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SCALABLE CIRCUIT FOR MOLECULAR DETECTION

CROSS-REFERENCE TO RELATED APPLICATIONS
{8001} This apphication claims priority to UK. Provisional Application No.
63/169041, filed March 31, 2021, the content of which is incorporated by reference in its

entirety.

BACKGROUND

{66021 Some polynucleotide sequencing technigques involve performing a large
number of controlied reactions on support swrfaces or within predefined reaction chambers.
The controlled reactions may then be observed or detected, and subsequent analysis may help
identify properties of the polynucleotide involved in the reaction. Examples of such
sequencing techniques include nexi-generation seguencing or massive parallel sequencing
mvolving sequencing-by-ligation, sequencing-by-synthesis, reversible terminator chemistry,
or pyrosequencing approaches.

[6003] Some polynucleotide sequencing techniques utilize a nanopore, which can
provide a path for an iomic electrical current. For example, as the polynuclectide traverses
through the nanopore, it influences the electrical current through the nanopore. Each passing
nucleotide, or series of nucleotides, that passes through the nanopore vields a characteristic
electrical current. These characteristic electrical currents of the traversing polynucleotide can
be recorded to determne the sequence of the polynucleotide.

[0004] However, state of the art nanopore sequencing technologies may suffer
from several problems. For example, electrochemical DC current readout of nanopores 1s not
scalable to small trans~-well volumes. Further, small currents through pores make for big
amplifiers. Moreover, large bilayer capacitance makes switching readout difficult
Furthermore, large resistor-capacitor (RC) transients while bilayer charges or discharges.
Prior methods may apply a direct current {(BC) or square wave input, which requires waiting
for the transient electrical responses to decay away before reading out the steady state
signals, Therefore, measuring the tonic current of prior nanopores may incorrectly be

measuring the RC transient.
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SUMMARY
[8005] Provided in examples herein are systems for sequencing biopolymers and
methods of using the systems.
[8006] In one aspect, disclosed herein is a nanopore sensor device for identifying

nucleotides. The device may comprise one or more ¢is wells, one or more cis electrodes
associated with the one or more cis wells; a plurality of trans wells, each of the plurality of
trans wells separated from the one or more cis wells by a lipid or solid-state membrane
having a nanopore; a plurality of field effect transistors (FETs), each of the plurality of FETs
assoctated with one of the plurality of trans wells; an electrical source configured to provide
alternating current {AC) mputs between the one or more ais electrodes and the source
terminals of the plurality of FETs; and a controller operably coupled to the plurality of FETSs,
the controller configured to measure AC responses of the plurality of FETs, wherein the AC
responses depend on the identities of the nucleotides within or near the nanopores. In some
embodiments, the controller is configured to measure changes of the amplitudes of the AC
responses. In some embodiments, the controller 1s configured to measure changes of the
waveform shapes of the AC responses.  In some embodiments, the electrical source 1
configured to provide an AC voltage i a sinusoidal, rectangular, triangular, saw-tooth, or
another suttable waveform alternating between a positive potential and a negative potential,
In some embodiments, the tonic fluxes through the nanopores are modulated by: nucleotides
passing through the nanopores, labels on nucleotides being incorporated to polynuclestides,
or any combination thereof.

(8007} In one aspect, disclosed herein 13 a method of dentifying nucleotides. The
method may comprise providing a nanopore within 8 membrane separating a cis well and a
frans weil, providing an AC mput from an electrical source operably coupled to a «is
electrode i the cis well and to the source termunal of a FET in the trans well; and measuring
an AC response from the FET, wherein the AC response depends on the dentity of a
nuclectide within or near the nenopore. In some embodiments, measuring the AC response
comprises measuring a change of the amplitude of the AC response. In some embodiments,
measuring the AC response comprises measuring a change of the waveform of the AC
response. In some embodiments, providing the AC input comprises providing an AC voltage

in a sinusoidal, rectangular, triangular, saw-tooth, or another suttable waveform alternating
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between a positive potential and a negative potential. In some embodiments, measuring the
AC response comprises measuring a first response associated with a first nucleotide and a
second response associated with a second nucleotide without waiting for a transient response
to approach a steady-state response.

[0008] in one aspect, disclosed herein 15 a sensor device for identifying
nucleotides. The device may comprise an electrode; a FET, a partially double-stranded
nucleic acid polymer having one end operably coupled to the electrode and the other end
operably coupled to the gate terminal of the FET; an electrical source configured to provide
an AC imput between the electrode and the source terminal of the FET; and a controller
operably coupled to the FET, the controller configured to measure an AC response of the
FET, wherein the AC response depends on the identity of a nucleotide interacting with the
partially double-stranded nucleic acid polymer. In some embodiments, the controller is
configured to measure a change of the amplitude of the AC response. In some embodiments,
the controller is configured to measure a change of the waveform shape of the AC response.
In some embodiments, the electrical source is configured to provide an AC voltage in a
sinusoidal, rectangular, triangular, saw-tooth, or anocther suitable waveform altervating
between a positive potential and a negative potential.  In some embodiments, electrical
conduction through the partially double-stranded nucleic acid polymer s modulated by a
nucleie acid label on a nucleotide being incorporated to a polynucleotide, the nucleic acid
label being partially complementary to the partially double-stranded nucleic acid polymer.

[8609] The systems, devices, kits, and methods disclosed herein each have
several aspects, no single one of which 18 solely responsible for their desirable attributes.
Without limiting the scope of the claims, some prominent features will now be discussed
briefly. Numerous other examples are also contemplated, inchuding examples that have
fewer, additional, and/or different components, steps, features, objects, benefits, and
advaniages. The components, aspects, and steps may also be arranged and ordered
differently.  After considering this discussion, and particularly after reading the section
entitied “Dretailed Description,” one will understand how the features of the devices and
methods disclosed herein provide advantages over other known devices and methods.

{8016 it is to be understood that any features of the device and/or of the array

disclosed herein may be combined together in any desirable manner and/or configuration.
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Further, it 8 to be understood that any features of the method of using the device may be
combined iogether in any desirable manner. Moreover, it 15 10 be understood that any
combination of features of this method and/or of the device and/or of the array may be used
together, and/or may be combined with any of the examples disclosed herein. Stil further, it
is to be understood that any feature or combination of features of any of the devices and/or of
the arrays and/or of any of the methods may be combined together in any desirable manner,
and/or may be combined with any of the examples disclosed herein.

861 1) it should be appreciated that all combinations of the foregoing concepts
and additional concepts discussed in greater detail below are comtemplated as being part of
the nventive subject matter disclosed herein and may be used to achieve the benefits and

advantages described herein,

BRIEF DESCRIPTION OF THE DRAWINGS

[8612] Features of examples of the present disclosure will become apparent by
reference to the following detailed description and drawings, in which like reference
numerals correspond to sumilar, though perhaps not identical, components. For the sake of
brevity, reference numerals or features having a previously described function may or may
not be described in connection with other drawings i which they appear,

[0013] FIG. 1A, FIG 1B, FIG 1C and FIG 1D schematically ilustrate
embodiments mcluding 8 nanopore.

[0014] FIG. 1E schematically iHlusirates an example of a sclid-state nanopore.

(081 5] FIG. 2A, FIG 2B, FIG. 2C, FIG 2D, FIG. 2E and FIG. 2F schematically
ithustrate embodiments including a tether anchored adjacent to a biclogical nanopore.

[8016] FIG. 3A, FIG. 3B and FIG 3C schematically illustrate embodiments
inciuding a nanopore formed with tonophores.

[6017] FIG. 4 15 a schematic diagram of an example of a sensing system including
a molecular bridge sensor.

[6018] FIG. 5 is schematic diagram of another example of a molecular bridge
sensing system.

[8019] FIG. 6 schematically illustrates an embodiment including a nanopore and

an AC elecirical source.
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{60261 FIG. 7 schematically illustrates an embodiment including a molecular
bridge and an AC electrical source.

{8021} FIG. 8 shows an equivalent circut for the embodiment of FIG. 7.

[8022] FIG. 9 shows an equivalent circuit for the embodiment of FIG. 6.

[6023] FiG 10 plots the response of the circuit shown m FIG. 9 under some
parameters.

[6024] FIG. 11A, FIG 11B and FIG 11C plot the response of the circuit shown
in FIG. 9 under other parameters.

[8025] FIG 12A, FIG 12B and FIG 12C plot the signal-to-noise ratio of the
response of the circuit shown in FIG. 9.

[8026] FIG. 13 shows the circuit response in different scenarios relating to FIG
9.

66271 FIG. 14A and FIG 148 show the signal-to-noise ratio of the response of
the circuit shown in FIG. 8.

[0028] FIG. 15A and FIG. 15B ilustrate exerplary AC respounse waveforms,

DETAILED DESCRIPTION
[6029] All patents, applications, published applications and other publications
referred to herein are mcorporated herein by reference to the referenced material and n thew
entireties. If a term or phrase 13 used herein 1 a way that is contrary to or otherwise
meonsistent with a definition set forth in the patents, applications, published applications and
other publications that are herem incorporated by reference, the use herein prevails over the

defimtion that 1s incorporated herein by reference.

Introduction

[0030] The disclosed technology relates to systems and methods for sequencing a
biopolymer {eg., DNA, RNA, polypeptide or protein} by identifying monomers {eg,
nucleotides or amuno acids) based on alternating current (AC) elecirical responses. Each
specific type of monomer, or alternatively its unique label or barcode, can act as part of a
resistor in the equivalent circwit of a disclosed system. When an AC mput {(e.g., a sine wave

current or voltage) 15 applied to the system, the electrical responses of the system may be a
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function of the resistance, which depends on the identity of the monomer, and of
capacitances in the system. The capacitances in the system may be associated with
membranes or transistors in the system. The phase, amphitude, or waveform of the AC
electrical responses can be read out {e.g, by transistors} o determine the sequence of the
bigpolymer.

(0031 In certain embodiments, using an AC input in the disclosed technology
eliminates the need for waiting due to a RC transient delay, and may therefore allow for a
faster readout and/or a more accurate readout In certain embodiments, measurement
sensitivity is increased when the frequency of the AC nput is tatlored for the electrical
properties of the disclosed system. In addition, biopolymers are often dissolved in
electrolytes or buffer solutions, and it may be beneficial to have non-Faradaic processes
without net electrochemical reaction in the disclosed system. In certain embodiments,
working in AC mode and without net electrochemical reaction can achieve less buffer
consumption, smaller seguencing unit devices, and/or a more scalable ensemble of
sequencing umit devices. In certain embodiments, the AL readout approach provides a
scalable, electrochemistry-free, and/or mgh-bandwidth application of nanopore sequencing.

[6632] In non-Faradaic conduction, no chemical reaction (reduction or oxidation
of chemical substances) occurs at the surface of the metal electrode. The changing potential
across the electrical double layer {(which behaves hike a capacitor) between the metal
electrode and the electrolyte drives the ion flow. For non-Faradaic conduction, the metal
electrode may be made of metals that are resistant to corrosion and oxidation, for example,
fitamum o noble metals such as platinum or gold. Despite the lack of chemical interaction
between the electrode and the elecirolyie, there 15 transient physical displacement of 1ons m
the electrolyte from the growth and shrinkage of the ion depletion region at the metal-hiquid
interface, in response to the applied potential. This 1on depletion region is referred to as an
“clectrical double layer”™ mn electrochemistry. Using an electrical engineering model, a
parailel plate capacitor forms where the metal is one plate, the depletion region s the

dielectric, and the diffuse distribution of 10ns in the Hguid 1s the other plate.

Operation of 3 Sequencing Device
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[6033] The operation principles of a system and a method for identifying organic
molecules based on electrical responses are described hersin.  In one embodiment, such
system may inchude a flow chamber containing a liquid, one or more electrodes, one or more
structures having capacitance, and a transistor. A molecule of interest may be dissolved in
the liqaud. Moreover, the molecule of interest may act as part of a resistor in an equivalent
circuit of the system, where the resistance may be a function of the identity of the molecule
of interest. The one or more structures having capacitance may be connected in series or in
parallel with the resistor. In some cases, the transistor itself may have capacitances that
cannot be ignored in the equivalent circuit. An alternating current or voltage may be applied
o the system, and the elecirical response of the system may be a function of the identity of
the molecule of interest. The phase, amplitude, or waveform of the electrical response may
be read out by the transistor and used to determine the identity of the molecule of interest. In
some cases, the molecules of interest may be different nucleotides or amino acids. In some
cases, the liquid may be an electrolyte/buffer solution. In some embodiments, multiple such
systems {or multiple nanopore sequencing devices) may be arranged in an array and
mdividually accessed by a logic circuit. For example, each column in the array may be
controlled using one selector device, and each row 1n the array may be read out using one
amplifier. In some cases, each systers in the array does not require an amplifier on its own,
and therefore such array may be more scalable.  In some embodiments, the biopolymers n
the respective nanopore sequencing devices may be controlled or actuated substantially
simultaneously. In some embodiments, the biopolymers in the respective nanopore
sequencing devices may be detected or sequenced substantially simultaneously.

