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SYSTEMS AMD METHODS FOR HIGH EFFICIENCY BLECTRONIC SEQUENCING AND DETECTHON

This application claims pricrity to U.S. Provisional Application No. 61/565,651 filed December 1,
2011, titted "GEN{US ELECTRONIC SEQUENCING TECHNOLOGIES AND METHODS THEREFOR”, The
disclosure of U.S. Provisional Application No. 61/565,651 is hereby incorporated by reference in ifs
entirety.

The subject matter of this application is related to U.S. Provisional Application No. 61/388,450
filed October, 4, 2010, U.5. Provisional Application Mo, 61/389,484 filed October, 4, 2010, U.S.
Provisional Application No. §1/443,167 filed February 13, 2011, U.S. Provisional Application No.
£1/491,081 filed May 27, 2011, U.S. Provisional Apolication No. 61/620,381 filed April 4, 2012, U 5.
Application Serial No. 13/397,581 filed Fehruary 15, 2012, U.S. Application Seria) No. 13/632,513 filed
Qcteber 1, 2012, and U5, Application Serial No. 13/118,044 filed May 27, 2011 each of which is hereby

incorporated by reference in its entirety.

The NanoBridge may function as a pH sensor, as described in 1.5, Published Patent Application
Mo, US 2012/0138460, titled “BIOSENSOR DEVICES, SYSTEMS AND METHODS THEREFOR”, which is

hereby incorporated by reference in its entirety.

This Application is related to PCT/US2011/054769, which is hereby incorporated by reference in
its entirety.

This Application is further related to PCT/US2012/038880, which is hereby incorporated by
reference in its entirety.

BACKGROUND

Methods for quick and cost effective genetic and biological analysis, including high-throughput
DMA sequencing, remain an important aspect of advancing personalized medicine and diagnostic
testing. Current high throughout or miniaturized systams have limitations. For example, current
systerns for DNA seguencing, including those that employ optical detection, are cumbersome and
expensive, and have limited throughput. While sorne systems use sensors and seguencing flow cells to
address these limitations, these are generally one-time use disposables, which substantially Increases
tne cost to the user and Hmits the complexity of the sensor, since the sensor must he cost effectively
manufactured for 2 single use.

Anesd exists for systems and methods for genetic and biclogical analysis, and in particuiar,
methods and systems for highly paraliel or clonal sequencing reactions that are both sensitive and cost
effective
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DETANED DESCRIPTION
Manoieesdis

A NanoNeedle type of biosensor may be used for characterizing biochemical species such as antibodies
and antigens, and/or for applications involving one or more of DMNA sequencing, DNA hybridization, Real
Time PCR, proiein or other bio-species and chamical-species detectjon.

in an example embodiment of the instant disclosure, the ManoNeedle may be utilized to detect 3 change
inimpedance resulting from the modulation of the counter ion concentration or Debye length
assaciated with a biomolecule of interest, such as DMNA or protein, for an application of interest, such as
DMA sequencing, BNA hybridization, or protein detection. For example, in DNA sequencing, a change in
impedance is associated with the incorporation of a nuclestide and this change can be wtilized to detect
the incorporation event and identity of the DNA sequence. The nucleotides may be injected in a known
order, thus allowing for identification of the complementary base by detection of the incorporation
through impedance measurement. The biomolecules, such as single strand DNA, may attachto a

carrier, such as a bead, or may be bound directly onto the surface of a substrate.

Tne physical lecation of the electrodes of the NanoNeedie with respect 1o their proximity to a carrier,
such as a bead, to which DNA s bound, may impact the sensitivity of the impedance measurement. For
aexaimnple, if there is not adequate physical alignment between the electrodes of a NanoNeedle and 2
carrier, such as a bead, to which DNA is bound, the sensar impedance may be dominated by the
impedance of the bulk reagent. If, for example, the impedance of the bulk reagent constituies 90
percent of the total impedance between the elecirodes, and the impedance of the DNA on the bead and
its associated counter jons constitutes 10 percent of the total impedance between the electrodes, a one
percent change in the impedance of the DNA and asscdiatad counter tons will result in a 0.1 percent
change in the total impedance between the electrodes. In order to maximize the ability of the sensor to
measure the percent change in total impedance between the electrodes, while minimizing interference
from the impedance of the bulk reagent, the locations of the sensor electrodes can be modified with
respect to their distance from the beads,

FIG. 14 provides a schematic demonstrating various paths that may be detectad by the receiving and
transmitting electrodes 10 Cp and R, represent the capacitance and resistance due to the bulk
solution, respectively. Rgya is the resistance due to the region in close proximity of the template DNA
strands 124 fixed on the bead 180, Rpwe is different than R, due to the modified concentration of mobile
ions in close provimity and associated to the fixed DNA strands {in Debye layer of the beads and / or
DNA strands). Modulation of Ry, due to nuclectide incorporation on the template DNA strand 120 fixed
on the bead 1448 can be used by Nanoneedie 1o defect the incorporation event, thus the sequence of
DNA strand 120, Cy is the double laver capacitance around receiving and transmitiing electrodes 106,

There is a Cons, not shown, associated with the bead and DNA strands fixed on the bead, which is

effectively in parallel to Ry, in the model as a lump element.

I~



O ZOAI3NZ6 Y POTITRIOTHO6T 045

Referring now to FIG. 1B, to measure the change I resistance due to nuclectide incorporation, the
sensor may operate around mid-range frequency 1190 in order 1o help eliminate the effect of any
capacitances between electrodes. In some embodiments, this operating condition depends on the
electrode size as well as the spacing of the transmitter and receiver electrodes, as shown in FIG. 18 This
figure shows that decreasing the length of the electrodes may lead to an increase in sensitivity, as can
be seen by a larger change in the percentage of current over baseline current as the reaction, for
examnple, the incorperation of nuclecotide base pairs for DMNA sequencing, proceeds. At fow frequencies,
the double layer capacitance may dominate the impedance and the sensitivity of the sensor to changes
in resisiance can become small. At very high freguencies, the parasilic capacifance belween the two
electrodes may dominate. The current goes directly through that area and the sensitivity to changes in
resistance decreases. Therefore, based on the electrode size and geometry, the optimum operating

cordition can be achieved for the highest sensitivity of the sensor.

FiG. 18 provides an illusiration of some potential electrode embodimants and an exemplary range in
electrode length (1-3 wmj. The electrode sizes can be 7nm to 70nms or between 70nm to 700nm o
between 700nm to 7um, in length, weight and depth. The electric field lines 1840 of FIG. 1€ show how
the portions of the electrodes that are the farthest from the head mainly sense changes in the
resistance or capacitance of the bulk solution 188, The electric field lines at the portions of the
electrodes that are farthest from the bead have s direction that points away from the bead, indicating
that the current path is through the reagent, not around the bead. In some embaodiments where the
electrodes are smaller and closer to the bead, a larger portion of current goes around the bead, which
can increase the sensitivity of the sensor, There may he an optimum electrode configuration that
increases the baseline current as well as sensitivity in order to betier detect the DNA Incorporation

events.

in some embodiments, it may be desirable to bring the sensor electrodes for a sensorsuch gs a
Nanoheedle in close proximity to a bead, in order to minimize the amount of bulk reagent volume,
which rnay exist between the ManoNeedle electrodes and the bead or particle. One embodiment may
have a bead held in a flat or mosily flat surface through magnetic or electric fields or attachment via a
finker. One embodiment may have a bead held in a depression as shown in FIGS. 24, 28 and 20

As shown in FIG. 24, the depression may be forimed from a material, such as for example a dielectric
layer 203, that is deposited op a subsirate 202, and the material forming the depression may have an
active area 285 for the sensing of a targel reaction formed upon said material, The active area 205 of
electrodes 204 may sense the target molecules and/or target reaction. The depression may be usad to
retain a carrier, such as a pead 201 that is exposed to bulk solution 2068,

FiG. 2B shows a further embodiment, similar to that of FIG. 24, excenl with a shallower depression to
allow for more of the surface area of bead 203 to be exposed 1o bulk solution 20, This embodiment
may be desirable in that the surface area of bead 201 is more exposed To bulk solution 280 and this may
lead to mare efficient reagent delivery to the bead surface and may allow for more target moiecules 1o
bind to the surface, potentially enhancing the signal from the target reaction that can be detected by

the active areg 205
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FlIG. 2C shows a top view of a further emnbodiment of the NanoMeedle sensor wherein the active area
05 Is formed into an arc that may conform to the edge of the depression formed into dielectric tayer
203, and thus to the edge of the bead. The active area 208 may be connecterd 1o electrodes 204 and this
NanoNeadle embodiment is exposed o bulk solution 208 for the detection of target molecules and/or
reactions. The electrodes 204 yay have horizontal traces or may directly goes down to a read out
circuitry, for examoale a CMOS read out circuitry in the underlying layer. In a high density array of
ManoNeadie sensors, the signal from the target reaction that can be detected by the active area 205 of a
sensor iin the array that may have different shape and/or sizes. The array of the sensors may be 10010
106,000 sensors or 100,0000 to Imillion or 1 million to 10 million or 10 million 1o 100 million or 100

riflion to 1 biflion sensor per array.

The electrodes may thus be within the Debye length of the surface of the bead or particle and the DNA
attached or bound thereto. The NanoNeedle device may permit a minimum influence on the total
impedance between the NanoNeedle elecirodes by the bulk reagent solution, and a maximum influence
by the DNA aftached io or pound to the surface of the bead or particle.

in some other embodiments, a bead may be held on a flat surface without any depression. In such
embodiments, the sensor or the elecirodes of the NancNeedle may be in close proximity to the DNA
coated beads, but there is no depression or cavity and the baad is placed on a flat or almost flat surface,
held by a virtual field force, including but not limited to a magnetic field or an electric field or a
combination of different forces. In this manner, in 2 further embodiment, an array of “virtual wells” can
he created, shown in FIG. 3. These virtual welis 385 may also be referred to as “confinement cells” 360
berause the magnetic or electric forces may confine target particles, such as template DNA, on or near
the bead 320 in some emboediments. Depending on the structure and operation of a “virtual wait”
“confinemeant cell”, they may work as a “three dimensional cage” or reactor. The reactor can be used
for different applications such as amplification, isolation, confinement, concentration, detection of
chemical or biological species. For example, it can be used for high efficiency emulsion free amplification
of DNA, or high efficiency DNA or RNA synthesis, or DNA hybridization array, etc.

In one embodiment, as iflustrated by FIG. 3, the bead 328 is loaded inio the confinement cell and may
have target particles, such as DMA template, already attached. Nucleotides or other reagents may be
injected into the array of virtual wells/confinement cells. After the target reaction, such as DNA
sequencing, is completed and detected by a sensor, such as a NanoNeedle or NanoBridge or other type
of sensors, the reagents, target molecules, and beads may be washed. This method may aillow for a re-
usable array of confinerment cells 380, Using a confinement cell instead of a depression or a physical
weil may be desirable because it may allow for easier washing of beads, reagents, and target molecules
that may otherwise become lodged in the depression and may be difficult to remove. In one
embedment, an electric field may contain or move the nucleotides, a DNA strand, or other molecules

around the bead and/or template DNA,

In @ further embodiment, the bead can be placed through a physical linker to the surface of the

substrate of the nanosensor array.
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I an alternative embodiment, as shown in FIG. 44, one elecirode 405A may be attached directly to the
subsirate 402. The second electrode 48%B on the NanoNeedie may be attached upon a portion of the
sensor 413 which is utilized to position the bead 481 or particle in a fixed location. The bead or particle
is thus in contact with hoth electrodes, minimizing the influence of the bulk reagent solution 480 on the
total impedance between the NanoNeedle electrodes 4054 and 4058, as opposad to the impedance
resuiting from the counter jans within the Debye length associsted with the bead or particle and the

DMNA that is attached or bound to the bead or particie, the impedance measurement of interest.

A top view of the embodiment, as shown in FIG. 44, is shown in FIG. 48, This top view shows the
electrode 4054, which may be attached directly to the substrate 402, underneath and in close proximity
to the bead 403, A second elecirode 4058 may be in contact with sensor 413, which is utilized to
position the bead 4971 in a fixed location.

In & further embodiment, as shown in FiG, 8C, the bead 401 or particle may be held in place on a
substrate 482, A first electrode 4054 of a NanoNeedle may be attached directly to the substrate 402, or
to an adhesion laver {not shown) adhered to said substrate. A dielectric layer 414 may then be
fabricated so as 1o cover said first electrode. A second electrode 4058 of a NanoNeedle may then be
fabricated above the dielectric and said firsi electrode of the NanoMeedle. The second electrode may be
shorter than the first electrode. A slope may be created due to the difference in length between the
electrodes, so as to conform to the curve of the bead. The difference in the tength may be a function of
the diameter of the bead or particle, and the thickness of the two electrodes and the dislectric between
the electrodes. In this manner, the electrodes may be in contact with the bead, or may be in very close
proximmity to the bead, such that the impedance resulling from the counter ions within the Debye length
associated with the bead or particle and the DNA which is attached or bound 1o the bead or particle is

graater than the impedance of the bulk reagent sclution 400,

In some embodiments, the placerment of the bead or particle on a substrate may be via g physical well
or deprassion, or it may be achieved by holding the bead through a magnetic or electric force or physical
binding through a linker mechanism and/or compound or combination of two or more of the methods.

Shielding the electrodes using a dielectric substrate may also maximize the impedance measurement by
the sensor. The substrate may be composead or fabricated from glass, quartz, plastic, or any other
diglectric materfal. In some embodiments, silicon substrate can be covered by a dielectric layer such as
silicon oxide, sificon nitride, or other oxide layer, or even polymers such as polydimethylsifoxane
{PDMS), SUE, or another nolymer. This type of substrate is used in order to minimize current flow
through the substraie, thus enhancing the change in impedance around the bead and maximizing the
desired signal cutput 1o the sensor.

In another embodiment, some portion of ene or both electrodes may be covered by a dielectric layer. In
some embodiments, the portions of the electrodes in closest proximity to the bead or DNA remain
uncovered. These embodiments may optimize the impedance measurements of the sensor by shielding
the electrodes. These configurations can assist in preventing the measurement of impedance from buik
sclution,



WO ZHTI0BI6TY

TUSI 26 To4E

g

in one embodiment, a Hp of cne or both electrodes is coated with a thin dielectric layer. This thin
dieleciric layer provides a barrier between the elecirode and the solution, reducing the amount and/or
rate of corrosion. In this manner, the effective lifetime of the coated elecirode may be extended as
compared to the {ifetime of the electrode without the thin dielectric layer. The thickness of the layer
rmay be between 0.3 nm to 10 nm and in some embodiments the thickness may be more than 10nm.

This coating alsc allows for selection from a wider range of electrode materiais that may otherwise not
funetion as desired when exposed to the bull solution. For example, Mluminum, Copper, Tungsien, or
other materials that are susceptible to corrosion, may be chosen as the electrode material and coated
with a thin dielectric layer. This aiso allows the selection of a material that may not otherwise be
compatible with TMOS fabrication processes. Furtharmore, this allows for the selection of a material
that may be less expensive. This thin dielectric layer can be coated via atomic laver deposition {ALD) oy
other fabrivation technigues. The ManoNeedle may operate in alternating current (AC) mode, and thus
the signai can pass through thin dielectric laver. in an embodiment, the electrode material can be made
of silicon or other semiconductor materials, such as doped polysilicon or doped crystal silicon. Tha

material may have a native oxide layer or a doped thin layer.

In some embodiments, there may be a ground or a shield laver {or a low impedance conductive acling as
a shield} in addition to a dislectric layer near the electrodes. 1n a further embodiment, the
ground/shisid layer is located in the substrate base laver, for example, located in the silicon base. This
ground/shield laver may be a metal, such as for example copper, aluminum, pistinum, gold or another
metal. The ground/shisld layer may reduce signal interference from the bulk solution or from the base
material, such that the signal through the electrodes is optimized 1o megsure the change in conductance
due to nucleotide incorporation. in ancther embodiment, the ground/shield layer may be located above
the eleciredes and surrounded by a dielectric layer. The ground/shield layer may reduce signal
interference from the bulk solution, as may impede the variation or noise in the bulk solution from
Impacting the electrodes or traces of electvodes that are not in dose proximity to the sensors,

in one embodimeant, the ground/shield layer may cover a portion of the transmitter electrades, but not
cover the receiving electrodes. In another embodiment, two separate ground/shield lavers maybe used
to cover portions of the receiving electrodes and portions of the transmitter electrodes. The two
separate ground/shield layers for the transmitter and receiver electrodes may provide additional
isolation between the elecirodes and further increase the sensitivity of the system to measure the

change in the conductance due to nudleotide incorporation.

In some embodiments, the ManoNeedle may be coupled with a local capacitor, or capacitors, associated
with one or both electrodes, in order to prevent influence from direct current (DC) bias levels from the
driver circult or leakage from within the chig sensor from influencing the output signal.

The Nanoheedie may be fabricated as a planar structure, or may he fabricated as a coaxial structure.
The NancNeedle structures may be fabricated in an array of ManoNeedles, permitting large numbers of
single DNA molecules to be sequenced at the same time. The polymerass or a linker molecule can be

attached to the surface of the sensor, for exaimple on the dielectric layer betweean the two electrodes, or
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attached tc one of the electrodes, and then DNA strand can incorporate with nucleotide resulting to
change the detectable impedance between the two electrodes, as shown in HG. 40,

In an alternative embodiment, other molecules and assays may be utilized, most particularly those that
aliow detection of kinetics of single molecule reactions, such as other enzymatic reactions, The
NanoNeedle or NancBridge array can be used for the detection of single or a plurality of molecules for
DNA seguencing.

