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INLINE-INJECTION MICRODEVICE AND MICROFABRICATED

INTEGRATED DNA ANALYSIS SYSTEM USING SAME

CROSS REFERENCE TO RELATED APPLICATIONS

5 This application claims priority under 35 U.S.C. 119(e) from Provisional U.S.

Patent Application Serial No. 60/854,570, filed October 25, 2006 (Atty. Docket No.

UCALP067P), entitled "INLINE-INJECTION MICRODEVICE FOR ATTOMOLE-

SCALE SANGER DNA SEQUENCING," and from Provisional U.S. Patent

Application Serial No. 60/881,41 1, filed January 19, 2007 (Atty. Docket No.

o UCALP068P), entitled "MICROBEAD-B ASED SANGER SEQUENCING," which

are incorporated herein by reference in their entireties.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

The techniques and mechanisms of the present invention were made with

5 Government support under NIH Grant Nos. HGOO 1399, PO 1 CA77664, and

U01AI056472.

BACKGROUND

1. Field of Invention

0 The present invention relates to microfabricated and microfluidic structures.

In one example, the present invention relates to a microfabricated system and method

for genome sequencing.

2. Description of Related Art

5 The cross-injector is utilized in nearly all academic and commercial

microfabricated capillary electrophoresis (µCE) applications to form small, well-

defined sample plugs. Figure 1 shows a simple schematic of a cross-injection system

used in microdevices. In Figure 1, injection channel 109 is connected to sample

reservoir 101 and sample waste reservoir 103. Separation channel 111 has buffer inlet

0 reservoir 105 and buffer outlet reservoir 107. Electrodes are associated with

reservoirs 101, 103, 105 and 107. In operation, a sample containing an unpurified

analyte, e.g., DNA, is placed in the sample reservoir 101 and an electric potential is

applied between the sample reservoir 101 and the waste reservoir 103. A sample is

drawn from the sample reservoir 101 across the injection channel 109. By controlling



the voltage across the injection and separation channels, a sample plug can be formed

at the intersection 113 of the channels. The sample plug is then injected into the

separation channel 111 by applying a potential across the separation channel, between

reservoirs 105 and 107. In this manner, a sample is injected into the separation

channel. Using the cross-injector, however, an excess sample volume is necessary to

form and inject the sample plug. In addition, without desalting, the sample plug will

contain ionic buffer and other ionic reagents. Because of these factors, cross-injector

systems have efficiencies of 1% or less.

In advanced integrated microdevice systems that seek to miniaturize not only

CE but all processing steps, the cross-injector is a barrier to reaching theoretical

miniaturization limits. Additionally, cross-injection timing requirements can hinder

optimization of array CE microdevices and integrated bioprocessor systems operating

on limiting amounts of template. T-injection designs also present requirements that

have similar barriers to miniaturization and timing optimization. Direct analyte

injection that has been used in certain CE applications yields low-resolution, low-

sensitivity separations due to the large sample plug size and injection of contaminants

that are not suitable for applications such as Sanger DNA sequencing.

SUMMARY

Methods and microfluidic circuitry for inline injection of nucleic acids for

capillary electrophoresis analysis are provided. According to various embodiments,

microfabricated structures including affinity-based capture matrixes inline with

separation channels are provided. The affinity-based capture matrices provide inline

sample plug formation and injection into a capillary electrophoresis channel. Also

provided are methods and apparatus for microbead-based inline injection system for a

DNA sequencing.

In one aspect, the invention features a microfabricated structure for inline

injection of a sample plug into a separation channel. The structure includes a sample

channel region for containing an unpurified sample of an analyte; a capture channel

region containing a capture matrix for forming a concentrated sample plug, wherein

the capture matrix has a selective affinity for the analyte; and a separation channel

region to receive the sample plug and separate the analyte, wherein the capture

channel and separation channel regions are contiguous and/or arranged in a line.



In another aspect, the invention features a microfabricated structure for inline

injection of a sample plug into a separation channel. The structure includes a sample

region means for containing an unpurified sample of an analyte; a capture matrix

means for forming a concentrated sample plug; means for inline injecting the sample

plug into a separation channel; and the separation channel means for receiving the

sample plug and separating the analyte.

In another aspect the invention features a radial array of inline injection and

separation elements. Each element includes a sample channel region for containing

an unpurified sample of an analyte; a capture channel region containing a capture

matrix for forming a concentrated sample plug, wherein said capture matrix has a

selective affinity for the analyte; a separation channel region to receive the sample

plug and separate the analyte, wherein the capture and separation channel regions are

contiguous and/or are arranged in a line; a reagent distribution channel linking the

sample channel regions; a capture matrix distribution channel linking the capture

channel regions; and an anode common to all elements.

In yet another aspect, the invention features a microfabricated structure for

paired-end sequencing. The structure includes a plurality of sequencing elements.

Each element includes a thermal cycling reactor for producing forward and reverse

extension fragments from a sequencing template; a forward capture channel region

containing a forward capture matrix for concentrating forward extension fragments,

wherein said forward capture matrix supports an oligonucleotide that selectively

hybridizes to the forward extension fragments; a reverse capture channel region

containing a reverse capture matrix for concentrating reverse extension fragments,

wherein said reverse capture matrix supports an oligonucleotide that selectively

hybridizes to the reverse extension fragments; a forward separation channel to

separate the forward extension fragments, wherein the forward capture channel region

and the forward separation channel region are contiguous and/or arranged in a line;

and a reverse separation channel to separate the reverse extension fragments, wherein

the reverse capture channel region and the reverse separation channel region are

contiguous and/or arranged in a line.

Certain implementations of the structure for paired-end sequencing include a

forward capture matrix distribution channel to distribute forward capture matrix

material into the forward capture channel region and/or a reverse capture matrix



distribution channel to distribute reverse capture matrix material into the reverse

capture channel region. Certain implementations also include a transfer channel

connecting the forward and reverse capture channel regions.

Another aspect of the invention features a microfabricated structure including

a distribution channel configured to distribute microreactor elements carrying

multiple copies of a clonal sequencing template into each of a plurality of channels

such that only one microreactor element will pass into one channel, wherein each

channel comprises a thermal cycling chamber connected to a purification chamber

connected to a component separation channel, wherein thermal cycling extension

fragments are produced from a microreactor element in the thermal cycling chambers;

the purification chambers are configured to capture and concentrate the extension

fragments; and the component separation are configured to analyze the extension

fragments, and further wherein each component separation channel is contiguous with

and/or is arranged in a line with a purification chamber and configured to receive the

concentrated extension fragments via inline injection from that purification chamber.

Another aspect of the invention features a device including a channel defining

a flow path between a first end and a second. The channel includes a capture channel

region containing an affinity capture matrix and a separation channel region, wherein

the capture channel region and the separation channel regions are contiguous and/or

arranged in a line. The device may also include a first electrode in electrical

communication with a first end of the channel; a waste port in fluid communication

with the capture channel region; a second electrode in electrical communication with

the waste port, wherein a voltage applied between the first and second electrodes

moves charged molecules through the capture channel region to the waste port; and a

third electrode in electrical communication with a second end of the sample channel,

wherein a voltage applied between the first and third electrodes moves charged

molecules from the capture channel region through the separation channel region.

A further aspect of the invention features a system for performing sequencing.

The system may include means for shearing DNA into DNA fragments; means for

ligating the DNA fragments to form a mixture of desired circular and contaminating

linear products; means for exonuclease degradation for selectively removing the

contaminating linear products; emulsion PCR reaction means for generating

microspheres carrying multiple clonal copies of a single DNA sequencing template;

fluorescent activated cell sorting (FACS) means for selecting which microspheres



have a DNA sequencing template; microfluidic distribution channel means for

distributing a selected microsphere with a DNA sequencing template into a thermal

cycling chamber; valving means for ensuring that statistically only one microsphere

will flow into one thermal cycling chamber; Sanger extension means, including the

thermal cycling chambers, for producing thermal cycling extension fragments from

the microspheres carrying multiple copies of the DNA sequencing template; capture

means for capturing, purifying and concentrating the extension fragments into a

sample plug; means for releasing the sample plug from the capture means; means for

inline injecting the sample plug into a capillary array electrophoresis channel; and

separation means, including a capillary array electrophoresis channel, for analyzing

the extension fragments.

Implementations of the invention may also include one or more of the

following features: a reagent distribution channel to distribute microreactor elements

carrying multiple copies of a clonal sequencing template into a plurality of thermal

cycling chambers, wherein each thermal cycling chamber receives exactly one unique

clonal sequencing template; passive or active valving to distribute the microreactor

elements into the plurality of thermal cycling chambers, a waste port located

downstream of the capture channel region and upstream of the separation channel

region, a cathode upstream of the capture channel region and an anode downstream of

the separation channel region, Implementations of the invention may also feature one

or more of: a capture matrix that contains least one of a gel, including a UV-

polymerized gel, immobilized beads, a porous monolith, dense posts, pillars and

weirs, a capture matrix that supports a capture compound having a selective affinity

for the analyte, and a capture matrix that forms a purified and concentrated sample

plug. In certain implementations, the sample channel region includes a thermal cycler

chamber to produce extension fragments from a sequencing template. Also in certain

implementations, the analyte comprises extension fragments from a DNA or RNA

template and the capture matrix supports an oligonucleotide complementary to a

portion of the extension fragments. Certain implementations feature a sample channel

region having volume between about 10-1000 nanoliters and/or a capture channel

region having a volume between about 1-1000 nanoliters, for example, 1-100

nanoliters.

Another aspect of the invention features a process of introducing an analyte in

a sample to a separation channel. The process includes the operations of introducing



a sample containing an analyte to a sample channel region; driving the analyte in the

sample to a capture channel region containing a capture matrix, said matrix having a

selective affinity for the analyte; forming a concentrated sample plug in the capture

channel region; and inline injecting the concentrated sample plug from the capture

channel region into the separation channel.

Yet another aspect of the invention features a process for performing

sequencing including the operations of distributing microreactor elements with DNA

sequencing templates into thermal cycling chambers, wherein each microreactor

element has multiple clonal copies of a single unique sequencing template; producing

thermal cycling extension fragments from the microreactor elements carrying multiple

copies of a sequencing template; forming a concentrated sample plug of the extension

fragments in a capture channel region comprising a capture matrix; inline injecting the

sample plug from the capture matrix into a separation channel; and separating the

extension fragments in the separation channel.

Another aspect of the invention features a process for performing sequencing

that includes the operations of distributing microreactor elements with DNA

sequencing templates into thermal cycling chambers, wherein each microreactor

element has multiple clonal copies of a single unique sequencing template; producing

thermal cycling extension fragments from the microreactor elements carrying multiple

copies of a sequencing template; forming a concentrated sample plug of the extension

fragments in a capture channel region comprising a capture matrix; injecting the

sample plug from the capture matrix into a separation channel, wherein at least about

50% of the extension fragments produced are injected into the separation channel. In

certain implementations at least 70%, 80%, 90% or substantially all of the extension

fragments produced are injected into the separation channel.

