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APPARATUS AND METHODS FOR PERFORMING

ELECTROCHEMICAL REACTIONS

This application is a continuation of U.S. patent application Ser. No.

12/785,716, filed 24 May 2010, which is a continuation-in-part of U.S. patent applications

Ser. Nos. 12/474,897 and 12/475,31 1, both filed 29 May 2009, and it claims the benefit of

these applications and of U.S. provisional patent application Ser. No. 61/306,924, filed 22

February 2010. All of the foregoing applications are incorporated by reference herein in

their entireties.

BACKGROUND

[0001] Electrochemical detection is attractive because it provides high sensitivity,

small dimensions, low cost, fast response, and compatibility with microfabrication

technologies, e.g. Hughes et al, Science, 254: 74-80 (1991); Mir et al, Electrophoresis, 30:

3386-3397 (2009); Trojanowicz, Anal. Chim. Acta, 653: 36-58 (2009); Xu et al, Talanta,

80: 8-18 (2009); and the like. These characteristics have led to the development of a variety

of sensors based on amperometric, potentiometric or impedimetric signals and their

assembly into arrays for chemical, biochemical and cellular applications, e.g. Yeow et al,

Sensors and Actuators B 44: 434-440 (1997); Martinoia et al, Biosensors & Bioelectronics,

16: 1043-1050 (2001); Hammond et al, IEEE Sensors J., 4 : 706-712 (2004); Milgrew et al,

Sensors and Actuators B 103: 37-42 (2004); Milgrew et al, Sensors and Actuators B, 111-

112: 347-353 (2005); Hizawa et al, Sensors and Actuators B, 117: 509-515 (2006); Heer et

al, Biosensors and Bioelectronics, 22: 2546-2553 (2007); Barbara et al, Sensors and

Actuators B, 118: 41-46 (2006); Anderson et al, Sensors and Actuators B, 129: 79-86

(2008); Rothberg et al, U.S. patent publication 2009/0127589; Rothberg et al, U.K. patent

application GB2461 1127; and the like. In particular, several of these developments involve

the use of large-scale arrays of electrochemical sensors for monitoring multiple reaction

steps on a large plurality of analytes confined to such an array, e.g. Anderson et al (cited

above); Rothberg et al (cited above); and the like. Typically in such systems, analytes are

randomly distributed among an array of confinement regions, such as microwells or reaction

chambers, and reagents are delivered to such regions by a fluidics system that directs flows

of reagents through a flow cell containing the sensor array. Microwells in which reactions



take place, as well as empty wells where no reactions take place, may be monitored by one

or more electronic sensors associated with each of the microwells.

[0002] Such systems are subject to a host of interrelated phenomena that make

highly sensitive measurements challenging, particularly under low signal conditions. Such

phenomena include unstable reference voltage for the electrical sensors, lack of knowledge

as to which confinement regions contain analytes, variability in the amount of reagents

delivered by a flow stream to analytes confined to different regions of an array, potential

mixing of successively delivered reagents, changes in instrument temperature, fluid leaks

that may affect fluid potential, extraneous electrical interference, e.g. 60 Hz noise, cell

phones, or the like, all of which may affect the quality of signals collected. In addition, for

specific applications, there may further challenges related to particular reagents used, the

sensitivity of a sensor for the analyte being measure, the presence or absence of interfering

compounds, such as other reaction byproducts, and the like.

[0003] In view of the above, it would be advantageous to have available a system

for carrying out multi-reagent electrochemical reactions in parallel on a large number of

analytes which overcame the deficiencies of current approaches.

SUMMARY OF THE INVENTION

[0004] The present invention is directed to apparatus and methods for delivering

multiple reagents to a plurality of reactions carried out on, and monitored by, a large-scale

array of electronic sensors. In one aspect, such invention provides apparatus and methods

for reducing noise in output signals generated by such electronic sensors in response to

changes in reaction conditions. The present invention is exemplified in a number of

implementations and applications, some of which are summarized below and throughout the

specification.

[0005] In one aspect, the invention includes an apparatus for performing multi-step

electrochemical reactions, wherein a stable reference voltage is provided through a reaction

flow chamber to electronic sensors monitoring such multi-step electrochemical reactions.

In one embodiment, the apparatus comprises (a) one or more reaction vessels each coupled

to an electronic sensor for monitoring products in the reaction vessel, the electronic sensor

generating an output signal related to a concentration or presence of a product, the output

signal depending on a reference voltage; (b) a fluidics system for sequentially delivering a



plurality of electrolytes to the reaction vessel one at a time; and (c) a reference electrode in

contact with a selected electrolyte of the plurality, the reference electrode being in fluid

communication with the reaction chamber and providing the reference voltage to each

electronic sensor without the reference electrode contacting any of the non-selected

electrolytes. As described more fully below, in one embodiment, the one or more reaction

vessels is an array of microwells disposed on an array of chemFET sensors which, in turn, is

disposed in a flow cell in fluid communication with the microwells.

[0006] In another aspect, the invention includes an apparatus comprising a sensor

array comprising floating gate ion-sensitive field-effect transistors, on which a flow path is

defined by a flow cell, such that sensors of the array outside of the flow path are inactivated

by electrically connecting their floating gates. In one aspect, such apparatus comprises (a) a

sensor array comprising a plurality of sensors formed in a circuit-supporting substrate, each

sensor of the array comprising a chemically sensitive field-effect transistor (chemFET)

having a floating gate, the chemFET being configured to generate at least one electrical

signal related to a concentration or presence of one or more reaction products proximate

thereto and a microwell array disposed on the circuit-supporting substrate such that each

microwell is disposed on at least one sensor, wherein one or more microwells contain

analyte; and (b) a fluidics system for delivering reagents to the microwell array, the fluidics

system comprising a flow cell having an inlet, an outlet and a flow chamber that defines a

flow path of reagents as they pass from the inlet to the outlet, wherein the flow chamber is

configured to deliver the reagents transversely over open portions of the microwells in the

flow path, and wherein the floating gates of sensors outside of the flow path are electrically

connected and held at a common voltage.

[0007] In another aspect, the invention include a method for locating analytes

distributed among a plurality of microwells comprising the steps of (a) providing a plurality

of microwells disposed on an array of sensors, wherein each microwell has an opening in

fluid communication with a flow chamber and is capable of retaining at least one analyte,

and wherein each microwell is disposed on at least one sensor configured to provide at least

one output signal in response to reagents proximate thereto; (b) changing reagents in the

flow chamber from a first reagent in response to which sensors generate a first output signal

to a second reagent in response to which sensors to generate a second output signal; and (c)



correlating a time delay of a second output signal from a sensor in response to said changing

with the presence of an analyte in its corresponding microwell.

[0008] In a related aspect, the invention further includes an article of manufacture

comprising a sensor array comprising a plurality of sensors formed in a circuit-supporting

substrate, each sensor of the array being configured to generate at least one electrical signal

related to a concentration or presence of one or more predetermined species proximate

thereto and a microwell array disposed on the circuit-supporting substrate such that each

microwell thereof has an opening on a surface of the microwell array and is disposed on at

least one sensor; and a plurality of analytes randomly distributed in the microwells at

locations determinable by an output signal generated by its corresponding sensor. In one

embodiment, such analytes each comprise a particle having attached thereto a clonal

population of a nucleic acid fragment, such as a genomic DNA fragment, cDNA fragment,

or the like.

[0009] In another aspect, the invention provides a method of reducing noise in

output signals from a sensor array related to reactions and/or analytes disposed in a

microwell array. Such method comprises the steps of (a) disposing analyte onto the

microwell array such that a portion of the microwells contain analyte; (b) obtaining an

output signal generated by a microwell containing analyte or reaction byproduct; and (c)

subtracting from such output signal an average of output signals from neighboring

microwells that do not contain an analyte or a reaction byproduct.

[0010] These above-characterized aspects, as well as other aspects, of the present

invention are exemplified in a number of illustrated implementations and applications, some

of which are shown in the figures and characterized in the claims section that follows.

However, the above summary is not intended to describe each illustrated embodiment or

every implementation of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Fig. IA illustrates components of one embodiment of the apparatus of the

invention.

[0012] Fig. IB is a diagrammatic illustration of a cross-section of a first example of

a fluid-fluid reference electrode interface in which the reference electrode is introduced

downstream in the reagent path from the flow cell.



[0013] Figs. 1C and ID are diagrammatic illustrations of two alternative examples

of ways to construct apparatus to achieve the fluid-fluid interface of Fig. IB.

[0014] Fig. IE is a diagrammatic illustration of a cross-section of a second example

of a fluid-fluid reference electrode interface in which the reference electrode is introduced

upstream in the reagent path from the flow cell.

[0015] Fig. 2A illustrates a section of a flow cell with an external reference

electrode and enlargement of an exemplary electronic sensor.

[0016] Fig. 2B illustrates the movement of two successive reagents over a section of

a microwell array with an ideally uniform flow front between the different reagents.

[0017] Fig. 2C illustrates how a particle retards the progress of a sensor-active

reagent, thereby creating an output signal time delay that may be used to determine the

presence of the particle in the microwell.

[0018] Fig. 2D compares output signal data from a microwell with a particle and a

microwell without a particle.

[0019] Fig. 3A is a diagram illustrating flow paths through a flow chamber having

diagonally opposed inlet and outlet.

[0020] Fig. 3B is a top view of a mask used for fabricating a sensor array of floating

gate chemFETs, where floating gates of chemFETs outside of a diagonal flow region are

electrically connected in the manufacturing process, in order to eliminate or minimize noise

contributions from unused sensors outside of the diagonal flow region.

[0021] Fig. 3C is a display showing the density of analyte deposition in a large-scale

microwell array as determined by sensor output signal changes in response to exposure to a

step-function pH change.

[0022] Fig. 4A-4D show different views of flow cell components and their

integration with a microwell-sensor array chip.

[0023] Fig. 4E shows a flow cell with two flow chambers integrated with a

microwell-sensor chip.

[0024] Fig. 5A illustrates analytes randomly disposed in microwells of a microwell

array.



[0025] Figs. 5B and 5C illustrate different ways of identifying empty microwells in

the vicinity of a selected microwell.

[0026] Figs. 6A-6F illustrate the use of signals from local microwells to reduce

noise in an output signal of a sensor of a selected microwell.

[0027] Figs. 7A-7C are diagrammatic illustrations of components of an apparatus of

the invention adapted for pH-based DNA sequencing.

[0028] Figs. 8A-8C diagrammatically illustrate a fluid circuit for delivering

successively different reagents to a flow cell for DNA sequencing, where a reference

electrode is in continuous fluid contact with solely a wash solution.

DETAILED DESCRIPTION

[0029] While the invention is amenable to various modifications and alternative

forms, specifics thereof have been shown by way of example in the drawings and will be

described in detail. It should be understood, however, that the intention is not to limit the

invention to the particular embodiments described. On the contrary, the intention is to cover

all modifications, equivalents, and alternatives falling within the spirit and scope of the

invention. For example, the microelectronics portion of the apparatus and array is

implemented in CMOS technology for purposes of illustration. It should be appreciated,

however, that the disclosure is not intended to be limiting in this respect, as other

semiconductor-based technologies may be utilized to implement various aspects of the

microelectronics portion of the systems discussed herein. Guidance for making arrays of

the invention is found in many available references and treatises on integrated circuit design

and manufacturing and micromachining, including, but not limited to, Allen et al, CMOS

Analog Circuit Design (Oxford University Press, 2nd Edition, 2002); Levinson, Principles of

Lithography, Second Edition (SPIE Press, 2005); Doering and Nishi, Editors, Handbook of

Semiconductor Manufacturing Technology, Second Edition (CRC Press, 2007); Baker,

CMOS Circuit Design, Layout, and Simulation (IEEE Press, Wiley-Interscience, 2008);

Veendrick, Deep-Submicron CMOS ICs (Kluwer-Deventer, 1998); Cao, Nanostructures &

Nanomaterials (Imperial College Press, 2004); and the like, which relevant parts are hereby

incorporated by reference. Likewise, guidance for carrying out electrochemical

measurements of the invention is found in many available references and treatises on the

subject, including, but not limited to, Sawyer et al, Electrochemistry for Chemists, 2nd



edition (Wiley Interscience, 1995); Bard and Faulkner, Electrochemical Methods:

Fundamentals and Applications, 2nd edition (Wiley, 2000); and the like, which relevant parts

are hereby incorporated by reference.

