into
reservoirs on microfluidic devices, effectively ‘giving back’ any cost or space advantages that
would have been realized.

U.S. Patent No. 5,779,868, and Published International Patent Application Nos.
98/00705 and 98/00231, on the other hand, describe microfluidic devices and systems for use
in performing ultra high-throughput screening assays, which devices and systems incorporate

an integrated sampling system, or “world to chip” interface, for accessing external materials
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and delivering them onto the device or LabChip™. These systems typically incorporate a
sampling pipettor integrated into the microfluidic system for directly accessing samples,
reagents and other materials from sources of such materials, e.g., compound libraries, etc.
Integrated pipettor systems have generally proven very effective in rapidly, efficiently and
accurately accessing large numbers of different reagents and transporting those reagents into
analytical channels.

Despite the effectiveness of these integrated pipettor systems in microfluidic
applications, it would generally be desirable to provide such systems with improved structural,
interfacing and flow characteristics. The present invention meets these and a variety of other

needs.

SUMMARY OF THE INVENTION

The present invention provides new and useful improvements to external
material sampling or accession systems for microfluidic devices and systems, which provide
for improved structural characteristics and improved interfacing.

In a first aspect, the invention provides methods of sampling fluids, e.g., using
spontaneous injection. These methods comprise dipping an open end of an open ended fluid-
filled capillary element into a source of first fluid, withdrawing the capillary element from the
first fluid, and permitting an amount of the first fluid remaining on the open ended capillary to
spontaneously inject into the capillary channel. The capillary element is then dipped into a
second fluid after a selected time period, where the selected time period is controlled to control
the amount of the first fluid permitted to spontaneously inject into the open ended capillary
channel.

Another aspect of the invention is a method of introducing a first fluid into a
microfluidic device, comprising providing a microfluidic device having a body structure with
at least first and second intersecting microscale channels disposed therein, and a capillary
element extending from the body structure. The capillary element has first and second ends
and a capillary channel disposed through it that is open at the first end, and in fluid
communication with at least one of the first and second intersecting microscale channels in the
body structure at the second end of the capillary element. The first end of the capillary channel
is dipped into a source of the first fluid and then withdrawn, permitting an amount of the first
fluid on the first end of the capillary channel to spontaneously inject into the capiilary channel.
The amount of first fluid injected into the capillary channel is transported into at least one of

the first and second microscale channels that are disposed in the body structure.
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Another aspect of the invention is a method of reducing or eliminating
spontaneous injection. The method comprises dipping a capillary into a source of a first fluid
and applying a negative pressure to draw the first fluid into the capillary. The negative
pressure is then changed to a positive or negative pressure, thus eliminating the spontaneous
injection of the fluid at the tip of the capillary when it i3 removed from the source of the first
fluid. The capillary, which is under a positive or zero pressure, is then optionally dipped into a
source of a second fluid. The pressure 1s changed back to a negative pressure, thus drawing the
second fluid into the capillary. The pressure changes are typically made at substrate and
enzyme wells as well.

Another aspect of the invention is a method of screening one or more samples.
One or more samples are introduced into a microfluidic system and one or more inactivating
reagents are added either before a sample, after a sample, or between two samples. The
inactivating reagent completely blocks the activity of an enzyme in an enzymatic assay and
provides calibration of the percent inhibition level in an assay.

Methods of spatially separating one or more samples in a microfluidic channel
are also provided. The method comprises flowing one or more samples through a microscale
channel. Spacers are flowed through the channel between the samples to separate one sample
from another. The spacers typically comprise volume of air or an immiscible fluid. The
volume of air or immiscible fluid is typically flowed through the microscale channel after each
sample or before each sample.

In still another aspect, the present invention provides a microfluidic device that
comprises a planar substrate having disposed therein an integrated channel structure that has at
least first and second intersecting microscale channels included within. At least the first
channel terminates in a substantially rectangular opening in the body structure. The device
also includes a capillary element having a capillary channel running through it. At least one
end of the capillary element is substantially rectangular. The substantially rectangular end of
the capillary element is inserted into the substantially rectangular opening in the body structure
and positioned such that the capillary channel in the capillary element is in fluid
communication with the at least first microscale channel in the body structure.

The present invention also provides a method of joining a capillary element to a
microfluidic device having an integrated channel network. The method comprises providing a
microfluidic device having a body structure with at least first and second intersecting
microscale channels included within, and having a substantially rectangular opening disposed

in the body structure, at least one of the first and second microscale channels terminating in
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and being in communication with the opening. The method provides a substantially
rectangular capillary element having first and second ends and a capillary channel running
through the capillary element from the first end to the second end, and wherein the second end
has a substantially rectangular shape. The second end of a capillary element is inserted into the
opening. The capillary channel in the capillary element is positioned to be in fluid
communication with the at least one of the first and second microscale channels that is in
communication with the opening.

The present invention also provides a method of joining a capillary element to a
microfluidic device incorporating an integrated channel network, which comprises providing
first and second substrates, each having at least first planar surfaces. The first planar surface of
the first substrate has at least a first microscale groove fabricated therein. Each of the first
planar surfaces of the first and second substrates has a first notch fabricated in the first planar
surfaces along one edge of the first and second substrates. The first planar surface of the first
substrate is mated to the first planar surface of the second substrate whereby the notch in the
first substrate corresponds with the notch in the first surface of the second substrate. A first
end of a capillary element is inserted into an opening defined by the notch in the first and
second substrates. The capillary element has a capillary channel running through the element
which is placed in fluid communication with the first microscale groove when the capillary
element is inserted into the opening.