Another aspect of the invention features a method that includes the operations

of providing in a sample port a sample comprising analyte molecules and non-analyte

molecules; moving the sample to a sample channel region; applying an electrical

potential across a fluid path comprising the sample channel region, a capture channel

region and a waste port, wherein the capture channel region comprises an affinity

capture matrix configured to capture analyte molecules and wherein non-analyte

molecules are moved by the electrical potential to the waste port; releasing captured

analyte molecules from the affinity capture matrix; applying an electrical potential

across a second fluid path comprising the capture channel region and a separation



channel region of a separation channel, wherein the separation channel region is

contiguous with and/or arranged in a line with the capture channel and wherein

analyte molecules are moved by the electrical potential through the separation

channel, whereby analyte molecules are resolved; and detecting the resolved analyte

molecules in the separation channel.

Certain implementations of the invention may further include one or more of

forming a purified sample plug in the capture channel region, forming extension

fragments from a sequencing template in the thermal cycling reactor, forming a

concentrated sample plug in the capture channel region by selective hybridizing of at

least some of the extension fragments to oligonucleotides in the capture matrix,

thermally releasing the sample plug from the capture matrix prior to injection,

applying an electric potential across the capture matrix to inline inject the sample,

introducing capture matrix material into the capture channel region and photo-

polymerizing at least a portion of the capture matrix material to produce the capture

matrix. Also in certain implementations, the reagent distribution is done such that

only one microreactor element will pass into one thermal cycling chamber.

In certain implementations, a microreactor element including a microcarrier

element which carries the multiple copies of a clonal sequencing template, is used.

The microreactor element may be a bolus or a microemulsion droplet and the

microreactor element a microbead carrying the multiple copies of the clonal

sequencing template.

BRIEF DESCRIPTION OF DRAWINGS

The invention may best be understood by reference to the following

description taken in conjunction with the accompanying drawings that illustrate

specific embodiments of the present invention.

Figure 1 is a diagrammatic representation of a cross-injector used in a

conventional microdevice.

Figure 2A is a diagrammatic representation of an inline injection system in

accordance with embodiments of the invention.

Figures 2B-2E are diagrammatic representation of steps involved in an inline

injection and separation process in accordance with embodiments of the invention.

Figure 3 are fluorescent images of a device in accordance with embodiments

of the invention during inline sample plug formation and injection.



Figure 4 presents data from sequencing of human mitochondrial hypervariable

region II from about 100 attomoles (60 million molecules) of DNA template using an

inline injection system and method in accordance with the invention.

Figure 5 is a diagrammatic representation of steps involved in a genome

sequencing process in accordance with the present invention.

Figure 6 is a diagrammatic representation of microfluidic circuitry and process

flow for a microbead-based sequencing process in accordance with embodiments of

the invention.

Figure 7A is a diagrammatic representation of a functional element of a

parallel processing array containing the microfluidic structures for microbead

isolation, thermal cycling, inline injection and high performance capillary

electrophoresis in accordance with embodiments of the invention; and Figure 7B is a

diagrammatic representation of one quadrant (25-elements) of a 100-element radial

array designed to fit on a 150 mm diameter wafer.

Figure 8 is a diagrammatic representation of microfluidic circuitry and process

flow for a paired-end sequencing process in accordance with embodiments of the

invention.

Figures 9A and 9B are diagrammatic representations of a process of producing

nanoliter emulsion particles in accordance with embodiments of the invention.

Figure 1OA is a photograph of a microfabricated emulsion generator device

that may be used in accordance with embodiments of the invention; and Figure 1OB is

an optical micrograph of droplet generation at the nozzle.

Figure 1IA is a diagrammatic representation of a microfabricated emulsion

generator device layout that may be used in accordance with embodiments of the

invention; and Figure 1IB is an optical micrograph of droplet formation at the nozzle.

(A 34 µm diameter agarose bead is encapsulated in a 2.2 nL droplet.)

Figure 12 is a diagrammatic representation of a 96 nozzle, high-throughput

engineered microbead droplet emulsion generator with a single bead-PCR reagent

inlet hole at the center.

Figure 13 is a diagrammatic representation of an in-line integrated

bioprocessor for sequencing from single clonal bead-templates.



DETAILED DESCRIPTION

Reference will now be made in detail to some specific embodiments of the

present invention including the best modes contemplated by the inventors for carrying

out the invention. Examples of these specific embodiments are illustrated in the

accompanying drawings. While the invention is described in conjunction with these

specific embodiments, it will be understood that it is not intended to limit the

invention to the described embodiments. On the contrary, it is intended to cover

alternatives, modifications, and equivalents as may be included within the spirit and

scope of the invention as defined by the appended claims.

In the following description, numerous specific details are set forth in order to

provide a thorough understanding of the present invention. The present invention

may be practiced without some or all of these specific details. In other instances, well

known process operations have not been described in detail in order not to

unnecessarily obscure the present invention.

Furthermore, techniques and mechanisms of the present invention will

sometimes be described in singular form for clarity. However, it should be noted that

some embodiments can include multiple iterations of a technique or multiple

applications of a mechanism unless noted otherwise.

The devices, systems and methods of the present invention will be described

in connection with DNA sequencing. In particular the devices, systems and methods

are described in the context of capillary gel electrophoresis of DNA. However, the

system and method may also be used for RNA sequencing. Additionally, the system

and method may be used for other genetic analysis of DNA or RNA, as well as for

microchip-based inline injection of other analytes into separation or analysis channels.

The devices and methods for microchip electrophoresis use serial domains of

nanoliter-scale sample containment, affinity-based sample plug formation and

separation material for inline purification, preconcentration and injection of samples.

The affinity-based sample plug formation occurs in a capture channel region that

contains a capture matrix that has a selective affinity for the analyte. In many

embodiments, the capture matrix includes a capture compound supported by a gel or

bead matrix. For example, an unpurified sequencing sample is electrophoretically

driven into a capture channel region containing an oligonucleotide capture probe that

simultaneously performs sample clean-up and defined, ready-to-inject sample plug

formation. The plug is directly injected into the CE channel by direct application of



the separation voltage after raising the temperature to release the captured and

purified product. This eliminates the need for the excess sample or delicate timing

sequence that is required for cross-injection.

Figure 2A is a diagrammatic representation of an inline injection DNA-

sequencer channel layout according to certain embodiments. The figure shows a main

channel 217 having channel regions containing sequencing sample 210, affinity-

capture matrix material 212 and denaturing separation matrix 214, respectively.

Channels, for example, are etched 30-µm-deep in 100-mm-diameter glass wafers with

1.1 mm drilled cathode 202, sample 204, waste 206 and anode 208 access ports.

Sample arm 220 and waste arm 222 leading from the sample port 204 and waste port

206, respectively, are also shown. The sample, capture and separation channel regions

are indicated. As is described further with reference to Figures 2B-2E, unpurified

sample in the sample chamber is driven toward the capture channel region. In one

example, the capture channel region contains an affinity-capture matrix that supports

an oligonucleotide probe having a selective affinity for the DNA extension fragments

in the sample. In general, the capture channel region is the channel or region of a

channel containing or configured to contain capture material and containing a sample

plug formation zone. The sample plug formation typically takes place in a tight zone

within the capture channel region. For example, the sample plug formation takes

place in a zone of photopolymerized capture material surrounded by unpolymerized

capture material in a capture channel region. One or more capture material inlet and

outlet arms may lead from the capture channel region. In the example shown in

Figure 2A, the separation channel is a capillary gel electrophoresis channel.

Figures 2B-2E are diagrammatic representations of steps in an inline

purification, pre-concentration and injection process using the microfluidic channel

design shown in Figure 2A. Figures 2B-2E show enlarged representations of the

sample, capture and separation regions enclosed by dashed lines in Figure 2A. The

sample channel region 2 11 is the region downstream of the cathode 202 and upstream

of the sample arm 220 inlet; the capture channel region 213 is downstream sample

arm 220 inlet and upstream the separation channel 215; and the separation channel

215 is downstream of the waste arm 222 outlet. First in Figure 2B, by way of

example, unpurified sequencing sample (30 nL) is electrophoretically driven toward

the affinity-capture matrix at 450C by applying a potential between the cathode and

the waste port electrode. An arrow indicates the direction of the applied potential V.



Then, in Figure 2C, complementary extension fragments selectively hybridize to the

affinity-capture matrix at 224 forming a well-defined inline sample plug. Residual

fluorescent reagents, salts and unincorporated nucleotides 226 are not captured by the

matrix and migrate toward the waste port 206. Figure 2D shows excess sample

flushed from the sample arm 220 and residual agents electrophoretically washed out

of the system through the waste port 206. At 720C the purified sample plug releases

from the affinity-capture matrix and is injected toward the separation channel 215

using an applied voltage between the cathode 202 and the anode (not shown). This is

represented in Figure 2E, which shows sample plug 228 migrating toward the

separation channel region 215 under an applied voltage V.

Because the microfluidic system presented in Figure 2A eliminates cross-

injection geometries and excess sample requirements inherent to cross-injection, the

system permits Sanger sequencing miniaturization at a level that is limited primarily

by detector sensitivity. A primary design consideration for a microchip sequencing

system is the volume of unpurified sequencing sample defined by the sample region

dimensions. The minimum necessary volume is dictated by the sensitivity of the

detection system and the efficiency of sample processing. For example, considering

the case in which the sample channel region is a thermal cycling chamber to produce

Sanger extension fragments from template molecules. For a 1,000-base read, a

standard cycle-sequencing reaction needs sufficient template to generate 1 billion

extension fragments ( 1 million fluorophores/band x 1,000 bands) after 25 cycles.

Using a demonstrated linear amplification efficiency of about 70% per cycle, the

required number of starting template molecules is about 60 million, or 100 attomoles

(60 million template molecules x 25 cycles x 70% efficiency is approximately 1

billion extension fragments). Typical template concentrations vary from 0.5 nM to

7.5 nM, the optimal amount being a function of template length and purity as well as

cycle number and the desire for uniform band intensity. In practice, the reaction

volume is held constant while template concentration and cycle number are varied to

achieve optimal results. A moderate template concentration of 3.3 nM thus requires

30 nL of sample defined by a 5.3 mm long channel to achieve 100 attomole of

template molecules. This analysis, however, assumes near 100% efficiency in

transporting the sample from sample channel region (thermal cycling reactor) to the

separation channel. Traditional cross-injection from a sample region to a separation

channel has an efficiency of about 1% - requiring almost a hundred times the sample

l l



region volume. The use of an affinity-capture matrix, e.g., supporting an

oligonucleotide that selectively hybridizes to the extension fragments or other analyte,

improves efficiency by concentrating and purifying the sample plug, and improves

band uniformity and resolution. Using a capture matrix that is not inline to purify and

concentrate a sample prior to cross-injection can improve efficiency to about 10% -

still below the efficiency required for 100 attomole template molecules.

To achieve the 100 attomole template molecule limit set by the detection

sensitivity and thermal cycler reactor constraints, the extension fragments should be

captured in a tight zone, desalted, concentrated, and efficiently transported to the

separation channel. The system described above with respect to Figure 2A, in which

a capture matrix is inline with the separation channel, with all buffer, regents, etc,

washed out eliminates substantially all inefficiency due to transport and impurities.