In some embodiments, the array is a NanoNeedle array as shown in FIG. 54, which illustrates both the
close up view of a NanoNeedie (left) and & top view of the NanoNeedle array {right). The close up view
of the ManoNeadle sensor shows one embodiment where the sensoris 1 wm in width and s in contact
with the microfluidic channel wherein the target molecules are located. FIG. 58 is a photomicrograph of
a top view of one embodiment of ManoNeedle sensors in a microfluidic channel. In some embodiments,
amplification of the signal ocours in the channel and is detected by the nanosensor, This process is
referred to as on-chip amplification bacause the amplification occurs within the microfluidic or in close
proxirmity of the nanosensor chip that comprises the nanosensor array.

in one ernbodiment this on-chip amplification can be through using a chemical reaction or process to
amplify the signal. It some embodiments, for example, a polymerase enzyrme, such as T4 polymerase,
can be used for ampitfication of inorganic pyrophosphate or PPi concentration, in the region close o the
pead and the sensor. In one embodiment, for example, an enzyme such as pyraophosphate can be used
to divide diphosphate or pyrophosphate into two phosphate groups, resulting in different ion
concentrations. Different chemical amplification can be used for increasing the signal detection with the
nanosensers, In some embodiments, the amplification of the signai ocours with a focal amplifier close
the nanosensor,

o
i

1. 6 shows 2 schematic of 2 NanoNeedle array, with a close up view of the NanoNeadle sensor 6030 at
the top. In some embodiments of the NanoNeedle, the electrode 620 is partially covered by and rests
upon dielectric layers 6463, In some embodiments, the NanoMeeadle sensor ray be composad of two

inter-circled or “comdal tip” electrodes or simifar shapes.

in a further embaodiment, shown in FIG. 7, the array of NanoNeadle or NanoBridge sensors are
associated with a carrier, such as for example a bead 740, in order to bind 2 target molecule, such as
DNA for DNA sequencing. The nanosensor 700 may be proximate to a magnetic region 748 that can
retain a magrietic bead 740, The array is exposed to bulk solution 784, wherein target particies and
reagents such as DNA and nucieotides {dNTPs) are introduced for reactions of interest, such as for
exampie DNA sequencing. The magnetic region 728 may be formed in a rectangular bar structured as
shown in PG, 7 or any other shape, for example a circular or sguare or other shapes, to capture the

beads, on or in close proximity of the magnetic regions.

in some embodiments, the NanoMeedie may operate via a DC signal. The measurement may be
achieved by detection of the change in the DC signal, for example, current, and/or the modulation of the
slectric field, or the change in ion concentration between the two electrodes. In one embediment, a
change in the rate of electrolysis {oxidation-reduction reaction) may be used as an indication of the
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occurrence of reactions of interest, for example, in DNA sequencing this change may indicate the
incorporation of nuclectides. This change may occur due to the modulation of impedance associated
with the concentration of ions between the two electrodes. This change in ion concentration may also
result from the byproducts associated with nucleotide incorporation, such as protons, inorganic
pyrophosphates (PP, or the counter fon coneentration due to the increase in the negative charge of the
DNA molecuies.

It sorne embodiments, chemical layers may be used to amplify the signal or the oxidation/reduction
effect. These chemical layers may also reduce bubble formation at the slectrodes. For such
embediments, materials or polymers, such as the ones with reversible oxidation-reduction properties

7

can be used, for example, hydroguinone {HQY and p-benzoguinons [(G).

in some embodiments, Guinhydrone (QH], which is 2 complex of HQ and Q, may be added to the flow
strearm in the microfluidic nanoarray. By increasing the concentration of QH 1o increzse the current,
filming and deposition of GH on the electrodes can ocour. The greater the increase in concentration of
H, the more melecules may be avallable near the electrodes for a reduction oxidation {redox) reaction.
If the concentraiion of H( is low, then after a short period of tirme The area around the electrodes may
hecome depleted of one product {for example, H2( near anode and Q near cathode) and the reaction
may stop at that point. In some embodiments, it can be desirable for the concentration to be high
enough to ensure that there is sufficient H2 G available or diffused in close proximity to the anede
electrode to continue the reaction. In one embodiment, a sensor such as a ManoNeedle can operate at
very tow frequencies such that an elecirode may switch between anadic and cathodic rofes wherein HQ,
Q, and H2Q may be always available near the elecivrodes.  The low frequency can be 0.01 Hzto 10 Hz or
10 Hz to 1000z or more. In some embodiments, this low frequency can be optimized based on the
concentration of HQ products and the diffusion rate in buffer. The applied voliage can be a combination

of low frequency and high frequency signals.

in the case of water hydrolysis near the positive electrode of a cell in the nanosensor array, O, bubbles
and W ions may be generated. In some embodiments, the bubhie problem can be overcome by adding
a chemical to the solution where the discharge potential of the chemical is less than that of water, and
as a result no gas is generated. HQ has a hydrolysis voitage which is less than that of water (0.6V versus
1.2V, respectively} and thus a lower discharge potantial, as shown in FIG. 8 and this may allow for the
apphcation of lower voitages through the electrodes with a resulting signal that may be the same or
increased as compared to solution without HO. The HQ-Q redox reaction may address the bubkie
problem, but the redox reaction can generate Ht ions, thereby lowering the pH. fn o further
embodiment, this problem may be addressed by adding H(Q 1o a sequencing and/or amplification buffer,
in order to regulate the pH such that it may be closer to the desired pH, such as for exampie a pH level
that is approximately 7.

In some embodiments, the NanoNeedle can pe configured to operate as 3 temperature sensar and/for a
pH sensor to detect nuclectide incarporations. This method is further deseribed in US patent
application 2008/0166727 entitled "Heat and pH measuremaeant for sequencing of DNA, which is herehy
incorporated in its entirety.

oo
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In some embodiments, the sensar may be a NanoBridge sensor wherein the active area may be
fabricated such that said active area partiaily encircles the bead or particle, and is in immediate
proximity to said bead or particle, as shown in FIGS. 94, FIG. 98, and FIG. 8C.

FIG. 24 is a side view of 3 “ring” NanoBridge, where the inner portion of the active area 9405 is within the
Debye length of the bead 891 or particle and the DNA, which may he bound thereto. The active area
may be entirely within the Debye length of sald bead or particle, resulting in impeadance of the entire
active area changing in response 1o changes in the charge that is bound or associated with the bead or
particle and/or the incarporation event of a nucleotide or nucleotide analog. The electrical conductors
804 orovide a means for measuring the Impedance of the active area 905, The diameter of the ring and
the associated supporting struciure 903 may be sized such that a bead fits cosely within said ring, and
may be located above subsirate 802, In some embodiments, the change In conductance or impedanca
of the NanoBridge is due to the impact of The ion concentration modulation, for example, due to tne

release of jons such as protons or release of inorganic pyrophosphates via nucleotide incorporation.

Altarnatively, as shown in FIG. 88, the ring 908 and support struciure 803 may be sized to be smaller
than the diameter of the bead 801 or particle, such that a bead may rest upon the ring, particulariy
when held by a magnetic array or electric fleld, ensuring that the ring is within the Debye length of the

bead or particle and the DNA bound thereto. The ring structure can also be used for other structures.

FiG, B is a top view of a NanoBridge implemented with a ring structure, showing the overlap of the
bead B0% over the active area 805 of the sensor, and the electrical conductors 804 that may provide a
means 1o megsure the impedance of the active area 905,

Depending on the desired characieristics of the output signal, the embodiment shown in FIG, A or the
ermbodiment shown in FlG. 28 may be selected. In the embodiment shown In Fig. 34, the resistance of
the NanoBridge can be larger than that of the NanoBridge shown in FIG. 98, This may be due to the
increase in circumference of the NanoBridge ring shown in Fig. 94 that results from its placament
around a wider portion of the bead. Resistance s associated with area, as described by:

Whera | equals length, A s the cross sectional area, and p is the resistivity of the material. In the case of
a NanoBridge ring, L equals the circumference of the ring, or 2rwr, where r represents the radius of the

ring.

Since the ring in FiG. 94 is placed near the widaest peint of the sphere, the radius of the ring is greater
than that of the ring in Fig. 98, wherein the ring is placed farther from the widest point. Thus, the
resistance will be greater for an embodiment similar to that of FIG. 84, The surface aren of the bead
coated with DNA close is to the bridge, therefore the "signal” of the Nanofridge ring shown in FIG. 54
ray be greater than that of the NancBridge ring shown in FiGG. 88, There may alse be an increase in the
thermal noise associated with having an increase in resistance. This relationship between resistance and

the associated thermal noise is described by:

9
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Where krepresents Boltzmann's constant {1.374 x 107 §/°K}, Tis the absoiute temperature (°K}, R is the
resistance, and B equals the Bandwidth {Hz).

Thus, the circumference and position of the NanoBridge ring siructure may be selected so as to optimize
the signal to noise ratio. Furthermore, the position of the ring relative to the head may affect other
partions of the process such as, for example, delivery of nuclectides, washing, fabrication, and head
loading. For example, washing may be easier when the bead is in suich a position as to have maore
exposura to the bulk solution, as opposed to being located farther down relative to the selution. In
some ernbodiments, it may be favorable to have the bead in one embodiment versus the other,

depending on the desired factors for optimization.

Sirnilar considerations may arise with the NanoNeedle embodiment, The placement of the electrodes
relative to the bead will impact the amplitude of the output signat and the signal to noise ratio. In some
embaodiments, the NanoNeedle may also be configured to have a modified ring structure, such as in FIG.
16 where the top view of one embodiment is shown. The portions of the electrode prongs 1014 ciosest
to the bead 1081 form 2 “ring” around bead 1041, but may not be connected. The second elecirods
prong 18314 may be in confact with a sensor 1043,

in some embodiments of the NanoBridge, the electrical conductors 904 may be connecied to heavily
doped regions of the ManoBridge (not shown), which then provide electrical connection to the active
area 95 of the NanofBiridge. Alternatively, the electrical conductors i34 of the NanoBridge may be
directly connected to the active area 905 of the NanoBridge that have an Ghmic connection by designing
the ManoBridge electrical conductors 904 such that the work function matches the work funcrion of the
active area %05 of the NanoBridge. Tor example, the valie of the work function of alurainum is close o
that of lightly doped silicon, but it is not a perfect match. To create a caser match, an aluminum alloy
may alternatively be utilized, or other metals, or polysilicon, etc. in some embodiments, NanoBridge
may be fabricated from silicon-on-insulator or SO stricture,

Additionally or alternatively, a back gate {nct shown) may be utilized in much the same fashion. ina
furtner improvement, the hacl gate may be segmented, such that there are difierent sections of the
back gate for different areas of a sensor array. There may be many sactions, sc that it is possible to
have an individual back gate for each sensor, permitting compensation for different sequence

dependent rates at which the primer is extended.

in sorme embodiments, the NanoBridge sensors are used to detect the incorporation of nucleotides in
emplate DMA for DNA sequencing. FIGS. L1A and 118 show two embodiments of data output fram
MNanoBridge sensors for DNA extension. FIG. 114 shows the extension of DNA by the incorporstion of
nucieotides and the resultant signal output. The top section of FIG. 11A shows two data outputs from
two NanoBridge sensors, where one of the sensors has DNA-coated head and the other one was used as
the reference NanoBridge sensor. The results in top section of FIG. 134 shows the output signal from
the NanoBridge with DNA-coated bead has a clear “sgike” or “peak” in the current of the NanoBridge,
versus the other NanolBiridge used as reference here doesn’t have the visible “peald” in the current
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signal. In the bottom section of FIG. 114 the differential measurement of the Two cutput signals of the
two sensors in top section of FIG. 11A has been shown, which make the extension signal or “peak” more
visible, FIG, 118 indicates the difference seen in the signal cutput depending on whether the wrong
nucleotide is introduced to the system (control} 1100 or the correct nucieotide is incorporated 1120
The incorporation of a correct nucleotide 1123 results in a visible “peak” in the signal, whereas the
addition of a wrong nucleotide 1180 in the detection system resuits in nio visible peak, The resulis were
shown for single strand DNA templates with multiple homopolymer sections in the strand attached to
the beads. In one embodiment, the direct attachment of oligenucleotides or DNA templates to the
ManoBridge sensor can be used. In some embodiments, single molecule or polyclonal BNA sequencing
can be used. in one embodiment, amplification of the single molecule template can be through “bridge

amplification, or “rolling-circle amplification” techniques or other amplification methods.

Electronic sensers, such as NanoBridges, NanoNeedles, ISEFETs, ChembETs may be designed to have a
wide dynamic range, asis the case with some pH sensors. They may alternatively be designed to have a
srall dynamic range, but high sensitivity. In one embodiment, both the dynamic range of the sensor
and the sensitivity of the sensor may be optimized, by including an additional element to the system
which biases the active region. The element may be a reference electiode, wherein 3 variable voltage
may be impressed between the reference electrede and the active area of a sensor, such asa
NanoBridge or ChemFET.

Adjustment of the voltage can permif highly sensitive detection despite a wide change In the amount of
charge interacting with the sensor. For example, a sensor may be optimized to work with a sequencing
reaction wherein the target DNA s 100 base pairs long. i the target DNA is changed to being 1000 base
pairs long, the sensor may ne longer be working within said sensor’s dynamic range, The voltage
between said reference electrode and the active area may then be adjusted so that the sensor s
permitied to work within its dynamic range. i in the course of the sequencing reaction, the extended
primer has been extended to 5300 base pairs, the sensor may again no longer be within its dynamic
range. The reference voltage may again be modified 1o bring the sensor within its dynamic range. This
method can be used as a solution to the potential issue of charge accumulation around the sensor such
that the sensor is no longer within its dynamic range. In this manner, the range may be “reset” to a
different baseline once the charge concentration is such that it adversely affects the sensitivity of the
SENSOr.

in some embodiments, changing of salt oy ionic concentration and/or buffer capacity of the
raeasurerment bufier can also be used 1 adjust the dynamic range of the read oul. It can aiso be used o
prevent or reduce the effect of charge crowding where the number of mobile ions or the ienic
concentration around, for example, DNA molecules bound to the bead, may be saturated and cause less
change in the conductivity or modulation in Debye leagth due to the nucleotide incorporation. For
example, a sensor and buffer and other factors, called “sensing”, may be optimized to work with a
sequencing reaction wherein the target DNA is 1000 bases long or equivalent charge from the target
DMA. If the target DNA is changed to being 1500 bases, for example after the extension of second
strand of DNA for 500 bases, the sensing may no longer work within said sensing optimal or dynarmic

range. The salt or ionic concentration and/or bufier capacity of the measurement buffer may then be

e
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adjusted seo that the sensing is permitted to work within its optimal or dynamic range. If in the course of
the sequencing reaction, the extended primer has been extanded to 750 base pairs (total of 1750 base
charge of DNA template where one strand is 1000 bases and the second strand that is under extension is
750 bases), the sensing may again no longer be within its optimal or dynamic range. The salt or ionic
concentration and/or buffer capacity of the measurement buffer may again be modified to bring the
sensing within its dynamic range. This method can be used as a solution to the potential issue of charge
secumulation around the sensor such that the sensor is no longer within its dynamic range. n this
rnanner, the range may be “reset” 1o a different baseline once the charge conceniration is such that it
adversely affects the sensitivity of the sensing.  In some embodiments, the combination of differant

adjustment for optimal sensing and sensor sensitivity may be used.

in some embodiments, measurernents of nucleotide incorporation may be performed during said
incorporation in order to determine the sequence of a DNA target. Multiple measurements may he
needed in order 1o ensure that the profile of incorporation is properly captured and measured, for
example to determine the nurnber of bases which have been incorporated in a homopaolymer run. Such

a measurement may measure byproducts of a reaction, such as PPior hydronium lons or heat. This may

[y

e referred as transient signal detection modality. in fransient signal detection modality, the detection

occurs during or closely after the incorporation or extension event.

An Hiustration of the transient signal measurernent is shown in FIG. 13€. The figura shows how the
signat in a transient signal detection modality changes in response to the correct additional of a
nuclectide that is subsequently incorporated. in the figure, bases are added in the order “A, T, C, G” {as
shown on x-axis of the graph) and there is a visible “peak” each time a base addead is the complementary
Rase of the DNA fragment being sequenced. Here, the sequence reads ATAA, with tha homopolymer
portion “AA" resulting in a signal with a larger peak. For a large array of sensors, such a measurement
may require very high data collection rates, which may challenge the sensitivity of the sensor,

preventing sufficient signal to nolse to provide desired ervor rates associated with the sequencing data.

Additionally, there may be difficulties associated with trading off the arrors associated with phase srror,
and thus length of read, and the errors associated with accurately measuring which base and how many
bases have been incorporated. This may be true as a result of needing a low lonic concentration for
optimal sensor accuracy, and a much higher concentration in order for the polymerase to function

accurately without phase errors.

Alternatively, lwo or more different reagent conditions may be utilized wherein at least one set of
reagent conditions is utilized for incarporation wherein the reagent conditions may be opilmized for
polymerase accuracy and minimization of dephasing and a second reagent may be utilized wherein the
accuracy of the sensor is optimized, for example by the utilization of a buffer of very low ionic strength.
Reading the sensor separately frorm the incorporation event may improve the sequencing data accuracy
and read length. This may be referred to as steady state detection. [n steady stale detection, reading of
the sensors occurs after the "completion” of the Incorporation event. For example, if one type of
nucleotide is delivered to the DNA template, the detection is based on the signal measurerment at a

point in time when there has been sufficlent time for the incorporation event to ocour.
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The steady state change may remain until a change in the environment around the DNA template, for
example, the next cycle of nuclectide or buffer delivery. For example, steady state change in impedance
around the bead may be dise to change of charge of DNA template after nuclectide incorporation, or the
change in conceniration of counter mobile ions arcund the fixed DNA templates due to the change of
DNA charge, Tor instance, after nucleatide incorporation and/or addition of a negatively charged base,

A significant issue associated with next generation seguencing and various detection methods is the
enormous guantity of data generated. Some systems can generate an average of 3000 or more data
points for each useful base of sequencing data. Storing and analyzing data adds significantly 1o the
overall cost of next generation sequencing. In some embodiments, data reduction is performed in the
simplest way, by acguiring less data. Polymerase activity can be significantly more rapid than the time
nzeded o bring reagents with dNTPs completely through a flow cell {the microfisidic structures with a
nanosensor array); thus DNA colenies close to the inlet of a flow cell may have completely finished the
next synthesis before the diTPs have even reached the colonies near the outlet of said flow cell. f data
is acquired for the entire flow cell during the time needed to daetect reactions occttring anywhere in the
flow cell, much of the data will be from regions of the flow cell where no reaction is occurring.
Depending on the time needed for the dNTP reagent slug to traverse the flow cell, and the speed of
polymerization, most of the colonies in the flow cell will be either waiting for dNTPs, or will have
completed their synthesis reaction, rather than incorporating dNTPs and thus producing usefui data.

