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CHIP SET-UP AND HIGH-ACCURACY NUCLEIC ACID SEQUENCING

CROSS-REFERENCE
[0001] This application claims the benefit of U.S. Provisional Patent Application No. 61/771,031,
filed February 28, 2013, U.S. Provisional Patent Application No. 61/660,537, filed June 15, 2012,
and U.S. Provisional Patent Application No. 61/660,543, filed June 15, 2012, each of which is

incorporated herein by reference in its entirety.

BACKGROUND
[0002] Biochips can be used for various kinds of molecular detection and sensing, including the
sequencing of nucleic acid molecules. Nucleic acid sequencing is the process for determining the
nucleic acid basis of a nucleic acid. Such sequence information can be helpful in diagnosing and/or
treating a subject. For example, the nucleic acid sequence of a subject may be used to identify,
diagnose and potentially develop treatments for genetic diseases. As another example, research into
pathogens may lead to treatment for contagious diseases.
[0003] There are methods available which may be used to sequence a nucleic acid. Such methods,
however, are expensive and may not provide sequence information within a time period and at an

accuracy that may be necessary to diagnose and/or treat a subject.

SUMMARY
[0004] The present disclosure provides devices, systems and methods for species detection and
sequencing, such as molecular detection and/or nucleic acid sequencing. Methods are also provided
for forming high accuracy nanopore devices. The present disclosure provides high performance
devices that can be configured for high accuracy nucleic acid sequencing by sequencing nucleic acid
molecules (e.g., as part of a larger nucleic acid sample) independently and in parallel, and at
substantially high accuracy (e.g., at least about 97%, 98%, or 99%), in some cases in a substantially
low time period (e.g., less than about 1 day, 12 hours, 6 hours, 5 hours, 4 hours, 3 hours, 2 hours, or
1 hour). Such high performance devices can include, for example, at least about 500, 600, 700, 800,
900, 1000, 10000 individual nanopore sensors per 1 mm?. Independent and parallel sequencing can
enable high accuracy sequencing, in some cases with the aid of redundant nucleic acid sequence
information.
[0005] In an aspect, a method for nucleic acid sequencing comprises: (a) providing a chip
comprising a plurality of discrete sites at a density greater than or equal to about 500 sites per 1 mm?,
wherein an individual site of said plurality of discrete sites comprises at least one nanopore formed in

a membrane disposed adjacent to an electrode, wherein each discrete site is adapted to aid in the
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detection of said nucleic acid molecule or a portion thereof; (b) directing a plurality of nucleic acid
molecules to said plurality of discrete sites; and (c) characterizing, with the aid of a computer
processor coupled to said discrete sites, a nucleic acid sequence of each of said nucleic molecules
based on electrical signals received from said plurality of discrete sites.

[0006] In another aspect, a system for sequencing a nucleic acid molecule comprises: (a) a chip
comprising a plurality of discrete sites at a density greater than or equal to about 500 sites per 1 mm?,
wherein an individual site of said plurality of discrete sites comprises at least one nanopore formed in
a membrane disposed adjacent to an electrode, wherein each discrete site is adapted to aid in the
detection of said nucleic acid molecule or a portion thereof; and (b) a processor coupled to said chip,
wherein said processor is programmed to aid in characterizing a nucleic acid sequence of said
nucleic acid molecule based on electrical signals received from said plurality of discrete sites.

[0007] In another aspect, a system comprises a substrate with a surface comprising discrete sites at a
density greater than or equal to about 500 sites per 1 mm?”, wherein an individual site of said plurality
of discrete sites comprises at least one nanopore and a sensing circuit adjacent to said nanopore,
wherein said sensing circuit is in communication with a computer processor that is programmed to
aid in characterizing a nucleic acid sequence of a nucleic acid molecule based on electrical signals
received from said sensing circuit.

[0008] In another aspect, a membrane is disposed upon a membrane-incompatible surface in sensing
proximity to an electrode coupled to an integrated circuit, wherein said membrane, as measured by
said integrated circuit, exhibits a capacitance greater than about 5 fF/um? per square micron and a
conductance less than about 0.25 nano Siemens per mole of electrolyte as measured by said electrode
under an applied voltage of at least about 50 mV. The membrane can be part of a device (e.g., chip)
for species detection and/or nucleic acid sequencing.

[0009] In another aspect, a device for use in molecular sensing comprises one or more nanopores in
a membrane disposed upon at least one membrane incompatible surface in sensing proximity to an
electrode coupled to an integrated circuit, wherein said membrane comprising said one or more
nanopores exhibits a capacitance greater than about 5 fF/um?” and a conductance less than about 10
nano Siemens per mole of electrolyte per nanopore as measured by said electrode under an applied
voltage of at least about 50 mV.

[0010] In another aspect, a method for sequencing a nucleic acid molecule comprises: (a) providing
a chip comprising an array of sensors, wherein an individual sensor of said array of sensors
comprises a membrane adjacent to a sensing electrode, wherein said membrane comprises at least
one nanopore configured to aid in the detection of one or more nucleic acid bases of said nucleic acid

molecule or portion thereof upon the flow of said nucleic acid molecule or portion thereof through or
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adjacent to said at least one nanopore; (b) directing said nucleic acid molecule to said individual
sensor; (¢) applying a series of electrical pulses to said membrane upon directing said nucleic acid
molecule to said individual sensor; and (d) detecting one or more nucleic acid bases of said nucleic
acid molecule or portion thereof between said series of electrical pulses.

[0011] In another aspect, a method for sequencing a nucleic acid molecule comprises: (a) providing
a chip comprising an array of individual sensors, wherein an individual sensor of said array
comprises an electrode that is disposed adjacent to a membrane having a nanopore therein, wherein
said electrode is coupled to an electrical circuit that is adapted to generate an electrical signal to aid
in the detection of said nucleic acid molecule or a portion thereof upon the flow of said nucleic acid
molecule or portion thereof through or in proximity to said nanopore; (b) directing said nucleic acid
molecule or portion thereof through or in proximity to said nanopore; and (c) identifying a nucleic
acid sequence of said nucleic acid molecule or portion thereof at an accuracy of at least about 97%.
[0012] In another aspect, a system for sequencing a nucleic acid molecule comprises: (a) a chip
comprising an array of individual sensors, wherein an individual sensor of said array comprises an
electrode that is disposed adjacent to a membrane having a nanopore therein, wherein said electrode
is coupled to an electrical circuit that is adapted to generate an electrical signal to aid in the detection
of said nucleic acid molecule or a portion thereof upon the flow of said nucleic acid molecule or
portion thereof through or adjacent to said nanopore; and (b) a processor coupled to said chip,
wherein said processor is programmed to aid in characterizing a nucleic acid sequence of said
nucleic acid molecule based on electrical signals received from said plurality of discrete sites at an
accuracy of at least about 97%.

[0013] In another aspect, a method for sequencing a nucleic acid sample comprises detecting one or
more nucleic acid subunits of said nucleic acid sample upon the flow of said nucleic acid sample
through or in proximity to a nanopore, and sequencing said nucleic acid sample at an accuracy of at
least about 97%.

[0014] In another aspect, a method for sequencing a nucleic acid sample comprises detecting one or
more nucleic acid subunits of said nucleic acid sample upon the flow of said nucleic acid sample
through or in proximity to a nanopore, and sequencing said nucleic acid sample at an error rate less
than about 3%.

[0015] In another aspect, a method for sequencing a nucleic acid sample comprises (a) facilitating,
without the use of a molecular motor, the flow of said nucleic acid sample through a nanopore
embedded in a membrane; (b) detecting one or more nucleic acid subunits of said nucleic acid
sample upon the flow of said nucleic sample through said nanopore; and (c) sequencing said nucleic

acid sample upon detecting said one or more nucleic acid subunits.
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[0016] In another aspect, a method for sequencing a nucleic acid sample comprises: (a) sensing, with
the aid of a sensing circuit adjacent to a nanopore, one or more nucleic acid subunits of said nucleic
acid sample upon the flow of said nucleic acid sample or a portion thereof through said nanopore
without the aid of an enzyme; and (b) sequencing said nucleic acid sample upon sensing said one or
more nucleic acid submits.

[0017] In another aspect, a method for nucleic acid sequencing comprises: (a) anchoring a nucleic
acid molecule to a membrane having a nanopore therein; (b) threading said nucleic acid molecule or
a portion thereof through or in proximity to the nanopore; and (c) sensing one or more individual
bases of said nucleic acid molecule during step (b), wherein anchoring the nucleic acid molecule to
said membrane prevents the nucleic acid molecule from threading completely through the nanopore.
[0018] In another aspect, a system for sensing a biological sample from a subject comprises: (a) a
housing; (b) a sensor within the housing, the sensor having an electrical circuit adjacent to a
membrane with a nanopore therein, wherein the electrical circuit is adapted to generate an electrical
signal in response to the biological sample flowing through or adjacent to the nanopore; and (c) an
identification member on or within the housing, the identification member having a unique identifier
associated with the system and adapted to aid in associating the electrical signal, or characteristic
information derived from the electrical signal, with the subject.

[0019] In another aspect, a method for manipulating a fluid on a surface comprises: (a) providing a
surface, an array of electrodes in proximity to the surface, and a fluid comprising a hydrophilic phase
and a hydrophobic phase, wherein said hydrophobic phase is adjacent to said surface; and (b)
energizing the electrodes in a spatial and/or temporal pattern, thereby decreasing a volume of said
hydrophobic phase in relation to said hydrophilic phase in proximity to said electrodes.

[0020] In another aspect, a biochip comprises a nanopore in a membrane that is disposed within,
adjacent to, or in proximity to a well, wherein the well comprises an electrode that is capable of
detecting a change in the flow of ions through said nanopore in response to a species passing
through, in proximity to, or adjacent to the nanopore, wherein said electrode is capable of detecting
said change in the flow of ions for at least 1 hour without re-adjusting the ion concentrations on
cither side of the membrane.

[0021] In another aspect, a method for preparing a biochip comprises: (a) providing a semiconductor
substrate; (b) forming a plurality of wells in said semiconductor substrate at a density of at least 500
wells/mm?; () forming an electrode in an individual well of said plurality, wherein said electrode is
capable of performing electrical measurements of detectable species that are disposed on or adjacent

to the semiconductor substrate, and wherein said electrode has an operating life of at least 15 minutes
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with 40 mV applied potential; and (d) preparing the substrate for the formation of a membrane that
seals the individual well at a resistivity of at least about 10 gigaohms.

[0022] In another aspect, a biochip comprises (a) a plurality of electrically isolated wells at a density
of at least 500 wells per square millimeter; and (b) a membrane that is disposed in or adjacent to an
individual well of said plurality, wherein said membrane comprises a nanopore, and wherein said
individual well comprises an electrode that detects a signal in response to the flow of ions through
said nanopore.

[0023] In another aspect, a method for preparing a biochip comprises: (a) depositing silicon dioxide
on a semiconductor substrate; (b) etching wells into the silicon dioxide, thereby providing wells in
said semiconductor substrate at a density of at least 500 wells/mm?; (c) forming metal electrodes in
the wells; (d) removing metal from all areas of the substrate except for the wells; and (¢) coating the
substrate with a layer suitable for adhesion of a membrane.

[0024] In some embodiments, the metal electrodes are formed in the wells by (a) depositing a
protective layer onto the well surface, wherein the protective layer (i) provides electrical connectivity
to an underlying conductor, (ii) protects the underlying conductor from attack by a reactive solution,
(ii1) provides an electron source and/or sink so that an electrode material is not consumed in redox
reactions, or (iv) any combination thereof; and (b) depositing the electrode material adjacent to said
protective layer.

[0025] In another aspect, a method for preparing a biochip comprises: (a) providing a silicon oxide
layer adjacent to a substrate, wherein said silicon oxide layer has a plurality of wells formed therein
at a density of at least 500 wells/mm?; (b) depositing a protective layer adjacent to an exposed
surface of an individual well of said plurality; and (c) depositing an electrode adjacent to said
protective layer.

[0026] In another aspect, a method for forming a biochip comprises forming a membrane adjacent to
a silanized semiconductor surface, wherein said membrane fluidically isolates a first fluid from a
second fluid with a resistivity of at least 10 gigaohms.

[0027] In another aspect, a method for preparing a biochip comprises: (a) providing a packaged
biochip or biochip precursor having a surface that comprises silicon dioxide and/or a metal; and (b)
silanizing the surface with an organofunctional alkoxysilane molecule.

[0028] In another aspect, a method for preparing a biochip comprises: (a) depositing a gel into a well
that is in proximity to an electrode, wherein said electrode is coupled to a sensing circuit for sensing
a species in a solution adjacent to said electrode; and (b) forming a membrane over the well, wherein

the membrane is at least partially supported by the gel.
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[0029] In another aspect, a biochip comprises a silicon oxide layer disposed adjacent to a substrate,
wherein said silicon oxide layer comprises a well formed therein, wherein said well comprises a first
layer of a corrosion resistant material and an electrode adjacent to said first layer, wherein said
electrode is exposed to a fluid space.

[0030] In another aspect, a biochip comprises a plurality of wells and a membrane disposed in or
adjacent to an individual well of said plurality of wells, wherein said membrane comprises a
nanopore, and wherein said individual well comprises an electrode that detects a signal upon ionic
flow through said pore in response to a species passing through or adjacent to said nanopore without
being depleted.

[0031] In another aspect, a biochip is used to sequence a nucleic acid sample.

[0032] The biochip can be made by any of the methods described herein.

[0033] In another aspect, a biochip comprises an electrolyte in contact with a plurality of wells
having a membrane comprising a nanopore disposed over the well and an electrode in the well,
wherein the electrolyte does not comprise potassium ion.

[0034] In another aspect, a biochip comprises an electrolyte in contact with a plurality of wells
having a membrane comprising a nanopore disposed over the well and an electrode in the well,
wherein the electrolyte comprises tetramethylammonium chloride, triethylammonium chloride,
ammonium chloride, potassium chloride, sodium chloride, or any combination thereof.

[0035] Additional aspects and advantages of the present disclosure will become readily apparent to
those skilled in this art from the following detailed description, wherein only illustrative
embodiments of the present disclosure are shown and described. As will be realized, the present
disclosure is capable of other and different embodiments, and its several details are capable of
modifications in various obvious respects, all without departing from the disclosure. Accordingly,

the drawings and description are to be regarded as illustrative in nature, and not as restrictive.

INCORPORATION BY REFERENCE
[0036] All publications, patents, and patent applications mentioned in this specification are herein
incorporated by reference to the same extent as if each individual publication, patent, or patent

application was specifically and individually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS
[0037] The novel features of the invention are set forth with particularity in the appended claims. A
better understanding of the features and advantages of the present invention will be obtained by
reference to the following detailed description that sets forth illustrative embodiments, in which the

principles of the invention are utilized, and the accompanying drawings of which:
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[0038] Figures 1A, 1B and 1C show examples of nanopore detectors. In Figure 1A, the nanopore is
disposed upon the electrode; in Figure 1B, the nanopore is inserted in a membrane over a well; and
in Figure 1C; the nanopore is disposed over a protruding electrode;

[0039] Figure 2 shows an example of an ultra compact measurement circuit;

[0040] Figure 3 shows an example of an ultra compact measurement circuit;

[0041] Figure 4 shows an example of a test chip cell array configuration;

[0042] Figure 5 shows examples of a nucleic acid molecule anchored to a membrane;

[0043] Figure 6 shows an example of a fluid comprising an ionic phase and a hydrophobic phase in
contact with a surface comprising a sensor;

[0044] Figure 7 shows an example of a fluid comprising an ionic phase and a hydrophobic phase in
contact with a surface comprising a plurality of sensors;

[0045] Figure 8 shows an example of thinning of a hydrophobic phase by energizing a plurality of
electrodes in a spatial and/or temporal pattern;

[0046] Figure 9 shows an example of a top view of an array of electrodes, wherein groups of
electrodes are energized in a spatial and/or temporal pattern to move a fluid to the edges of a surface;
[0047] Figure 10 shows an example of a top view of an array of electrodes where fluid is moved as
described herein;

[0048] Figure 11 shows an example of the methods described herein being used to draw fluid from
the periphery of a surface and direct it to a position on the surface;

[0049] Figure 12 illustrates an example method of nucleic acid sequencing using a nanopore;

[0050] Figure 13 shows an example method of nucleic acid sequencing using a circular nucleic acid
molecule template;

[0051] Figure 14 shows another example method of nucleic acid sequencing using a circular nucleic
acid molecule template;

[0052] Figure 15 illustrates an example method for unzipping a double stranded nucleic acid
molecule;

[0053] Figure 16 illustrates an example step of a method for sequencing a nucleic acid molecule
using a nanopore and a locked protein;

[0054] Figure 17 illustrates a method for sequencing a nucleic acid molecule using a nanopore and a
locked protein;

[0055] Figure 18 shows a ribbon diagram of a phi29 polymerase;

[0056] Figure 19 shows a space filling diagram of a phi29 polymerase;
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[0057] Figure 20 shows an example method for sequencing a nucleic acid molecule using a
nanopore, where the rate of passage through the nanopore is at least partially determined by
interactions between binding partners;

[0058] Figure 21shows a computer system configured to control a sequencer;

[0059] Figure 22 shows a pore-based electrosensor;

[0060] Figure 23 shows an electrode array where the container doubles as a counter electrode;
[0061] Figure 24 shows an electrode array with a common counter electrode;

[0062] Figure 25 shows an electrode array where strips of sensors share a common counter
electrode;

[0063] Figure 26 shows and clectrode array where each electrode has an independent counter
electrode;

[0064] Figure 27 shows an example of rows of sensor wells sharing a common electrolyte pool;
[0065] Figure 28 shows an example of a semiconductor substrate;

[0066] Figure 29 shows a layer of silicon dioxide deposited on a semiconductor substrate;
[0067] Figure 30 shows a photo-resist deposited on a silicon dioxide layer;

[0068] Figure 31 shows an area of the photo-resist being exposed to radiation to define the area of a
well,

[0069] Figure 32 shows a portion of the silicon dioxide being removed by a dry etch procedure;
[0070] Figure 33 shows additional silicon dioxide being removed by a wet etch procedure to create
a well;

[0071] Figure 34 shows deposition of a titanium adhesion layer;

[0072] Figure 35 shows deposition of a platinum protective layer;

[0073] Figure 36 shows deposition of silver electrode material;

[0074] Figure 37 shows lift off of the photo-resist and materials disposed thereupon;

[0075] Figure 38 shows silanization of the silicon dioxide;

[0076] Figure 39 shows the optional filling of the well with a gel;

[0077] Figure 40 shows creation of a membrane with a nanopore over the well; and

[0078] Figure 41 shows a biochip where the silver electrode comes up on the side walls of the well.

DETAILED DESCRIPTION
[0079] While various embodiments of the invention have been shown and described herein, it will be
obvious to those skilled in the art that such embodiments are provided by way of example only.
Numerous variations, changes, and substitutions may occur to those skilled in the art without
departing from the invention. It should be understood that various alternatives to the embodiments of

the invention described herein may be employed.
-8-
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[0080] The term “nanopore,” as used herein, generally refers to a pore, channel or passage formed or
otherwise provided in a membrane. A membrane can be an organic membrane, such as a lipid
bilayer, or a synthetic membrane, such as a membrane formed of a polymeric material. The
membrane can be a polymeric material. The nanopore can be disposed adjacent or in proximity to a
sensing circuit or an electrode coupled to a sensing circuit, such as, for example, a complementary
metal-oxide semiconductor (CMOS) or field effect transistor (FET) circuit. In some examples, a
nanopore has a characteristic width or diameter on the order of 0.1 nanometers (nm) to about 1000
nm. Some nanopores are proteins. Alpha hemolysin is an example of a protein nanopore.

[0081] The term “polymerase,” as used herein, generally refers to any enzyme capable of catalyzing
a polymerization reaction. Examples of polymerases include, without limitation, a nucleic acid
polymerase or a ligase. A polymerase can be a polymerization enzyme.

[0082] The term “nucleic acid,” as used herein, generally refers to a molecule comprising one or
more nucleic acid subunits. A nucleic acid can include one or more subunits selected from
adenosine (A), cytosine (C), guanine (G), thymine (T) and uracil (U), or variants thereof. A
nucleotide can include A, C, G, T or U, or variants thereof. A nucleotide can include any subunit
that can be incorporated into a growing nucleic acid strand. Such subunit can be an A, C, G, T, or U,
or any other subunit that is specific to one or more complementary A, C, G, T or U, or
complementary to a purine (i.e., A or G, or variant thereof) or a pyrimidine (i.e., C, T or U, or variant
thereof). A subunit can enable individual nucleic acid bases or groups of bases (e.g., AA, TA, AT,
GC, CG, CT, TC, GT, TG, AC, CA, or uracil-counterparts thereof) to be resolved. In some
examples, a nucleic acid is deoxyribonucleic acid (DNA) or ribonucleic acid (RNA), or derivatives
thereof. A nucleic acid can be single-stranded or double stranded.

[0083] A “polynucleotide” or “oligonucleotide” is a polymer or oligomer comprising one or more
nucleotide as defined herein. A polynucleotide or oligonucleotide can comprise a DNA
polynucleotide or oligonucleotide, a RNA polynucleotide or oligonucleotide, or one or more sections
of DNA polynucleotide or oligonucleotide and/or RNA polynucleotide or oligonucleotide.

[0084] As used herein, a “nucleotide” or “base” can be a primary nucleotide or a nucleotide analog,.
A primary nucleotide is deoxyadenosine mono-phosphate (d{AMP), deoxycytidine mono-phosphate
(dCMP), deoxyguanosine mono-phosphate (dGMP), deoxythymidine mono-phosphate (d{TMP),
adenosine mono-phosphate (AMP), cytidine mono-phosphate (CMP), guanosine mono-phosphate
(GMP) or uridine mono-phosphate (UMP). A nucleotide analog is an analog or mimic of a primary
nucleotide having modification on the primary nucleobase (A, C, G, T and U), the
deoxyribose/ribose structure, the phosphate group of the primary nucleotide, or any combination

thereof. For example, a nucleotide analog can have a modified base, either naturally existing or
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man-made. Examples of modified bases include, without limitation, methylated nucleobases,
modified purine bases (e.g. hypoxanthine, xanthine, 7-methylguanine, isodG), modified pyrimidine
bases (e.g. 5,6-dihydrouracil and 5-methylcytosine, isodC), universal bases (e.g. 3-nitropyrrole and
5-nitroindole), non-binding base mimics (e.g. 4-methylbezimidazole and 2,4-diflurotoluene or
benzene), and no base (abasic nucleotide where the nucleotide analog does not have a base).
Examples of nucleotide analogs having modified deoxyribose (e.g. dideoxynucleosides such as
dideoxyguanosine, dideoxyadenosine, dideoxythymidine, and dideoxycytidine) and/or phosphate
structure (together referred to as the backbone structure) includes, without limitation, glycol
nucleotides, morpholinos, and locked nucleotides.