Another aspect of the present invention provides a method of introducing a fluid
material into a microfluidic device. The microfluidic device is comprised of a body structure
which contains an integrated channel network that includes at least first and second
intersecting microscale channels. At least the first channel terminates in a substantially
rectangular opening in the body structure. The device also includes a capillary element having
first and second ends and a capillary channel running through from the first to the second end.
The second end of the capillary element is substantially rectangular. The second end of the
capillary element is inserted into the substantially rectangular opening in the body structure
and positioned such that the capillary channel in the capillary element is in fluid
communication with the at least first microscale channel in the body structure. The first end of
the capillary element is placed into a source of the fluid material. An amount of the fluid
material is then drawn into the capillary channel. The amount of the fluid material is
transported through the capillary channel into the at least one of the first and second microscale

channels.
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A further aspect of the invention is a microfluidic device comprising a body
structure having at least first and second channel segments included within. The first and
second channel segments each have first and second ends, where the first end of the first
channel is in fluid communication with the first end of the second channel at a first fluid
junction. The device includes a capillary element attached to and extending from the body
structure. The capillary element comprises a capillary channel running through it, which is in
fluid communication at one end with the first and second channel segments at the first fluid
junction.

Another aspect of the invention is 2 method of introducing a first fluid material
into a microfluidic system, comprising a microfluidic device, which includes a body structure
having at least first and second channel segments included within. The first and second
channel segments each have first and second ends. The first end of the first channel is in fluid
communication with the first end of the second channel at a first fluid junction. The device
also includes a capillary element attached to and extending from the body structure. The
capillary element includes a capillary channel running through the element, which channel is in
fluid communication at one end with the first and second channel segments at the first fluid
junction. An amount of the first fluid material is introduced into the capillary channel. The
amount of first fluid material is transported through the capillary channel and through the first
fluid junction into the first channel segment. A second fluid material is flowed into the first
channel segment from the second channel segment during the transporting step.

Another aspect of the invention ‘s a method of transporting materials from a
first microscale channel segment to a second microscale channel segment, wherein the first and
second channel segments are in fluid communication at a corner having a dead zone. The
method includes transporting a discrete volume of material from the first channel segment into
the second channel segment around the corner. The fluid flow is simultaneously directed
through the dead zone into the second channel segment from a third channel segment that is in
fluid communication and collinear with the second channel segment at the corner.

Another aspect of the invention is a microfluidic device comprising a body
structure having at least first, second and third channel segments included within. The first,
second and third segments are in communication at a first intersection. The second and third
channel segments are collinear. The third channel segment has a depth at the intersection that
is less than 50% of the depth of the second channel segment.

Another aspect of the invention is a method of transporting material in a

microscale channel, comprising introducing a first fluid into the channel that has a first
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electroosmotic mobility and a first conductivity. A second fluid is introduced into the channei,
having a second electroosmotic mobility and a second conductivity. A varying voltage
gradient is applied across a length of the channel to maintain a substantially constant average
electroosmotic flow rate, despite a change in the total electrical resistance of the channel.
Another aspect of the invention is a microfluidic system, comprising a
microfluidic device which includes a microscale channel disposed within it. The microscale
channel contains varying volumes of first and second fluids, where the first and second fluids
have first and second conductivities, respectively. An electrical controller is operably coupled
to the microscale channel for applying 2 variable electric field across a length of the microscale
channel. A computer is operably coupled to the electrical controller, and appropriately
programmed to instruct the controller to vary the electric field to maintain a constant average
electroosmotic flow rate within the channel, despite a change in total resistance across the

length of the channel.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 schematically illustrates a microfluidic device including an external
sampling capillary element, from the top (panel A), side (panel B), and perspective views
(panel C).

Figure 2 schematically {llustrates a microfluidic device similar to that shown in
Figure 1, except employing a rectangular capillary element. The overall device is illustrated in
Figure 2A, while Figure 2B illustrates an expanded view of an exemplary connection between
the capillary element and the body structure of the device.

Figure 3 illustrates an overall system including a microfluidic device, controller,
detector and sample sources.

Figure 4 is an exemplary graph showing expected diffusion kinetics of fluid
material plugs in a capillary channel.

Figure 5A illustrates flow pattern within a junction point between an external
sample accessing capillary element and a microfluidic channel from top and side views.
Figure 5B illustrates flow patterns within the same junction but incorporating a sweeping

channel.
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Figure 6A illustrates sample plug distortion at a channel corner (side view).
Figure 6B illustrates the same corner incorporating a sweeping cannel showing a reduction in
sample plug distortion.

Figure 7 illustrates an actual channel layout of a microfluidic device
incorporating an external sample accessing capillary as well as a sweeping channel.

Figure 8 illustrates a microfluidic device incorporating an integrated electrical
lead for connecting an electrical controller with an electrode for use in combination with an
external sample accessing capillary element in accordance the present invention.

Figure 9 is a plot of fluorescent intensity of fluorescent sample material plugs
that were either electrokinetically or spontaneously injected into a microfluidic device.

Figures 10a-f show peak width data for injections made into a microfluidic
channel both with and without sweeping flow from an integrated sweeping channel.

Figure 11 illustrates a drop of fluid at the end of an open ended fluid filed
capillary element.

Figure 12 illustrates the uneven baseline produced by unwanted spontaneous

injection.