In some embodiments, the readout of the detector electronics is synchronized with the movement of
the reagent slug through the flow ceil. A reagent slug containing dNTPs may initially enter the flow cell,
but not yet move far enough into the flow celi for the dNTPs to bind and incorporate with any of the
colonies, as shown in FIG. A2A. At this point in tme il may ba possible to not take data at all. At a point
slightly later in time the reagent siug will have entered the flow celi sufficiently to interact with the set
of colontes in the first region, as shown in FIG. 128, Al this point in time data may be taken from the
detectors associated with the colonies in a first region, but may be not aken for other regions of the
flow cell. At a second point later in time the reagent slug may have entered the flow cell sufficiently to
begin to interact with the set of colonies in a second region, as Hlustrated by FIG. 12¢. At this point in
time data may be taken from the deteciors associated with the colonies in the second region, and may
likely need to still be taken from the first region, depending on the speed of the reagent slug and the
speed of the polymerase, but may not need to be taken for other regions of the How cell. At a third
point later in time the reagent slug has traversed through the flow cell suificiently to begin to interact
with the last set of colonies in the flow cell, as shown In FIG. 12D, AT this point in time data may be
taken from the detectors associated with the colonies in the last region. Some data may still nead to be
taken from previous regions, such as regions immadiately preceding said last set of colonies depending
on the speed of the reagent slug, the speed of the pelymerase, the length of the flow cells, and the size
of the colonies, but may not need to be taken for other regions of the flow cell,

In some emibodiments, one or more different types of differential measurements may be taken in order
to account for noise that can be generated due to factors such as, for example, buffers, temperature,

Huid fiow, solution, carriars, dNTP misincorporation, sensor electronics, etc. These differential
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measuraments can help calibrate the system or may be used as part of post-processing in order to help

minimize noise and improve the accuracy of the system.

As shown in FIG. 12E, in some embodiments, null beads may be used as references for differential
reasurements; such referances may compensate for variations in temperature, variations in the
conductivity or pH of the buli reagent, localized variations in conductivity or pH, or other variations,

The controt of the system will help imitand identify shase errors, thereby extending read length. In
some embaodiments, as shown in FIG. 12F, the differential measurement s performed by using an empty
sensar {no bead) as a reference. Although FIGS. 12E and F use a differential measurement from column
“I-17 and 7, respectively, as an example, the differential measurernent may be taken from any row or

column or array.

I another embodiment, as illustrated in FIG. 124G, heads or sensor regions without an incorporation
reaction may provide betfer references relative 1o empty sensors or null beads. This may be because as
DNA polymerase and beads will be present in the volume of interest, any variation in surface chemistry
aind resulting background counter ion concantration will ikely be better matched. At each cycle of
nucleotide injection only about % of the beads have the DNA strands and complimentary bases reguired
for incorporation at that cycle and the rest of the beads do not. This differential measurement allows
for the removal of common noise and variation. Although FIG. 128 uses a “no reaction” bead from
colurmnn “j” as an example, any other bead or beads {or sensor/sensors) from any row or column or array
may be used.

It is Hikely that different colonies on beads or sensor regions may have colony DNA and/or extended
grimers of different lengths from the lengihs of colony DNA and/or extended primers associated with
other beads and/or sensor vegions, and thus may have different arnounts of charge present that may
interact with the sensor. Thus their charge/signal is not the same, but differential measurements may
allow for averaging over the array of sensors such that these values are normalized and common noise

may e removed,

in another ambodirment, the differential sensor is not exposed to the solulion, bul may be covered by a
dielectric layer. in this manner, the ditferential sensor is compared to a sensor that may be detecting a
target reaction, such as DMA sequencing, associated with the bead. This method may allow for the
rermoval of noise associated with the electronics of the sensor and read out circuitry, since the

differential sensor is not exposed to the soluticn.

In some embodiments, 2 reference electrode may be used for electronic or M sensors, for example FET
pH sensors; some designs for arrays of FET pH sensors use a reference channe! for each detection
channel; others have reference channels for a2 set of detaction channels. Bul the local pH of the
detector is influenced by the presence of the DMNA colony, and changes as the length of the second
strand of DNA s extended by the polymerization reaction. In using a chemistry whereby a single type of
niucieotida is introduced to the flow cell at a time, many detector channels will not have a reaction
taking place at that detector; in fact most detector channels will not have a reaction occurring. Thus in
one embediment, as shown in FIG. 12H, neighboring/adjacent detectors are used as reference channels,
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providing the data analysis algorithms an opportunity to measure the pH or fon concentration as it
changes in detectors which are neighboring detectors 1o a detector which has a polymerization reaction
occurring. Although FIG. 12H uses an adjacent bead sensor from cotumn “j” as an example, any other
sensor or sensors from any neighboring row or column may be used. Although a neighbor bead from
columnn This permits detection of change, for example, pH or ion concentration levels, or ather sources
of noise local o the detector of interest, and may also permit detection of crosstalk, allowing for

monitoring and modification of a crosstalk deconvolution function.

In a further embodirment, as shown in FIG. 121, sensor area 1220, may be used as a reference. This
reference sensor region may be null {(does not have associated colonies, either with or without bead or
DAY, or may simply be used to generate an average signal, or some combination of both methods. In
some embodiments, the differantial measurement is taken by calcudating the average output data
associated with a selected area that contains a plurality of sensors with associated carviers. This type of
differential measurement may be characterized as 2 "blind”, averaging type of measurement because
some carriers, such as a magnetic bead for DNA seguencing, may be undergoing a reaction and other
beads may be null beads. This differential measurement that takes an average measurement of beads
in a neighboring area allows for the ramoval of common noise, such as for example solution, buffer,
reagents, etc. The arsa 1228 can consist of any number of sensors, induding single neighboring sensors,

columns of sensors, rows of sensors, or any shape or size of a sensor array of a nanosensar array.

In another ambodiment, the differential measurement may be achieved by averaging the data cutput
from a specific column of sensors and associatad carriers in a nanosensor array. This type of differantial
measurement may allow for consideration of the time factor associated with the delivery of solution and

reagerits to the pixels of the nano-array, as shown in FIGS, 12A-D.

Since the delivery of the solution may occur at different times for different columns of the nanc-array,
taking a differential measurernent based on columns allows for calibration that is time based. Thereisa
continzous flow of reaction buffers contained dNTPs over the detector array. As soon as the flow passes
over the colony, the incorporation proceass starts which lead to change in the buffer conductivity, In the
transient condition, this change can be capturad based on the change in local pH or conductivity around
the colony. Therefore, as reagent slug goes over the colony, the data collection is performed, After the
reaction time, the data collection can be performed o capture the local conductivity change to detect
the incorporation.

These measurements may also be performed in the steady state condition. First, the reaction buffer
contained dNTPs may be flowed over the colonies. The incorporation may occur on some of the colonies
and this can change the conductivity around the colony. Subsequently, measurement huffer with lower
conductivity may be flowed over the colonies. As a resull of incorporation, the conductivity may
increase cdoser to the colony and this change in conductivity can be detacted by the sensor. The flow of
reagents over the colonies and change in the conductivity may occur very guickly. The data collection,
therefore, can be synchronized with the flow of the measurement buffer. When the buffer slug passes
each column, the data collection may be performed. In this steady state detection method, data

collection can be done ai any time. In some embodiments, the measurement buffer and the reaction
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buffer are the same buffer and the detection occurs by measurement of conductivity change after the
incorporation evert.

FIG. 12} Hlustrates, in some embodimentis, sensors with a reaction occurring 1200 that are in close
aroximity to a sensor without a reaction occurring 1219, The figures Hlustrate that the locations of
sensors 2208 in relation to sensor 3238 may resull in crosstalk betwsen the sensors, as shown by
overlapping signal region 124584, FIG. 12K shows one embodiment of an output data signaf that shows a

,-;,..-

“false positive signal B for sensor 1210 that does not actually have a reaction occurring. This is
due to the crosstail between the sensors 1200 and sensor 12340, in one embodiment, this false positive
signai, for exammple, may be a false dNTP incorporation signal for DNA sequencing. Sensors do not have
to be adjacent to each other to generate false positive signals, cross-tatk can occur for a variety of
distances betwsaen sensors.  Differential measurement methods, such as for example a cross-talk
deconvelution function matrix, can be used to remove false positive signais from the output data signal

either through calibration of the array or through post-processing,

in one ermnbodiment, as shown in FIG. 128, differential measurements can be faken by using a cross-taik
deconvolution function matrix. An area of interest may be selected wherein one pixel is undergoing a
reaction and the other pixels in the area (nxn) are null. [ this manner, the effect on the other pixels in
the area can be measured, and this may aliow for quantification of the amount of crosstalk from one
pixel o the rest. This process can be repeated for the rest of the pixels until an nun data matrivis
generated wherein crosstallk among all the pixals in the area can be determined. This cross-talk
deconvolution function matrix can be tzken out of the raw outpul signal from the nancsensor array
alter a reaction of Interast, such as for example DNA seqguencing, is completed. Inthis manner, crosstalk
arnong the sensors of the nano-array may be accounted for and removed from the raw data in order o

help generate more accurate resulis.

In sorme embodiments, a differential measurement may be used to account for polymerasa
misincorporation of nucleotides for reactions such as DMA sequencing. A known oligoniicieotide or DNA
fragment attached or annealed to the DNA template can be used. “Wrong” nucleotides may be used in
order to find out how much the output signal is from “misincorporation”. In some embodiments,
unincorporable nucleotides or nuclectide analogs may be used in order to find oul the rate and how
much of the output signal resuits from misincorporation. This data may be used 1o optimize and process

cutput data such that the final signal is from correct incorporations.

In ancther embodiment, a3 shown in FiG. 120, null beads or beads with different sequences are
introduced palr wise with sample beads, and the signals are determined using a differential amplifier,
obviating the need for the analysis algorithms to directly deconvolve variations in background and
crosstaik, as shown in FIG, 220, Nanoneedle sensor can be used for either of steady state or transient

nal detection modalities. FIG 12N data shows the experimental results from DNA extension easured
by a NanoNeedle sensor.

Using various types of differential measurements may heip generate more accurate data signals,
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in some embodiments, a method Tor improving signal ouiput s through use of the steady state
detection method. In some embodiments, the chemical reaction of interest is nucleotide incorporation
for DNA sequencing, and this is the chemical reaction being detecied by the steady state detection
method as shown in FIG. 12B. The nucleotide incorporation reaction of FIG, 128 illustrates that the
steady-state detection method may be used to directly detect a change in the environment around the
reaction, such as for example a change in charge {Q) or impedance that results from nuclectide
incorporaticn. Steady state measurements may provide several advantages over the transient detection
maodality, The sensor can be utflized in 2 manner wherehy less data is required as the sensor may no
onger be forced to be read at a high data rate 1o keep up with the polymerase incorporation, but can
instead be read a single time, or time averaging interval, wherein the electronics may have time

Thus, the data

constants that are sufficiently long to permit the sensor noise to be significantly reduced.

collection may be much simpler.

FIG. 14 shows an exemplary embodiment of the signal generated in steady siate detection mode. The
figure illustraies that signal is linear, even beyond the addition of 60 base pairs. This raw data shows
that the steady state detection method can effectively be used for hase pair reads over at least 60 base
pairs. Other data shows that the steady state detection can effectively be used for base pair reads over

80 base pairs, 200 base pairs, 500 base pairs, 1000 base pairs or longer.

FIG. 15 shows another embodiment of raw unproa’es%d data from a finear homoepobemer read with a

pon-Hnearity of less than 0.5 base for 2, 4, 14 and 33 base sections. Here, the data is displayed based on

the number of hases incorporated per oyoie and there s also @ naar inear relationshin Detween
condictivity and hase peir addition. This raw data has only been correctad for 2 control sensoy without

baad,

As stated previously, the steady state measurement approach may have advan var iransient

('.

raphig wit'}m.u distorting

detection. The signal is steady and thus the electronics can utilize signal ave g0

processing the signal profile. In some embodiments, since the charge being detected is bound to the

bead, the detection can ooour separately from the incorporation event, This may allow §

worporation solution to be optimized for incorporation and the read solution o be opt&r*g'sized for

reading. The charge may not diffuse and thus crossial Ween sensors can e minimized or

sliminaied, reducing g source ot ¢ srden. To capture the transient signal
7 i 2

o

data cotlection roust capture many data ooint on all sensors during the dNTP addition. The dats must be

curve-fit and adjusted for Bme dalays,

erind may create

¥

must be a compromise between having low enough sall, buffering, snd dNTP concentrations to allow

&)

several challenges. The buffer conditinnsg

for sufficiently sensithva datection, and having high enough concentration 1o alfow for {rm'ipiete and

".Comowte@“ evanis. in conirast, the steady stale mesgsurement method, in some

nis, may viilize twao buffers condifions, gach one optimized for a single task, one for

ation chemistry, and one for detection. Further, the incorporation chemistyy can permit much

more accurale incorporation snd less dephasing ¢ & result of utilizing nstural bases n a {;Dr‘ﬁpe‘fé%‘ive

E=]

resaction using one base and three ribonudentides or other pon-incorporable nucleotides,
&
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1.

he bicinformatics challenges can be significantly simpler for steady state measurements for a number

of reasans, There may effectivaly be no oross Talk between channpels as 3 result of diffusion, as the
counier-ions that are measured are directly associated with the DMA. The amount of dats can he

H

significantly fower, as it may r b necs

ssary to monitor constar 3?3\; to keen from missing a potentis
incorporation event, which may happen at differant tirmes In different locations in the flow cell, evan
within a single column, as the How rate through 2 How el may be very non-uniform. The number of

data points could be as feuw as one, possibly two data point

Homoepolymer acouracy

ey o e nuch better,

£1ac
gtire, wherain the incorporation of
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sy be g sirnpler method than transient ¢

simpler extraction and cale ,inﬁamr: of the differential signal from the raw signal

= as transient signat

her inearity and acouracy in sequending and homooolyrer detsciion.
An exemplary embodiment of the expenmental raw data generat

51

ManoMeedie sensors i shown In FIG. 17, which Hlustrates 3

ectivn after ncorporation of thres hases | ero ases LFE

the beginning of each arrow corresoonds wi "fh the end of 3 wash step for the ‘;é‘:m‘s“gm;"aﬁon buffer,

whereln there are two different bulfers used, one for incorporation and one for detection. In soms
embodiments, a customized buffer system mav be used with different formulations for incorporation

and detection, allowing for decoupied opiimization. The rero base incorporation 1730 results in a fat

R

sighad, with no change, whareas the addition of threes or Tive bases (1720 and 1748, respectively) resujis

+

i a change in the level of the 'gg‘na[, proportional o the number of bases being delected. A flat signal

TFES froem a reference sensor s slso shown, for comparison.

s of raw dalas cutput for DNA sequencing

i method, For both figures, the raw data is shown i the ton graph, and

bBased on a steady state detectio

ation of 3 corrent

nucieotide s shown by the arrows and the bottom of each signal rises as more bases are correctly

fnear response, so there may be a reason that the

homopohymar error rate could be reduced, FiG, 194

rwwhere there i

cing with the NanoMeasy

5 3 correct incorporation of a miclectide (an

vs at approximately the sgme b

At shows that the conduciivity bas a near linear

erential signal shows a 5.4 mV change per bass addition
during DMA extension. The homogpolymer template after primer was: 3 AMA AAA CCCCCCTTITTIT

AALATTTTC CCC AAL CAA CCC AACTCAGTC GTC AAT CACCAG A5,
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FIGS. 198 and 18C show another embodiment of raw unprocessed data from a homopalymer run,
wherein FIG. 19C is a repeatl run of the homopolymer run of FIG. 188 with z different nanosensor. The
temnplate being saquencing in FifG, 288 ist A AAA AAC CCC CCT TIT TTA AAATIT TCC CCA A

in & further embodirnent, in an exemplary sequer

sing experirnent, the order of the nuclentides heing

injfected into the seguencing mnduls s "C, A, T, G7 and the resulls of the sequencing data indicate that

nuciectides being incorporated are “ATGGAATTEGEAALAATAY, as shown in FIG. 28, which matches with

the sequence of used DNA termpiate in the experiment,

in one embodiment, the effective read length may be increased by performing a sequencing reaction to
the fuli length possible white utilizing sald low lonic concentrations, meilting off the extended primer
strand, intraducing newy primers and dNTPs, and proceading with the synthesis reaction while using
optimal lon concentrations for synthesis, for a number of bases that may be statistically less Hkely than
the number of bases that have been previously seauenced, followed by changing the conditions 1o those
appropriate for detection. Said process of melting off the extended primer strand, introducing new
orimers and dNTPs, and proceeding with the synthesis reaction while using optimal ion concentrations
for synthesis, for a number of bases which may be statistically likely to be less than the number of bases
that have been previously sequenced, foillowed by changing the conditions to those appropriate for
detection may be repeated multiple times, until the process no longer results in useful data. As the
determination of how many synthesis steps to utilize is statistical, the process may be reversed,
performing a synthesis with conditions optimal for synthesis, followed by performing synthesis utilizing
conditions appropriate for detection. This may then be followed by meiting off the extended primer

strands, introducing new primers, and utitizing ionic concentrations appropriate for detection.

in a further embodiment, both ihe NanoNeadle and the NanoBridge sensors may be used i the same
pixel, as shown in FIG. 24, 1n one embodiment the bead may be held on a Hat or nearly fat surface. In
some embodiments, the bead may be {ocated on a depression. The NanoNesdls sensor 2180 can be
ontimized for steady state detection and the NanoBridge sensor 2120 can be optimized for transient
signal detection. As the figure illustrates, in orie embodiment, the two sensors may be proximal fo a
bead 2130 wherein there is template DNA 2180 atiached to the bead. dNTPs and other reagents can be
3
between the DMNA primer 2140 and template DNA 2180 may occur. Then, nucleotide incorporation and

delivered via bulk soiution 2130, such as DNA primer 2444 In some embodiments, hybridization 2168

DNA extension #1880 may occur, The incorperation of nuclectides can lead to one or more of a change
in pH, generation of H+ions, generation of pyroghosphate (PP, and a change in impedance {Z), and/or
charge {Q), and/or conductance {Y). One or more of these changes can he detected by NanoNeedis
sensor £100 and NanoBridge sensor 2120, The output signal may be represenied as a change in voltage
{V)or change in current (I}, Two sensors can parmit detection based on complementary detection
modatities {both steady state and transient signal detection), may allow for independent signal
confirmation, can increase read accuracy, and may increase signal to noise ratio. Two sensors can
permit detection based on two orthogonal or independent read ouls. In some embodiments, one or
more sensors can be used for detection at different operating conditions, such as different freguencies,
to provide different, orthogonal, and/or independent read out signals. For example, NanoNeedle can be
used at different frequencies to measure different impedance conditions, for example, at one frequency
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measuring mostly conductance modulation, while in another frequency detecting capacitive changes
due or after the nucleotide incorparation.