[0085] The present disclosure provides devices, systems and methods for species (e.g., atomic,
molecular) detection and/or sequencing (e.g., nucleic acid sequencing). In some examples, a device
of the present disclosure comprises an array of nanopores, such as at a density of at least about 100,
200, 300, 400, 500, 600, 700, 800, 900, 1000, 2000, 3000, 4000, 5000, 10000 sites per | mm®. An
individual site can include an individual nanopore sensor that can include one or more nanopores
(eg.,1,2,3,4,5,6,7,8,9,or 10 nanopores) in a membrane disposed adjacent to a sensing
electrode. Such densities can be achieved by manufacturing methods provided herein. An individual
nanopore can be in proximity to an electrode. The electrode can be independently addressable (e.g.,
addressed independently from another electrode), which can enable each nanopore to independently
sense a different nucleic acid molecule. This can enable parallel sequencing (e.g., nucleic acid
sequencing), which can provide for high accuracy sequencing, such as an accuracy of at least about
95%, about 95.5%, about 96%, about 96.5%, about 97%, about 97.5%, about 98%, about 98.5%,
about 99%, about 99.5%, about 99.9%, about 99.99%, about 99.999%, or about 99.9999%.

[0086] For example, multiple copies of a nucleic acid molecule can be independently sequenced at a
plurality of independently addressable nanopores to generate raw nucleic acid sequence data. The
multiple copies can be generated, for example via nucleic acid amplification (e.g., polymerase chain
reaction), from a single nucleic acid sample. Following sequencing, software executed by a
computer processer of a system of the present disclosure can correct for errors in raw sequence data
(e.g., by comparing the raw sequence data to detect abnormalities) and align the raw sequence data to
generate a sequence of a nucleic acid sample. Under such an approach, a nucleic acid sample can be
sequenced at an accuracy of at least about 95%, about 95.5%, about 96%, about 96.5%, about 97%,
about 97.5%, about 98%, about 98.5%, about 99%, about 99.5%, about 99.9%, about 99.99%, about
99.999%, or about 99.9999%. Such accuracy can be achieved at a single pass of a nucleic acid
molecule through or adjacent to a nanopore. In some cases, such accuracy can be achieved when

identifying about 6 , about 5, about 4, about 3, about 2 or about 1 nucleic acid bases. For example, a

-10-



WO 2013/188841 PCT/US2013/046012

97% accuracy is achieved when sequencing individual bases of a nucleic acid molecule using an
nanopore sensor.

[0087] Using devices of the present disclosure, nucleic acid sample can be sequenced at an accuracy
of at least about 95%, about 95.5%, about 96%, about 96.5%, about 97%, about 97.5%, about 98%,
about 98.5%, about 99%, about 99.5%, about 99.9%, about 99.99%, about 99.999%, or about
99.9999% when sequencing a nucleic acid sample that has a lengths of at least about 1, 2, 3, 4, 5, 6,
7,8,9, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 2000,
3000, 4000, 5000, 6000, 7000, 8000, 9000, 10000, 20000, 30000, 40000, 50000, or even 100000 or
more bases. The determination of a nucleic acid sequence at such high accuracy, in some cases with
the aid of redundant sequence information, can enable the nucleic acid sequence of a nucleic acid
molecule to be determined substantially fast, such as in a time period that is less than or equal to
about 1 day, 12 hours, 11 hours, 10 hours, 9 hours, 8 hours, 7 hours, 6 hours, 5 hours, 4 hours, 3
hours, 2 hours, 1 hour or less.

[0088] Nanopore devices of the present disclosure can generate redundant sequence information. In
some examples, redundant sequence information can be generated by sequencing multiple copies of
a nucleic acid molecule independently and in parallel, in some cases substantially simultancously.
Upon sequencing a given copy of the nucleic acid molecule, raw sequence information can be
generated, which can be stored in a memory location of a system used to generate a nucleic acid
sequence of the nucleic acid molecule. Raw sequences from other copies of the nucleic acid
molecule can be stored in the memory location. An error correction algorithm (as may be
implemented by software) can be used to compare the raw sequences to determine areas of overlap,
and from the areas of overlap and sequences determine errors in the areas of overlap. In an example,
the error is the actual sequence compared to the generated sequence. For example, if a given area in
nine out of ten copies of the nucleic acid molecule has the generated sequence AAAAA, but one
copy has AAAAT, then the AAAAT sequence can be deemed to be erroneous and discarded, and for
the given area, the actual sequence can be determined to be AAAAA at high confidence (e.g.,
confidence of at least about 80%, 90%, 91%, 92%, 93%., 94%, 95%, or 99%). Such redundant
sequence information can thus be used to decrease the error associated with a generated nucleic acid
sequence. In some cases, redundant sequence information can decrease the error associated with a
generated sequence even when an alignment algorithm (e.g., as implemented by alignment software)
is used to generate a longer sequence of the nucleic acid molecule from individual smaller sequences.
[0089] Described herein are methods, devices and systems for sequencing nucleic acid molecules. In
various aspects, the disclosure includes membranes and devices for use in molecular sensing

comprising nanopores in a membrane. In some instances, it is advantageous to provide a biochip
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comprising a plurality of discrete sites (i.¢., pixels). In some instances the sites are laid out in an
array. In some instances, the biochip comprises nanopores, sensors, or any combination thereof,
optionally embedded in or in proximity to a membrane as described herein.

[0090] Provided herein are systems and methods for sequencing a nucleic acid molecule with the aid
of a nanopore. The nanopore can be formed or otherwise embedded in a membrane disposed adjacent
to a sensing circuit, such as a field effect transistor or a complementary metal-oxide semiconductor
(CMOS). In some cases, as a nucleic acid or tag flows through or adjacent to the nanopore, the
sensing circuit detects an electrical signal associated with the nucleic acid or tag. The nucleic acid
can be a subunit of a larger strand. The tag can be a byproduct of a nucleic acid incorporation event
or other interaction between a tagged nucleic acid and the nanopore or a species adjacent to the
nanopore, such as an enzyme that cleaves a tag from a nucleic acid.

[0091] In some embodiments, a detected signal can be collected and stored in a memory location,
and later user to construct a sequence of the nucleic acid. The collected signal can be processed to
account for any abnormalities in the detected signal, such as errors.

Methods for sequencing a nucleic acid sample

[0092] In an aspect, a method for sequencing a nucleic acid sample comprises directing the nucleic
acid sample or a tag associated with the nucleic acid sample through or in proximity to a nanopore
and sequencing nucleic acid bases of the nucleic acid sample at an accuracy of at least about 97%. In
some embodiments, the nanopore is in a membrane. The nanopore can be a membrane protein, such
as, for example, alpha hemolysin. In some embodiments, the membrane is a synthetic membrane. In
some embodiments, the membrane is a lipid bilayer. The nanopore can be individually (or
independently) addressable.

[0093] In some instances, the determination of the nucleic acid sequence of a nucleic acid (e.g.,
DNA and RNA) includes errors. Example errors include, but are not limited to deletions (failing to
detect a nucleic acid) insertions (detecting a nucleic acid where none are truly present) and
substitutions (detecting the incorrect nucleic acid). In some embodiments, the accuracy of nucleic
acid sequencing is determined by lining up the measured nucleic acid sequence with the true nucleic
acid sequence (e.g., according to bioinformatics techniques) and determining the percentage of
nucleic acid positions that are deletions, insertions and/or substitutions. The accuracy ranges from
0% to 100%, with 100% being a completely correct determination of the sequence of the nucleic
acid. The error rate can be 100% minus the accuracy and can range from 0% to 100%, with 0% error
rate being a completely correct determination of the sequence of the nucleic acid.

[0094] In various embodiments, the errors are any combination of deletions, insertions and

substitutions. In some embodiments, the errors comprise few deletions. In some embodiments, about
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70%, about 60%, about 50%, about 40%, about 30%, about 20%, about 10%, about 5%, or about 1%
of the errors are deletions. In some embodiments, no more than 70%, no more than 60%, no more
than 50%, no more than 40%, no more than 30%, no more than 20%, no more than 10%, no more
than 5%, or no more than 1% of the errors are deletions.

[0095] In some embodiments, the accuracy of nucleic acid sequencing as performed according to the
methods and/or using the devices described herein is high. The accuracy is any high value. In some
instances, the accuracy is about 95%, about 95.5%, about 96%, about 96.5%, about 97%, about
97.5%, about 98%, about 98.5%, about 99%, about 99.5%, about 99.9%, about 99.99%, about
99.999%, about 99.9999%, and the like. In some instances, the accuracy is at least 95%, at least
95.5%, at least 96%, at least 96.5%, at least 97%, at least 97.5%, at least 98%, at least 98.5%, at least
99%, at least 99.5%, at least 99.9%, at least 99.99%, at least 99.999%, at least 99.9999%, and the
like. In some instances, the accuracy is between about 95% and 99.9999%, between about 97% and
99.9999%, between about 99% and 99.9999%, between about 99.5% and 99.9999%, between about
99.9% and 99.9999%, and the like.

[0096] In some instances, high accuracy is achieved by performing multiple passes (i.e., sequencing
a nucleic acid molecule a plurality of times, ¢.g., by passing the nucleic acid through or in proximity
to a nanopore and sequencing nucleic acid bases of the nucleic acid molecule). In some cases, the
data from multiple passes is combined (e.g., deletions, insertions and/or substitutions in a first pass
are corrected using data from other repeated passes). In some embodiments, high accuracy is
achieved with few passes (also referred to as reads, multiplicity of sequencing coverage). The
number of passes is any number, and need not be an integer (e.g., 2.5 times). In some embodiments,
the nucleic acid molecule is sequenced at least 1 time, 2 times, 3 times, 4 times, 5 times, 6 times, 7
times, 8 times, 9 times, 10 times, 12 times, 14 times, 16 times, 18 times, 20 times, 25 times, 30 times,
35 times, 40 times, 45 times, 50 times, and the like. In some embodiments, the nucleic acid molecule
is sequenced at most 1 time, at most 2 times, at most 3 times, at most 4 times, at most 5 times, at
most 6 times, at most 7 times, at most 8 times, at most 9 times, at most 10 times, at most 12 times, at
most 14 times, at most 16 times, at most 18 times, at most 20 times, at most 25 times, at most 30
times, at most 35 times, at most 40 times, at most 45 times, at most 50 times, and the like. In some
embodiments, the nucleic acid molecule is sequenced between about 1 time and 10 times, between
about 1 time and 5 times, between about 1 time and 3 times, and the like. In some embodiments, the
level of accuracy is achieved by combining data collected from at most 20 passes. In some
embodiments, the level of accuracy is achieved by combining data collected from at most 10 passes.
In some embodiments, the level of accuracy is achieved by combining data collected from at most 5

passes. In some embodiments, the level of accuracy is achieved in a single pass.
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[0097] In some instances, groups of nucleic acids are identified using the methods and/or devices
described herein. For example, a combination of three nucleic acids (e.g., adenine, cytosine and
thymine) are determined by their characteristic effect on a voltage in a nanopore. In some instances,
the accuracy of nucleic acid sequencing is high (e.g., at least 97%) when identifying about 6 , about
5, about 4, about 3, about 2 or about 1 nucleic acid bases (i.c., as a group). In some instances, the
accuracy of nucleic acid sequencing is high when identifying up to 6, up to 5, up to 4, up to 3, up to 2
or up to 1 nucleic acid bases (i.¢., as a group). In some embodiments, the accuracy is at least about
97% when identifying single nucleic acid bases.

[0098] In an example, a method for sequencing a nucleic acid sample comprises detecting one or
more nucleic acid subunits upon the flow of the nucleic acid sample through or in proximity to a
nanopore at an error rate less than about 3%. In some instances, a low error rate is achieved with a
low number of passes (e.g., 3% error rate in a single pass). The nucleic acid subunits comprise any
suitable number of nucleic acids, for example about three nucleic acid bases or less. In some
instances, the nucleic acid subunits comprise single nucleotides.

[0099] The error rate is any suitably low rate. In some instances, the error rate is about 10%, about
5%, about 4%, about 3%, about 2%, about 1%, about 0.5%, about 0.1%, about 0.01%, about 0.001%,
about 0.0001%, and the like. In some instances, the error rate is at most 10%, at most 5%, at most
4%, at most 3%, at most 2%, at most 1%, at most 0.5%, at most 0.1%, at most 0.01%, at most
0.001%, at most 0.0001%, and the like. In some instances, the error rate is between 10% and
0.0001%, between 3% and 0.0001%, between 1% and 0.0001%, between 0.01% and 0.0001%, and
the like.

[00100] In some instances, a nucleic acid molecule is sequenced by detecting signals from an
electrode. The electrode can be part of a nanopore sensor. In some instances, the signals are
electrical signals, which are generated upon the passage of a nucleic acid molecule through or in
proximity to a nanopore. In some instances, tag molecules associated with the nucleic acid molecule
(e.g., tags released upon nucleic acid polymerization events) pass into and out of, or through, the
nanopore. In some instances, the signals are at least partially obscured by electrical noise. The ratio
of the signal to the noise (e.g., ratio of their amplitudes) is any suitably high value (i.c., suitably high
to achieve a certain accuracy). In some embodiments, the one or more nucleic acid subunits are
detected at a signal to noise ratio of about 2 to 1, about 3 to 1, about 4 to 1, about 5 to 1, about 6 to 1,
about 7 to 1, about 8 to 1, about 9 to 1, about 10 to 1, about 100 to 1, about 1,000 to 1, about 10,000
to one, and the like. In some embodiments, the one or more nucleic acid subunits are detected at a
signal to noise ratio of at least about 10 to 1, at least about 100 to 1, at least about 1,000 to 1, at least

about 10,000 to one.
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[00101] The nucleic acid subunits can be detected within any suitable amount of time. In some
embodiments, the one or more nucleic acid subunits are detected in a time period of about 1 second,
about 1 milli-second (ms), about 1 micro-second (us), and the like. In some embodiments, the one or
more nucleic acid subunits are detected in a time period of at most 1 second, at most 1 milli-second,
at most 1 micro-second, and the like. In some embodiments, the one or more nucleic acid subunits
are detected in a time period of at least 1 second, at least 1 milli-second, at least 1 micro-second, and
the like.

[00102] In some instances, the nucleic acid molecule and/or tag molecules associated with the
nucleic acid molecule pass through the nanopore with a characteristic dwell time. In some instances,
the dwell time is the average time at which a portion of a nucleic acid molecule (e.g., a single base,
or a plurality of bases) or associated tag molecule is detectable in the nanopore (e.g., time period at
which a signal is generated). In another aspect, the invention provides a method for sequencing a
nucleic acid, the method comprising passing the nucleic acid through a nanopore at a dwell time, and
detecting one or more nucleic acid subunits of the nucleic acid sample as it passes through the
nanopore.

[00103] The dwell time can be any suitable amount of time (e.g., for achieving a certain
accuracy). In some instances, the dwell time is about 100 milliseconds (ms), about 80 ms, about 60
ms, about 40 ms, about 20 ms, about 10 ms, about 1 ms, about 100 us, about 80 us, about 60 us,
about 40 us, about 20 us, about 10 us, about 1 us, and the like. In some instances, the dwell time is
at least 100 ms, at lecast 80 ms, at lcast 60 ms, at lecast 40 ms, at lecast 20 ms, at least 10 ms, at least 1
ms, at least 100 microseconds (us), at least 80 us, at least 60 us, at least 40 us, at least 20 us, at least
10 ps, at least 1 us, and the like. In some instances, the dwell time is at most 100 ms, at most 80 ms,
at most 60 ms, at most 40 ms, at most 20 ms, at most 10 ms, at most 1 ms, at most 100 us, at most 80
us, at most 60 us, at most 40 us, at most 20 us, at most 10 us, at most 1 us, and the like. In some
instances, the dwell time is between about 10 us and 20 ms.

[00104] In some embodiments, the dwell time is sufficient to allow identification of subunits
of up to about 5 bases. In some embodiments, the dwell time is sufficient to allow identification of
subunits of up to about 3 bases. In some embodiments, the dwell time is sufficient to allow
identification of subunits of up to about 1 base.

[0100] Another aspect of the present disclosure provides a method of obtaining sequence
information of a nucleic acid. In some embodiments, the method comprises: (a) flowing the nucleic
acid through a nanopore; (b) forming a speed bump-nucleic acid complex having at least one speed

bump-nucleic acid duplex segment; (c¢) flowing the speed bump-nucleic acid complex through the
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nanopore until a speed bump-nucleic acid duplex segment is stopped before the constriction area of
the nanopore; (d) obtaining electrical signals when the speed bump-nucleic acid duplex segment is
stopped, and characterizing the nucleotide sequence that is adjacent to the first speed bump-nucleic
acid duplex segment; and (¢) dissociating the speed bump-nucleic acid complex and continuing the
flow of the nucleic acid through the nanopore.

[0101] In this method, the speed bump-nucleic acid duplex comprises DNA or RNA base pair
interactions between the speed bump oligonucleotide and the nucleic acid molecule. The duplex is
dissociated by any suitable method including temperature, voltage, or any combination thereof. In
some instances, voltage pulses are used to dissociate the speed bump molecules from the nucleic acid
molecule.

[0102] In some instances, a high accuracy and/or low error rate is achieved by slowing the rate at
which a nucleic acid molecule passes through or in proximity to a nanopore. In some instances, the
nucleic acid molecule passes through the nanopore. In some instances, tag molecules released by
nucleotide polymerization events pass through the nanopore. In some instances, the rate at which a
nucleic acid molecule passes through or in proximity to a nanopore is sufficiently slow to achieve a
certain dwell time (e.g., a dwell time sufficiently long to achieve a high signal to noise ratio and/or a
high accuracy of nucleic acid sequencing).

[0103] In some instances, speed bump molecules are associated with the nucleic acid molecule to
reduce or slow the rate at which a nucleic acid molecule passes through or in proximity to a
nanopore. In some instances, the speed bump molecules comprise an oligonucleotide. In some
embodiments, the speed bump molecules have a length of up to 2, 3,4, 5, 6, 7, 8, 9, 10, 20, 30, 40, or
50 bases. In some embodiments, the oligonucleotides base-pair with the nucleic acid sequence. Such
base pairing can involve covalent interactions between oligonucleotides. In some embodiments, the
speed-bump molecule is dissociated from the nucleic acid as the nucleic acid passes through the
nanopore.

[0104] Another aspect of the invention provides a method for sequencing a nucleic acid, the method
comprising slowing the rate at which a nucleic acid passes through a nanopore by non-covalently
associating a speed-bump molecule with the nucleic acid, where the nucleic acid is sequenced as the
nucleic acid passes through the nanopore. Non-covalent associations can include, without limitation,
ionic interaction and interactions due at least in part to London dispersion forces. The passage of the
nucleic acid molecule through or in proximity to a nanopore is slowed by the non-covalently
associated speed bump molecule.

[0105] Additional details can be found in PCT Patent Pub. No. W0/2012/088339 and PCT Patent
Pub. No. WO/2012/088341, which are each herein incorporated by reference in their entirety.
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Chip Set-up

[0106] Figure 1 shows an example of a nanopore detector (or sensor) having temperature control, as
may be prepared according to methods described in U.S. Patent Application Publication No.
2011/0193570, which is entirely incorporated herein by reference. With reference to Figure 1A, the
nanopore detector comprises a top electrode 101 in contact with a conductive solution (e.g., salt
solution) 107. A bottom conductive electrode 102 is near, adjacent, or in proximity to a nanopore
106, which is inserted in a membrane 105. In some instances, the bottom conductive electrode 102 is
embedded in a semiconductor 103 in which is embedded electrical circuitry in a semiconductor
substrate 104. A surface of the semiconductor 103 may be treated to be hydrophobic. A sample being
detected goes through the pore in the nanopore 106. The semiconductor chip sensor is placed in
package 108 and this, in turn, is in the vicinity of a temperature control element 109. The
temperature control element 109 may be a thermoelectric heating and/or cooling device (e.g., Peltier
device). In some instances, the bilayer spans and covers the electrode 102.

[0107] Multiple nanopore detectors may form a nanopore array. A nanopore array can include one or
more nanopore detectors. In some cases, a nanopore array includes at least 1, 2, 3,4, 5,6, 7, 8,9, 10,
100, 1000, 10000, or 100,000 nanopore detectors. An individual nanopore detector can include one
or more nanopores adjacent to a sensing electrode (e.g., bottom conductive electrode 102). In some
cases, an individual nanopore detector includes at least 1, 2, 3,4, 5,6, 7, 8,9, 10, or 100 nanopores
adjacent to a sensing electrode.

[0108] With reference to Figure 1B, where like numerals represent like elements, the membrane 105
can be disposed over a well 110, where the sensor 102 forms part of the surface of the well. Figure
1C shows an example in which the electrode 102 protrudes from the treated semiconductor surface
103.

[0109] In some examples, the membrane 105 forms on the bottom conductive electrode 102 and not
on the semiconductor 103. The membrane 105 in such a case may form coupling interactions with
the bottom conductive electrode 102. In some cases, however, the membrane 105 forms on the
bottom conductive electrode 102 and the semiconductor 103. As an alternative, the membrane 105
can form on the semiconductor 103 and not on the bottom conductive electrode 102, but may extend
over the bottom conductive electrode 102.

[0110] In some cases, the sensors and/or electrodes can be individually or independently addressed.
Individually and/or independently addressable sensors can be controlled and/or have data read from
cach of the sensors and/or electrodes.

[0111] A given nanopore sensor can be independently addressable. This can provide for parallel

sequencing and the generation of redundant sequence information, which can be used to generate
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nucleic acid sequence information at high accuracy (e.g., greater than or equal to about 97%). As an
alternative, a group of nanopore sensors can be independently addressable. The group of nanopore
sensors can include at least about 2, 3,4, 5, 6,7, &, 9, 10, 20, 30, 40, 50, 100, 200, 300, 400, or 500
individual nanopore sensors. In such a case, a given group of nanopore sensors can be controlled
independently from another group of nanopore sensors.

High pixel densities

[0112] In some instances, it is advantageous to provide a system comprising a high density of
discrete sites. For example, a large number of sites per unit area (i.e., density) allows for the
construction of smaller devices, which are portable, low-cost, or have other advantageous features. In
some embodiments, provision of a high density of discrete sites allows for more sites upon which to
perform reactions, make measurements, and the like. In one example, a large number of sites
comprising a nanopore and a sensing circuit allows for a large number of nucleic acid molecules to
be sequenced at once. Such a system can increase the through-put and/or decrease the cost of
sequencing a nucleic acid sample.

[0113] In an aspect, a system comprises a substrate with a surface comprising discrete sites, an
individual site of the discrete sites having a nanopore and a sensing circuit adjacent to the nanopore.
Examples of suitable nanopores and sensing circuits are described herein. In some embodiments, the
system further comprises a flow cell in fluid communication with the substrate, the flow cell adapted
to deliver one or more reagents to the substrate.