[8034] In examples wherein a plurality of nanopore sequencing devices forms an
array on a substrate, each of the plurality of the nanopore sequencing devices in the array
may share a common ¢is electrode and a common trans electrode. In another example, each
of the plurality of the nanopore sequencing devices shares a common ¢is electrode, but has a
distinct trans electrode. In vet another example, each of the plurality of the nanopore
sequencing devices has a distinct ¢is electrode and a distinet trans electrode. In still another
example, each of the plurality of nanopore sequencing devices has a distinet cis electrode and

shares a common rans electrode.
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[0035] In a substrate with an array of nanopore sequencing devices, there may be
one common cis well and one common trans well communicating with a portion, or all) of
the nanopore sequencing devices within the array on the substrate. However, it should be
understood that an array of the nanopore devices may also include several cis wells that are
fludically 1solated from one another and are fluidically connected to respective one or more
trans wells fluidically isolated from one another and defined in the substrate. Multiple cis
wells may be desirable, for example, in order to enable the measurement of multiple
polynucleotides on a single substrate. In some embodiments, a substrate with an array of
nanopore sequencing devices comprises one common cis electrode, one common trans
electrode, one common cis well, one common trans well, and a plurality of nanopore
sequencing devices,

[0036] In other embodiments, the substrate with an array of nanopore sequencing
devices comprises one common cis well, a plurality of trans wells, and a plurality of
nanopore sequencing devices, where each nanopore sequencing device can be individually
addressable with individual trans electrodes. In other embodunents, the substrate with an
array of nanopore sequencing devices comprises a plurality of ¢is wells, a plurality of trans
wells, and a plurality of navopore sequencing devices, where each nanopore sequencing
device can be ndividually addressable with individual trans electrodes. In some examples,
the c13 well may be in contact with an array of nanopores, and thus s capable of mantaiming
the electrolyte 1n contact with each of the nanopores m the array.

[8037] A substrate comprising an array of nanopore sequencing devices may have
many different layouts of nanoscale openings on the array, including regular, repeating, and
non-regular patterns of nanoscale openings. In an example, the nanoscale openings may be
disposed m a hexagonal gnid for close packing and improved density of the devices. Other
array layouts may include, for example, rectilimear (1e, rectangular) layouts, trangular
lavouts, and so forth.  As examples, the layout or pattern can be an x-y format of nanoscale
openings that are in rows and columns. In some other examples, the lavout or patiern can be
a repeating arrangement of nanoscale openings. In still sther examples, the layout or patiern
can be a random arrangement of nanoscale openings. The pattern may inchude spots, posts,
siripes, swirls, lines, iriangles, rectangles, circles, arcs, checks, plaids, diagonals, arrows,

squares, and/or cross-hatches.
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[68038] The layout of nanoscale openings may be characterized with respect o the
density of nanoscale openings (i.e, number of nanoscale openings in a defined area of the
substrate comprising the array). For example, an array of nanoscale openings may be present
at a density ranging from about 10 nanoscale openings per mm® to about 1,000,000 nanoscale
openings per mm’. The density may also include, for example, a density of at least about 10
per mmy’, about 5,000 per mm”, about 10,000 per mm’, about 0.1 million per mm?, or more.
Alternatively or additionally, the density may no more than about 1,000,000 per mm”, about
0.1 million per mm?, about 10,000 per mm”, about 5,000 per mm’, or less. It is to be further
understood that the density of the nanoscale openings in the substrate can be between one of
the lower values and one of the upper values selected from the ranges above.

{8039 The layout of nanoscale openings in an array on a substrate may also be
characterized in terms of the average pitch, 1, the spacing from the center of a nanoscale
opening to the center of an adjacent nanoscale opening {center-to-center spacing). The
pattern can be regular such that the coefficient of variation around the average pitch is small,
or the pattern can be non-regular 1n which case the coefficient of vanation can be relatively
large. In an example, the average prich may range from about 100 nm to about 500 ym. The
average pitch can be, for example, at least about 100 um, about 3 o, about 10 wm, about
100 um, or more. Alternatively or additionally, the average pitch can be, for example, at
most about 500 wm, about 100 pm, about SO um, about 10 um, about 5 pm, or less. The
average pitch for an example array of devices can be between one of the lower values and
one of the upper values selected from the ranges above. In an example, the array may have a
pitch {(center-to-center spacing) of about 10 pm.  In another example, the array may have a
pitch {center-to-center spacing)} of about 5 pm. In vet another example, the array may have a
pitch {center-to-center spacing) ranging from about 1 yum to about 10 pm.

[8040] In some examples, an array hfetime 1s about or above 48 hours, and a

typical diameter of the trans well is about or above 100 um.

Embodiments
[0041] One aspect of the disclosed technology relates to nanopore sequencing of
nucleic acids. In one embodiment, the disclosed system includes a nanopore. The disclosed

system may include a flow chamber containing an electrolyte, and thus applying a voltage
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across the system results i an ionic current through the nanopore. The molecule of interest
may be a nucleotide, or equivalently, a unique tag or label of the nucleotide. For example, a
tag or label of the nucleotide may be a particular sequence combination of nuclestides. When
the molecule of interest is in or near the nanopore, it may result in a unique tonic current
blockade at the nanopore, and therefore a unique nancpore resistance depending on the
identity of the molecule of interest. In some cases, the nanopore may be a biological
nanopore formed of protemn or DNA and deposited in a lipid bilayer. In other cases, the
nanopore may be a solid-state nanopore directly formed as a nanoscale opening in a
membrane (e.g., silicon based, graphene, or polymer membrane). The nanopore may even be
a biological and solid-state hybrid. The lipid bilaver or the membrane may act as a capacitor
it the equivalent circuit of the system. In some embodiments, the disclosed system may be
used to identify amino acids or other biomaolecules.

(60421 One embodiment of the disclosed system is illustrated in FIG. 6. In FIG. 6,
A nanopore sensor device 6000 for identifying nuclectides 1s shown. The nanopore sensor
device 6000 may include one or more cis wells 6002, The navopore sensor device 6000 ray
further nclude one or more cis electrodes associated with the one or more ¢is wells. The
nanopore sensor device 6000 may further include a plurality of trans wells 6006. Each of the
plurality of trans wells may be separated from the one or more cis wells by a lipid or solid-
state membrane 6004 having a nanopore 6003, The nanopore sensor device 6000 may further
melode a plurality of field effect transistors 6005 {(FETs), each of the plurality of FETs
associated with one of the plurality of trans wells.

[68043] The nanopore sensor device 6000 may further include an electrical source
6001 configured to provide alternating current {AC) npuis between the one or more ¢is
electrodes and the source terminals of the plurality of FETs. The nanopore sensor device
6000 may further include a controller 6010 operably coupled to the plurabity of FETSs, the
controller 6010 configured to measure AC responses of the plurality of FETs, wherein the
AC responses depend on the identities of the nucleotides within or near the nanopores. FIG.
15A and FIG. 158 illustrate exemplary AC response waveforms. Changes to the nanopore
resistance may cause amplitude and phase modulation of the waveforms as shown in FIG.
15B. In some cases, the controller 6010 15 configured to measure changes of the amplitudes

of the AC responses, e.g., as shown in comparing points 153 and 154 mn FIG 158, For
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example, the amplitude may be obtamed by comparing the maximal and minimal points 151
and 152 s FIG. 15B. In some cases, the controller 6010 is configured to measure changes of
the waveform shapes of the AC responses. In some cases, the electrical source 15 configured
to provide an AC voltage in a smnusoidal, rectangular, friangular, saw-tooth, or another
suitable waveform alternating between a positive potential and a negative potential. In some
cases, tonic fluxes through the nanopores are modulated by: nucleotides passing through the
nanopores, labels on nucleotides being incorporated to polynucleotides, or any combination
thereof. FIG. 9 shows an eguivalent circutt of the nanopore sensor device 6000.

(8044 To determune the identity of the molecule of mterest, the disclosed method
may apply an AC voltage across the system and reads out the veltage or current respense
from the transistor. By applying an AC voltage, the system will have a non-Faradaie,
capacitive response depending on the identity of the molecule of interest, and the system may
not have a net electrochemical reaction. Using an AC voltage may also allow for a faster
readout. Measurement sensitivity may be increased if the AC voltage frequency is at around
the frequency of resonance of nanopore and bilayer/membrane,

[8045] For example, in reference to FIG. 6, a method of identifying nucleotides
may nclude providing a nanopore 6003 within a membrane 6004 separating a ¢is well 6002
and a trans well 6006, The method of dentifving nucleotides may further include providing
an AC nput from an electrical source 6001 operably coupled to a cis electrode in the cis well
and to the source termunal of a FET 6005 1n the trans well. The method of identifying
nucleotides may further include measuring an AC response from the FET, wherein the AC
response depends on the wdentity of a nucleotide within or near the nanopore 6003,

[B046] in some cases, measuring the AC response includes measuring a change of
the amphtude of the AC response. In some cases, measuring the AC response mcludes
measuring a change of the waveform of the AC response. In some cases, providing the AC
mput mcludes providing an AC voltage 11 a singsoidal, rectangular, tnangular, saw-tooth, or
another suitable waveform alternating between a positive potential and a negative potential.
In some cases, measuring the AC response includes measuring a first response associated
with a first nucleotide and a second response associated with a second nucleotide without

waiting for a transient response to approach a steady-state response.
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(60471 In certain embodimenis, the equivalent circuit shown in FIG. 9 satisfies

the following equations. I} is the measured voltage on FET gate and can be computed by

Vo=V 4y i o Con 1 1 ol
g " Yacn o oo T jalg, v o . T jWp
Zy + ffz? where 4} R and 4% In FIG 9, @

represents the frequency of the AC nput, R represents the resistance of the nanopore, Csr
represents the capacitance of the lipid bilayer, and Cr represents the capacitance associated

with the FET.

[6048] FIG. 10 plots the response under certain

X = 2RC

parameters, where and assuming The x-axis plots the

frequency of the AC source or of the signal as measured by the FET. The location 101 of the
1 1
X = —m = = -
o . . _ NE) 2RE
largest sensifivity to changes in R can be found at

In other
words, location 101 1s the resonant frequency of the nanopore and membrane/bilayer mn
which the signal to the FET 15 sensitive to changes in the pore resistance or at or near the
mflection pomnt of the resistivity of the nanopore and membrane/bilayer.

[6049] FIG. 11A, FIG 118 and FIG 11C plot the response under different
parameters and shows that changes in pore resistance (R pore) result in the change
resonant frequency of the nanopore and membrane/bilayer. The resonant frequency of the
nanopore is sensitive to changes in the pore resistance (R pore}. The y-axis plots the real
part {Re) of the circuit response as measured by the voltage on the FET gate and plots the
maginary part {Im) as well. The x-axis plots the frequency of the AC source or of the signal
as measured by the FET. In certain embodiments, the resconant frequency of the nanopore
and membrane/bilayer can be determined when the real part (Re} 1s sensitive to changes in
the AC voltage frequency or at or near an inflection point. In certain embodiments, the
resonant frequency of the nancpore and membrane/bilayer circuit response can be
determined by the imaginary part (Im), relating to phase shift, is at or near a maximum level

[8050) in the example of FIG. 11 A, the gate area of the FET is about 1.0 un’, the

membrane/bilayer area is about 1.0 um’, and the gate capacitance density is about 17 ffum?.
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The resonant frequency of the nanopore and membrane/bilayer is when the pore resistance is
1.0 GOhm 1s shifted higher 1n comparison when the pore resistance if 1.5 GOhm.

[8051] in the example of FIG. 11B, the gate area of the FET is about 25 um’, the
membrane/bilayer area is about 0.25 um® and the gate capacitance density is about 17
ffium®.  The resonant frequency of the nanopore and membrane/bilayer when the pore
resistance is 1.0 GOhm is shifted higher in comparison when the pore resistance if 1.5
GOhm.

[8052] In the example of FIG. 11C, the gate area of the FET is about 3.50 um’,
the membrane/bilayer area is about 100.00 um?, and the gate capacitance density is about 17
ff/um®  The resonant frequency of the nanopore and membrane/bilayer when the pore
resistance 15 1.0 GOhm is shifted higher in comparison when the pore resistance if 1.5
GObm.

[0053] FlGs 11A-11C show that changes in the resonant frequency of the
nanopore and membrane/bilaver due to the change in resistance of the nanopore can be
utilized to detect a sequenced base which changes the resistance of the nanopore.

[8054] FIG. 124, FIG 12B and FIG 12C shows that the signal-to-noise ratio of
the response change with respect to changes in size and capacitance of the FET gate and/or of
the lipid bdayer. The signal-to-notse ratio as shown 1s proportional fo the differentiation of
the FET measured response with respect to pore resistance {R_pore).

[$055] FIG. 13 shows examples that the circutt response can distinguish between
the scenarios with no bilayer, with bilaver only, or with both nanopore and bilayer. The y-
axis plots the real part (Re} of the circuit response as measured by the voltage on the FET
gate and plots the imaginary part dm) as well. The x-axis plots the frequency of the AC
source or of the signal as measured by the FET. Iu certain embodiments, the resonant
frequency of the membrane/bilayer with or without a nanopore can be determined when the
real part {Re} 1s sensifive 1o changes in the AC voltage frequency or at or near an nflection
point. In certain embodiments, the resonant frequency of membrane/bilayer with or without a
nanopore can be determined when the imaginary part (Im), relating to phase shift, is at or

near a maximum level.
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[8056] in the example when the pore resistance (R pore} is 0.0 GOhm, such as
when the membrane/bilayer has been damaged and no longer separates the cis cell and {rans
cell, the circut response is generally following the AC voltage.