[0030] In one aspect the invention is directed to apparatus and methods for carrying

out and monitoring a plurality of multi-step reactions with electronic sensors. The multi-

step reactions may be cyclic, such as in DNA sequencing reactions, DNA synthesis

reactions, or the like, where repeated cycles of one or more steps are carried out, or they

may be non-cyclic, such as in multi-component labeling reactions, as for example, in a

sandwich assay using enzymatic labels. Multi-step reactions may also result from the

presence of a biological material, such as living cells or tissue sample, where responses, e.g.

the presence or absence of metabolites, are detected in response to a series of reagent

exposures, which may be drug candidate molecules, or the like. Preferably, electronic

sensors of the invention are integrated into a sensor array suitable for sensing individual

reactions taking place on or adjacent to a surface of the array. In one embodiment, an array

of reaction confinement regions is integral with such a sensor array. An array of reaction

confinement regions may take the form of a microwell array or a reaction chamber array

made by conventional micro- or nanofabrication techniques, for example, as described in

Rothberg et al, U.S. patent publication US2009/0127589 and Rothberg et al, U.K. patent

application GB2461 1127. In one embodiment, each microwell or reaction chamber in such

an array has at least one sensor that is in a sensing relationship so that one or more

characteristics of a reaction in the microwell or reaction chamber can be detected or

measured. Typically electronic sensors of the invention measure directly or indirectly (for

example, by the use of a binding compound or label) reaction byproducts including, but not

limited to, chemical species resulting from a reaction or physical changes caused by a

reaction, such as increases or decreases in temperature, e.g. as disclosed in Rothberg et al

(U.S. and U.K. patent publications cited above). Preferably, electronic sensors of the

invention convert changes in the presence, concentration or amounts of reaction byproducts

into an output signal, which may be a change in a voltage level or a current level which, in

turn, may be processed to extract information about a reaction. Electronic sensors of the

array, or a subset of such sensors, may also be used to monitor the presence or concentration

of reactants, indicator molecules, or other reagents, such as reagents for identifying

microwells containing analytes (described more fully below). The structure and/or design

of sensors for use with the invention may vary widely, as exemplified by the following



references, which are incorporated by reference: Rothberg et al, U.S. patent publication

US2009/0 127589; Rothberg et al, U.K. patent application GB2461 1127; Barbara et al, U.S.

patent 7,535,232; Sawada et al, U.S. patent 7,049,645; Kamahori et al, U.S. patent

publication 2007/0059741; Miyahara et al, U.S. patent publications 2008/0286767 and

2008/0286762; O'uchi, U.S. patent publication 2006/0147983; Osaka et al, U.S. patent

publication 2007/0207471; Esfandyarpour et al, U.S. patent publication 2008/0166727; and

the like. In a preferred embodiment, sensors of the array comprise at least one chemically

sensitive field effect transistor that is configured to generate at least one output signal

related to a property of a chemical reaction in proximity thereof. Such properties may

include a concentration (or a change in concentration) of a reactant or product, or a value of

physical property (or a change in such value), such as temperature. Desirable

configurations and physical characteristic of electronic sensor arrays and microwell arrays

are described more fully below. In one embodiment of such sensor arrays, the chemFETs of

the sensors include a floating gate. In another embodiment of the invention, electronic

sensors of the array each generate an output signal that depends in part on the value of the

voltage of a reference electrode that is in fluid contact with microwell array. In particular

embodiments, a single reference electrode is provided so that each sensor generates output

signals with the same reference voltage.

[0031] Components of one embodiment of the invention are illustrated

diagrammatically in Fig. IA. Flow cell and sensor array (100) comprise an array of reaction

confinement regions (which may comprise a microwell array) that is operationally

associated with a sensor array, so that, for example, each microwell has a sensor suitable for

detecting an analyte or reaction property of interest. Preferably, a microwell array is

integrated with the sensor array as a single chip, as explained more fully below. A flow cell

can have a variety of designs for controlling the path and flow rate of reagents over the

microwell array. In some embodiments, a flow cell is a microfluidics device. That is, it

may be fabricated with micromachining techniques or precision molding to include

additional fluidic passages, chambers, and so on. In one aspect, a flow cell comprises an

inlet (102), an outlet (103), and a flow chamber (105) for defining the flow path of reagents

over the microwell array (107). Embodiments of the flow cell are described more fully

below. Reagents are discarded into a waste container (106) after exiting flow cell and

sensor array (100). In accordance with the invention, a function of the apparatus is to

deliver different reagents to flow cell and sensor array (100) in a predetermined sequence,



for predetermined durations, at predetermined flow rates, and to measure physical and/or

chemical parameters in the microwells that provide information about the status of a

reaction taking place therein, or in the case of empty wells, information about the physical

and/or chemical environment in the flow cell. To this end, fluidics controller ( 1 18) controls

by lines (120 and 122) the driving forces for a plurality of reagents ( 114) and the operation

of valves (for example, 112 and 116) by conventional instrument control software, e.g.

LabView (National Instruments, Austin, TX). The reagents may be driven through the fluid

pathways, valves and flow cell by pumps, by gas pressure, or other conventional methods.

In embodiments where a single reference electrode (108) is positioned upstream of flow cell

and sensor array (100), preferably a single fluid or reagent is in contact with reference

electrode (108) throughout an entire multi-step reaction. This is achieved with the

configuration illustrated in Fig. IA where reagents 1 through K ( 114) are directed through

passage (109) to flow cell (105). When those reagents are flowing, valve ( 112) is shut,

thereby preventing any wash solution from flowing into passage (109). Although the flow

of wash solution is stopped, there is still uninterrupted fluid and electrical communication

between reference electrode, passage (109), and sensor array (107). At most reagents 1

through K when flowing through passage (109) diffuse into passage ( 111), but the distance

between reference electrode (108) and the junction between passages (109) and ( 111) is

selected so that little or no amount of the reagents flowing in common passage (109) reach

reference electrode (108). Although Fig. IA and other figures illustrate an electrode (for

example, reference electrode, 108) as a cylinder concentric with a fluid passage (for

example, 111), reference electrodes, such as (108), may have a variety of different shapes.

For example, it could be a wire inserted into the lumen of ( 111). In one aspect, reference

electrode (108) constitutes a section of passage ( 112) that is made of a conductive material,

such as stainless steel, gold, or the like. Preferably the material is inert with respect to

reagents in contact with it. Reference electrode (108) in one embodiment is a tube made of

a conductive material which forms part of passage ( 112). Generally in the figures,

whenever electrodes are represented as a cylinder concentric with a flow path, such figure

element is intended to comprise electrodes having a variety of configurations, as noted, but

with a preferred configuration as a tube of conductive material enclosing part of a flow path.

[0032] The value of the reference voltage depends on the interface between the

electrode and the solution in which the electrode is in contact. It has been observed and

appreciated that (for example) solutions of different nucleoside triphosphates cause the



reference voltage to change, thereby causing undesirable changes in the output signals of

the sensors. For multi-step reactions using frequent wash steps, wash solution ( 110) may be

selected as the reagent in continuous contact with reference electrode (108) as illustrated in

Fig. IA. (That is, the wash solution would be the "selected electrolyte' or "selected

reagent" and the dNTP reagents would be the "non-selected electrolytes" or "non-selected

reagents" as the terms are used elsewhere herein). As further described below, in certain

DNA sequencing methods washes are implemented after each introduction of nucleoside

triphosphates; thus, in such methods a wash solution is preferably in continuous contact

with reference electrode. Such contact may be obtained by including a reservoir for holding

the selected electrolyte, such as the wash solution, which is connected by a branch passage

(e.g. 111) to a common passage (e.g. 109) for delivering electrolytes to a reaction vessel. In

one aspect, the branch passage has a valve disposed between the reservoir (e.g., 110) and a

junction with the common passage, wherein the reference electrode is disposed in the

branch passage between the valve and the junction such that the reference electrode is in

fluid communication with the reaction vessel and such that whenever the valve (e.g. 112) is

shut and fluid within the branch passage is stationary, substantially no non-selected

electrolyte contacts the reference electrode. The only transfer of non-selected electrolyte

into the branch passage is by diffusion; thus, the reference electrode may be place

sufficiently far away from the junction so that minimal or no non-selected electrolyte

reaches it during the time the selected electrolyte is stationary.

[0033] Further components of this embodiment include array controller (124) for

providing bias voltages and timing and control signals to the sensor array (if such

components are not integrated into the sensor array), and for collecting and/or processing

output signals. Information from flow cell and sensor array (100), as well as instrument

settings and controls may be displayed and entered through user interface (128). For some

embodiments, for example, nucleic acid sequencing, the temperature of flow cell and sensor

array (100) is controlled so that reactions take place and measurements are made at a

known, and preferably, a predetermined temperature. Such temperature may be controlled

by conventional temperature control devices, such as, a Peltier device, or the like. In one

aspect, temperature is conveniently controlled by controlling the temperatures of the

reagents flowing through the flow cell. Noise in output signals due to temperature

differences within an array or due to temperature fluctuations may be recorded by

temperature reference sensors within the array, as described in Rothberg et al (published



patent application cited above). Such noise may then be subtracted from the output signal

in conventional signal processing techniques.

[0034] Fig. 2A is an expanded and cross-sectional view of flow cell (200) showing a

portion (206) of a flow chamber with reagent flow (208) moving across the surface of

microwell array (202) over the open ends of the microwells. Preferably, microwell array

(202) and sensor array (205) together form an integrated unit forming a bottom wall or floor

of flow cell (200). In one embodiment, reference electrode (204) is fluidly connected to

flow chamber (206). A microwell (201) and sensor (214) are shown in an expanded view.

Microwell (201) may be formed by conventional microfabrication technique, as described

briefly below. Microwell volume, shape, aspect ratio (such as, base width-to-well depth

ratio), and the like, are design choices that depend on a particular application, including the

nature of the reaction taking place, as well as the reagents, byproducts, and labeling

techniques (if any) that are employed. Sensor (214) is a chemFET with floating gate (218)

having sensor plate (220) separated from the microwell interior by passivation layer (216).

Sensor (214) is predominantly responsive to (and generates an output signal related to) the

amount of charge (224) present on the passivation layer (216) opposite of sensor plate

(220). Changes in charge (224) cause changes in the current between source (221) and

drain (222) of the FET, which may be used directly to provide a current-based output signal

or indirectly with additional circuitry to provide a voltage output signal. Reactants, wash

solutions, and other reagents move into microwells from flow chamber (206) primarily by

diffusion (240).

[0035] Typically reactions carried out in microwells (202) are analytical reactions to

identify or determine characteristics or properties of an analyte of interest. Such reactions

generate directly or indirectly byproducts that affect the amount of charge adjacent to sensor

plate (220). (Indirect detection may occur, for example, if byproduct chelators or other

binding compounds are used that affect the sensor after binding an analyte of interest, or if

labeling moieties are employed, such as enzymes that may generate a secondary byproduct

as the result of a binding event, or the like) If such byproducts are produced in small

amounts or rapidly decay or react with other constituents, then multiple copies of the same

analyte may be analyzed in microwell (201) at the same time in order in increase the output

signal ultimately generated. In one embodiment, multiple copies of an analyte may be

attached to solid phase support (212), either before or after deposition into a microwell.



Solid phase supports (212) may include microparticles, nanoparticles, beads, solid and

porous, comprising gels, and the like. For nucleic acid analytes, multiple, connected copies

may be made by rolling circle amplification (RCA), exponential RCA, and like techniques,

to produce an amplicon without the need of a solid support.