[0114] The surface comprises any suitable density of discrete sites (e.g., a density suitable for
sequencing a nucleic acid sample in a given amount of time or for a given cost). In one embodiment,
the surface has a density of discrete sites greater than or equal to about 500 sites per 1 mm?. In some
embodiments, the surface has a density of discrete sites of about 200, about 300, about 400, about
500, about 600, about 700, about 800, about 900, about 1000, about 2000, about 3000, about 4000,
about 5000, about 6000, about 7000, about 8000, about 9000, about 10000, about 20000, about
40000, about 60000, about 80000, about 100000, or about 500000 sites per 1 mm?. In some
embodiments, the surface has a density of discrete sites of at least 200, at least 300, at least 400, at
least 500, at least 600, at least 700, at least 800, at least 900, at least 1000, at least 2000, at least
3000, at least 4000, at least 5000, at least 6000, at least 7000, at least 8000, at least 9000, at least
10000, at least 20000, at least 40000, at least 60000, at least 80000, at least 100000, or at least
500000 sites per 1 mm?. Such pixel densities may be achieved using manufacturing methods of the
present disclosure, as described below and elsewhere herein. In an example, a pixel density of at
least about 500 sites per 1 mm? is achieved by forming wells at a density of at least about 500 sites

) . . Loy,
per 1 mm®, and forming nanopore sensors (e.g., membrane with a nanopore therein) in each well.
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Higher densities (e.g., at least 600, 700, 800, 900, 1000, 10000 sites per 1 rnrnz) may be achieved by
selecting processing conditions to form wells at higher densities.

[0115] In some embodiments, the nanopore is a protein. An example of a nanopore is alpha
hemolysin. In some embodiments, the nanopore has a diameter of about 100 A or less. In some
embodiments, the nanopore has a diameter of about 50 A or less. Thus, in some instances, the ability
to achieve a high number of discrete sites per unit of area is determined by the size of the sensing
circuit.

[0116] In some embodiments, the sensing circuit comprises few transistors. The sensor circuit can
comprise any suitable number of transistors (e.g., as few as are needed to detect a signal). In some
embodiments, the sensing circuit comprises 1, 2, 3,4, 5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19, or 20 transistors. In some embodiments, the sensing circuit comprises at most 1, at most 2, at
most 3, at most 4, at most 5, at most 6, at most 7, at most 8, at most 9, at most 10, at most 11, at most
12, at most 13, at most 14, at most 15, at most 16, at most 17, at most 18, at most 19, or at most 20
transistors. One suitable embodiment for providing a system comprising a substrate with a surface
comprising a high density of discrete sites, where the sites comprise a sensing circuit is as follows.

Compact sensing circuitry

[0117] An example of cell circuitry is shown in Figure 2. An applied voltage Va is applied to an
opamp 1200 ahead of a metal-oxide—semiconductor field-effect transistor (MOSFET) current
conveyor gate 201. Also shown here are an electrode 202 and the resistance of the nucleic acid
and/or tag detected by the device 203.

[0118] An applied voltage Va can drive the current conveyor gate 201. The resulting voltage on the
electrode sis then Va-Vt where Vt is the threshold voltage of the MOSFET. In some instances, this
results in limited control of the actual voltage applied to the electrode as a MOSFET threshold
voltage can vary considerably over process, voltage, temperature, and even between devices within a
chip. This Vt variation can be greater at low current levels where sub-threshold leakage effects can
come into play. Therefore, in order to provide better control of the applied voltage, an opamp can be
used in a follower feedback configuration with the current conveyor device. This ensures that the
voltage applied to the electrode is Va, independent of variation of the MOSFET threshold voltage.
[0119] Another example of cell circuitry is shown in Figure 3 and includes an integrator,
comparator, and digital logic to shift in control bits and simultaneously shift out the state of the
comparator output. The cell circuitry may be adapted for use with systems and methods provided
herein. The B0 through B1 lines may come out of the shift register. The analog signals are shared by

all cells within a bank while digital lines may be daisy-chained from cell to cell.
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[0120] The cell digital logics comprises the 5 bit data shift register (DSR), 5 bit parallel load
registers (PLR), control logic, and analog integrator circuit. Using the LIN signal, the control data
shifted into the DSR is parallel loaded into the PLR. These 5 bits control digital "break-before-make"
timing logic which controls the switches in the cell. In addition the digital logic has a set-reset (SR)
latch to record the switching of the comparator output.

[0121] The architecture delivers a variable sample rate that is proportional to the individual cell
current. A higher current may result in more samples per second than a lower current. The resolution
of the current measurement is related to the current being measured. A small current may be
measured with finer resolution than a large current, which may be a benefit over fixed resolution
measurement systems. There is an analog input which allows the user to adjust sample rates by
changing the voltage swing of the integrator. It may be possible to increase the sample rate in order
to analyze biologically fast processes or to slow the sample rate (and thereby gain precision) in order
to analyze biologically slow processes.

[0122] The output of the integrator is initialized to the voltage low voltage bias (LVB) and integrates
up to the voltage chemical mechanical planarization (CMP). A sample is generated every time the
integrator output swings between these two levels. Thus the greater the current the faster the
integrator output swings and therefore the faster the sample rate. Similarly if CMP voltage is reduced
the output swing of the integrator needed to generate a new sample is reduced and therefore the
sample rate is increased. Thus simply reducing the voltage difference between LVB and CMP
provides a mechanism to increase the sample rate.

[0123] A nanopore based sequencing chip may incorporate a large number of autonomously
operating or individually addressable cells configured as an array. For example an array of one
million cells could be constructed of 1000 rows of cells by 1000 columns of cells. This array enables
the parallel sequencing of nucleic acid molecules by measuring the conductance difference when
tags released upon nucleotide incorporation events are detected by the nanopore for example.
Moreover this circuitry implementation allows the conductance characteristics of the pore-molecular
complex to be determined which may be valuable in distinguishing between tags.

[0124] The integrated nanopore/bilayer electronic cell structures may apply appropriate voltages in
order to perform current measurements. For example, it may be necessary to both (a) control
electrode voltage potential and (b) monitor electrode current simultaneously in order to perform
correctly.

[0125] Moreover it may be necessary to control cells independently from one another. The

independent control of a cell may be required in order to manage a large number of cells that may be
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in different physical states. Precise control of the piecewise linear voltage waveform stimulus applied
to the electrode may be used to transition between the physical states of the cell.

[0126] In order to reduce the circuit size and complexity it may be sufficient to provide logic to
apply two separate voltages. This allows two independent grouping of cells and corresponding state
transition stimulus to be applied. The state transitions are stochastic in nature with a relatively low
probability of occurrence. Thus it may be highly useful to be able to assert the appropriate control
voltage and subsequently perform a measurement to determine if the desired state transition has
occurred. For example the appropriate voltage may be applied to a cell and then the current measured
to determine whether a bilayer has formed. The cells are divided into two groups: (a) those which
have had a bilayer form and no longer need to have the voltage applied. These cells may have a OV
bias applied in order to effect the null operation (NOP) — that is stay in the same state and (b) those
which do not have a bilayer formed. These cells will again have the bilayer formation electric
voltage applied.

[0127] A substantial simplification and circuit size reduction may be achieved by constraining the
allowable applied voltages to two and iteratively transitioning cells in batches between the physical
states. For example, a reduction by at least a factor of 1.1, 2, 3,4, 5,6, 7, 8,9, 10, 20, 30, 40, 50, or
100 may be achieved by constraining the allowable applied voltages.

[0128] In some examples, a test chip includes an array of 264 sensors arranged in four separate
groups (aka banks) of 66 sensor cells each. Each group is in turn divided into three “columns” with
22 sensors “cells” in each column. The “cell” name is apropos given that ideally a virtual cell
consisting of a bi-lipid layer and inserted nanopore is formed above each of the 264 sensors in the
array (although the device may operate successfully with only a fraction of the sensor cells so
populated).

[0129] There is a single analog 1/0 pad which applies a voltage potential to the liquid contained
within a conductive cylinder mounted to the surface of the die. This “liquid” potential is applied to
the top side of the pore and is common to all cells in a detector array. The bottom side of the pore has
an exposed electrode and each sensor cell may apply a distinct bottom side potential to its electrode.
The current is then measured between the top liquid connection and each cell’s electrode connection
on the bottom side of the pore. The sensor cell measures the current traveling through the pore as
modulated by the tag molecule passing within the pore.

[0130] In some cases, five bits control the mode of each sensor cell. With continued reference to
Figure 4, cach of the 264 cells in the array may be controlled individually. Values are applied
separately to a group of 66 cells. The mode of each of the 66 cells in a group is controlled by serially
shifting in 330 (66 * Sbits/cell) digital values into a DataShiftRegister (DSR). These values are
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shifted into the array using the KIN (clock), and DIN (dat in) pins with a separate pin pair for each
group of 66 cells.

[0131] Thus 330 clocks are used to shift 330 bits into the DSR shift register. A second 330 bit
Parallel Load Register (PLR) is parallel loaded from this shift register when the corresponding
LIN<i> (Load Input) is asserted high. At the same time as the PLR is parallel loaded the status value
of the cell is loaded into the DSR.

[0132] A complete operation may consist of 330 clocks to shift in 330 data bits into the DSR, a
single clock cycle with LIN signal asserted high, followed by 330 clock cycles to read the captured
status data shifted out of the DSR. The operation is pipelined so that a new 330 bits may be shifted
into the DSR simultaneously while the 330 bits are being read out of the array. Thus at S0MHz clock
frequency the cycle time for a read is 331/50MHz = 6.62us.

Combined AC and DC stimulus

[0133] As described herein, the electrical stimulus can be various ¢lectrical stimuli, such as an
applied current and an applied voltage. The current can be a direct current (DC) and/or an alternating
current (AC). The electrical stimulus can constitute a series of electrical pulses. An electrical
stimulus can be applied via an electrode, such as an electrode of a nanopore.

[0134] In some instances, the stimulus is a varying electrical stimulus (e.g., the electrical stimulus
changes over time). In some instances, the stimulus comprises pulses (e.g., rapid and transient
changes from a baseline). In some instances, the stimulus is a waveform (e.g., a sine wave, square
wave, triangular wave, or saw tooth wave).

[0135] In some embodiments, the electrical stimulus is the combination of an AC pulse and a DC
bias. In some instances, AC pulses are applied on top of a DC stimulus. In some instances, the DC
stimulus does not vary (i.e., is constant).

Non-sacrificial electrodes

[0136] In some embodiments, the electrodes described herein are sacrificial electrodes. Sacrificial
clectrodes may be depleted when they are used (e.g., when they are detecting signals). Silver
chloride (AgCl) is one example of a sacrificial electrode. In some instances, the amount of time that
an electrode can be used is limited by the sacrificial nature of the electrode material. In some
embodiments, the electrode is replenished after a period of use. Replenishment can comprise
reversing the direction of flow of an electrochemical reaction that leads to the depletion of the
electrode, such as by reversing the voltage applied to an electrode.

[0137] In some embodiments, the electrodes described herein are not sacrificial (or non-sacrificial)
electrodes. In some instances, the electrodes are not depleted or substantially depleted when they are

used (e.g., when they are detecting signals). Electrodes comprising platinum are one example of a
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non-sacrificial electrode. A non-sacrificial electrode may not need to be replenished during an
operating lifetime of a nanopore detector, which can be at least about 5 minutes, 10 minutes, 30
minutes, 1 hour, 2 hours, 3 hours, 4 hours, 5 hours, 6 hours, 12 hours, or 1 day.

[0138] In some instances, the electrodes have a low signal to noise ratio. For example, some non-
sacrificial electrodes have a low signal to noise ratio. In some embodiments, the electrodes described
herein are used to detect signals for nucleic acid sequencing. The signal to noise ratio for nucleic acid
sequencing can be increased (e.g., when using non-sacrificial electrodes) by using ferrocyanide tags.
Ferrocyanide ([Fe(CN)g]*) and its oxidized product ferricyanide ([Fe(CN)s]*) are mostly
impermeable to membranes (e.g., lipid bilayers). In some embodiments, nucleotides are tagged with
molecules comprising ferrocyanide and a nucleic acid molecule is replicated (e.g., by DNA
polymerase), whereby the ferrocyanide tags are released from the nucleotide and pass through a
nanopore, where they are detected by the sensors (e.g., non-sacrificial electrodes) as described
herein.

Tonic and non-ionic chemistry

[0139] The operating voltages for operation of the chip may be at least partially determined by the
salt concentration. In general, higher salt concentration results in higher current for the same applied
voltage. In some embodiments, a +/- 320 mV range is used for a salt concentration (e.g., KCI) of
approximately 1 M. If the salt concentration is about 0.3 M the working voltages may be about +/-
500 mV. The particular voltage and salt concentrations described herein are illustrative and not
limiting.

[0140] The electrodes may be silver electrodes. For example, KCl passes an ionic current by the
silver electrode, turning it from silver to AgCl at the positive electrode and at the negative electrode
turning AgCl to silver. In the case of silver electrodes, the electrodes themselves are affected by the
operation of the nanopore system.

[0141] In some cases, the system and/or chip does not use a conductive salt solution. Some redox
molecules may be substituted for salts. For example, the redox molecule may be ferrocene
carboxylate. In this case, the redox molecule changes to an oxidized state (¢.g., Fe ) at a first
electrode and gives up an electron at a second electrode, where the redox molecule is reduced (e.g.,
to Fe'?). The concentration of the redox molecule is any suitable concentration. In an embodiment,
ferrocene carboxylate is used at a concentration between about 100 mM and 1M. In some
embodiments, the concentration of the redox molecule is at least about 10 mM, at least about 20 mM,
at least about 40 mM, at least about 60 mM, at least about 80 mM, at least about 100 mM, at lcast
about 200 mM, at least about 500 mM, at least about 1 M, or at least about 10 M.
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[0142] In the redox molecule system, the electrodes can be a platinum sense electrode and a silver or
platinum reference electrode. In the redox set-up the electrodes may not be affected by the operation
of nanopore set-up and/or the passing of the current (e.g., the electrodes are not sacrificial). In some
embodiments, the redox molecule system can lead to longer electrode life.

[0143] In some cases, the downside of using redox molecules rather than ions can be lower current
readings than the silver electrode system. In some embodiments, the current readings are sufficiently
high for the nanopore to detect the cleaved tags that pass through the pore (e.g., from the synthesis of
an antisense strand with tagged-nucleotides).

Functional Membranes

[0144] In an aspect, described herein are “functional membranes”. Functional membranes can have a
certain resistance, capacitance and/or conductance per mol of electrolyte. In some instances,
functional membranes comprise nanopores. In some instances, functional membranes do not
comprise nanopores (€.g., is nanopore-less). In some embodiments, functional membranes are
disposed upon a membrane-incompatible surface. There is no covalent bond between the membrane
and the surface in some instances. The membrane or membrane material (e.g., lipids) can adhere to
the surface. In some embodiments, the membrane can be tethered to the surface (i.e., covalently
through a linking moiety), however tethered membranes should generally be constructed so as to
prevent leakage of electrolyte between the membrane and the surface. In some embodiments,
functional membranes are disposed in sensing proximity to an integrated circuit, as described below.
The membrane incompatible surface and the integrated circuit are essentially planar (comprise a
common plane) in some instances. In some embodiments, the integrated circuit sensor is hydrophilic
and a lipid bilayer forms over the sensing circuit while a lipid monolayer forms over the membrane
incompatible surface with the lipid tails oriented toward the membrane incompatible surface.

[0145] The functional membrane has any suitable capacitance. In some embodiments, the membrane
has a capacitance of about 0.1, about 0.5, about 1, about 2, about 3, about 4, about 5, about 6, about
7, about &, about 9, about 10, about 20, or about 50 fF/ umz. In some embodiments, the membrane
has a capacitance of greater than about 0.1, greater than about 0.5, greater than about 1, greater than
about 2, greater than about 3, greater than about 4, greater than about 5, greater than about 6, greater
than about 7, greater than about 8, greater than about 9, greater than about 10, greater than about 20,
or greater than about 50 fF/um?. In some embodiments, the membrane has a capacitance of less than
about 0.1, less than about 0.5, less than about 1, less than about 2, less than about 3, less than about
4, less than about 5, less than about 6, less than about 7, less than about §, less than about 9, less than
about 10, less than about 20, or less than about 50 fF/ umz. The functional membrane can have no

nanopores (i.¢., the functional membrane is nanopore-less), or at least 1, 2, 3,4, 5,6, 7, 8,9, 10
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nanopores. The capacitance can be as measured by an electrode under an applied voltage of at least
about 50 mV.

[0146] The functional membrane has any suitable resistance. In some embodiments, the membrane
has a resistance of about 100 mega-ohms (M), about 200 M, about 300 M, about 400 MQ,
about 500 MQ, about 1 giga-ohm (G€2), about 5 GQ, about 10 GQ, about 50 G2, about 100 GQ, or
about 500 GQ. In some cases, the membrane has a resistance of at least about 100 at least mega-
ohms (M), at least about 200 MQ, at least about 300 M, at least about 400 M€, at least about 500
MQ, at least about 1 giga-ohm (GQ), at least about 5 G€, at least about 10 G2, at least about 50 GQ,
at least about 100 G€, or at least about 500 GQ. In some cases, the membrane has a resistance of at
least about 100 at most mega-ohms (M€2), at most about 200 MQ, at most about 300 M€, at most
about 400 MQ, at most about 500 M€, at most about 1 giga-ohm (G€2), at most about 5 G, at most
about 10 GQ, at most about 50 GQ, at most about 100 GQ, or at most about 500 GQ. In some cases,
a membrane that has no nanopore has a resistance of at least 10 G(2, a membrane that has one
nanopore has a resistance from 1 G to 10 GQ and a membrane that has two or more nanopores has
a resistance from S00MQ to 1 GQ inclusive. The resistance can be as measured by an electrode
under an applied voltage of at least about 50 mV.

[0147] The functional membrane has any suitable conductance. In some instances, the conductance
is measured per mole of electrolyte. In some embodiments, the membrane has a conductance of
about 0.02, about 0.05, about 0.1, about 0.25, about 0.5, about 1, about 2, or about 5 nano Siemens
per mole of electrolyte. In some embodiments, the membrane has a conductance of greater than
about 0.02, greater than about 0.05, greater than about 0.1, greater than about 0.25, greater than about
0.5, greater than about 1, greater than about 2, or greater than about 5 nano Siemens per mole of
electrolyte. In some embodiments, the membrane has a conductance of less than about 0.02, less than
about 0.05, less than about 0.1, less than about 0.25, less than about 0.5, less than about 1, less than
about 2, or less than about 5 nano Siemens per mole of electrolyte. The conductance can be as
measured by an electrode under an applied voltage of at least about 50 mV.

[0148] In some embodiments, the membranes have any capacitance selected from the list above or
any conductance selected from the list above. In some embodiments, the membranes have any
capacitance selected from the list above and any conductance selected from the list above.

[0149] In an example, a nanopore device comprises a membrane disposed upon a membrane-
incompatible surface in sensing proximity to an integrated circuit. The membrane, as measured by
the integrated circuit, can exhibit (i) a capacitance greater than about 5 fF/um?” or a conductance less

than about 0.25 nano Siemens per mole of electrolyte or (i1) a capacitance greater than about 5
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fF/um’ per square micron and a conductance less than about 0.25 nano Siemens per mole of
electrolyte.

[0150] In some examples, a device for molecular sensing comprises one or more nanopores in a
membrane disposed upon at least one membrane incompatible surface in sensing proximity to an
integrated circuit. Examples of membranes, membrane incompatible surfaces, optional tethers,
integrated circuits and nanopores are described herein. In some instances, the device comprises a
functional membrane (e.g., as described herein) in sensing proximity to an integrated circuit. As used
herein, “sensing proximity” means that the membrane is sufficiently close to the sensor such that the
sensor is capable of detecting a signal originating from the membrane. Nucleic acid sequencing is
one example of molecular sensing.

[0151] In some embodiments, the integrated circuit is an individually addressable integrated circuit.
That is, data can be collected from and/or signals can be sent to each integrated circuit of a plurality
of integrated circuits. The ultra compact integrated circuit described above is one example of an
acceptable integrated circuit. In some embodiments, the integrated circuit comprises a logic
controller. Examples of logic controllers are described in U.S. Patent Pub. No. 2011/0192723, which
is entirely incorporated by reference herein, and may include any controller suitable for nucleic acid
sequencing, for example.

[0152] In some examples, a nanopore device for use in molecular sensing comprises one or more
nanopores in a membrane disposed upon at least one membrane incompatible surface in sensing
proximity to an integrated circuit, the membrane having the one or more nanopores exhibiting (i) a
capacitance greater than about 5 fF/ umz per square micron or a conductance less than about 10 nano
Siemens per mole of electrolyte per nanopore as measured by the sensing integrated circuit, or (ii) a
capacitance greater than about 5 fF/um? and a conductance less than about 10 nano Siemens per
mole of electrolyte per nanopore as measured by the sensing integrated circuit. An individual
nanopore can be independently addressable.

Cross-linked and other membranes

[0153] Devices of the present disclosure can include membranes. A membrane can be an organic or
inorganic membrane. In some examples, a membrane is a lipid bilayer. In some embodiments, the
membrane is any membrane suitable for the insertion of a protein (e.g., alpha hemolysin). During set
up or use of the device, the membrane can be in contact with an ionic solution (e.g., for inserting
proteins as described herein). In some instances, the membrane is flexible (i.e., is not brittle and/or
can be deformed without breaking). In some instances, the membrane comprises a plurality of

molecules and/or modules that can expand, deform, re-arrange relative to one another, and the like
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(e.g., to accommodate insertion of a protein into the membrane). In some instances, the membrane is
below its glass transition temperature.

[0154] In some instances, the membrane is hydrophobic. The membrane can comprise hydrophobic
portions (e.g., the tails of phospholipids facing the inside of a lipid bilayer) and hydrophilic portions
(e.g., the phospholipid heads facing the outside of a lipid bilayer).

[0155] In some cases, the membrane is thin (e.g., the width of two lipid molecules). The membrane
has any suitable thickness (e.g., a thickness suitable for inserting a protein and/or for performing
nucleic acid sequencing). In some embodiments, the membrane is about 2, about 3, about 4, about 5,
about 6, about 7, about 8, about 9, about 10, about 15, about 20, about 25, about 30, about 50, about
100, about 200, about 300, about 400, about 500, or about 1000 nanometers (nm) thick. In some
embodiments, the membrane is at most 2, at most 3, at most 4, at most 5, at most 6, at most 7, at
most 8, at most 9, at most 10, at most 15, at most 20, at most 25, at most 30, at most 50, at most 100,
at most 200, at most 300, at most 400, at most 500, or at most 1000 nm thick. In some instances, the
membrane has a thickness between about 1 nm and 50 nm, or 2.5 nm and about 10 nm.

[0156] In some embodiments, the membrane comprises polymers. In some instances, the polymers
are a minor component (e.g., incorporated into a lipid bilayer at any suitable proportion including at
most 1%, at most 5%, at most 10%). In some embodiments, the majority (e.g., at least 70%, at least
80%, at least 90%, at least 99%) of the membrane comprises polymer by mass. In some instances,
the membrane comprises polymer and membrane proteins.