[0057] in the example where the pore resistance (R _pore) is 100.0 GOhm, such as
when a nanopore has not been incorporated into the membrane/bilayer, the circuit response is
sensitive to changes in the AC voltage frequency and 1s in a resonant state at a frequency of
the AC source at about 100Hz.

[B0S8] in the example where the pore resistance (R_pore) is 1.0 GOhm, such as
when a nanopore has been mcorporated mnto the membrane/bilayer, the circuit response is
sensitive to changes in the AC voltage frequency and 15 in a rescnant state at a frequency of
the AC source at about 10kHz.  The nanopore and membrane/bilayer resonate at a high
frequency of the AC source in comparison to a membrane/bilayer being in a resonant state
without incorporation of a nanopore.

[8059] Point 131 indicates the response at resonant frequency in the scenario
having both nanopore and biayer. Arrow 132 shows that nanopore inserfion to the
raembrane/bilayer shifts the resonant frequency to a lagher frequency.

[68065] In certain embodiments, the lack of a resovant frequency can be used to
determine that the membrane/bilayer 1s damaged and a particular trans well 13 defective. In
certain embodiments, a relatively low resonant frequency can be used to determune that a
nanopore has not been incorporated in the membrane/bilayer. For example, a new nanopore
can be introduced into the membrane/bilayer. In certain embodiments, a relatively high
resonant frequency can be used o determine that a nanopore has been incorporated in the
mermbrane and a particular trans well 13 functioning properly.

[6061] According to some embodiments, FIGs. 1A-1D schematically illustrate a
composition mcluding a tether anchored to or adjacent o a nanopore and configured for use
m detecting action of a polymerase upon a nucleotide using a tether anchored to or adjacent
o a nanopore responsive o a change in electrical potential across the nanopore. In some
cases, the nanopore may be a solid-state nanopore as iHustrated m FIG. 1E.

[0062] The composition illustrated 10 FIG. 1A includes nanopore 1800 including
first side 1801, second side 1802, aperture 1803 extending through the first and second sides,

and constriction 1804 disposed between the first and second sides; permanent tether 1810
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inciuding a head region (not specifically labeled) anchored to first side 1801 of nanopore
1800, a tail region {not specifically labeled} that is movable between first side 1801 and
second side 1802 of nanopore 1800, and an elongated body (not specifically labeled) that
inciudes reporter region 1814 and motety 1815; and nucleotide 1830 including an elongated
tag {not specifically labeled) that mcludes motety 1832 but lacks a reporter region. As
illustrated in FIG. 1A, an interaction between moiety 1832 of nucleotide 1830 and moisty
1815 of tether 1810 can dispose reporter region 1814 at a predetermined location relative to
the moiety 1832, Optionally, more than one reporter region can be provided, e.g., at least
two, or three, or four, or five, or more than five reporter regions. Additionally, moiety 1815
can be located at any suitable position along an elongated tag, eg., can be located between
head region 1811 and reporter region 1814 and adjacent to reporter region 1814 such as
iliustrated 1n FIG. 1A, or can be adjacent to head region 1811, adjacent to tail region 1812, or
between tail region 1812 and reporter region 1814,

[8063) it should be appreciated that the disposition of reporter region 1814 at the
predeternuned location relative to motety 1832 can be detectable in any suitable manner. For
example, the composition can be in operable communication with a measurement circuit. The
measurement cireutt can be configured to detect the position of reporter region 1814 relative
to moiety 1832, In one illustrative embodiment, nanopore 1800, tether 1810, polymerase
1850, and nucleotide 1830 can be mmmersed w a conductive flmid, e.g., an agueous salt
solutton. A measurement circuit can be 1 communication with first and second electrodes
and can be configured to apply a fust voltage between those electrodes so as to apply a
voltage across nanopore 1800, as represented by the “+” and “~7 signs tlustrated n FIG. 14,
and to use the electrodes to measure the magmiude of a current or flux through aperture 1803
at the first voltage. Reporter region 1814 can have a different electrical or flux blockade
property than some or all other regions of the elongated body of the tether (not specifically
labeled). For example, reporter region 1814 can include an electrostatic charge, while some
or all other regions of elongated body can include a different electrostatic charge, or can be
uncharged (e.g., can be electrically neutral}. Or, for example, reporter region 1814 can be
uncharged, while some or all other regions of the elongated body can include an electrostatic
charge. In one illustrative, nonlimiting example, the elongated body of the tether includes a

polynucleotide that includes one or more abasic nuclectides that define reporter region 1814
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The magnitude of the current or flux through aperture 1803 can measurably change
responsive to the relative location of reporter region 1814 within aperture 1803, and such
relative location can be based upon the apphied voltage and on the location of reporter region
1814 relative to moiety 1832, which in turn can be based on the action of polymerase 1850
upon nuclestide 1830,

[8064] More specifically, the measurement circurt further can be configured to
change the applied voltage across nanopore 1800 to a second voltage, e g., by reversing the
applied voltage such as represented by the reversal of the “+7 and “—” signs such as
lfustrated in FIG. 1B. Such a change in applied voltage can cause movement of interacting
moteties 1813, 1832 within aperture 1803 of nanopore 1800. For example, as illustrated in
FIG. 1B, the change n applied voltage can move interacting moieties 1815, 1837 adjacent to
constriction 1804, and can dispose reporter region 1814 adjacent to or within constriction
1804. The measurement circuit can be configured to use the electrodes to measure the
magnitude of a current or flux through aperture 1803 at the second veltage. It can be seen
that the current or flux at the fitst voltage 1s different than the current or flux at the second
voltage, and such current or flux can be based upon the second voltage and on the location of
reporter region 1814 relative to motety 1832, which 1 turn can be based on the action of
polvmerase 1850 upon nucleotide 1830,

[3065] The action of polymerase 1850 upon nucleotide 1830 can be individually
identifiable based on a measured {e.g., optically or elecirically measured) magnitude or time
duration, or both, of a signal generated by such a system. For example, the action of
polvmerase 1850 upon nucleotide 1830 can cause mieraction between moieties 1815 and
1832, which o turn causes reporter region 1814 to become disposed at a first location
relative to molety 1832, and the presence of reporter region 1814 at the first location causes
the signal, e.g., current or flux throngh aperture 1803, to have a first magmitude. As such, the
signal having the first magnitude correlates 1o the action of polymerase 1850 upon nucleotide
1830 having occurred. Note that a duplex formed between moiety 1815 and moiety 1832 can
be sufficiently large as to inhibit movement of the duplex through the constriction, e.g., under
the second voliage.

[8066] As illustrated 1 FIG. 1C, in some embodiments, continued application of

the second voltage can cause moiety 1815 to dissociate from motety 1832, Such dissociation
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can be considered to “interrupt” a duplex formed between moiety 1815 and motety 1832 In
some embodiments, reporter region 1814 or mosety 1815, or both, can move through
constriction 1804 so as to be disposed on second side 1802 of nanopore 1800, Muoiety 1832
can be configured so as to remain disposed on the first side of nanopore 1860 even if moiety
1815 becomes disposed on the second side of nanopore 1800, so as to temporarily inhibit
interaction between moieties 1815 and 1832, As illustrated in FIG. 1D, following such
dissociation, the voltage applied across aperture 1803 can again be changed, eg.. can be
changed back to the first voltage, responsive to which moieties 1815 and 1832 can interact
with one another.

[8067] Note that in some embodiments, the respective lengths of the elongated
body of the tether and the elongated tag of the nucleotide, the respective locations of moieties
1815 and 1832, and the respective location of reporter region 1814 are co-selected so as to
inhibit the application of force to nucleotide 1830 while the nucleotide is being acted upon by
polymerase 1850, and thus to inhubit or preclude such a force from modifying the
performance of the polymerase. In one illustrative embodiment, the interaction between
rootety 1813 and moiety 1832 forms a duplex. The length of the elongated body of the tether,
and the location of moiety 1815 along the elongated body, can be co-selected such that
motety 1815 can be extended through constriction 1804 responsive to an appropriate applied
voltage, e.g., 50 as to cause dissociation between mowety 1815 and moiety 1832, The length
of the elongated tag of the nucleotide, and the location of moiety 1832 along the elongated
tag, can be co-selected so as to provide additional slack such that elongated tag need not be
pulled taut in order to dispose reporter region 1814 adjacent to constriction 1804 under the
second applied voltage. The size of the duplex 1815, 1832 can mhibit movement of the
duplex through constriction 1804, and can shield the nuclectide from forces that otherwise
may have been applied to nucleotide 1830 via elongated tag 1831, Additionally, the relative
locations of reporter region 1814 and moteties 1815 and 1832 can be co-selected s0 as 1o
dispose reporter region 1814 at a suitable location relative to constriction 1804 under the
second voltage so as to facilitate detection of the reporter region when moieties 1815 and
1832 interact with one another. In one exemplary embodiment, reporter region 1814 is

disposed at a suttable location along elongated body 1831 so as to be disposed within, or
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adjacent to, constriciion 1804 of nanopore 1800 when moieties 1815 and 1832 interact with
one another responsive to action of polymerase 1850.

[8068] According to some embodiments, FIGs. 2A-2F schematically illustrate a
composition including a tether anchored adjacent o a biological nanopore and configured for
use in detecting action of a polymerase upon a first nucleotide using a change in applied
voltage across the nanopore.

[8069] More specifically, FIG. 2A illustrates a composition including nanopore
2200 including first side 2201, second side 2202, aperture 2203 extending through the first
and second sides, and constriction 2204 disposed between the first and second sides.
{Hlustratively, nanopore 2200 can include a biological pore, such as a MspA nanopore {e.g.,
M2Z-NNN MspA mutant), disposed in a barrier, such as a membrane of biological origin {e.g,,
a lipid bilayer) or a solid state membrane. The composition illustrated in FIG. 2A further
inciudes tether 2210 including head region 2211, tail region 2212, and elongated body 2213
disposed therebetween. Head region 2211 is suitably anchored to polymerase 2250, eg.,
using any suitable attachment provided herein or otherwise known o the art. Elongated body
2213 of tether 2210 can include a moiety 2214, THustratively, elongated body 2213 can
nciude a polynuclectide, and a first subset of the nucleic acids of the polynucleotide can
define molety 2214, Addiionally, taid region 2212 can include at least one charged atom such
that, based upon a voltage being applied across nanopore 2200 lustrated in FIG. 2A during
step 1, such voltage generates a first directional force F1 that causes translocation of tail
region 2212 through aperture 2203 and past constriction 2204 such that a portion of
elongated tail 2213 becomes disposed within aperture 2203 and tail region becomes disposed
beyond second side 2202 of nanopore 2200 i a manner such as itlusirated in FIG. 2B, Such
directional force F1 also causes translocation of polymerase 2250 towards second side 2202
of nanopore 2200 unti} polymerase 2250 comes to rest on or adjacent to fivst side 2201 of
nanopore 2200 1n a manner such as iflustrated m FIG. 2B, preventing or mhibiting further
movement of polymerase 2250 under directional force F1. Note that polymerase optionally
can be partially disposed within aperture 2203 of nanopore 2200

[8070] The composition Hlustrated in FIG. 2A also can include another member
2250 to which tail region 2212 of tether 2210 can attach. For example, the composiiion

ittustrated in FIG. 2A can include one or more polynucleotides 2250 having a sequence that
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suitably can hybridize to corresponding nucleic acids on elongated body 2213 or on tail
region 2212 of tether 2210 For example, as tllustrated in FIG. 2B, under directional force F1
that is applied during step 1 (FIG. 2A) and can continue during step 2 (FIG. 2B), tail region
2212 becomes disposed beyond second side 2202 of nanopore 2200 and becomes attached to,
e.g., hybridizes with member 2250, ¢ g, a complimentary piece of DNA {“capture-DNA”}
present adjacent to second side 2202 {e.g., on the trans side} of nanopore 2200, The bond
between tail region 2212 and member 2250, e.g., hybnidization between one or more first
nucleic acids of tail region 2212 and one or more second nucleic acids of member 2250 so as
to form a duplex 2212, 2250', e.g., double stranded DNA, s sufficiently strong so that upon
application of a reverse directional force F2 (e.g, during step 3 illustrated in FIG 2C), e g,
reversal of the voliage, the duplex inhibits separation of the polymerase from the nanopore
and, as such, the polymerase remains captured at the nanopore. For example, duplex 2212,
2250 can include a sufficient number of hybridized nucleic acids such that the duplex does
not dissociate under application of force ¥2. Additionally, the duplex 2212, 2250’ can be
sufficiently large as to inhibit movemerd of the duplex through constriction 2204,
Additionally, 11 some embodiments, the lateral dimensions of constriction 2204 of nanopore
2200 are selected such that only a single elongated body 2213 of a single tether 2210 can be
disposed therethrough, thus assuring that only one polymerase 2250 becomes captured at the
nanopore.

[6071] In particular embodiments, a quality assessment step can be utilized to
evaluate the nanopore or the capture of polymerase at the nanopore. A nanopore that 18
property embedded in a membrane can produce a characteristic current or flux pattern that 1s
distinguishable from the current or flux pattern that results when no nanopore is present m
the membrane or when a nanopore 18 not fully functional. In the event that a qualiy
assessment indicates that a nanopore 13 not properly embedded in a membrane, the steps used
1o load the nanopore can be repeated.