[0036] As mentioned above, in one aspect, flow cells of the invention constrain

reagents to move transversely in a laminar flow over a microwell array. The rate of flow is

a design choice depending on the nature of the reactions carried out, the geometry and size

of the flow chamber and microwell array, and the like. Generally, however, when different

reagents are successively delivered to the microwells, a flow cell delivers each new reagent

flow with a uniform flow front as it transits the flow chamber during the switch from one

reagent to another. That is, flow cell design and reagent flow rate are selected so that as one

reagent follows another with little or no mixing occurring at the boundary between the

successive fluids. Fig. 2B illustrates a uniform flow front between two reagents moving

across section (234) of a microwell array. A "uniform flow front" means that successive

reagents, e.g. reagent 1 (232) and reagent 2 (230), undergo little or no mixing as the

reagents move across the microarray, thereby keeping boundary (236) between reagent 1

(232) and reagent 2 (230) narrow as it moves across a microarray. Such boundaries may be

linear for flow cells having inlets and outlets at opposite ends of their flow chambers, or

such boundaries may be curvilinear for flow cells having central inlets (or outlets) and

peripheral outlets (or inlets).

Reference Electrodes for Electronic Sensor Arrays

[0037] The fluid-electrode interface influences the way the reference potential is

transmitted into the fluid. That is, the interface potential between the fluid and the electrode

fluctuates with the composition of the fluid (which may be somewhat turbulent and

inhomogeneous), introducing a voltage offset to the potential of the bulk fluid which varies

with time and possibly location, as well. Considerably greater reference potential stability

may be achieved by moving the location of the reference electrode so that it is substantially

isolated from changes in fluid composition. This may be accomplished by introducing a

conductive solution of a consistent composition over at least part of the surface of the

electrode (hereafter the "electrode solution" or "selected electrolyte"), arranging the

electrode to avoid it coming into direct contact with the changing fluids in the flow cell and,



instead, arranging the electrode solution (not the electrode) to come into electrical contact

with the fluid in the flow cell. The result is a transfer of the reference potential to the flow

cell solution (be it a reagent or wash or other solution) that is considerably more stable than

is obtained by direct insertion of an electrode into the flow cell solution. We refer to this

arrangement as a liquid-liquid or fluid-fluid reference electrode interface. The fluid-fluid

interface may be created downstream from the flow cell, upstream from the flow cell (as

exemplified in Fig. IA), or in the flow cell. Examples of such alternative embodiments are

shown in Figs. Figs. IB - IE.

[0038] Turning first to Fig. IB, there is shown a diagrammatic illustration of an

embodiment in which the fluid-fluid interface is created downstream from the flow cell. In

this example, the flow cell apparatus 131 is, as above, mounted on a chip 132 which

contains the sensor array (not shown). The flow cell apparatus includes an inlet port 133

and an outlet port 134. That is, the reagent fluids are introduced into port 133 via conduit

134 and they exit via port 134. A first port 136 of a fluid "Tee" connector 137 is coupled

onto flow cell outlet port 134 via conventional couplings to receive the fluid exiting from

the flow cell. A reference electrode such as a hollow electrically conductive tube 138 is fed

into another port of the Tee connector via a fluid-tight coupling 139. The reference

electrode is connected to a reference potential source 140 and a suitable electrode solution

141 is flowed into the center bore of the electrode tube.

[0039] Two modes of operation are possible. According to a first mode, the

electrode solution may be flowed at a rate that is high enough to avoid backflow or

diffusion from the fluid flowing out of the flow cell. According to a second mode, once the

electrode solution has filled the electrode and come into contact with the outlet flow from

the flow cell, a valve (not shown) may be closed to block further flow of the electrode

solution into the electrode and, as the electrode solution is an incompressible liquid, there

will be substantially no flow into or out of the electrode, yet the fluid-fluid interface will

remain intact. This presumes, of course an absence of bubbles and other compressible

components. For a fluid-fluid interface to take the place of a metal-fluid interface, the tip

142 of the electrode 138 is positioned to stop within the Tee connector short of the fluid

flow out of the flow cell, so that it is the "electrode solution," not the electrode itself, that

meets the outlet flow from the flow cell, indicated at 143, and carries the reference potential

from the electrode to the reagent solution exiting the flow cell. The two fluid streams

interact in the Tee connector at 143 and if the electrode solution is flowing, it flows out the



third port 144 of the Tee connector with the reagent flow, as a waste fluid flow, for disposal.

This approach eliminates interfacial potential changes at the electrode surface. Using a

fluid-fluid interface to convey a stable reference potential from a reference electrode to a

flow cell, various alternative embodiments are possible.

[0040] In one alternative, illustrated in Fig. 1C, the referencing junction (i.e., the

fluid-fluid interface ) can be moved into the structure of the members forming the flow cell

or even into the sensor chip itself, but with the electrode solution never entering the flow

cell. For example, a manifold 151 may be formed in the flow cell assembly outside the flow

chamber itself, having an inlet 152 for receiving electrode solution and an outlet 153 in fluid

communication with the flow cell's outlet conduit 134. The electrode may be a separate

element disposed in the manifold or it may be a metallization applied to an interior surface

of the manifold.

[0041] Alternatively, the manifold can be formed in the substrate of the chip itself

by fabricating in the substrate a hollow region which can serve as a conduit allowing fluid

passage from an inlet end to an outlet end. An electrode may be inserted therein via a

separate inlet port 152 or part of the (interior or exterior, ass appropriate) surface of the

conduit may be metalized during fabrication, to serve as the electrode. The flow path for

reagent fluid to exit the flow chamber may include a conduit portion and the electrode

conduit/manifold may deliver electrode solution to the reagent fluid outlet conduit, wherein

the two fluids come into contact to provide the fluid-fluid interface that applies the

reference electrode voltage to the flow cell.

[0042] In each instance, the electrode may be hollow and have the electrode solution

delivered through its interior, or the electrode solution may be delivered over the exterior of

the electrode. For example, as shown in Fig. 1C, the electrode may be hollow, such as

being the interior surface of the manifold 151, and it may have an exterior that is insulated

from the flow cell using any suitable structure and material (not shown, to avoid obfuscation

of the basic idea).

[0043] The electrode assembly thus may be built into the sensor chip itself or into

the flow cell or its housing, coupled with a fluid inlet through which electrode solution may

be introduced. The flow path for reagent fluid to exit the flow chamber may include a

conduit portion 134 into which the electrode solution is presented, and wherein the two fluid

flows come into contact to provide the fluid-fluid interface. The electrode solution may

flow or be static.



[0044] As a further alternative embodiment, depicted in Fig. 1D, the electrode

structure may be integrated into or disposed within the flow cell itself. This may be done in

two distinctly different ways. First, the electrode solution may be introduced into the flow

chamber and flowed from an inlet 154 into the flow cell (provided for that purpose) to an

outlet port 134 through which both the electrode solution and the reagent flow exit the flow

chamber. If both fluids are arranged to move through the chamber in a laminar flow, they

will not intermix (or there will be little mixing and interaction) until they reach the outlet.

So there need not be a barrier between the two fluids. Their entire region of contact will be

the locus of fluid-fluid interfacing, which may provide considerably more surface for that

interface than the other illustrated alternatives. Second, a fluid conduit may be provided

adjacent to the flow chamber or even fully or partly within the flow chamber, with a non-

conductive exterior. The electrode may extend along the interior of the conduit, between an

electrode fluid inlet and a fluid outlet that permits the electrode solution to interface with the

reagent flow, such as in a common outlet conduit 134.

[0045] In the foregoing examples, the reference potential is introduced either in or

downstream of the flow cell. However, the same approach is possible with the electrode

provided upstream of the flow cell, as shown diagrammatically in Fig. IE. There, 133 is the

inlet port to the flow cell and 134 is the outlet port, as in Fig. IB. A cross-connector 171

having four ports has a first port 172 coupled onto the inlet port. A second port, 173,

receives the solution to be reacted or measured (e.g., a reagent) via inlet conduit 135. A

third port, 174, is used as a waste outlet port. The fourth port, 175, receives the electrode in

the same manner as previously shown in Fig. IB. Within the cross-connector, the electrode

solution and the solution to be reacted/measured interact to transmit the reference potential

into the flow cell. In contrast with some of the other alternative embodiments, however, at

least some implementations of this embodiment may require that the solution to be

measured/reacted must have a sufficiently high flow rate as to prevent flow of the electrode

solution into the flow chamber. However, with judicious configuring of the cross-

connector, it may still be possible to avoid the need to flow electrode solution continuously.

Use of Electronic Sensors to Locate Analvtes in Microwells

[0046] In one aspect of the invention, electronic sensors are used to locate

microwells that contain analyte and/or particles and microwells that are empty. Such a

process is useful because output signals from empty wells allows the estimation of common



noise components that may be subtracted from output signals measured from analyte-

containing microwells, thereby improving signal-to-noise ratios. Moreover, in many

embodiments analytes and/or particles are randomly disposed in microwells by placing

them in solution and flowing them into the flow chamber where they settle randomly into

microwells, as illustrated in Fig. 3A, and further exemplified in Rothberg et al (U.S. patent

publication cited above); thus, a method of electronically identifying which microwells

contain analyte and which are empty is needed.

[0047] Usually, only a single analyte is disposed in a single microwell. In one

aspect, multiple copies of the same analyte are attached to solid support, such as a bead or

particle, which, in turn, is selected to match a microwell in size and shape so that only a

single solid support fits into a single microwell, thereby ensuring only one kind of analyte is

in a single microwell. As mentioned above, for some types of analytes, such as nucleic

acids, methods are available, such as rolling circle amplification (RCA), or the like, to

construct connected amplicons that form a single body that may exclusively occupy a

microwell, e.g. as disclosed in Drmanac et al, U.S. patent publication 2009/0137404. After

the random distribution of analytes into microwells, electronic sensors responsive to

changes in surface charge may be used to identify microwells containing analyte. Thus, in

one aspect, a method of the invention includes introducing a sensor-active reagent, which

may be the same or different as a reagent used in an analytical process of interest, which is

capable of altering the charge adjacent to a sensor as a function of its concentration.

[0048] In one embodiment, this aspect of the invention may comprise the following

steps: (a) changing reagents in a flow chamber from a first reagent that sensors generate in

response thereto a first output signal to a second reagent that sensors to generate in response

thereto a second output signal; and (b) correlating a time delay in the generation of a second

output signal by a sensor in response to said changing with the presence of an analyte in its

corresponding microwell. Any type of electrochemical sensor may be used in this aspect of

the invention, including a potentiometric sensor, an impedimetric sensor, or an

amperometric sensor, so long as the output signal depends on the interaction of an electrode

or other analyte-sensitive surface and the sensor-active reagent whose arrival is delayed by

physical or chemical obstructions in a microwell. In one embodiment, the sensor-active

reagent is a wash solution at a different pH than the reagent it replaces, which may also be

the wash solution. The step of changing reagents includes recording the output signals of

the sensors in the array so that a continuous time record of signal values (or a digital



representation thereof) is obtained which can be analyzed to determine the timing of

changes in output signals that correspond to the times at which the sensor-active reagent

reach the respective sensors. Such data recording and analysis may be carried out by

conventional data acquisition and analysis components.