As a result, the required sample region volume is based on the sensitivity of the

detection system and thermal cycler efficiency alone. This analysis is not limited to

the detection system and thermal cycling efficiency assumptions described above and

also can be extended to other detection and sample formation methods and analytes.

Channel Layout and Fabrication

In the inline injection devices and systems described herein, the capture

matrix, or a capture channel region containing the matrix and separation channel are

configured to inline inject a sample plug into the separation channel. As used herein,

inline injection refers to injection of a small, well-defined sample plug contained in

the capture channel region into the separation channel region by creating an electric

potential across the capture channel and separation channel regions, i.e., a potential

between an electrode upstream of the capture channel region and an electrode

downstream of the separation channel region.

In certain embodiments, the capture channel region and separation channel

region are contiguous, i.e., the capture channel region directly contacts the separation

channel region without intervening channels, passageways or any other type of fluidic

connections. For example, the capture channel region and separation channel region

in Figures 2A-2E are contiguous: the capture channel region 213 directly contacts the

separation channel region 215. Similarly, in Figure 7, discussed further below,

capture region 722 is contiguous with CE channel 724. In certain embodiments,

capture matrix material, e.g., a gel, directly contacts separation matrix material.



Contiguous regions may be arranged on a straight, bent or curved line. For example,

in certain embodiments, the capture channel region is orthogonal to and contiguous

with the separation channel region.

In certain embodiments, the capture channel region and the separation channel

region are arranged on a line. This is also depicted in Figures 2A-2E. The line may

be a straight line, i.e., that is substantially at 180° as shown in Figures 2A-2E, or a

bent or curved line that deviates from 180° by up to +/- 45°. According to various

embodiments, a bent or curved line may deviate from 180° by up to +/- 30° or up to

+/- 15° or up to +/- 5°. Typically, the capture channel and separation channel regions

arranged on a line share a single common axis. Capture channel and separation

channel regions arranged on a line may be contiguous, or may be connected by other

channels, passageways or any other type of fluidic connections. In certain

embodiments, the capture matrix and the separation channel are part of the same

etched main channel.

Referring back to Figure 2A, the capture channel region is contiguous and

arranged on a line with the separation channel. See also Figures 2B-2E, where the

sample plug forms in the affinity capture matrix at 224 in the capture channel region

213, which is contiguous and arranged on a line with the separation channel 215; the

matrix and separation channel share a common axis. In Figures 2A-2E and in certain

embodiments, the matrix and the separation channel are part of the same etched main

channel. In many embodiments, the capture channel region 213 directly contacts the

separation channel region 215, though in alternate embodiments, the inline capture

channel and separation channel regions may be serially arranged channels or

chambers connected by other channels or passageways. Typically, however, the

capture matrix is placed in the same channel as the separation matrix, with capture

matrix material 212 directly contacting the separation matrix 214 or separated only by

a short region of buffer or other gel.

In certain embodiments, the sample channel region is also arranged on a line

with the capture channel and separation channel regions. In certain embodiments, the

sample channel region may also be part of the same main channel, as in Figure 2A. In

other embodiments, the sample channel region may be or include a chamber, e.g., a

thermal cycling reactor chamber. See, e.g., Figure 6 in which a thermal cycler reactor

608 is connected to a capture region 610 via a constriction 614. A waste sidearm is

typically located upstream of the separation channel region and downstream of



(including even with the end of) the capture channel region. The separation channel

region itself may contain tapered turns. Electrodes are positioned upstream of the

sample channel region (the cathode), at the sample port, at the waste port and

downstream of the separation channel (the anode) in order to electrophoretically drive

the unpurified sample, waste material and sample plug between these electrodes as

described above with reference to Figures 2B-2E.

The microdevice may be fabricated by any appropriate method. To form a

microdevice shown schematically in Figure 2A, for example, channel patterns were

photolithographically transferred to a 100-mm-diameter glass wafer (Boro float,

Schott, Duryea, PA) and etched to a depth of 30 µm in 49% HF by using a 2,000 A

thick amorphous silicon hard mask. Holes (1.1-mm-diameter) were drilled to create

cathode, sample, waste, and anode access ports. Enclosed microfluidic channels were

formed through thermal bonding with a blank glass wafer in an atmospheric furnace

at 668°C for 8 hours. Prior to operation, the channel walls were passivated with a

modified Hjerten coating to retard DNA adsorption and electroosmotic flow. (Hjerten,

Elimination of Electroendosmosis and Solute Adsorption. J . Chromatogr. 347: 191-

198 (1985), incorporated by reference herein). Sample, capture, and separation

channels were 200 µm wide, coupling arms connecting the sample and waste ports to

the main channels were 70 µm wide and the tapered turns that fold the CE channel are

65 µm wide. A 5.3 mm sample region (channel region 2 11 in Figures 2B-2E) defines

a 30 nL volume. (The determination of sample volume was based on 100 attomoles

sample as described above). The channel connecting the sample port to the main

channel is shortened in the schematic of Figure 2A for illustrative purposes; on the

microdevice it extended 5.5 cm along the separation channel to provide greater fluidic

resistance against hydrodynamic sample movement. The inline affinity-capture matrix

region or capture channel region (channel region 213 in Figure 2B-2E) is 9.9 mm long

and the effective separation length of the CE channel is 17.1 cm. As described below,

the length of the capture channel region is determined by the amount of capture

matrix necessary to bind the 1 billion extension fragments (assuming saturation

binding) as well as other design considerations, specifically preventing urea from the

urea-containing separation matrix from being present at the formation of the sample

plug 228 and reducing matrix movement due to electromigration under the applied

potentials. Electromigration may also be retarded by forming a crossliinked gel as the



capture gel or by forming nonstraight sides of the channel in the capture region to

provide resistance to the motion of the capture gel in the channel.

The separation channel region of the microdevice may be based on previous

microfluidic designs for miniaturized Sanger sequencing, where tapered turns that

minimize turn-induced band dispersion are utilized to fold a 17.1 -cm-long CE channel

onto the 100-mm-diameter glass wafer substrate. See Paegel, et al., Turn geometry

or minimizing band broadening in microfabricated capillary electrophoresis

channels. Anal. Chem. 72: 3030-3037 (2000), incorporated by reference herein.

The capture matrix has a selective affinity for the analyte. In many

embodiments, the capture matrix includes a gel, bead or other support material that

supports a capture compound. For sequencing and other processes in which the

analyte are DNA fragments, the affinity-matrix is a gel or material supporting an

oligonucleotide that selectively hybridizes to the fragments. The sample is driven into

the matrix, which simultaneously performs sample clean-up and defined, ready-to-

inject sample plug formation. In many embodiments, the sample plug is thermally

releasable from the capture matrix.

In certain embodiments, a capture matrix includes two or more different

capture oligonucleotides or other compounds. Such a capture matrix may be used to

simultaneously to perform multiplex capture and analysis of different targets.

In addition to gels and beads, any material that supports the oligonucletotide

and is able to span the channel may be used in the capture matrix. This includes, but

is not limited to, a porous monolith, microfabricated dense posts, polymers beads

caught in weirs, magnetically immobilized beads, linear polymers, cross linked

polymers, polymers chemically linked to walls, polymers caught in an expanded

portion of channel, and polymers grown from the surface of a channel having

roughed, e.g., photolighographically roughened, sides.

In certain embodiments, the capture matrix is immobilized. The capture

matrix is capable of capturing the thermal cycling products (or other analyte) and

desalting them in a zone small enough that provides for good, tight injection.

According to various embodiments, the sample plug formation zone (and ready-to-

inject sample plug) may range from about 10 microns to milimeters long. In certain

embodiments, the sample plug formation zone and (ready-to-inject sample plug)

ranges more narrowly from about 50 to 250 microns. See Blazej, R.G., et al., Inline



injection microdevice for attomole-scale Sanger DNA sequencing. Anal. Chem.,

79(12): p. 4499-4506 (2007), incorporated by reference herein.

In certain embodiments, the matrix is a highly active polymer network

containing a covalently-linked oligonucleotide capture probe. The probe is designed

to be complementary only to the cycle sequencing extension products and exhibits

minimal self-complementarity. The matrix may be fabricated by incorporating a 5'

Acrydite modification (Integrated DNA Technologies) to enable polyacrylamide

copolymerization. The affinity-capture matrix may then be synthesized at 40C by

sparging a 2-mL solution 5% w/v acrylamide, I x TTE, and 40 nmol of the acrydite-

modified oligonucleotide for 2 hours with argon followed by the addition of 0.015%

w/v APS and TEMED. The solution is allowed to polymerize for 24 h prior to loading

into a 1-mL syringe. Similarly, a linear polyacrylamide sequencing separation matrix

may be synthesized at 4 0C by sparging a 10-mL solution containing 3.8% w/v

acrylamide, Ix TTE, and 6 M urea for 2 h with argon followed by the addition of

0.015% w/v APS and TEMED. The solution is allowed to polymerize for 24 h prior to

loading into a high-pressure matrix-loading chuck. This is described in Scherer, et al.

High-Pressure Matrix Loading Device for Electrophoresis Microchips.

BioTechniques 31: 1150-1 156 (2001), incorporated by reference herein.

As indicated above, the volume of the capture channel region is based on the

amount of capture matrix necessary to capture the sample analyte. For example, only

83 pL of capture matrix is required to capture 1 billion extension fragments, assuming

saturation binding a 20 µM probe nucleotide. In certain embodiments, however, other

design considerations may require increasing this volume. First, in embodiments in

which the capture channel region is in direct contact with the urea-containing

separation matrix, the sample plug formation should be sufficiently distanced from the

separation matrix such that diffusion and matrix mixing do not result in denaturing

urea present at the point of sample plug formation. Second, if the capture matrix has a

charge (e.g., copolymerization with the Acrydite-modified oligonucleotide imparts a

negative charge on the capture matrix), electromigration of the bulk matrix under

applied potentials may occur. Extending the capture channel region increases fluidic

resistance and reduces matrix movement. For the device depicted in Figure 2A, for

example, the capture channel region volume was 56 nL, defined by a 9.9 mm long

channel.



In certain embodiments, the capture matrix is physically immobilized to

prevent electromigration and provide additional control over sample plug formation

location. One method of immobilizing the capture matrix is photopolymerization

using a riboflavin photoinitiator. Unpolymerized capture matrix containing

acrylamide, an Acrydite-modified capture probe, and the photoinitiator riboflavin is

pumped into the capture channel region 213 and waste arm 220 in Figure 2B. A

photomask and UV illumination are used to define a small plug of photo-polymerized

capture matrix. This plug functions both as a "gel- valve" to confine the sequencing

reaction and also as a definable capture band capable of extension fragment

normalization. See Koh, C.G., et al., Integrating polymerase chain reaction, valving,

and electrophoresis in a plastic device for bacterial detection. Anal. Chem., 2003.

75(17): p. 4591-4598, incorporated by reference herein. See also, Olsen et al.,

Hydrogel Plugs in Microfluidic Channels., Anal. Chem., 74, 1436-1441 (2002), also

incorporated by reference herein. Other methods for immobilizing the capture

matrix include physically immobolizing the the matrix, e.g., by modifying the sides of

the capture channel region to make them fluted or bulbous and/or placing a

constriction at the end of the capture channel region. The capture matrix may also be

chemically linked to the sides of the capture channel region.

