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HYBRID NANOPORE SENSORS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a division of U.S. application
Ser. No. 17/188,193 filed Mar. 1, 2021 which 1s a division
of U.S. application Ser. No. 16/707,554 filed Dec. 9, 2019
now U.S. patent Ser. No. 10/961,576 1ssued Mar. 30, 2021
which 1s a continuation of U.S. application Ser. No. 15/522,
087 filed Apr. 28, 2017 now U.S. Pat. No. 10,519,499 1ssued
Dec. 31, 2019 which 1s the U.S. national phase of PCT/
US2015/042680 filed Jul. 29, 2015 and published in English
as WO 2016019030 on Feb. 4, 2016 which claims the benefit
of U.S. Provisional Application No. 62,157,749, entitled
“TETHERED NANOPORES, NANOPORES IN NANO-
DISCS AND HYBRID NANOPORE SENSORS” and filed
May 6, 2015, and U.S. Provisional Application No. 62/031,
762, enftitled “NANOPORES IN NANODISCS AND
HYBRID NANOPORE SENSORS,” filed Jul. 31, 2014, the
disclosures of which are incorporated herein by reference 1n
their entireties for all purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED R&D

[0002] This invention was made with Government support
under National Institute of Health (NIH) Grant Number

SR21HGO007833-02 awarded by the Public Health Services
(PHS). The Government has certain rights 1n the invention.

BACKGROUND

[0003] Protein nanopore devices have been explored for
many sensor applications, especially in the field of DNA/
RNA sequencing. Discrimination of nucleotide bases has
been demonstrated by reading the 10onic current signal when
the DNA molecule 1s passing through the nanopore. Fol-
lowing from these initial observations, protein based nan-
opore devices have been postulated to have great potential to
push forward nucleic acid sequencing technology 1n terms of
lower price, fast turn around and longer read length.

[0004] A more mature technology, sequencing-by synthe-
s1s (SBS), has made rapid progress in the last five years,
doubling throughput about every six months, far outpacing
Moore’s law for the semiconductor industry. This rapid
progress has been enabled by primarily three key improve-
ments to SBS protocols: (1) cycle sequencing chemistry
improvements; (2) increases in density of nucleic acid
colonies on surfaces; and (3) improvement in 1maging/
scanning technology. These three technological improve-
ments have increased throughput of commercial systems
from about 1 Gb per run in January 2007 to over 1 Tb per
run i June 2012. However, these technological advances
have not been found to be directly portable to nanopore
technologies.

[0005] In spite of this rapid progress in SBS improvement,
30x genome prices are still over $1000/genome with turn-
around times 1n excess of a week. Moreover, de novo
assembly and haplotyping of human genomes obtained via
SBS 1s challenged by short reads. Strand sequencing via
nanopores, can potentially read up to 50,000 bases within a
few minutes. This single molecule platform to date appears
to achieve speed but at the cost of greatly decreased paral-
lelization.
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[0006] Parallelization of biological nanopores 1s notori-
ously diflicult. The fragility of the platform 1tself, especially
the semi-tluidic nature of the lipid bilayer, demands special-
ized handling often by highly trained technicians, making
nanopore systems less practical for wide spread commer-
cialization. The current technique for assembly of protein
nanopore devices 1s mostly manual, laborious and time
consuming. After painting a lipid bilayer over a substrate
having an array of micrometer sized apertures, the operator
contacts the coated array with a solution having a caretully
titrated quantity of the protein. The amount of nanopore 1s
selected according to Poisson statistics to maximize the
number of apertures that acquire a nanopore while minimiz-
ing the number of apertures that are loaded with greater than
one nanopore. After a specific incubation period has lapsed,
the nanopore-containing solution 1s washed away. Poisson
loading requires the time period to be carefully selected to
achieve the highest possible number of apertures having one
and only one nanopore. The results are highly dependent
upon the skill of the operator and not easily adaptable to
large scale device manufacturing.

[0007] Thus, a major challenge for nanopore technology 1s
to increase the robustness of the platform and simultane-
ously improve parallelization, for example, 1n sequencing
applications. The present disclosure addresses this need and
provides other advantages as well.