DETAILED DESCRIPTION OF THE INVENTION

L General

The present invention provides methods, apparatus and systems for introducing
large numbers of different materials into a microfluidic analytical device in a rapid, efficient
and reproducible manner. In particular, the present invention provides improved microfluidic
devices having integrated pipettor elements, e.g. sippers Or electropipettors, which are capable
of sampling extremely small amounts of material for which analysis is desired, transporting
that material into a microfluidic analytical channel network, and performing the desired
analysis on that material. The basic structure of such integrated pipettor elements is described
in detail in commonly owned U.S. Patent No. 5,779,868, and published International Patent
Application No. 98/00705, each of which is incorporated herein by reference in its entirety for
all purposes.

In general, such devices include an elongated body or capillary element
incorporating at least one capillary channel extending the length of the capillary element. One

end of the capillary channel is opened while the opposing end of the channel is in fluid
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communication with at least one channel that is contained within a microfluidic device.
Sampling of materials is typically carried out by placing the open end of the capillary channel
into contact with a source of the material to be analyzed. The material is then drawn into the
capillary channel and transported into the channels of the microfluidic device. Typically, the
drawing of material into the capillary, as well as the transport of the material into the channels
of the microfluidic device is carried out electrokinetically. Specifically, an electric field is
generally established between the source of material and some point within the microfluidic
device. The electric field then causes the electrokinetic movement of the material into the
capillary channel and into the microfluidic device. Optionally, however, vacuum Or pressure
driven forces may be applied to draw materials into the channel networks of the device.

As used herein, the term "microscale” or "microfabricated" generally refers to
structural elements or features of a device which have at least one fabricated dimension in the
range of from about 0.1 pm to about 500 um. Thus, a device referred to as being
microfabricated or microscale will include at Jeast one structural element or feature having such
a dimension. When used to describe a fluidic element, such as a passage, chamber or conduit,
the terms "microscale," "microfabricated” or "microfluidic” generally refer to one or more fluid
passages, chambers or conduits which have at least one internal cross-sectional dimension, e.g.,
depth, width, length, diameter, etc., that is less than 500 um, and typically between about 0.1 um
and about 500 um. In the devices of the present invention, the microscale channels or chambers

preferably have at least one cross-sectional dimension between about 0.1 pm and 200 pum, more

preferably between about 0.1 pm and 100 pm, and often between about 0.1 um and 20 pm.
Accordingly, the microfluidic devices or systems prepared in accordance with the present
invention typically include at least one microscale channel, usually at least two intersecting
microscale channels, and often, three or more intersecting channels disposed within a single body
structure. Channel intersections may exist in a number of formats, including cross intersections,
"T" intersections, or any number of other structures whereby two channels are in fluid
communication.

The body structure of the microfluidic devices described herein typically
comprises an aggregation of two or more separate layers which when appropriately mated or
joined together, form the microfluidic device of the invention, e.g., containing the channels
and/or chambers described herein. Typically, the microfluidic devices described herein will
comprise a top portion, a bottom portion, and an interior portion, wherein the interior portion

substantially defines the channels and chambers of the device.
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In many preferred aspects, the body structure of these microfluidic devices
comprises at least a two-layer body structure. The bottom portion of the device typically
comprises a solid substrate that is substantially planar in structure, and which has at least one
substantially flat upper surface. A variety of substrate materials may be employed as the bottom
portion. Typically, because the devices are microfabricated, substrate materials will be selected
based upon their compatibility with known microfabrication techniques, €.g., photolithography,
wet chemical etching, laser ablation, air abrasion techniques, injection molding, embossing, and
other techniques. The substrate materials are also generally selected for their compatibility with
the full range of conditions to which the microfluidic devices may be exposed, including
extremes of pH, temperature, salt concentration, and application of electric fields. Accordingly,
in some preferred aspects, the substrate material may include materials normally associated with
the semiconductor industry in which such microfabrication techniques are regularly employed,
including, e.g., silica based substrates, such as glass, quartz, silicon or polysilicon, as well as
other substrate materials, such as gallium arsenide and the like. In the case of semiconductive
materials, it will often be desirable to provide an insulating coating or layer, €.g., silicon oxide,
over the substrate material, and particularly in those applications where electric fields are to be
applied to the device or its contents.

In additional preferred aspects, the substrate materials will comprise polymeric
materials, e.g., plastics, such as polyrnethylmethacry]ate (PMMA), polycarbonate,
polytetrafluoroethylene (TEFLON™), polyvinylchloride (PVC), polydimethylsiloxane (PDMS),
polysulfone, polystyrene, polymethylpentene, polypropylene, polyethylene, polyvinylidine
fluoride, ABS (acrylonitrile-butadiene-styrene copolymer), and the like. Such polymeric
substrates are readily manufactured using available microfabrication techniques, as described
above, or from microfabricated masters, using well known molding techniques, such as injection
molding, embossing or stamping, or by polymerizing the polymeric precursor material within the
mold (See U.S. Patent No. 5.512,131). Such polymeric substrate materials are preferred for their
ease of manufacture, low cost and disposability, as well as their general inertness to most
extreme reaction conditions. Again, these polymeric materials may include treated surfaces, €.g.,
derivatized or coated surfaces, to enhance their utility in the microfluidic system, €.g., provide
enhanced fluid direction, €.g., as described in U.S. Patent Application Serial No. 08/843,212,
filed April 14, 1997 (Attorney Docket No. 17646-002610), and which is incorporated herein by
reference in its entirety for all purposes.

The channels and/or chambers of the microfluidic devices are typically fabricated
into the upper surface of the bottom substrate or portion, as microscale grooves or indentations,
using the above described microfabrication techniques. The top portion or substrate also

9
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comprises a first planar surface, and a second surface opposite the first planar surface. Inthe
microfluidic devices prepared in accordance with the methods described herein, the top portion
also includes a plurality of apertures, holes or ports disposed therethrough, e.g., from the first
planar surface to the second surface opposite the first planar surface.