The capability of a matrix formulation to create inline sample plugs suitable

for high-resolution separation can be investigated within the microdevice by capturing

an unpurified sequencing sample under various binding conditions. Previous work in

a cross-injection affinity-capture/CE microdevice demonstrated that extension

fragment binding is described by:

|-[SU, ]= -^[S][C] + :b[S :C]-// s£w|-[SU, θ]
at ox

where S is the extension fragment, C is the matrix-immobilized complementary

oligonucleotide, S:C is the hybridized duplex, kf and re the respective rate

constants for hybridization and denaturation, µs is the mobility constant and E is the

electric field in space, x, and time, t . (Paegel, et.al., Microchip bioprocessor for

integrated nanovolume sample purification and DNA sequencing. Anal. Chem. 74:

5092-5098 (2002), incorporated by reference herein). Accessible parameters for



optimization are kf and k\ through probe sequence design and microdevice

temperature, [C] in the capture matrix, and the applied E.

Sample plug optimization begins with rational capture matrix design. Provided

that the matrix meets specificity and binding capacity requirements, iterative

reformulation is not necessary as tuning of hybridization stringency is readily

accomplished through external thermal and electric gradients. Theoretical melting

temperature calculations can be used to select an extension-fragment-specific, high

TM probe oligonucleotide (TM = 62 0C) to enhance kf while still allowing

denaturation and sample injection at the CE separation temperature (72 °C). Elevated

probe concentration favors forward binding kinetics, increased binding capacity and

reduced sample plug size, but also increases gel electromigration effects. A moderate

20 µM concentration in 5% w/v acrylamide may be used to provide stability. Further

discussion of matrix design is discussed at Blazej, et al. Microfabricated bioprocessor

or integrated nanoliter-scale Sanger DNA sequencing. Proc. Natl. Acad. Sci. USA

103: 7240-7245 (2006); Olsen et al. Immobilization of DNA hydrogel plugs in

microfluidic channels. Anal. Chem. 74: 1436-1441 (2002); and Paegel et al.,

Microchip bioprocessor for integrated nanovolume sample purification and DNA

sequencing. Anal. Chem. 74: 5092-5098 (2002), all of which are incorporated by

reference herein.

Inline sample plug formation, injection and sequencing of human

mitochondrial hypervariable region II according to an embodiment of the method

described with reference to Figures 2A-2E were performed. To prepare the DNA

template, amplification primers specific to the human mitochondrial hypervariable

region II (forward: 5'-AAG CCT AAA TAG CCC ACA CGT TCC-3', reverse: 5'-

TGG TTA GGC TGG TGT TAG GGT TCT-3') were selected using the PrimerQuest

program (Integrated DNA Technologies, Coralville, IA). The -40 M13 sequence (5'-

GTT TTC CCA GTC ACG ACG-3') was added to the 5'-end of the forward primer

prior to synthesis (Integrated DNA Technologies, Coralville, IA) to generate an

amplicon compatible with standard sequencing primers. Hypervariable region II DNA

is amplified from 20 ng of genomic DNA (#NA-131 16; Centre d'etude

Polymorphisme Humane, Paris, France) in a 50-µL PCR reaction (0.2 mM dNTPs,

1.5 mM MgCl2, 0.2 µM primers, 20 mM Tris-HCl pH 8.4, 50 mM KCl, and 1.5 U

Platinum Taq DNA polymerase; Invitrogen, Carlsbad, CA). Following thermal



cycling, unincorporated primers, nucleotides, and salts were removed in preparation

for cycle-sequencing (QIAquick® PCR Purification Kit #28104; Qiagen, Valencia,

CA) and PCR yield is quantitated by using the dsDNA intercalating dye PicoGreen

(Quant-iT™ PicoGreen ® dsDNA Assay Kit #P-7589; Invitrogen, Carlsbad,

California) and a FP-750 spectrofluorometer (Jasco, Great Dunmow, Essex, UK)

according to manufacture protocols. Template DNA was diluted in Ix TE (10 mM

Tris, pH 8.0, 0.1 mM EDTA) to a working concentration of 50 fmol/µL.

Dye primer sequencing reactions were performed by using a cycle sequencing

kit (#79260; USB Corp., Cleveland, OH) and four energy-transfer (ET) -40 M 13

forward primers. (Ju, et al., Fluorescence Energy-Transfer Dye-Labeled Primers For

DNA- Sequencing and Analysis. Proc. Natl. Acad. Sci. USA 92: 4347-4351 (1995)).

Each 10-µL reaction consists of 750 fmol of ET primer and 33 fmol of template DNA

in a standard sequencing reaction (15mM Tris-HCL pH 9.5, 3.5 mM MgCh, 60 µM

dNTP, 60OnM ddNTP, 10 U Thermo Sequenase DNA polymerase, 0.015 U

Thermoplasma acidophilum inorganic pyrophosphatase). Reactions were thermally

cycled (95 0C 30 s, 50 0C 30 s, 72 0C 60 s, 35 cycles) by using a Mastercycler™

Gradient and then pooled to make a four-color sequencing sample. Unpurified

sequencing sample was stored frozen at -20 0C until use.

To synthesize the affinity-capture matrix, the affinity-capture oligonucleotide

(5'-AGA CCT GTG ATC CAT CGT GA-3', TM = 6 1.8 0C; 50 mM monovalent salt,

20 µM probe) was selected from the human mitochondrial hypervariable region II

DNA sequence 3' of the forward PCR primer. It was designed to be complementary

only to the cycle sequencing extension products and exhibit minimal self-

complementarity (max = 4 base pairs). A polyacrylamide copolymerized matrix

supporting the affinity-capture oligonucelotide was synthesized as described above.

The system was first prepared by loading denaturing DNA sequencing matrix

from the anode port to the waste arm intersection at 400 psi using the high-pressure

loader. Affinity-capture matrix was then loaded with a 1-mL syringe through the

cathode port until the capture channel and waste arm are completely filled. Excess

affinity-capture matrix in the sample region is removed by flushing Ix TTE from the

sample port to the cathode port. All ports were filled with 5x TTE to provide

electrophoresis buffering. The microdevice was transferred to the temperature-

controlled stage of the Berkeley four-color rotary scanner (Shi et al. 1999) where the



temperature is ramped at 14.5 °C/min from room temperature to 72 0C - the CE

separation temperature. 1x TTE was again flushed through the sample port to remove

affinity-capture matrix that was pushed past the sample arm intersection due to matrix

expansion in the CE channel at the separation temperature. The microdevice was then

cooled at 2.2 °C/min to the 45 0C capture temperature while an 800 V electrophoresis

pre-run potential was applied between the cathode and anode. Unpurified sequencing

sample was loaded into the 30-nL sample region by pipetting 1 µL of the unpurified

sequencing sample into the cathode port and applying 58 kPa vacuum to the sample

port for 2 seconds. The cathode port was then washed 3x with 10 µL of 5x TTE to

remove remaining sequencing sample. Equal 10 µL volumes of 5x TTE were placed

on the cathode and sample ports to prevent hydrodynamic flow.

Figure 3 presents fluorescent images fluorescent images of the device during

inline sample plug formation and injection. Microfluidic channels 301 are outlined in

white, the scale indicates displacement in µm from the sample arm junction 303 and

arrows indicate direction of sample plug migration. Inline sample plug formation was

initiated by grounding the cathode and applying 25 V to the waste. Image 302 shows

the sample plug 310 and residual reagents 312 200 seconds after plug formation was

initiated at 45° C by applying 25 V between the cathode and waste ports. After

extension product capture was complete in 240 s, Ix TTE was flushed through the

sample port to remove any sequencing sample remaining in the sample arm. The 25

V potential was then reapplied for 15 min to electrophoretically wash interfering

residual reagents out of the capture channel. Image 304 shows that the negatively

charged sample plug and capture matrix have migrated 400 µm toward the waste port

after 15 min of electrophoretic washing. Alternatively, the capture matrix may be

physically immobilized, e.g., by photoinitiated polymerization, as discussed above.

The stage was ramped to 72 °C to release the sample plug from the affinity-capture

matrix. Image 306 shows the sample plug released from the capture matrix and

shifted toward the cathode due to separation channel gel expansion. CE separation

was accomplished by grounding the cathode and applying 2000 V to the anode.

Image 308 shows that application of the separation electric field (100 V/cm) between

the cathode and anode causes the sample plug 314 to elongate as it begins to size-

fractionate. Four-color sequence data were collected in 32 min by the Berkeley four-



color rotary scanner and processed with the Cimarron 3.12 base caller (NNIM, Sandy,

UT).

Figure 4 presents the inline-injected sequence data 400 from 30-nL of

sequencing sample of 100 attomoles (60 million molecules) of DNA template.

Arrows indicated base call errors with correct calls given below and "x" indicates an

inserted base. Using a 99% accuracy cutoff with the known mitochondrial sequence,

automatic base-calls produce a read length of 365 bases. The probe oligonucleotide is

internal to the 455 bp amplicon and hybridizes extension fragments 52 bases or longer

from the 18-base sequencing primer initiation site for a total possible read length of

386 bases. Three consecutive runs performed under substantially identical conditions

exhibited excellent uniformity generating 371 (σ = 2.6) correct base calls.

Importantly, unlike cross-injected CE separations, no optimization of injection timing

was necessary to achieve this base-call consistency because separation is initiated by

direct application of the CE field to the inline sample plug.

Microbead-based Inline Injection System

Another aspect of the invention relates to an integrated, microbead based

inline injection sequencing device, method and system. The microfluidic system

utilizes emulsion amplified clonal microbeads to provide a DNA template for efficient

genome sequencing. A microfabricated integrated DNA analysis system (MINDS)

using microbead elements as cloning templates is described in commonly assigned

U.S. Patent Application No. 11/139,018 (U.S. Patent Publication No. US-2005-

0287572-A1), incorporated by reference herein. As described therein, the MINDS

method, process, and apparatus include a microfabricated structure on which thermal

cycling, affinity capture, sample purification, and capillary array electrophoresis

(CAE) components are integrated. Microreactor elements carrying multiple copies of

a clonal sequencing template are distributed via a distribution channel into a plurality

of thermal cycling chambers. Only one microreactor element is passed into one

thermal cycling chamber. Thermal cycling extension fragments are produced from

that microreactor element in each chamber. Purification chambers are connected to

the thermal cycling chambers to capture and concentrate the extension fragments.

Component separation channels are connected to the purification chambers to analyze

the extension fragments. In the embodiments presented herein, the purification



chamber (capture channel region) is inline with the separation channel for inline

purification and injection.

Figure 5 shows an overview of one embodiment of a MINDS process. As

shown by Figure 5, the MINDS process, in one embodiment, begins with the shearing

of DNA into DNA fragments at step 502. The fragments are then ligated to form a

mixture of desired circular and contaminating linear products at step 504. The

contaminating linear products are then selectively removed, for instance, by

exonuclease degradation at step 506. A colony of microspheres or microbeads

carrying multiple clonal copies of a DNA sequencing template is next formed at step

508. The colony may be generated, for example, by emulsion PCR reactions. The

microbeads having a DNA sequencing template are then identified at step 510. The

microbeads may be identified by a fluorescence activated cell sorting (FACS)

technique. Only one such run is required, and it may take 6 hours or less to complete.