[0157] The polymer can be naturally sourced, man-made, or a combination thereof. Examples of
man-made polymers include neoprene, polyvinylchloride, polystyrene, polyethylene, polypropylene,
polyacrylonitrile, silicone, and many more. In some instances the polymer is a block co-polymer. In
some instances, the polymer is branched.

[0158] In some instances, the membrane is a lipid bilayer. In some instances, the membrane is not a
lipid bilayer. In some embodiment, the membrane comprises lipids. In some instances, the membrane
comprises analogs of lipids, chemically modified lipids, or derivatized lipids.

[0159] In some instances, the membrane comprises a long carbon chain. The length of the carbon
chain is any suitable number of carbons, including 2, 3, 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20, 21, 22, 23, 24, 25, 30, 35, 40, 45, or 50 carbons. In some instances, the carbon chain
comprises at least 2, at least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least 9, at least
10, at least 11, at least 12, at least 13, at least 14, at lcast 15, at least 16, at least 17, at least 18, at
least 19, at least 20, at least 21, at least 22, at least 23, at lcast 24, at least 25, at least 30, at least 35,
at least 40, at least 45, or at least 50 carbons. In some instances, the carbon chain is branched. In

some instances, the carbon chain is not branched.
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[0160] In some embodiments, the membrane comprises cross-linked lipids. The lipids can be
polymerizable. In an example of a cross-linked lipid, pairs of phosphatidylcholine lipids are designed
to cross-link at the termini of their 2-position acyl chain upon the formation of lipid bilayers. In some
instances, the cross-linked lipids span the lipid bilayer, resembling naturally occurring
bolaamphiphiles that stabilize archaebacterial membranes against high temperatures. Three example
cross-linking reactions include the acyl chain cross-linking between thiol and bromine groups, thiol
and acryloyl groups, and cyclopentadiene and acryloyl groups. Examples of cross-linked lipids are
described in Halter, et. al. Langmiur, March 16, 2004 20(6), pgs 2416-2423, which is hereby
incorporated by reference in its entirety.

Anchoring nucleic acids

[0161] In some embodiments, the methods described herein comprise trapping the nucleic acid
molecule in the nanopore without using hairpin structures. In some embodiments, the nucleic acid
molecule is anchored to the membrane to trap the nucleic acid molecule in the nanopore (e.g., to
prevent the nucleic acid from passing completely through the nanopore).

[0162] The present disclosure provides a method for nucleic acid sequencing, comprising: (a)
anchoring a nucleic acid molecule to a membrane having a nanopore therein; (b) threading the
nucleic acid molecule or a portion thereof through or in proximity to the nanopore; (¢) sensing one or
more individual bases of the nucleic acid molecule during step (b); and (d) optionally reversing the
direction of threading, where anchoring the nucleic acid molecule to the membrane prevents the
nucleic acid molecule from threading completely through the nanopore.

[0163] Referring to Figure 5, nucleic acid molecules 501, 502 and 503 are anchored to a membrane
504. In some embodiments, the membrane comprises one or more nanopores 505. Alpha hemolysin
is an example nanopore. In some instances, the membrane is a lipid bilayer.

[0164] In some embodiments, the membrane further comprises a nucleic acid binding protein 506
and the nucleic acid molecule 501 is anchored to the nucleic acid binding protein. In some
embodiments, the nucleic acid binding protein comprises a trans-membrane that interact with (e.g.,
are embedded into) the membrane (e.g., a lipid bilayer). In some instances, trans-membrane domains
comprise hydrophobic amino acids. Nucleic acid binding proteins are known in the art and include
proteins that have specific (i.e., bind only some nucleic acid sequences) or general (i.e., bind many or
all nucleic acid sequences) affinity for either single or double stranded nucleic acid molecules.
Examples include transcription factors, polymerases, nucleases, leucine zippers, among others. In
some instances, the nucleic acid binding protein is a fusion protein comprising a trans-membrane

domain.
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[0165] In some embodiments, the nucleic acid molecule 502 is anchored directly to the membrane
(e.g., without a nucleic acid binding protein). The membrane can be modified or derivatized to form
covalent or non-covalent bonds with the nucleic acid molecule. In some instances, the nucleic acid
molecule 502 is modified or derivatized to form covalent or non-covalent bonds with the membrane.
The nucleic acid molecule 503 can be anchored to the nanopore. The attachment between the nucleic
acid molecule and the nanopore can be covalent or non-covalent. In some instances, the nanopore is
a fusion between a nanopore protein (e.g., alpha hemolysin) and a nucleic acid binding protein.

Method for manipulating lipids on a surface

[0166] The present disclosure provides methods for manipulating membrane subunits, such as lipids,
on a surface. Such manipulation can aid in the formation of a membrane as part of a nanopore
detector.

[0167] With reference to Figure 6, a hydrophobic phase 601 (e.g., diphytanoyiphosphatidyl-choline
{DPhPC) in decane at 15 mg/mL) deposits onto a surface 602 (e.g., a planar hydrophobic surface). In
some instances, when a hydrophilic phase is added 603, all or most of the hydrophobic phase forms a
pool on the surface. The hydrophilic phase may comprise an electrolyte (e.g., a salt such as KCl)
and/or a redox active molecule (e.g., ferrocene carboxylate where the molecule is capable of cycling
between the Fe and Fe ™ redox states). In some cases, clectrodes on the surface 604 are sealed
under these pools of hydrophobic phase and are not in direct contact with the hydrophilic phase. The
sealed electrodes do not generally complete an electrical circuit with a reference electrode 605 in
contact with the hydrophilic phase. In some instances, the electrodes remain sealed and do not
conduct even when an electrical potential is applied to the electrode. In some cases, applying a
voltage to the electrodes thins the hydrophobic phase above the electrode and the hydrophobic phase
is pushed to the sides of the electrode 606. In some cases, the hydrophilic phase displaces a portion
of the hydrophobic phase in the vicinity of the electrode, thereby thinning the hydrophobic phase in
relation to the ionic phase in proximity to the electrode.

[0168] Figure 7 depicts a volume of fluid comprising an ionic phase and a hydrophobic phase where
the hydrophobic phase thins out in the regions above a plurality of electrodes. As shown in Figure 8,
in some embodiments, a plurality of electrodes are energized in a spatial and/or temporal (i.c., time
series) pattern to move the hydrophobic phase across the surface.

[0169] In another aspect, provided herein is a method for manipulating a fluid on a surface, the
method comprising: (a) providing a surface, an array of electrodes in proximity to the surface, and a
fluid comprising an ionic phase and a hydrophobic phase, where the hydrophobic phase is adjacent to
the surface; and (b) energizing the electrodes in a spatial and/or temporal pattern, thereby decreasing

a volume of the hydrophobic phase in relation to the ionic phase in proximity to the electrodes. In

29



WO 2013/188841 PCT/US2013/046012

some embodiments, energizing the electrodes in (b) effects a thinning of the hydrophobic phase in
contact with the surface

[0170] For example, as shown in Figure 8, a series of electrodes are energized in sequence such that
a wave of the hydrophobic phase is moved across the surface. A thinning depression in the
hydrophobic phase is created above the first positively charged electrode in Figure 8A. In some
embodiments, the charge on the first electrode is then set to neutral and a second electrode is
positively charged (Figure 8B). In some cases, this pushes a leading wave of hydrophobic phase in
the direction away from the first electrode (to the right in Figure 8) and thins out the hydrophobic
phase in the direction toward the first electrode (to the left in Figure 8). Figures 8C and 8D show
that the wave can be further moved across subsequent electrodes, further pushing the leading wave
and further thinning the hydrophobic phase in the trailing direction.

[0171] In some embodiments, the electrodes are closely spaced. The space between the electrodes is
any suitable distance (e.g., a distance suitable for forming a wave). In some instances, the distance
between the electrodes is less than the width of the electrodes. In some instances, the distance
between the electrodes is about the same as the width of the electrodes. In some instances, the
distance between the electrodes is about twice, about three times, about 4 times, about 5 times, about
6 times, about 7 times, about 8 times, about 9 times, or about 10 times the width of the clectrodes.
[0172] In some instances, the electrodes are individually controllable and/or individually
addressable. As used herein for example, one is able to determine a state of a controllable electrode
and one is able to take measurement signals from an addressable electrode. One is able to set the
voltage and/or choose between voltage states (i.¢., neutral or charged) for each electrode in an array
of individually controllable electrodes. In some instances, groups of electrodes comprising an array
of electrodes are separately controllable from other groups of electrodes. In some embodiments, the
electrodes are further capable of sensing (e.g., sensing current changes associated with the passage of
a nucleic acid molecule through a nanopore).

[0173] In some embodiments, the hydrophobic phase can be redistributed across the surface. With
reference to Figure 9, in an example, a first group of electrodes 901 are initially positively charged.
Subsequently, electrodes in a second group adjacent to the first group of electrodes are positively
charged, followed by those in a third group and so on 902 until a volume of the hydrophobic phase is
moved to the periphery of the surface 903. The lipid phase can be moved in any direction (e.g.,
Figure 10).

[0174] In some instances, the method draws hydrophobic phase from the periphery of the surface.
For example, as shown in Figure 11, the method is capable of retrieving hydrophobic phase from the

periphery of the surface 1101 and directing it to an appropriate location on the surface 1102. In some

-30-



WO 2013/188841 PCT/US2013/046012

instances, nucleic acid molecules are sequenced on the surface. In some cases, the surface comprises
nanopores suitable for nucleic acid sequencing. In some cases, the method further comprises
sequencing a nucleic acid molecule with the aid of nanopores on the surface. In some instances, the
method directs the hydrophobic phase on the surface such that nucleic acid molecules are capable of
being sequenced at the location on the surface (e.g., by reforming a lipid bilayer).

[0175] In some embodiments, the hydrophobic phase comprises lipid. In some examples, the lipid is
DPhPC. In some instances, the lipid is solubilized in an organic solvent (¢.g., decane). The
concentration of lipid in the solvent can be any suitable value, including about 1 mg/mL, about 5
mg/mL, about 10 mg/mL, about 15 mg/mL, about 20 mg/mL, about 25 mg/mL, about 50 mg/mL,
about 100 mg/mL, and the like. In some embodiments, the hydrophobic phase comprises a lipid that
is thinned to form a bilayer on the surface.

[0176] In some embodiments, method redistributes lipid across the surface. In various instances, the
surface is hydrophobic, essentially (or substantially) planar (e.g., a perfectly flat plane, or a surface
having a certain amount of variation from an idealized plane), or both hydrophobic and essentially
planar.

Stimulus-assisted flow through nanopore

[0177] The present disclosure provides stimulus-assisted methods for sequencing a nucleic acid
sample using a nanopore. In some example, a nucleic acid sample can be sequenced without the aid
or use of a molecular motor (e.g., enzyme). In some embodiments, the flow of the nucleic acid
sample though the nanopore is facilitated by a series of electrical pulses.

[0178] Molecular motors are biological molecular machines that are agents of movement in living
organisms. In general terms, a motor may be defined as a device that consumes energy in one form
and converts it into motion or mechanical work; for example, many protein-based molecular motors
harness the chemical free energy released by the hydrolysis of ATP in order to perform mechanical
work. In some embodiments, the method does not use a nucleic acid motor. Examples of nucleic acid
motors include RNA polymerase, DNA polymerase, helicases, topoisomerases, proteins that remodel
chromatin, proteins that condense chromosomes, viral nucleic packaging motors, and the like.

[0179] In an aspect, described herein is a method for sequencing a nucleic acid sample, comprising:
(a) facilitating, without the use of a molecular motor, the flow of the nucleic acid sample through a
nanopore embedded in a membrane; and (b) detecting one or more nucleic acid subunits of the
nucleic acid sample upon the flow of the nucleic sample through the nanopore.

[0180] The nucleic acid sample is sequenced with any suitable accuracy. In some embodiments, the

nucleic acid is sequenced with an accuracy of at least 90%. In some embodiments, the nucleic acid is

-31-



WO 2013/188841 PCT/US2013/046012

sequenced with an accuracy of at least 95%. In some embodiments, the nucleic acid is sequenced
with an accuracy of at least 99%.

[0181] In some embodiments, the flow of the nucleic acid sample through a nanopore is facilitated
by a series of electrical pulses. In some embodiments, the series of electrical pulses have a voltage
between about 10 mV and 1000 mV, or 100 mV and 500 mV, or 200 mV and 400 mV. In some
embodiments, the series of electrical pulses comprise an asymmetric reverse “V” time profile
progression. Suitable electrical pulses are described below.

[0182] The operating voltages for operation (e.g., electrical pulses) of the chip may be at least
partially determined by the salt concentration. In general, higher salt concentration results in higher
current for the same applied voltage. In some embodiments, a +/- 320 mV range is used for a salt
concentration (e.g., KCI) of approximately 1 M. If the salt concentration is about 0.3 M the working
voltages may be about +/- 500 mV. The particular voltage and salt concentrations described herein
are illustrative and not limiting.

Enzvme-less sequencing with nanopore

[0183] Described herein are methods for sequencing a nucleic acid sample using a nanopore without
the aid of an enzyme. Such methods may be used to sequence a nucleic acid without the use of
sequencing by synthesis (SBS) methods. In some embodiments, methods for sequencing a nucleic
acid molecule do not use a nucleic acid polymerase (e.g., RNA polymerase and/or DNA
polymerase).

[0184] Described herein is a method for sequencing a nucleic acid sample, comprising sensing, with
the aid of a sensing circuit adjacent to a nanopore, individual nucleic acid bases of the nucleic acid
sample upon the flow of the nucleic acid sample or a portion thereof through the nanopore without
the aid of an enzyme.

[0185] The nucleic acid sample is sequenced with any suitable accuracy. In some embodiments, the
nucleic acid is sequenced with an accuracy of at least about 50%, 60%, 70%, 80%, 90%, 95%, 96%,
97%, 98%, 99%, 99.5%, or 99.9%, when identifying up to 5, 4, 3, 2, or 1 nucleic acid bases.

[0186] Described are example methods, devices and systems that are suitable for (a) providing the
functional membranes as described here, (b) providing the device for use in molecular sensing as
described here, (¢) performing the method for sequencing a nucleic acid molecule by stimulus-
assisted flow through a nanopore as described here, and/or (d) performing the method for enzymeless
sequencing as described here.

Use of nucleic acid binding proteins

[0187] In some cases, the nucleic acid binding protein is free-floating and not anchored to the

membrane as depicted in Figure 5. The nucleic acid molecule may wrap around the nucleic acid
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binding protein. The nucleic acid molecule unwinds from the nucleic acid binding protein as it is
pulled through a nanopore in some instances. The interaction between the nucleic acid and the
nucleic acid binding protein may slow the rate of passage of the nucleic acid through the nanopore
and increase the accuracy of nucleic acid sequencing. In some embodiments, electrical stimuli (e.g.,
high frequency pulses in some cases) are used to unwind the nucleic acid from the binding protein in
a step-wise manner (i.c., at a rate suitable for sequencing the nucleic acid molecule).

Rolling circle nanopore sequencing

[0188] Described herein is a method for nucleic acid sequencing where a single stranded nucleic acid
is threaded through a nanopore while repeat units of nucleic acid sequence are extended onto the
nucleic acid strand (e.g., by using a circular nucleic acid as a template). In some instances, the
method is highly accurate (e.g., accuracy of at least about 90%, 91%, 92%, 93%, 94%, 95%, or
99%). In rolling circle sequencing, a nucleic acid molecule can be sequenced and re-sequenced
multiple times to generate redundant nucleic acid sequence information. In some embodiments, the
nucleic acid molecule is sequenced until the entire repeat unit is accurately determined (e.g., by
sequencing the repeat unit a plurality of times). In some instances, the rate of extension at least
partially determines the rate at which the nucleic acid is sequenced.

[0189] Another aspect of the invention provides a method for sequencing a nucleic acid, the method
comprising (a) threading a single stranded nucleic acid molecule through a nanopore from a first end
of the single stranded nucleic acid molecule and (b) extending the single stranded nucleic acid
molecule from a second end of the single stranded nucleic acid molecule using a circular nucleic acid
molecule as a template.

[0190] In some embodiments, the single stranded nucleic acid molecule is sequenced in the
nanopore. In some embodiments, byproducts of nucleotide incorporation events (e.g., release of tags
from tagged nucleotides upon nucleotides being incorporated into a growing chain by a polymerase)
are sensed (e.g., by a nanopore) to determine the sequence.

[0191] With continued reference to Figure 12, in some embodiments, the nucleic acid molecule
1200 is extended using an enzyme 1201 and a circular nucleic acid molecule 1202 as a template. In
some embodiments, the speed of the enzyme (e.g., nucleic acid polymerase) at least partially
determines the speed at which the single stranded nucleic acid molecule threads through the
nanopore.

[0192] The method is performed in any one of a number of ways, examples of which are described
here. In some embodiments, a first single-stranded nucleic acid molecule is circularized 1202. The
nucleic acid is circularized by ligation in some instances. In some instances, a primer annealing

sequence is inserted into the first single stranded nucleic acid molecule when it is circularized. In
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some instances, the primer annealing sequence is identical or nearly identical in all molecules to be
sequenced. In some instances, the primer annealing sequence is different, and optionally used to
identify from which sample a particular nucleic acid molecule originated. In some instances, the
circular nucleic acid molecule is constructed from double stranded sample DNA or RNA. In one
embodiments, the ends of the sense and antisense strands of a double stranded sample are ligated
together (e.g., with linkers) such that the resulting circular nucleic acid comprises the sense and
antisense strand, optionally comprising linkers and/or a primer binding site. In some embodiments, a
hairpin is ligated onto an end (e.g., 3’ end) of a single stranded nucleic acid molecule and an
antisense strand is synthesized that is complimentary to the single stranded template. Following
synthesis of the antisense strand, circularization is completed by ligation (e.g., blunt end ligation) of
a loop of nucleic acid (e.g., DNA). In some embodiments, the sense strand comprises nucleic acid
analogs.

[0193] In some instances, circular single stranded template molecules 1202 comprising both a sense
and antisense strand are advantageous because (a) sequencing both the sense and anti-sense strand at
a genomic position increases the accuracy of base calling, (b) allows for identification of mis-
matched bases, and (c) allows for positional double checking of reads.

[0194] Following circularization, a primer is annealed to the circularized molecule in some
instances. In some embodiments, the primer comprises a nanopore capture region 1203 and a
hybridization region 1204, where the hybridization region anneals to the circularized molecule. The
capture region extending from the primer can be constructed of any molecule including abasic
nucleic acids, PEG molecules, or any other of a variety of man-made polymers that are optimized to
be captured into a nanopore. The capture region may be highly negatively or positively charged for
example depending on the particular nanopore set-up or the type of sample being processed. The
charge status of the capture region can also affect the electrophoretic pulling force exerted by an
electrical potential. In some embodiments, optimization of this charge may improve the removal of a
blocker molecule (e.g., blocking the procession of a polymerase). The composition of the capture
region of the primer can be selected to give a unique signal that can designate the sample pool from
which the sample originated. Multiple samples, each with their own identifier or capture region
barcode, can be included in the same nanopore sequencing run. In some embodiments, the use of
speed bumps is used to decode the capture thread.

[0195] In some instances, the primer comprises a pool of oligonucleotides all with a common
nanopore capture region. In some instances, the nanopore capture region is ligated onto an
oligonucleotide. In some embodiments, the sequence of the nanopore capture region indicates the

sample from which the first nucleic acid molecule originated.
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[0196] Following primer annealing, in some instances, the primer is extended from the end of the
hybridization region using the first nucleic acid molecule as a template to create a second nucleic
acid molecule 1205 (e.g., base paired to the first nucleic acid molecule). In some instances, the
extension is performed by an enzyme (e.g., DNA polymerase, phi29 polymerase). In some
embodiments, extension proceeds until the enzyme is blocked by the primer 1206. At this point, a
stalled complex 1207 comprising an enzyme, a nanopore capture region and a circular double
stranded nucleic acid molecule is formed in some instances.

[0197] In some embodiments, the formation of the stalled complex 1207 has certain advantages. In
some embodiments, the nucleic acid comprising the stalled complex is less likely to form 3D
structures or bind to itself or other nucleic acid molecules than may be the case without the formation
of stalled complexes. In some embodiments, the formation of stalled complexes makes it more likely
that all or substantially all of the nucleic acid molecules will be sequenced. In some embodiments,
the formation of stalled complexes improves the efficiency of capture of the nanopore capture region
by the nanopore.

[0198] Following formation of stalled complexes, in some instances, the stalled complexes 1208 are
inserted into a nanopore 1209. In some embodiments, the nanopore capture region of the second
nucleic acid molecule is inserted into a nanopore. The insertion can be performed in any suitable
manner. In some instances, an electrical field is used to insert the nanopore capture region of the
second nucleic acid molecule into a nanopore.

[0199] Following insertion of stalled complexes, in some instances, the second nucleic acid molecule
is passed through the nanopore 1210. In some embodiments, the second nucleic acid molecule is
passed through the nanopore while further extending the second nucleic acid molecule using the first
nucleic acid molecule as a template. In some embodiments, the second nucleic acid molecule is
sequenced as it passes through the nanopore.

[0200] In some embodiments, the nucleic acid sequence of the first nucleic acid molecule is
determined by passing the second nucleic acid molecule through the nanopore until the sequence of
the repeat unit is accurately determined. The accuracy is any suitable level, including any level of
accuracy described herein, such 99.99%. In some embodiments, the second nucleic acid molecule
comprises repeat units complimentary to the sequence of the first nucleic acid molecule Any suitable
number of copies of the repeat unit are sequenced. In some embodiments, 1, 2, 3,4, 5,6,7,8,9, 10,
about 12, about 14, about 16, about 18, about 20, about 25, about 30, about 40, or about 50 copies of
the repeat unit are sequenced.

[0201] In some instances, the primer performs several roles. With reference to Figure 12, in some

embodiments, the primer (i) primes synthesis 1204; (ii) blocks the progression of a nucleic acid
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polymerase 1206; and (iii) is inserted into the nanopore 1209. In some embodiments, having the
primer perform several roles simplifies the chemistry and makes the method more robust and/or
inexpensive.

[0202] In some embodiments, the composition of the primer is matched to the primer binding site so
that the primer will preferentially bind to only the primer binding site. In some embodiments,
synthetic nucleic acid analogs are used as part of the primer/primer-binding-site sequence (e.g.,
180dG and isodC).

[0203] In some embodiments, the nucleotide mix from which the polymerase draws nucleotides
contains any natural or any synthetic nucleic acid analogs. In some embodiments, these analogs are
selected to give a larger or a specific level of signal in the nanopore. In some embodiments, these
analogs slow the transit of a nucleic acid strand through the nanopore (e.g., to make base reading
casier). In some embodiments, the analogs allow for easier, more consistent threading into the pore.
[0204] Another embodiment of rolling circle nanopore sequencing is shown in Figure 13. Here, a
nucleic acid polymerase 1301 (e.g., DNA polymerase) is attached to a nanopore 1302. In some
instances, the attachment is a disulfide bond or a fusion protein comprising the nanopore and the
polymerase. The method also provides a circular nucleic acid molecule 1304 and a primer that at
least partially anneals to the circular nucleic acid molecule 1303.