The first planar surface of the top substrate is then mated, e.g., placed into contact
with, and bonded to the planar surface of the bottom substrate, covering and sealing the grooves
and/or indentations in the surface of the bottom substrate, to form the channels and/or chambers
(i.e., the interior portion) of the device at the interface of these two components. The holes in the
top portion of the device are oriented such that they are in communication with at least one of the
channels and/or chambers formed in the interior portion of the device from the grooves or
indentations in the bottom substrate. In the completed device, these holes function as reservoirs
for facilitating fluid or material introduction into the channels or chambers of the interior portion
of the device, as well as providing ports at which electrodes may be placed into contact with
fluids within the device, allowing application of electric fields along the channels of the device to
control and direct fluid transport within the device.

In many embodiments, the microfluidic devices will include an optical detection
window disposed across one or more channels and/or chambers of the device. Optical detection
windows are typically transparent such that they are capable of transmitting an optical signal
from the channel/chamber over which they are disposed. Optical detection windows may merely
be a region of a transparent coOver layer, e.g., where the cover layer is glass or quartz, or a
transparent polymer material, e.g., PMMA, polycarbonate, etc. Alternatively, where opaque
substrates are used in manufacturing the devices, transparent detection windows fabricated from
the above materials may be separately manufactured into the device.

These devices may be used in a variety of applications, including, e.g., the
performance of high throughput screening assays in drug discovery, immunoassays, diagnostics,
genetic analysis, and the like. As such, the devices described herein, will often include multiple
sample introduction ports or reservoirs, for the parallel or serial introduction and analysis of
multiple samples. Alternatively, these devices may be coupled to a sample introduction port,
e.g., a pipettor, which serially introduces multiple samples into the device for analysis.
Examples of such sample introduction systems are described in e.g., U.S. Patent Application
Nos. 08/761,575 and 08/760,446 (Attorney Docket Nos. 17646-000410 and 17646-000510,
respectively) each of which was filed on December 6, 1996, and is hereby incorporated by
reference in its entirety for all purposes.

Figure 1 is a schematic illustration of a microfluidic device and integrated
pipettor element from a top (Panel A), side (Panel B) and perspective view (Panel C). As

10
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shown, the device 100 includes a main body structure 102 that includes a channel network
disposed in its interior. The channel network includes a main analysis channel 104, which
fluidly connects a sample inlet 106 with waste reservoir 108. Two reagent reservoirs 110 and
112 are provided in fluid communication with the analysis channel 104 via channels 114 and
116, respectively. Reagent reservoirs 110 and 112 are paired with buffer/diluent reservoirs 118
and 120, respectively, which are in communication with channels 114 and 116 via channels
122 and 124, respectively. In order to prevent electrolytic degradation of reagent and/or buffer
materials, each of reservoirs 108, 110, 112, 116 and 120 is provided in electrical and/or fluid
communication with an electrical access reservoir/salt bridge channel 128a/b, 130 a/b, 132a/b,
134a/b, and 136a/b, respectively. The provision of an electrical access reservoir/salt bridge
allows the application of voltages via electrodes for long periods of time without resulting in
substantial degradation of reagents, buffers or the like. It should be noted that as reservoir 108
is a waste well, it typically does not require a separate electrical access reservoir/salt bridge,
e.g., 128a/b.

The device also includes a capillary element 138 which includes an internal
capillary channel running its length, the capillary channel communicating with the analysis
channel 104 via the sample inlet 106. Although shown as being perpendicular to the main
body structure of the device 102, it will be appreciated that the capillary element can be
coplanar with the body structure, €.g., extending in the same plane as the body structure and
collinear with the analysis channel, e.g., as described in Published International Application
No. WO 98/00705, which is incorporated herein by reference.

In at least one aspect, the capillary element includes at least one end that is
substantially rectangular, so as to easily mate with a corresponding substantially rectangular
opening on the body structure of the microfluidic device during fabrication of the overall
device. Rectangular capillaries for use as the capillary element are generally commercially
available, e.g., from VitroCom, Inc. or Mindrum Precision Products, Inc.

An example of a device similar to that shown in Figure 1, but including a
collinear, substantially rectangular capillary element, is shown in Figure 2A. The same
reference numerals are used for elements that are common between Figures 1 and 2. As
shown, the overall device 100 again includes a main body structure 102 as described with
reference to Figure 1, which includes integrated channel network disposed in its interior. The
rectangular capillary element 238 includes a capillary channel 240 running its length. The
capillary element is attached to the body structure via a rectangular opening 242 in the body

structure 102. Insertion of a rectangular end of the capillary element 238 into rectangular
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opening 242 places the capillary channel 240 into fluid communication with at least one of the
channels in the integrated channel network within the body structure.