The microbeads with the DNA sequencing templates are then distributed into a

microfluidic structure for integrated sequencing reaction (thermal cycling),

purification, inline injection, and capillary electrophoresis at step 512. The process

eliminates the laborious, expensive, and time consuming in vivo cloning, selection,

colony isolation, and amplification steps of conventional sequencing. Instead, these

steps are replaced with readily miniaturized and automated in vitro steps.

A microcarrier element within a microreactor element may be used to carry

the multiple copies of the clonal sequencing template. The microreactor element is a

bolus or microemulsion droplet. The microreactor element includes a microsphere or

a microbead carrying the multiple copies of the clonal sequencing template. The

sequencing template is a DNA or RNA sequencing template.

Microbeads are ideal carriers, providing flexible control over size, surface,

fluorescent, and magnetic properties. Miniaturization of a sequencing reaction

chamber through microfabrication and the concomitant reduction in reagent volume

makes possible the use of a single, clonal microsphere as a carrier for sufficient DNA

sequencing template. This enables the use of a matched process flow that permits

selection, amplification and sorting of clonal templates for direct integration with a

nanoliter extension, clean-up and sequencing process. Because microbeads can only

bind a limited amount of DNA template, efficient, integrated systems are required for

microbead-based Sanger sequencing.



The devices, methods and systems of embodiments of the invention utilize

inline injection of the thermal cycling reaction products into the separation channels.

As discussed above, inline injection allows performing Sanger sequencing, sample

purification/concentration and electrophoretic analysis from only 100 attomoles of

starting template - efficiency that is not approached with previous microdevice

systems.

Figure 6 is a diagrammatic representation of steps involved in a genome

sequencing process of a single functional element of a parallel processing array in

accordance with the present invention. At 601, the single functional element is shown

prior to the introduction of the sequencing reagent containing microbeads, the capture

matrix, and the gel separation matrix. The device includes multiple glass layers,

including a bottom and top layer. A bottom-layer microvalve 602 and a capture

matrix bus 604 are connected to a top layer reagent bus 606, a reaction chamber 608,

and a capture channel region 610 by a via hole 612. The capture channel region is

next to the CE channel. In many embodiments, the microvalve 602 is not associated

only with a single functional element, but used to introduce sequencing reagent into

the reagent bus for all elements in the array. In alternate embodiments, each

functional element has a valve that controls the connection of the associated reaction

chamber with the distribution channel. In certain embodiments, there is a valve at end

of chamber in place of constriction 614. These two valves at the top and bottom of

reaction chamber can be controlled together or separately.

The integrated sequencing process begins by loading clonal template

microbeads into individual reactors. A number of technologies exist to accomplish

this task, including on-chip cell sorting by imaging or optically detecting the

fluorescence or light scattering or refraction of the bead combined with individual or

multiplexed microvalves to actively confine microbeads in individually addressable

reactors by closing off the reactor inlet, outlet or both. A simpler and perhaps as

effective approach is to use the microbead to self-regulate, or "auto-valve", the filling

process. This is illustrated at step 603. Microbeads are loaded into the system by

opening a single microvalve 602 at the system input and introducing sequencing

reagent containing microbeads into the reagent bus 606 while applying vacuum to the

capture matrix bus 604. Arrows indicate the direction of fluid flow. Reagent is drawn

into the reactor 608 until a microbead blocks the constriction engineered into the end

of the reactor, thus preventing additional microbeads from entering. See the inset in



which microbead 616 blocks the constriction at the end of the reactor. If a sufficiently

dilute microbead solution is used, a single microbead can be loaded into each reactor,

as modeled by the Poisson distribution, without the need for active external control.

In alternate embodiments, the beads are distributed via active control. In certain

embodiments, active control involves sensing when a microbead has entered the

distribution channel, closing the distribution channel exit valve at that time,

identifying an empty (non-microbead containing) thermal cycler reactor to distribute

the bead to, and opening inlet and outlet valves associated with the identified thermal

cycler reactor to allow distribution of the bead into that reactor. The inlet and outlet

valves are then closed to trap the bead within the thermal cycler reactor for thermal

cycling.

Once all of the microbeads are loaded, the microvalve is closed to prevent

backflow. According to various embodiments, a valve may be located at each end of

reactor, or only at either end of the reactor. An unpolymerized capture matrix

containing an acrylamide, Acrydite-modified capture probe, and the photoinitiator

riboflavin is pumped into the capture matrix bus, filling the CE channel 633 and the

waste arm 631 . This is shown in step 605. Arrows indicate the direction of fluid

flow, with the absence of backflow indicated by the arrow with an "x." Upstream of

the constriction, the reaction chamber and reagent bus are filled with reagent;

downstream of the constriction, the CE channel and waste arm are filled with the

capture matrix material.

A photomask and UV illumination are used to define a small plug of photo-

polymerized capture matrix 618 at the top of the CE channel as described above and

in step 607. This plug functions both as a "gel-valve" to confine the sequencing

reaction and also as a definable capture band capable of extension fragment

normalization. The inset shows the portion 618 exposed to UV light to form the

plug.

The microdevice is primed for Sanger sequencing by loading a low-viscosity

separation matrix from the common anode (not shown), displacing unpolymerized

capture matrix in the CE channel into the waste port. This is shown in step 609, with

the arrows indicating the direction of flow of the separation matrix into the CE

channel 633 and the waste arm 631.

Extension fragments are generated from each clonal microbead by thermal

cycling the reactor (35x 95 0C 5s, 60 0C 60s) in step 6 11. In the embodiment



depicted, a single microvalve is used to seal the reagent bus in combination with

photopatterned gel-valves and simple diffusional trapping. As indicated above,

valves at each end of the thermal cycler reactor may be used for trapping as well.

Once thermal cycling is complete, the reagent bus microvalve is opened and

the bus is electrically grounded in step 613. Inline capture is performed at 45 0C as

described above with reference to Figure 2B by applying 25 V to the waste port to

drive the extension fragments into the capture matrix. Since only a small plug of the

capture matrix is immobilized by photo-polymerization, the residual Acrydite-

modified capture probe that is not copolymerized in this plug will electrophoresis

towards the waste along with residual Sanger sequencing reagents and excess

extension fragments. The photo-polymerized plug, therefore, defines the absolute size

of the sample injection plug and acts to normalize extension fragment concentration

across all reactors.

The final step is to release and inject the purified and normalized inline sample

plugs by raising the microdevice temperature to 70 0C and applying a 2,000 V

separation voltage to the common anode (not shown) in step 615. The matrix bus is

utilized as the cathode by electrically grounding the matrix port. While the reagent

bus could potentially serve the same purpose, the auto-valve constriction may cause

current instability at the high-fields used in capillary electrophoresis.

Figure 7A is a diagrammatic representation of a functional element of parallel

processing array, such as that discussed with respect to Figure 6, containing the

microfluidic structures for microbead isolation, thermal cycling, inline injection and

high performance capillary electrophoresis. Reagent (sample) 720, inline capture

722 and separation channel 724 regions are indicated. This is similar to the channel

layout presented in Figure 2A, with sequencing reagent bus or distribution channel

726 and capture reagent bus or distribution channel 728 added to connect the element

to the parallel processing array. The sample channel region in Figure 7A is a thermal

cycling reactor. Figure 7B is a diagrammatic representation of one quadrant (25-

elements) 700 of a 100-element radial array designed to fit on a 150 mm diameter

wafer. Each element contains a reactor (sample channel region), inline injector

(capture channel region), and capillary electrophoresis channel (as shown in Figure

7A), and the individual elements are linked by a reagent bus or distribution channel

704, matrix bus or distribution channel 706 and common anode 710. A single

microvalve 702 is used to seal the reagent bus. Via hole 708a connects the



microvalve 702 to the reagent bus 704. Via hole 708b connects the capture matrix

bus 706 to the main channel containing the inline injector and CE channel. For direct

sensing and distribution, a valve for each reactor on distribution channel may be used.

The inline injectors described herein allow high densities of elements to be

place on a wafer or other substrate. According to various embodiments, parallel

processing arrays on a wafer or other substrate, such as those discussed with reference

to Figures 7A and 7B, may have densities of at least 0.1 per cm2 of substrate; at least

0.5 per cm2 of substrate; at least 1 per cm2 of substrate; at least 2 per cm2 of substrate

and at least 5 per cm2 of substrate.

Linked sequencing of both template ends, or "paired-end sequencing",

provides valuable genome assembly information. Because the insert size is known

from the library creation step, paired reads provide the assembler with relative

distance and orientation information. Additionally, in genomes containing high

repeat content, such as the human and other mammalian genomes, a read falling in a

repeat region can be anchored within the genome assembly if the paired read contains

unique sequence data.

The exquisite sequence specificity of DNA hybridization utilized in the inline

affinity-capture injection system can also be used to segregate a simultaneous forward

and reverse paired-end sequencing reaction. Figure 8 presents microfluidic circuitry

and process flow for integrated paired-end sequencing. The design is similar to that

presented in Figure 6 with the addition of a second matrix bus 804b, waste port 831b,

and CE channel 810b. The channel design is shown at 801 prior to the introduction

of sequencing reagent, capture matrix, or gel separation matrix. The functional

element has a single thermal cycling element 808 connected to two inline injection

CE systems, including CE channels 810a and 810b utilizing forward and reverse

capture matrices. Reagent bus 806 distributes a microbead to a thermal cycling

reactor 808, as in Figure 6. Forward (F) matrix bus 804a is configured to pump

forward (F) capture matrix material into the forward (F) capture channel region of a

CE channel 810a; reverse (R) matrix bus 804b is configured to pump reverse (R)

capture matrix material into the reverse (R) capture channel region of a CE channel

810b. A transfer arm 819 connects the forward and reverse capture channel regions.

The microdevice is primed with microbeads as before except that the sequencing

reagent now contains both forward and reverse sequencing primers.



In step 803, forward capture matrix, containing an Acrydite-modified probe

complementary only to the forward extension fragments, is pumped into the Forward

(F) matrix bus 804a and gel-valve capture plugs are photopatterned both at the top of

the capture channel region of the CE channel 810a as well as in the transfer arm 819.

The gel-valve capture plug in the CE channel 810a is indicated at 818a. The gel-valve

plug 820 in the transfer arm is formed at the outlet to the reverse capture channel

region. Similarly, reverse capture matrix, containing an Acrydite-modified probe

complementary only to the reverse extension fragments, is pumped into the Reverse

(R) matrix bus 804b and photopatterned at the top of the CE channel 810b in step 805

to form gel-valve capture plug 818b. The gel-valve 820 in the transfer arm prevents

reverse capture matrix from entering the forward CE channel 810a. A separation

matrix is loaded from the common anode (not shown) and a simultaneous forward and

reverse sequencing reaction is performed in step 807. A forward capture channel

region 840 and separation channel region 842 are indicated. Segregation and capture

of the forward and reverse extension fragments is accomplished by electrically

grounding the reagent bus and applying 25 V to the waste port 831b of the reverse

channel 810b in a step 809. Extension fragments are serially drawn first through the

forward capture matrix then through the transfer arm and finally through the reverse

capture matrix. Segregated forward and reverse extension fragments are released from

their respective capture matrices at 70 0C and inline-injected into distinct CE channels

for paired-read sequencing in step 8 11. Other sequencing designs and process flows

may be used in the inline injection methods and devices described herein. For

example, Blazej, et al. Microfabή cated bioprocessor for integrated nanoliter-scale

Sanger DNA sequencing. Proc. Natl. Acad. Sci. USA 103: 7240-7245 (2006),

incorporated by reference above, describes bioprocessor components that for use with

a cross-injection system. These components may be used in accordance with the

inline injection systems described herein.