[0205] The method includes extending the primer from a first end 1305 using the nucleic acid
polymerase and the circular nucleic acid molecule as a template. The extended primer can be passed
through the nanopore 1306 from a second end while further extending the primer from the first end.
The extended primer can be sequenced as it passes through the nanopore. In some embodiments, the
primer is extended and passed through the nanopore until the sequence of the circular nucleic acid
molecule is determined.

[0206] In some cases, the second end of the primer (dashed line) does not anneal to the circular
nucleic acid molecule, but this is not required. At least part of the sequence of the primer may
indicate the sample from which the circular nucleic acid originated.

[0207] Any suitable fraction of the extended primer can be annealed to the circular nucleic acid
molecule. Figure 13 shows an example where the circular nucleic acid molecule is mostly annealed
to the extended primer. Figure 14 shows an example where the circular nucleic acid molecule is
mostly not annealed to the extended primer.

Locked enzvine unzipping

[0208] Described herein are methods for unzipping double stranded nucleic acid and methods for
nucleic acid sequencing. With reference to Figure 15, in some instances, the method comprises (a)

locking a protein 1501 around the junction formed by a segment of double stranded nucleic acid
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1502 and the dissociated sense 1503 and anti-sense strands 1504 comprising the double stranded
nucleic acid and (b) providing a pulling force 1505 on at least one of the sense and anti-sense strand.
[0209] In another aspect, provided herein is a method for nucleic acid sequencing, the method
comprising: with reference to Figure 16, (a) ligating a duplex nucleic acid 1600 to an end of a
double stranded nucleic acid 1601, where the duplex nucleic acid comprises a sense strand 1602 and
an anti-sense strand 1603, where the sense strand and the anti-sense strand are base paired at the first
end of the duplex nucleic acid 1604 and the first end is ligated to the double stranded nucleic acid
1605, and where the sense strand and the anti-sense strand are not base paired at the second end of
the duplex nucleic acid 1606. The method further comprises, with reference to Figure 17, (b) locking
a protein 1701 around the junction where the sense strand and the anti-sense strand are base paired
and where they are not base paired; (c) threading 1702 the sense strand or the anti-sense strand
through a nanopore 1703, where the strand 1704 is sequenced with aid of the nanopore.

[0210] The protein can be any suitable protein. In some embodiments, the protein is phi29
polymerase. Figures 18 and 19 depict phi29 polymerase. In some embodiments, the polymerase is
mutated to provide locations for the formation of cross-links suitable for locking the polymerase
around the junction. In some embodiments, the mutations comprise substituting an amino acid for
cysteine, where disulfide cross-links are formed between cysteine amino acids.

[0211] In some embodiments, the protein is locked by cross-linking the protein. Cross-links are
formed between any suitable entities, optionally between amino acids comprising the protein.
Another suitable method for locking the protein is to incorporate non-natural amino acids into the
protein and form cross-links from the non-natural amino acid. The non-natural amino acid can have
any suitable cross-linkable chemical group or adapter. Methods for incorporating non-natural amino
acids into proteins are known and include the use of suppressible stop codons. In some instances, the
cross-links are disulfide bonds. In some instances, the formation of cross-links is initiated by light
(e.g., ultraviolet light). In some instances, formation of cross-links is initiated by light or chemical
agents. Formaldehyde is one suitable chemical agent. Formaldehyde cross-links primary amino
groups in proteins with other nearby nitrogen atoms through a CHj- linkage.

[0212] In some embodiments, the locked protein unzips the double stranded nucleic acid. In some
embodiments, the locked protein at least partially determines the rate at which the strand is threaded
through the nanopore. In some instances, the rate is suitably slow to obtain highly accurate nucleic
acid sequences. In some embodiments, the rate is suitably slow such that each nucleic acid position is
sequenced with suitable accuracy (e.g., about 90%, about 95%, about 97%, about 99%, or about
99.5%) in a single pass.

Controlled strand passage with biotinylated nucleic acids
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[0213] Described herein are methods for at least partially reducing the rate at which a nucleic acid
molecule passes through or passes in proximity to a nanopore. In some instances, the methods are
used to increase the accuracy of nucleic acid sequencing using a nanopore and/or to determine the
sequence of a nucleic acid molecule by sequencing it few times (e.g., a single time).

[0214] With reference to Figure 20, in another aspect, provided herein is a method for nucleic acid
sequencing, the method comprising passing a first single stranded nucleic acid molecule 2001
through or in proximity to a nanopore 2002, where the first molecule is base paired with a second
single stranded nucleic acid molecule 2003 comprising first binding molecules 2004, and where the
first binding molecules interact with the nanopore or a second binding molecule attached to the
nanopore 2005.

[0215] In some embodiments, the first nucleic acid molecule is sequenced with aid of the nanopore.
In some instances, passage of the first single stranded nucleic acid molecule through the nanopore
generates nucleotide-specific current blockages detectable as described herein.

[0216] In some embodiments, the rate at which the first nucleic acid molecule passes through or in
proximity to the nanopore is at least partially determined by the interaction between the first and
second binding molecules. In some embodiments, the interaction comprises the formation of non-
covalent bonds between the first and second binding molecules.

[0217] The binding molecules are any two molecules capable of interacting (e.g., forming a non-
covalent bond). In some embodiments, the first binding molecule is biotin and the second binding
molecule is streptavidin or avidin.

System with Bar-code

[0218] Devices and systems described herein can be configured for sensing a biological sample (e.g.,
blood, saliva, tissue) from a subject (e.g., an individual person). An example of sensing is sequencing
genomic information and/or the genome of a subject. In some embodiments, each subject uses a unit
(e.g., of the device or system described herein) that is dedicated to the subject. In some
embodiments, the biological sample of each subject is sensed on a different unit than other subjects.
In some embodiments, an identification member (e.g., bar code) is used to match the subject to a
unit.

[0219] In some examples, a system for sensing a biological sample from a subject comprises (a) a
housing; (b) a sensor within the housing, the sensor having an electrical circuit adjacent to a
membrane with a nanopore therein, where the electrical circuit is adapted to generate an electrical
signal in response to the biological sample flowing through or adjacent to the nanopore; and (c) an

identification member on or within the housing, the identification member having a unique identifier
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associated with the system and adapted to aid in associating the electrical signal, or characteristic
information derived from the electrical signal, with the subject.

[0220] The identification member is any device or component capable of being identified. In some
embodiments, the identification member is selected from the group consisting of electrically erasable
programmable read-only memory, a radiofrequency identification tag, flash memory, barcode and
serial number. In some embodiments, the identification member is identified by sight. In some
embodiments, the identification member is ready by a scanner, machine, or the like.

[0221] In some instances the housing is small. In some instances, the system is portable. In some
embodiments, the housing has a volume of at most 27,000 cm’. In some embodiments, the housing
has a volume of at most 10,000 cm’. In some embodiments, the housing has a volume of at most
5,000 cm’. In some embodiments, the housing has a volume of at most 500 cm’. In some instances
the system is hand-held and/or capable of being carried by hand.

[0222] The identification member can be provided in or on the housing. The identification member
can permit the subject to be anonymous, which may be preferable in instances in which anonymity is
of concern. The identification member can link the a system or device (e.g., nanopore detector) to
the subject.

[0223] The system is capable of sensing any suitable characteristic of the biological sample. In some
embodiments, the system is capable of sequencing the genome of the individual in at most 10 hours.
In some embodiments, the system is capable of sequencing the genome of the individual in at most 1
hour. In some embodiments, the system is capable of sequencing the genome of the individual in at
most 10 minutes.

Membrane protein assays and other uses

[0224] Devices of the present disclosure can be used for any suitable purpose. In some cases, the
devices are not used for nucleic acid sequencing. Without limitation, the devices can be used to
detect single nucleotide polymorphisms (SNPs), genetic insertions, deletions or other genetic
mutations or markers, protein sequencing, sequencing of any other polymer, and the like.

[0225] Methods of the present disclosure can be used to construct membranes that mimic biological
membranes. In some embodiments, the composition of the membrane and/or membrane proteins
comprising the membrane are substantially similar to the composition of a cellular membrane of an
organism. In some instances, the membrane and/or membrane proteins comprising the membrane are
substantially similar if they comprise similar types, identities, and/or proportions of membrane
proteins and/or lipids. In some embodiments, the proportion of proteins comprising the membrane is
within about 50%, within about 40%, within about 30%, within about 20%, within about 10%, or

within about 5% of the proportion of proteins in a biological membrane.
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[0226] Biological cells can have various membranes including a cellular membrane that encloses the
cells and various membranes that enclose organelles (e.g., endoplasmic reticulum, nucleus, golgi
apparatus, mitochondria, lysosome, peroxisome, vacuole). In some instances, the membrane
comprises a lipid bilayer. The composition of lipids in the bilayer is variable depending on the
species, the type of membrane, or even the developmental state of the organism or the environmental
conditions surrounding the organism. Lipid bilayers often comprise two layers of phospholipids with
the hydrophobic tails of the two layers facing each other. Any lipid or combination of lipids are
suitable for forming the biological membrane mimics as described herein including for example
phosphatidylcholine. In some embodiments, the membranes created according to the methods
described here comprise sterols (e.g., cholesterol).

[0227] Biological membranes also generally comprise membrane proteins, but this is not required.
Membrane proteins comprise a large fraction of the mass of a biological membrane in some
instances (e.g., at least 20%, at least 30%, at least 40%, at least 50%, or at least 60%). In one aspect,
the methods described herein are used to insert membrane proteins into a membrane.

[0228] There are many examples of membrane proteins. Membrane proteins include transporters,
linkers, channels, receptors, enzymes, structural proteins, proteins involved in accumulation and
transduction of energy, proteins responsible for cell adhesion, and the like. Some examples include
alpha hemolysin, insulin receptor, integrins, cadherins, glycophorin, rhodopsin, among many others.
Some membrane proteins are monomeric (comprise a single polypeptide chain) and some membrane
proteins comprise a plurality of polypeptide chains (of one or more types).

[0229] An aspect of the present disclosure provides a method for performing a membrane protein
assay, the method comprising: (a) applying an electrical stimulus to at least one membrane formed
over an electrode such that a membrane protein is attracted to and inserted into the membrane; and
(b) assaying a property of the membrane and/or the membrane protein.

[0230] Methods for forming membranes over electrodes are provided herein. Methods for applying
an electrical stimulus suitable for attracting and inserting membrane proteins (e.g., alpha hemolysin)
into a membrane are also provided above. In some embodiments, the membrane protein comprises a
trans-membrane domain. Trans-membrane domains comprise hydrophobic amino acids (e.g.,
leucine, isoleucine, valine, phenylalanine, and tryptophan) in some instances. In some cases, the
hydrophobic amino acids are contiguous. In some instances, the trans-membrane domains at least
partially insert into the lipid bilayer. In some instances, the trans-membrane domains completely
span the lipid bilayer. The membrane protein can have any number of trans-membrane domains (e.g.,

1,2,3,4,5,6,7,8,9, 10, or more trans-membrane domains).
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[0231] In some embodiments, a plurality of different membrane proteins are inserted into the
membrane. In some embodiments, the plurality of different membrane proteins comprise mutants of
a library of proteins. In some embodiments, the plurality of different membrane proteins comprise
different types of membrane proteins (e.g., porins, adhesins, receptors, and the like). In some
embodiments, membranes are formed over a plurality of conductive electrodes, a library of mutant
membrane proteins are distributively inserted into the membranes over the plurality of electrodes,
and the library of membrane proteins are assayed.

[0232] The assay can be different in various embodiments. In some embodiments, the assay is a test
of function (e.g., the translocation rate of a porin or the specificity of a receptor). The assay uses any
suitable reagents, times, temperatures, detection mechanisms (e.g., electronic detection, fluorescent
detection), and the like. In some embodiments, the assay comprises determining the effect of drug
compounds on the membrane and/or membrane protein. In some embodiments, the assay comprises
determining the effect of a chemical compound on the membrane and/or membrane protein.

[0233] In some embodiments, membrane bound proteins and pores can be electrically attracted to
and inserted into an artificial lipid bilayer membrane, or possibly other forms of membranes
representing all known living and non-living species. In some instances, a lipid bilayer or other
membrane that mimics the membrane of a living organism is first created over a conductive
electrode. A potential can then be applied to the electrode such that membrane protein(s) floating
free in solution above the artificial membranes are attracted to and inserted into the membrane. The
insertion of these proteins can be detected by changes in electrical properties as measured by the
electrode.

[0234] In one aspect, an intact membrane is detected versus a broken membrane. In some
embodiments, the method further comprises detecting the insertion of the membrane protein by
measuring the electrical properties of the electrode. The total conductivity and capacitance of a
normal membrane with protein inserted can be detected. In some embodiments, the method further
comprises measuring the total conductivity and/or capacitance with the electrode to determine one or
more defects in the membrane.

[0235] In some embodiments, the membrane protein inserts one or more trans-membrane domains
into the membrane. In some instances, the membrane protein does not form a pore when it is inserted
into the membrane (e.g., so insertion thereof may not be detectable by a change in capacitance or
conductivity of the membrane). A reporter moiety and/or label can be attached to the membrane
protein in order to determine whether the protein has been inserted. The reporter moiety and/or label
can be chemically or biologically reactive (e.g., can be a fusion protein of the membrane protein and

a reporter enzyme, a biotinylated membrane protein, etc.). Following insertion of the protein, a
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reagent may be contacted with the membrane protein to generate a signal (i.e., optionally generated
by an interaction between the reagent and the reporter moiety and/or label). Suitable signals include
pH changes, clectrical changes and/or capacitive changes (e.g., detectable by the sensor). In some
instances, light is emitted (e.g., fluorescence) and the presence of the membrane protein is imaged.
[0236] In some examples, a nanopore detector can be used to test the affect of drug compounds on
membranes. The affects of chemical compounds on membranes can also be determined. In some
instances, the technique is powerful when multiple membranes comprising proteins are tested in
parallel, or when multiple membrane/protein combinations are tested at once. In some cases, with a
nanopore based massively parallel set of electrode/detectors one can test the same membrane/protein
set representing one organism multiple times, and/or with separate wells on one sensor chip one can
test many different kinds of membrane/protein combinations representing many different kinds of
organisms at one time.

[0237] In some embodiments, the at least one membrane comprises a plurality of membranes formed
over a plurality of conductive electrodes, where the electrodes are selectively energized to insert a
sub-set of membrane proteins from a mixture comprising a plurality of membrane proteins into the
membranes at the electrode positions, and where the membranes and/or membrane proteins are
assayed at the electrode positions.

[0238] In some embodiments (e.g., because the membrane proteins only insert when induced to do
s0), different proteins can be flowed across a massively parallel array of electrode sensors separated
in time, and by coordinating the application of electrical pulses with presence of a particular protein,
cach electrode detector can create its own population of particular proteins. Thus, the proteins that
are known to reside in the membrane of a zebra fish can be created on electrode membranes 1-10,
while a mimic of a human lung cell membrane wall with its appropriate proteins can be created on
electrode membranes 11-20, soybean membrane and appropriate proteins on electrodes 30-40, and so
on. In some embodiments, this programmable creation of artificial cellular membranes allows
unprecedented visibility into the character of organisms.

[0239] Systems of the present disclosure can be used to select for membrane bound proteins or for
porin proteins of interest. For example, by populating a massively parallel set of individually
controlled electrode/membrane sensors with unknown pores and then testing them all for preferred
responses to reagents or stimulus voltages and/or currents, the presence of a unique, preferred protein
can be determined. In some instances, further screenings with limited proportions of the original
testing mix allows a user to determine which exact porin is his molecule of interest. In some
embodiments, this system allows for rapid selection for, or screening of, large numbers of mutations

in membrane associated proteins.
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Computer systems

[0240] The devices, systems and methods of the disclosure may be regulated with the aid of
computer systems. Figure 21 shows a system 2100 comprising a computer system 2101 coupled to
a nanopore detection and/or nucleic acid sequencing system 2102. The computer system 2101 may
be a server or a plurality of servers. The computer system 2101 may be programmed to regulate
sample preparation and processing, and nucleic acid sequencing by the sequencing system 2102.
The sequencing system can be a nanopore device comprising a plurality of independently
addressable nanopore sensors, as described elsewhere herein. The sequencing system 2102 can be a
chip (or biochip). The computer system 2101 can include machine-executable code (e.g., software)
that can be used to perform error detection in nucleic acid sequence information generated by the
sequencing system 2102, and perform alignment of nucleic acid sequence data (also “reads” herein).
The nanopore detection and/or sequencing system 2102 may be a nanopore-based sequencer (or
detector), as described herein.

[0241] The computer system 2101 may be programmed to implement the methods of the disclosure.
The computer system 2101 includes a central processing unit (CPU, also “processor” herein) 2105,
which can be a single core or multi core processor, or a plurality of processors for parallel
processing. The processor 2105 can be part of a circuit, such as an integrated circuit. In some
examples, the processor 2105 can be integrated in an application specific integrated circuit (ASIC).
The computer system 2101 also includes memory 2110 (e.g., random-access memory, read-only
memory, flash memory), electronic storage unit 2115 (e.g., hard disk), communications interface
2120 (e.g., network adapter) for communicating with one or more other systems, and peripheral
devices 2125, such as cache, other memory, data storage and/or electronic display adapters. The
memory 2110, storage unit 2115, interface 2120 and peripheral devices 2125 are in communication
with the CPU 2105 through a communications bus (solid lines), such as a motherboard. The storage
unit 2115 can be a data storage unit (or data repository) for storing data. The computer system 2101
may be operatively coupled to a computer network (“network”) with the aid of the communications
interface 2120. The network can be the Internet, an internet and/or extranet, or an intranct and/or
extranet that is in communication with the Internet. The network can include one or more computer
servers, which can enable distributed computing.

[0242] In some examples, the computer system 2101 includes a field-programmable gate array
(FPGA). The processor 2105 in such a case may be excluded.

[0243] Methods of the disclosure can be implemented by way of machine (or computer processor)
executable code (or software) stored on an electronic storage location of the computer system 2101,

such as, for example, on the memory 2110 or electronic storage unit 2115. During use, the code can
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be executed by the processor 2105. In some cases, the code can be retrieved from the storage unit
2115 and stored on the memory 2110 for ready access by the processor 2105. In some situations, the
electronic storage unit 2115 can be precluded, and machine-executable instructions are stored on
memory 2110.

[0244] The code can be pre-compiled and configured for use with a machine have a processer
adapted to execute the code, or can be compiled during runtime. The code can be supplied in a
programming language that can be selected to enable the code to execute in a pre-compiled or as-
compiled fashion.

[0245] The computer system 2101 can be adapted to store user profile information, such as, for
example, a name, physical address, email address, telephone number, instant messaging (IM) handle,
educational information, work information, social likes and/or dislikes, and other information of
potential relevance to the user or other users. Such profile information can be stored on the storage
unit 2115 of the computer system 2101. The nanopore detection and/or nucleic acid sequencing
system 2102 can be directly coupled to the computer system 2101 or go through the cloud (e.g.,
internet) 2130.

[0246] Aspects of the systems and methods provided herein, such as the computer system 2101, can
be embodied in programming. Various aspects of the technology may be thought of as “products” or
“articles of manufacture” typically in the form of machine (or processor) executable code and/or
associated data that is carried on or embodied in a type of machine readable medium. Machine-
executable code can be stored on an electronic storage unit, such memory (e.g., ROM, RAM) or a
hard disk. “Storage” type media can include any or all of the tangible memory of the computers,
processors or the like, or associated modules thereof, such as various semiconductor memories, tape
drives, disk drives and the like, which may provide non-transitory storage at any time for the
software programming. All or portions of the software may at times be communicated through the
Internet or various other telecommunication networks. Such communications, for example, may
enable loading of the software from one computer or processor into another, for example, from a
management server or host computer into the computer platform of an application server. Thus,
another type of media that may bear the software elements includes optical, electrical and
electromagnetic waves, such as used across physical interfaces between local devices, through wired
and optical landline networks and over various air-links. The physical elements that carry such
waves, such as wired or wireless links, optical links or the like, also may be considered as media
bearing the software. As used herein, unless restricted to non-transitory, tangible “storage” media,
terms such as computer or machine “readable medium” refer to any medium that participates in

providing instructions to a processor for execution.
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[0247] Hence, a machine readable medium, such as computer-executable code, may take many
forms, including but not limited to, a tangible storage medium, a carrier wave medium or physical
transmission medium. Non-volatile storage media include, for example, optical or magnetic disks,
such as any of the storage devices in any computer(s) or the like, such as may be used to implement
the databases, etc. shown in the drawings. Volatile storage media include dynamic memory, such as
main memory of such a computer platform. Tangible transmission media include coaxial cables;
copper wire and fiber optics, including the wires that comprise a bus within a computer system.
Carrier-wave transmission media may take the form of electric or electromagnetic signals, or
acoustic or light waves such as those generated during radio frequency (RF) and infrared (IR) data
communications. Common forms of computer-readable media therefore include for example: a
floppy disk, a flexible disk, hard disk, magnetic tape, any other magnetic medium, a CD-ROM, DVD
or DVD-ROM, any other optical medium, punch cards paper tape, any other physical storage
medium with patterns of holes, a RAM, a ROM, a PROM and EPROM, a FLASH-EPROM, any
other memory chip or cartridge, a carrier wave transporting data or instructions, cables or links
transporting such a carrier wave, or any other medium from which a computer may read
programming code and/or data. Many of these forms of computer readable media may be involved
in carrying one or more sequences of one or more instructions to a processor for execution.

Biochips and methods for forming biochips

[0248] Nanopores can be used to detect various molecules, including but not limited to sequencing
polymers such as nucleic acid molecules. Recognized herein is the need for improved biochips and
methods for making biochips (e.g., comprising nanopores). In some cases, conventional
semiconductor processing techniques are deficient in producing a silicon device for use as a biochip.
The present disclosure provides methods that can produce a biochip that withstands (e.g., is operable
during or after contact with) highly corrosive environments such as aqueous solutions, optionally
comprising ions. Such methods can be used to form biochips at high (e.g., at least about 500, 600,
700, 800, 900, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 9000, or 10000 sites per mm?).
Each site can be an independently (or individually) addressable site. In another aspect, the methods
described herein create a biochip surface conducive to the formation of organic membranes (e.g.,
lipid bilayers). In another aspect, the methods provide electrochemical electrodes needed to perform
electrical measurements of ionic current flows in the biochip.

[0249] Amongst other things, the biochips produced according to the methods described herein can
be used for nucleic acid molecule identification and polymer (e.g., nucleic acid) sequencing. In some
instances, the polymer is passed through the nanopore and various subunits of the polymer (e.g.,

adenine (A), cytosine (C), guanine (G), thymine (T) and/or uracil (U) bases of the nucleic acid)
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affect the current flowing through the nanopore. As described herein, the various subunits can be
identified by measuring the current at a plurality of voltages applied across the nanopore and/or
membrane. In some cases, the polymerization of tagged nucleotides releases and/or presents tag
molecules to the nanopore that can be identified by measuring the current at a plurality of voltages
applied across the nanopore and/or membrane.