Iy some embodiments, an integrator may be incorporated with the sensor in order to maximize the
amount of time given to each sensor and in order o reduce the read noise of each sensor. The
integrator may include a capacitor associated with each sensor in the array. In other embodiments, the
sensor may be configured as a capacitive sensor, where there {s no current flow, but rather an
accurnuiation of charge during a chemistry cycle. In some embodiments, utllizing efther an integrating

device or a capacitive device, the sensor may have local amplification electronics for each pixel.

in other embodiments, the charge or signal may be moved, in a manner similar to that of a CCD to a
readout port. There may be ane or more readout ports assaciated with each microfluidic device, said
device containing a nanosensor array. In some embodiments, the circuitry at the readout ports may
include one or more of an analog to digitat converter, a row selector, a column selector, shift register,
sevial read oul, multiplexer, ete. In one embodiment, as shown in FIG. 224, there may be readout poris
2200 on opposite sides of the device 2225, This figure llustrates that the sampling rate may be reduced
and the integration time may be increased by using more than one readout port. Arrows 2240
represent the distance covered by the readout ports 2204 on opposite sides of device 2225, Since there
are two readout ports, the amount of data from the device that must be sampied is halved for each chip
and the infegration time is doubled. Reducing the amount of data and the raie of sampling for each
readout port may enhance signal guality and increase the signal to noise ratio. In some embodiments,
sach corner of the device may have a readout port; in other embodiments, there may be ports along all
four sides of the chip, as shown in FIG. 228, aliowing for a reduced readout rate and an associated
improved signal To noise ratio. it can be also allocated in the middle sections of the chip or g

compination of these.

in some embodiments, the system may utilize a sensor, such as a bridge sensor, which is arranged in a
snanner sirnilar to a Fin FET, shown in FIG. 23, In some embodirments, the Fin FET type sensor s
comprised of a silicon substrate 23400 covered by an oxide layer 2320, There may be a gate 2340 on top
of the oxide layer, as well as a sensor fin 2310, & source 2360 and a drain 2380, In some embodimeants,
the three sided gate 2348 may be accessible to interact with the ftargel molecules in the surrounding
environment, such as, for examale, DNA that is bound to the surface of the fin, channel, bead, etc. The
sensor fin 2330 may have a vertical dimension perpendicular to the subsirate 2300, said vertical
dimension being greater than the horizontal cross section of fin 2340, Such a device may have greater
sensitivity than a device which has but @ single surface accessible to the surrounding environmeni, The
Fin FET sensor can be fabricated from or on a SHicon-on-tnsulator or 507 structure.

o

Chamber Free Arnplifi

in the process of amplifying DNA in a chamber-free system as described in provisional application
£1/491081, various factors are potentially subject {o optimization. As explained in the application, in
some ermbodiments, electric fields are used to attract template DNA, dNTPs, and primersto a

i”

“confinement cell” region or “chamber-free amplification” region. Amplification then begins in the
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region of each cell where template DNA is located. During the amplification process, the electric fields
may also ald in preventing cross contamination between different confinement cells undergoing
amplification by retaining amplicons. In order to insure that polyclonal regions are not generated, the
concentration of input DNA may need to be low enough such that most confinement cells have one or
zero sample DNA molecuies. DNA samples can be single stranded or double stranded depending on tha
ampiification methodology. In some embodiments, DNA molecules may be added to the beads prior to
loading in the chamber free amplification array. Some factors potentially subject to optimization include
the frequency, voltage, type of signal input, shape of signal input, absolute value of voltage, duty cycle,
and dimensions of the electric field confinement cell used to confine the polymerase, template DMA,
and gererated amplicons. If confinement were the only consideration, it would be possible to confine
atmost any size of amplicon, without regard to the small size of said amplicon, A field that is strong

enough to ensure proper confinement, however, may also praevent proper activity of the polymerase

orporation of hases during the PCR orisothermal amplification process. Proper arrangement in the

iield and applied voltage, frequency and duty cycle and reaction conditions, may ensure that the field
does not pull the polymerase and/or extended prirmer from the complex of the target DNA extended
primer and polymerase.

it one embaodiment, it may be desirable to optimize a combination of frequency, voltage and size of the
confinement cell, depending on the size of the amplicon. For examiple, the size of the confinerment cell
canba 1, 3,5, 10,12, 20, 25, eto. um in length or diameter and differant shapes, for examnle, sguares.
Tha frequency can range from a DC signal {0 M) to an AC signal of a few Hz 1o several kHz or MHz, The
voltage can consist of, for examole, 1V AC with 500 Hz freguency with a 1.2 V DC offset. Chamber-free

amplification can be achieved using either electrophoresis or a dislectrophoretic field, or both.

In order to induce dielectrophoresis, an array of elecirodes can be used to create non-uniform electyic
fields. The elecirode configuration may take various forms, including an outer elecirode that defines the
outside of the confinemnent cell and an inner electrode, or there rnay be two inner electrodes nroximate
to a bead, for example, the magnetic bead, with a magnet located such that it retains the bead
proximate to the electrodes.

In generating a dielectrophoretic fisld, typically a sinusoidal wavelorm is utilized, While this may be
ideal for an application that is intended strictly for confinement or separation of different species, it may
cause issues for a systern wherein a biochemistry reaction may be performed within the confinement
volume, i a sys"&em utilizes a sinusoldal waveiorm, the speed of the charged species may be highest as

it passes the center of the confinement volume; thus, at the point where it may be most desirable for

polyrerase activié:y to oceur, the polymerase may be least likely 1o be able to function as intended

i an alternative embodiment, a modified sinusoldal waveform may be utilized, For example, the
modified sinuseidal waveform may have the voltage removed at the top of the sinuscid, allowing for
iocalized diffusion, permitiing hybridization of the aminlicons to primers, binding of polymerase to the
duplex DNA, and binding and incorporation of nudeotides or miclectide analogs. The field may then be
reinstated after an appropriate period of time. The same process may occur at the peak with the
opposite sign in the meadified sinuscidal wavelorm. Alternatively, the interruption in the sinusoidal
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waveform may occur oniy once per cycle, or may occur once in every several cycles, or once in many
cycles, so that any “stray” amplicons may be cagiured in the regions with lowest field strength and
returned to the main volume of the confinement volume. Aliernatively, other wave forms such as
sguare, 'trr—}p@i@id;a%, non-symmetrical wave forms, atc. maybe used,

Dizlectrophoresis may present chailenges with respect to voltage requirements and size limitations on
the target partictes. The effective confinement and separation of smallar particies may be problermatic.
In ancther embodiment, electrophoresis can be used, either alone or in conjunction with
dielectrophoresis, for confinement or separation of various species by the appiication of a uniform

etectric field. This methoed may allow for more effective contral over small particles.

in one embadiment, a DC signal is applied betwesn one or more electrodes 1o generate one or more DO
electric flelds. Furthermore, an AC signal is applied between one or more electrodes to generate one or
more AC electric fieids, The function generated may be a combination of two er more of a DCsignal, a
DC puise, and an AC signal. FIG. 24 lilustrates, in one ambodiment, the effect the electric field has on
DNA concentration over time {t) in a confinement cell. The photographs dlustrate the different intensity
of DNA concentration over time from 0 seconds {where there is no electric field) to 77 seconds after the

electric field has been turned on. For exampie, the photograph at O seconds has fewer, less intensely fit

The frequency of the DC pulse can range from, for example, 1 Hz to 10 kHz. The voltage can oscillate
between approximately, for example, +/- 1.3V, allowing for electrolysis at the upper range. In this
manner, the field may be removed in order 1o aitow for biochemical resctions 1o progress without any

potential interference and then iater the fleld may be reinstated at an appropriate time.

The confinement cell functions in such 2 manner to both contain and concentrate the target particles of
interest, such as for example DA for DNA amplification. In one embodiment, a carrier, such asa
magnetic bead, s loaded into a microfluidic channel, As depicted in FIG. 25, in some embodiments, a
magnet 258 asscciated with a confinement cell 2520 retains a bead 7560, Reagents, such as for
example DNA template strands, DMNA polymerase, primers, etc. are then passed through the microfluidic
channel and contained by an outer electrode 2540 of confinemaeant cell 2520, This outer electrode 2540
may have a negative charge in order to keep the negatively charged DNA molecules within the area of
confinement cell 2528, The bead 2560 may be located between two inner electrodes 2881, a portion of
which remain uncovered 2580 by a dielectric layer, and the DNA plus reagents may be concentrated in
that region. The teroplate DNA may be bound to the bead through the use of a linker, such as a bictin-
streplavidin bond. Ampiification of the template DNA strand on the bead can then ooour through
technigues such as PCR or isothermal amplification. For example, 8 method based on an isothermal
amolification using nick restriction enzyme and strand displacement DNA polymerase can be used. The
armplicons may be contained by the inner and cuter electrodes, facilitating 3 more effective

armnplification process by limiting the diffusion of particles away from the head.

In a further embodiment, the template DNA strands that are delivered in a low concentration in order
for rnost beads to have one or zero template DNA strands per bead, In 2n alternative embodiment, the

N
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ioading step is modified such that DNA template strands are bound to beads so that there is
approximately one DMA template strand per bead. The beads are then loaded inte the microfluidic
channel and captured by the magnets associated with the confinement cells. Reagent
delivery/concantration and DNA amplification occur in the same manner as described in the previous
embodiment. in a further embediment, the target molecule, such as DNA, may he bound to a surface of
the substrate, or may remain unbound as part of the solution.

In some embodiments, the inner electrodes may have alternating positive and negative polarities or
charges, as shown in FIG. 28, so as to concentrate the template DNA and reagents in close proximity to
the bhead 2800 located between the inner electrodes 2629, Said inner electrodes 2674 alternate back
and forth between positive and negative charges. In this manner, DNA and reagents used for
amplification may be passed back and forth between the inner electrodes 2820, concentrated in an area
on oF proximate to bead 2600, and preventad from attaching 1o an electrode of cpposite charge, The
electric field generated by the negatively charged outer electrode 2640 can be an additional barrier,
preventing the diffusion of the negatively charged DNA away from the confinemeant cell 2668, In this
manner, DNA and reagents may be concenirated on or nesr the bead, allowing for an increase in
afficiency of the amplification reaction. In some ernbodiments, the impact of local pH change around
the bead may be controlied with the distance of the inner electrodes from the bead.

In a further embodiment, as shown in FIG. 274, the process of alterating the positive angd negative
charges of the inner electrodes is coordinated between neighboring cells 2708, as can be seen by the
alternating lit regions in comparing the left and right photograph. This process may be coordinated such
that the neighboring electrodes of adjacent cells may have the same polarity or charge {positive or
negative) at the same time and then the electrodes may switch to the opposite poiarity or charge at the
same time. {n this manner, the alectric field between adjacent cells points inward, preventing diffusion
of particles outside of ine confinement cell.

In some embodimeants, the effect of having the elecirodes of neighboring cells with coordinated
alternating charge is shown in the 2-D depiction in FIG. 278, wherein the electric field linss {AC= 1V,
Z2Hz; DC = 1V} of adjacent ceils are pointing inward due to the neighboring electrodes having the same
charge.

I a further embodiment, FIG. 270 lllustrates the same concept as in FIG. 278, but in 3 3-D
representation. The lit up regions of the diagram represent neighboring electrodes of different pixels,
said neighboring electrodes having the same during the same time period.

Potential problems may arise if the distance betwesn the target particles and the electrodes is not
sufficient. At higher voliages, electrolysis may occur and this may cause issues such as, for example,
bubbles and/or a drop in pH in the area proximate to the electrode. These changes may have an effect
on the DMA amplification or biochemical reaction of interest. in a further embodiment, the placement
of the electrodes may be such that there is sufficient distance between the electrodes and the particles

to allow for the prevention of undesivable interactions due to a change in pH or bubbie formation, yet
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the electrodes are in close anough proximity to the particles in order to allow for their confinement or
separation,

There may be oplimization with respect to the configuration of the electrode edges, shape, dimensions,
configuration, materials, number of inner electrodes, etc. In some embodiments, the edges of the
electraodas may he sharp. in other embodiments, the edges may be more rounded. All or some of the
electrodes may have the same edge shape or all of the electrodes may have different edge shapes, The
shape/sharpness of the elecirodas may hava an impact on the strength and direction of the associated

electric field and can be optimized for ap applicaticn of interest.

n some embodiments, the electrodes may have a rectangular shape. In other embodimeants, the

alectrodes may be curved, circular, square, eic. or any other shape.
r ?

The outer electroda may have 2 pitch size of 2um, 5 m, 10 wm or smalier, or it may have a {arger size
such as L2um, 15urm, 20um, 25um, or more. The pitch slze may have an impact on the efficacy of DNA
confinernent. for the same applied voltage, a confinement cell with a larger pitch size has a smaller field
strenglh associated with it as compared to the field strength of a cell with smaller pitch size. If the
confinement cell proportions are designed 1o maintain the same ratio, said difference in field strength
may he due to the closar proximity of the inner electrodes to each other in a cell with a smalier versus a

farger piich sive.

Alarger pitch size, howevaer, may be desirable in that its provortions create a2 longer path for diffusion of
farget molecules outside of the confinement cell. Furthermore, a larger pitch size allows for a larger
¥ 0

range of the associated electric field, In this manner, a larger pitch size may be desirable in order to
capture or prevent the diffusion of target molecules towards to the top of the channel.

The electrodes may be composed of, for examole, 10/200 nm Ti/Pt to have minimal corrosion during
electralysis, or they may be composed of gold, iridium, atc., or another metal or material. In some
embodiments, some portion of the inner or outer electredes may be covered with a dielectric material
in order to prevant unwanted contact or interference from adjacant electrodes, reagents, bullk solution,
etc. There may be optimization with respect to the shape and size of the dislectric layar on the
electrode. Depending on the desirad electrie fleld strength, the uncovered portion of one or more
electrodes may be, for example, 10Cam x 100nm, 500nm « 500nm, Tum x Tam, 4um x 3um, etc, or
aniother dimension. The uncovered portions of one or more elactrodes may also very in shape, such as

rectanguiar, square, circular, or any other shape.

in some embadiments, the confinement cell consists of an outer electrode and two inner elecirodes.
The outer electrode may define the outer perimeter of the confinement cell, for example, forming a
square border. The thickness of this outer electrode may be 30nm, 100 nm, 1 pm, 2w, 3um, ete, Ina
further embodiment, one or more inner electrodes may be located within the outer electrode and have
dimensions of, for example, drm x 12nm, Snmox 15nm, 80nm % 200 am, 3pm x 9um, Sim x Ligm, 10pm
¥ 25 win, 2t or anoiher dimension. The dimensions of the inner and outer electrodes can impact the

strength and range of the electric field, and thus the efficacy of confinement of target particles,
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in a further embodiment, there may be one or more electrodes placed outside of the confinement cell,

negative charge such that it provides another electric field to help drive the negatively charged DNA
molecules 2824 into the confinement cell 2840 and onto the bead 2288,

in some embodiments, the channel height may be optimized for factors such as foading beads, clearing
beads, injecting reagents, washing reagents, ideal flow conditions, preventing blockags of the channels,
keeping reagents within range of the electyic field, etc, or other aspacts. In one embodiment, the
minirmum channel height required to avoid blockage or other potential problems is about 3 to 5 times

the height of the bead. in other embodiments, a higher channe! height may be used.

In some embodiments, one or more magnets can be used to retain the magnetic carrier, such as for
example a magnetic bead. The magnets may be composed of, for example, Ni, Fe, Co, CoPi, CrloPy,
MNiCoPt, or another combination of materials. Various aspects of the magnets may be altered in ordar to
gain the desired magnetic force and field. Such aspects subject to optimization may include, for
axample, the magnet material, number of lavers, thickness, length, sharpness of edges, shape,
configuration etc. The magnet may be composed of a paramagnetic material, for example aluminum,
platinurmn, ete., or any other paramagnetic material or a ferromagnetic material, for example, iron, nickel,

etc., of aiy other ferrornagnetic material, or a combination of materials.