BRIEF SUMMARY

[0008] The details of one or more embodiments are set
forth 1n the accompanying drawings and the description
below. Other features, objects, and advantages will be appar-
ent from the description and drawings, and from the claims.
[0009] The present disclosure provides a hybrid nanopore
consisting of a protein nanopore mserted i a solid state
nanopore. In particular embodiments, the hybrid nanopore 1s
created with and ultimately includes protein nanopores
inserted in lipid nanodiscs. In accordance with the methods
set Torth herein the nanopore-containing lipid nanodiscs can
be self-assembled.

[0010] In particular embodiments, a protein nanopore 1s
initially self-assembled within a lipid nanodisc 1n free solu-
tion, as shown in FIG. 1A; then the protein nanopore 1s
grafted with a nucleic acid as shown in FIG. 1B; then
clectrophoretic force 1s used to drive the nucleic acid chain
through the solid-state nanopore until the protein nanopore-
containing nanodisc comes in contact with the solid state
nanopore surface as shown i FIG. 1C.

[0011] Non-limiting advantages of the lipid nanodisc
assisted nanopore assembly scheme of the present disclo-
sure, when compared to typical nanopore fabrication tech-
nologies that are based on suspended lipid membrane
include, for example:

[0012] (1) Structural stability: the protein nanopore 1s
iserted 1 a hybrid membrane and the solid nanopore
supports most of the membrane and provides a nano-
meter-sized aperture.

[0013] (2) Scalable fabrication: the nature of the inter-
actions between the protein nanopore-containing lipid
nanodisc and the solid state nanopore are seli-limiting
such that fabrication 1s far less fickle than assembly
methods that rely on Poisson loading of nanopores nto
solid-state apertures. Insertion of a single protein nan-
opore 1nto the bilayer can be accomplished during
reconstitution mnto a lipid nanodisc. The lipid nano-
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disc’s size (e.g. 10-13 nm in some embodiments) can
be selected to favor incorporation of only a single
protein nanopore (e.g. ~5 nm Msp pore). Furthermore,
the solid state nanopore size (e.g. 7-10 nm diameter
aperture 1 some embodiments) can be selected to
allow for assembly of only one protein-nanodisc com-
plex per solid-state nanopore aperture. Thus 1n many
embodiments, there 1s no need for active monitoring of
clectrical characteristics during assembly and screening
of multiple 1nsertions.

[0014] (3) Better electrical insulation: direct insertion of
a protein nanopore 1n a solid-state nanopore typically
requires detailed matching of the size and shape
between the two nanopores to achieve adequate 10nic
current 1solation. In the presently disclosed methods,
the lipid nanodisc can merely be selected to be larger
than the entrance of the solid state nanopore. Current
leakage can be prevented by a wide range of nanodisc
s1izes above a minimum value such that avoiding cur-
rent leakage will no longer require detailed shape
matching between protein and solid state nanopores.

[0015] (4) Relaxed fabrication requirements for solid
state nanopores: solid-state nanopores having pore
diameter greater than 5 nm can form functional hybrid
nanopores with protein nanopore-containing lipid
nanodiscs. This feature size 1s readily achievable by
state-of-art semiconductor technology, whereas lead-
ing-edge pore fabrication, required for creating solid
state nanopores having diameters 1n the 2-3 nm range
required for direct insertion of protein nanopores, 1s
highly variable, costly and overly dependent on opera-

tor skall.

[0016] (5) Allows massive parallelization: elimination
of micron-sized lipid membranes can allow a solid-
state nanopore platform to achieve a ligh degree of
parallelization via integration with on-chup amplifiers
and data acquisition circuits. Exemplary amplifiers,
circuits and other hardware usetul for data acquisition
are described 1n U.S. Pat. Nos. 8,673,550 or 8,999,716;
Rosenstein et al., Nano Lett 13, 2682-2686 (2013); or

Uddin et al., Nanotechnology 24, 155501 (2013), each
of which 1s incorporated herein by reference.