[0049] As illustrated in Fig. 2C, when sensor-active reagent flows into the flow

chamber, it diffuses from flow chamber (206) through microwell (201) that contains particle

(212) as well as through microwell (250) and to the region of passivation layer (216)

opposite of sensor plate (220). Whenever microwell (201) contains analyte or particle

(212), diffusion front (252) of the charging reagent is retarded relative to front (254) in

empty well (250) either by the physically obstruction in the diffusion pathway by the

analyte/particle or by chemical interactions with the analyte/particle or its associated solid

support, if present. Thus, microwells containing analyte may be determined by correlating a

time delay (256) in the change of output signal of the sensor with the presence of

analyte/particle. In one embodiment, where the sensors are configured to measure pH, the

charging reagent is a solution having a predetermined pH, which is used to replace a first

reagent at a different predetermined pH. In embodiments for nucleic acid sequencing, the

retardation of hydrogen ion diffusion is affected both by the physical obstruction and

buffering capacity of the analyte and/or particle. Preferably, the first reagent pH is known

and the change of reagents effectively exposes sensors of the microwells to a step-function

change in pH, which will produce a rapid change in charge on their respective sensor plates.

In one embodiment, a pH change between the first reagent and the charging reagent (or

sometimes referred to herein as the "second reagent" or the "sensor-active" reagent) is 2.0

pH units or less; in another embodiment, such change is 1.0 pH unit or less; in another

embodiment, such change is 0.5 pH unit or less; in another embodiment, such change is 0.1

pH unit or less. The changes in pH may be made using conventional reagents, e.g. HCl,

NaOH, or the like. Exemplary concentrations of such reagents for DNA pH-based

sequencing reactions are in the range of from 5 to 200 µM, or from 10 to 100 µM. The

variation in charge at a microwell surface opposite a sensor plate indicative of the presence

or absence of analyte (or a byproduct from a reaction on an analyte) is measured and

registered as a related variation in the output signal of the sensor, e.g. a change in voltage

level with time. Fig. 2D shows data from sensors on an array manufactured in accordance

with Rothberg et al, U.S. patent publication 2009/0127589, with sensor layout, pitch (9

µm), and floor plan as described in Figs. 10, 1IA, and 19. A microwell corresponding to a



first sensor is loaded with a 5.9 µm diameter bead with template, primer and polymerase

attached and a microwell corresponding to a second sensor is empty. The output signals

from each sensor are recorded while the reagent in a flow cell is changed from pH 7.2 to pH

8.0 and maintained at the pH 8.0 value for 5.4 sec. Curve (270) shows the values of the

output signal from the first sensor (whose microwell contains a bead) and curve (272)

shows values of the output signal from the second sensor (whose microwell is empty). Both

curves show a change from a high value corresponding to pH 7.2 to a low value

corresponding to pH 8.0. However, the signal corresponding to the empty well reaches the

low value noticeably faster than the signal corresponding to the bead-bearing microwell.

The difference in time, ∆t (274), at which the respective output signals reach the lower

value, or a comparable measure, is readily determined with conventional data analysis

techniques. Locations and densities of particle-containing microwells within an array may

be displayed graphically in a number of ways, including as a contour map or "heat" map, as

illustrated in Fig. 3C.

[0050] In one aspect of the invention, microwell arrays may be provided with

locations of randomly distributed analytes determined. Such a product, or article of

manufacture, comprises (i) a sensor array comprising a plurality of sensors formed in a

circuit-supporting substrate, each sensor of the array being configured to generate at least

one electrical signal related to a concentration or presence of one or more predetermined

species proximate thereto and a microwell array disposed on the circuit-supporting substrate

such that each microwell thereof has an opening on a surface of the microwell array and is

disposed on at least one sensor; and (ii) a plurality of analytes randomly distributed in the

microwells at locations determinable by an output signal generated by its corresponding

sensor, In one embodiment, the analytes comprise particles having attached thereto clonal

populations of DNA fragments, e.g. genomic DNA fragments, cDNA fragments, or the like.

Flow Cells and Output Signal Collection

[0051] Flow cell designs of many configurations are possible; thus the system and

methods presented herein are not dependent on use of a specific flow cell configuration.

Design and performance specifications of a flow cell of the invention include, but are not

limited to the following: (i) minimization of the time required to change reagents that

analytes are exposed to, (ii) minimization of mixing of successive reagents, that is,

providing a uniform flow front between successive reagents, (iii) provide a laminar flow



and uniform transit times of fluids across an array (including minimization or elimination of

any regions (such as dead volumes) where fluids become trapped so that mixing between

successive flows can occur), (iv) provide sufficient volume of flow over microwells (for

example, by providing a flow chamber of sufficient volume above the microwell array) so

that efficient exchange of material by diffusion occurs between the microwell volumes and

the flow), (v) minimization of bubble formation (including reducing sharp corners or edges

that promote bubble formation, controlling dissolved gas in the reagents, and providing

surfaces that are readily wetted by aqueous reagents), (vi) facilitation of the placement of a

reference electrode, (vii) facilitation of loading analytes into microwells or reaction

chambers in an array, and the like.

[0052] In one aspect, a flow cell of the invention directs reagent flows to a

microwells array such that each microwell is exposed to substantially the same flow

conditions, including flow rate, concentration, and the like, at substantially the same time

throughout the microwell array, as reagents are delivered to the array. By "substantially the

same time" in reference to such exposure it is meant that the transit time through the flow

chamber of a boundary between two successive reagents is small in comparison to the

length of time a microwell is exposed to any one reagent. For some flow cell configurations

identical flow rates at each microwell are not possible, such as with flow cells having inlets

and outlets located diagonally in a flow chamber constrained to a rectilinear space.

Nonetheless, a preferred design feature is that differences in flow conditions, such as flow

rate, experienced by different microwells are minimized by a flow chamber and the flow

path it defines. As mentioned above, a flow cell can have a variety of designs for achieving

the above performance and manufacturing criteria, such as disclosed in Rothberg et al, U.S.

patent publication 2009/0127589; Rothberg et al, U.K. patent application GB2461 1127. A

flow cell of the invention that meets such design and performance criteria is illustrated in

Figs. 4A to 4E. The illustrated designs provide for simple manufacture where a flow cell is

formed by attaching a component with inlet and outlet to a chip, or encapsulated microwell

array-sensor array unit. In this embodiment, a flow chamber is the interior space formed

when such pieces are combined, or attached to one another. In the design, an inlet is

positioned at a corner of the flow chamber and an outlet at the diagonally opposed corner.

This design is simple in that it requires only two manufactured pieces and the diagonal

positioning of the inlet and outlet minimizes regions (e.g. (301) in Fig. 3A) of the flow

chamber where reagent may be trapped or their transit times retarded. Fig. 3A illustrates



flow paths (300) of a reagent as it transits a flow chamber along its diagonal axis from inlet

(302) to outlet (304). In one embodiment, a flow chamber is defined by reference to such

flow paths, as shown in Fig. 3B. That is, in the example of Fig. 4A, walls (410) and the

boundary (307) (defining "pinned" sensors, described more fully below) are shaped to

substantially follow the flow paths that reagents would follow through a square or

rectangular flow chamber with diagonally opposed inlet and outlet. The result is that

reagent flows are confined to central region (308) and corner regions (306), where reagents

could mix or form eddies, are rendered inaccessible. The curvature of boundary (307) may

be estimated (for example using a section of a quadratic or like standard curve) or it may be

computed using commercially available fluid dynamics software, e.g., SolidWorks from

Dassault Systems (Concord, MA); Flowmaster from FlowMaster USA, Inc. (Glenview, IL);

and OpenFOAM (open source code for computational fluid dynamics available on the

world wide web, www.opencfd.co.uk). In embodiments employing floating gate chemFETs

as sensors, preferably, sensors in the reagent-inaccessible regions (306) are electrically

connected so as not to introduce spurious voltage levels into output signals generated in

those sections of the sensor array. That is, in such embodiments, readout circuitry of the

sensor array continues to readout all columns and all rows, so that specialized circuits or

programming is not required to avoid the sensors in the inaccessible regions. Instead,

constant predetermined output signals are registered from sensors in such regions.

[0053] In one aspect of the invention described above, reaction chambers or

microwells containing analytes are identified by introducing successive reagents (referred to

herein as a first reagent and a predetermined reagent) into the flow cell that change the

charge sensed by the sensors of the array in a predetermined manner. As shown in Fig. 3C,

results of such identification may be displayed as a density map of the microwell array

(310) in the flow chamber, where the distribution of analytes within microwells of the array

are indicated by color scale (312). In this embodiment, colors of scale (312) indicate a local

percentage of microwells (e.g. percentage of each non-overlapping regions of 100

microwells) containing analytes throughout the array, except for unused regions (306).

[0054] Flow cells may be assembled with a microwell array and sensor array in a

variety of ways, such as disclosed in Rothberg et al, U.S. patent publication 2009/0127589

and Rothberg et al, U.K. patent application GB2461 1127, which are incorporated by

reference. In one embodiment, illustrated in Figs. 4A-4D, a flow cell is made by attaching a



fluidic interface member to a housing containing a sensor chip. Typically, an integrated

microwell-sensor array (i.e., a sensor chip) is mounted in a housing or package that protects

the chip and provides electrical contacts for communicating with other devices. A fluidics

interface member is designed to provide a cavity or flow chamber for reagents to pass

through when it is sealingly attached to such packaging. In one aspect, such attachment is

accomplished by gluing the pieces together. Fig. 4A shows a bottom view (or face) of

component (400) (referred to below as a "rectilinear body") of a flow cell of the invention.

In the illustrated embodiment, a complete flow cell is formed by attaching component (400)

to a package containing a sensor array (as shown in Figs. 4C and 4D). Ridge (401) is

elevated from surface (413) and forms walls (410) of ellipsoidal flow chamber (408) when

mated with chip (430) shown in Fig. 4C. Component (400) may be glued to chip housing

(430) (referred to below generically as "rectilinear interface package") to form a fluid-tight

seal. Fig. 4B shows a top view (or face) (416) of component or member (400) showing inlet

and outlet collars (418) and (420) that permit the flow cell to be sealingly connected to a

fluidic system. Inlet and outlet tubes connected to elastomeric annular members that are

inserted into collars (418) and (420) so that the elastomeric material forms a seal along the

floor and walls of collars (4 18) and (420). Other means of connecting a flow cell to a

fluidics system may be used, including other types of pressure fittings, clamp-based fittings,

screw-on fittings, or the like, which are design choices for one of ordinary skill.

Component (400) may be adapted to accommodate different sized chips with a simple

design change, as illustrated by passages (422) and (424). Namely, for a small array (434)

shown in Fig. 4C, a passage having an opening at the center of inlet collar (418) and of

outlet collar (420) may be directed by such passage towards the center of component or

member (400) to an inlet port and outlet port over array (430). Likewise, for a large array

(436), shown in Fig. 4D, similar passages (442 and 444) may be directed away from the

center of component (400) and to the inlet and outlet of array (436). This has the advantage

of providing a single basic flow cell design that can be used with multiple sensor array

sizes. Protruding tab (412) and bevel (414) are employed to ensure correctly oriented

placement of a chip into a complementary socket or appliance for making fluidic and

electrical connections to the rest of the apparatus.

[0055] In one aspect, the invention includes a flow cell member (exemplified in

Figs. 4A and 4B) for forming a fluidics interface with sensor arrays of different rectilinear

sizes disposed in a rectilinear interface package. Such a member comprises the following



elements: (a) a rectilinear body having an upper face and a lower face and a shape matched

with that of the rectilinear interface package so that the lower face of the rectilinear body

may be bonded to the rectilinear interface package to form a fluid-tight enclosure for a

sensor array, wherein an inlet is disposed at one end of the upper face, and an outlet is

disposed at an opposite end of the upper face; (b) an inlet passage interior to the rectilinear

body providing a fluid passage from the inlet to the fluid-tight enclosure forming an inlet

port in the lower face of the rectilinear body positioned above and at one end of the sensor

array; and (c) an outlet passage interior to the rectilinear body providing a fluid passage

from the outlet to the fluid-tight enclosure forming an outlet port in the lower face of the

rectilinear body positioned above and at an end of the sensor array opposite of that of the

inlet port. In one embodiment, the inlet is concentrically disposed with an inlet collar in a

corner of said upper face and said outlet is concentrically disposed with an outlet collar in a

diagonally opposite corner of said upper face as said inlet and inlet collar. In another

embodiment, the inlet and outlet collars each have a radius and wherein said inlet port and

said outlet port are each positioned within perpendicular projections of the radii of said inlet

and outlet collars, respectively, onto said lower face of said rectilinear body. In another

embodiment, a plurality of fluid-tight enclosures are formed when a rectilinear body is

bonded to a rectilinear interface package, as exemplified in Fig. 4E.