[0072] A polymerase that is properly captured by a nanopore can alse produce a
characteristic current or flux pattern. For example, a bias voltage that is applied to a nanopore
that has captured a polymerase via a tether can produce a current or flux pattern that s
indicative of interaction between the nanopore aperiure and signature bases in a nucleic acid

tether. Bias voltages can be applied in opposite directions to determine whether the tether has

-19-



WO 2022/212038 PCT/US2022/020395

desired mobility in the nanopore lumen such that signature bases interact with the aperture as
predicted. In the event that a quality assessment indicates that a polymerase has not been
properly captured by a nanopore, the polymerase can be siripped, for example by application
of a strong reverse bias, and steps used to capture the polymerase at the nanopore can be
repeated.

[0073] In another optional quality assessment routine, a relatively large reverse
bias voltage can be applied to the system to determine if the polymerase and tether are
removed from the nanopore. Typically, the duplex formed between member 2250 and 2212
will be sufficiently strong to prevent removal of the tether. This quality assessment routine
will indicate if this is the case Similarly, bias voltages can be applied at this stage and the
resulting current or flux patterns detected to determine if corking or uncorking occurs as set
forth previously herein. In the event that a quality assessment indicates that a polymerase has
not been captured by a nanopore with sufficient stability, steps used to capture the
polymerase at the nanopore can be repeated.

[8G74] Several embodiments set forth herein relate to multiplex devices that are
loaded with multiple nanopores each of which s desired to attach to a polymerase. Quality
assessment steps, such as those set forth above, can be carried out for the multiplex
population. If a desired number of functional nanopores have not been formed in a multiplex
nanopore apparatus or if the fractional loading 15 not sufficient, then the apparatus can be
ireated in bulk to repeat nanopore {or polymerase} loading. Optionally, the nanopores {or
polymerases) can be removed prior to repeating the loading step, for example, o faulty
nanopores or polymerases are present. For example, repetition of loading {and optionally
removal of nanopores or polymerases) can be carried out if the multiplex apparatus 15 loaded
at fewer than 90%, 75%, 50%, 30% or fewer of the expected sites.

[0075] At step 3 illostrated in FIG. 2C, the composition illustrated i FIG. 2B
further can be subjected 1o a reverse directional force F2, e.g., reversal of the voltage relative
to that of steps 1 and 2, based upon which pelymerase 2250 can come out of contact with
first side 2201 of nanopore 2200, and can be contacted with sequencing primer 2280, target
single stranded DNA 2270 (target), and a plurality of nuclectides 2230, 2230, each of which

inciudes a corresponding elongated tag 2231, 22317 ncluding a corresponding moiety 2232,
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2232' that interacts with the motety of tether 2213 responsive to polymerase 2250 acting
upon that nucleoctide 2230 or 2230".

{8076} At step 4 ittustrated in FIG. 21, based upon the sequence of target 2270,
polymerase 2250 acts upon first nucleotide 2230, based upon which the corresponding
motety 2232 of elongated tag 2231 of nuclestide 2230 interacts with moiety 2214 of tether
2310. For example, polymerase 2250 can preferentially bind first nuclestide 2230 relative to
second nucleotide 2230 based upon first nucleotide 2230 being complementary to a next
nucleotide in the sequence of target 2270, Additionally, elongated tag 2231 can include a first
nucleotide sequence, and motety 2214 of elongated body 2213 can include a second
nucleotide sequence that is complementary to the first nucleotide sequence of elongated tag
2231, such that the first nucleotide sequence and the second nucleotide sequence hvbridize to
one another. Note that step 4 can be performed under reverse directional force ¥2, eg.,
reversal of the voltage relative to that of steps 1 and 2, so that polymerase 2250 need not be
disposed against first side 2201 of nanopore 2200.

[8677] At step 5 illustrated in FIG. 2E, directional force Fl agan can be applied,
which can cause transiocation of tail region 2212 10 a direction away from first side 2201 of
nanopore 220 and translocation of polyvmerase 2250 towards second side 2202 of nanopore
2200. For example, a voltage across navopore 2200 again can be reversed. However,
application of force F1 at step 5 may not necessarily cause polymerase 2250 1o come 1o rest
on or adjacent to first side 2201 of nanopore 2200 in a manner such as illustrated 1 FIG. 2
Instead, application of force F1 (pulling towards trans) can cause a duplex defined by the
mmteraction {e.g., binding or hybridization} between motety 2214 and 2232 to come to rest on
or adjacent to constriction 2204, IHustranively, the composition can be ncloded n a system
that mcludes measurement circuitry configured to measure a current or flux through
constriction 2204. During step 3, the current or flux can be based on first molety 2232, e.g.,
based upon the particular sequence of motety 2232, and first nucleotide 2230 can be
identifiable based upon the current or flux. For example, moiety 2232 of first nucleotide 2230
can have a different sequence than that of moiety 2232 of second nucleotide 223¢', and can
bind to a different portion {moiety} of elongated body 2213 of tether 2210. fHustratively, the
elongated tags can include any suitable polynucleotide sequence that facilitates

distinguishing from one another nucleotides to which such tags are attached.
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[8078] At step 6 lustrated in FIG. 2F, under continued application of directional
force F1, after a stochastic time the duplex between motety 2214 of tether 2210 and moiety
2232 of elongated tag 2231 of nucleotide 2230 dissociates in a manner analogous to that
described in Derrington et al, PNAS 2010, cited elsewhere herein. Following such
dissociation, directional force F1 can cause polymerase 2250 to come to rest on or adjacent {0
first side 2201 of nanopore 2200 in a manner such as illustrated m FIG. 2B,

(8079 Note that other configurations suitably can be used. For example,
alternatively to steps 5 and 6 respectively illustrated in FIGs. 2E and 2F, elongated tag 2231
instead can be sufficiently short that the duplex between moiety 2214 of tether 2210 and
motiety 2232 of elongated tag 2231 of nucleotide 2230 does not reach the constriction under
application of directional force F1, and instead polymerase 2250 comes to rest on or adjacent
to first side 2201 of nanopore 2200 in a manner such as ilustrated i FIG 2B, In suc
embodiments, the elongated tags 2231, 2231’ attached to different nucleotides 2230, 2230/
that can be bound by polymerase 2250 can include moieties 2232, 2232 that are different
sequences or lengths than one another and thus uderact dufferently with, e.g., hvbndize
differently with, motety 2214 of tether 2210 than one another 50 as to cause different changes
in the length of tether 2214, The corresponding nucleotides 2230, 2230" can be identified
based on changes in current or flux based oun the length of tether 2210 caused by interactions
between moiety 2214 and the corresponding moiety 2232, 2232’ Steps 4-6 analogous to
those illustrated i FiGs. 2D-2F can be repeated, therefore applying AC-voliage preserving
the electrodes. In vet another embodiment, the elongated tag or the elongated body can
mclude a reporter region such as provided elsewhere herein, and the current or flux through
aperture 2203 can be based on the reporter region being disposed within the aperture, and
nucleotide 2230 can be identifiable based on the current or flux.

[6080] Additionally, should a dysfunctional polymerase be captured, one can
reverse the voltage to a very high voltage so that the capture DNA comes off and a new
polymerase can be captured {repeating steps 1-3).

[6081] Yoltage, current, or optical waveforms can be measured for various states
of a tether that passes through a nanopore. The voltage, current, or optical waveforms can be
useful for determining results of an analytical method carried out on a nanopore system. For

example, the waveforms can be fit to data to increase accuracy of sequencing reads.
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[6082] in one embodiment, to begin sequencing of the template DNA, the
disclosed method can apply a positive relative potential to the trans glectrode to pull the
polymer tether such that the DNA polymerase moves to the vicinity of the nanopore. The
polymer tether may be a single-stranded DNA which coniains an abasic segment. As the
DNA polymerase incorporates tagged nucleotides to base-pair with the template DNA, the
identities of the tagged nucleotides can be determined Fach tagged nucleotide being
incorporated by the DNA polymerase may have a unique tag. The unigue tag can bind {e.g.,
hybridize) to a unigue region of the polvmer tether which has a unique distance from the
abasic segment, such that the location of the abasic segment relative to the nanopore can be
uniguely determined. The unique location of the abasic segment relative to the nanopore can
result in a unique tonic current blockade at the nanopore, and therefore a unique nanopore
resistance. To read out the identity of the tagged nucleotide, the disclosed method can apply
an AC voltage. By applying an AC voltage, the system may have a non-Faradaic, capacitive
response, and may not have a net electrochemical reaction. In some embodiments, by
measuring the FET gate voltage wavetorm which depends on the unigue nanopore resistance,
one can determine the unique identity of the tagged nucleotide. Compared to reading out the
wentity of the tagged nucleotide by applying a DC voltage, which requires waiting for the
franstent response to decay away, using an AC voltage may allow for a faster readout.
Measurement sensitivity may be improved if the AC voltage frequency s at around the
resonant frequency of the nanopore and membrane/bilayer which maximizes the response
sensitivity to changes in the resistivity of the nanopore. After determining the identity of the
tagged nucleotide, the disclosed method can apply another a greater positive relative
potential to the irans electrode to increase the pull force on the polymer tether, such that the
tag dissociates from the polymer tether. In some embodiments, the disclosed method may be
used to detect proteins or other types of biopoiymers.

[0083] According to some embodiments, FiGs. 3A-3C schematically llustrate a
nanopore formed with ionophores. A single polymerase 3010 may be anchored into a
membrane 3020 The membrane may be a lipid monolayer or a lipid bilayer. The polymerase
can be anchored using a membrane-spanning peptide (MSP) 3011, and this peptide can be
anchored to the underlying surface. One half (gB} 3030 of an ionophore (e.g., gramicidin}

may be conjugated via a tether to the MSP-—this half resides on the trans side of the
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membrane. The purpose of this tether 1s to localize gB to the polymerase, and to the trans
side. Other methods of localizing gB close to the polymerase on the trans side include
anchoring ¢B to the surface, or using asymmetric bilayers where gB has characteristics that
favor the trans-side bilayer. The polymerase may interact with a template polynucleotide
3002 and a primer 3001, which may not pass through the pore. Gamma phosphate labeled
nucleotide 3003 may be attached to the other half of the gramicidin dimer {gA} 3031—+this is
on the cis side. When the nucleotide sits in the polymerase active site, a dimer 3040 may be
formed from the two halves of the gramicin, opening up a nanopore or ion channel permitting
current 3050 to flow. Simple modifications to the granucidin peptide sequence may affect the
current flow, so four different modifications can permit four different signals. The two halves
of the gramicin can be engineered to have fast off-rates, so after the gamma phosphate
linkage is cleaved, gA will diffuse away into the bulk. Note that one gA alone may not span
the entire membrane to permit ion flow. To read out the identity of the labeled nucleotide, the
disclosed method can apply an AC voltage. By applying an AC voltage, the system may have
a non-Faradaic, capacitive response, and may not have a net electrochemical reaction. In
some embodiments, by measuring the AC response waveform which depends on the four
different modifications, one can determine the unique identity of the labeled nucleotide.
[8084] Additional details of the embodiments can be found ju US1036446382,
Liu, Zewen, et al “Sohd-state nanopore-based DNA sequencing technology.” Journal of
Nanomaterials 2016 (2016}, the entirety of each of the disclosures 1s incorporated herein by

reference.

Alternative Embodiments

[8085] Ume aspect of the disclosed technology relates to using the molecular of
mterest as part of a molecular bridge that conduct electricity.  In one embodiment, the
disclosed system mcludes a nanogap and a molecular bridge extending across the nanogap. A
siab of digleciric may also extend across the nanogap to act as a capaciter. When the
molecule of interest mteracts {e.g., hybridizes) with the molecular bridge, it may result ina
well-defined change in the electrical conductivity of the molecular bridge. The molecular

bridge may be a partially double-stranded DNA, 2 DNA origami, a carbon nanotube, or other
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molecular wires, and may contain nanoparticles. This disclosed system can be used to
identify a great variety of molecules, e g, different nucleotides or amine acids.

[8086] One embodiment of the disclosed system is llustrated in FIG. 7. In FIG. 7,
a sensor device 7000 for identifying nucleotides is shown. The sensor device 7000 may
include an electrode 7012, The sensor device 7000 may further include a FET 7020 having a
eate oxide 7113, The sensor device 7000 may further include a molecular bridge, eg., a
partially double-stranded nucleic acid polymer 7099 in a flow chamber 7017, The molecular
bridge 7099 may have one end operably coupled to the electrode 7012, e, via a top metal
surface 7018, and the other end operably coupled to the gate termunal of the FET 7020, e g,
via a bottom metal surface 7008 and a metal imterconnect 7022 buried i a thick insulator
7007 A cap dielectric 7223 and the metal surfaces 7008 and 7018 may to form a capacitor
connected in parallel with the partially double-stranded nucleic acid polymer 7099, The cap
dielectric 7223 may be about a few nm, 10 nm, 20 nm, 30 nm, 40 nm, 50 nm, 60 nm, 70 nm,
80 nm, or 90 nm in thickness.