Microbead Droplet Generator

Returning back to Figure 5, the MINDS process involves generating

microbead carrying multiple clonal copies of a DNA sequencing template in step 508.

Microemulsion droplets are a powerful approach for efficiently performing PCR

amplification of small amounts of template in a massively parallel format. This

approach is valuable because: (1) the template and its PCR progeny are contained in a



small nanoliter (nL) volume emulsion particle, enabling efficient amplification to

produce a PCR colony contained in the bolus and chemically linked to a bead; (2) the

isolated emulsion particles reduce contamination and false amplification by separating

the various amplification reactions; (3) the comparatively high concentration of a

single template target in these nL bolus enables single molecule/single target

amplification; and (4) the use of emulsion particles enables the massively parallel

PCR amplification and analysis of large numbers of targets. Conventional methods

for producing PCR emulsions are very empirical, typically produce very small

emulsion droplets, and produce a wide range of droplet sizes. U.S. Provisional

Application No. 60/962,059, filed July 26, 2007, incorporated herein by reference,

describes a microfabricated nozzle or droplet generator (µDG) that can produce user

controlled, uniform size emulsion particles for performing PCR. The high-throughput

engineered nanoliter emulsion generator allows for the introduction of a single

functionalized microbead and a single DNA template or cell in individual, controlled

size droplets.

Figures 9A and 9B present a schematic of a method of producing nanoliter

emulsion particles. Stochastic limit dilutions of both beads and target molecules

allow encapsulation of a primer-functionalized bead and the target in individual

droplets. PCR reagent, target molecules and reverse primer attached beads (at 902)

mixed at a statistically dilute level produce 1% of the droplets at 904 with both a cell

and a bead functionalized reverse primer. A droplet with both a cell and bead is

shown at 906. Figure 9B illustrates the reverse primer attached bead and target

(cell/DNA fragment) in a droplet, with dye labeled forward primers at 908.

Amplification in the droplet produces a large number of double stranded products that

are linked to the bead by the covalent reverse primer at 910. Dye labeled forward

primers in solution allow for fluorescence detection of beads populated with the

amplified target molecule. A bead with a large number of fluorescently labeled

double stranded products is shown at 912.

Figure 1OA shows a photograph of a microfabricated nozzle device 1000 that

rapidly generates controlled, nanoliter volume droplets of PCR reagent in emulsion oil

and routes them into a 0.6 mL tube for temperature cycling using a block thermal

cycler. The microdevice includes oil and aqueous fluidic interconnections, along with

the droplet outlet tubing. Microfabricated chip 1002, fluid interconnect 1004, PCR

mix inlet microtube 1006, emulsion oil inlet microtubes 1008 and PCR droplet outlet



1010 are indicated. Accurate infusion of oil and aqueous phases is enabled by the use

of syringe pumps (PHD 2000, Harvard Apparatus) and glass syringes (Gastight

syringe, Hamilton Company). Microtubing (Peek tubing, Upchurch Scientific) with

about 100 µm internal diameter is used to minimize dead volume in the connections.

Figure 1OB shows an optical micrograph of droplet generation at the cross-injector

nozzle 1020. PCR reagent is injected in the left channel 1022, while emulsion oil is

injected in the top and bottom channels 1024. Droplet breakage at the nozzle occurs

as a result of competition between viscous stresses associated with the imposed flow

field and capillary stresses due to surface tension between the two phases. Further,

surface modification with octadecyltrichlorosilane renders the channel walls, which

may be glass, hydrophobic, thereby aiding in droplet formation and preventing any

droplet-wall interaction downstream. This is important for preventing cross-

contamination between droplets. The oil-surfactant combination used for emulsion

generation is also important from two standpoints. First, it should allow droplet

formation and maintain droplet stability through temperature cycling. Second, it

should be compatible with single molecule analysis by minimizing enzyme/DNA

adsorption to the active oil-aqueous interface. Various oil-surfactant combinations

have been explored in literature for microfabricated emulsion generation and show

stable droplet formation but exhibit a high degree of enzyme adsorption. Two oil-

surfactant formulations: (1) Mineral oil, 4.5% (v/v) Span 80, 0.4% (v/v) Tween 80

and 0.05% (v/v) Triton X-100 (all Sigma) (Ghadessy, et al., Directed evolution of

polymerase function by compartmentalized self-replication. Proc. Natl. Acad. Sci.

U.S.A. 2001, 98, 4552-4557; Dressman et al., Transforming single DNA molecules

into fluorescent magnetic particles for detection and enumeration of genetic

variations. Proc. Natl. Acad. Sci. U.S.A. 2003, 100, (15), 8817-8822, incorporated by

reference herein) and (2) 40 % (w/w) DC 5225C Formulation Aid (Dow Chemical

Co., Midland, MI), 30% (w/w) DC 749 Fluid (Dow Chemical Co.), and 30% (w/w)

Ar20 Silicone Oil (Sigma) (Margulies et al. Genome sequencing in microfabricated

high-density picolitre reactors. Nature 437, 376-380 (2005)) have been successfully

used for single molecule DNA amplification/analysis in a conventional polydispersed

emulsion PCR format.

The emulsion oil formulation presented by Margulies et al., referenced above,

was used to show stable droplet formation as well as successful amplification from a

single DNA molecule in uniform volume nanoliter droplets. Reaction volumes of 1-5



nL were used, as they contain more than 10 fold excess reagent for efficient

amplification of >1000 bp amplicons and at the same time are small enough to keep

the effective concentration of the single DNA molecule high (0.5-1.5 fM). Control

over droplet size and generation frequency is achieved by (1) controlling the channel

dimensions at the nozzle and (2) by varying the relative flow rates of oil and PCR

reagent. Standard glass microfabrication may be used to etch the nozzle shown in

Figure 1OB to a depth of 65 µm . Access holes (500 µm diameter) are drilled and

enclosed channels are formed by thermally bonding the patterned glass chip with

another glass slide. Using this device, three different droplet sizes - 1.1 nL, 2.2 nL

and 4.0 nL - were generated by varying the total oil flow rate between 4.0, 2.0 and

1.0 µL/min, respectively, while keeping the PCR reagent flow rate constant at 0.5

µL/min. All the droplet sizes show remarkable stability after 40 cycles of PCR.

To validate the usefulness of the µDG for single molecule genetic analysis, a

1,008 bp region of the pUC18 genome was amplified from three different stochastic-

limit template dilutions in 2.2 nL droplets. Following PCR, droplets were purified to

remove the oil phase and the extracted amplicons were run on an agarose gel. Gel

quantitation showed three to five attomoles of product per template molecule

consistently generated for the three different starting average template concentrations

of 0.67, 0.067 and 0.0067 molecules/droplet. In particular, clear production in the

lanes showing PCR amplified product produced from 1600 and 3200 droplets with

corresponding concentrations of 0.067 and 0.0067 strands per droplet, respectively,

demonstrates that full length 1 kb amplicons appropriate for sequencing can be

produced from single template molecules in individual emulsion bolus. However, the

PCR yields were about 20 fold lower than required by the attomole-scale inline-

injection sequencing device. Two reasons for this low yield are (1) DNA template

and enzyme adsorption to the glass syringe wall and (2) enzyme adsorption to the oil-

aqueous interface in the high surface area to volume ratio droplets. The syringe can be

coated with PEG-silane, poly-N-hydroxyethylacrylamide (pHEA) or with

(poly)dimethylacrylamide, all of which have been shown to minimize DNA/enzyme

adsorption to glass. To minimize enzyme adsorption to the oil-aqueous interface,

surfactants such as Tween 80 or Triton X-100 can be included in the PCR mix.

Alternatively, the oil-surfactant formulation presented by Ghadessy et al. and used by

Dressman et al., both referenced above, or other appropriate formulations for single

DNA molecule amplification may be used.



In order to manipulate products amplified from distinct DNA templates/cells

in individual droplets, without the extreme loss of concentration caused by droplet

lysis, primer functionalized microbeads may be incorporated in the droplets so that

they are bound to the PCR progeny. Primer functionalized microbeads are mixed

with PCR reagent at a stochastic limit dilution, and then introduced into droplets

along with a single DNA molecule/cell at ratios that follow the Poisson distribution.

See Margulies and Dressman, both referenced above, for a demonstration of this in

conventional polydisperse emulsion PCR formats. This capability with the µDG is

extremely useful because of the added advantages of efficient, uniform and large (>1

Kb) product amplification on beads. Flowing 22-44 µm diameter 6% agarose beads

in droplets along with PCR reagent from a syringe into the device shown as in Figure

1OA, the beads tend to settle in the syringe as well as the chip input hole over time

and do not get uniformly incorporated in the droplets. Figure 1IA shows a schematic

of a µDG 1100 with an on-chip pump 1101 that has pulsatile flow that has been

shown to facilitate bead movement in microchannels. (See Grover, et al., Monolithic

membrane valves and diaphragm pumps for practical large-scale integration into

microfluidic devices. Sensors & Actuators B 2003, 89, 315-323; and Grover, et al., An

Integrated Microfluidic Processor for Single Nucleotide Polymorphism-Based DNA

Computing. Lab-on-a-Chip 2005, 5, 1033-1040, both incorporated by reference

herein). The use of an on-chip pump for bead-PCR mix flow has two additional

advantages: (1) it obviates the use of syringe for PCR reagent and hence, negates the

problem of DNA/enzyme adsorption to the syringe glass and (2) the pulsatile motion

provides active control over the droplet formation process. The bead-PCR mix is

pipetted into a reservoir (not shown) placed over a bead-PCR reagent inlet hole 1102

and withdrawn into the chip using the glass-PDMS-glass pump system described in

Grover, Sensors and Actuators B, 2003, referenced above. A via hole 1104 transfers

the bead-PCR mix from a glass-PDMS channel 1105 into an all-glass channel 1103.

Emulsion oil is introduced directly into the all-glass channel at oil inlets 1106 using

syringe pumps (not shown). The PDMS swells on contact with oil so it is kept

spatially separated from the emulsion oil. Droplets are generated at a nozzle 1108 and

routed out of the device at a droplet outlet 1110.

Figure 11B presents an optical micrograph of an engineered 2.2 nL droplet

1112 containing a 34 µm agarose microbead 1114 formed with the µDG device

shown in Figure 1IA. The pulsatile motion of on-chip pumping aids in droplet



formation and provides a remarkable 1:1 correspondence between pumping frequency

and droplet formation frequency. Hence the droplet volume is equal to the volume

pumped every stroke, which in turn is proportional to the volume of the valves. This

enables exact control over droplet volumes by fabricating corresponding size valve

pumps.