[0017] (6) Lower mtrinsic noise: solid-state nanopores
typically require proper wetting for stable transconduc-
tance. Since the solid-state nanopore 1s only utilized as
a mechanical support 1n particular embodiments of the
system set forth herein those embodiments will be
expected to exhibit lower noise than a standalone
solid-state nanopore.

[0018] The present disclosure describes methods for mak-
ing hybrid nanopores combining top-down patterning and
nanofabrication ol solid-state nanopores with bottom-up
biological assembly of protein nanopores. Existing tech-
niques for nucleic acid sequencing with nanopore, especially
biological nanopores in lipid bilayers, achieve high speed
and read length at the cost of greatly decreased paralleliza-
tion and data throughput. The fragility of the existing
platforms also make them less practical 1n commercializa-
tion. The compositions and methods of the present disclo-
sure can overcome these limitations by establishing a hybrid
biological-solid state structure that can be self-assembled in
a robust automated manner with high etliciency.

[0019] As set forth in further detail herein, lipid-based
carriers ol biological channels can be assembled at solid-
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state nanopores having diameters greater than 10 nm. Meth-
ods set forth herein can be used for insertion of nanopore
proteins 1n lipid nanodiscs, seli-limited assembly of the
protein nanopore-nanodiscs with solid-state nanopores, and
analytical applications of the hybrid platform, such as
nucleic acid detection and sequencing. The resulting plat-
form can be configured to provide the speed and read length
characteristics of protein-nanopore-based nucleic acid
sequencing systems while providing greater parallelization
and system stability available from the use of established
semiconductor technologies.

[0020] The present disclosure also provides tethered nan-
opores. In particular, nanopores can be tethered to electrodes
or other solid supports in accordance with the present
disclosure.

[0021] In a particular embodiments, the present disclosure
provides a detection apparatus that includes (a) an electrode;
(b) a nanopore tethered to the electrode; and (¢) a membrane
surrounding the nanopore. Multiplex embodiments are also
provided. For example a detection apparatus of the present
disclosure can include (a) a plurality of electrodes; (b) a
plurality of nanopores, each of the nanopores tethered to an
clectrode 1n the plurality of electrodes; and (¢) a membrane
surrounding each of the nanopores.

[0022] Also provided 1s a method of making a detection
apparatus. The method can include the steps of: (a) provid-
ing a solid support having an array of electrodes; (b)
providing a plurality of nanopores; (¢) contacting the plu-
rality of nanopores with the array of electrodes to attach
individual nanopores to individual electrodes via a first
tether, thereby making an array of nanopores that are teth-
ered to electrodes 1n the plurality of electrodes; and (d)
contacting the array ol nanopores with membrane material
to form a membrane that surrounds each of the nanopores in
the array.

[0023] Non-limiting advantages of particular embodi-
ments set forth herein for assembly of detection apparatus
using tethered nanopores include, for example:

[0024] (1) Increased levels of spatial control over nan-
opore deposition due to the ability to exploit steric
exclusion such that one and only one nanopore is
accommodated at each electrode.

[0025] (2) Highly parallel assembly of multiple nan-
opores 1to a detection apparatus.

[0026] (3) Abality to achieve nanopore loading etlicien-
cies that beat the limitations of Poisson statistics that
hinder standard methods of loading nanopores into
multiplex detectors.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1A shows a diagrammatic representation of a
protein nanopore that 1s 1mtially self-assembled within a
lipid nanodisc 1n free solution; FIG. 1B shows the protein
nanopore grafted with a nucleic acid; FIG. 1C shows assem-
bly of the protein nanopore-containing nanodisc with the
solid-state nanopore due to the nucleic acid chain being
driven through the solid-state nanopore until the nanodisc
lipids come 1n contact with the solid state surface.

[0028] FIG. 2A shows a diagrammatic representation of a
7-10 nm solid-state nanopore assembled with a lipid nano-
disc that i turn has a protein nanopore serted in the lipid
membrane, wherein a nucleic acid 1s grafted to the protein
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nanopore; FIG. 2B shows a diagrammatic representation of
a 10-13 nm lipid nanodisc (light grey) bounded by a scatiold
protein (dark ring).