[6(87] The sensor device 7000 may further include an electrical source 7001
configured to provide an AC input between the electrode and the source terminal of the FET.
The sensor device 7000 may further include an additional electrode 7002 for applying the AC
moput. A bias voltage 7004 may be applied across the source and drain ternunals of the FET.
The sensor device 7000 may further include a controller 7003 operably coupled to the FET,
the controller configured to measure an AC response of the FET, wherein the AC response
depends on the identity of a nucleotide interacting with the partially double-stranded nucleic
acid polymer 7099,

[0088] FIG., 1SA and FIG. 15B illustrate exemplary AC response waveforms,
such as the response waveforms as measured by the controller in FIG. 6, by the controlier
7003 of FIG. 7, or the controller of other suitable sensor devices. Changes to the electrical
conduction of the molecular bridge 7099 may cause amplitude and phase modulation of the
waveforms as shown i FIG. 15B. In some cases, the controller 1s configured to measure
changes of the amplitudes of the AC responses, e.g., as shown in comparing points 153 and
154 1n FIG. 158, For example, the amplitude may be obtained by comparing the maximal
and minimal points 151 and 152 in FIG. 158, In some cases, the controller is configured to

measure a change of the waveform shape of the AC response. In some cases, the electrical
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source 7001 is configured to provide an AC voltage in a sinusotdal, rectangular, triangular,
saw-tooth, or another suitable waveform alternating between a positive potential and a
negative potential. In some cases, electrical conduciion through the partially double-stranded
nucleic acid polymer 7099 is modulated by a nucleic acid label on a nuclectide being
incorporated to a polynucleotide, the nucleic acid label being partially complementary to the
partially double-stranded nucleic acid polvmer. FIG. 8 shows an equivalent circuit of the
sensor device 7000.

[B089) FIG. 14A and FIG. 14B show the signal-to-noise ratio of the response of
the circuit shown 1n FIG 8 In the example of FIG. 14A, the area of the FET gate is about
1.00 um® and the gate capacitance density of the FET 7020 is about 17 ff/um’. The resonant
frequency of the molecular bridge 7099 1s at or near the peak of the SNR. As shown in FIG.
14A, as the resistance of the molecular bridge (R _wire} decreases the resonant frequency of
the molecular bridge increases. Therefore, changes in the resonant frequency of the
molecular bridge can be utilized to detect a sequenced base which changes the resistance of
the molecular bridge. In the example of FIG. 14B, the area of the FET gate is about 0.25 um®
and the gate capacitance density of the FET 7020 is about 17 ffiurn®. The resonant frequency
of the roolecular bridge 7099 ts at or near the peak of the SNR. As shown m FIG. 14B, as the
resistance of the wolecular bridge (R wuwe) decreases the resonant frequency of the
molecular bridge increases. Therefore, changes in the resonant frequency of the molecular
bridge can be utilized to detect a sequenced base which changes the resistance of the
molecular bridge.

[609¢] According to some embodiments, a sensing system 40 shown in FIG. 4
mcludes a flow cell 41 and an elecironic sensor 10 integrated nio the flow cell 41, The
electronic sensor 10 meludes two electrodes 12, 14; a modified, partially double stranded
nucleie acid polymer 16 bridging the two electrodes 12, 14, the modified, partially double
stranded nucleic acid polymer 16 meluding two polynucieotide chains 18, 20 partially
bonded {via hvdrogen bonding) together, a gap 22 in a first 18 of the polynucleotide chains
wherein nucleotides are missing; and a plurality of nucleotide bases 24 of a second 20 of the
polynucleotide chains exposed at the gap 22. The flow cell 41 is a vessel that contains the

sensor 10. It is to be undersiood that other vessels, such as a well, tube, channel, cuvette,
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Petri plate, bottle, or the like may alternatively contain the sensor 10. Cyclic processes, such
as nucleic acid sequencing reactions, are particularly well suited for flow cells 41,

[8091] Example flow cells 41 include a substrate/support 13 and a lid bonded
directly or indirectly thereto or integrally formed therewith. Flow cell 41 may include a fhud
inlet 45 and a fluid outlet 47 that enable delivery of bulk reagents o one sensor 10 or an
array of sensors 10 contained within the flow cell 41.

(60921 The sensing svstem 4¢ may also include a reagent delivery system 49 to
selectively introduce a reagent to an input {e.g., fluid inlet 43} of the flow cell 41, over the
sensor 10, and then out of the fluid outlet 47 The reagent delivery system 49 may include
tubing or other fluidics that can permanently or removably attach to the fluid nlet 45, The
reagent deliver system 49 may include a sample container 51. The reagent {including the
labeled nucleotide 30 to be mntroduced to the electronic sensor 10} may be stored in the
sample container or prepared and introduced to the sample container just before use. The
reagent deliver system 49 may also include a pump or other suitable equipment to retrieve
the reagent froro the sample container 51 and deliver it to the flud inlet 45. In other
examples, the sample container St 15 positioned so the reagent can flow by gravity to the
fluid ndet 45, over the sensor 10, and out the fluid outlet 47. The sensor 10 in the flow cell 41
moay also be operatively connected to a detector 15 to detect conductivity changes of the
sensor 10 when the sensing system 40 15 used.

[3093] According to some embodiments, a system 40° 15 shown m FIG. 5 and
mcludes an electronic sensor 10, which includes two electrodes 12, 14, a modified, partially
double stranded nucleic acid polymer 16 bridging the two electrodes 12, 14, the modified,
partially double stranded nucleic acid polymer 16 including two polynucleotide chains 18, 20
partially bonded {via hydrogen bonding) together, a gap 22 in a first 18 of the polynucleotide
chains wherein nucleotides are missing; and a plurafity of nucleotide bases 24 of a second 20
of the polynuclestide chains exposed at the gap 22; and separate reagents that are to be
itroduced to the electronic sensor 10, the reagents including labeled nucleotides 30, at least
one of the labeled nucleotides 30 including a nucleotide 32, a linking molecule 34 attached to
a phosphate group of the nucleotide, a swiich strand 28 attached to the linking molecule 34,
the switch strand 28 including a strand of nucleotides including bases 36 complementary to at

least some of the plurality of nucleotide bases 24 exposed at the gap 22. In the example
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shown in FIG 5§, the polynucleotide chain 18 s ACCGGGGTA-gap-ATCCG and the
polynucleotide chain 20 15 TGGGCCCCATCCCCCCTAGGE (SEQ. 1D No. 1) In the
polvnucleotide chain 20, the nucleotide bases “CCCCCLC” are exposed at the gap 22 (at least
until a switch strand 28 is associated therewith).

[6094] While not shown, it is to be understood that the sensor 10 may be
positioned within or part of a vessel, such as flow cell 41 (FIG. 4}, a tube, channel, cuvette,
Petri plate, botile, or the like. Another example of a suitable vessel 15 a flow cell.

[8095] While one sensor 10 is shown in FIG 3, it i1s to be understood that the
sensing system 40" may include an array of sensors 10 positioned on a substrate. Moreover,
the senscr{s}) 10 of the sensing svstem 40" may each be electrically connected to a respective
detector 15 to detect a response from the electrical sensor 10 when the switch strand 28 is
associated at the gap 22

[0096] Some examples of the sensing system 40’ further include a polymerase 38
anchored to the modified dsNA 16/, and a template polynucleotide chain 48 that is to be
mnitroduced to the sensor 10.

[8097] As shown i FIG. 3, the sensor 10 includes the polyroerase 38, Any DNA
polymerase may be used that can catalyze the addiion of oune nucleotide at a time to the
nascent strand. The DNA polymerase may be from any of the following farmbies: A, B, C, D,
X, Y, and RT. Specific examples from famuly A include T7 BNA polymerase, Pol 1, Pol v,
Pol &, or Pol v; or from family B include Pol I, Pol B, Pol £ Pol ¢, Pol §, and Pol g; or from
farmily C include Pol I or from family D mclude Pol D (DPU/DP2 heterodimer), or from
fapuly X mclude Pol B, Pol o, Pol A, Pol i, and Terminal deoxynucleotidyl transferase; or
from family Y include Pol y, Pol x, Pol 1, Pol TV, and Pol V; or from family RT include
Telomerase.

[0098] As shown m FIG. 3, the polymerase 38 is mumobilized to the modified
dsNA 16" with a tether 46. In another example, the polymerase 38 i3 immobilized to a
substrate with the tether 46, The tether 46 13 used as an anchor for the polymerase 38, and it
may be desirable that the tether 46 be non-conducting. A non-conducting tether may be
particularty desirable when the polymerase 38 is attached to the modified dsNA 16"
Examples of a suitable tether 46 includes polyethylene glycol (PEG) with a cleavable hink at

some point along the PEG chain, or may include Nickel NTA/His tag chemistry,
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streptavidin/biotin chemistry {e.g., streptavidin attached to the modified dsNA 16" and biotin
attached to the polymerase 38), DNA-DNA hybridization, DNA-PFNA hybrdization,
carboxy! sifane j-ethyl-3-(3-dimethylaminopropylicarbodiimide (EDC), or any other suitable
linker that can attach the polymerase {0 the modified dsNA 16’ or to the substrate surface. In
some examples, the tether 46 holds the polymerase 38 at least 10 nm away from the modified
dsMNA 16 This may be desirable, for example, so that conformal changes to the polymerase
38, charges of the polymerase 38, and/or charges of the target/template polynuciestide chain
48 held by the polyvmerase 38 do not interfere with the sensing operation of the modified
dsNA 16"

[8099] In an example, the modified dsNA 16" may be mually attached to the
polymerase 38 by the tether 46, which includes a cleavable link. This combination may be
mtroduced to the elecirodes 12, 14 to attach the opposed ends of the modified dsNA 16" 1o
the electrodes 12, 14 and to attach the polymerase 38 to a substrate surface via, e.g., Nickel
NTA/His tag chemistry. In this example, the cleavable link may be cleaved to detach the
polymerase 38 from the modified dsNA 16’ In this exarple, the polymerase 38 15
proximity to the modified dsNA 16/, but is not actually touching 1t. It 1s to be understood that
the tether 46 may be cleaved when chenustry 1s provided to hold the polymerase 38, e, on
the substrate surface and within proxumity to the sensor 10.

[01606] As mentioned herein, examples of the systern 40, 40" may also include the
template polynucleotide chain 48 that is to be introduced to the sensor 10,

[8101] The template polynucleotide chain 48 may be any sample that s 1o be
sequenced, and may be composed of DNA, RNA, or analogs thereof {&.g., peptide nucleic
acids). The source of the template (or target) polynucieotide chain 48 can be genomic DNA,
messenger RNA, or other nucleic acids from native sources. In some cases, the template
polynucieotide chain 48 that 15 dertved from such sources can be amplified prior to use in g
method or aystem 40, 40" herein. Any of a variety of known amphification techniques can be
used including, but not himited to, polymerase chain reaction {PCR), rolling circle
amplification (RCA}, multiple displacement amplification (MDA}, or random primer
amplification (RPA}. It 15 to be understood that amplification of the template polynucleotide
chain 48 prior to use in the method or system 40, 40’ set forth heremn is optional. As such, the

template polynucieotide chain 48 will not be amplified prior to use in some examples.
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Template/target polynucleotide chains 48 can optionally be derived from synthetic libraries.
Synthetic nucleic acids can have native DNA or RNA compositions or ¢an be analogs
thereof.

[0102] Biological samples from which the template polynucleotide chain 48 can
be derived include, for example, those from a mammal, such as a rodent, mouse, rat, rabbit,
cuinea pig, ungulate, horse, sheep, pig, goat, cow, cat, dog, primate, human or non-human
primate; a plant such as Arabidopsis thaliana, corn, sorghum, oat, wheat, rice, canola, or
soybean; an algae such as Chlamydomonas reinhardtii; a nematode such as Caenorhabditis
elegans; an nsect such as Drosophila melanogaster, mosquito, fruit fly, honey bee or spider;
a fish such as zebrafish, a reptile; an amphibian such as a frog or Xenopus laevis; a
Dictyostelium discoideum; a fungi such as Pneumocystis carinn Takifugu rubripes, yeast,
Saccharamoyces cerevisiae or Schizosaccharomyces pombe; or a Plasmodium falciparum.
Template polynucleotide chains 48 can also be derived from prokaryotes such as a bacterium,
Escherichia coly, staphvlococet or Mycoplasma pneumoniae; an archae; a virus such as
Hepatitis C virus, ebola virus or human immunodeficiency virus; or a viroid. Template
polvoucleotide chains 48 can be derived from a homogeneous culture or population of the
above organisms or alternatively from a collection of several different orgamisms, for
example, it & community or ecosystem

[6163] Moreover, template polyoucleotide chains 48 may not be derived from
natural sources, but rather can be synthesized using known techniques. For example, gene
expression probes or genotyping probes can be synthesized and used in the examples set
forth herem.

[8104] in some examples, tempiate polynuclestide chains 48 can be obtained as
fragments of one or more larger nucleic acids. Fragmentation can be carried out using any of
a variety of technmiques known in the art including, for example, nebulization, sonication,
chemical cleavage, enzymatic cleavage, or physical shearing Fragmentation may also result
from use of a particular amplification techmque that produces amplicons by copying only a
portion of a larger nucleic acid chain. For example, PCR amplification produces fragments
having a size defined by the length of the nucleotide sequence on the original template that is

between the locations where flanking primers hybridize during amplification. The length of
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the template polynucleotide chain 48 may be in terms of the number of nuclestides or in
terms of a metric length (e.g., nanometers).