Because the opening 242 in the body structure is substantially rectangular, it is
more conveniently fabricated than circular openings. In particular, while circular openings are
typically drilled or air abraded into a body structure, rectangular openings are more
conveniently fabricated by fabricating rectangular notches in two substrates by, €.g.,
photolithographic methods, which are mated to define the body structure of the device. The
two notches are positioned to provide a single rectangular opening in the body structure.
Figure 2B illustrates an expanded view of the joining of a rectangular capillary with a two-
layer microfluidic device. As shown, the device comprises a two-layer body structure
including the above-described notches. As shown, the body structure 102 is made up of at
least first and second planar substrates 2022 and 202b, respectively. The upper surface of the
lower substrate 202a includes grooves fabricated therein, which correspond to the desired
channel structure of the finished device, €.g., groove 204. The upper substrate 202b is mated
and bonded to the upper surface of the lower substrate 202a (as illustrated by the dashed
arrows). Typically, bonding is carried out by thermal bonding techniques, which result in a
single integrated unit having sealed channels or conduits running through its interior. The
upper substrate also typically includes a number of holes disposed through it (not shown),
which holes align with and provide access to the channels of the finished device. The lower
and upper substrates also include notches 242a and 242b, respectively, which are aligned when
the two substrates are mated, to define an opening. Although these notches could be of any
shape, e.g., rectangular, hemispherical, trapezoidal, etc., it is generally easier to fabricate
substantially rectangular notches, €.g., using the same fabrication techniques and steps used in
fabricating the grooves/channels of the device 200, e.g., groove 204. Substantially rectangular
notches produce a substantially rectangular opening along the edge of the body structure of the
device. The notches generally range in depth depending upon the dimensions of the
rectangular capillary element to be inserted therein. Typically, however, these notches will
range in depth from about 10 um to about 50 um, and will be fabricated to make the transition
from the channel in the capillary element to the channel in the device’s body structure. For
example, where a capillary element has a wall thickness of 15 pm (e.g., minor axis or interior
diameter of 15 pm, with wall thickness of 15 um yielding overall cross section of 45 pm), the
notch 242a on the lower substrate 202a will typically be approximately 30 um deep, €.g.,
allowing for 15 pm wall thickness and a 15 pm deep channel which matches up with the minor

axis of the capillary element, while the notch 242b on the upper substrate 202b will be
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approximately 15 um deep to accommodate the upper wall of the capillary element. The
notches typically extend into the substrate, e.g., away from the edge, up to about 2 mm, in
order to conveniently and fixedly receive the capillary element.

A substantially rectangular capillary element 238 is then inserted and attached
to the body structure 202 via the opening (as shown by the dashed arrow). Typically,
attachment of the capillary element is accomplished using an adhesive, €.g., €poXYy, although
other bonding techniques may also be used depending upon the nature of the materials used,
e.g., thermal bonding, solvent welding, etc.

Although the capillary element 238 is shown as being collinear with the main
analysis channel 104 of the device 200, it will be readily apparent that the rectangular capillary
element can be curved or bent out of the plane of the channel network to provide a more useful
sampling capillary. Bent capillaries can be held in the bent shape, e.g., by applying a rigid bent
sheath, i.e., plastic sheath or a coated sheath of polyimide or Teflon (polytetrafluoroethylene)
or the like, over the capillary element to hold the capillary in the bent or curved orientation.
Alternatively, a rectangular capillary can extend out of the plane of the channel network, e.g.,
perpendicular to the channel network plane, e.g., as shown in Figure 1. In particular,
rectangular openings could be readily fabricated into the lower substrate 202a using well
known fabrication techniques, e.g., etching.

As noted above, in preferred aspects, the devices described herein are typically
used in conjunction with electrokinetic material transport systems. As used herein,
"electrokinetic material transport systems” include systems which transport and direct
materials within an interconnected channel and/or chamber containing structure, through the
application of electrical fields to the materials, thereby causing material movement through and
among the channels and/or chambers, i.e., positively charged species will move toward the
negative electrode, while negatively charged species will move toward the positive electrode.

Such electrokinetic material transport and direction systems include those
systems that rely upon the electrophoretic mobility of charged species within the electric field
applied to the structure. Such systems are more particularly referred to as electrophoretic
material transport systems. Other electrokinetic material direction and transport systems rely
upon the electroosmotic flow of fluid and material within a channel or chamber structure which
results from the application of an electric field across such structures. In brief, when a fluid is
placed into a channel which has a surface bearing charged functional groups, €.g., hydroxyl
groups in etched glass channels or glass microcapillaries, those groups can ionize. In the case
of hydroxyl functional groups, this ionization, e.g., at neutral pH, results in the release of
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protons from the surface and into the fluid, creating a concentration of protons at near the
fluid/surface interface, or a positively charged sheath surrounding the bulk fluid in the channel.
Application of a voltage gradient across the length of the channel, will cause the proton sheath
to move in the direction of the voltage drop, i.e., toward the negative electrode.

"Controlled electrokinetic material transport and direction,” as used herein,
refers to electrokinetic systems as described above, which employ active control of the
voltages applied at multiple, i.e., more than two, electrodes. Rephrased, such controlled
electrokinetic systems concomitantly regulate voltage gradients applied across at least two
intersecting channels. Controlled electrokinetic material transport is described in Published
PCT Application No. WO 96/04547, to Ramsey, which is incorporated herein by reference in
its entirety for all purposes. In particular, the preferred microfluidic devices and systems
described herein, include a body structure which includes at least two intersecting channels or
fluid conduits, e.g., interconnected, enclosed chambers, which channels include at least three
unintersected termini. The intersection of two channels refers to a point at which two or more
channels are in fluid communication with each other, and encompasses "T" intersections, cross
intersections, "wagon wheel" intersections of multiple channels, or any other channel geometry
where two or more channels are in such fluid communication. An unintersected terminus of a
channel is a point at which a channel terminates not as a result of that channel's intersection
with another channel, e.g., a "T" intersection. In preferred aspects, the devices will include at
least three intersecting channels having at least four unintersected termini. In a basic cross
channel structure, where a single horizontal channel is intersected and crossed by a single
vertical channel, controlled electrokinetic material transport operates to controllably direct
material flow through the intersection, by providing constraining flows from the other channels
at the intersection. For example, assuming one was desirous of transporting a first material
through the horizontal channel, e.g., from left to right, across the intersection with the vertical
channel. Simple electrokinetic material flow of this material across the intersection could be
accomplished by applying a voltage gradient across the length of the horizontal channel, i.e.,
applying a first voltage to the left terminus of this channel, and a second, lower voltage to the
right terminus of this channel, or by allowing the right terminus to float (applying no voltage).
However, this type of material flow through the intersection would result in a substantial
amount of diffusion at the intersection, resulting from both the natural diffusive properties of
the material being transported in the medium used, as well as convective effects at the