[0029] FIG. 3 shows a diagrammatic representation of a
process for lipid nanodisc formation.

[0030] FIG. 4 shows a diagrammatic representation of a
lipid nanodisc loading techmique 1n which His-tagged pro-
tein (e.g. a porin can be used 1n place of CYP3A4) 1s added
to the mitial mixture, and a metal chelating column 1s used
to separate protein-loaded discs from blank discs.

[0031] FIG. 5 shows fractions from expression, reconsti-
tution and purification of His-tagged MspA loaded on a
polyacrylamide gel. Lane M, proteimn ladders; Lane S,
soluble fraction of cell lysate; Lane F, flow through from
Ni1-NTA spin column; Lane W, first Wash fraction; Lane E,
clution of His-tagged MspA.

[0032] FIG. 6A shows a solid-state nanopore test fixture
layout and FIG. 6B shows an implementation of the layout.
A nanopore chip (*S1 chip™) 1s iserted at the indicated
location, and sealed in place by O-ring rubber gasket.
Ag/Ag(Cl] electrodes on the cis and trans side of the pore
provide the current source. The current 1s measured with an
Axopatch 200B amplifier.

[0033] FIG. 7 shows biopore translocation measurement
of a 91-mer DNA translocated through MspA biopore
inserted mto a suspended membrane. The vertical axis 1s
normalized to pore open-state current.

[0034] FIG. 8 shows a reaction 1n which a lipid nanodisc
1s 1ncubated with cholesterol-TEG DNA to produce a DNA
tether on the nanodisc. The DNA tether can be used to
clectrophoretically pull the lipid nanodisc over a solid state
nanopore.

[0035] FIG. 9 shows a method for enhanced coupling
between a lipid nanodisc and a solid state nanopore. The
S1,N, surface of the solid support 1s first treated with an
organosilane, followed by a cholesterol denvative.

[0036] FIG. 10 shows results of optimization of a protocol
for inserting of MspA 1nto a lipid nanodisc.

[0037] FIG. 11A shows a TEM 1mage of the high molecu-
lar weight elution fraction from the middle trace of FIG. 10.
[0038] FIG. 11B shows a TEM 1image of the low molecular
weight elution fraction from the middle trace of FIG. 10.
Sites of MspA nsertion are indicated with arrows.

[0039] FIG. 12 shows a diagrammatic representation of a
method for tethering a nanopore to an electrode, wherein
membrane tethers are attached to the electrode after the
nanopore 1s attached to the electrode.

[0040] FIG. 13 shows a diagrammatic representation of a
method for tethering a nanopore to an electrode, wherein
membrane tethers are attached to the electrode before the
nanopore 1s attached to the electrode.

[0041] FIG. 14 shows a diagrammatic representation of a
method for tethering a nanopore to an electrode, wherein
nanopore tethers are attached to the electrode before the
clectrode 1s contacted with the nanopore.

DETAILED DESCRIPTION

[0042] The present disclosure provides a hybrid nanopore
system based upon a solid-state nanopore sealed by a
protein-pore embedded lipid nanodisc. A conceptual 1llus-
tration of a particular embodiment 1s 1llustrated in FIG. 2.
[0043] Current nanopore strand sequencing platforms are
based upon free diffusion and msertion of a protein nanopore
(also referred to herein as a “biological pore” or “biopore™)
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into a suspended micron sized lipid-bilayer. Various meth-
ods have been developed to detect single msertion events,
either by monitoring the 1onic current or the AC impedance.
These approaches rely on additional monitoring circuits/
programs which can enlarge the device footprint and
increase system complexity. The micron-size lipid bilayer 1s
susceptible to mechanical vibration, adding complexity to
device fabrication, shipment, storage and operation. Alter-
natively, solid-state nanopores with sizes greater than 10 nm
are robust and compatible both with high through-put manu-
facturing and operation, providing a useful platform for
nanopore technology. As such, embodiments of the present
disclosure utilize solid state nanopores as a platform to
assemble single protein nanopores with lipid nanodisc as a
rim seal to the solid state nanopore.