[0056] Fig. 4E illustrates how the above design concepts may be used to make a

plurality of separate flow cells using a single large sensor array. Fluidics interface member

(462) mounts on and is sealingly attached to a housing (not shown) that holds sensor array

(450) and defines two flow chambers (451) and (453), each having separate inlets (454 and

456, respectively) and separate diagonally opposed outlets (458 and 460, respectively) that

are connected to a common source of reagents and to a common waste line, respectively.

Interior walls (480, 482, 484 and 486) formed by attachment of fluidics interface member

(452) to the chip housing defines the flow paths through flow chambers (45 1) and (453) and

exclude opposing corner regions (470, 474, 476, and 478) from having contact with

reagents passing through the flow chambers. Preferably, in embodiments employing

floating gate FETs, sensors in corner regions (470, 474, 476, and 478) are pinned as

described above. Likewise, sensors in the region defined by, or under, central partition

(462) are also pinned so that they do not contribute to output signal noise of active sensors.



[0057] Flow cells and fluidic circuits of the invention (described below) may be

fabricated by a variety of methods and materials. Factors to be considered in selecting

materials include degree of chemical inertness required, operating conditions, e.g.

temperature, and the like, volume of reagents to be delivered, whether or not a reference

voltage is required, manufacturability, and the like. For small scale fluid deliveries,

microfluidic fabrication techniques are well-suited for making fluidics circuits of the

invention, and guidance for such techniques is readily available to one of ordinary skill in

the art, e.g. Malloy, Plastic Part Design for Injection Molding: An Introduction (Hanser

Gardner Publications, 1994); Herold et al, Editors, Lab-on-a-Chip Technology (Vol. 1):

Fabrication and Microfluidics (Caister Academic Press, 2009); and the like. For meso-scale

and larger scale fluid deliveries, conventional machining techniques may be used to

fabricate parts that may be assembled into flow cells or fluidic circuits of the invention. In

one aspect, plastics such as polycarbonate, polymethyl methacrylate, and the like, may be

used to fabricate flow cells and fluidics circuits of the invention.

[0058] As mentioned above, analytes are randomly distributed in microwells of an

array, as illustrated for array section (500) in Fig. 5A, where microwells either are empty

(501) or contain analyte (502), such as a bead. Output signals collected from empty wells

may be used to reduce or subtract noise in output signals collected from sensors of

microwells containing analyte. Empty well output signals contain signal noise components

common to all microwells within a local region of the array, so that such common noise

components may be obtained from the empty well output signals and subtracted from the

output signal of microwells with analyte using conventional signal processing techniques.

In other words, output signals from wells containing analyte are improved by subtracting a

component of noise determined from output signals of neighboring empty wells. In one

aspect, a measure of such common noise is based on an average of output signals from

multiple neighboring empty wells. As described more fully below in the case of DNA

sequencing, the type of information used from neighboring microwells and how it is used

may vary with nature of assays being carried out and measured. As used herein, the term

"average" includes weighted averages, and functions of averages, for example, based on

models of physical and chemical processes taking place in the microwells. Types of

microwells used in the averages may be generalized in particular applications where, for

example, further sets of microwells may be analyzed for further information on common

noise, such as, in addition to empty wells, wells containing particles without analyte may be



included, and so on. In one embodiment, time domain functions of average empty well

noise may be converted to frequency domain representations and Fourier analysis, e.g. using

fast Fourier transforms, may be used to remove common noise components from output

signals from non-empty well. As mentioned above, the empty well signal subtracted in this

manner may be an average of empty well signals of empty wells in the vicinity of a

microwell of interest. The number and location of local empty wells for such computation

may be selected and carried out in a variety of ways. Exemplary approaches for making

such selections are illustrated in Figs. 5B and 5C. In Fig. 5B, for each microwell containing

analyte (504), a fixed region (506) may be defined by a 7x7 square (505) of microwells. In

other embodiments, such a fixed region may vary in the range from 3x3 to 101x101, or in

the range from 3x3 to 25x25. Selection of the size of such regions depends on several

factors, including the degree of loading of analytes in microwells, the amount of time

available for computing during a step, and the like. Returning to Fig. 5B, output signals

from empty wells in region (506) are used in the above subtraction computation.

Alternatively, a region of empty wells may be determined by distance from the microwell of

interest, as illustrated in Fig. 5C. There fixed circular region (512) is defined by a distance

(510) from the microwell of interest (504) and empty well signals from empty wells falling

entirely within region (512), that is, in region (508), are used in the above subtraction

computation. Not all of the empty well signals in a given region need be used. For

example, when a microwell array is sparsely loaded with analytes or particles, e.g. less than

25 percent microwells being loaded, a portion of the empty wells in a defined region (e.g.

512) may be used for background subtraction. In one aspect, such portion or subset may be

a randomly selected subset of available empty wells. In some circumstances it may be

advantageous to use the least number of empty well output signals as possible in order to

minimize computation time for determining output signals from non-empty wells. The area

and/or number of wells selected for determining an average empty well signal may change

according to the density of analytes in microwells. For example, the size of a local region

may be selected depending on the availability of empty wells. If a minimum of N empty

well output signals, e.g. 10, 20, or 30, must be measured to ensure a reliable representation

of local noise, then a local region, e.g. (512), may be increased until such number is present.

In one aspect, local noise subtraction using a fixed area is used whenever ninety-five

percent or less of the microwells in an array contain analyte. In some embodiments, in

addition to, or in lieu of empty wells, particles carrying analyte may be spiked with particles



not carrying analyte and the background noise subtraction may be with respect to an

average signal recorded for microwells containing analyte-free particles.

System for Nucleic Acid Sequencing

[0059] In one aspect, the invention provides methods and apparatus for carrying out

label-free DNA sequencing, and in particular, pH-based DNA sequencing. The concept of

label-free DNA sequencing, including pH-based DNA sequencing, has been described in

the literature, including the following references that are incorporated by reference:

Rothberg et al, U.S. patent publication 2009/0026082; Anderson et al, Sensors and

Actuators B Chem., 129: 79-86 (2008); Pourmand et al, Proc. Natl. Acad. ScL, 103: 6466-

6470 (2006); and the like. Briefly, in pH-based DNA sequencing, base incorporations are

determined by measuring hydrogen ions that are generated as natural byproducts of

polymerase-catalyzed extension reactions. In one embodiment, templates each having a

primer and polymerase operably bound are loaded into reaction chambers (such as the

microwells disclosed in Rothberg et al, cited above), after which repeated cycles of

deoxynucleoside triphosphate (dNTP) addition and washing are carried out. In some

embodiments, such templates may be attached as clonal populations to a solid support, such

as a microparticle, bead, or the like, and such clonal populations are loaded into reaction

chambers. For example, templates may be prepared as disclosed in U.S. patent 7,323,305,

which is incorporated by reference. As used herein, "operably bound" means that a primer

is annealed to a template so that the primer's 3' end may be extended by a polymerase and

that a polymerase is bound to such primer-template duplex, or in close proximity thereof so

that binding and/or extension takes place whenever dNTPs are added. In each addition step

of the cycle, the polymerase extends the primer by incorporating added dNTP only if the

next base in the template is the complement of the added dNTP. If there is one

complementary base, there is one incorporation, if two, there are two incorporations, if

three, there are three incorporations, and so on. With each such incorporation there is a

hydrogen ion released, and collectively a population of templates releasing hydrogen ions

changes the local pH of the reaction chamber. The production of hydrogen ions is

monotonically related to the number of contiguous complementary bases in the template (as

well as the total number of template molecules with primer and polymerase that participate

in an extension reaction). Thus, when there is a number of contiguous identical

complementary bases in the template (i.e. a homopolymer region), the number of hydrogen



ions generated, and therefore the magnitude of the local pH change, is proportional to the

number of contiguous identical complementary bases. (The corresponding output signals

are sometimes referred to as "1-mer", "2-mer", "3-mer" output signals, and so on). If the

next base in the template is not complementary to the added dNTP, then no incorporation

occurs and no hydrogen ion is released (in which case, the output signal is sometimes

referred to as a "0-mer" output signal.) In each wash step of the cycle, an unbuffered wash

solution at a predetermined pH is used to remove the dNTP of the previous step in order to

prevent misincorporations in later cycles. Usually, the four different kinds of dNTP are

added sequentially to the reaction chambers, so that each reaction is exposed to the four

different dNTPs one at a time, such as in the following sequence: dATP, dCTP, dGTP,

dTTP, dATP, dCTP, dGTP, dTTP, and so on, with each exposure followed by a wash step.

The process is illustrated in Fig. 6D for template (682) with primer binding site (681)

attached to solid phase support (680). Primer (684) and DNA polymerase (686) operably

bound to template (682). Upon the addition (688) of dNTP (shown as dATP), polymerase

(686) incorporates a nucleotide since "T" is the next nucleotide in template (682). Wash

step (690) follows, after which the next dNTP (dCTP) is added (692). Optionally, after

each step of adding a dNTP, an additional step may be performed wherein the reaction

chambers are treated with a dNTP-destroying agent, such as apyrase, to eliminate any

residual dNTPs remaining in the chamber, which may result in spurious extensions in

subsequent cycles.

[0060] In one embodiment, a sequencing method exemplified in Fig. 6D may be

carry out using the apparatus of the invention in the following steps: (a) disposing a

plurality of template nucleic acids into a plurality of reaction chambers disposed on a sensor

array, the sensor array comprising a plurality of sensors and each reaction chamber being

disposed on and in a sensing relationship with at least one sensor configured to provide at

least one output signal representing a sequencing reaction byproduct proximate thereto, and

wherein each of the template nucleic acids is hybridized to a sequencing primer and is

bound to a polymerase; (b) introducing a known nucleotide triphosphate into the reaction

chambers; (c) detecting incorporation at a 3' end of the sequencing primer of one or more

nucleotide triphosphates by a sequencing reaction byproduct if such one or more nucleotide

triphosphates are complementary to corresponding nucleotides in the template nucleic acid;

(d) washing unincorporated nucleotide triphosphates from the reaction chambers; and (e)

repeating steps (b) through (d) until the plurality of template nucleic acids are sequenced.



For embodiments where hydrogen ion is measured as a reaction byproduct, the reactions

further should be conducted under weak buffer conditions, so that the maximum number of

hydrogen ions reacts with a sensor and not extraneous components (e.g. microwell or solid

supports that may have surface buffering capacity) or chemical constituents (in particular

pH buffering compounds). In one embodiment, a weak buffer allows detection of a pH

change of at least ±0.1 in said reaction chamber, or at least ±0.01 in said reaction chambers.

[0061] Several potential sources of noise may affect output signals from sensors

when a large number of electrochemical reactions are carried out in a microwell array

integrated with a sensor array, such as described by Rothberg et al (cited above). Such

sources of noise include thermal sensitivity of the sensors, electrical potential disturbances

in the fluid (such as resistive or thermal noise in the fluids, reference voltage changes due to

different fluids contacting the reference electrode, and the like) and pH changes due to bulk

changes in fluids that are passed over the sensor array (referred to herein as "reagent change

noise"). Additional sources of noise may also arise in DNA sequencing applications from

the nature of a particular DNA sequencing chemistry employed. For example, noise may

arise due to the stochastic behavior of polymerase function (incomplete extensions) or

failure to completely wash away all dNTPs in a given step (inappropriate incorporation),

e.g. Chen et al, International patent publication WO/2007/098049.