An adhesion laver may be deposited below or on the magnetic region that has, for example, a “bar”
shiape, prior to deposition of the magnetic laver. The adhesion layer may consist of, for example,
Chromium, Titanium, or another adhesive material. This adhesive layer may be 1, 3, 5, 10, 15, or 20 nm
in thickness or another thicknass. The bar may be magnetized through sputtering of a magnetic layer,
The magnetic layer may consist of, for example, platinum or any other magnetic material. The sputtered
magnaticlayer may be more or tess than, for example, 30 nm, 50 nm, 70nm, 150nm, 200 nm, 4L0nm,
efc. in thickness,

in some embodiments, there may be "n” number of magnets such that the number of beads equals
“n+1”. inan alternate configuration, there may be “n” number of beads and “n+1” bars or any other
combination such as n beads and b bars or 2xn beads with n bars, etc. in some emboediments,
depending on the desired configuration, there may be, for example, cne, two, etc. beads per magnet.

in cne embediment, the magnet may have a “sandwich” layer composition, shown in FIG. 28, wherein
the figure iilustrates a dose-up view of the layers. The sandwich layers rav be composed of, for
exarnple, alternating lavers of hon-magnetic 2200 and magnetic 2920 materials, This configuration may
allow for a stronger magnetic force because isolating the magnetic layvers through the addition of
atternating non-magneiic layers increases the probability that the magnetic domains may align to
maximize freld strength without interference from other magnetic domains. These alternating layers
car be, for example, Chromidrm and/or Platinum or another material, In sorme embodiments, the
rmagneticJayer can be 10nm or less and the non-magnetic layer can be 2 or 4nm, or 12nm and 10 nm
respectively, or any other dimension. In some embodirnents, the magnetic layer can be more than
10nm, such as 20nm, 35 nm, 70 nm or any other dimension,

25



WY 2013081619 PUT/URIOIZN67645

Furthermore, in some embodiments, there may be a base layer 2840 composed of Chromium/Titanium,
that may be, for example, 3nm, 6nm, & nm, 14nm, etc. thick.

In some embodiments, there are eight layers, which may include 2 top oxide layer 2980, plus an

additional fayer for the base.

In further embodiments, the magnet may be, for example, 70nm, 7um, 10um, 20um, etc. in length. The
height of the magnet, which may be composed of multiple sandwich layers, may be 10nm, 70 nm,
200nm, G.5pm, Tuarm, 2.8um, 5am, 10wm, etc,

r

fhe sharpnéss of the edges of the one or more magnets may vary depending on the magnetic force that
is desired. In sorme embodiments, the edges of the magnets may be sharp such that a stronger magnetic
field and/or force is generatad. I other embodiments, the edges of the magnets may be less sharp in
order to achiave a smaller magnetic force. The strength of the magneiic force may affect the efficacy of
bead capture and the ease of bead washing.

The shape of the one or more magnets may also vary. In certain ermbodiments, for examuple, the
nagnets may have a sguare, rectangutar, circular, ete. shape. The shape may also have an effect on the
force of the magnetic field. As depicted in FIG. 30, in some embodiments, there may be magnetic bars
a5 that run along the length of the confinement cell array 3020,

in FIG, 314, in some embodimants, the magnetic bead 3180 associated with a confinement celf 33130 s
located above one maghet 3104, The bead 3160 is proximal to an outer electrode 33144 and two inner
elecirodes 3180, Some portion 3130 of the inner electrodes may not be covered by dietectric material.
in an alternative embodiment, there are two magnets associated with one confinemeant cell, as shown in
FIG. 25, These two magnets 2508 may run through the middie of the cell 2520, with the end of the
magnets facing each other at or near the middle of the celi. This configuration may create a gap {not
shown ) belween the two magnets, near the middle of the cell. A magnetic force may result from this
configuration, and a carrier, such as a bead, may be retalned by this force, resting on or within the gap.
This gap size can be, for example, 56 nm, 100 nm, .25 um, & wm, 1.5 um, 2 4m, 2.5 wm, etc. wide. The
gap size may be optimized to allow for a desired magnetic force upon the bead. Varying parameters

such as, for example, gap size can lead to optimization of such factors as bead capiure efficlency, as
shown in FIG. 32, In ove embodiment, as shown in the figure, using 2 1.25 v gap size may resuit in
single bead capture efficiency of approximately 90% for the bead size of 2.8 pm in dismeter. In some
ernbodiments, the confinement cell axes and the wxis of magnetic bars may have an angle, for example,
117, 15%, 38°, or 30° for optimization of high efficlency magnetic bead capturing and 8l factor,

in FlG. 3348, in ancther embodiment, in adaition o one or more magnets 3300 located in the
confinement cell 23240, there may ke one or more outer magnets 3310 located on top of or cutside of
confinement cell 3320, for example, at the top of the channel 3338, In one embodiment, the outer
magnet 3318 at the top of the channet 3330 may be ferromagnetic, for example, composed ofiron. In
an aliernative embodiment, the cuter magnet 3310 may be an sarth magnet, for example, composed of

samarium-cobalt. it can be insicde or cutside of the Auidic channal.
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In a further embodiment, the cuter magnet may be part of a mechanism that allows for it to be lowered
close to or inte the microfluidic channel at an appropriste time, and then allows for it to be removed oul
of range of the confinement cell by ifting or otherwise distancing it from the cell.

in seme embodiments, at the appropriate time, the magnet outside of the cell may interact with the
magnel inside of the confinement cell in order to generate a magnetic field that reaches a wider area.
Forexample, a magnet that is placed at the top of the channel can interact with magnets inside of the
confinement cell such that the magnetic field reaches te the top of the channel. This configuration may
allow for a larger magnetic field range and thus an increase in bead capture efficiency. in another
ermbodiment, the magnet on the outside of the confinement call may not be a physicat magnet, but

instead a magnetic layer that is deposited on the channel.

Ir some embodiments, any of the magnetic regions or tislds described herein may be created via
electromagnetic structures or techniques, for example, a coil with passing current or other types of

alectromagnetic Tield generation. In some embodiments, permanent magnets may be used.

s shown in FIG. 338, in a further embodiment, one or more trenches 3370 may be located heneath the
bead 3388, such that the bottom surface of bead 3360 is made available for the delivery or the binding
of the target molecules. In this mannear, additional surface area is made available for the desired
reaction, such as BMA aroplification. The trench 2370 may have dimensions of, for examgle, 3xi om, 4x1
pm, By, 4x2 pen, ete. In another embodirment {nof pictured), the french 3374 may run across the
length of the confinement cell arvay 2325, sliowing for ease in delivery of reagents and improved

washing.

There are a plurality of possible embodiments for the configuration of the confinement cell and

associated aspects.

In one embodiment, as showrn in FIG. 25, the confinerment cell 25280 consisis of two Inner electrodes

2580 surrounded by one outer electrode 2540, with both inner and cuter electrodes having sharp edges.

I altarnative embodiments, a5 shown in FIG. 334, the edges of both inner 3380 and cuter electrodes

#340 are rounded or the inner electrodes have sharp edges and the outer elecirode does not or visa

Y253,

In an alternate embodiment, 33 shown in FIG. 338, confinement cell 3320 has multiple inner electrodes
3380, for example, it consists of four inner electrodes 3380, In a further embodiment, the multinle inner
electrodes may vary in shape, for example, the eleciredes may be circular, square, arched, ete. or any

ather shape,

ina further embodiment, as iflustrated in FIG. 338, the inner elecirodes G ray be in the shape of a

semi-circle and the cuter electrode 3340 may also be rounded.

FIG. 33F fHlustrates that, in somea embodimants, there may be one Inner electrode 3288, with the bead
3360 located proximal to or above the one inner electrode 3388, and an outer electrode 3344 that

surrounds said inner electrods 335G,
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In alternate embodiments, there may be nesting efectrode configurations wherein there are outer,
middle, and inner electrodes. I one embodiment shown in FiG. 336G, for example, there may be an
outer electrode 33440 that surrcunds a smaller middle electrode 3345, wherein the said middle electrode
surrounds oneg inner elecirode 2380, In a further embodiment, shown in FiGG. 33H, there may be more
than one inner electrode 3380, In ancther embodiment, Hliustrated in FIG. 231, there may be an outer
electrode 3340 along the perimeter of the confinement cell 3320, and then two more middle electrodes

3345 that bracke® two inner electrodes 3380,

In some embodiments, the confinement cell may be designed with a trench 3870, as was shown in FIG,

38, or without a trench 3370, as was shown in FIG. 25, Some embodiments, as shown in FIG. 25, may

have a configuration such that there is 3 gap between the magnets 2500 wherein bead 2568 may rest,
or the cell can be designed such that the magnets 2508 are flush with the surface of the confinemeant
cell {not shown).

There may aiso be a variety of possible configurations for the location of the magnets with respect to
the location of the electrodes. There may also be optimization with respect to which portion of the
magnet is covered with an oxide layer in order to prevent or slow corrosion. in FIG. 331 in one
embodiment, the magnets 33008 may be located on top of the electrodes 3375, such that there is an

overhanging portion where the elecirodes 3375 are exposed and theve is an oxide fayer 3305 on top of

the magnets 3383, In an aliernate embediment, as shown in FIG. 33K, the electrodes 3375 are on top

of the magnets 3300 such that there Is an overhang exposing the magnets 3300 and the magnets 3

are covered by an oxide fayer 3305, A portion of electrodes may be coverad with an insulator laver {nat
shown}. In both example embodiments, the bead 3360 may be located in the gap produced by the
configuration.

FIG. 330 Hliustrates one embodiment of a confinement cell 3320 above a substrate 3321 wherein a target

reaction is occurring, such as for example DNA amplification, and the amplicons 3 are pound to the

head 3360, located above the magnet 2300 and electrodes 3275 of the confinement cell 3328,

FiG. 230 shows a diagram of a confinement cell array 3335 and one embodiment of the corresponding
pmo‘f of concent photo 3335, In scme embodiments, magnetic beads 3360 are contained in an array, as

seen in the proof of concept photo,

FiG, 230 depicts, in a further emmbodiment, the confinerment cell array 3325 arranged as part of a

micrafiuidic chip for chamber-iree amplification. This microfiuidic chip configuration allows for the
put and washing of reagents and target particles, such as DNA, nucleotides, orimers, ste. for DNA

amp!éﬁcation. The array density can be 30x30 or 100x100 or L000x100G0 or any other arrangement,

The methods described above can be utilized with a variety of DMA amplification methods, for example,
Polymerase Chain Reaction (PCR) or isothermal amplification. Amplificaticn may be solid phase
amplification, wherein one primer is on the surface of the bead, and 2 second primer is in solution, or
the amplification may be sclid phase wherein all primers are on the bead. In an alternalive

ambodiment, amplification may be performed whereby hoth primers are present in solution, and one
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privner, or both primers, are also present on the bead. After ampiification has occurred, the electric

field strength may be allowed to change in intensity or frequency, potentially being turned off.
Enrichment Moduls

When generating clonal beads a large percentage of the beads may have no DNA template. In addition,
other beads may have poor amplification. These beads do not provide useful sequencing data so it may
be desirable to remove these beads for better efficiency. In some embodiments, an enrichment module
may be used that separates the beads with no or minimal amounts of template by using an electric fietd.
Other enrichment or separation of the "null” beads from clonal beads via the charge, electrical or

physical characteristics of the beads may be used.

Baads fully loaded with templates have a higher charge, and so may move farther in an electric field
than beads with only prirners or a few templates or short or incomplete PCR products. in some
ambodiments, gs shown in FIG. 344 {(front view) and FIG, 348 (top view, this separation may he
achieved through module 3460, A first fluidic input 3411A allows the injection of mixed beads. A
second inlet 34124 allows the injection of a buffering sclution without beads. A first outlet 34418 may
be downstream from the second inlet 341248, Hulds may be brought into or out of the module through
ports 3408, The fluldic systern may have a substrate 3402 and a channel 3440 formead in a layer of
PDIS 3408 glass or other material.

The fluidic flow rates can be set by fluidic resistance or numping speed such that more lguid flows in the
second infet. In one embodiment, the inlet and outlet widths may be varied to create different Huldic
resistances, but other methods of modifying the fluidic resistances, such as different length or height are
anticipated. Similarly, the fluidic resistance of the first outlet 34218 and second outlet 343128 can he
modified so more liquid flows out of the first outlet 24118, In such a setuyp, beads without a smail
vetocity perpendicular to the fow may exit via the first cutiet port 34218, Additional output channels
can be added to facilitate separation of beads with medium levels of template.

in one embodiment, for the separation of beads with different charge density, for example, due to
different concentration or length of DNA molecuies which are bound to or the surface charge of the
beads, the baads may experience a different force in the electric fiald, and therefore a different velocity
that is perpendicular or near perpendicular to the flow. In this type of configuration, beads with a
smaller velocity perpendicular to the flow may exit via the first outlet port 34438, The beads with
higher charge and therefore increased perpendicular velocity to the flow may deflect more and exist
fram the other outlet port, resulting in the separation of the two beads types with different chargs
density. Simitarly, additiona! output channels can be added to facilitate separation of beads with

medium levels of template.

A pair of electrodes 3413 may be provided that enable generation of an electric fleld perpendicular to
the fluid flow such that the template loaded beads migrate out of the flow path towards second outlet
34128, Fluidic ports 3409 allow connection io the sysiem plumbing.
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One potential problem that may arise from the application of electrophoretic force {electric field) is
electro-osmatic flow, as shown in FIG. 340, When an elaciric field is applied to the microfluidic channel,
electro-osmotic flow may occur due to the double layer that cocurs at the interface of the solution with
awall of the microfluidic channel. This creates a movement of the fluidic medium 34986 of the
microfluidic channel, but one problem that may arize is flow becoming circular or turbulent, as seen in 3
portion 3495 of fluidic mediurm 3490,

As shown in ene embodiment in FIG. 345, to prevent the circular pattern that may be associated with
etectro-osmotic flow, physical barriers in flow restraining sections 3420, such as micro-poles or walls,
may be embeddad in the microfluidic channel to help ensure that the flow remains linear. The figure
Hlustrates the successful proof of concept and the progression of bead saparation 3430 over time when
an electric field is applied through the channel, This separation may be based on the charge density of
the bead.

tn another possibie embodiment, the shape or structure of the electrodes may change in a manner such
that the flow from the other section of the electrodes in the fluidic media cancels most of the electro-
osmolic flow caused by one section. The shape of the electrodes, for example shapes such as triangles
or saw tooth, or saw blades shapes or other shanes, can provide this property. In other embodiments,

gel or other polymer materials may be used to reduce or prevent electro-osrmotic flow,

in some embodiments, the enrichment module may be part of 3 chip, as shown in FIG. 348, wherein
there may be an inlet port 34084, collection port 34085, right buffer port 38144, left buffer port 34148,

slectrode reservoirs 3415, and a waste port 3416, The figure shows the channel side of flow through an
enrichment module chip,

tmproved Chamistry for mproved detection

in general, for most clonai DNA sequencing systems, it is desirable to have as much DNA as possible on a
surface, in order to maximize the armount of signat which may be obtained. In a sequencing by synthasis
systern where a change in charge or impedance resuiting from nucleotide incorporation is being
measured, Tor example, the more DNA that is present near the sensor, the more charge accumulates as
a result of dNTP incorporation and the greater the resuliing signal. The surface can be a sensor, a
rragnetic bead, ar another carrier of any shape inciuding planar, spherical, crystalline, 2tc. However, as
the DNA is randomly placed on the surface, the spacing of the DNA may cause sieric hindrance in a
polymerization reaction. Steric hindrance orcurs when the spatial properties of 2 molecule prevent or
delay biochemical reactions occurring within or near the molecule. DNA and BRNA polymaerases vary
noticeably in size, ranging from approximately 4nm to 15nyn or mare, and thus in order to optimize a
given polymerization reaction, there must be adequate space for the polymerase activity. Here we

present a novel method to provide such spacing.
In many different sequencing applications, target DMA or primers are bound 1o the surface of the

substrate. These target molecules may be bound to the surface of the subsirate in a variety of ways
including covalent bonding or through linkers such as biotin-streptavidin, for example, where
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biotinyiated DNA is bound to streptavidin coated beads. 8s a result of the attachment methods, ‘the
target DNA and primers are randomiy ptaced on the surface, and may he in sufficiently close proximity
that steric hindrance occurs for the polymerase extension. Even if a Biotin-Streptavidin bond is utilized,
in case of high concentration of streptavidin on the bead, the size of the streptavidin (3nm)is
insufficient ta properly space the DMA moclecules such that there is room for the polymerase {7 1o
i0nmy.

In one embodiment, the target DNA may be appropriately spaced such that steric hindrance cannot
secur. This may be achieved by, for example, using a complex with double stranded DNA and a
polymeaerase which is larger than the polymerase which will be utilized for the sequencing reaction. In
this manner, once the DNA is ready for sequencing, it will already be placed such that there is sufficient
space for the polymerase used in sequencing to function nroperly. The initial polymerase can be one or
rnore of BST, Phi29, Klenow exo- 3', T4, etc. and the sequencing polymerase can be chosen such that it s
a sinaller size than the initial polymerase. The differences in size of the raspective polymerase range
from Tnm to 10nm.

In an alternative embodiment, as shown in FIG. 35, other proteins 3500 that bind to double stranded or
single stranded DNA 3520, which may be attached to a bead 3548, and are of appropriate size may be
utiized. Such proteins can include, for example, Single-Strand DNA Binding proteins, transcription

factors, etc.

The initial nolymerase may be processive, so that it remains bound during the attachment process.
Some examples include Bst and PhiZ29. After the atiachment process ocours, the polymerase may be
remaoved, degraded, or washad, leaving behind an apprepriate amount of space for the sequencing
reaction to occur. in an alternative embodiment, the polymerase may remain on the DNA, o be used as
a spacer, and another polymerase may be userd to sequence the DNA. in a further embodiment, the
polymerase may be attached near the bead or carrier.