[0165] A population of template/target polvnucleotide chains 48, or amplicons
thereof, can have an average strand length that 15 desired or appropriate for a particular
apphication of the methods or system 40, 40' set forth herein. For example, the average strand
length can be less than about 100,000 nucleotides, about 50,000 nuclectides, about 10,000
nucleotides, about 5,000 nucleotides, about 1,000 nucleotides, about 500 nucleotides, about
100 nucleotides, or about 30 nuclectides. Alternatively or additionally, the average strand
length can be greater than about 10 nucleotides, about 50 nucleotides, about 100 nucleotides,
about 300 nucleotides, about 1,000 nucleotides, about 5,000 nucleotides, about 10,000
nucleotides, about 50,000 nucleotides, or about 100,000 nucleotides. The average strand
length for a population of target polynucleotide chains 48, or amplicons thereof, can be ina
range between a maximum and minimum value set forth above,

[08106] in some cases, a population of template/target polynucleotide chains 48
can be produced under conditions or otherwise configured to have a maxaimum length for us
raembers. For exaraple, the maximum length for the members can be less than about 100,000
nucleotides, about 50,000 nucleotides, gbout 14,000 nucleotides, about 5,000 nucleotides,

o~

about 1,000 nucleotides, about SO0 nucleotides, about 100 nucleotides or about 350
nucleotides. Alternatively or additionally, a population of template polynucleotide chaing 48,
or amplicons thereof, can be produced under conditions or otherwise configured to have a
mimimam length for s members, For example, the munimum length for the members can be
more than about 10 nucleotides, about 50 nucleotides, about 100 nucleotides, about 500
nucleotides, about 1,000 nuclectides, about 5,000 nucleotides, about 10,000 nucleotides,
about 50,000 nucleotides, or about 100,000 nucleotides. The maximum and mimimum strand
length for ternplate polynucleotide chains 48 in a population can be in a range between a
maximum and minimum value set forth above,

{0167} As shown in FIG. 5, the template polynucleotide chain 4% {e.g., a single
stranded DNA strand} to be sequenced is bound to the polymerase 38 after having been
mtroduced in solotion along with reagents, such as the labeled nucleotides 30.

[6108] In some examples, several different labeled nucleotides 30 {eg,

respectively labeled with dA, dC, dG, and d7T as the nucleotide 32) may be used together ina
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system 40, 40" mcluding an asray of sensors 10, In one example, four different labeled
nuclectides 30 are used, each including a different nuclestide 32 and a different nucleotide-
specific switch strand 28. As an example, the labeled nucleotides 30 include a first labeled
nucleotide, which includes deoxyadenosine polyphosphate as the nucleotide and a first
nucleotide-specific  switch strand; a second labeled nucleouide, which includes
deoxyguanosine polyphosphate as the nucleotide and a second nuclectide-specific switch
strand having a different sequence than the first switch strand; a third labeled nucleotide,
which includes deoxyeytidine polyphosphate as the nucleotide and a third nucleotide-specific
switch strand having a different sequence than each of the first and second switch strands;
and a fourth labeled nuclectide, which includes deoxythymidine polvphosphate as the
nucleotide and a fourth nucleotide-specific switch strand having a different sequence than
each of the first, second, and third swiich strands. As such, in this example, the first, second,
third, and fourth nucleotide-specific switch strands are different from each other. The
ditferent switch strands will generate different conductivity changes (when associated at a
complementary gap 22), which may be used to identify the specific nucleotide attached
thereto.

[6109] To determine the identity of the molecule of mterest, the disclosed method
roay apply an AC voltage across the system and reads out the voliage or current response
from the transistor. The electrical conductivity of the molecular bridge, and therefore the
electrical response of the systern, depend on the identity of the molecule of interest
Measurement sensitivity may be improved if the AC voliage frequency 18 at around the
optimal frequency which maximizes the response sensifivity.

[8116] Additional details of the embodiments can be found m US2020/0002758,

the entirety of each of the disclosures 13 incorporated herein by reference.

Further Examples

[0111] Example 1 A system for idenitfying a componeni in 2
macromolecule, comprising:
(8112} a first element having a first resistance, wherein the first resistance

depends on the identity of the component;
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[8113] a second element having a first capacitance, wherein the second element is
operably connected with the first element; and

[0114] an electrical source configured to supply a first periodic waveform with
approximately a first frequency whereby the sensitivity of an electrical response of the
system to the first resistance s maximized.

[0115] Example 2: The system of Example 1, wherein the first frequency
depends on the first resistance and the first capacitance.

[0116] Example 3 The system of Example 1, wherein the first periodic
waveform 15 sinusotdal.

[0117] Example 4 The system of Example 1, wherein the first element and
the second element are connected in parallel

[0118] Example 5: The system of Example 1, further comprising a
plurality of electrodes and a plurality of transistors.

[0119] Example 6 The system of Example S, wherein one of the plurality
of transistors 15 a field-effect transistor (FET).

[0120] Exarople 7: The systern of Example 1, further comprising an
electrode and a FET, wherein the electrode s operably connected to one side of the furst
elernent, wherein the gate terminal of the FET is operably conuected to the opposite side of
the fust element, and wherein the furst element and the second element are connected mn
parallel

(8121} Example 8 The systemn of Example 7, wherein the first periodic
waveform is supplied as a voltage across the electrode and the source terminal of the FET.

(8122} Example 9 The system of Example 7, wherein the first frequency
further depends on a second capacitance associated with the FET.

[8123] Example 10 The system of Example 9, wherein the second
capacitance is the gate capacttance of the FET.

[0124] Example 11: The system of Example I, wherein the electrical source
is further configured to supply a second waveform.

[8125] Example 12 The system of Example 11, wherein the electrical
source is configured to supply the second waveform and the first periodic waveform

simultaneously.
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[68126] Example 13: The system of Example 11, wherein the second
waveform is periodic.

{6127} Example 14 The system of Example 11, wherein the second
waveform 1s a direct current (DY waveform.

[0128] Example 15 The system of Example 1, wherein the macromolecule
comprises a plurality of types of polymers, and wherein the component is a monomer of one
of the plurality of types of polymers.

[8129] Example 16 The system of Example 1, wherein the macromolecule
comprises one or more polypeptides, and wherein the component is an amino acid.

[0130] Example 17: The system of Example 1, wherein the macromolecule
comprises one or more polynucleotides, and wherein the component is a nucleotide.

(0131} Example 18: The system of Example 17, wherein nucleotides of the
one or more polynucleotides are modified and/or labeled such that the values of the first
resistance for any two types of nucleotides are distinguishable.

[0132] Example 19 The system of Example 17, further comprising a
reverse transcriptase, wherein the reverse transcriptase 1s configured to reverse tfranscribe a

portion of the macromolecule.

[0133] Exarople 20: The system of Example 17, further comprising a DNA
polymerase, wherem the DNA polymerase 15 configured to replicate a portion of the
macromolecule,

[0834] Example 21 The system of Example 20, further comprising a

chamber, an electrolyte in the chamber, and precursors of nucleic acids, wherein the
precursors are dissolved in the electrolyte.

[0135] Example 22 The systemn of Example 21, further comprising a
polymer tether permanently attached to the DNA polymerase, wherein the polymer tether is
configured to be charged in the electrolyie.

[0136] Example 23: system of BExample 22, wherein parts of the precursors
are configured to hybridize with predefined regions of the polymer tether, wherein the
predefined regions depend on the types of the precursors.

(0137} Example 24 The system of Example 22, wherein the electrical

source is further configured to actuate the polymer tether.
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[6138] Example 25 The system of Example 21, further comprising a fluidic
subsystem configured to supply the electrolyte and the precursors to the chamber.

[8139] Example 26 The system of Example 21, wherein the precursors are
modified and/or labeled such that the values of the first resistance for any two types of
precursors are distinguishable.

[8140] Example 27 The system of Example 26, wherein the precursors are
coupled to 1onophores or portions of 1onophores.

[8141) Example 28: The system of Example 1, wherein the second element
comprises at least one dielectric layer and at least one conductive layer.

[0142] Example 29 The system: of Example 28, wherein the first element
comprises a modified, partially double-stranded nucleic acid polymer,

[0143] Example 30 The system of Example 29 wherein the modified,
partially double-stranded nucleic acid polymer comprises:

[8144] two polynucleotide chains partially bonded together;

[6145] a gap n one polymucieotide chain wherein nucleotides are missing; and

[8146] a plurality of nucleotide bases of the other polynucleotide chain exposed at
the gap.

[0147] Exarople 31 The system of Example 1, wherein the second element
comprises a membrane,

[0148] Hxample 32 The system of Example 31, wherein the membrane 1s
formed of lipid, silicon, graphene, a solid-state material, a synthetic material, a biomumetic
equavalent of lipid, or any combination thergof

[0149] Example 33: The system of Example 31, further comprising an
ionophore or a portion of an 1onophore deposited 1n the membrane.

[0180] Example 34: The systemy of Example 33, wherein the first element
comprises an ion channel formed in the membrane based 1 part on the 1onophore or the
portion of an ionophore.

[8151] Example 35 The system of Example 31, wherein the first element
cOmprises a nanopore,

[0152] Example 36 The system of Example 35, wherein the nanopore is a

hole in the membrane.
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[0153] Example 37 The system of Example 35, wherein the nanopore
comprises a structure deposited in the membrane, whergin the structure 1s formed of one or
more polynucleotides, one or more polypeptides, one or more types of bigpolymers, one or
more carbon nanotubes, one or more types of solid-state materials, or any combination
thereof.

[0154] Example 38: An array of a plurality of sequencers, wherein at least
one sequencer is defined according to the system of any of the previous Examples.

[8155) Example 39 A method of using the system as defined in any of
Examples 7 - 10, the method comprising measuring a respounse of the FET as a function of
the identity of the component to identify the component in the macromolecule.

[0156] Example 40 The method of Example 39, wherein measuring the
response comprises measuring the FET gate-source voltage, the FET source-drain current,
the FET drain-to-source resistance, or any combination thereof.

[0187] Example 41: The method of Example 39, wherein measuring the
response comprises measuring a phase of the response, an amplitude of the response, a
waveform of the response, or any combination thereof,

[6158] Example 42 The method of Example 39, the wethod further
comprising setting the first frequency to a value such that the partial derivative of the
response of the FET with respect to the first resistance 18 maximal or minimal

[0159] Hxample 43 The method of Example 39, the method further
comprising setting the first frequency to a value such that measured variation in the response
of the FET with respect to changing the first resistance 1s larger than a threshold.

[0160] Example 44 The wmethod of Example 42, the wmethod further
comprising configuring the electrical source fo supply the first periodic waveform at a
frequency within 10% of the first frequency.

[0161] Hxample 45 The method of Example 42, the method further
comprising configuring the elecirical source to supply the first pertodic waveform at a

frequency having the same order of magnitude as the first frequency.

Definitions
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[68162] All technical and scientific terms used herein have the same meaning as
commonly understood to one of ordinary skill in the art to which this disclosure belongs
unless clearly indicated otherwise.

[8163] As used herein, the singular forms “a”, “and”, and “the” include plural
referents unless the context clearly dictates otherwise. Thus, for example, reference to “a
sequence” may include a plurality of such sequences, and so forth.

[68164] The terms comprising, including, containing and various forms of these

terms are synonymous with each other and are meant to be equally broad. Moreover, unless
explicitly stated to the contrary, examples comprising, including, or having an element or a
plurality of elements having a particular property may include additional elements, whether
or not the additional elements have that property.

[0165] As used herein, “cis” refers to the side of a nanopore opening through
which an analyte or modified analyte enters the opening or across the face of which the
analyte or modified analyte moves.

[0166] As used herein, “trans” refers to the side of a nanopore opening through
which an analyte or modified analvte {or fragments thereof) exits the opening or across the
face of which the analyte or modified analyte does not move.

[0167] As  used herein, the terms “fludically  connecting”  “fluid

ER

commnunication,” “fluidically coupled,” and the like refer to two spatial regions being
connected together such that a liqguid or gas may flow between the two spatial regions. For
exarnple, a ¢is well/wells may be fluidically connected to a trans well/wells by way of a
middle well, a fluidic tunnel, a narrower region, or a pore, e.g., 4 nanopore, such that at least
a portion of an elecirolyte may flow between the connected wells. The two spatial regions
may be m fluid commumication through first and second nanoscale openings, or through one
or more valves, restrictors, or other fluidic components that are to control or regulate a flow
of fluid through a system.

[0168] As used herein, the term “operably connected” refers to a configuration of
elements, wherein an action or reaction of one element affects another element, but in a
manner that preserves each element's functionality.

[8169] As used herein, the term “membrane” refers {0 a non-permeable or semi-

permeable barrier or other sheet that separates two hquid/gel chambers (e.g., a cis well and a
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flurdic cavity} which can contain the same compositions or different compositions therein.
The permeability of the membrane to any given species depends upon the nature of the
membrane. In some examples, the membrane may be non-permeable o ions, to electric
current, and/or to fluids. For example, a lipid membrane may be impermeable to 1ons {ie,
does not allow any ion transport therethrough), but may be at least partially permeable to
water {e.g., water diffusivity ranges from about 40 um/s to about 100 um/s). For another
example, a synthetic/solid-state membrane, one example of which is silicon nitride, may be
impermeable to ions, eleciric charge, and fluids (i.e, the diffusion of all of these species is
zero). Any membrane may be used in accordance with the present disclosure, as long as the
membrane can include a transmembrane nanoscale opening and can maintain a potential
difference across the membrane. The membrane may be a monolayer or a multidayer
membrane. A multilayer membrane includes two or more layers, each of which s a non-
permeable or semi-permeable material

[8178) The membrane may be formed of materials of biological or non-bislogical
origin. A matenial that is of biological origin refers to material derived from or isolated from
a biological environment such as an orgamsm or cell, or a synthetically manufactured version
of a biologically available structure (e.g., a biomimetic material),

[0171] An example membrane that s made from the materal of biological origin
nciudes a monolayer formed by a bolalipid.  Another example membrane that is made from
the material of biological origm ncludes a hpid bilayer. Sutable hipid bilayers include, for
exarnple, a membrane of a cell, a membrane of an organelle, a liposome, a planar ipd
bilayer, and a supported lipid bilayer. A lipid bilayer can be formed, for example, from two
opposing layers of phospholipids, which are arranged such that their hydrophobic tail groups
face towards each other to form a hydrophobic interior, whereas the hydrophilic head groups
of the hipids face outwards towards the agueous environment on each side of the bilayer.
Lipid bilayers also can be formed, for example, by a method in which a lipid monolayer 1s
carried on an agueous solution/air interface past either side of an aperture that 1s substantially
perpendicular to that interface. The lipid 15 normally added to the surface of an aqueous
electrolyte solution by first dissolving it in an organic solvent and then allowing a drop of the
solvent to evaporate on the surface of the agqueous solution on either side of the aperture.