intersection.
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In controlled electrokinetic material transport, the material being transported -~
across the intersection is constrained by low level flow from the side channels, e.g., the top and
bottom channels. This is accomplished by applying a slight voltage gradient along the path of
material flow, e.g., from the top or bottom termini of the vertical channel, toward the right
terminus. The result is a "pinching" of the material flow at the intersection, which prevents the
diffusion of the material into the vertical channel. The pinched volume of material at the
intersection may then be injected into the vertical channel by applying a voltage gradient
across the length of the vertical channel, i.e., from the top terminus to the bottom terminus. In
order to avoid any bleeding over of material from the horizontal channel during this injection, a
low level of flow is directed back into the side channels, resulting in a "pull back" of the
material from the intersection.

In addition to pinched injection schemes, controlled electrokinetic material
transport is readily utilized to create virtual valves which include no mechanical or moving
parts. Specifically, with reference to the cross intersection described above, flow of material
from one channel segment to another, e.g., the left arm to the right arm of the horizontal
channel, can be efficiently regulated, stopped and reinitiated, by a controlled flow from the
vertical channel, e.g., from the bottom arm to the top arm of the vertical channel. Specifically,
in the 'off' mode, the material is transported from the left arm, through the intersection and into
the top arm by applying a voltage gradient across the left and top termini. A constraining flow
is directed from the bottom arm to the top arm by applying a similar voltage gradient along this
path (from the bottom terminus to the top terminus). Metered amounts of material are then
dispensed from the left arm into the right arm of the horizontal channel by switching the
applied voltage gradient from left to top, to left to right. The amount of time and the voltage
gradient applied dictates the amount of material that will be dispensed in this manner.

Although described for the purposes of illustration with respect to a four way,
cross intersection, these controlled electrokinetic material transport systems can be readily
adapted for more complex interconnected channel networks, e.g., arrays of interconnected
parallel channels.

Figure 3 is a schematic illustration of a microfluidic device incorporating an
integrated pipettor element, as well as the overall material transport control and detection
system, which incorporates the microfluidic device. As shown, the system 300 includes a
microfluidic device 100, which incorporates an integrated pipettor/capillary element 138. Each
of the electrical access reservoirs 128a-136a, has a separate electrode 328-336 disposed

therein, e.g., contacting the fluid in the reservoirs. Each of the electrodes 328-336 is operably
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coupled to an electrical controller 302 that is capable of delivering multiple different voltages
and/or currents through the various electrodes. Additional electrode 338, also operably
coupled to controller 302, is positioned so as to be placed in electrical contact with the material
that is to be sampled, e.g., in multiwell plate 340, when the capillary element 138 is dipped into
the material. For example, electrode 338 may be an electrically conductive coating applied
over capillary 138 and connected to an electrical lead which is operably coupled to controller
302. Alternatively, electrode 338 may simply include an electrode wire positioned adjacent the
capillary so that it will be immersed in/contacted with the sample material along with the end
of the capillary element 138. Alternatively, the electrode may be associated with the source of
material, as a conductive coating on the material source well or as a conductive material from
which the source well was fabricated. Establishing an electric field then simply requires
contacting the electrical lead with the source well material or coating.

In another alternative aspect, the electrode element that extends into the sample
source is coupled to an electrical lead that is fabricated into the body structure of the
microfluidic device. This lead typically includes a contact point on the upper surface of the
device that permits interfacing between the controller and the electrode in the same manner as
the interface between the controller and the fluid filled reservoirs of the device. The lead may
extend along a channel or conduit fabricated into the device, as with the fluid channels. In
certain cases, the lead exits the body structure adjacent to the external capillary element and is
connected to an additional contact point, where the electrode to be contacted with the sample
material may readily contact or be attached to the electrical lead. The lead extending through
the body structure may simply comprise a thin wire placed into the channel prior to bonding of
the substrate layers, or alternatively, may comprise a conductive fluid, polymer or metal having
a low melting temperature, that is flowed into the channel, and out through an exit port
adjacent to the capillary element. An illustration of this electrical lead structure is illustrated in
Figure 8 from a top (Panel A) and side (Panel B) view. In particular, a contact pad 802 is
created within a reservoir-like structure in the body of the microfluidic device. An electrical
conduit 804 is then provided through the body structure, e.g., within a channel-like structure
that terminates in an exit port adjacent to the capillary element 138, where the lead is coupled
to or integral with an electrode 806.