[0044] Particular embodiments employ insertion of a pro-
tein nanopore mto a lipid nanodisc carrier and apply elec-
trophoretic force, possibly with a DNA tether, to guide the
protein/lipid complex to the solid state nanopore. A lipid
nanodisc can be, for example, a 7 to 13 nm-diameter lipid
bilayer disc that 1s optionally stabilized by membrane scai-
fold protein (MSP), a derivative of apoA-I. It will be
understood that a nanodisc can have a diameter that 1s
smaller than 7 nm (e.g. smaller than 6 nm, 5 nm, 4 nm, 2 nm
or less 1n diameter) or larger than 13 nm (e.g. larger than 15
nm, 20 nm, or 25 nm or greater in diameter). Typically, the
area of lipid disc used 1n a method or composition set forth
herein is no greater than about 50,000 nm* or in some cases
no greater than about 10,000 nm” or sometimes no greater

than about 1,000 nm” or even other times no greater than
about 500 nm~.

[0045] As exemplified in FIG. 2B, the lipid nanodisc can
be composed of a bilayer of lipid molecules surrounded by
two parallel belt-like MSPs 1n which the amphipathic helices
of the MSPs stabilize the hydrophobic fatty acid on the edge
of the lipid disc. Particularly usetul lipid nanodiscs and
compositions and methods for theirr manufacture are set
forth, for example, 1n Nath et al., Biochemistry 46, 20359-
2069 (2007,), which 1s mcorporated herein by reference.

[0046] Lipid nanodiscs can be prepared by mixing MSP
with detergent stabilized phospholipid. Self-assembly of
nanodiscs occurs during removal of the detergent from the
mixture, as set forth below. It has been demonstrated that the
presence of MSP confines the shape and size of the lipid
nanodisc and provides a narrow size distribution (£3%),
excellent reproducibility and exceptional stability 1n deter-
gent-iree aqueous solution. The ratio of MSP to detergent
can be selected to achieve desired size and characteristics of
the nanodiscs. For example, the number of structural units of
the MSP can be varied to allow the nanodisc diameter to be
tuned from 9.8 nm to 12.9 nm as set forth in Denisov et al.,
J. Am. Chem. Soc. 126, 3477-3487 (2004), which 1s incor-
porated herein by reference. These diameters are well-
matched to solid-state nanopores that can be reliably fabri-
cated with commercially available methods. Nanodiscs can
be an eflective carrier to incorporate membrane proteins. A
number ol membrane proteins have been integrated into
nanodiscs such as cytochrome, seven-transmembrane seg-
ment proteins, bacterial chemoreceptors and human mito-
chondrial voltage-dependent amion channel protein. Exem-
plary methods for incorporating membrane proteins into
nanodiscs are set forth in Raschle et al., J. Am. Chem. Soc.
131, 17777-17779 (2009). Sitmilar methods can be used to

isert protein nanopores, such as a-hemolysin, MspA,
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Cytolysin and others into lipid nanodiscs. Further examples,
ol useful protein nanopores are set forth in U.S. Pat. No.
8,673,550, which 1s incorporated herein by reference.

[0047] Coupling between the lipid nanodisc and the solid
state nanopore can be facilitated by chemically engineering
the lipid/solid interface. For example, the solid surface can
be functionalized with cyanopropyl silane, cholesterol,
RAFT polymerization, or other materials that bind to or
adhere to lipids and/or MSP. Exemplary materials and
methods for functionalization of the surfaces are set forth in
White et al., ] Am Chem Soc 129, 11766-11775 (2007) and
Kwok et al., PLOS One DOI: 10.1371/journal.pone.
0092880 (2014), each of which 1s imncorporated herein by
reference. Similarly, the lipid nanodisc (MSP or lipid) can be
engineered to contain coupling or adapter molecules that
enable mating with the functionalization on the surface of
the solid state nanopore. Such engineering can provide
greater than 100 G2 msulation between the lipid nanodisc
and the solid state nanopore. These levels of insulation can
tacilitate high levels of base discrimination for nucleic acid
translocation and sequencing applications. Lipid nanodiscs
can also be coupled to a solid state nanopore using reagents
and methods set forth herein 1n the context of tethering lipids
to electrodes. Accordingly, tethers that are used to attach
lipids to electrodes can be used to couple a nanodisc to a
solid state pore.