[0250] Pore based sensors (e.g., biochips) can be used for electro-interrogation of single molecules.
A pore based sensor of the present disclosure can include a nanopore formed in a membrane that is
disposed adjacent or in proximity to a sensing electrode. The sensor can include a counter electrode.
The membrane includes a trans side (i.e., side facing the sensing electrode) and a cis side (i.e., side
facing the counter electrode).

[0251] Reference will now be made to the figures, wherein like numerals refer to like parts
throughout. It will be appreciated that the figures and features therein are not necessarily drawn to
scale.

[0252] With reference to Figure 22, a typical electrical measurement can operate on a molecule
under test that is closely associated with a pore (e.g., binding can be chemical, mechanical, electrical,
or electrochemical). The system can apply a stimulus (voltage or current) across the molecule/pore
complex and measure the response. In order to isolate the measurement to the pore/molecule
complex the two sides of the pore are generally separated by a highly insulating material (e.g., a lipid
bilayer).

[0253] The volumes enclosed on the opposite sides of the insulating barrier are referred to as the cis
well and the trans well with the general definition that the species of interest (e.g., the nucleic acid
molecule or tag molecule) moves from cis to trans during detection. The trans well is generally the
side of the insulating membrane proximal to and electrically connected to the chip electrodes.
[0254] In some embodiments, the biochip comprises a counter electrode capable of forming an
electrical circuit with the electrode in the well. In some cases, the plurality of electrodes in the
plurality of wells share a common counter electrode. Figure 23 shows an ¢lectrode array having a
common counter electrode where the liquid containment perimeter (e.g., container) acts as a counter
electrode (e.g., is conductive and forms a circuit). Another embodiment of a counter electrode is
shown in Figure 24, where the counter electrode is a plate (e.g., made of a conducting metal) over
top of the nanopores. As shown in Figure 25 and Figure 26, the plurality of electrodes in the
plurality of wells can be organized into groups that share a common counter clectrode. In some
cases, (¢.g., Figure 26), the plurality of electrodes in the plurality of wells each have a dedicated

counter electrode. In some cases, having a plurality of counter electrodes can allow the sensing
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electrodes to be addressed individually (or in groups in the case of groups of electrodes sharing a
common counter electrode).

[0255] In some cases, a plurality of wells (including any subset of the total number of wells)
comprise a common ¢lectrolyte pool. As shown in Figure 27, the wells 2701 can be separated into
rows by walls 2702 such that the row of wells share a common electrolyte pool above the wells.
Separating the biochip into sections as described here can allow multiple samples to be analyzed on a
single biochip (e.g., by putting different samples in different sections of the chip).

[0256] A nanopore sensor can include at least 1, 2, 3,4, 5, 6,7, 8,9, 10, 20, 30, 40, 50, 100, or 1000
nanopores adjacent to a electrode (e.g., the bottom conductive electrode 202 of Figure 1B). A
nanopore sensor can include a top electrode (e.g., the top electrode 201 of Figure 1B) that is for sole
use by the nanopore sensor (and not other sensors), or as an alternative, a top electrode can be
provided for use by multiple nanopore sensors.

Biochip processing

[0257] Controlling surface characteristics, well cavity volume, and electrode composition and
volume can be performed as described herein to produce a scalable semiconductor based planar array
of microwells (e.g., for the purpose of nanopore sensing). In some instances, the nanopore based
semiconductor array sensing platform achieves the following goals: (1) chip surface characteristics
that support a planar insulating membrane, (2) differentiated surface characteristics that result in a
well-defined and well controlled planar membrane surface, (3) large trans-well electrolyte volume,
(4) large electrode volume, (5) low electrical cross-talk between adjacent sensor electrodes on the
array, (6) high cell density in order to achieve very large array sizes, and (7) stable measurements of
very long duration during which the key parameters (voltage, resistance, etc.) remain nearly constant.
[0258] For example meeting goals (1) & (2) can be difficult to ensure that a highly insulating
(resistive) barrier is formed with well controlled membrane areas and trans-well volumes.

[0259] In the case of forming a lipid bilayer membrane, the design and processing of the chip can
account for the hydrophilic head and hydrophobic tail of the phospholipid molecules. Careful control
of the chip surface allows well defined hydrophilic and hydrophobic areas to be defined. In turn this
can control the structure and characteristics of the lipid bilayer membranes formed.

[0260] Goal (3) can ensure that trans-well electrolytic ions are sufficiently abundant so as not to
affect the results during the duration of a typical measurement. This can occur either by depleting
one or the other of the ions entirely or shifting the relative concentration of the various ions to such a
degree that they change the measurement results substantially (i.e. through shifts in concentration

gradient and/or resulting Nernst potential).
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[0261] Achieving Goal (4) can be of some importance in the case of a sacrificial electrode that is
consumed or converted as part of the electro-chemical reaction that supports the measurement (e.g.
silver being converted to silver-chloride oxidation reaction). Having a high electrode volume can be
of some importance both to: (i) increase the time that a measurement can be continuously performed
without intervening "recharging" measurements which can disrupt the experiment completely or
result in gaps in the measured data and (ii) reduce electrochemical potential shifts caused by the
change in relative concentrations of the oxidized and reduced electrode components. In some cases,
complete depletion of the electrode material (silver) sets a theoretical upper boundary on practical
continuous measurement duration.

[0262] In some cases, several of these goals can result in conflicts where meeting one goal comes at
the expense of another. For example, etching a deep cavity in the silicon surface and filling
completely with silver can achieve a planar membrane at the metal/silicon surface, thereby achieving
goals (1), (2), and (4) however can leave little remaining volume available for trans-well electrolyte.
Similarly, minimizing electrical cross-talk (goal 5) can be achieved by spacing adjacent cells far
apart; however this can come at the expense of achieving goal (6).

[0263] In various aspects, the biochips and methods for making biochips described herein can
achieve goals (1) to (6) in a way that is capable of sequencing nucleic acid molecules. For example,
development of a deep well vertical cavity structure to support both electrolyte and electrode
material can meet goals (3) and (4); a hybrid wet/dry etch can increase the lateral dimensions and
thus trans well volume can meet goals (1), (2), (3), and (4); selective silanization of oxide surfaces
can achieve goals (1) and (2); utilization of a gel can be used to balance goals (3) and (4) while
simultaneously achieving goals (1) and (2); implementation of distributed counter electrode can
simultaneously achieve goals (5) and (6); use of electrode replenishment (recharging) can achieve
goal (7); use of non-sacrificial electrodes can achieve goal (7); electro-plating can increase electrode
material to meet goal (4); or any combination thereof.

Biochip characteristics

[0264] In an aspect, a biochip comprises a semiconductor substrate and a layer of silicon dioxide
disposed on the substrate. A well can be formed into the silicon dioxide. A corrosion resistant
material can coat the inside of the well. An electrode material can be in the well. An
organofunctional alkoxysilane layer can coat the silicon dioxide. In some cases, the biochip further
comprises a membrane isolating a first fluid in the well from a second fluid outside the well. Also
encompassed within the present disclosure are the biochips made by any of the methods described
herein and the use of any of the biochips described herein or biochips produced by the methods

described herein to sequence polymers, including but not limited to nucleic acid molecules.
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[0265] In some cases, electrode material is not depleted during operation of the biochip. In an aspect,
a biochip comprises a plurality of wells having a membrane disposed over the well and an electrode
in the well that is capable of detecting changes in the flow of ions through a pore in the membrane in
response to entities passing through the pore. The electrode is not depleted during detection in some
instances.

[0266] The electrode (e.g., silver or platinum material) can have any suitable mass or volume. In
some cases, the volume of the electrode is about 0.1 femto-liter (fL), about 0.5 fL, about 1 fL, about
5 fL, or about 10 fL. In some instances, the volume of the electrode is at least about 0.1 femto-liter
(fL), at least about 0.5 fL, at least about 1 fL, at least about 5 fL, or at least about 10 fL.. In some
embodiments, the volume of the electrode is at most about 0.1 femto-liter (fL), at most about 0.5 fL,
at most about 1 fL, at most about 5 fL, or at most about 10 fL.

[0267] The electrode can be made of any suitable material, including mixtures and alloys of
materials. Some examples include platinum, ferrocene, ferricyanide, or any combination thereof. In
some cases, the electrode material is not consumed during operation of the electrode. The electrode
can comprise a material that has at least two oxidation states and/or a material that is capable of both
accepting and donating electrons.

Chip with deep, closely packed wells

[0268] Having a high density of nanopore sensors on the biochip can be desirable for having a small
device and/or sensing or sequencing a large number of molecules with a small biochip device. The
surface comprises any suitable density of discrete sites (e.g., a density suitable for sequencing a
nucleic acid sample in a given amount of time or for a given cost). In an embodiment, the surface has
a density of discrete sites greater than or equal to about 500 sites per 1 mm?. In some embodiments,
the surface has a density of discrete sites of about 100, about 200, about 300, about 400, about 500,
about 600, about 700, about 800, about 900, about 1000, about 2000, about 3000, about 4000, about
5000, about 6000, about 7000, about 8000, about 9000, about 10000, about 20000, about 40000,
about 60000, about 80000, about 100000, or about 500000 sites per 1 mm?. Tn some embodiments,
the surface has a density of discrete sites of at least about 200, at least about 300, at least about 400,
at least about 500, at least about 600, at least about 700, at least about 800, at least about 900, at least
about 1000, at least about 2000, at least about 3000, at least about 4000, at least about 5000, at least
about 6000, at least about 7000, at least about 8000, at least about 9000, at least about 10000, at least
about 20000, at least about 40000, at least about 60000, at least about 80000, at least about 100000,
or at least about 500000 sites per 1 mm?.

[0269] A biochip with a high density of discrete sites generally results in a well with a small area. In

some instances, the well is suitably deep (e.g., such that the well has a suitably large volume). In an
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aspect, the volume of the well is suitably large such that an ion is not fully depleted in the well
before recharging the electrode. In an aspect, the electrode can be a sacrificial electrode (e.g., an
electrode that decreases and/or increases in volume during detection, such as silver) and the volume
of the well is suitably large such that the electrode is not fully depleted before recharging the
electrode. In some embodiments, the well contains a sufficiently large volume of electrode material
such as silver. In these aspects, amongst others, the volume of the well can limit the time for which
the electrode is capable of detecting a current (i.c., before an ion is depleted and/or the electrode
material is depleted).

[0270] In some cases, the wells have a suitably large volume such that the electrode can detect ion
flow (e.g., current) for about 1 millisecond (ms), about 5 ms, about 10 ms, about 50 ms, about 100
ms, about 500 ms, about 1 s, about 5 s, about 10 s, about 50 s, about 100 s, about 500 s, about 1000s,
or about 5000 s. In some embodiments, the wells have a suitably large volume such that the electrode
can detect ion flow (e.g., current) for at least about 1 ms, at least about 5 ms, at least about 10 ms, at
least about 50 ms, at least about 100 ms, at lcast about 500 ms, at least about 1 s, at least about 5 s, at
least about 10 s, at least about 50 s, at least about 100 s, at least about 500 s, at least about 1000 s, or
at least about 5000 s.

[0271] The time of detection can depend at least in part on the magnitude of the voltage applied
across the nanopore and/or membrane (e.g., with higher voltage magnitudes resulting in higher ion
current, faster depletion of electrodes and therefore relatively shorter detection periods). In some
embodiments, the voltage difference across the membrane is about 40 milli-volts (mV), about 60
mV, about 80 mV, about 100 mV, about 120 mV, about 140 mV, about 160 mV, about 180 mV,
about 200 mV, about 300 mV, about 400 mV, or about 500 mV. In some embodiments, the voltage
difference across the membrane is at most about 40 mV, at most about 60 mV, at most about 80 mV,
at most about 100 mV, at most about 120 mV, at most about 140 mV, at most about 160 mV, at most
about 180 mV, at most about 200 mV, at most about 300 mV, at most about 400 mV, or at most
about 500 mV. In some embodiments, the voltage difference across the membrane is at least about
40 mV, at least about 60 mV, at least about 80 mV, at least about 100 mV, at least about 120 mV, at
least about 140 mV, at least about 160 mV, at least about 180 mV, at least about 200 mV, at least
about 300 mV, at least about 400 mV, or at least about 500 mV. The voltage can be constant or
variable (e.g., varying over any periodic waveform).

[0272] In some situations, the electrode has an operating life of at least about 1 minute (“min”), 2
min, 3 min, 4 min, 5 min, 6 min, 7 min, § min, 9 min, 10 min, 15 min, 20 min, 30 min, 40 min, 50
min, 1 hour, 2 hours, 3 hours, 4 hours, 5 hours, 6 hours, or 12 hours under an applied potential of at

least about 40 mV, about 60 mV, about 80 mV, about 100 mV, about 120 mV, about 140 mV, about
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160 mV, about 180 mV, about 200 mV, about 300 mV, about 400 mV, or about 500 mV. In some
examples, the electrode has an operating life of at least about 15 min under an applied potential of
about 80 mV.

[0273] The operating life of the electrode can be assessed based upon the depletion (e.g., rate of
depletion) of the electrode during use. In some cases, the electrode material is depleted by at most
about 50%, 40%, 30%, 20%, 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, 1%, 0.1%, or 0.01% within a
time period that is less than or equal to about 60 minutes, 30 minutes, 20 minutes, 15 minutes, 10
minutes, 5 minutes, 4 minutes, 3 minutes, 2 minutes, or 1 minute during use of the electrode.

[0274] The wells can have any suitable depth. In some cases, the depth of the well is measured from
the surface of the biochip and/or bottom of the membrane to the top of the electrode and/or bottom of
the electrode. In some cases, the depth of the well is approximately equal to the thickness of an oxide
layer (e.g., 103 in Figure 1B). In some embodiments, the wells are about 0.5 micrometers (um),
about 1 um, about 1.5 um, about 2 um, about 2.5 um, about 3 um, about 3.5 um, about 4 um, about
4.5 um, about 5 um, about 6 um, about 7 um, about 8 um, about 9 um, about 10 um, or about 20 um
deep. In some embodiments, the wells are at least about 0.5 micrometers (um), at least about 1 pum,
at least about 1.5 um, at least about 2 um, at least about 2.5 um, at least about 3 um, at least about
3.5 um, at least about 4 um, at least about 4.5 um, at least about 5 um, at least about 6 um, at least
about 7 um, at least about 8 um, at least about 9 um, at least about 10 um, or at least about 20 um
deep.

[0275] In an aspect, a biochip comprises a plurality of wells having a membrane disposed over the
well and an electrode in the well that is capable of detecting changes in the flow of ions through a
pore in the membrane in response to entities passing through the pore. The biochip can comprise at
least 500 wells per square millimeter and the wells can have a suitably large volume such that the
electrode can detect at least 100 entities without recharging the electrode.

[0276] In some embodiments, the entities are tag molecules released upon nucleotide incorporation
events. In some instances, a polymer passes through the pore and the entities are subunits of the
polymer. In some cases, the polymer is a nucleic acid and the subunits of the polymer are
nucleobases.

[0277] The biochip can detect any suitable number of entities without recharging the electrode. In
some cases, about 10, about 50, about 100, about 500, about 1000, about 5000, about 10000, about
50000, about 100000, about 500000, about 1000000, about 5000000, or about 10000000 entities are
detected. In some cases, at least about 10, at least about 50, at least about 100, at least about 500, at

least about 1000, at least about 5000, at least about 10000, at least about 50000, at lcast about

-51-



WO 2013/188841 PCT/US2013/046012

100000, at least about 500000, at least about 1000000, at least about 5000000, or at least about
10000000 entities are detected.

Chip with closely packed wells and minimum cross-talk

[0278] In an aspect, the wells are closely packed and have a low amount of cross-talk (e.g., the
electrodes derive all or most of their signal from the nanopore and/or membrane nearest to the
electrode). In an aspect, a biochip comprises a plurality of wells having a membrane disposed over
the well and an electrode in the well that detects a signal in response to the flow of ions. The biochip
can comprise at least 500 wells per square millimeter and the electrodes are electrically isolated from
each other. The biochip can comprise any suitable number of wells per area as described herein.
[0279] In some cases, an electrode detects about 80%, about 90%, about 95%, about 99%, about
99.5%, or about 99.9% of its signal from the flow of ions through a nanopore in the membrane. In
some instances, the clectrode detects at least about 80%, at least about 90%, at least about 95%, at
least about 99%, at least about 99.5%, or at least about 99.9% of its signal from the flow of ions
through a nanopore in the membrane. In some cases, an electrode detects no more than 20%, no more
than 10%, no more than 5%, no more than 1%, no more than 0.5%, or no more than 0.1%, of its
signal from the flow of ions through nanopores in adjacent wells.

Methods for making biochips

[0280] The methods can be used to make high quality biochips that are capable of withstanding
corrosive solutions and forming a membrane on the biochip that has a high resistivity. In an aspect, a
method for preparing a biochip comprises providing a semiconductor substrate and forming a
plurality of wells containing electrodes capable of performing electrical measurements on or adjacent
to the substrate. In some cases, the method further comprises treating the substrate to withstand
corrosive solutions and preparing the substrate for the formation of a membrane that seals the well
with a high resistivity.

[0281] The membrane can have any suitably high resistivity. In some cases, the resistivity is about
10 mega-ohms (M), about 50 MQ, about 100 MQ, about 500 MQ, about 1 giga-ohm (GQ), about 5
GQ, or about 10 GCQ. In some cases, the resistivity is at least about 10 mega-ohms (M), at least
about 50 M, at least about 100 MQ, at least about 500 M€, at least about 1 giga-ohm (G(2), at least
about 5 GQ, or at least about 10 GQ.

[0282] In some embodiments, the semiconductor substrate comprises silicon. In some instances, the
membrane is a lipid bilayer. The electrodes can be capable of measuring ionic current flows through

a nanopore embedded in the membrane.
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[0283] The device can withstand any suitable corrosive solution. In some cases, the corrosive
solutions are aqueous (include water) and comprise ions (e.g., Na', Cl). In some cases, the biochip is
operable after contacting for 10 hours with 1 M NaCl.

[0284] In some examples, a method for preparing a biochip comprises depositing a material having
reactive oxide groups on a semiconductor substrate, etching wells into the silicon dioxide, forming
metal electrodes in the wells, removing metal from all areas of the substrate except for the wells, and
coating the substrate with a layer suitable for adhesion of a membrane. In some cases, the
semiconductor substrate comprises silicon. The method can prepare the biochip for use in nucleic
acid sequencing using a nanopore.

[0285] In some cases, the material having reactive oxide groups is silicon dioxide. The material can
present a hard, planar surface that exhibits a uniform covering of reactive oxide (—OH) groups to a
solution in contact with its surface. These oxide groups can be the attachment points for the
subsequent silanization process. Alternatively, a lipophillic and hydrophobic surface material can be
deposited that mimics the etching characteristics of silicon oxide.

[0286] In some embodiments, a passivation layer is deposited on the semiconductor substrate, which
may or may not have reactive oxide groups. The passivation layer can comprise silicon nitride
(Si3Ny) or polymide. In some instances, a photolithographic step is used to define regions where
membranes form on the passivation layer. The photolithographic step can be used to define the
regions using a photoresist and exposing portions of the photoresist through a mask. The density of
sites (e.g., 500 sites per mm®) in the biochip can be defined by selecting the density of features (e.g.,
holes representing cross-sections of wells) in the mask and the exposed portions of the photoresist.
[0287] Figure 28 to Figure 41 show an example of steps that can result in biochips. All figures are
not necessarily drawn to scale.

[0288] With reference to Figure 28, the method for producing a biochip can start with a
semiconductor substrate. The semiconductor (e.g., silicon) can have any number of layers disposed
upon it, including but not limited to a conducting layer such as a metal. The conducting layer is
aluminum in some instances. In some cases, the substrate has a protective layer (e.g., titanium
nitride). The layers can be deposited with the aid of various deposition techniques, such as, for
example, chemical vapor deposition (CVD), atomic layer deposition (ALD), plasma enhanced CVD
(PECVD), plasma enhanced ALD (PEALD), metal organic CVD (MOCVD), hot wire CVD
(HWCVD), initiated CVD (iCVD), modified CVD (MCVD), vapor axial deposition (VAD), outside
vapor deposition (OVD) and physical vapor deposition (e.g., sputter deposition, evaporative

deposition).
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[0289] In some cases, an oxide layer is deposited on the semiconductor substrate as shown in Figure
29. In some instances, the oxide layer comprises silicon dioxide. The silicon dioxide can be
deposited using tetracthyl orthosilicate (TEOS), high density plasma (HDP), or any combination
thereof.

[0290] In some instances, the silicon dioxide is deposited using a low temperature technique. In
some cases, the process is low-temperature chemical vapor deposition of silicon oxide. The
temperature is generally sufficiently low such that pre-exisiting metal on the chip is not damaged.
The deposition temperature can be about 50 °C, about 100 °C, about 150 °C, about 200 °C, about
250 °C, about 300 °C, about 350 °C, and the like. In some embodiments, the deposition temperature
is below about 50 °C, below about 100 °C, below about 150 °C, below about 200 °C, below about
250 °C, below about 300 °C, below about 350 °C, and the like. The deposition can be performed at
any suitable pressure. In some instances, the deposition process uses RF plasma energy.

[0291] In some cases, the oxide is not deposited by a thermally grown oxide procedure (e.g., which
can use temperatures near or exceeding 1,000 °C).

[0292] The silicon dioxide can be deposited to a thickness suitable for the formation of wells
comprising electrodes and a volume of electrolyte capable of sequencing at least 100, at least 1000,
at least 10000, at least 100000, or at least 1000000 nucleobases of a nucleic acid molecule without
recharging the electrodes.

[0293] The silicon dioxide can be deposited to any suitable thickness. In some embodiments, the
silicon dioxide is about 0.5 micrometers (um), about 1 um, about 1.5 um, about 2 um, about 2.5 um,
about 3 um, about 3.5 um, about 4 um, about 4.5 um, about 5 um, about 6 um, about 7 um, about 8
um, about 9 um, about 10 um, or about 20 um thick. In some embodiments, the silicon dioxide is at
least about 0.5 micrometers (um), at least about 1 um, at least about 1.5 um, at least about 2 um, at
least about 2.5 um, at least about 3 um, at least about 3.5 um, at least about 4 um, at least about 4.5
um, at least about 5 um, at least about 6 um, at least about 7 um, at least about 8 um, at least about 9
um, at least about 10 um, or at least about 20 um thick.

Well etching

[0294] A biochip can comprise wells. An individual well can include a nanopore in a membrane in
or over the well. A well can be part of an independently addressable nanopore sensor.