Highly uniform 13 nL droplets collected from the µDG and imaged prior to

thermal cycling were formed with 1.0 mm x 1.4 mm valves, etched to a depth of 100

µm. A pumping frequency of 3.3 Hz was used and the combined oil flow rate was set

to 4.0 µL/min. Large droplets (~5 nL and bigger) have reduced stability and merge on

temperature cycling. Smaller (~4 nL) droplets (with beads) after 40 cycles of PCR,

were formed by operating the on-chip pump at 5.5 Hz and setting the combined oil

flow rate to 6.0 µL/min. Running the on-chip as well as the syringe pump faster helps

modulate the droplet size but may introduce some polydispersity. The µDG device

may incorporate valves with volumes proportional to 2~4 nL, such that droplet

uniformity can be attained in the smaller size range by running the on-chip and

syringe pumps at moderate speeds. Alternatively, bigger valves may be used to

prevent beads from being tapped in valves with bifurcation of the bead-PCR reagent

channel, which addresses multiple nozzles. This allows the volumetric flow rate to be

dropped by half or one fourth in each of the downstream channels and at the same

time allows for parallel droplet generation at two or four nozzles with a single bead-

PCR mix input.

As indicated above, in certain embodiments, microbeads are used to confine

and manipulate the PCR product from each droplet. There are two main criteria for

choosing a microbead. First, the bead should support PCR amplification on its

surface. Second, the surface area of the bead should be high enough to allow

sufficient DNA (-100 attomoles) to amplify on each bead. Several types of beads

have been successfully used as substrates for PCR, such as agarose beads, magnetic

silica microbeads and polystyrene beads. All of these beads are commercially

available with different size ranges. Agarose beads are the first choice because of their

low density, hydrophilicity, minimal aggregation and high loading capacity. Magnetic

silica microbeads allow simple and easy extraction of microbeads from the emulsion.

However, the low loading capacity of these beads (low attomole range) might prevent

their use for a sequencing project, where 100 attomoles of 1 kb DNA product is

desired on the bead surface. Being more uniform in size, polystyrene is a good choice



for quantification. A 9 µm polystyrene bead will have approximately 40 femtomoles

of functional groups for surface conjugation. Overall, agarose beads have the highest

number of functional groups per unit surface area. For example, agarose beads with a

mean diameter of 34 µm have about 2 picomoles of functional groups for DNA

coupling. Such a high loading capacity will ensure high PCR product yield on each

bead.

Beads may be prepared in various manners. For example, N-

hydroxysuccinimide ester (NHS)-activated agarose beads (34 µm mean diameter)

(Amersham Biosciences) are washed with cold 0.1 M HCl three times, cold H O once,

and cold 0.1M PBS (pH7.5) once to completely remove propanol in which the beads

are stored. The beads and an amine labeled reverse primer are mixed in 0.1 M PBS

(pH7.5) and incubated overnight for coupling. The primer concentration in the

reaction will be set to about 4000 attomole/bead. Typically, as high as 50% of

coupling yield can be reached for the reaction between an amine and NHS ester in

aqueous condition. It is expected that about 2000 attomoles of primer can be coupled

to a single bead. As the number of NHS groups on each bead is about 2 picomoles,

the number of primers attached to each bead can be easily increased when necessary

by adding higher concentration of primer in the coupling reaction. After coupling, the

beads are washed 3 times with 0.1 M PBS to remove any unbound DNA and stored in

pure water at 40C until needed. One potential problem of using the 34µm agarose

beads is their size polydispersity (ranging from 22-44 µm), which might result in

significant variation in the number of DNA molecules generated on each bead even

under controlled reaction conditions. This might not be a problem for sequencing and

other qualitative applications. However, it could be a problem for quantitation. If this

is found to be a problem, the size range of the beads may be narrowed by filtration

methods.

To achieve optimum amplification yield and avoid the steric hindrance the

solid surface (beads) poses to the polymerase in both PCR and sequencing reactions,

the reverse primer will be conjugated to the beads via a polyethylene glycol linker.

The length of polyethylene glycol (PEG) will be optimized carefully to achieve the

highest PCR yield and longest sequencing read length. Optimization of the follwing

PCR parameters: forward primer concentration in solution, reverse primer density on

beads, polymerase concentration, annealing time and extension time may be

performed. Flow Cytometry (FACS) analysis of the DNA yield on each bead will be



used to evaluate and optimize PCR conditions. The optimization experiments will

may be first carried out in solution without a microemulsion. Gel analysis of PCR

production in solution may be performed to make sure no nonspecific amplification

occurs due to the altered PCR conditions. Recognizing the polymerase activity might

decrease due to possible minor nonspecific adsorption of the enzyme to the oil-water

interface, an optimization of PCR conditions in the droplet may also be performed

with a focus on exploring the use of a surfactant, BSA or other additives to maintain

optimum bead PCR efficiency.

The bead recovery process should remove oil and surfactants present in the

emulsion completely so that they will not affect the downstream processing such as

sequencing, genotyping, or quantitation of the DNA product on beads, with minimum

lost of the secondary DNA strand that is hybridized to the bead bound strand (such as

shown in Figure 9A at 910. In certain embodiments, isopropyl alcohol is first used to

dissolve the oil and surfactants. The solution is then passed through a 15 µm filter.

The beads retained on the filter are washed three times with isopropyl alcohol, once

with 100% ethanol and three times with IX PCR buffer containing 1.5mM MgCl 2.

Results indicate that more than 70% of the beads can be recovered with about 90% of

the DNA remaining double stranded.

Bead PCR efficiency in microemulsions that were generated with a traditional

tissue lyser method and the effect of amplicon size on bead PCR efficiency was

studied. The tissue lyser approach produced very small (-50 pL) emulsion droplets

with a wide range of droplet sizes. Starting with 10 templates per bead, as high as 150

attomoles of 108 bp amplicon can be generated on each bead after 40 cycles of PCR.

However, limited by the small volume of the droplets, the yield for long templates

dropped significantly. This result illustrates an important fundamental limit of the

current conventional bulk emulsion PCR techniques. About 23 attomoles of DNA

product was found when the template length was increased to 545 bp. Performing

PCR under the same conditions with ~4 nL-droplets generated with a µDG produced

about 9 1 attomoles of 545 bp DNA product on each bead. These results establish that

the bead PCR can be carried out in engineered emulsion droplets and that the droplets

produced with the µDG device allow the amplification of long targets with high yield.

Figure 12 is diagrammatic representation of a polar arrayed µDG 1200 with 96

nozzles that are all supplied by a single bead-PCR reagent inlet 1201 at the center.

Arrayed µDGs may be used for whole genome sequencing and other applications that



require large numbers of nanoliter volume droplets. PCR reagent channels 1202,

glass-PDMS PCR reagent channels 1206, and all glass oil channels 1204 are

indicated. PCR droplet outlets are shown at 1212 and oil inlets at 1214. A via hole

1228 connects glass-PDMS channels to the all-glass channels. A pneumatic layer for

pump control is indicated at 1208. Twenty-four 3-valve on-chip pumps (valve are

indicated at 1224) are simultaneously controlled by 3 concentric pneumatic lines,

indicated at 1226, to infuse reagent through bifurcating channels into 96 nozzles 1210.

Each of the nozzles 96 is designed as the single nozzle 1108 in Figure 11. Ninety-six

oil inlet holes 1214, each addressing two oil channels, each allow symmetrical oil

flow and uniform droplet formation at the nozzles. The operation of the 24 on-chip

pumping devices which, in turn, each address 4 nozzles through channel bifurcation is

similar to the device shown in Figure 1IA. The polar array format limits the bead-

PCR mix inlet to one hole 1201 at the center but also combines the pneumatic control

for the 24 pumps into just three lines. Ninety-six oil input holes 1214 allows oil phase

flow into each of the two adjacent nozzles, thereby aiding in symmetrical and focused

droplet release. All the oil input and droplet output connections may be made through

a circular custom interconnect, similar to that shown in Figure 1OA. Five

infuse/withdraw syringe pumps (not shown) (Model#702006, Harvard Apparatus)

with ten 1 mL gastight syringe holders each and a flow splitting connection

(Upchurch Scientific) for all the syringes (1700 series, Hamilton Company) allow

simultaneous and continuous addressing of the 96 oil lines. Alternatively, oil flow can

be split into multiple lines within the microfabricated device, thus reducing the

number of syringe pumps required. In the arrayed µDG, as all the on-chip pumps are

simultaneously addressed by the three pneumatic lines, in certain embodiments, about

10-1 1 droplets/sec are generated at each of the 96 nozzles, enabling production of

1000 nanoliter volume droplets per second per wafer.

Figure 13 shows a diagrammatic representation of device that includes a bead

detector 1302, thermal cycling reactor 1304 and an inline injector 1306, including a

sample containment region/buffer reservoir 1308 and a capture region 1310. The

bead detector 1302, e.g., based on light scattering or fluorescence, is positioned just

before the reactor 1304, and valves are positioned on either side of the reactor to trap

a single bead inside. The device allows quantitative injection of the products

generated from thermal cycling a single clonal bead and thereby enabling sequencing

from the 75 to over 100 attomoles of DNA template per bead. To introduce a bead



into the integrated chip, a dilute solution of beads is placed in an inlet reservoir 1301

and pumped with PDMS pumps 1303 toward the thermal cycling chamber. The bead

detector 1302 is used to reveal when a bead has passed the detector and entered the

chamber. By closing valves on either side of the chamber, with the appropriate delay

determined by the flow rate, the bead is trapped inside for cycle sequencing. Since

the PDMS pumps are positive displacement and quantitative, the bead is pumped

precisely from the detector to the chamber. The extension fragments thus generated

by thermal cycling the trapped bead in the chamber will be pumped to the buffer

reservoir from where they will be captured and injected into a separation channel

1312 in a manner described above with reference to Figures 2A-2E. The bead

detector may take various designs. For example, a visible light scattering detector

could be used. This would consist of a 633 nm HeNe laser cylindrically focused on

the channel. Bead passage is sensed by looking at changes in the scatter signal caused

by the scattering and or refraction absorption or fluorescence of the beam caused by

the passing beads with a photodiode. However, the agarose beads are almost

transparent, so it is possible they will not provide a strong signal. Alternatively, an

intercalating dye, such as that which binds to the dsDNA on the bead at a

stoichiometry of one dye per ten bp, may be used. By configuring the chip in a

simple fluorescence microscope with 488 nm laser excitation, the TO fluorescence

can be readily detected. Dyed beads for fluorescent bead detection may also be used

as long as the dye choice does not interfere with clonal detection. The scattering

sensor could be placed at the start of a distribution channel that has valves that can

direct the detected bead to any of multiple such reaction systems arrayed along the

distribution channel.

While the invention has been particularly shown and described with

reference to specific embodiments, it will also be understood by those skilled in the

art that changes in the form and details of the disclosed embodiments may be made

without departing from the spirit or scope of the invention. For example, the

embodiments described above may be implemented using a variety of materials.

Therefore, the scope of the invention should be determined with reference to the

appended claims.