[0062] Thermal sensitivity of a sensor array is addressed by maintaining the sensor

array at a predetermined temperature that is suitable for extension reactions and that permits

measurement of hydrogen ion concentrations and/or changes in the pH. In one aspect, such

temperature is within the range of from 250C to 750C. Preferably the predetermined

temperature is constant throughout the entire multistep reaction. Such temperature may be

regulated by conventional techniques, e.g. Peltier device, or the like. In one embodiment,

temperature is maintained by controlling the temperature of the reagents that flow through

the flow cell, such that the rate of flow and heat capacity of the fluid is sufficient to remove

excess heat generated by the sensors or analytical reactions.

[0063] As mentioned above, disturbances in the reference voltage arise from a

variety of sources, including changes in the type of fluid a reference electrode is in contact

with, and noise from other components of the fluidics system. For example, other

components of the fluidics system may act as antennas for extraneous electrical noise, e.g.

60 Hz noise, noise from power supplies, and the like, which affect the reference voltage. In

accordance with the invention, a reference electrode is provided that contacts only one kind



of reagent throughout a sequencing operation, thereby eliminating a component of reference

voltage variability. In another aspect, low frequency noise introduced into the fluidics

system may be reduced or eliminated by capacitively coupling the reference electrodes to

other components of the fluidics system, such sections of reagent passages in the fluidic

systems, as illustrated in Figs. 7B and 7C.

[0064] Another source of noise may arise when successive reagent flows pass over a

sensor array (i.e., reagent change noise). The magnitude of such noise depends on several

factors including the nature of the measurement being made (e.g. pH, inorganic

pyrophosphate (PPi), other ions, or the like) whether a leading or trailing reagent in a

reagent change has a property or constituent, e.g. pH, which affects sensor performance and

the magnitude of the influence, the relative magnitude of the reagent change effect in

comparison with the reaction signal being monitored, and so on. For pH-based DNA

sequencing applications (for example), pH-sensitive sensors may generate a signal in

response to a reagent change in that is large in comparison to the signal due to hydrogen ion

byproduct, as illustrated by the data of Fig. 6A. In such applications, different reagents,

such as solutions containing different dNTPs, have slightly different buffering capacities

and pKa's, so that at a boundary of different reagent flows, e.g. a wash solution flow

followed by a dNTP flow, the sensors register a significant voltage change, as illustrated in

Figs. 2D and 6A. Fig. 6A shows the magnitudes of four output signals from different

microwells of a DNA sequencing chip as disclosed is Rothberg et al (cited above), which

employs conventional ion-sensitive field-effect transistor (ISFET) sensors. Curves (606)

illustrate signals from microwells during a wash step with no changes in reagent. Curve

(600) shows an output signal from a microwell containing a particle with template attached

where a primer on the template has been extended by one nucleotide. Curve (602) is the

output signal from a microwell that contains a particle with a template where there has been

no extension. Region (604) is the difference between the two output signals ((602) and

(604)) that is due to generation of hydrogen ion in the microwell where extension has taken

place. Curve (608) in Fig. 6B, which is the difference between the values of curves (600)

and (602), is the part of the raw output signal of curve (600) which is due to hydrogen ion

produced in the extension reaction, i.e. the signal of interest. In accordance with the

invention, such reagent change noise and other noise components common to local groups

of microwells may be subtracted from an output signal of a selected sensor by using

information from output signals generated from neighboring microwells. In one



embodiment, such neighboring microwell information is obtained from at least one average

value of output signals from a plurality of neighboring wells. In another embodiment,

neighboring microwell information is obtained from output signals of empty wells. In still

another embodiment, neighboring microwell information is obtained from output signals of

non-empty microwells where no extension reaction took place. Correction of raw output

signals by subtracting reagent change noise may be carried out after each reagent change

based on averages computed after each such change, or such corrections may be carried out

using averages computed from a previous reagent change, depending on the rate at which

averages change during a multi-step or multi-cycle electrochemical process. For example,

in a DNA sequencing embodiment, an average may be computed for each different dNTP

flow in a cycle (where a succession of the four different dNTPs is introduced into reaction

chambers) and used to correct raw output signals for from 1 to 5 cycles of reagent change.

[0065] As is noted from Fig. 2D, output signals from neighboring microwells may

be systematically altered relative to signals from a microwell of interest depending on the

type of neighboring microwells selected for noise subtraction. For example, in Fig. 2D, the

same phenomena (e.g., signal delay) that permits the detection of empty wells, may also

require that such signals must be transformed to account for such differences if subtraction

from the signal of interest is going to make sense. For example, because the presence of a

particle in the microwell of interest distorts the signal corresponding to reagent change

(delay and flattening due to chemical interaction with the particle), an empty well signal

must be modified to remove the changes due to the absence of a particle and chemical

interactions, which may readily be done using conventional numerical analysis. If

neighboring microwell information is restricted to only 0-mer neighbors, then such

transformation is much less, or not necessary, in order to subtract reagent change noise from

a signal of interest. As mentioned above, "an average" of neighboring microwell output

signals may include weighted averages or transforms of the neighboring microwells'

average output signals to reflect the different physical and chemical conditions of the

selected microwell and its neighbors. Steps of an embodiment of such a process are

illustrated in Fig. 6C. Raw output signal, RSj(J), for times j=l, 2 .. t, recorded by a sensor of

selected microwell, Mj, is read (660). "Raw output signal" means the recorded values of the

output signal prior to data analysis. Neighboring microwells are defined (662) so that raw

output signals of neighboring microwells, RNkO) can a ls° e read (664). Definitions of

neighbors may include a local region from where neighbor signals are collected, for



example, as described for Figs. 5A-5C, and such definitions may include the types of

neighboring microwells whose output signals are taken, e.g. empty wells, microwells with

analyte or particle but no reaction, and the like. In one aspect, neighboring output signals

are selected from neighboring microwells that are as physically and chemically similar to

the Mi microwell, except for the presence of a signal, e.g. pH level, from the analyte that is

to be detected or measured. After raw output signals from neighboring microwells are read,

an average, A(j), is computed (666) and subtracted (668) from raw output signal, RSi(J), to

give a noise-reduced output signal, Si(j).

[0066] Fig. 6E illustrates another embodiment that uses an average neighbor signal

to remove noise from a signal of interest (e.g. change in pH due to nucleotide

incorporation). The figure shows two neighboring microwells (631) and (641) at four

different times: before a next reagent is introduced (t0), immediately after the next reagent

is exposed to the microwells (ti), a time during equilibration of the next reagent with the

microwell contents (t2), and after equilibrium has been achieved (t3) . The change in sensor

signal due to such a reagent change is described as a two compartment model, where one

compartment is the next reagent (e.g. the next flow of dNTPs) in region (638) adjacent to

the opening of a microwell and the other compartment is the surface (640) at the bottom of a

microwell adjacent to the sensor. Immediately after new reagent (630) enters a flow cell a

concentration difference (636) is created between the two compartments, so that a flux of

hydrogen ions is established both in microwells with particles φb (632) and in empty wells

φe (634). For microwells having particles (633) where extension reactions occur, hydrogen

ions are also created, which adds to the flux. Eventually equilibrium is reached (642) and

the flux of hydrogen ions goes to zero. One of ordinary skill in the art would recognize that

a variety of alternative models and models of differing complexity are available for

describing the physical and chemical phenomena of the electrochemical reactions taking

place in the microwells. Returning to the model of Fig. 6E, the generation of hydrogen ions

by extension reactions and the fluxes through microwells with beads and those without may

be described by simple reaction-diffusion equations, which give the change in hydrogen ion

concentrations at the sensors, as illustrated by the following equations:

OCJ, ό t 0 C Ot



where αb and αe are diffusion constants of the hydrogen ions in the solvent, and βb and βe

are constants that reflect the interaction (e.g. buffering) of the hydrogen ions with microwell

wall and/or particle or analyte in the microwell. Manipulation of these terms and

integration of the differentials gives Sb as a function of se and an integral of the differences

between Sb and se. To this expression is added a source term, Iext, for the hydrogen ions

generated in an extension reaction.

, . . -i -

where R=( αeβe/ocbβb)- Curves for Sb are readily generated numerically for fitting data to

remove reagent change noise. Fig. 6F illustrates data fit by such a model and use of the

model to subtract reagent change noise. Panal (650) shows an output signal (652) ("NN

Data") from a sensor of a microwell in which extension reactions occur when exposed to

flows of dATP and dGTP. Curve (654) ("Model Background") is from the above model of

the reagent change noise. Panel (656) shows curve (658) which models both the reagent

change noise and the generation of hydrogen ions. Panel (659) shows output signal (657)

after the reagent change noise has been subtracted.

[0067] In Fig. 6D, each template includes calibration sequence (685) that provides a

known signal in response to the introduction of initial dNTPs. Preferably, calibration

sequence (685) contains at least one of each kind of nucleotide. In one aspect, calibration

sequence (685) is from 4 to 6 nucleotides in length and may contain a homopolymer or may

be non-homopolymeric. Calibration sequence information from neighboring microwells

may be used to determine which neighboring microwells contain templates capable of being

extended which, in turn, allows identification of neighboring microwells that may generate

0-mer signals, 1-mer signals, and so on, in subsequent reaction cycles. Information from

such signals from neighboring microwell may be used to subtract undesired noise

components from output signals of interest. In other embodiments, an average 0-mer signal

may be modeled (referred to herein as a "virtual 0-mer" signal) by taking into account (i)

neighboring empty well output signals in a given cycle, and (ii) the effects of the presence

of a particle and/or template on the shape of the reagent change noise curve. The latter

factor as noted in Fig. 2D is a delay, which is reflected in a flattening and shifting in the



positive time direction of an output signal of a particle-containing microwell relative to an

output signal of an empty well. As noted, such effects are readily modeled to convert empty

well output signals to virtual 0-mer output signals, which may be used to subtract reagent

change noise.

[0068] Fig. 7A diagrammatically illustrates an apparatus that may be used to carry

out pH-based nucleic acid sequencing in accordance with Rothberg et al, U.S. patent

publication 2009/0026082. Housing (700) containing fluidics circuit (702, described more

fully below) is connected by inlets to reagent reservoirs (704, 706, 708, 710, and 712), to

waste reservoir (720), and to flow cell (734) by passage (732) that connects fluidics node

(730) to inlet (738) of flow cell (734). Reagents from reservoirs (704, 706, 708, 710, and

712) may be driven to fluidic circuit (702) by a variety of methods including pressure,

pumps, such as syringe pumps, gravity feed, and the like, and are selected by control of

valves (714). Controller (718) includes controllers for valves (714) that generate signals for

opening and closing via electrical connection (716). Controller (718) also includes

controllers for other components of the system, such as wash solution valve (724) connected

thereto by (722). Array controller (719) includes control and data acquisition functions for

flow cell (734) and reference electrode (728). In one mode of operation, fluidic circuit

(702) delivers a sequence of selected reagents (1, 2, 3, 4, or 5) to flow cell (734) under

programmed control of controller (718), such that in between selected reagent flows fluidics

circuit (702) is primed and washed, and flow cell (734) is washed. Fluids entering flow cell

(734) exit through outlet (740) and are deposited in waste container (736). Throughout such

an operation, the reactions and/or measurements taking place in flow cell (734) are assured

a stable reference voltage because fluidics circuit (702) provides reference electrode (728)

with a continuous, i.e. uninterrupted, electrolyte pathway with flow cell (734), although it is

in physical contact with only the wash solution.

[0069] Figs. 7B and 7C illustrate further measures that may be taken to reduce noise

introduced into other parts of fluidics system that may affect the reference voltage. In Fig.

7B, electrode (752) forming part of waste stream (754) is coupled to reference electrode

(728) by capacitor (750), which filters low frequency noise introduced through waste stream

(754). Likewise, as shown in Fig. 7C, such electrodes (761, 763, 765, 767, and 769) may be

fitted on flow paths for process reagents, such as reagents 1 through 5, and coupled to



reference electrode (728) through separate capacitors (760, 762, 764, 766, and 768,

respectively).