Alternatively, moieties other than proteins can be used to space out the DMA. These other moieties can
then be removed, resulting in a DNA distribution that is designed to avoid steric hindrance.

in some embadiments, it may be desirable to use very low onic strength reagents in order to maximize
the Debye length. For such embodiments, it may be desirable to utilize reagents which have no more
salt than is needed for the enzymatic reaction. For such reagents, it may be advantageous to minimize
the amaunt of salt which is utllized, for example by reducing or minimizing the amount of NaCl or ¥
which may be used, and using sufficient Mg. Sulficient Mg may include a concentration equal to the
concentration of nuclectides used in the reagent, with additional Mg acting as a counter ion for the
DRA, and the rest of the Mg Tor polymerase function in the flow cell that is associated with the DNA,
Thus, the concentration needed will be a function of the amount and length of DNA in the flow cell, the

numiber of polymerase molecules, nuclectide concentration, and the volume of reagent used.

In some embodiments whereln the ionic concentration is very low, the pH may be influenced by the
surrcunding zir, for example, with CO2 forming carbonic acid, which may reduce the pH. Buffering
reagents contribute to the ionic concentration, so minimizing the amount of buffering may also be
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desired, depending on the method of detection. Mitigating the conflict between requising sufficient
huffering, yet having sufficiently low ionic strength may be accomplished by several possible
embodiments. One embodiment invelves using two buffers together. These bufiers may be, for
example, combined Tris and HEPES, as opposed to TRIS HCL, whereby both Tris and HEPES can
contribute to buffering. In another embodiment, organic reagents that are miscible with water may he
utitived, for example, alcohols such as ethanol.

In some embodiments, the charge associated with a bead may diminish the range of an elecirical charge
or conductivity sensor. The bead used may be M270, M280, dynal beads, etc. As a result, in some
embodirnents, it may be desirable to minimize the amount of charge present on the surface of the bead.
This may be accomplishad, for example, by changing the amount of 504 on the bead surface. In some
erribodies, it may be desirable to bave a small amount of negative charge, which prevents DNA or
nucleotides from hinding 1o the surface of the bead, but not an excess amount of charge, which resuits
in 3 significant reduction to the dynamic range of the sensor, An excess amount of negative charge will
resull in charge acoumulation such that there is an increase in the number of counter ions associated

with the bead and DNA, thus diminishing the sensitivity of the sensor.
Heducing Phasing Errors

When a polymerase is provided with a single nudleatide or nucleotide analog at a time, the error rate is
typically significantly higher than when all four nucleotides or nucleotide anzlogs are provided, despite
the enormous difference in the catalytic efficiency, measured as ko/Kgame. This catalytic efficiency may
be four logs or more lower for 2 mismatched nucleotide versus a matched nucleotide. Most of this is
due to the difference in Ky.,,. For example, Kienow polymerase has a misincorporation raie of one base
i every 10° to 10° bases. in comparison, the polymerase extension reactions of current commercial
systerns that utilize the incorporation of single native dNTPs are limited to 106 to 1000 bases. The
pobymerase in these systems spends aimost all of its Hime exposad to incarrect bases. Fven when &
nuclentide added to the system is the next nucleotide to be added, the reaction time must be long
enough to complete the reaction for a hemopolymer, which may be as long as eight or more
nuclectides, or to complete the reaction with those DMA strands that are less accessible due to steric
hindrance,

in some embodiments, the reaction can be made o be a competitive reaciion by providing all four
nucleotides or nudieotide analogs, wherein three of the four nudestide ar nudlectide analogs are
unincorporable nuclentide analegs. As a result, the polymerase will spend most of s time futilely trying
to correctly incorporate an unincorporable nucleotide. The unincorporable nudeotide may ba a PNA
nucleotide, a LNA nuclectide, adenine monophosphate, adenine diphosphate, adenosine,
demeyadenosine, guanine monophosphate, guanine dishosphateguanosine, deoxyguanosing, thymine
monophosphate, thymine diphosphateS-Methluridine, thymidine, cytosine mononhoesphate, cyiosine
diphosphatecyiodine, decxyoytodine, urachh monophosphate, uracil diphosphate, uridine, deoxyuridin,
or other nucleotide analogs that may be bound , but not incorporated by 2 polvmerase.
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in one embodiment, the concentration levels of the different nucleotides or unincorporable nucleotide
analogs may be maiched to the relative polymerase activity for each of the nucleotide or nuclectide
analogs. For example, the dTTP binding rate has been measured to be different by a factor of greater
than two with respect to the other nucieotides. The other three nuclestides are much closer in their
polymerase binding rates, but still vary by over 10 percent with respect to each other. Itis likeby that the
difference may be aven larger in comparing the polymerase binding rates for different unincorporable

nucleotide analogs relative to native nucleotides.

in a further embodiment, the concentraticns of the unincorporable nudeotides may be higher than the
concentration for equivalent pelymerase binding efficiency for the one or mors incorporable nucleotide
or nucleotide analog that is provided for a seguencing reaction. The probability of misincorporation of
nucieotides or nucieotide analogs in this embodiment is lower than in an altermate approach of
providing concentrations of unincorporable nucleotides such that polymerase binding rates are
matched, or if the unincorporable nucleotide analogs are provided at concentrations with lower

clymerase binding rates relative to the incorporable nuctectides or nucleotide anszlogs.
o 5

Alternatively, the unincorporable nucleotide analogs may be pravided at concentrations with lower
polymerase binding rates relative 1o the incorporable nudeotides or nucleotide analogs, such that the
reaction may proceed at a higher rate than would occur if the polymerase binding rates of the
unincorporzble nucleotides were the same, or higher, than the incorporabie nucleotide analeg binding

rates,

The above approach may be utilized for reaction conditions wherein there are three unincorporable
nucleotide analogs and one incorporable nuclestide or nuclectide analog, or wherein there are two
unincorporable nucieotide analogs, and two incorporable nudeotides or nudeotide analogs, or wherein
there may be one unincorpoiable nudleotide analog, and three incorporable nuclestide or nudleotide

analog.

Detection metheds that may be utilized for the above reaction conditions, which use unincorporable
nuclectide analogs, might include any form of electronic sensing of incarporation or incorporation
events. For example, this electronic sensing method may inciude: ISFETs, CHEMFETs, NanoNeedles,
NanoBridges, cantilever based sensors, electronic pH sensors, charge sensors chemilumenascence

detection, fiuorescence detection {including detection of Qdots or other nonstandard fluorophores), as

’

weil as detection of intercalating fiuorophores, by use of flungenic moletias.

Stmilarly, rephasing as described in provisional application US 61/491081 may be performed for any
clonal sequencing system, including those which utilize four incorporable nuclectides, as well as all of
those described above with respect to minimizing dephasing. As described in the previous application,
leading or lagging sequence incorporation error may occur through incorrect additions of nucleotides or
through missed additions of the correct nuclestides. This rnay occur because of non-optimal reaction

conditions, steric hindrance, secondary struciure, or other sources of polymerase inhibition. Several
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meathods may be utilized for rephasing such as providing sequencing by incorporation nuclestides in
different orders than might otherwise be done, using reversible terminator dNTPs, using a molecular
“clamp”, or any combination of these methods.

In some embodiments, in order to permit shorter hybridization probes, which may be utilized for
rephasing, stabilizing compounds such as hydralazine or antitumor antiblotic co-1065 may be utilized,
Similarly, the probe may contain LNAs, PhAs, or other nucleoside ahalogs that increase the maelting
temperature of double stranded DNA. This probe may provide the dual function of allowing for tighter
minding and precuding the need to prevent the probe from being exiended by polymerase, for
example, by using a terminator at the 3’ end of the probe. The probe may act to block the incorporation
reaction from occurring on the template DNA past a certain point. This aliows for rephrasing such that
lagging strands “catch up” and leading strands are temporarily blocked front procesding with
incorporation past the certain point where the probe is bound. Additionally, the probe may ba 3 single
plex, a duplex that may hybridize to the target DNA to create a more siable triplex, or a triplex that may

hyhridize with the target DMA o form a quadraplex.

Freguency-Deperndent Osclilator

Both the NanoMeedle and the MNanoBridge sensors require an accurate conduciance measurement. in
some embodiments, a relaxation oscillator circuit, as shown in FIG. 58, may be used 1o generate a clogk
signhal with frequency proportional to the sensor conductance. This frequency may then be measured by
counting the number of transitions within a defined period of time and this count will be proportional to

the sensor conductance,

This approach has significant advaniages over other measurement civcuits that use a fock-in amplifier.
The relaxaticn ampiifier circuit does not require a large silicon ares, as it lacks multinliers, analog to
digital converters, and filter capacitors. Thus, it may be reasonably implemented on a small area of each
pixel and in 2 high density array. Alternatively, input multiniexing may be used to reduce the nurmber of

circuits.

The nominal frequency may be adjusted by changing the capaciior {C1in FIG. 58], A smaller capaciior
may aflow both a smaller arsa and a higher operating frequency for increased precision. Using a small
capacitor can aise reduce the ability of the NanoNeedle double-laver capacitor o contribute noise to
the measurement, a5 its contribution to the impedance may be reduced. Increasing the number of
counter bits may also allow for increased precision while requiring only a minor increase in area. ¥ the
resuit is known to fall within a relatively limited range, the number of counter bits may be reduced for 3
smaller circuit. The counter may then be free to roll aver several times during a measurement and since
the allowed range is known, these bits may not be necessary to deduce the true resuli, The number of

bits nead only be large enough to cover the range of conduciance leveis which may be expected.

The Schmidt circuit, 8 comparator with positive feedback, can be implementad using a two transistor
differential pair amplifier. Better results, however, may likely be achieved using a CMOS differential
amplifier with additional gain and cutput stages. The counter circuit may be implemented using

o8]
=



W ZNINOEE61Y POT/URZOI /06T 645

comparatively small digital transistors. The counter may be synchronous, or it may be an asynchronous
{ripple} counter io reduce transistor count. Thus, it may be implemented with anly one flip-fiop for each
bit.

Despite some embodiments, data acquisition circuitry for the ManoNeedle may require a refatively large
multiplier and A/D converier circuits. Two relaxation oscillators may allow for smaller silicon area
raguiraments and fmproved high-fregquency noise immunity. This appreoach may also be applicable to
the ManoBridge, and it reguires slight changes in the capacitor value and counter size, shown in FIG. 58,

Different types of sensor and detector modalities can ke used for the proposed embodiments.

The cormparaior outpul may be a square wave with frequency proportional to the sensor conductance.
This frequency can be measured by counting the nurher of positive edges that cccur during a fixed

interval. Thus, the counter output may be proportional {0 the sensor conduciance,

in one embodiment, C1 is made relatively small so that the voliage drop across CLis larger than the
voltage drop across the double-layer capacitor. This may also reduce the siiicon area required for the

cell. R1 and R2 can ke used to adjust the nominal frequency and the peak-fo-pesk voltage on {1,

in sorne embodiments, if the counter is expecied to stay within a desired range, the number of bifs may
be reduced and the counter may be allowed to reset several times before taking a reading. This will
reduce the number of bits per counter, as well as the bus width of the rmultiplexer dircuitry, thereby
allowing for simpler circuitry to be implemented for a higher density array.

in anether embodiment, if the drcuitry is too large for a single cell, the circuit may be designed such that
there exisis a single counter and possibly comparator per row or per column, effectively moving the
muiltiplexer between the sensors and the circuitry and effectively reducing the number of detection

civcuitry to the number of sensors in one coiumn or one row.

The technigque of deteciing one row or one column at the time and therefore using one detaction
circuitry per column or per row can be applied to all embodiments listed in this disclosure and is not
limited to just this embodiment.

In another embodiment, the analog circuitry could be accomplished using 2, 5, or 10, atc. transistors.
The number of counter bits required may depend on the variation in bead loading and required sensing,
Alternate configurations for circuit implementation may be possible, such as using 3 or 4 or other
number of transisiors.

Exsmplary Seouencing System with Re-usable Magnatic array and Nano-electronic Sensors

in a sample embodiment, the exemplary sequencing system consists of fully-integrated DNA
arnplification and seguencing modules that utilize nano-magnetic-elecironic platforms.

FIG. 364 shows one embodiment of the exemplary system described below. FIG. 368
Hustrates an integrated sequencing platform that may consist of a DMA library construction
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raodule 2883, an emulsion-free ampiification module 3620, an electrophoretlic enrichment
module 3640, and a DNA sequencing module 3664

FIG. 368 shows some embediment wherein a sample preparation module 3618 and the DNA
sequencing module 3680 may be integrated on a re-usable magnetic-electronic chip 3680,
Sample preparation 3810 may be comprised of DNA library construction module 3800,
ernulsion-free amplification module 3620, and elecirophoretic enrichment module 3840, A

close-up view 3665 of one embodiment of the sequencing srray aiso ilusirated in the figure.

in some embodiments, after amplification, the enrichment of DNA temp!a%e—carwmg
monocional beads can be achieved through electrophoretic “sorting” bhased on DMA charge.
Beads may then transferred and held using micro-magne? bars integrated with 2 CMGOS nano-
electronic sequencing chip consisting of high-density arrays of sensors for electronic deteciion
of DNA extension reactions.

Erpusdsion-Free Amplification

The system may use Chamber-free Nano-reactors {that can also be referred to as
“confinernent cells” or "virtual wells”) created by an electric field containing and concentrating
amplicons in close proximity to each bead, in order to provide an isolating barrier to adjacent
reactions. The chip may consist of micro-magnetic comaonents, each associated with a set of
electrodes in an array, as shown in FIG. 338, The combination of the micro-magnetic capture
ealtures with the alectric field for DNA concentration and isolation may allow for more efficient
amplification due to the localization and confinerment of the amplicans.

Sample fibrary DNA can be introduced and driven To the beads by an electric field, potentially
increasing the efficiency of DNA library use and obviating the need for whaole genome
arnplification. An electric tield isolates adjacent virtusl wells. The bead to library DNA moleculs
ratio can be approstimately 111, resuiting in mostly one template DNA per bead, An eleciric
fleld can be utilized to concentrate the DNA amplicons in the vicinity of the beads. After
amplification any null beads may be removed using electrophoretic separation. This separation
process helps ensure that only beads with ampiified DNA are transferred {o the sequencing
olatform. This approach can be utilized in order to improve bead loading and reduce the
amount of reagent needed,

Chomber-free Mono-reactors ond Mono-electronic Sensors

in the exemplary embodiment, the sequencing platform can utilize the same microfluidic and
nano-magnatic elements as described for the sample preparation and ampiification moduies.
Nano-electronic sensors may be added in 2 1:1 ratio (sensor to bead) to the magnetic array.
This configuration can resuit in a high-density nano-electronic sensor array with nang-magnetic
elernents. The oroof of concept for the exemplary embodirnent of the chamber-free nano-
reactor array is shown in FIG. 3380,
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Furthermore, in the exernplary embodiment, the magnetic elements may allow for the capture
of single beads Tor each CMOS-based, non-FET nano-electronic sensor, This configuration can
allow for the elimination of wells or depressions, as shown in FIG. 3, which iliustrates &
confinement cell array without deoressions or welis. In this mannear, read lengths averaging
over 1000 bases may be achieved. This may aid in the identification of haploltypes, copy

number changes, and gencmic rearrangements,

The chamber-free approach may be combined with microfluidic controls, shown in FiG. 37. A
microfividic channel layer 3700 may be connected to a flow cell 3728 in order to allow for delivery of
peads and their attached target molecuies through input port 3760A. Microfluidic channel layer 3700
may also allow for the delivery of reagents, such as nudleotides (A, £, T, G} and/or buffers (B1, 82},
through reagent ports 37600, A detector chip 3748 may be connected to flow cell 37280 and microfluidic
channel layer 3780 for the detection of a farget reaction, which in the exemplary embodiment mavy be
nucieotide incorporation for DNA seguencing. After the target reaction and detection Is complete,
waste may be removed through a waste port 37608, This configuration may be used in order to achieve
sharper reagent and wash transitions, faster cycle times, higher signal to noisa ratios, lower volumes,
fess expensive reagent, and iess expensive wash deliveries (due to the reduction in diffusion of DNA and

reagents).

In the exernplary embodiment, the two types of efectronic nanc-sensors {NanoBridge and NanoNeedle)
allow for the use of different detection moedes: a) transient pH signal or b) steady state detection. The
two detection mode signal outpuls are compared in FIG. 16, If steady siate measurement is utilized,

two buffer conditions may be used, one optimizad for incorporation, and one ootimized for detection.
Chamber-free Nono-regotor Chip for Emmulsion-free Templote Amplificotion

Some of the most commonly used methods for generating samples for sequencing include at least one
amplification step and ane enrichment step to help ensure that sufficient template is available for the
sequencing reaction. Emulsion PCR is widely used and the method can allow for trapping of single beads
and template molecules with PCR reagents in a reverse emulsion. This method can be used to obtain

clonally amplified templates.

This approach can be inefficient, however, as it rmay require large numbers of beads and PCR reagents,
Fmulsion PCR can also have significant variability in input DNA. Only when emulsion PCR droplets
contain one bead with one DNA molecule can a useful clonal sequencing template be created. This
method may result in a doubie Poisson distribution problem where fewer than 0.37° of the beads will
have usable template, potentially making this a costly step in the workflow. Furthermore, the formation
of uniform droplets can be difficult to achieve and volume variability may limit the amount of PCR
reagent. This may adversely affect the PCR efficiency, especially for amplification of longer tempiates.
Limited droplet size can also increase the rate of base misincorporation if nucleotides become limiting.
Lastly, the double Poisson distribution may be skewed such that a significant percentage of beads are
multiclonal, decreasing seguencing throughput.