Unce the organic solvent has at least partially evaporated, the solution/air interfaces on either
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side of the aperture are physically moved up and down past the aperture until a bilayver 1s
formed. Other suitable methods of bilayer formation include tip-dipping, pamnting bilayers,
and patch-clamping of liposome bilayers. Any other methods for obtaining or generating
fipid bilayers may also be used.

[0172] A material that 15 not of biclogical origin may also be used as the
membrane. Some of these materials are solid-state materials and can form a solid-state
membrane, and others of these materials can form a thin liquid film or membrane. The solid-
state membrane can be a monolayer, such as a coating or film on a supporting substrate {i.e,
a solid support), or a freestanding element The solid-state membrane can also be a
composite of multilayered materials in a sandwich configuraticn.  Any matenial not of
biological origin may be used, as long as the resulting membrane can include a
transmembrane nanoscale opening and can maintain a potential difference across the
membrane. The membranes may include organic materials, inorganic materials, or both.
FExamples of suitable solid-state materials include, for example, microelectronic materials,
msulating matenals {eg., siheon miridde {(SuN4), aluminum oxide {ALOs), hafoium oxide
(BfOn), tantalum pentoxide {Ta20s), silicon oxide (8i02), ete.), some organic and morganic
polymers {e.g, polyanude, plastics, such as polytetraftuorcethylene (PTFE), or elastomers,
such as two-component addition-cure silicone rubber), and glasses. In addition, the solid-
state membrane can be made from a monolayer of graphene, which is an atomucally thin
sheet of carbon atoms densely packed into a two-dimensional honevcomb lattice, a
multidayer of graphene, or one or more layers of graphene mixed with one or more layers of
other solid-state materials. A graphene-contaimng solid-state membrane can inchude at least
one graphene layer that 13 a graphene nanoribbon or graphene nanogap, which can be used as
an elecirical sensor to characterize the target polynucleotide. It is to be understood that the
solid-state membrane can be made by any sutable method, for example, chemical vapor
deposition {CVD). In an example, a graphene membrane can be prepared through etther
CVD or exfoliation from graphite. Examples of suitable thin ligind film materials that may
be used include diblock copolymers or triblock copolvmers, such as amphiphilic PMOXA-
PDMS-PMOXA ABA triblock copolymers.

[8173] As used herein, the term “nanopore” is mtended to mean a hollow

structure discrete from, or defined in, and extending across the membrane that permits tons,
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electric current, and/or fluids to cross from one side of the membrane to the other side of the
membrane. For example, a membrane that inhibits the passage of ions or water-soluble
molecules can include a nanopore structure that extends across the membrane to permit the
passage {through a nanoscale opening extending through the nanopore structure} of the wons
or water-soluble molecules from one side of the membrane to the other side of the
membrane. The diameter of the nanoscale opening extending through the nanopore structure
can vary along its length (ie, from one side of the membrane to the other side of the
membrane), but at any point is on the nanoscale (i.e, from abouwt 1 nm to about 100 nm, or to
less than 1000 nm). Examples of the nanopore include, for example, biological nanopores,
solid-state nanopores, and biological and solid-state hybrid nanopores.

[6174] As used herein, the term “diameter” 1s intended to mean a longest straight
line inscribable in a cross-section of a nanoscale opening through a ceniroid of the cross-
section of the nanoscale opening. It is to be understood that the nanoscale opening may or
may not have a cucular or substantially circular cross-section ({the cross-section of the
nanoscale opening being substantially parallel with the cis/trans electrodes).  Further, the
cross-section may be regularly or wregularly shaped.

[6175] As used herein, the terrn “biclogical nanopore” is intended to nean a
nanopore whose structure portion is made from matenials of biological ongin.  Biological
origin refers to a material derived from or solated from a biological enviromment such as an
orgamism or cell, or a synthetically manufactured version of a biclogically available stracture.
Biological nanopores mclude, for example, polypeptide nanopores and polynucleotide
NAnOPOTES.

[8176] As used herein, the term “polypeptide nanopore” 1 intended to mean a
protem/polypeptide that extends across the membrane, and permits jons, eleciric current,
polymers such as DNA or peptides, or other molecules of appropriate dimension and charge,
and/or fluids to flow therethrough from one side of the membrane to the other side of the
membrane. A polypeptide nanopore can be a monomer, a homopelymer, or a heteropolymer.
Structures of polypeptide nanopores include, for example, an o-helix bundle nanopore and a
{-barrel nanopore. Example polypeptide nanopores include o-hemolysin, AMyvcobacterium
smegmatis porin A (MspA), gramicidin A, maltoporin, OmpF, OmpC, PhoE, Tsx, F-pilus,

etc. The protein a-hemolysin is found naturally in cell membranes, where it acts as a pore for
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ions or molecules to be transported 1o and out of cells. Mycobacrerium smegmatis porin A
{(MspA) 15 a membrane porin produced by Mycobacteria, which allows hydrophilic
molecules to enter the bacterium.  MspA forms a tightly interconnected octamer and
transmembrane beta-barrel that resembles a goblet and contains a central pore.

{6177} A polypeptide nanopore can be synthetic. A synthetic polypeptide
nanopore includes a protein-like amino acid sequence that does not occur in nature. The
protein-like aming acid sequence may include some of the aming acids that are known to
exist but do not form the basis of proteins (i.e., non-proteinogenic anuno acids). The protein-
like amino acid sequence may be artificially synthesized rather than expressed in an
organism and then purified/isolated.

[6178] As used herein, the term “pelynuclectide nanopore” 15 intended to include
a polvnucleotide that extends across the membrane, and permiis ions, eleciric current, and/or
fluids to flow from one side of the membrane to the other side of the membrane. A
polynucleotide pore can include, for example, a polynucleotide origami (e.g., nanoscale
folding of DNA to create the nanopore).

[8179] As used herein, the term “solid-state nanopore” s intended to mean a
nanopore whose structure portion is defined by a sohd-state membrane and includes
roatertals of non-biological origin {1.e, not of biological origin}. A solid-state nanopore can
be formed of an morganic or organic material.  Solid-state vanopores include, for example,
sihicon mitride nanopores, silicon dioxide nanopores, and graphene nanopores.

[6180] The nanopores disclosed herein may be hybrid nanopores. A “hybrid
nanopore” refers to a nanopore mcluding materials of both biclogical and non-biological
origing.  An example of a hybrid nanopore mncludes a polypeptide-solid-state hybrnid
nanopore and a polynucleotide-solid-state nanopore.

[8181] As used heremn, the term “vanopore sequencer” refers to any of the devices
disclosed herein that can be used for nanopore sequencing. In the examples disclosed heren,
during nanopore sequencing, the nanopore is immersed in examples of the elecitrolyte
disclosed herein and a potential difference is applied across the membrane. In an example,
the potential difference is an electric potential difference or an electrochemical potential
difference. An electrical potential difference can be mnposed across the membrane via a

voltage source that injects or administers current to at least one of the ions of the electrolyte
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contained in the cis well or one or more of the trans wells.  An electrochemical potential
difference can be established by a difference m ionic composition of the cis and trans wells in
combination with an electrical potential. The different ionic composition can be, for example,
different ions in each well or different concentrations of the same ions in each well.

[0182] The application of the potential difference across a nanopore may force
the translocation of a nucleic acid through the nanopore. Une or more signals are generated
that correspond to the translocation of the nucleotide through the nanopore. Accordingly, as
a target polynucleotide, or as a mononucleotide or a probe derived from the target
polynucleotide or mononuclectide, transits through the nanopore, the current across the
memtbrane changes due to base-dependent {or probe dependent) blockage of the constriction,
for example. The signal from that change in current can be measured using any of a variety
of methods. Fach signal is unique to the species of nucleotide(s) (or probe} in the nanopore,
such that the resultant signal can be used to determine a characteristic of the polynucleotide.
For example, the wdentity of one or more species of nucleotide(s} {or probe) that produces a
characteristic signal can be determined.

[0183] As used herein, a “nucleotide” includes a mitrogen contaiming heterocyclic
base, a sugar, and one or more phosphate groups. Nucleotides are monomeric units of a
nucleic acid sequence. Examples of nucleotides include, for example, nibonucleotides or
deoxyribonucleotides.  In tibonucleotides (RNA), the sugar 15 a ribose, and
deoxyribonucleotides (DNA}, the sugar 18 a deoxyribose, t.e, a sugar lacking a hydroxyl
group that is present at the 2' position in ribose.  The nitrogen contamning heterocyclic base
can be a purine base or a pyrimidine base. Purine bases inchude adenine (A) and guanine
(33, and modified derivatives or analogs thereof Pyrinudine bases juclude cytosine (C),
thymine {T), and vracil (U), and modified derivatives or analogs thereof The C-1 atom of
deoxyribose ts bonded to N-1 of a pyrimidine or N-9 of a purine. The phosphate groups may
be in the mono-, di-, or tn-phosphate form. These nuclectides are natural nucleotides, but 1t
is to be further understood that non-natural nucleotides, modified nucleotides or analogs of
the aforementioned nucleotides can also be used.

[8184] As used herein, the term “signal” is intended to mean an indicator that
represents information.  Signals include, for example, an electrical signal and an optical

signal.  The term “electrical signal” refers to an indicator of an electrical quality that
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represents nformation.  The indicator can be, for example, current, voltage, tunneling,
resistance, potential, voltage, conductance, or a transverse electrical effect.  An “electronic
current” or “electric current” refers to a flow of electric charge. In an example, an electrical
signal may be an electric current passing through a nanopore, and the electnic current may
flow when an electric potential difference is applied across the nanopore.

[0185] The term “substrate” refers to a rigid, solid support that is insoluble in
agueous liguid and is incapable of passing a hiquid absent an aperture, port, or other like
fugaid conduit. In the examples disclosed herein, the substrate may have wells or chambers
defined therein. Examples of suitable substrates include glass and modified or functionalized
glass, plastics (including acrylics, pelystyrene and copelymers of styrene and other materials,
polypropyiene, polyethvlene, polybutylene, polyurethanes, polyietrafluoroethylene (PTFE)
{such as TEFLON® from Chemours), cyclic olefins/cyclo-olefin polymers (COP) (such as
ZEONOR® from Zeon), polyimides, etc.}, nylon, ceramics, silica or silica-based materials,
silicon and modified silicon, carbon, metals, inorganic glasses, and optical fiber bundles.

[6186] The terms top, bottom, lower, upper, on, etc. are used herein to describe
the device/vanopore sequencer and/or the various components of the device. It 1s to be
understood that these directional termos are not meant to moply a specific onentation, but are
used to designate relative orientation between components. The use of duectional terms
should not be interpreted to Himit the examples disclosed herein to any specific orentation(s).
As used heretn, the terms “upper”, “lower”, “vertical”, “horizontal” and the like are meant 1o
mdicate relative orientation.

[6187] As used herein, the terms “well”, “cavity” and “chamber” are used
synonymaously, and refer to a discrete feature defined in the device that can contain a flud
(e.g., haud, gel, gas). A cis well is a chamber that contains or 1s partially defined by a ais
electrode, and 15 also fludically connected to the fhndic system of a FET which i turn 13
flundically connected to a trans well/chamber. Examples of an array of the present device
may have one cis well or multiple cis wells. The trans well 15 a single chamber that contains
or is partially defined by its own trans electrode, and 15 also fhudically connected to a cis
well In examples including multiple trans wells, each trans well is electrically 1solated from

each other trans well. Further, it is to be undersiood that the cross-section of a well taken
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parailel to a surface of a substrate at least partially defining the well can be curved, square,
polygenal, hyperbolic, conical, angular, ete.

[0188] As used herein, “field-effect transistors” or “FETs” typically inclode
doped source/drain regions that are formed of a semiconductor matenal, eg, silicon,
germanium, gallium arsenide, silicon carbide, etc., and are separated by a channel region. A
n-FET 1s a FET having an n-channel in which the current carriers are electrons. A p-FET isa
FET having a p-channel in which the current carriers are holes. Source/drain regions of a n-
FET device may include a different material than source/drain regions of a p-FET device In
some examples, the source/drain regions or the channel may not be doped. Doped regions
may be formed by adding dopant atoms to an intrinsic semiconductor. This changes the
electron and hole carrier concentrations of the mtrinsic semiconductor at thermal equilibrium.
A doped region may be p-type or n-type. As used herein, “p-tvpe” refers to the addition of
impurities to an intrinsic semiconductor that creates a deficiency of valence electrons. For
silicon, example p-type dopants, te, mmpurities, include but are not limited to boron,
alummuom, gallium, and indism. As used herein, “n-type” refers to the addition of impurities
that countribute free electrons to an intrinsic senuconductor. For silicon, example n-type
dopants, 1.e., impurities, nclude but are not imited to, antimony, arsenic, and phosphorus.
The dopant{s) may be introduced by 1on implantation or plasma doping.