Fluidics Circuits for Sequential Reagent Delivery

[0070] As mentioned above, in one embodiment, a reference electrode of the

invention is kept in contact with only a single reagent by use of a fluidic circuit, such as

(702) in Fig. 7A. Figs. 8A-8C diagrammatically illustrate an embodiment of a fluidics

circuit which provides this contact for the reference electrode and which accommodates five

input reagents in a planar circuit structure. Fig. 8A is a top view of a transparent body or

housing (800) containing fluidic circuit (802) which may comprise a microfluidics device.

Housing (800) may be constructed from a variety of materials, including metals, glass,

ceramics, plastics, or the like. Transparent materials include polycarbonate, polymethyl

methacryate, and the like. Inlets (or input ports) (804, 806, 808, 810, and 812) are

connected by a passage to their respective connector slots (814) located on the bottom side

of housing (800) (shown as double circles concentric with the inlets) from which reagents

enter fluidic circuit (802). Inlets (804, 806, 808, 810, and 812) are in fluid communication

with passages (805, 807, 809, 8 11, and 813, respectively) which, in turn, are connected to

curvilinear passages (824, 826, 828, 830, and 832, respectively). Each curvilinear passage

consists of two legs, such as (836) and (838), identified for curvilinear passage (824) at a

"T" junction (835), also identified for only curvilinear passage (824). One leg is an inner

leg (for example (838)) which connects its respective inlet to node (or multi-use central

port) (801) and the other leg is an outer leg (for example (836)) which connects its

respective inlet to waste passage (or ring) (840). As mentioned above, the cross-sectional

areas and lengths of the inner and outer legs of the curvilinear passages may be selected to

achieve the desired balance of flows at the "T" junctions and at node (801). Through

passage (844), waste passage (or channel) (840) is in fluid communication with waste port

(845) which connects to a waste reservoir (not shown) by connector slot (846) on the

bottom side of body (800). Node (801) is in fluid communication with port (860) by

passage (861) which in this embodiment is external to body (800) and is illustrated by a

dashed line. In other embodiments, passage (861) may be formed in body (800) so that

connector slots for node (801) and port (860) are not required. Port (860) is connected by

passage (863) to wash solution inlet (862), where a "T" junction is formed, and to connector

slot (864) which, in turn, provides a conduit to a flow cell, reaction chamber, or the like.



Figs. 8B and 8C illustrate two of three modes of using the fluidics circuit to distribute fluids

to a flow cell. The modes of operation are implemented by valves (850) associated with

each of the input reagents and with the wash solution. In a first mode of operation (selected

reagent valve open, all other reagent valves closed, wash solution valve closed) (Fig. 8B), a

selected reagent is delivered to a flow cell; in a second mode of operation (selected reagent

valve open, all other reagent valves closed, wash solution valve open) (Fig. 8C), the fluidic

circuit is primed to deliver a selected reagent; and in a third mode of operation (all reagent

valves closed, wash solution valve open) (not shown), all passages in the fluidics circuit are

washed. As mentioned above, associated with each inlet is a valve (850) which can be

opened to allow fluid to enter fluidic circuit (802) through its respective inlet (as shown for

valve (852)), or closed to prevent fluid from entering circuit (802) (as shown with all valves,

except for (852)). In each case, when an inlet's valve is open and the others are closed

(including the wash solution valve) as shown for inlet (870) in the Fig. 8B, fluid flows

through passage (854) to "T" junction (856) where it is split into two flows, one of which is

directed to waste passage (840) and then the waste port (845), and another of which is

directed to node (801). From node (801) this second flow again splits into multiple flows,

one of which exits node (801) through passage (861) and then to passage (863) and to a

flow cell, and the other flows to each of the passages connecting node (801) to the other

inlets, and then to waste passage (840) and waste port (845). The latter flows pass the other

inlets carrying any material diffusing or leaking therefrom and directing it to waste port

(845). A sequence of different reagents may be directed to a flow cell by opening the valve

of a selected reagent and simultaneously closing the valves of all of the non-selected

reagents and the wash solution. In one embodiment, such sequence may be implemented by

a sequence of operating modes of the fluidics circuit such as: wash, prime reagent xi,

deliver reagent xi, wash, prime reagent x2, deliver reagent X2, wash, and so on. The reagent

priming mode of operation is illustrated in Fig. 8C. As in the reagent delivery mode, all

reagent inlet valves are closed, except for the valve corresponding to the selected reagent.

Unlike the reagent delivery mode, however, the wash solution valve is open and the relative

pressure of the selected reagent flow and the wash solution flow is selected so that wash

solution flows through passage (861) and into node (801) where it then exits through all the

passages leading to waste passage (840), except for the passage leading to the selected

reagent inlet.



DEFINITIONS

[0071] "Amplicon" means the product of a polynucleotide amplification reaction;

that is, a clonal population of polynucleotides, which may be single stranded or double

stranded, which are replicated from one or more starting sequences. The one or more

starting sequences may be one or more copies of the same sequence, or they may be a

mixture of different sequences that contain a common region that is amplified, for example,

a specific exon sequence present in a mixture of DNA fragments extracted from a sample.

Preferably, amplicons are formed by the amplification of a single starting sequence.

Amplicons may be produced by a variety of amplification reactions whose products

comprise replicates of the one or more starting, or target, nucleic acids. In one aspect,

amplification reactions producing amplicons are "template-driven" in that base pairing of

reactants, either nucleotides or oligonucleotides, have complements in a template

polynucleotide that are required for the creation of reaction products. In one aspect,

template-driven reactions are primer extensions with a nucleic acid polymerase or

oligonucleotide ligations with a nucleic acid ligase. Such reactions include, but are not

limited to, polymerase chain reactions (PCRs), linear polymerase reactions, nucleic acid

sequence-based amplification (NASBAs), rolling circle amplifications, and the like,

disclosed in the following references that are incorporated herein by reference: Mullis et al,

U.S. patents 4,683,195; 4,965,188; 4,683,202; 4,800,159 (PCR); Gelfand et al, U.S. patent

5,210,015 (real-time PCR with "taqman" probes); Wittwer et al, U.S. patent 6,174,670;

Kacian et al, U.S. patent 5,399,491 ("NASBA"); Lizardi, U.S. patent 5,854,033; Aono et al,

Japanese patent publ. JP 4-262799 (rolling circle amplification); and the like. In one aspect,

amplicons of the invention are produced by PCRs. As used herein, the term "amplifying"

means performing an amplification reaction. A "reaction mixture" means a solution

containing all the necessary reactants for performing a reaction, which may include, but not

be limited to, buffering agents to maintain pH at a selected level during a reaction, salts, co-

factors, scavengers, and the like. A "solid phase amplicon" means a solid phase support,

such as a particle or bead, having attached a clonal population of nucleic acid sequences,

which may have been produced by a process such as emulsion PCR, or like technique.

[0072] "Analyte" means a molecule or biological cell of interest that directly affects

an electronic sensor at a sample retaining region, such as a microwell, or that indirectly

affects such an electronic sensor by a byproduct from a reaction involving such molecule or

biological cell located in such a sample retaining region, or reaction confinement region,



such as a microwell. In one aspect, analyte is a nucleic acid template that is subjected to a

sequencing reaction which, in turn, generates a reaction byproduct, such as hydrogen ions,

that affects an electronic sensor. The term "analyte" also comprehends multiple copies of

analytes, such as proteins, peptide, nucleic acids, or the like, attached to solid supports, such

as beads or particles. In a one embodiment, the term "analyte" means a nucleic acid

amplicon or a solid phase amplicon.

[0073] "Microfluidics device" means an integrated system of one or more chambers,

ports, and channels that are interconnected and in fluid communication and designed for

carrying out an analytical reaction or process, either alone or in cooperation with an

appliance or instrument that provides support functions, such as sample introduction, fluid

and/or reagent driving means, temperature control, detection systems, data collection and/or

integration systems, and the like. Microfluidics devices may further include valves, pumps,

and specialized functional coatings on interior walls, e.g. to prevent adsorption of sample

components or reactants, facilitate reagent movement by electroosmosis, or the like. Such

devices are usually fabricated in or as a solid substrate, which may be glass, plastic, or other

solid polymeric materials, and typically have a planar format for ease of detecting and

monitoring sample and reagent movement, especially via optical or electrochemical

methods. Features of a microfluidic device usually have cross-sectional dimensions of less

than a few hundred square micrometers and passages typically have capillary dimensions,

e.g. having maximal cross-sectional dimensions of from about 500 µm to about 0.1 µm.

Microfluidics devices typically have volume capacities in the range of from 1 µL to a few

nL, e.g. 10-100 nL. The fabrication and operation of microfluidics devices are well-known

in the art as exemplified by the following references that are incorporated by reference:

Ramsey, U.S. patents 6,001,229; 5,858,195; 6,010,607; and 6,033,546; Soane et al, U.S.

patents 5,126,022 and 6,054,034; Nelson et al, U.S. patent 6,613,525; Maher et al, U.S.

patent 6,399,952; Ricco et al, International patent publication WO 02/24322; Bjornson et al,

International patent publication WO 99/19717; Wilding et al, U.S. patents 5,587,128;

5,498,392; Sia et al, Electrophoresis, 24: 3563-3576 (2003); Unger et al, Science, 288: 113-

116 (2000); Enzelberger et al, U.S. patent 6,960,437.

[0074] "Microwell," which is used interchangeably with "reaction chamber," means

a special case of a "reaction confinement region," that is, a physical or chemical attribute of

a solid substrate that permit the localization of a reaction of interest. Reaction confinement

regions may be a discrete region of a surface of a substrate that specifically binds an analyte



of interest, such as a discrete region with oligonucleotides or antibodies covalently linked to

such surface. Usually reaction confinement regions are hollows or wells having well-

defined shapes and volumes which are manufactured into a substrate. These latter types of

reaction confinement regions are referred to herein as microwells or reaction chambers, and

may be fabricated using conventional microfabrication techniques, e.g. as disclosed in the

following references: Doering and Nishi, Editors, Handbook of Semiconductor

Manufacturing Technology, Second Edition (CRC Press, 2007); Saliterman, Fundamentals

of BioMEMS and Medical Microdevices (SPIE Publications, 2006); Elwenspoek et al,

Silicon Micromachining (Cambridge University Press, 2004); and the like. Preferable

configurations (e.g. spacing, shape and volumes) of microwells or reaction chambers are

disclosed in Rothberg et al, U.S. patent publication 2009/0127589; Rothberg et al, U.K.

patent application GB2461 1127, which are incorporated by reference. Microwells may

have square, rectangular, or octagonal cross sections and be arranged as a rectilinear array

on a surface. Microwells may also have hexagonal cross sections and be arranged as a

hexagonal array, which permit a higher density of microwells per unit area in comparison to

rectilinear arrays. Exemplary configurations of microwells are as follows: In some

embodiments, the reaction chamber array comprises 102, 103, 104, 105, 106 or 107 reaction

chambers. As used herein, an array is a planar arrangement of elements such as sensors or

wells. The array may be one or two dimensional. A one dimensional array is an array

having one column (or row) of elements in the first dimension and a plurality of columns

(or rows) in the second dimension. The number of columns (or rows) in the first and second

dimensions may or may not be the same. Preferably, the array comprises at least 100,000

chambers. Preferably, each reaction chamber has a horizontal width and a vertical depth

that has an aspect ratio of about 1:1 or less. Preferably, the pitch between the reaction

chambers is no more than about 10 microns. Briefly, in one embodiment microwell arrays

may be fabricated as follows: After the semiconductor structures of a sensor array are

formed, the microwell structure is applied to such structure on the semiconductor die. That

is, the microwell structure can be formed right on the die or it may be formed separately and

then mounted onto the die, either approach being acceptable. To form the microwell

structure on the die, various processes may be used. For example, the entire die may be

spin-coated with, for example, a negative photoresist such as Microchem's SU-8 2015 or a

positive resist/polyimide such as HD Microsystems HD8820, to the desired height of the

microwells. The desired height of the wells (e.g., about 3 - 12 µm in the example of one



pixel per well, though not so limited as a general matter) in the photoresist layer(s) can be

achieved by spinning the appropriate resist at predetermined rates (which can be found by

reference to the literature and manufacturer specifications, or empirically), in one or more

layers. (Well height typically may be selected in correspondence with the lateral dimension

of the sensor pixel, preferably for a nominal 1:1 - 1.5:1 aspect ratio, height: width or

diameter.) Alternatively, multiple layers of different photoresists may be applied or another

form of dielectric material may be deposited. Various types of chemical vapor deposition

may also be used to build up a layer of materials suitable for microwell formation therein.