L2
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in fieu of a reverse emulsion, the exemplary embodiment may utilize an emuision-free, chip-hased
approach that can combine multiple sample processing steps into a single device. The purpose of the
"Chamber-free Mano-resctor” chip, as shown in FIG. 384 in one embodiment, is to generate clonally
arnplified template on single beads arranged at high density on an array of micro-magnets. The
amplification array chip 3829 can be embedded in a microfluidic channei chip 3808 to ensure fast and
uniform reagent delivery to virtually all features. The combination of the ampiification array chip 2820
and the microfiuidic channel chip 3808 can allow for the creation of a chamber-free nano-reactor chip
R4,

«x_n “

Primer-functionatized magnetic beads may be loaded onto amplification array chip 3 that may have
millions of micro-magnetic flelds for individual bead capture. A highly ditute DNA sequencing template
may be added to create an optimal single template bead population using a modifiad Poisson
distribution. DNA may then be amplified on the chip while an ACT/DC electric field creates localized,
chamber-free confinement cells. The applied electric field may allow for the conceriration,
confinerent, and efficient capture of double stranded sequencing template DNA and amplification
products on single beads. This approach may permit the elimination of whole genome ampin‘icatior';
with [ts inherent bias. The configuration of the re-ysable chamber-free nano-reactor chip 3840 can
provide for control of bead numbers, DNA leading, and uniform reaction conditions across the entire
chip. The device may eliminate the variability in reaction volumes and double Poisson distributions
inherent in emulsion PCR,

FIG. 388 shows an exemplary embodiment of a proof of concept shotograph 38084, of 3 close-up view
of the microfluidic channel chip 38050, FiG, 388
28404 of a chamber-free nano-reactor chip 2840,

shows a photograph of one embodiment of a prototype

In the exempiary emboediment, as shown in FHG. 3%, nanosensor array 3808 may be placed at 11 degrees
in carnparison to the direction of the flow 3820, A close up view 3845 of nanosensor array 3800 is
Hlusirated. Varying the angle of the array placement with respect 1o flow may aliow for optimization of
bead lozding and reagent distribution. Furthermore, in the exemplary embodiment, the rows of pixels

closest to the adge of the array may not have magneis in order to minimize contamination,

Inn the exemplary embodiment, the magnetic array can be laid out on a wafer and contain two metal
electrores located underneath and around each of the micro-magnet bead capture pixels. The
chamber-fres nano-reactor chip can have a multiplicity of the virtual reaction locations (with single
beads) in which reactants, such as DNA polymerase, primers, and products, such as for example

amplicons, can be contained and isolated from other chamber-free nano-reactors,

o} Fobricotion of the micro-magnet areay with loced efectrodes

in the exemplary embodiment, the fabrication of re-usable magnetic arrays may utilive thin fim
permanent magnetic bars for the capture of paramagnetic beads. These arrays can provide densities
greater than 10" beads/em? to approximately 5x10%beads/cm’ and may be infegrated with
microfluidics for reagent defivery and easy capture/removal of magnetic beads. One important feature
may be a staggered micro-magnet arrangement that can be helpful in allowing efficient bead capture

&t
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under laminar flow conditions. In the exemplary embodiment, magnetic structures may be fabricated
by ArchMano (Advanced Raesearch Corporation, White Bear Lake, Minnesaota; hitp://www.arcnano.com)
on a 100mm silicon oxide wafer using Cobalt-Chromium-Platinum with bar sizes ranging from 10x1 o
10%2 pm in 0.25 pum {1,1.25,1.5,2.0, etc.) increments with gap sizes ranging from 1.25-2.5 um {0.25 um
increments) or 20x1 wm to 20x2 um with gap skzes ranging from 1.25 to 3.5um (0.25 or 0.5 g
increments) and a bead to bead distance of 26.8 ym. In some embodiments, bead sizes may range from
1- 6 wm. In a further embodiment, configurations of 4x4 micro-magnet arrays per channel, each with

30%x30 features, can be utllized,

I acddition, each micro-magnetic feature can be combined with 2 metal electrodes, arranged in such a
manner as to create an electric field around the bead in order to concentrate the negatively charged
DNA amplicons in close proximity o the bead surface and disperse (but may hold) negatively charged
dNTPs and other light ions in the chamber-free nanec-reactor. In the exempiary embodiment, the
structurs can be fabricated as foltows: Layer 10 1 pm uniform Thermat Oxide (provided with wafer),

Layer 2: 50 nm patterned Metal Hlectrede grid and 50 nm patterned Oxide 1o electrically isolate the

retal iayer fromthe remainmg surface, Layver 3: 115 nm Magnetic Poly-Layer, Laver 4: 200 nrn Oxide,

liiustrates the mask layout of the micro-magnetic array with electrodes. FIG. 404 represents the mask
layout, wherein the electrodes 4000 and magnetic elements 4020 may be fabricated in a 30x30 pixel
arrangement. FIG. 488 shows a 4x4 array of a 30x30 phel layout. FIG. 440 shows PDMS channels 4040
over a dxd and 30x30 pixel array. FIGS. 40D0-£ show the fabricated micro-magnet array with electrodes,

FIG. F shiows the pixel array in another orientation.

Bl Milcrofiuidic channels ond reggent delivery

All functional elernenis may be embeddad in 2 800urn x 20urm single channel and visualization can be
done using a fluorescent microscope. Flow conditions can be critical for the functionality of the
chamber-free nana-reactor chip as they may influence the efficiency of bead capiure, reagent delivery,
and bead removal for re-usability. PDMS can have the advantage of rapid prototyping. Through replica
molding, channels with feature sizes down to submicron dirnensions can be made rapidly, with high
fidelity, and this may allow for quick expioration of a large number of parameters. PDMS alsc has
excellent optical properties when compared to other plastic marterials such as PMMA, COC, and PC and
exhibits minimal auto-fluorescence and absorption between Z80-1100 nm, allowing for sensitive
detection of flucrescent molecules.
The elastic nature of PDMS may also allow for fabrication of highly dense integrated valves that can be
placed directly adjacent to reagent channels, and this may result in a decrease in dead volume. In the
exemplary embodiment, fluidics may be driven by a syringe pump with § selector valves capable of

arying flow rates from 0.02 to 10ul/min to allow for accurate reagent delivery rates.

¢} Begd capiure, wash and refease
The method described above can allow for the efficient capture of single beads with a high fill rate
(>00%}, absence of bead relocation, and a 100% wash out for chip re-usability. The micro-magnetic
feature size and magnetic properties may be linked to and may need 1o be matched with the bead
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properties to aliow for efficient capture and removal under useful reagent flow rates, FIG. 41 shows
photograph of & micro-magnetic array 41004 with captured paramagnetic Dynal beads 4120, Magnified
views 43008 and 41000 of micro-magnelic array 41004 are shown, wherein the magnified views are at
different levels of magnification and there are two channels each with 10 arrays of 30x30 nixels.

In the sample embodiment, a magnetic array consisting of 2x20urn bars and a gap size of 2pm can
capture single 4.5um beads using Aow rates between 5.02 and 0.45u/min in 3 B00x15 um channel,
Bead removal may be complete at a flow rate of <3ul/min. With a single inlet port there may be flow
constraints towards the outside edges of the channel. Paramagnetic beads of 1.0, 2.8 or 4.5um may be
used. FIG. 42 shows two emoodiments of experimental data wherein the pitch size of the cells of

magnetic array 42004 is 12 i and the piich size of the cells of magnetic array 42008 s 20 um.

4} Demonstration of on chip omplification
The efficient amplification of a single template {clone) on single beads in the wafer can be critical for the
genevation of sufficient template captured on the bead surface to allow for subsequent enrichment and
sequencing.  In the sample embodiment, a machined matal adapter fitted to a commarcial
thermacycler for PCR cycling may be used. Using this configuration, the heat transfer to the wafer may
be significantly slower than the heat transfer for thin-walled PCR tubes and the cycling conditions may
be adjusted accordingly. Amplification of DNA template, ranging from 0-100 copies, may be performed
on the chip, and amplification efficiency can be tested using guantitative PCR {gPCR). In some
embodiments, 2 single channel can ultimately deliver reagents to about 5x10° beads of which 20% may
be clonal beads, permitting the sharing of small ions such as Mg+ and dNTPs, thereby reducing the

needed concentrations.

After arnplification conditions have been established and the optimal micro-rmagnet — bead
configuration has been determined, DNA carrying beads {calibrated to various starting concentrations)
may be capiured on the chip by the micro-magnets. Amplification reagenis can then be introduced
uniformly into the chip and cycling may be performed. gPCR may be used to quaniify the amount of
amplicon produced. A nominal concentration may be used, for example greater than 107 DNA
copies/bead, and may be utilized to allow for downstream nano-sensor elecironic sequencing signal

detection on single beads. I an zlternative embodiment, isothermal amplification can be used.

&} Flectric field medinted voncentration und confinement of ampiification srodicts
F o o k)

in the sample embodiment, in order 1o capture template DNA and ampiification products on a single
bead, a three dimensional electric ‘cage’ may be created using an slectric field density profile that is

balanced but asymimelric. AC waveforms can induce drift of charged molecules.

In the exemplary embodiment, in FIG. 244, a side view of ore configuration of the beads 4300 and
electrodes 4320, as well as the path of the current 4340, is shown. A top view of another configuration

of the electrode 4320 and bead 4304 layoutis shown in FIG. 438, as a top view of an array configuration.
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The structure may be composed of a micro-fluidic channel with severzsl conductive electrodes fabricated
on the boitom of the channel for concentrating and isolating negatively charged amplicons.

in the exemplary embodiment, single beads can be captured on top of the 1pm electredes that may be
connected to an AC voltage with a DC offset. The electrodes at the perimeter of the confinement cell
may ke negatively biased with respect to the bead electrode to prevent diffusion of the negatively
charged DNA amplicon. In the exemplary embodiment, the distance from one bead to the next is
26.8um and the height of the channel is assumed to be 20pm {by 800um wide),

in the exemplary embodiment, a numerical simulation of applying an electric field to the electrode grids
in the microfividic channel was performed. This resulis in the formation of the chamber-free nano-
reactor. FG. 444 shows a two dimensional conceniration profile of DNA molecuies, FIG. 448 shows the
corresponding electric field sireamline. HG. 440 shows the overlay between the FIGS 444 and 448, FIG.
4410 shows 2 two dimensional profile Hlustrating DNA concentration that may resuit from the anplication
of an electricfield. The starting condition can be g unified DNA concentration in a defined volurme.

A numerical simulation of the exemplary embodiment was performed (using COMSOL) with the
following parameters: Concentration of DNA in channel: 10e-6 M {uniform); DNA: 500 bases; Diffusion
Coefficient of DNA: 5.6e-12 m’/s; Mobility of DMA at 298K : 2.2a-15 mol*s/kg (mobility=diffusion
coefficient/{8.31 (4/Kmole) xT {'K)}); Viscosity of solution: 1.5x10e-3 Ns/m2; Density of splution: 10e3
kg/m3; Conductivity of solution {50mM KCH: 0.7 Chrn/m.

in the exemplary emmbodiment, solutions with differing DNA concentrations and sizes, similar to those
expected from a fragment library and on chip amplification, may be introduced into the chip via the
ricrofiuidic channel. This may be foilowed by application of DC voltages ranging from 0.5 ~ 2.0V and AC
amplitudes of 14V with frequencias ranging from 200 - 300 Hz. In order to initiate amplification of
clonal DNA and enrichment on the magnetic beads, single DMNA molecule carrying beads can he
introduced. In addition, on-bead concentration can be monitored using elution and quantitative PCR.
The electric field defined chamber-free nano-reactors can contain DNA locally and prevent diffusion to

neighboring pixels with 98%, or greater, efficiency.

f FElectrie fleld bused bead sorter for enrichment of templnte heogds

in the exemplary embodiment, the ‘bead sorter” may allow for efficient enrichment of amplicon carrying
beads through 2 short channel using electrophoresis. Negatively charged DNA beads may be diverted
preferentially and efficlently into a collection chamber and subsequently loaded onto the nano-sensor
DNA segquencing chip. In one embodiment, the separation of beads with different charge density, for
examnple, may occur due to different concentrations or lengths of DNA molecules, which may be bound
tg the beads, or it may occur due to the surface charge of the beads. The beads may experience a
ditfferent ferce in the electric field and therefore a different velocity that is perpendicular to the flow,
This causes beads with DNA to exit at a different outiet port location from reject {null) beads,
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Charge and electric field based separation of amplicon-positive and primer-onty DNA beads using
electrophoresis is shown in an exemplary embodiment in FIG. 45, as illusirated by 3 schematic of a bead
separgtion moduie. A pair of electrodes 45080 supported by a channel structure 4544 may enable the
generation of an electric field force 4550 perpendicular to fluid flow in the separation channel 455890 such
that sequencing beads 4878, loaded with template, migrate out of the flow path towards the
approprizte outlet port 4388, The reject beads 4580 also exit out of an outlet port 4598, but it s 3
different outlet port, designed to allow for remmoval of reject beads 4580, Beads and reagents enter
separation channel 4561 through inlet ports 4518, More specifically, beads enter separation channel

45648 through 8 bead input 4530 and buffer may enter through a buffer input 45290,
{=] ¥ Tx

in the sample ernhodiment, the enrvichment channel has an active area length of 6mm and width of
Imirn. The input channels are 200 and 400pm wide and 0.575mm high. Voltage can ke applied across
the 1rmm gap and may be 5-10VDC. The fluid flow rate can be controlled by the channel widths and may

ke pressuye driven, using the same pressure sotirce.

Re-usable sequencing chip with electronic nano-sensors and micro-mognretic capture arrays

tlectrical nano-sensors can rely on fabel free detection of biochemical reactions that produce changes in
charge and current. In one version of the sample embodiment, a NanoNeedle is used. The NanoMeedie
is an ultra-sensitive, localized impedance biosensor that can allow the detection of changes in
impedance via electrical current changes that occur following nerturbation of the local solution
resistance through, for example, proton release during the DNA incorporation reaction, protein binding,
DMA hybridization, pH change, or other biechemical reactions. FIG. 484 shows 3 top view
photomicrograph of one embodiment of the NanoMeedle sensor. A passive insulator 4600 surrounds
the NanoNeedle, allowing for detection of a target reaction, such as nucleotide incorporation, via
conductive electrodes 4826, The target reaction may cccur in 3 fluidic channel 4640 and an electric field
4668 may be generated in order to concentrate target molecules in a desired area. FIG. 468 shows a
schematic of a Two dimensional NanoNeedle 4670 array and the corresponding circuit of the two

dimensional NanoNeedle array is shown in FIG. 880,

In the exemplary embodiment, the increased sensitivity of the NanoNeedle senser can be achisved
through its geometry, with the active (20nm) double electrode tip In immediate contact with the
reaction solution. The NanoMeedle sensor may have the ability to measure minute changes in
rasistance, down o the IM concentration level in one embodiment, the NanoNeedle sensor can be
used to detect the transient signal of a DNA extension reaction for pH-Sequencing with a signal to noise
ratio of approximating 5.

In & second version of the sample embaodirmeant, 2 ManoBridge may be used. In the exemplary
embodiment, the NanoBridge is a depletion mode resistor of the N+/N/N+ type, and it can detect charge
modulation using electrical current as readout. The NancBridge differs significantly from FFT-based

design with respect to sensing, signal generation, geometry, and cperational mode,
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FIG. A4 shows a MOSFET wherein there is a body 4768 that supooris a gate 4720 for sensing, and
there is a source 4748 as well as a drain 4700, FG. 478 shows a depletion mode nano-resister wherein
there is a sensing area 4780 supported by an oxide structure 4790, The conceptual difference of a MOS
FET, shown in FIG, 474, and the depletion mode nano-resistor, shown in FIG. 478, can be seen by
comparing FIGS. 474 and 478,

One of the key differences is that the NanoBridge may be made of lightly doped semiconductor on a thin
SO (SHicon Over Insulator) wafer, which significantly reduces the depth of the channel. As o
conseqguence, the channel depth is shallower, and the device sensitivity can be higher. The depth of
doping across the semiconductor “body” may be 60G-1000nm for the MOS FET versus 80 nm for the
NanoBridge, and this may resull in a betfer signal to nolse ratic and faster response times.

FIG. 470 shows an eleciron microscopy based photo of the ManoBridge.

SO structure 4795 is in contact with a microfiuidic channel 47893, There is alse a sensing portion of the
MaroBridge, which includes three semiconductor regions that may be doped to a common polarity,
wherein sandwiched semiconductor region 4740 is between two outer semiconducior regions 476% and
4763, The two oufer semiconductor regions 4765 and 4783 may be doped to 3 higher concentration
than sandwiched semiconductor region 4780, Sandwiched semiconductor region 4760 may have a
surface directed fowards the microfluidic channe! 8703 underneath. Microfluidic channel 4703 may
pass target materials threugh the channel, and the target molecules may induce a voitage which
changes the surface potential of the sermiconductor and the sandwiched region may respond by
changing the conductance of sald semiconductor region. Also on SO structure 47835 is an amplification
circuit that may comprize at least a bipolar transistor, indisding a base 4718, a coliector 4715, and an
emitter 4725 which facilitates sensing of the target materials flowing through microfiuidic channel 4703
by way of amplifying the current which passes through sandwiched semiconductor region 4760, Metal
slectrodes 473% may be used to bring current in or oul of 50! structure 4755,

Thus, for the same voitage applied, the change In signal level can be as much as 3-4 times higher, as
shown by the simulation data in FIG. 48, This sensor can also be usad to detect pH changes and monitor
DNA hybridization events when probe DNA s attached to the sensor surface with a sensitivity of 10fM.