[0048] In particular embodiments, the process for lipid
nanodisc formation can be carried out as exemplified 1n FIG.
3 and further detailed in Baas “Characterization of mono-
meric human cytochrome P4350 3A4 and Cytochrome P450
Reductase 1 nanoscale phospholipid bilayer discs™, Univer-
sity of Illinois at Urbana-Champaign, U.S.A. (2006), ISBN
0542987236, 9780542987236A, which 1s 1ncorporated
herein by reference. As shown in the figure, Membrane
Scaflold Protein can be self-assembled with detergent-solu-
bilized phospholipids to form nanodiscs. The self-assembly
occurs as the detergent 1s removed, for example, using
Bio-Beads® (Bio-Rad, Hercules CA). The product of the
assembly reaction can then be purified with size-exclusion
chromatography. Optimization of the lipid/protein ratio
results 1n mono-dispersed nanodiscs with size determined by
the length of the membrane scaflold protein.

[0049] Insertion of single and even multiple proteins in the
nanodiscs can be achieved via an additional purification step
that uses a nickel-based aflinity matrix to specifically bind a
polyhistidine aflinity tag on the nanopore protein, for
example, using methods similar to those demonstrated 1n
Baas “Characterization of monomeric human cytochrome
P450 3A4 and Cytochrome P450 Reductase in nanoscale
phospholipid bilayer discs™, University of Illinois at Urbana-
Champaign, U.S.A. (2006), ISBN 0542987236,
9780542987236A, which 1s incorporated herein by refer-
ence. A diagrammatic representation of a useful method for

allinity-based separation of biopore-bearing nanodiscs 1s
shown 1n FIG. 4.

[0050] Biological pore mutagenesis can be used to opti-
mize protein pores for assembly or use 1n a composition or
method set forth herein. As set forth above, the process of
incorporating a protein channel in the nanodisc can benefit
from a polyhistidine aflinity tag on the protein and from
purification of the mixed nanodisc population over a Ni
allinity column. Protein engineering and mutagenesis tech-
niques can be used to mutate biological pores and tailor their
properties for specific applications. Msp A with a C-terminal
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6xHis tag can be expressed, reconstituted and purified as
demonstrated by the SDS-PAGE gel shown in FIG. 5 (Lane
M, protein ladders; Lane S, soluble fraction of lysate from
cells expressing His-tagged MspA; Lane F, flow through
from N1-NTA spin column; Lane W, 1st Wash fraction from
N1-NTA spin column; Lane E, elution of His-tagged MspA
from N1-NTA spin column). Biological functionality of the
purified His-tagged MspA was found to be similar to that of
a non-tagged MspA. Other mutations can also be introduced
for purification purposes. For example, a cysteine moiety
can be mtroduced 1nto the protein sequence by mutagenesis
and used for chemical conjugation to thiol reactive moieties
(e.g. maleimides or 10doacetamides) of athinity tags. Exem-
plary aflinity tags include biotin (which can mediate puri-
fication via solid-phase streptavidin), DNA and RNA (which
can mediate purification via solid-phase nucleic acids having
complementary sequences), epitopes (which can mediate
purification via solid-phase antibodies or antibody frag-
ments) or other ligands (which can mediate purification via
solid-phase receptors for those ligands).

[0051] Afhmity tags (e.g. His-tags and others set forth
herein) and chemical conjugation techniques (e.g. modifi-
cations of cysteines set forth above) can be used to attach
tethers to nanopores for use in a variety of methods, com-
positions or apparatus set forth herein. For example, the
resulting tethers can be used to attract or attach a nanopore
containing nanodisc at or near a solid state nanopore. The
tethers can also be used to attach a nanopore to an electrode
or other solid-phase support.