In one embodiment, microwells are formed in a layer of tetra-methyl-ortho-silicate (TEOS).

The invention encompasses an apparatus comprising at least one two-dimensional array of

reaction chambers, wherein each reaction chamber is coupled to a chemically-sensitive field

effect transistor ("chemFET") and each reaction chamber is no greater than 10 µm3 (i.e., 1

pL) in volume. Preferably, each reaction chamber is no greater than 0.34 pL, and more

preferably no greater than 0.096 pL or even 0.012 pL in volume. A reaction chamber can

optionally be 22, 32, 42, 52, 62, 72, 82, 92, or 102 square microns in cross-sectional area at the

top. Preferably, the array has at least 102, 103, 104, 105, 106, 107, 108, 109, or more reaction

chambers. The reaction chambers may be capacitively coupled to the chemFETs, and

preferably are capacitively coupled to the chemFETs.

[0075] "Primer" means an oligonucleotide, either natural or synthetic that is

capable, upon forming a duplex with a polynucleotide template, of acting as a point of

initiation of nucleic acid synthesis and being extended from its 3' end along the template so

that an extended duplex is formed. Extension of a primer is usually carried out with a

nucleic acid polymerase, such as a DNA or RNA polymerase. The sequence of nucleotides

added in the extension process is determined by the sequence of the template

polynucleotide. Usually primers are extended by a DNA polymerase. Primers usually have

a length in the range of from 14 to 40 nucleotides, or in the range of from 18 to 36

nucleotides. Primers are employed in a variety of nucleic amplification reactions, for

example, linear amplification reactions using a single primer, or polymerase chain reactions,

employing two or more primers. Guidance for selecting the lengths and sequences of

primers for particular applications is well known to those of ordinary skill in the art, as

evidenced by the following references that are incorporated by reference: Dieffenbach,

editor, PCR Primer: A Laboratory Manual, 2nd Edition (Cold Spring Harbor Press, New

York, 2003).



What is claimed is:

1. An apparatus for performing multi-step electrochemical reactions, the apparatus

comprising:

one or more reaction vessels each coupled to an electronic sensor for monitoring

products in the reaction vessel, the electronic sensor generating an output signal related to a

concentration or presence of a product, the output signal depending on a reference voltage;

a fluidics system for sequentially delivering a plurality of electrolytes to the reaction

vessel one at a time; and

a reference electrode in contact with a selected electrolyte of the plurality, the

reference electrode being in fluid communication with the reaction chamber and providing

the reference voltage to each electronic sensor without the reference electrode contacting

any of the non-selected electrolytes.

2 . The apparatus of claim 1 wherein said one or more reaction vessels is an array of

microwells disposed on an array of chemFET sensors and wherein said fluidics system

comprises a flow cell in fluid communication with the microwells and configured to deliver

reactant electrolytes to each microwell at substantially the same flow rate.

3. The apparatus of claim 1 further including a reservoir for holding said selected

electrolyte, the reservoir being connected by a branch passage to a common passage for

delivering said electrolytes to said reaction vessel, the branch passage having a valve

disposed between the reservoir and a junction with the common passage, wherein said

reference electrode is disposed in the branch passage between the valve and the junction

such that said reference electrode is in fluid communication with said reaction vessel and

such that whenever the valve is shut and fluid within the branch passage is stationary and

substantially no said non-selected electrolyte contacts said reference electrode.

4 . The apparatus of claim 1 wherein said fluidics system comprises a plurality of

passages delivering said electrolytes from reservoirs to said reaction chamber and to at least

one waste reservoir, each of the plurality of passages being connected to an electrode that is

capacitively connected to said reference electrode.



5. An apparatus for performing analytical reactions on a plurality of analytes, the

apparatus comprising:

a sensor array comprising a plurality of sensors formed in a circuit-supporting

substrate, each sensor of the array being configured to generate at least one electrical signal

related to a concentration or presence of one or more reaction products proximate thereto

and a microwell array disposed on the circuit-supporting substrate such that each microwell

is disposed on at least one sensor, wherein one or more microwells contain analyte; and

a fluidics system for sequentially delivering a plurality of reagents to the microwell

array and for providing a reference voltage to the sensors of the sensor array, the reference

voltage being provided by a reference electrode upstream of, and in continuous fluid

communication with, the microwell array, the reference electrode being in contact with only

a single one of the plurality of reagents during the delivery of different reagents to the flow

cell.

6 . The apparatus of claim 5 wherein said single reagent in contact with said reference

electrode is a wash solution that contains no reactants of said analytical reaction.

7. An apparatus for performing analytical reactions on a plurality of analytes, the

system comprising:

a sensor array comprising a plurality of sensors formed in a circuit-supporting

substrate, each sensor of the array comprising a chemically sensitive field-effect transistor

(chemFET) having a floating gate, the chemFET being configured to generate at least one

electrical signal related to a concentration or presence of one or more reaction products

proximate thereto and a microwell array disposed on the circuit-supporting substrate such

that each microwell is disposed on at least one sensor, wherein one or more microwells

contain analyte; and

a fluidics system for delivering reagents to the microwell array, the fluidics system

comprising a flow cell having an inlet, an outlet and a flow chamber that defines a flow path

of reagents as they pass from the inlet to the outlet, wherein the flow chamber is configured

to deliver the reagents transversely over open portions of the microwells in the flow path,

and wherein the floating gates of sensors outside of the flow path are electrically connected

and held at a common voltage.



8 . The system of claim 7 wherein said sensor array is a CMOS device and wherein said

floating gates of said sensors outside of said flow path are electrically connected by forming

such floating gates as a continuous metal layer.

9. An apparatus comprising:

a sensor array for monitoring a plurality of multi-step reactions on the surface

thereof, the sensor array being formed in a semiconductor substrate and having an active

region and an inactive region, the sensors of the inactive region each comprising a

chemically-sensitive field effect transistor (chemFET) having a floating gate electrically

connected to the gates of every other sensor of the inactive region and the sensors of the

active region each comprising a chemFET having a floating gate and being configured to

provide at least one output signal related to a concentration or presence of a chemical or

biological sample proximate thereto, wherein the active region of the sensor array

corresponds to a flow path of reagents delivered to the reactions on the surface of the sensor

array.

10. The apparatus of claim 9 further comprising a flow cell having an inlet, an outlet and

a flow chamber that defines said flow path of reagents as they pass from the inlet to the

outlet; and the flow chamber being configured so that said reagents are delivered in a flow

parallel to a surface of said sensor array across said active region.

11. A method for locating analytes distributed among a plurality of microwells, the

method comprising the steps of:

providing a plurality of microwells disposed on an array of sensors, wherein each

microwell has an opening in fluid communication with a flow chamber and is capable of

retaining at least one analyte, and wherein each microwell is disposed on at least one sensor

configured to provide at least one output signal in response to reagents proximate thereto;

changing reagents in the flow chamber from a first reagent in response to which

sensors generate a first output signal to a second reagent in response to which sensors to

generate a second output signal; and

correlating a time delay of a second output signal from a sensor in response to said

changing with the presence of an analyte in its corresponding microwell.



12. The method of claim 11 wherein said analyte comprises a particles.

13. The method of claim 11 wherein said first reagent is at a first pH and said second

reagent is at a second pH different from the first pH and wherein at least one of said sensors

generates an output signal related to pH proximate thereto.

14. The method of claim 11 wherein said step of changing includes changing pH at at

least one of said sensors by at least 0.1 pH units.

15. An article of manufacture comprising:

a sensor array comprising a plurality of sensors formed in a circuit-supporting

substrate, each sensor of the array being configured to generate at least one electrical signal

related to a concentration or presence of one or more predetermined species proximate

thereto and a microwell array disposed on the circuit-supporting substrate such that each

microwell thereof has an opening on a surface of the microwell array and is disposed on at

least one sensor; and

a plurality of analytes randomly distributed in the microwells at locations

determinable by an output signal generated by its corresponding sensor.

16. The article of claim 15 wherein said location of each of said analytes is determined

by a delay in a change of said output signal in response to a change in concentration of said

one or more predetermined species at said surface of said microwell array.

17. The article of claim 16 wherein said one or more predetermined species is hydrogen

ion and wherein said change in said concentration thereof is a step function having a change

in magnitude of pH 1.0 or less.

18. The article of claim 15 wherein said analytes each comprise a particle having

attached thereto a clonal population of nucleic acid fragments.

19. A method of reducing noise in output signals from a sensor array having disposed

thereon a microwell array, such that each microwell has at least one sensor in a sensing

relationship therewith, and each sensor is capable of generating an output signal in response



to an analyte or an analyte reaction byproduct proximate thereto, the method comprising the

steps of:

disposing analyte onto the microwell array such that a portion of the microwells

contain analyte;

obtaining an output signal generated by a microwell containing analyte or reaction

byproduct and subtracting therefrom an average of output signals from a plurality of

neighboring microwells where analyte and/or a reaction byproduct is absent.

20. The method of claim 19 wherein said plurality of said neighboring microwells are

within the same 200 by 200 microwell region of said microwell array as said microwell

containing said analyte.

21. The method of claim 19 wherein said plurality of said neighboring microwells are

located within a circular region of said microwell array centered on said microwell

containing said analyte and having a radius of 200 µm or less.

22. The method of claim 19 wherein said output signals of said average are generated by

sensors of empty microwells.

23. The method of claim 19 wherein said output signals of said average are generated by

sensors of microwells without a reaction byproduct.

24. The method of claim 23 wherein said average describes reagent change noise.

25. The method of claim 19 wherein said portion of microwells containing said analyte

is ninety percent or less of said microwells of said microwell array.

26. The method of claim 25 wherein said analyte are solid supports each having a clonal

population of nucleic acid templates attached thereto.

27. The method of claim 26 wherein said solid supports are particles.



28. The method of claim 27 wherein said particles are randomly disposed in said

microwells.

29. A flow cell member for forming a fluidics interface with sensor arrays of different

rectilinear sizes disposed in a rectilinear interface package, the flow cell member

comprising:

a rectilinear body having an upper face and a lower face and a shape matched with

that of the rectilinear interface package so that the lower face of the rectilinear body may be

bonded to the rectilinear interface package to form a fluid-tight enclosure for a sensor array,

wherein an inlet is disposed at one end of the upper face, and an outlet is disposed at an

opposite end of the upper face;

an inlet passage interior to the rectilinear body providing a fluid passage from the

inlet to the fluid-tight enclosure forming an inlet port in the lower face of the rectilinear

body positioned above and at one end of the sensor array; and

an outlet passage interior to the rectilinear body providing a fluid passage from the

outlet to the fluid-tight enclosure forming an outlet port in the lower face of the rectilinear

body positioned above and at an end of the sensor array opposite of that of the inlet port.

30. The flow cell member of claim 29 wherein said inlet is concentrically disposed with

an inlet collar in a corner of said upper face and said outlet is concentrically disposed with

an outlet collar in a diagonally opposite corner of said upper face as said inlet and inlet

collar.

31. The flow cell member of claim 30 wherein said inlet and outlet collars each have a

radius and wherein said inlet port and said outlet port are each positioned within

perpendicular projections of the radii of said inlet and outlet collars, respectively, onto said

lower face of said rectilinear body.
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