MNano-resistor values may be close to 5 KOhm across the sensor.

in the exemplary embodiment, the NanoBridge sensor channsl may have the same polarity as fis highly
doped {N+) regions. Hence, in contrast to a FET, this device is always in the "ON” state. A reference
electrode can be used to provide for consistent measurement in the linear range and minimal signal
calibration may be needed due to its naturally iinear Vg response in low gate voltages {Vgs), The
design may be optimized for maxirnal Al/l where both doping levels and 50! {siticon an insulator)
thickness are used as variables, as shown in FIG. 48, wherein the length equals 5pn, the gate oxide is
fnm, and the source/drain voliage equals 1.5V, Total current increases proportionally with increasing
doping levels and silicen thickness. The linearity of the response shows that the design can aliow
measurement of charge induced changes over a wide range with low threshold and excellent signal to
neise ratios.
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In the alternative, for the exeraplary embodiment, both the NanoNeedle and the NanoBridge sensors
may be used in conjunciion. Using the two sensors can permit detaction based on complementary
detection modalities, may allow for indepeandent signat confirmation, and can increase read acouracy.
Both the NanoNeedle and NanoBridge sensors can be used in conjunction with each other on the same
nano-sensor array, as shown in FIG. 21, The sensing method of the exempiary embodiment may be dual
sensing or multi-sensing detection, and this dual or multi-sensing detection method can be referrad to

as “SensePlus”.

The re-usable sequencing chip in the exemplary embodiment can consist of three major functional
components. 1) A CMOS nano-sensor laver above the magnetic capture pixel for electronic detection of
single base incorporation. 2) A layer of micro-magnets that may allow for the capiure of single magnetic
beads loaded with > 10° copias of single stranded sequencing Template. 3} A PDMS microfiuidic
structure that can provide necessary fluidic controls using a valve and channel configuration for singie
oort reagent delivery, with minimal dead volume and fasi fransition thmes directly to the sensor array,
One embodiment of the re-usable sequencing chip and associated microfiuidic channeis for input and
output flow of regents/iarget molecules is in the same basic structure as for the re-usable amplification
chip, as shown in FIG. 284, except instead of an amplification array chip there may be sequencing array
chip.

The efficient and uniform reagent delivery and washing, combined with the well-less bead capture of
the array of confinement cells, may minimize de-phasing and can provide uniformity of reaction,
permitting longer reads and more accurate data, enabling re-use of the chip, and lowering reagent
consumption and cost. In an exemplary embodiment, FIG. 494 shows a diagram of a well-less bead
capture configuration of a confinement cell that is part of a micro-magnetic array. This type of struciure
may aliow Tfor improvement in flow of reagents, such as for example nucleotides, polymerase, eic., as
their flow may not be hindered by a well structure, shown in FIG. 488, The chamber-free magnetic
retention structure of FIG. 484 may permit betler washing, more complete incorporation of bases, and
faster cycle tirnes than rmight be possible if the bead were located in a weil. If a well structure, bead and
associated DMA, such as shown in FiG. 498, hinders accessibility and flow, higher concenirations of
polymerase and nucleotides may be needed to permit sufficient diffusion to all parts of 3 bead, Said
higher concentrations of dNTPs and polymerase may increase an error rate due to misincorporation by
said polymerase, resulting in higher levels of leading phase error than may occuy with g chamber-free
structure, such as the structure of FIG. 484,

Elactronics

in the sample embodiment, each of the sensors may be brought directly out to bondouts on the silicon
sensor; each of these mav be wire bonded to associated pads on a Chip Carrier PCB board, which may
act as an intermediary To the signal processing board, wherein the current can be converied to a voltage
by a transimpedance amplifier, and may subsequently be subjected to varlous linear transformations as
needed for the sensor type, such as, for example, reference subtraction, muttiplication to remove AC,
filtration, etc. The processed analog signals can then sent to a DAC card, from whence they can be

stored in a hard disk,
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As shown in FiG. BRA, software In LabView has been developed that allows additional signal filtration
and offset adjustment prior to storing the data on a hard drive. FIG. 508 iliustrates a sample
embodiment of the various components of the breadhoards: Labview software display 5800, circuit
boards 3010, fluidics controfs 5820, chip carrier and reagent block 5030, and assembled system 50440,

in the exemplary embodiment, either in conjunction with data acquisition, or subsequently, the stored
data may be baselined, and may have one of several daia analysis methods performed on the data to
determine the amount of charge or change in conductance that has been introduced to the sensor, and

thus whether incorporation has occurred.

The characterisiic time of the nucleotide incorporation signal and the number of sensors per array may
dictate the data throughout reguirernents. Data acquisition of 20 independent channels at sampling
rates of greater than 1 kHz is well within the capability of comimercially available, data acqulsition (DAQ)
cards. Thus ail 20 sensors can be monitored simuitaneously, with individual trans-impedance arnplifiers,
muitzp!&ea’s, and filters as needed for the sensor type. Data can be acguired for every cycle from every
sensor. Those sensors without a reaction may be used as references to remove any variation in buffer
ion concentration, temperature influences on the system, or other systematic varfabies. All data can be

zcquived by a DAC card, which may then buffer the data to a hard disk on a computerp

s

rior to data

analysis, as shown in FIG
Experimental opprooch: Chorocterization of nudleetids incorporation signal

The NanoNieedie and ManoBridge sensors may be used to detect the incorporation of a nucleotide hy
DMA polymerase using a clonal DNA template. In an exemplary process, DNA remplates were attached
to magnetic beads, either via a streptavidin biotin linkage or directly coniugated, and hybridized to the
sequencing primer. After pre-incubation of these heads with DNA polymerass, they were introduced
into the sensor device foliowed by the delivery of dNTP solution to initisie polymerization. The signals
fromn multiple and single base incorporation were recorded, Sensor optimization involves factors such as
total current (1), delta curvent {Al), Al/1, 5/N, short and long term stability and response time. The rate
Hrniting step for signal generation was the reagent delivery through the channel rather than the
polymerization reaction (averaging 20ms). The signal strength may be depsndent on the number of
DNA templates as well as polymerase, nudleotide and salt concentration.

For groof of concent studies, both sensor tyne chips were fabricated with an array of functional sensing
units {20 to 100 for initlal design and 2 million or more in the next step} in a microfluidic channel, for
example g PDMS based one. With respect To the chips without integrated magnets within the sensor
array, removable magnets underneath the sensor chip were used to capture beads that flowed into the
channel. Sequencing was performed using beads preloaded with a single DNA template, primer, and
Klenow [exo-] DNA polymerase followed by injection of dNTPs. Other tyoes of DNA polymerase such as
BST, Sequanase, Phi29, T4, etc. can he used

Prefiminory doto: Mono-needle sensor chip

in the example embaodiment, the NanoNeedle sensor is fabricated to respond to conductivity changes.
Initial experiments are done with salt solutions of various molarities, as shown in FIG. 5%, The response
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to changes in salt concantration is finear between C.04mM and 2.0mM, which is well within the range of

chianges occurring during the sequencing reaciion.

This initial experiment was followed by characterization of responses to DNA charge, and then sequence
extension was performed on template/primer loaded beads. FIG, 534 shows a DNA charge induced
sensor response (in Volis) wherein Streptavidin paramagnetic Dynal M270 beads may be capturad on
top of a sensaor. This is followed by injection of 2 75 base pair biotinylated DNA oligonucleotide. Binding
of the DNA moiecules may induce an increase in voltage due to increased negative charge. The
response was apout 1.2 V for the 75 base pair addition. Subsequently, a 21 base palr complementary
seguencing primer is added and this can further increase the signal by abaut 400mY (by about 1/3 of the
priar signal), indicating primer hybridization, FIG. 5338 shows the signal of the full extension of the
temnplate. An extension signal is ablained from Streptavidin beads preloaded with template, primer,
and Kienow DNA polymerase prior to {first two cycles) and after the injection of all four
deoxynucdectides to induce full extension. Signal magnitude between the two experiments shows
excellent correlation.

Fi(3. 5324 also Hlustrates that the exempiary ermbodiment can be used in reactions of interest other than
DNA sequencing, such as for exarmnple DNA hybridization. The nancsensor array may be used as a DNA
hybridization array. As shown in FIG. 534, the addition of 2 sequencing primer may resull in 2 change in
current that 15 detected by the nanosensor. The addition of a sequencing primer is essentially an
exarnple of the ocourrence of DNA hybridization, wherein two complementary strands of DNA bind to
each other. The binding of two complementary strands of DNA resulis in a significant change in voltage

and thus the exemplary embodiment may also Tunction as a DNA hybridization array.

#1G5, 17 and 20 show further embodiments of experiments that Hustrate the signal cutput for nano-
sensor detection of DNA incorporation for DMNA sequencing. FIG. 17 shows the raw data for an

exemplary DNA sequencing run wherein the signal changes sccording fo the addition of 3 and 5 bases

’

but remains flat for zero base addition. FIG. 20 shows how, in

one embodiment of an exemplary

fected into the sequaencing moduia s 70, 4,

H

iata indicate that nudeotides being Incorporated are

GAATTGOGAALBAATAY,

The ManoNeedle and NanoBridge sensors can also detect the changes in charge induced by negatively
charged DNA molecules and their associated counter-ions. The detection of fixed charge allows for a
steady state detection of the base incorporation, with an output profile matching that of FIGS. 834, 538,
znd 17, This may have a number of advantages. First, only a single measurement is needed at 2ny time
after completion of the reaction, giving tlexibility and greatly reducing the data stream and analysis
process. Secondly, reaction conditions can be optimized for fong, error free veads, while measurements
can be performed in low conductivity buffer to maximize signal and reduce the signal to noise ratjo.
Additionally, this approach allows for both transient and sieady siate signal detection, providing two
independent measurerments of the same reaction. Lastly, since the measured charge is physically

associated with the head on the sensor there may be no cross-tatk with adjacent sensors.
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Foabricotion and Testing of o High Density Combined Micro-maginet — Nano-senser airay

in the exemplary embodiment, the sequendng chip in its final configuration may contain a micro-
magnet array in proximity Lo the sensor array and may censist of several million capture and sensor
pixels.

The re-usable sequencing chip may be designed in efther a single or dual sensor configuration. FIG. 544
shows the exemplary embodiment using a NanoNeedle sensor wherein NanoNeedle elecirodes 54034
are proximal to bead 5420 and said bead is retained by magnetic region 5440, FiG. 548 shows a
ManoBridge sensor 5458 located proximal to bead 5420, wherein said bead is retained by magnetic
region 5440, FIG. 340 shows a dial sensor configuration wherein both NanoBridge sensor 5450 and
Manoleedle electrodes 5400 are proximal to bead 5420, wherein said bead is retained by magnetic
region B4

Additionaily, further optimization of signal to noise can be performed by taking into account various
reaction conditions and adjusting microfluidic components for tow dead volume and fast transition
during reagent delivery. The elimination of the well structure may reduce the dependence on diffusion
tor delivery and removal of reagents. This may result in a reduction of reagents and cyele times and can
nrovide better uniformity of reactions, leading to better synchronization and higher signal 10 noise

ratios.
Churacterizing the pucleotide incorporation sigaal gnd perform sequencing on arroay chip

inorder to better characterize the nucleotide incornoration signal, the signals obtained from individual
beads and sensors in dependence of the arnount of DNA present on a bead may be defined. There may
be some optimization Tor the range for single bead template concentrations, depending on sequencing
reaction conditions. This information can be combined with the signals ebtained from adjacent sensors

fo develon a ‘cross talk” signal matrix.
System component integration

The integration of the modules {e.g. re-usable chip for emulsion-free sample preparation, bead
separation/enrichment module , nanc-electronic sequencing platform) do not present a significant
challenge because all devices, while designed as stand-alone thstruments, are co-developed to optimize

the sequencing workflow with respect to cost and quality, as shown in FIG, 364,

There are a number of options for integration of the different modules for the samale embodiment. The
first one is to have fluid pushed from one module to the naxt. This can be accomplished by scaling each
module such that the flow rates from all three devices are compatible with each cther. Alternatively, 2
syringe system with a selector valve may be used to aspiraie and dispense fluid containing beads from
one module to another. Since the fluidic volumes are small, the beads do not need to enter the syringe
but could be aspirated into a service loop. A syringe system can aspirate and dispense at different
speeds which aliows the flow rates of the system to be highly flexible. Multiple modules can he
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connected to single syringe delivery systems with a selector valve. Since ali the fluids are aqueous with

low flow rates, inline electro-osmotic or PDMS peristaltic pumps can be used {o pump the reagants.

The exemplary integrated svstem may be contained in an instrument and this instrument may have
various embodiments. In one embodiment, the exemplary integrated system is contained in an
instrument such as that of FIG. BS54, An alternative view of the instrument of FIG. 584 s shown in FIG.
558, Ancther embodiment of the instrument of the exemplary integrated system is shown in FIG. 55,
wherein the instrument may ba connected to a computer thai receives signal information and dispiays
the output using proprietary software. A further embodiment of said instrument is ilustrated by FIG,

57, wherein the size of the instrument is compared to the sive of a laplop.
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CLAIMS

1. A method for sequencing a nuclsic acid sample, comprising:

a. providing a plurality of pariicles adjacent fo a sensor array, wherein an individual
particle of said plurality of particies is positioned adjacent to an individual sensor of
said sensor array and is coupied o a nucieic acid molecule generated from said
nucleic acid sample;

b. hybridizing a primer {0 said nuclsic acld molecule;

¢. performing a primer extension reaction by contacting said nuclsic acid molecule and
said primer with nucleotides in the presence of a polymerase; and

d. segquencing said nucleic acid sample by detecting steady state signals indicative of
individual incorporation evenis associated with said nudisotides.

2. The method of Claim 1, wherein said steady state sionals are detecled subsequent 1o sach
of said individual incorporation events.

3. The method of Claim 1, wherein said steady signals are detected at a time period selected
such that each of said individual incorporation events has reached completion.

4, The method of Claim 1, further comprising performing said individual incorporation events in
the presence of a reaction buffer that is suitable for the compiletion of said individual incorporation
gvents, and performing said detecling in the presence of a measurement buffer that is suitable for
detecting said steady state signals.

B, The meathod of Claim 4, wherain said reaction buffer and said measurement buffer are
different buffers.
8. The method of Claim 4, wharein the conductivity of said measurement buffer is iower than

the conductivity of said reaction buffer.

7. The method of Claim 1, wherein said nucleic acid molaculs is contacted with each of said
individual nucteotides one at a time.

8. The method of Claim 1, wherein said signals ars indicative of impedance changes, charge
changes, jon concentration changes or conductivity changes accompanying sald primer extension
reaction.

9. The method of Claim 1, wherein said individual sensor measures an impedance, charge, or

canductivity change within the Debye length of said individual particle or said nucleic acid molecule.
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10. The method of Claim 1, wherein said individual sensor comprises at least two elecirodes
that are elecirically coupled to the Debye length of said individual particle or said nucleic acid
molscule,

11. The method of Claim 1, wherein said sequencing further comprises determining a sequance
of incorporation of said nucleotides into a strand that is complementary to said nucleic acid
molecule by said polymerase,

12. The method of Claim 1, wherein said particles are magnetically immobilized to sald sensor
array.

13. The method of Claim 1, further comprising processing said steady state signals with signals
from differential measurement.

14,  The method of Claim 13, wherein said differential measurement uiilizes (i) at least one
narticie that does not comprise a nucieic acid as a reference, (i) a sensor that is not positioned
adjacent to a particie as a reference, (iil) another individual sensor of said sensor array that is not
subject to a nucieotide incorporation event as & reference, (v} another nucieic acid moiecule of
known sequence that is coupled to said nucleic acid molecule as a reference, or (vi) a cross-talic
deconvolution function matrix.

15.  The mathod of Claim 1, wherein said detecting does not include detecting a transiant pH
signal accompanying said individual incorporation events,

16. A nucisic acid sequencing system, comprising:

an array of sensors, wherein an individual sensor of said array is disposed adjacent to &
particle comprising 2 nucleic acid molecule coupled thereto;

a fluid flow channel in communication with said array of sensars, wherein said fluid flow
channel defivers reagsnts for performing a primer extension reaction with said nucleic acid
molecuie; and

a computer coupled fo said array of sensors, wherein said computer detecis steady-state
signals that are indicative of individual nucleotide incorporation into a strand that is complementary
to said nucleic acid molecule during said primer extension reaction.

17. The system of Claim 16, wherein said steady state signals are detacted when said individual
sensor is coupled to a Debye tength of said particle or said nucleic acid molecule.

18, The system of Claim 18, wherein said individual sensor comprises at least two electrodes.
18,  The system of Claim 18, wherein each electrode is elecirically coupled 1o said Debye length

associated with said pariicie.



20. The system of Claim 18, wherein said at least two electrodes comprises a first electrode and
z sacond electrode that are saparated by a dielectric layer.

21. The system of Claim 18, further comprising another elecirede that is for performing
concentration or confinement of a chemical species, a biclogical species, or a combination thereof
at said individual sensor.

22, The system of Claim 18, wherein said individual sensor is configured to measure an
impedance, charge, ion conceniration or conductivity change associated with said particle or said
nucleic acid moiecule.

23. The sysiem of Claim 18, further comprising a reaction buffer that is suitable for the
compietion of said individual incorporation events, and a measurement buffer that is suitable for
detecting said steady siate signals.

24. The systern of Claim 23, wherein said reaction buffer and said measurement buffer are
different buffers.

25, The system of Claim 23, wherein the conductivity of said measurement buffer is lower than
the conductivity of said reaction buifer.

28, The system of Claim 16, wherein said particle is magnetic.

27. The sysiem of Claim 18, wherein said individﬁai sensor s configured to apply & magnetic
field to magnetically immobilize said particle.

28, The system of Claim 16, wherein said array of sensors comprisss a substantially flat
surface.

28, Tha system of Claim 16, wherein said individual sensor is configured {o generate a electric
field, a magnetic field, or a combination thereof to provide a confinement cell that isolates said
individual sensor from other sensors of said arvay of sensors.

30. The system of Claim 16, wherein said nucleic acid molecule is coupied fo said particle such
that said nucleic molecule is not sterically hindered by another nucleic acid molecule coupled to
said particle.

31. The system of Claim 16, wherein said individual sensor comprises a well

32. The system of Claim 31, wherein said pariicle is held in said weil.