[0052] The present disclosure provides a system for data
acquisition using one or more hybrid protein-solid state
nanopores. An exemplary system 1s shown 1n FIG. 6. In this
example, the solid-state nanopore 1s iserted at the indicated
location, and sealed 1n place by an o-ring. Standard Ag/Ag(Cl
clectrodes on the ci1s and trans-side of the pore provide the
current source. Data from the nanopore can be acquired with
an Axopatch 200B amplifier. Preliminary data from a solid
self-supporting S1IN membrane (no nanopore) has demon-
strated greater than 100 GE£2 resistance, indicative of a
robustly sealed flowcell (less than 0.9 pA leakage current at
200 mV bias). This type of setup 1s consistent with well-
established “standard” setups used to evaluate analytical
capabilities 1n the nanopore art. Representative data from a
91 nucleotide DNA that was translocated through a biologi-
cal nanopore 1n strand-displacement mode 1s shown in FIG.

7

[0053] The disclosure provides a detection apparatus hav-
ing (a) a solid support including an array of solid state
nanopores; (b) a plurality of lipid nanodiscs on the surface
of the solid support, wherein each of the lipid nanodiscs
forms a seal at each of the solid state nanopores, and wherein
the lipid nanodiscs are separated from each other by inter-
stitial regions on the surface of the solid support; and (c) a
plurality of protein nanopores inserted 1n the lipid nanodiscs
to create apertures in each of the seals.

[0054] The detection apparatus can further include elec-
trodes embedded 1n the solid support. The electrodes can be
used to monitor assembly of nanodiscs and/or protein nan-
opores 1nto the solid state nanopores. The electrodes can also
be used for data collection during analyte detection steps.
Electrodes used for momtoring and detection need not be
embedded in the solid support and can instead be provided
in a separate application-specific integrated circuit (ASIC)
chip, for example.
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[0055] As used herein, the term *“‘each,” when used 1n
reference to a collection of 1tems, 1s mntended to 1dentity an
individual item 1in the collection but does not necessarily
refer to every item in the collection. Exceptions can occur it
explicit disclosure or context clearly dictates otherwise.

[0056] As used herein, the term ““solid support™ refers to a
rigid substrate that 1s insoluble 1n aqueous liquid and 1nca-
pable of passing a liquid absent an aperture. Exemplary solid
supports include, but are not limited to, glass and modified
or functionalized glass, plastics (including acrylics, polysty-
rene and copolymers of styrene and other materials, poly-
propylene, polyethylene, polybutylene, polyurethanes, Tetl-
lon™, cyclic olefins, polyimides etc.), nylon, ceramics,
resins, Zeonor, silica or silica-based materials ncluding
silicon and modified silicon, carbon, metals, inorganic
glasses, optical fiber bundles, and polymers. Particularly
usetul solid supports comprise modified silicon such as S1IN
membranes on S1 substrate. For some embodiments, solid
supports are located within a tlow cell apparatus or other
vessel.

[0057] As used herein, the term “solid state nanopore™
refers to a hole that passes through a solid support to allow
passage of a liquid or gas. A solid state nanopore will
generally have a lumen or aperture that 1s between about 1
nm and 1 um i diameter. However, larger or smaller
diameters are possible. A solid state nanopore 1s generally
made from materials of non-biological origin. A solid state
pore can be of inorganic or organic materials. Solid state
pores include, for example, silicon nitride pores, silicon
dioxide pores, and graphene pores.