[0295] Wells can be created in a silicon dioxide substrate using various manufacturing techniques.
Such techniques can include semiconductor fabrication techniques. In some cases, the wells are
created using photolithographic techniques such as those used in the semiconductor industry. For
example, a photo-resist (e.g., a material that changes properties when exposed to electromagnetic

radiation) can be coated onto the silicon dioxide (e.g., by spin coating of a wafer) to any suitable
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thickness as shown in Figure 30. The substrate including the photo-resist can then be exposed to an
electromagnetic radiation source. A mask can be used to shield radiation from portions of the photo-
resist in order to define the area of the wells. The photo-resist can be a negative resist or a positive
resist (e.g., the area of the well can be exposed to electromagnetic radiation or the areas other than
the well can be exposed to electromagnetic radiation as defined by the mask). In Figure 31, the arca
overlying the location in which the wells are to be created is exposed to electromagnetic radiation to
define a pattern that corresponds to the location and distribution of the wells in the silicon dioxide
layer. The density of sites (e.g., 500 sites per mm?) in the biochip can be defined by selecting the
density of features (e.g., holes representing cross-sections of wells) in the mask. The photoresist can
be exposed to electromagnetic radiation through a mask defining a pattern that corresponds to the
wells. Next, the exposed portion of the photoresist can be removed, such as, e.g., with the aid of a
washing operation (e.g., deionized water). The removed portion of the mask can then be exposed to a
chemical etchant to etch the substrate and transfer the pattern of wells into the silicon dioxide layer.
The etchant can include an acid, such as, for example, sulfuric acid (H,SOy4). The silicon dioxide
layer can be etched in an anisotropic fashion, though in some cases etching can be isotropic. For
instance, with reference to Figure 33, an area not corresponding exactly to the area of a final well
can be etched (e.g., the well can be etched under the photo-resist).

[0296] Various etching procedures can be used to etch the silicon dioxide in the area where the well
is to be formed. As shown in Figure 32 and Figure 33, the etch can be an isotropic etch (i.c., the
etch rate alone one direction is equal to the etch rate along an orthogonal direction), or an anisotropic
etch (i.e., the etch rate along one direction is less than the etch rate alone an orthogonal direction), or
variants thereof.

[0297] In some cases, an anisotropic etch removes the majority of the volume of the well. Any
suitable percentage of the well volume can be removed including about 60%, about 70%, about 80%,
about 90%, or about 95%. In some cases, at least about 60%, at least about 70%, at least about 80%,
at least about 90%, or at least about 95% of the material is removed in an anisotropic etch. In some
cases, at most about 60%, at most about 70%, at most about 80%, at most about 90%, or at most
about 95% of the material is removed in an anisotropic etch. In some embodiments, the anisotropic
etch does not remove silicon dioxide material all of the way down to the semiconductor substrate. An
isotropic etch removes the silicon dioxide material all of the way down to the semiconductor
substrate in some instances.

[0298] In some cases, the wells are etched using a photo-lithographic step to define the wells
followed by a hybrid dry-wet etch. The photo-lithographic step can comprise coating the silicon

dioxide with a photo-resist and exposing the photo-resist to electromagnetic radiation through a mask
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(or reticle) having a pattern that defines the wells. In some instances, the hybrid dry-wet etch
comprises dry etching to remove the bulk of the silicon dioxide in the well regions defined in the
photoresist by the photo-lithographic step, cleaning the biochip, and wet etching to remove the
remaining silicon dioxide from the substrate in the well regions.

[0299] The biochip can be cleaned with the aid of a plasma etching chemistry, or exposure to an
oxidizing agent, such as, for example, hydrogen peroxide (H,0;), oxide anion (O,"), or ozone (Os).
The cleaning can comprise removing residual polymer, removing material that can block the wet
etch, or a combination thereof. In some instances, the cleaning is plasma cleaning. The cleaning step
can proceed for any suitable period of time (e.g., 15 to 20 seconds). In an example, the cleaning can
be performed for 20 seconds with an eMAx-CT machine (Applied Materials, Sunnyvale California)
with settings of 100 mT, 200 W, 20 G, 20 O,.

[0300] The dry etch can be an anisotropic etch that etches vertically (e.g., toward the semiconductor
substrate) but not laterally (e.g., parallel to the semiconductor substrate). In some instances, the dry
etch comprises etching with a fluorine based etchant such as CF4, CHF3, C,F¢, C3 Fg, or any
combination thereof. In one instance, the etching is performed for 400 seconds with an eMax-CT
machine (Applied Materials, Sunnyvale California) having settings of 100 mT, 1000 W, 20 G, and
50 CF,.

[0301] The wet etch can be an isotropic etch that removes material in all directions. In some
instances, the wet etch undercuts the photo-resist. Undercutting the photo-resist can make the photo-
resist easier to remove in a later step (e.g., photo-resist “lift off””). In an embodiment, the wet etch is
buffered oxide etch (BOE). In some cases, the wet oxide etches are performed at room temperature
with a hydrofluoric acid base that can be buffered (e.g., with ammonium fluoride) to slow down the
etch rate. Etch rate can be dependent on the film being etched and specific concentrations of HF
and/or NH4F. The etch time needed to completely remove an oxide layer is typically determined
empirically. In one example, the etch is performed at 22 °C with 15:1 BOE (buffered oxide etch).
[0302] The silicon dioxide layer can be etched to an underlying material layer. For example, with
reference to Figure 33, the silicon dioxide layer is etched until the titanium nitride layer.

[0303] In an aspect, a method for preparing a biochip comprises etching wells into a silicon dioxide
layer coated onto a semiconductor substrate using a photo-lithographic step to define the wells, a dry
etch to remove the bulk of the silicon dioxide in the well regions defined by the photo-lithographic
step, and a wet etch to remove the remaining silicon dioxide from the substrate in the well regions. In
some cases, the method further comprises removing residual polymer, removing material that can

block the wet etch, or a combination thereof. The method can include a plasma cleaning step.
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[0304] As shown in Figure 33, the photo-resist is not removed from the silicon dioxide following
the photo-lithographic step or the hybrid wet-dry etch in some cases. Leaving the photo-resist can be
used to direct metal only into the wells and not onto the upper surface of the silicon dioxide in later
steps. In some cases, the semiconductor substrate is coated with a metal (e.g., aluminum in Figure
33) and the wet etch does not remove components that protect the metal from corrosion (e.g.,
titanium nitride (TiN) in Figure 33). In some cases, however, the photoresist layer can be removed,
such as with the aid of chemical mechanical planarization (CMP).

Electrode metallization

[0305] The biochips described herein can be used to detect molecules and/or sequence nucleic acid
molecules with aid of a nanopore and electrical detection. Electrical detection can be performed with
aid of an electrode in the well and a counter-electrode located outside the well. Provided herein are
methods for creating electrodes, such as metal electrodes. The electrode can be reversibly consumed
during detection, not consumed during detection, or not appreciably consumed during detection.
[0306] An example of an electrode that can be reversibly consumed during molecular detection is
silver. An example of an electrode that may not be appreciably consumed during detection is
platinum.

[0307] An electrode can be formed adjacent to a substrate with the aid of various deposition
techniques. For instance, an electrode can be formed with the aid of electroplating. As another
example, an electrode can be formed with the aid of a vapor deposition techniques, such as, for
example, chemical vapor deposition (CVD), atomic layer deposition (ALD), plasma enhanced CVD
(PECVD), plasma enhanced ALD (PEALD), metal organic CVD (MOCVD), hot wire CVD
(HWCVD), initiated CVD (iCVD), modified CVD (MCVD), vapor axial deposition (VAD), outside
vapor deposition (OVD) and physical vapor deposition (e.g., sputter deposition, evaporative
deposition).

[0308] In an aspect, a method for preparing a biochip comprises providing a semiconductor substrate
coated with a layer of silicon dioxide, where a well is etched into the silicon dioxide (e.g., as shown
in Figure 33). The method can comprise depositing a protective layer onto the well surface (e.g.,
platinum as shown in Figure 35) and depositing the electrode material onto the well surface (e.g.,
silver as shown in Figure 36). The method can further comprise depositing a film of adhesion
material onto the well surface to provide for adhesion and electrical conductivity of a metal layer to a
layer below the metal layer. The adhesion material can comprise titanium, tantalum, titanium nitride
(TiN), chromium, or any combination thercof. With reference to Figure 34, an adhesion material
comprising titanium can be deposited adjacent to the titanium nitride layer, such as, for example, by

electroplating, or vapor deposition (e.g., chemical vapor deposition). In some cases, a single layer of
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metal replaces two or more layers (e.g., a single metal layer is both the adhesion layer and protective
layer).

[0309] In some cases, the protective layer comprises a corrosive resistant metal (e.g., platinum,
gold). Without limitation, the protective layer can provide electrical connectivity to an underlying
conductor (e.g., to aluminum in Figure 34, or titanium nitride), protect the underlying conductor
from attack by a reactive solution (e.g., a corrosive solution such as sodium chloride in water),
provide an electron source and/or sink so that an electrode material is not consumed in redox
reactions (e.g., platinum can act as the source and/or sink when the electrode comprises silver), or
any combination thereof.

[0310] The various layers of metal (e.g., adhesion layer, protective layer, electrode material, etc.) can
be deposited by any suitable technique, such as sputtering, deposition, electro-plating, or a
combination thereof. In some instances, the electrode material is deposited by sputtering, such as, for
example, magnetron sputtering.

[0311] The electrodes are capable of making any suitable measurement as required for operation of
the biochip. In some cases, the electrode material makes electrical measurements of analytes in the
wells. The analytes can comprise nucleic acids, amino acids, proteins, tag molecules, or any
combination thercof. The electrical measurements can reversible redox reactions. In some
embodiments, a sufficient volume of the electrode material is deposited into the well to provide for
detection of redox reactions involving analytes in the wells.

Lift-off procedure

[0312] There can be one or more layers of metal deposited onto the photo-resist following electrode
metallization as shown in Figure 36. In some instances, the metal deposited onto the photo-resist is
removed from the biochip while the metal deposited in the wells remains in the wells. Leaving the
photo-resist following creation of the wells (e.g., as shown in Figure 33) can be advantageous for
achieving metal removal from only the surface of the biochip and not the wells.

[0313] In some situations, following formation of a well and an electrode, the photoresist and any
material layers over the photoresist can be removed with the aid of a chemical or mechanical etching
operation. In an example, chemical mechanical planarization (CMP) is used to remove the
photoresist and any material layers over the phororesist. In another example, the photoresist and any
overlying layer is removed using acetone.

Silanization of the biochip surface

[0314] Following formation of a well and electrode within the well, the silicon dioxide layer can be
treated to render the silicon dioxide layer suitable for forming a membrane in or adjacent to the well.

In some cases, a hydrophobic membrane, such as, for example, a bilayer (e.g., lipid bilayer), is
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formed over the well. The membrane can isolate the etched well from an overlying liquid, such as,
for example, with a resistivity of at least about 10 gigaohms. As described herein, silanization of the
silicon dioxide surface (e.g., to make the surface hydrophobic) makes the surface suitable for
formation of a membrane.

[0315] A method for stabilizing a membrane to a semiconductor interface comprises silanizing a
semiconductor surface such that a membrane is capable of adhering to the silanized surface and
separating a first fluid (e.g., on the cis side of the membrane) from a second fluid (e.g., on the trans
side of the membrane) with a resistivity of, for example, at least about 10 gigaohms.

[0316] A method for preparing a biochip can comprise providing a packaged biochip or biochip
precursor having a surface that comprises silicon dioxide and/or metal (e.g., as shown in Figure 37)
and silanizing the surface (e.g., as shown in Figure 38) using, for example, an organofunctional
alkoxysilane molecule. In some cases, the organofunctional alkoxysilane molecule is
dimethylchloro-octodecyl-silane, methyldichloro-octodecyl-silane, trichloro-octodecyl-silane,
trimethyl-octodecyl-silane, triethyl-octodecyl-silane or any combination thereof.

[0317] The organofunctional alkoxysilane molecule can cover the silicon dioxide surfaces (as shown
in Figure 38) and optionally metal surfaces (not shown). The silane layer can be one molecular in
thickness (Figure 38).

[0318] Following silanization, the method can further comprise removing residual silane from the
substrate with a rinsing protocol. An example rinsing protocol is a 5 second rinse with decane,
acetone, ethanol, water, and ethanol followed by air drying and heating at 97 °C for 30 minutes. The
rinsing protocol can also used to clean the chip prior to the application of the silane layer.

[0319] Figure 41 shows that the silver and protective metal underneath can sputter onto the side
walls of the wells and thus the silanization may not come down into the well. In some instances,
three fourths or more of the side walls of the wells are covered with silver and the protective layer
underneath.

Insertion of a gel and formation of a membrane

[0320] In an aspect, a method comprises coating a substrate with a layer suitable for adhesion of a
membrane (e.g., a lipid bilayer comprising a nanopore), where the method comprises silanizing the
substrate with an organofunctional alkoxysilane molecule. Figure 38 shows a biochip where a
membrane can be disposed on the silanized surface.

[0321] In some cases, the membrane is difficult to form and/or is unstable at least in part due to the
membrane being supported on the silanized silicon dioxide, but not supported over the well. It is
recognized and described herein that filling the well with a gel can support the membrane over the

well area, thereby making it easier to form the membrane and/or stabilizing the membrane. In some
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embodiments, the empty portion of a well is filled with a gel as shown in Figure 39. The gel can
provide mechanical support for a membrane disposed over the well.

[0322] In an aspect, a method for preparing a biochip comprises depositing a gel into well that is in
proximity to an electrode and sensing circuit and forming a membrane over the well, where the
membrane is at least partially supported by the gel.

[0323] In some cases, the gel is non-reactive, cross-linked, comprises a liquid electrolyte, or any
combination thereof. Gels can include but are not limited to standard reagent gels such as agarose
and commercially available proprictary gel matrixes (e.g., Collagen, Lamanin, Hydrogels, QGel, and
HydroMax gels).

Insertion of a nanopore

[0324] In some instances, a nanopore is inserted in the membrane (e.g., by electroporation). The
nanopore can be inserted by a stimulus signal such as electrical stimulus, pressure stimulus, liquid
flow stimulus, gas bubble stimulus, sonication, sound, vibration, or any combination thereof. The
nanopore can be a protein nanopore such as alpha-hemolysin or Mycobacterium smegmatis (MspA)
nanopore.

[0325] In some cases, a polymerase (e.g., DNA polymerase) is attached to and/or is located in
proximity to the nanopore. The polymerase can be attached to the nanopore before or after the
nanopore is incorporated into the membrane. In some instances, the nanopore and polymerase are a
fusion protein (i.e., single polypeptide chain).

[0326] The polymerase can be attached to the nanopore in any suitable way. In some cases, the
polymerase is attached to the hemolysin protein monomer and then the full nanopore heptamer is
assembled (e.g., in a ratio of one monomer with an attached polymerase to 6 hemolysin monomers
without an attached polymerase). The nanopore heptamer can then be inserted into the membrane.
[0327] Another method for attaching a polymerase to a nanopore involves attaching a linker
molecule to a hemolysin monomer or mutating a hemolysin monomer to have an attachment site and
then assembling the full nanopore heptamer (e.g., at a ratio of one monomer with linker and/or
attachment site to 6 hemolysin monomers with no linker and/or attachment site). A polymerase can
then be attached to the attachment site or attachment linker (e.g., in bulk, before inserting into the
membrane). The polymerase can also be attached to the attachment site or attachment linker after the
(e.g., heptamer) nanopore is formed in the membrane. In some cases, a plurality of nanopore-
polymerase pairs are inserted into a plurality of membranes (e.g., disposed over the wells and/or
electrodes) of the biochip. In some instances, the attachment of the polymerase to the nanopore

complex occurs on the biochip above each electrode.
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[0328] The polymerase can be attached to the nanopore with any suitable chemistry (e.g., covalent
bond and/or linker). In some cases, the polymerase is attached to the nanopore with molecular
staples. In some instances, molecular staples comprise three amino acid sequences (denoted linkers
A, B and C). Linker A can extend from a hemolysin monomer, Linker B can extend from the
polymerase, and Linker C then can bind Linkers A and B (e.g., by wrapping around both Linkers A
and B) and thus the polymerase to the nanopore. Linker C can also be constructed to be part of
Linker A or Linker B, thus reducing the number of linker molecules.

[0329] In some instances, the polymerase is linked to the nanopore using Solulink ™ chemistry.
Solulink™ can be a reaction between HyNic (6-hydrazino-nicotinic acid, an aromatic hydrazine) and
4FB (4-formylbenzoate, an aromatic aldehyde). In some instances, the polymerase is linked to the
nanopore using Click chemistry (available from LifeTechnologies for example). In some cases, zinc
finger mutations are introduced into the hemolysin molecule and then a molecule is used (e.g., a
DNA intermediate molecule) to link the polymerase to the zinc finger sites on the hemolysin.

Systems for forming wells

[0330] Another aspect of the disclosure provides systems for forming wells. The system can include
a deposition system, a pumping system in fluid communication with the deposition system, and a
computer system (or controller) having a computer processor (also “processor” herein) for executing
machine readable code implementing a method for forming the wells. The code can implement any
of the methods provided herein. The pumping system can be configured to purge or evacuate the
deposition system.

[0331] The deposition system can include one or more reaction spaces for forming material layers of
the wells. In some situations, the deposition system is a roll-to-roll deposition system with one or
more interconnected reaction chambers, which can be fluidically isolated from one another (e.g.,
with the aid of purging or pumping at locations in-between the chambers).

[0332] One or more deposition systems can be used to form a well. A deposition system can be
configured for use with various types of deposition techniques, such as, for example, chemical vapor
deposition (CVD), atomic layer deposition (ALD), plasma enhanced CVD (PECVD), plasma
enhanced ALD (PEALD), metal organic CVD (MOCVD), hot wire CVD (HWCVD), initiated CVD
(ICVD), modified CVD (MCVD), vapor axial deposition (VAD), outside vapor deposition (OVD)
and physical vapor deposition (e.g., sputter deposition, evaporative deposition). A deposition system
can be configured to enable layer-by-layer formation using various semiconductor manufacturing
techniques, such as photolithography.

[0333] The pumping system can include one or more vacuum pumps, such as one or more of a

turbomolecular (“turbo”) pump, a diffusion pump, ion pump, cryogenic (“cryo”) pump, and a
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mechanical pump. A pump can include one or more backing pumps. For example, a turbo pump can
be backed by a mechanical pump.

[0334] In some situations, an array comprising one or more wells is formed in a substrate with the
aid of a deposition system. Deposition can be regulated with the aid of a controller._In some
embodiments, the controller is configured to regulate one or more processing parameters, such as the
substrate temperature, precursor flow rates, growth rate, carrier gas flow rate and deposition chamber
pressure. The controller includes a processor configured to aid in executing machine-executable code
that is configured to implement the methods provided herein. The machine-executable code is stored
on a physical storage medium, such as flash memory, a hard disk, or other physical storage medium
configured to store computer-executable code.

[0335] A controller can be coupled to various components of the system. For instance, the controller
can be in communication with the one or more deposition systems. As another example, the
controller can be in communication with the pumping system, which can enable the controller to
regulate a pressure of the enclosure.

[0336] A controller can be programmed or otherwise configured to regulate one or more processing
parameters, such as the substrate temperature, precursor flow rates, growth rate, carrier gas flow rate,
precursor flow rate, and deposition chamber pressure. The controller, in some cases, is in
communication with a valve or a plurality of valves of a deposition chamber, which aids in
terminating (or regulating) the flow of a precursor in the deposition chamber. The controller includes
a processor configured to aid in executing machine-executable code that is configured to implement
the methods provided herein. The machine-executable code is stored on a physical storage medium,
such as flash memory, a hard disk, or other physical storage medium configured to store computer-
executable code.

[0337] Methods for forming lipid bilayers, inserting nanopores in lipid bilayers, and sequencing
nucleic acid molecules can be found in PCT Patent Publication No. W02011/097028, which is
incorporated herein by reference in its entirety. In some cases, the membrane is formed with aid of a
bubble and the nanopore is inserted in the membrane with aid of an electrical stimulus.

[0338] The present disclosure provides various users of biochips. Biochips of the present disclosure
can be used for atomic or molecular sensing, such as sensing an analyte, or sequencing, such as
nucleic acid sequencing. Devices of the present disclosure can be used to determine the presence of
methylated nucleic acid bases in a sequence of nucleic acid bases.

[0339] The biochips described herein can be used to determine the effect of drugs or any man-made
or naturally occurring molecule on the stability or performance of trans-membrane proteins or

membrane bound proteins. The detector can be set up by creating an array (e.g., greater than 2) of
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individually addressable and electrically detectable artificial electrode or cell membranes containing
any number of pre-selected or unknown trans-membrane proteins over electrodes that are each sealed
with the membrane-like bilayer. Any trans-membrane protein whose presence can be detected
ionically or electrically can be inserted into the lipid bilayer and the effects of chemicals, drugs, and
any biological or man-made molecule on the stability or performance of these trans-membrane
proteins can be sensed and detected.
[0340] The biochips described herein can be used to determine the effect of drugs or any man-made
or natural molecules on the stability or performance of different membranes placed over different
portions of the array sensor. By using the channels defined in the drawings of this application
different lipid bilayer materials can be directed to different areas of the array chip, and a plurality of
different lipid membranes can be presented to a test solution, each membrane type present at a
known location. The ability of drugs to influence membrane types or any man-made or naturally
occurring molecule to effect the different membranes can be detected.
[0341] The biochips described herein can be used to detect the presence of, capture, sort, and bin
specific proteins or specific biomolecules in an unknown solution.
[0342] The biochips and methods of making and using biochips described herein can use an
electrolyte solution. In some cases, the ions in the electrolyte solution flow through the nanopore and
are detected by the electrode. In cases where the electrode is a sacrificial electrode (i.c., depleted
during detection, e.g., silver) the electrode can last relatively longer when the electrolyte comprises
some salts rather than others. In some embodiments, the electrolyte does not comprise potassium ion
(e.g., because potassium ion results in a relatively shorter electrode life). In some embodiments, the
electrolyte comprises lithium chloride, tetramethylammonium chloride, triethylammonium chloride,
ammonium chloride, or any combination thereof (e.g., because the listed salts result in a relatively
shorter electrode life).
[0343] Biochips of the disclosure can perform sensing measurements with the aid of resistive,
inductive or capacitive sensing. In some cases, a biochip comprises an electrode that can sense a
capacitance of a membrane adjacent to the electrode upon interaction of the membrane or a nanopore
in the membrane with a species adjacent or in proximity to the membrane or the nanopore. Such
measurements can be made with the aid of an applied alternating current (AC) waveform or a direct
current (DC) waveform.

EXAMPLES

Example 1 — Nucleic acid sequencing with a chip having 500 sites per 1 mm?

[0344] A chip is provided that has a plurality of discrete sites at a density greater than or equal to

about 500 sites per 1 mm®”. An individual site of the plurality of discrete sites has at least one
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nanopore formed in a membrane disposed adjacent to an electrode. Each discrete site is adapted to
aid in the detection of the nucleic acid molecule. Each discrete site is independently addressable.
[0345] A plurality of nucleic acid molecules are directed to the plurality of discrete sites and
characterized with the aid of a computer processor coupled to the discrete sites. A nucleic acid
sequence of each of the nucleic molecules is determined based on electrical signals received from the
plurality of discrete sites.