CLAIMS

What is claimed is:

1. A microfabricated structure for inline injection of a sample plug into a

separation channel, comprising:

a sample channel region for containing an unpurified sample of an analyte;

a capture channel region containing a capture matrix for forming a

concentrated sample plug, wherein said capture matrix has a selective affinity for the

analyte; and

a separation channel region to receive the sample plug and separate the

analyte, wherein the capture channel and separation channel regions are contiguous

and/or arranged in a line.

2. The microfabricated structure of claim 1 wherein the capture matrix

supports a capture compound having a selective affinity for the analyte.

3. The microfabricated structure of claim 1 wherein the capture matrix

forms a purified and concentrated sample plug.

4. The microfabricated structure of claim 1 further comprising a waste

port located downstream of the capture channel region and upstream of the separation

channel region.

5. The microfabricated structure of claim 1 further comprising a cathode

upstream of the capture channel region and an anode downstream of the separation

channel region.

6. The microfabricated structure of claim 1 wherein the capture matrix

comprises at least one of a gel, immobilized beads, a porous monolith, dense posts,

pillars and weirs.

7 . The microfabricated structure of claim 1 wherein the capture matrix

comprises a UV-polymerized gel.

8 . The microfabricated structure of claim 1 wherein the sample channel

region includes a thermal cycler chamber to produce extension fragments from a

sequencing template.



9. The microfabricated structure of claim 1 wherein the analyte comprises

extension fragments from a DNA or RNA template and the capture matrix supports an

oligonucleotide complementary to a portion of the extension fragments.

10. The microfabricated structure of claim 1 wherein the sample channel

region has a volume between about 10-1000 nanoliters.

12. The microfabricated structure of claim 1 wherein the capture channel

region has a volume between about 1-1000 nanoliters.

13. The microfabricated structure of claim 1 wherein the capture channel

region has a volume between about 1-100 nanoliters.

14. The microfabricated structure of claim 1 further comprising:

a radial array of inline injection and separation elements, each element

comprising:

a sample channel region for containing an unpurified sample of an

analyte;

a capture channel region containing a capture matrix for forming a

concentrated sample plug, wherein said capture matrix has a selective affinity for the

analyte;

a separation channel region to receive the sample plug and separate the

analyte, wherein the capture and separation channel regions are contiguous and/or are

arranged in a line;

a reagent distribution channel linking the sample channel regions;

a capture matrix distribution channel linking the capture channel regions; and

an anode common to all elements.

15. The microfabricated structure of claim 14 wherein the reagent

distribution channel is configured to distribute microreactor elements each of which

carries multiple copies of a unique clonal sequencing template into the sample

channel regions such that only one microreactor element will pass into one sample

channel region.

16. A microfabricated structure for inline injection of a sample plug into a

separation channel comprising:

sample region means for containing an unpurified sample of an analyte;

capture matrix means for forming a concentrated sample plug;

means for inline injecting the sample plug into a separation channel; and



the separation channel means for receiving the sample plug and separating the

analyte.

17. A microfabricated structure for paired-end sequencing comprising a

plurality of sequencing elements, each element comprising:

a thermal cycling reactor for producing forward and reverse extension

fragments from a sequencing template;

a forward capture channel region containing a forward capture matrix

for concentrating forward extension fragments, wherein said forward capture matrix

supports an oligonucleotide that selectively hybridizes to the forward extension

fragments;

a reverse capture channel region containing a reverse capture matrix

for concentrating reverse extension fragments, wherein said reverse capture matrix

supports an oligonucleotide that selectively hybridizes to the reverse extension

fragments;

a forward separation channel to separate the forward extension

fragments, wherein the forward capture channel region and the forward separation

channel region are contiguous and/or arranged in a line; and

a reverse separation channel to separate the reverse extension

fragments, wherein the reverse capture channel region and the reverse separation

channel region are contiguous and/or arranged in a line.

18. The microfabricated structure of claim 17, further comprising:

a reagent distribution channel to distribute microreactor elements

carrying multiple copies of a clonal sequencing template into the plurality of thermal

cycling chambers, wherein each thermal cycling chamber receives exactly one unique

clonal sequencing template; and

a forward capture matrix distribution channel to distribute forward

capture matrix material into the forward capture channel region.

19. The microfabricated structure of claim 18, further comprising:

a reverse capture matrix distribution channel to distribute reverse

capture matrix material into the reverse capture channel region.

20. The microfabricated structure of claim 18, further comprising a

transfer channel connecting the forward and reverse capture channel regions.



2 1. The microfabricated structure of claim 18 further comprising passive

valving to distribute the microreactor elements into the plurality of thermal cycling

chambers.

22. The microfabricated structure of claim 18 further comprising active

valving to distribute the microreactor elements into the plurality of thermal cycling

chambers.

23. A microfabricated structure comprising:

a distribution channel configured to distribute microreactor elements carrying

multiple copies of a clonal sequencing template into each of a plurality of channels

such that only one microreactor element will pass into one channel, wherein each

channel comprises a thermal cycling chamber connected to a purification chamber

connected to a component separation channel, wherein:

thermal cycling extension fragments are produced from a microreactor

element in the thermal cycling chambers;

the purification chambers are configured to capture and concentrate the

extension fragments; and

the component separation are configured to analyze the extension fragments,

and further wherein each component separation channel is contiguous with and/or is

arranged in a line with a purification chamber and configured to receive the

concentrated extension fragments via inline injection from that purification chamber.

24. A system for performing sequencing comprising:

means for shearing DNA into DNA fragments;

means for ligating the DNA fragments to form a mixture of desired

circular and contaminating linear products;

means for exonuclease degradation for selectively removing the

contaminating linear products;

emulsion PCR reaction means for generating microspheres carrying

multiple clonal copies of a single DNA sequencing template;

fluorescent activated cell sorting (FACS) means for selecting which

microspheres have a DNA sequencing template;

microfluidic distribution channel means for distributing a selected

microsphere with a DNA sequencing template into a thermal cycling chamber;

valving means for ensuring that statistically only one microsphere will

flow into one thermal cycling chamber;



Sanger extension means, including the thermal cycling chambers, for

producing thermal cycling extension fragments from the microspheres carrying

multiple copies of the DNA sequencing template;

capture means for capturing, purifying and concentrating the extension

fragments into a sample plug;

means for releasing the sample plug from the capture means;

means for inline injecting the sample plug into a capillary array

electrophoresis channel; and

separation means, including a capillary array electrophoresis channel,

for analyzing the extension fragments.

25. A device comprising:

a) a channel defining a flow path between a first end and a second end

comprising:

i . a capture channel region comprising an affinity capture matrix;

ii. a separation channel region, wherein the capture channel region

and the separation channel regions are contiguous and/or arranged in a line;

b) a first electrode in electrical communication with a first end of the

channel;

c) a waste port in fluid communication with the capture channel region;

d) a second electrode in electrical communication with the waste port,

wherein a.voltage applied between the first and second electrodes moves charged

molecules through the capture channel region to the waste port; and

e) a third electrode in electrical communication with a second end of the

sample channel, wherein a voltage applied between the first and third electrodes

moves charged molecules from the capture channel region through the separation

channel region.

26. A process of introducing an analyte in a sample to a separation channel

comprising:

introducing a sample containing an analyte to a sample channel region;

driving the analyte in the sample to a capture channel region containing a

capture matrix, said matrix having a selective affinity for the analyte;

forming a concentrated sample plug in the capture channel region; and

inline injecting the concentrated sample plug from the capture channel region

into the separation channel.



27. The process of claim 26 further comprising forming a purified sample

plug in the capture channel region.

28. The process of claim 26 wherein the sample channel region comprises

a thermal cycling reactor and introducing a sample containing an analyte to the

sample channel region comprises forming extension fragments from a sequencing

template in the thermal cycling reactor.

29. The process of claim 26 wherein the analyte comprises extension

fragments produced from a sequencing template and forming a concentrated sample

plug in the capture channel region comprises selective hybridization of at least some

of the extension fragments to oligonucleotides in the capture matrix.

30. The process of claim 26 further comprising thermally releasing the

sample plug from the capture matrix prior to injection.

31. A process for performing sequencing comprising:

distributing microreactor elements with DNA sequencing templates

into thermal cycling chambers, wherein each microreactor element has multiple clonal

copies of a single unique sequencing template;

producing thermal cycling extension fragments from the microreactor

elements carrying multiple copies of a sequencing template;

forming a concentrated sample plug of the extension fragments in a

capture channel region comprising a capture matrix;

inline injecting the sample plug from the capture matrix into a

separation channel; and

separating the extension fragments in the separation channel.

32. The process of claim 3 1 further comprising introducing capture matrix

material into the capture channel region and photo-polymerizing at least a portion of

the capture matrix material to produce the capture matrix.

33. The process of claim 3 1 wherein the microreactor element includes a

microcarrier element which carries the multiple copies of the clonal sequencing

template.

34. The process of claim 3 1 wherein the microreactor element is a bolus or

a microemulsion droplet.

35. The process of claim 3 1 wherein the microreactor element includes a

microbead carrying the multiple copies of the clonal sequencing template.
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done such that only one microreactor element will pass into one thermal cycling

chamber.

37. The process of claim 36 further including using a valve at an exit port

of the thermal cycling chambers to ensure that only one microreactor element will

flow into one thermal cycling chamber.

38. The process of claim 3 1 further comprising opening a single

microvalve in a distribution channel to distribute reagent containing microelements to

the thermal cycling chambers via the distribution channel.

39. The process of any of claims 31-37 further comprising sensing the

presence of a microelement having multiple clonal copies of DNA sequencing

template in a distribution channel and directing that microelement to a thermal cycling

reactor.

40. A process for performing sequencing comprising:

distributing microreactor elements with DNA sequencing templates

into thermal cycling chambers, wherein each microreactor element has multiple clonal

copies of a single unique sequencing template;

producing thermal cycling extension fragments from the microreactor

elements carrying multiple copies of a sequencing template;

forming a concentrated sample plug of the extension fragments in a

capture channel region comprising a capture matrix;

injecting the sample plug from the capture matrix into a separation

channel, wherein at least about 50% of the extension fragments produced are injected

into the separation channel.

41. The process for performing sequencing of claim 40, wherein at least

about 70% of the extension fragments produced are injected into the separation

channel.

42. The process for performing sequencing of claim 40, wherein at least

about 80% of the extension fragments produced are injected into the separation

channel.

43. The process for performing sequencing of claim 40, wherein at least

about 90% of the extension fragments produced are injected into the separation

channel.

44. A method comprising:



b) moving the sample to a sample channel region;

c) applying an electrical potential across a fluid path comprising

the sample channel region, a capture channel region and a waste port, wherein the

capture channel region comprises an affinity capture matrix configured to capture

analyte molecules and wherein non-analyte molecules are moved by the electrical

potential to the waste port;

d) releasing captured analyte molecules from the affinity capture

matrix;

e) applying an electrical potential across a second fluid path

comprising the capture channel region and a separation channel region of a separation

channel, wherein the separation channel region is contiguous with and/or arranged in

a line with the capture channel and wherein analyte molecules are moved by the

electrical potential through the separation channel, whereby analyte molecules are

resolved; and

f) detecting the resolved analyte molecules in the separation

channel.

45. The method of claim 44 wherein releasing comprises increasing the

temperature of the affinity capture matrix.
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