A processor or computer 304 is also provided operably coupled to the controller
302. The processor or computer 304 typically includes appropriate programming to instruct
the controller in the delivery of appropriate voitages and/or currents to the various electrodes to

carry out a given operation, €.g., moving material in accordance with a given preprogrammed

16



10

15

20

25

30

WO 00/21666 PCT/US99/23814

protocol and/or user input instructions. The computer is also typically operably linked to a
detection system 306, which is disposed in sensory communication with the analysis channel
104 in the microfluidic device 100. As used herein, “in sensory communication” refers to a
detector positioned to receive a particular detectable signal from the analysis channel. For
example, optical detectors that are in sensory communication with the analysis channel are
typically disposed adjacent a transparent or translucent portion of the analysis channel such
that the detector receives any optically detectable signal, i.e., fluorescent signal,
chemiluminescent signal, chromophoric signal, or the like, from the detection window within
the analysis channel. Electrochemical detectors that are in sensory communication with the
analysis channel, on the other hand, typically utilize a sensor, €.g., a sensor electrode, placed
into contact with he fluid within the channel. It will be readily apparent to one of ordinary skill
that a variety of detection schemes may be employed within the scope of the present invention,
including, optical, electrochemical, thermal, radioactive, etc. In operation, the detector detects
and quantifies the signal from the analysis channel and relays the data to the
processor/computer, which stores and analyzes the data relative to the operating protocol.
Once the sampled material is transported into the analysis channel of the

microfluidic device, it is then subjected to the desired analysis. For example, the material may

‘be injected into a separation channel and separated into its component parts, €.g.,

electrophoretically. Alternatively, in the case of diagnostic samples, €.g., patient derived, the
material may be mixed with antibodies, nucleic acids or other probes, to characterize the
sample. In preferred aspects, the material is mixed with components of a biochemical system
that is relevant to a particular disorder, pathology or the like, and the functioning of the system
is then compared in the presence and absence of the sample material to determine if the
material has any pharmacologically exploitable activity, e.g., as described in WO 98/00231,

incorporated herein by reference.

1I. Spontaneous Injection

As noted above, the present invention relates to the accession and transport of
externally stored materials into microfluidic devices using an external sampling
pipettor/interface. In at least one aspect, the methods, devices and systems of the invention
rely upon the phenomenon known as spontaneous injection in order to reliably, repeatedly and
controllably introduce extremely small amounts of materials into microfluidic devices from
external sources. As used herein, the phrase “spontaneous injection” refers to the action of
fluid or other material to move into a given passage or conduit under no externally applied
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forces, e.g., applied pressure differentials, applied electric fields, etc. Typically, and as used -
herein, spontaneous injection refers to the action of fluids at the tip of a fluid-filled capillary
channel in moving into the channel as a result of capillary action within the channel, surface
tension on the fluid outside the channel, or the like. Thus, a fluid or other material that is
“spontaneously injected” into a channel, chamber or other conduit, moves into that channel,
chamber or other conduit without the assistance of an externally applied motive force.

The phenomenon of spontaneous injection is generally viewed as a problem in
capillary electrophoresis applications as it presents a constant volume error in sampling
(independent of sampled volume) that can vary depending upon the geometry of the capillary
channel and channel tip. Methods for reducing or eliminating this effect are presented below.

However, the present invention also exploits the characteristics of this
phenomenon to provide improved sample accession methods and systems. In particular,
spontaneous injection permits a number of useful advantages when sampling large numbers of
different materials into microfluidic systems. For example, as noted, the rate at which
materials are spontaneously injected into a capillary channel is largely dependent upon the
geometry of the capillary channel and the nature of the material being sampled, e.g., the type of
fluid. Thus, for a given system, spontaneous injection of sample materials is highly
reproducible. Further, because spontaneous injection can be a relatively slow process, one can
sample extremely small volumes of materials, depending upon the amount of time over which
the material is allowed to inject. Typically, such sampled volumes range from fractions of
picoliters to nanoliters.

Additional advantages of spontaneous injection systems are apparent in
electrokinetically controlled systems. In particular, because spontaneous injection does not
rely upon electrokinetic introduction of materials into the capillary channel, materials typically
less compatible with such electrokinetic systems can be used. For example, nonaqueous
materials, e.g., pharmaceutical library compounds disposed in nonaqueous solvents such as
DMSO (dimethylsulfoxide), DMF (dimethylformamide), acetone, alcohols and other water
soluble organic solvents, nonionic fluids or other materials, can sometimes be less suitable to
electrokinetic material transport due to their nonconductive nature or extremely low
conductivity. Further, because electric fields are not employed in the initial sampling process,
spontaneously injected samples will not have an inherent electrophoretic biasing that can be
associated with electrokinetically sampled materials, where more highly charged components

of sample material are enriched for or against, by virtue of the driving electric fields.
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Spontaneous injection of sample materials is also highly predictable and
reproducible for a given system. In particular, appropriate modeling equations can be utilized
to determine the amount of material that will be spontaneously injected over a given amount of
time in any given system. Specifically, the interfacial pressure difference across a
hemispherical droplet that is present at the end of a capillary channel (APs), and which drives

penetration or injection of the fluid into the capillary channel, is derived from the formula:

AP=2y/R (D

where 7 is the surface tension of the fluid or buffer in the droplet and R is the radius of the
droplet. For purposes of the calculation it is assumed that the droplet radius is equivalent to the
outer radius of the capillary from which the droplet is suspended.