Example 2 — Nucleic acid sequencing with an accuracy of at least 97%

[0346] A chip is provided that has an array of individual sensors. An individual sensor of the array
has an electrode that is disposed adjacent to a membrane having a nanopore. The electrode is coupled
to an electrical circuit that is adapted to generate an electrical signal to aid in the detection of the
nucleic acid molecule upon the flow of the nucleic acid molecule or portion thereof through or in
proximity to the nanopore. The electrode and, hence, the individual sensor are independently
addressable.

[0347] A nucleic acid molecule is directed through or in proximity to the nanopore. Nucleic acid
sequence information (raw read) is obtained from the individual sensor and stored in computer
memory. Raw reads are obtained from other individual sensors concurrently and stored in the
computer memory. The raw reads are generated from copies of the nucleic acid molecule. As such,
this process generates redundant sequence information which can be used for error analysis. A
computer system in communication with the chip has software that performs error analysis on the
raw reads and eliminates erroneous raw reads. The computer system then generates a nucleic acid
sequence of the nucleic acid molecule at an accuracy of at least about 97%. In some examples, the
computer system aligns the nucleic acid sequence with the nucleic acid sequence of other nucleic
acid molecules as part of a larger nucleic acid sample, and generates a sequence of the nucleic acid
sample at an accuracy of at least about 97%.

[0348] It should be understood from the foregoing that, while particular implementations have been
illustrated and described, various modifications can be made thereto and are contemplated herein. It
is also not intended that the invention be limited by the specific examples provided within the
specification. While the invention has been described with reference to the aforementioned
specification, the descriptions and illustrations of the preferable embodiments herein are not meant to
be construed in a limiting sense. Furthermore, it shall be understood that all aspects of the invention
are not limited to the specific depictions, configurations or relative proportions set forth herein which
depend upon a variety of conditions and variables. Various modifications in form and detail of the
embodiments of the invention will be apparent to a person skilled in the art. It is therefore

contemplated that the invention shall also cover any such modifications, variations and equivalents.
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It is intended that the following claims define the scope of the invention and that methods and

structures within the scope of these claims and their equivalents be covered thereby.
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CLAIMS
WHAT IS CLAIMED I8S:

1. A method for nucleic acid sequencing, comprising:

(a) providing a chip comprising a plurality of discrete sites at a density greater than or
equal to about 500 sites per 1 mm?, wherein an individual site of said plurality of
discrete sites comprises at least one nanopore formed in a membrane disposed
adjacent to an electrode, wherein each discrete site is adapted to aid in the detection of
said nucleic acid molecule or a portion thereof;

(b) directing a plurality of nucleic acid molecules to said plurality of discrete sites; and

(©) characterizing, with the aid of a computer processor coupled to said discrete sites, a
nucleic acid sequence of each of said nucleic molecules based on electrical signals

received from said plurality of discrete sites.

2. The method of claim 1, wherein said plurality of nucleic acid molecules are derived from a

nucleic acid sample.

3. The method of claim 2, wherein each of said plurality of nucleic acid molecules has a shorter

nucleic acid sequence than said nucleic acid sample.

4. The method of claim 3, further comprising, prior to (b), fragmenting said nucleic acid sample

to provide said plurality of nucleic acid molecules.

5. The method of claim 2, further comprising characterizing a nucleic acid sequence of said
nucleic acid sample based upon a characterization of a nucleic acid sequence of each of said nucleic

molecules.

6. The method of claim 1, wherein said electrode is adapted to supply an electrical stimulus
across said membrane, which stimulus enables the generation of a detectable signal upon molecular

flow of said nucleic acid molecule or portion thereof.

7. The method of claim 1, wherein said membrane has a capacitance greater than about 5

2 .
fF/um* as measured across said membrane.

8. The method of claim 1, wherein said membrane has a resistance greater than or equal to

about 500 MQ as measured across said membrane.

9. The method of claim 1, wherein said membrane has a resistance less than or equal to about 1

GQ across said membrane.

10.  The method of claim 9 or 10, wherein said resistance is measured with the aid of opposing

electrodes disposed adjacent to said membrane.
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11.  The method of claim 1, wherein each individually addressable nanopore is adapted to
regulate molecular flow.

12.  The method of claim 11, wherein each discrete site is adapted to regulate molecular flow with

the aid of an electrical stimulus applied to said nanopore.

13.  The method of claim 12, wherein said electrical stimulus comprises one or more voltage
pulses.
14.  The method of claim 1, wherein each discrete site is adapted to regulate molecular flow

through or adjacent to said at least one nanopore.

15.  The method of claim 1, wherein each discrete site is adapted to detect said nucleic acid
molecule or a portion thereof upon molecular flow of said nucleic acid molecule or portion thereof

through or adjacent to said at least one nanopore.

16.  The method of claim 1, wherein said nucleic acid sequence is characterized upon movement

of each of said plurality of nucleic acid molecules or portions thercof.

17.  The method of claim 1, wherein said electrode is coupled to an integrated circuit that

processes a signal detected with the aid of said electrode.

18. The method of claim 1, wherein said computer processor is external to the chip.
19.  The method of claim 1, wherein each discrete site is independently addressable.
20.  Asystem for sequencing a nucleic acid molecule, comprising:

(a) a chip comprising a plurality of discrete sites at a density greater than or equal to about
500 sites per 1 mm?, wherein an individual site of said plurality of discrete sites comprises at least
one nanopore formed in a membrane disposed adjacent to an electrode, wherein each discrete site is
adapted to aid in the detection of said nucleic acid molecule or a portion thereof; and

(b) a processor coupled to said chip, wherein said processor is programmed to aid in
characterizing a nucleic acid sequence of said nucleic acid molecule based on electrical signals

received from said plurality of discrete sites.
21.  The system of claim 20, wherein the density is at least about 1000 sites per 1 mm?.

22.  The system of claim 20, wherein said membrane has a resistance less than or equal to about 1

GQ across said membrane.

23.  The system of claim 20, wherein said membrane has a resistance greater than or equal to

about 500 MQ as measured across said membrane.
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24.  The system of claim 23, wherein said resistance is measured with the aid of opposing
electrodes disposed adjacent to said membrane.
25. The system of claim 20, wherein each discrete site is adapted to regulate molecular flow.

26.  The system of claim 25, wherein each discrete site is adapted to regulate molecular flow with

the aid of an electrical stimulus applied to said discrete site.

27.  The system of claim 26, wherein said electrical stimulus comprises one or more voltage
pulses.
28.  The system of claim 20, wherein said electrode is adapted to supply an electrical stimulus

across said membrane, which stimulus enables the generation of a detectable signal upon molecular

flow of said nucleic acid molecule or portion thereof.

29.  The system of claim 20, wherein said membrane has a capacitance greater than about 5

2 .
fF/um* as measured across said membrane.

30.  The system of claim 20, wherein each discrete site is adapted to detect said nucleic acid
molecule or a portion thereof upon molecular flow of said nucleic acid molecule or portion thereof

through or adjacent to said at least one nanopore.

31.  The system of claim 20, wherein said computer processor is in a workstation that is in

proximity to said chip.

32.  The system of claim 20, wherein said electrode is coupled to an integrated circuit that

processes a signal detected with the aid of said electrode.

33.  The system of claim 20, wherein each discrete site is adapted to regulate molecular flow

adjacent to said at least one nanopore.

34.  The system of claim 20, wherein each discrete site is adapted to regulate molecular flow

through said at least one nanopore.
35.  The system of claim 20, wherein each discrete site is independently addressable.

36. A system, comprising:

a substrate with a surface comprising discrete sites at a density greater than or equal to about
500 sites per 1 mm?, wherein an individual site of said plurality of discrete sites comprises at least
one nanopore and a sensing circuit adjacent to said nanopore, wherein said sensing circuit is in
communication with a computer processor that is programmed to aid in characterizing a nucleic acid
sequence of a nucleic acid molecule based on electrical signals received from said sensing circuit.

37.  The system of claim 36, wherein the density is at least about 1000 sites per 1 mm?.
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38.  The system of claim 36, wherein the nanopore has a diameter of about 250 A or less.

39.  The system of claim 36, further comprising a flow cell in fluid communication with said

substrate, wherein said flow cell is adapted to deliver one or more reagents to said substrate.

40.  The system of claim 36, wherein the sensing circuit comprises at most 4 transistors.
41.  The system of claim 36, wherein said at least one nanopore is independently addressable.
42. A membrane disposed upon a membrane-incompatible surface in sensing proximity to an

electrode coupled to an integrated circuit, wherein said membrane, as measured by said integrated
circuit, exhibits a capacitance greater than about 5 fF/um? per square micron and a conductance less
than about 0.25 nano Siemens per mole of electrolyte as measured by said electrode under an applied

voltage of at least about 50 mV.

43.  The membrane of claim 42, wherein said integrated circuit is an individually addressable

integrated circuit.

44.  The membrane of claim 42, wherein said integrated circuit comprises a logic controller
45.  The membrane of claim 42, wherein said membrane is nanopore-less.
46.  Adevice for use in molecular sensing comprising one or more nanopores in a membrane

disposed upon at least one membrane incompatible surface in sensing proximity to an electrode
coupled to an integrated circuit, wherein said membrane comprising said one or more nanopores
exhibits a capacitance greater than about 5 fF/um? and a conductance less than about 10 nano
Siemens per mole of electrolyte per nanopore as measured by said electrode under an applied voltage

of at least about 50 mV.

47.  The device of Claim 46, wherein said integrated circuit is an individually addressable

integrated circuit.

48.  The device of Claim 46, wherein said integrated circuit comprises a logic controller.
49. A method for sequencing a nucleic acid molecule, comprising:
(a) providing a chip comprising an array of sensors, wherein an individual sensor of said

array of sensors comprises a membrane adjacent to a sensing electrode, wherein said
membrane comprises at least one nanopore configured to aid in the detection of one or
more nucleic acid bases of said nucleic acid molecule or portion thereof upon the flow
of said nucleic acid molecule or portion thereof through or adjacent to said at least
one nanopore;

(b) directing said nucleic acid molecule to said individual sensor;
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(©) applying a series of electrical pulses to said membrane upon directing said nucleic
acid molecule to said individual sensor; and
(d) detecting one or more nucleic acid bases of said nucleic acid molecule or portion

thereof between said series of electrical pulses.

50.  The method of claim 49, wherein an individual pulse of said series of electrical pulses unzips

a portion of said nucleic acid molecule through said nanopore.

51. The method of claim 49, wherein said nucleic acid molecule is double stranded, and wherein
an individual pulse of said series of electrical pulses dissociates individual strands of said nucleic

acid molecule.

52.  The method of claim 49, wherein said series of electrical pulses have a voltage between about
100 mV and 500 mV.
53.  The method of claim 49, wherein said series of electrical pulses comprise an asymmetric

reverse “V” time profile progression electrical stimulus.

54.  The method of claim 49, wherein said array of sensors comprises individual sensors at a

density greater than or equal to about 500 individual sensors per 1 mm?.
55.  The method of claim 49, wherein said individual sensor is independently addressable.

56.  The method of claim 49, wherein said series of electrical pulses is applied to said membrane

with the aid of said sensing electrode.

57.  The method of claim 49, further comprising generating, with the aid of a computer processor,

a sequence of said nucleic acid molecule or portion thereof.

58. A method for sequencing a nucleic acid molecule, comprising:

(a) providing a chip comprising an array of individual sensors, wherein an individual
sensor of said array comprises an electrode that is disposed adjacent to a membrane
having a nanopore therein, wherein said electrode is coupled to an electrical circuit
that is adapted to generate an electrical signal to aid in the detection of said nucleic
acid molecule or a portion thereof upon the flow of said nucleic acid molecule or
portion thereof through or in proximity to said nanopore;

(b) directing said nucleic acid molecule or portion thereof through or in proximity to said
nanopore; and

(©) identifying a nucleic acid sequence of said nucleic acid molecule or portion thereof at

an accuracy of at least about 97%.
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59.  The method of claim 58, wherein said nucleic acid sequence is generated with the aid of a
computer processor coupled to said electrical circuit.
60.  The method of claim 58, wherein said sensor is part of a chip.

61.  The method of claim 58, wherein said array of sensors comprises individual sensors at a

density greater than or equal to about 500 individual sensors per 1 mm?.
62.  The method of claim 58, wherein said individual sensor is independently addressable.

63.  The method of claim 58, wherein said nucleic acid molecule comprises a tag that is detected

by said nanopore upon the incorporation of complementary nucleic acid bases into said nucleic acid

molecule.

64.  The method of claim 58, wherein said membrane is a synthetic membrane.

65.  The method of claim 64, wherein said membrane is a lipid bilayer.

66.  The method of claim 58, wherein said accuracy is at least about 99.5%.

67.  The method of claim 58, wherein said accuracy is at least about 97% when identifying up to 5

nucleic acid bases of said nucleic acid molecule or portion thereof.

68.  The method of claim 67, wherein the accuracy is at least about 97% when identifying up to 3

nucleic acid bases of said nucleic acid molecule or portion thereof.

69.  The method of claim 68, wherein the accuracy is at least about 97% when identifying single

nucleic acid bases of said nucleic acid molecule or portion thereof.

70.  The method of claim 58, wherein said accuracy of at least about 97% is achieved by
combining data collected from at most 20 passes of said nucleic acid molecule or portion thereof

through or in proximity to said nanopore.

71.  The method of claim 70, wherein said accuracy of at least about 97% is achieved by
combining data collected from at most 5 passes of said nucleic acid molecule or portion thereof

through or in proximity to said nanopore.

72.  The method of claim 71, wherein said accuracy of at least about 97% is achieved by
combining data from a single pass of said nucleic acid molecule or portion thereof through or in

proximity to said nanopore.

73.  The method of claim 58, wherein said nucleic acid sequence of said nucleic acid molecule or
portion thereof is identified by combining data collected from at least 10 passes of said nucleic acid

molecule or portion thereof through or in proximity to said nanopore.
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74.  The method of claim 73, wherein said nucleic acid sequence of said nucleic acid molecule or
portion thereof is identified by combining data collected from at least 20 passes of said nucleic acid

molecule or portion thereof through or in proximity to said nanopore.

75.  Asystem for sequencing a nucleic acid molecule, comprising:

(a) a chip comprising an array of individual sensors, wherein an individual sensor of said
array comprises an electrode that is disposed adjacent to a membrane having a nanopore therein,
wherein said electrode is coupled to an electrical circuit that is adapted to generate an electrical
signal to aid in the detection of said nucleic acid molecule or a portion thereof upon the flow of said
nucleic acid molecule or portion thereof through or adjacent to said nanopore; and

(b) a processor coupled to said chip, wherein said processor is programmed to aid in
characterizing a nucleic acid sequence of said nucleic acid molecule based on electrical signals

received from said plurality of discrete sites at an accuracy of at least about 97%.

76.  The system of claim 75, wherein said array of individual sensors is at a density of at least

about 500 individual sensors per 1 mm?.

77.  The system of claim 75, wherein said membrane has a resistance less than or equal to about 1

GQ across said membrane.

78.  The system of claim 77, wherein said resistance is measured with the aid of opposing

electrodes disposed adjacent to said membrane.

79.  The system of claim 75, wherein said membrane has a resistance greater than or equal to

about 500 MQ as measured across said membrane.

80.  The system of claim 79, wherein said resistance is measured with the aid of opposing

electrodes disposed adjacent to said membrane.

81.  The system of claim 75, wherein said electrode is adapted to supply an electrical stimulus
across said membrane, which stimulus enables the generation of a detectable signal upon molecular

flow of said nucleic acid molecule or portion thereof.

82.  The system of claim 75, wherein said membrane has a capacitance greater than about 5

2 .
fF/um* as measured across said membrane.

83.  The system of claim 75, wherein said computer processor is in a workstation that is in

proximity to said chip.

84.  The system of claim 75, wherein said electrode is coupled to an integrated circuit that

processes a signal detected with the aid of said electrode.
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85.  The system of claim 75, wherein said individual sensor is independently addressable.

86. A method for sequencing a nucleic acid sample comprising detecting one or more nucleic
acid subunits of said nucleic acid sample upon the flow of said nucleic acid sample through or in
proximity to a nanopore, and sequencing said nucleic acid sample at an accuracy of at least about

97%.

87. A method for sequencing a nucleic acid sample comprising detecting one or more nucleic
acid subunits of said nucleic acid sample upon the flow of said nucleic acid sample through or in

proximity to a nanopore, and sequencing said nucleic acid sample at an error rate less than about 3%.
88. A method for sequencing a nucleic acid sample, comprising;:

a) facilitating, without the use of a molecular motor, the flow of said nucleic acid sample

through a nanopore embedded in a membrane;

b) detecting one or more nucleic acid subunits of said nucleic acid sample upon the flow

of said nucleic sample through said nanopore;

c) sequencing said nucleic acid sample upon detecting said one or more nucleic acid

subunits.
89. A method for sequencing a nucleic acid sample, comprising:

(a) sensing, with the aid of a sensing circuit adjacent to a nanopore, one or more nucleic acid
subunits of said nucleic acid sample upon the flow of said nucleic acid sample or a portion thereof

through said nanopore without the aid of an enzyme; and
(b) sequencing said nucleic acid sample upon sensing said one or more nucleic acid submits.

90.  The method of any one of claims 86-89, wherein the nucleic acid sample is sequenced at an

accuracy of at least 90%, 95%, 99%, or 99.5%.

91.  The method of any one of claims 86-89, wherein said one or more nucleic acid subunits are

detected at a signal to noise ratio of at least about 2-to-1, 100-to-1, or 1,000-to-1.

92.  The method of any one of claims 86-89, wherein said one or more nucleic acid subunits are

detected in a time period of at most about 1 second, 1 millisecond, or 1 microsecond.

93.  The method of any one of claims 86-89, wherein said nucleic acid subunits comprise three

nucleic acid bases or less.

94. A method for nucleic acid sequencing, comprising:

(a) anchoring a nucleic acid molecule to a membrane having a nanopore therein;
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(b) threading said nucleic acid molecule or a portion thereof through or in proximity to
the nanopore; and
(c) sensing one or more individual bases of said nucleic acid molecule during step (b),
wherein anchoring the nucleic acid molecule to said membrane prevents the nucleic acid

molecule from threading completely through the nanopore.
95.  The method of claim 94, further comprising reversing a direction of threading,

96.  The method of claim 94, wherein the membrane further comprises a nucleic acid binding

protein, and (a) comprises anchoring the nucleic acid molecule through the nucleic acid binding

protein.
97.  The method of claim 94, wherein the nucleic acid molecule is directly anchored to the
membrane.
98.  The method of claim 94, wherein the nucleic acid molecule is anchored to the nanopore.
99.  Asystem for sensing a biological sample from a subject, the system comprising:

a) a housing;

b) a sensor within the housing, the sensor having an electrical circuit adjacent to a

membrane with a nanopore therein, wherein the electrical circuit is adapted to generate an
electrical signal in response to the biological sample flowing through or adjacent to the

nanopore; and

c) an identification member on or within the housing, the identification member having a
unique identifier associated with the system and adapted to aid in associating the electrical

signal, or characteristic information derived from the electrical signal, with the subject.

100. The system of claim 99, wherein the identification member is selected from the group
consisting of electrically erasable programmable read-only memory, a radiofrequency identification

tag, flash memory, barcode and serial number.

101.  The system of claim 99, wherein the housing has a volume of at most 27,000 cm’ , 10,000

crn3, 5,000 crn3, or 500 ¢m”,

102. The system of claim 99, wherein the system is capable of sequencing the genome of the

individual in at most 10 hours, 1 hour, or 10 minutes.

103. A method for manipulating a fluid on a surface, comprising:
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(a) providing a surface, an array of electrodes in proximity to the surface, and a fluid
comprising a hydrophilic phase and a hydrophobic phase, wherein said hydrophobic phase is
adjacent to said surface; and

(b) energizing the electrodes in a spatial and/or temporal pattern, thereby decreasing a
volume of said hydrophobic phase in relation to said hydrophilic phase in proximity to said

electrodes.

104. The method of claim 103, wherein energizing the electrodes in (b) effects a thinning of said

hydrophobic phase in contact with the surface

105. The method of claim 103, wherein the hydrophobic phase comprises lipid.
106. The method of claim 105, wherein the lipid is DPhPC.

107. The method of claim 105, wherein the lipid is solubilized in decane.

108. The method of claim 103, wherein the hydrophobic phase comprises a lipid that is thinned to

form a bilayer on the surface.

109. The method of claim 103, wherein energizing the electrodes draws lipid from the periphery of

the surface.

110.  The method of claim 103, wherein energizing the electrodes redistributes lipid across the

surface.

111.  The method of claim 103, wherein the surface is hydrophobic, substantially planar, or both
hydrophobic and substantially planar.

112.  The method of claim 103, wherein the electrodes are closely spaced, individually

controllable, individually addressable, or any combination thereof.

113.  The method of claim 112, wherein the electrodes are energized in a spatial and/or temporal

pattern such that a wave of the hydrophobic phase is moved across the surface.

114.  The method of claim 112, wherein the surface comprises nanopores suitable for nucleic acid
sequencing.
115.  The method of claim 112, further comprising sequencing a nucleic acid molecule with the aid

of nanopores on or adjacent to the surface.

116.  The method of claim 112, wherein, upon energizing the electrodes, lipid from the periphery
of the surface is directed to a select location on the surface such that nucleic acid molecules are

capable of being sequenced at the location on the surface.
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117. A biochip, comprising a nanopore in a membrane that is disposed within, adjacent to, or in
proximity to a well, wherein the well comprises an electrode that is capable of detecting a change in
the flow of ions through said nanopore in response to a species passing through, in proximity to, or
adjacent to the nanopore, wherein said electrode is capable of detecting said change in the flow of
ions for at least 1 hour without re-adjusting the ion concentrations on cither side of the membrane.
118.  The biochip of Claim 117, wherein said well has a depth of least 0.5 micrometers.

119.  The biochip of Claim 117, wherein a volume of said well is selected such that an ion is not
fully depleted in the well before recharging the electrode.

120.  The biochip of Claim 117, wherein the electrodes have an operating life of at least 15 minutes
with at least 40 mV applied potential across the membrane.

121. A method for forming a biochip, the method comprising:

(a) providing a semiconductor substrate;

(b) forming a plurality of wells in said semiconductor substrate at a density of at least 500
wells/mm?;

(¢) forming an electrode in an individual well of said plurality, wherein said electrode is
capable of performing electrical measurements of detectable species that are disposed on or adjacent
to the semiconductor substrate, and wherein said electrode has an operating life of at least 15 minutes
with 40 mV applied potential; and

(d) preparing the substrate for the formation of a membrane that seals the individual well at a
resistivity of at least about 10 gigaohms.

122.  The method of Claim 121, wherein the semiconductor substrate comprises silicon.

123.  The method of Claim 121, wherein the membrane is a lipid bilayer.

124.  The method of Claim 121, wherein the electrodes are capable of measuring ionic current
flows through a nanopore embedded in the membrane.

125.  The method of Claim 121, wherein the biochip is operable after contacting the biochip for 2

hours with a minimum 0.2 M solution having a chloride ion based salt.
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