189 For example, 10 an integrated curcuit having a plurality of metal oxide
serntconductor field effect transistors (MOSFETSs}, each MOSFET has a source and a drain
that are formed 1 an active region of a semiconductor layer by implanting n-type or p-type
mmpurities in the laver of semiconducior material. Disposed between the source and the drain
is a channel {or body) region. Disposed above the body region 13 a gate electrode. The gate
electrode and the body are spaced apart by a gate dielectric (gate oxide) laver. The channel
region connects the source and the dran, and electrical current flows through the channel
region from the source to the drain. The electrical current flow 15 induced in the channel
region by a voltage applied at the gate electrode.

[6196] Non-planar transistor device architectures, such as nanosheet (or
nanowire} transistors, can provide increased device density and increased performance over
planar transistors. A “gate-all-around” transistor is a transistor in which the gate 1s structured

to wrap around the channel. A “nanosheet transistor” refers to a tvpe of FET that may include
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a plurality of stacked nanosheets extending between a pair of source/drain regions, forming a
channel. Nanosheet {ransisiors, in contrast to conventional planar FETs, may include a gate
stack that wraps around the full perimeter of multiple nanosheet channel regions. Nanosheet
transistor configurations enable fuller depletion in the nanosheet channel regions and reduce
short-channel effects. “Nanowire transistors” may be similar t¢ nanosheet transisiors, except
the channel may include nanowires instead of nanosheets. The gate-all-around structure in
nanosheet or nanowire transistors can provide very small devices with better switching
control, lower leakage current, faster operations, and lower output resistance.

(6191} A way of increasing channel conductivity and decreasing FET size 1s to
form the channel as a nanostructure. For example, a gate-all-around ((GAA) nanosheet FET s
an architecture for providing a relatively small FET footprint by forming the channel region
as a series of nanosheets. In a GAA configuration, a nanosheet-based FET includes a source
region, a drain region and stacked nanosheet channels between the source and drain regions.
A gate surrounds the stacked nanosheet channels and regulates electron flow through the
nanosheet channels between the source and drain regions. GAA nanosheet FETs may be
fabricated by forming alternating lavers of channel nanosheets and sacrificial nanosheets,
The sacrificial nanosheets are released from the channel nanosheets before the FET device 13
finalized. For n-type FETs, the channel nanosheets are typically silicon {8i) and the
sacrificial nanosheets are tyvpically sthcon germanium (Si1Ge). For p-type FETs, the channel
nanosheets are typically SiGe and the sacnificial nanosheets are typically Si0 In some
implementations, the channel nanosheet of a p-FET can be SiGe or Si, and the sacrificial
nanosheets can be Si or S$13e. Forming the GAA nanosheets from alternating layers of
channel nanosheets formed from a {irst type of semiconductor material {e.g., 81 for n-type
FETs, and SiGe for p-type FETs) and sacrificial nanosheets formed from a second tvpe of
semiconductor material {e.g., 5iGe for n-type FETs, and St for p-type FETs) provides
superior channel electrostatics control, which iz beneficial for continuously scaling gate
lengths down to seven nanometer {MOS technology and below. The use of multiple layered
S1Ge/Si sacrificial/channel nanosheets {(or 81/8:Ge sacrificial/channel nanosheets) to form the
channel regions m GAA FET semiconductor devices provides desirable device

characteristics, including the introduction of strain at the interface between SiGe and Si.
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[6192] In some examples, a “nanowire” i3 characterized by a eritical dimension of
less than about 30 nm, while a “nanosheet” 15 characterized by a cnitical dimension of about
30 nm or greater. In exemplary devices, the critical dimension 18 measured along the gate. In
that direction, if the widih of the channel 1s small, the channel cross-section is like a “wire”
whereas if the width of the channel is large, the channel cross-section is like a “sheet”

[0193] In some examples, the smallest dimension of the nanosheet or nanowire is
between about 1-10, about 1-50, about 1-100, about 1-500, or about 1-1000 nm. In some
examples, the smallest dimension of the nanosheet or nanowire is between about 1-3, about
3-10, about 5-13, about 10-20, about 15-30, about 20-40, about 30-50, about 40-75, about 50-
100, about 75-150, about 100-200, about 150-300, about 200-400, about 300-300, about 400-
750, or about 500-1000 nm. In some examples, the smallest dimension of the nanoshest is at
least about 3, about 5, about 7, about 10, about 153, about 20, about 50, about 100, about 150,
about 200, about 250, about 300, about 330, about 400, about 450, about 300, about 600,
about 700, about 800, about 200, about 1000, about 2000, about 2500, about 3000, about
4000, or about 5000 tirnes smaller than the other two dimensions of the nanosheet. In some
examples, the smallest dimension of the nanosheet is between about 2-3, about 3-7, about 5-
10, about 7-15, about 10-20, about 15-50, about 20-100, about 50-150, about 100-200, about
150-256, about 200-300, about 250-35(, about 300-400, about 350-450, about 400-500,
about 450-600, 5 about 00-700, about 600-800, about 700-900, about 800-1000, about 900-
2000, about 1000-2500, about 2000-300¢, about 2500-4000, or about 3000-5000 times
smaller than the other two dimensions of the nanosheet In some examples, the smallest
dimension of the nanosheet 15 at most about 3, about 5, about 7, about 10, about 13, about 20,
about 50, about 100, about 150, about 200, about 250, about 300, about 350, about 400, about
450, about 500, about 600, about 700, about 800, about 900, about 1000, about 2000, about
2500, about 3600, about 4000, or about 5600 times smaller than the other two dimensions of
the nanosheet. In some examples, the biggest dimension of the nanowire 1s at least about 3,
about 5, about 7, about 10, about 15, about 20, about 50, about 100, about 150, about 200,
about 250, about 300, about 350, about 400, about 450, about 500, about 600, about 700,
about 800, about 900, about 1000, about 2000, about 2500, about 3000, about 4000, or about
5000 times bigger than the other two dimensions of the nanowire. In some examples, the

biggest dimension of the nanowire is between about 2-5, about 3-7, about 5-10, about 7-15,
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about 10-20, about 15-50, about 20-100, about 50-150, about 100-200, about 150-250, about
200-300, about 250-350, about 300-400, about 350-450, about 400-500, about 450-600,
about 500-700, about 600-800, about 700-200, about 800-1000, about 900-2000, about 1000-
2500, about 2060-3000, about 2500-4000, or about 3000-3000 times bigger than the other
two dimensions of the nanowire. In some examples, the biggest dimension of the nanowire is
at most about 3, about 3, about 7, about 10, about 15, about 20, about 30, about 100, about
150, about 200, about 250, about 300, about 350, about 400, about 450, about 500, about
600, about 700, about 800, about 900, about 1000, about 2000, about 2500, about 3000,
about 40090, or about 5000 times bigger than the other two dimensions of the nanowire.

[8194] The aspects and examples set forth herein and recited in the claims can be

understood in view of the above definitions.

Additional Notes

[8195] it should be appreciated that all combinations of the foregoing concepts
and additional concepts discussed n greater detail below {provided such concepts are not
routually  inconsistent) are contemplated as being part of the nventive subject matter
disclosed herein. In particular, all combmations of claimed subject matter appearing at the
end of this disclosure are contemplated as being part of the inventive subject matter disclosed
heremn. It should also be appreciated that termunology explicitly employed herein that also
may appear in any disclosure mcorporated by reference should be accorded a meaning most
consistent with the particular concepts disclosed herem.

[8196] Reference throughout the specification to “one example”, “another
example”, “an example”, and so forth, means that a particular element {eg., feature,
structure, and/or characteristic} described in connection with the example is mcloded in at
least one example described herein, and may or may not be present in other examples. In
addition, it 1s to be understood that the described elements for any example may be combined
in any suitable manner in the various examples unless the context clearly dictates otherwise.

[6197] 1t is to be understood that the ranges provided herein include the stated
range and any value or sub-range within the stated range, as if such value or sub-range were
explicitly recited.  For example, 2 range from about 2 nm to about 20 nm should be

mterpreted to include not only the explicitly recited limits of from about 2 nm to about 20
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nm, but also to inchide individual values, such as about 3.5 nm, about 8 nm, about 18.2 nim,
etc., and sub-ranges, such as from about 5 nm to about 10 nm, etc. Furthermore, when
“about” and/or “substantially” are/is utilized o describe a value, this is meant {0 encompass
minor variations {up to +/- 10%}) from the stated value.

[0198] While several examples have been described in detail, it 15 to be
understood that the disclosed examples may be modified  Therefore, the foregoing
description is to be considered non-limiting.

[08199] While certain examples have been described, these examples have been
presented by way of example only, and are not intended to himit the scope of the disclosure.
Indeed, the novel methods and systems described herein may be embodied in a variety of
other forms. Furthermore, various omissions, substitutions and changes in the systems and
methods described herein may be made without departing from the spirit of the disclosure.
The accompanving claims and their equivalents are intended to cover such forms or
modifications as would fall within the scope and spirit of the disclosure.

[6200] Features, materials, characteristics, or groups described m conjunction
with a particular aspect, or example are to be understood to be applicable to any other
aspector example described in this section or elsewhere w tlus specification unless
mcompatible therewith. Al of the features disclosed 1 this specification (including any
accompanying claims, abstract and drawings), and/or all of the steps of any method or
process so disclosed, may be combined m any combination, except combinations where at
least some of such features and/or steps are mutually exclusive. The protection 15 not
restricted to the details of any foregomng examples. The protection extends to any novel one,
or any novel combination, of the features disclosed 1u this specification (including any
accompanying claims, abstract and drawings), or to any novel one, or any novel combination,
of the steps of any method or process so disclosed.

[02681] Furthermore, certain features that are described 1n this diaclosure in the
context of separate mmplementations can also be implemented in combination in a single
implementation. Conversely, various features that are described in the context of a single
implementation can also be implemented in multiple implementations separately or in any
suitable sub-combination. Moreover, although features may be descrnibed above as acting in

certain combinations, one or more features from a claimed combination can, in some cases,
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be excised from the combination, and the combination may be claimed as a sub-combination
of vartation of a sub-combination.

{82021 Moreover, while operations may be depicted in the drawings or desecribed
in the specification in a particular order, such operations need not be performed in the
particular order shown or in sequential order, or that all operations be performed, to achieve
desirable results. Other operations that are not depicted or described can be incorporated in
the example methods and processes. For example, one or more additional operations can be
performed before, after, simultaneously, or between any of the described operations. Further,
the operations may be rearranged or reordered in other implementations. Those skilled in the
art will appreciate that in some examples, the actual steps taken in the processes illustrated
and/or disclosed may differ from those shown in the figures. Depending on the example,
certain of the steps described above may be removed or others may be added. Furthermore,
the features and atiributes of the specific examples disclosed above may be combined in
different ways to form additional examples, all of which fall within the scope of the present
disclosure.  Also, the separation of various system components in the mmplementations
described above should not be understood as requiting such separation i all
implementations, and it should be understood that the described components and systems can
generally be ategrated together 1o a single product or packaged into multiple products. For
exarople, any of the components for an energy storage system described herein can be
provided separately, or integrated together (e.g., packaged together, or attached together} to
form an energy storage system.

[6203] For purposes of this disclosure, certain aspects, advantages, and novel
features are described heremn.  Not necessarily all such advantages may be achieved in
accordance with any particular example.  Thus, for example, those skilled in the art will
recognize that the disclosure may be embodied or carried out in a manner that achieves ove
advaniage or a group of advantages as taught heremn without necessanly achieving other
advantages as may be taught or suggested herein.

[6204] Conditional language, such as “can,” “could,” “might,” or “may,” unless
specifically siated otherwise, or otherwise understood within the context as used, is generally
intended to convey that certain examples include, while other examples do not include,

certain features, elements, and/or steps. Thus, such conditional langnage is not generally
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intended to mmply that features, elements, and/or steps are in any way required for one or
more examples or that one or more examples necessarily include logic for deciding, with or
without user input or prompting, whether these features, elements, and/or steps are included
or are to be performed i any particular example.

[0285] Conjunctive language such as the phrase “at least one of X, Y, and 27
unless specifically stated otherwise, is otherwise understood with the context as used in
general to convey that an item, term, etc. may be either X, Y, or Z. Thus, such conjunctive
language is not generally intended to imply that certain examples require the presence of at
least one of X, at least one of Y, and at least one of Z.

[08206] Language of degree used herein, such as the terms “approximately.”
“about,” “generally,” and “substantially” represent a value, amount, or characteristic close to
the stated value, amount, or characteristic that still performs a desired function or achieves a
desired result.

[8207] The scope of the present disclosure 15 not intended to be limited by the
specific disclosures of preferred examples in thus section or elsewhere 1o this specification,
and may be defined by clains as presented in this section or elsewhere m this specification or
as presented wn the future. The language of the claims s to be mterpreted broadly based on
the language employed in the claims and not himuted to the examples described in the present
specification or during the prosecution of the application, which examples are to be construed

as nop~-exclusive.
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