In order to determine the amount of penetration or injection of a fluid droplet
into the end of the capillary channel, however, counteracting forces in the capillary channel are
also considered. These include the hydrostatic pressure (APy,) and hydrodynamic resistance of
the capillary channel, which hinder the fluid’s penetration into the capillary channel. The

hydrostatic pressure is calculated from:

APy= pgh )

Where p is the density of the fluid, g is the gravitational constant, and / is the height of the
fluid column. The hydrodynamic resistance of the channel is obtained from the sum of the

capillary pressure (APc,p) and channel resistance (APcnan). Thus:

(dV/dt)(Hydrodynamic Resistance)= APcap+APcpan  (3)

APcyp= 8nl; dV 4
at dt

APgo=12nL, dV  (for W>>B) (5)
WB? dt
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In these equations, L; is the length of the capillary, r is the inner radius of the capillary L; is the
length of the channel, W is the width of the channel, B is the channel depth, n is the fluid

viscosity and dV/dt is the fluid penetration flux, or the instantaneous volumetric flow rate.

Thus, the pressure balance of the system is given as follows:

APS= APh+ APcap+ APchan (6)

Solving for the penetration flux of the fluid (dV/dt) yields the following:

dv=AP;-AP (7

dt hydrodyn. resist.

In which the hydrodynamic resistance is given by the equation:

SnL; + 12nl, (8)
nrt wB?

Therefore, for any given amount of time, the penetration length, e.g., the amount of material

injected can be calculated as follows:

Penetration length = (dv/dt) At )

T’

From the above equation, it is apparent that one can vary the amount of material
injected into a given capillary channel, i.e., having a set cross sectional area, simply by varying
the amount of time over which the droplet at the end of the channel is allowed to
spontaneously inject into the channel. Further, by varying the cross-sectional area of the
relevant capillary channel, i.e., at the end of the capillary element, one can alter the amount of
time required to inject a given volume of material.

III.  Elimination of Spontaneous Injection
In some systems, spontaneous injection is used as a sampling method as

described above. However, unwanted spontaneous injection can also be eliminated or reduced.
In a typical pipettor device in a microfluidic high-throughput screening

application, substrate and enzyme are brought in from side channels of a microfluidic device.
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The substrate and enzyme react in the main channel, typically generating a fluorescent product’
that is detected. During the experiment, a microtiter plate is moved underneath the capillary
which draws samples from the wells of the microtiter plate into the device. For example, the
samples optionally comprise potential inhibitors or other modulators of a fluorogenic
enzymatic reaction. With no inhibitor present, an ideal fluorescent signal observed in a
screening experiment is flat due to a constant amount of product being generated in the
enzymatic reaction. An inhibitor causes a decrease in the amount of fluorescent product
generated and thus produces a decrease in the observed signal. Spontaneous injection also
leads to decreases in the observed signal.

Spontaneous injection, as described above, refers to the injection of a drop of
liquid at the end of a capillary into a microfluidic system. Samples are introduced into the
system from a microtiter plate via an open-ended capillary. The capillary is moved from well
to well of the microtiter plate or, alternatively, the plate is lowered away from the capillary and
moved so that a different well is under the capillary. While the plate is being moved, the
capillary is in the air with a drop hanging from it as shown in Figure 11. The curvature of the
drop results in a force which has a tendency to drive fluid into the capillary. This force injects
the fluid into the capillary in an injection referred to as spontaneous injection. This injection is
optionally used as described above to inject, €.g., small amounts of fluid into the capillary.

However, unwanted spontaneous injection (as opposed to the use of
spontaneous injection as described above) has an important impact, e.g., it increases dilution,
e.g., of substrate and enzyme being introduced from the side channels of the system. The
dilution results in a decrease in the observed product signal, which mimics a weakly inhibiting
sample being brought onto the chip. When not used as a sampling method, spontaneous
injection makes it more difficult to differentiate between weak inhibitors and systematic dips
observed in the spectrum. Similar problems exist in other mixing experiments, such as drug
screening, nucleic acid sequencing, western type analyses, and the like.

Spontaneous injection is optionally reduced or eliminated by changing the
pressure applied to the fluid in the capillary. Typically an open ended fluid filled capillary
element is dipped into a first source of a fluid while a negative pressure is applied to the fluid
in the capillary to draw the fluid from the source, e.g., a well in a microtiter plate, into the
capillary and thus into the microfluidic device. The capillary is then typically removed from
the first source before dipping it into a second source. The pressure is typically altered slightly
as the capillary is lifted out of the source, e.g., a fluid filled microtiter well. For example, the
pressure applied to the capillary in the well is changed, e.g., from a negative value to a positive
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or zero value, while transferring the capillary from one well to another. Typically, the negative
value ranges from about -1 to about -2 psi and the positive value ranges from about +0.1 to
about +3 psi. In some embodiments, the positive pressure ranges from about 1 to about 3 psi.
In preferred embodiments, the pressure ranges from about 0.1 to about 0.3 psi. The positive
value is typically chosen to substantially equal the magnitude of the spontaneous injection to
be eliminated. The slightly positive pressure or zero pressure is sufficient to counteract the
spontaneous injection. In addition, pressure applied to the wells or reservoirs, e.g., the
substrate and enzyme wells and the waste well is increased or a vacuum pressure is decreased
to aid the reduction or elimination of spontaneous injection. In this manner, the pressure over
the system is adjusted such that the substrate and enzyme do not flow from the wells into the
system during spontaneous injection or during the pressure changes used to eliminate or reduce
spontaneous injection. Alternatively, the negative pressure is maintained and timed as
described above to allow spontaneous injection to occur, €.g., to inject small amounts of fluid
into the capillary.

The change in pressure, e.g., from a negative pressure that pulls liquid into the
capillary to a positive pressure which forces liquid out of the capillary, prevents or reduces the
intake of fluid when the capillary is removed from the well. When sampling a plurality of
samples, the capillary is moved from one well to another well in the microtiter plate. The
negative pressure used to draw fluid into the capillary is chang