[0058] As used herein the term “lipid nanodisc™ refers to
a lipid bilayer sheet that occupies an area between about 3

nm” and 3 um”. For example, the area occupied can be at
least about 5 nm?*, 10 nm?, 50 nm?*, 100 nm?*, 1,000 nm?~,

10,000 nm~, 100,000 nm”, or more. Alternatively or addi-
tionally, the area occupied can be at most about 100,000
nm>, 10,000 nm~, 1,000 nm>, 100 nm?, 50 nm~, 10 nm"~, 5
nm>, or less. A lipid nanodisc can, but need not necessarily,
occupy a circular area. The circular area occupied by a
nanodisc can have a diameter between about 1 nm and 1 um.
However, larger or smaller areas or diameters are possible.
A lipid nanodisc can, but need not necessarily, be flat or
planar. In particular conditions a lipid nanodisc can be
distinguished from a vesicle or liposome due to the absence
of an aqueous lumen for the nanodisc and can be distin-
guished from a micelle due to the presence of a bilayer in the
nanodisc. Several embodiments are exemplified herein using,
lipid nanodiscs. It will be understood that a nanodisc can be
made from other materials as well. For example, a nanodisc
can be formed from a non-lipid membrane such as those set
forth below.

[0059] As used herein the term “membrane” refers to a
sheet or other barrier that prevents passage of electrical
current or fluids. The membrane 1s typically flexible or
compressible 1n contrast to solid supports set forth herein.
The membrane can be made from lipid matenial, for
example, to form a lipid bilayer, or the membrane can be
made from non-lipid material. The membrane can be 1n the
form ol a copolymer membrane, for example, formed by
diblock polymers or triblock polymers, or 1in the form of a
monolayer, for example, formed by a bolalipid. See for
example, Rakhmatullina et al., Langmuir: the ACS Journal
of Surfaces and Colloids 24:6254-6261 (2008), which 1s

incorporated herein by reference.
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[0060] As used herein, the term “interstitial region” refers
to an area 1n a substrate or on a surface that separates other
areas of the substrate or surface. For example, an interstitial
region can separate one nanopore ol an array from another
nanopore of the array. The two regions that are separated
from each other can be discrete, lacking contact with each
other. In many embodiments the interstitial region 1s con-
tinuous whereas the features are discrete, for example, as 1s
the case for an array of pores or apertures in an otherwise
continuous surface. The separation provided by an intersti-
tial region can be partial or full separation. Interstitial
regions will typically have a surface material that differs
from the surface material of the features on the surface. For
example, features of an array can have an amount or
concentration ol lipid material or protein maternial that
exceeds the amount or concentration present at the intersti-
tial regions. In some embodiments the lipid material or
protein material may not be present at the interstitial regions.

[0061] The interstitial regions can separate lipid nanodiscs
by at least 1 nm, 5 nm, 10 nm, 100 nm, 1000 nm or more in
an apparatus set forth herein. Alternatively or additionally,
the separation may be no more than 1000 nm, 100 nm, 50
nm, 10 nm or 5 nm.

[0062] As used herein the term “protein nanopore” refers
to a polypeptide, formed as one or more subunits, to create
an aperture through a membrane or solid support. Exem-
plary protein nanopores include a-hemolysin, Mycobacte-
rium smegmatis porin A (MspA), gramicidin A, maltoporin,
OmpF, OmpC, PhoE, Tsx, F-pilus, SP1 (Wang et al., Chem.
Commun., 49:1741-1743, 2013) and mitochondrial porin
(VDAC)XX, Tom40, (U.S. Pat. No. 6,015,714 and Der-
rington et al., Proc. Natl. Acad. Sci. USA, 107:16060
(2010)). “Mycobacterium smegmatis porin A (MspA)” 1s a
membrane porin produced by Mycobacternia, allowing
hydrophilic molecules to enter the bactertum. MspA forms
a tightly interconnected octamer and transmembrane beta-
barrel that resembles a goblet and contains a central channel/
pore. Other useful pores are set forth i U.S. Pat. No.
8,673,550. Each of the above nanopore references 1s mncor-
porated herein by reference.

[0063] As used herein, the term “hybrid nanopore™ 1is
intended to mean an aperture that 1s made from materials of
both biological and non-biological origins, extending across
a barrier such as a membrane for example, that permits
hydrated 10ns and/or water soluble molecules to cross from
one side of the barrier to the other side of the barner.
Maternals of biological origin are defined above and include,
for example, polypeptide and polynucleotide. A biological
and solid state hybnid pore includes, for example, a poly-
peptide-solid state hybrid pore and a polynucleotide-solid
state pore.

[0064] As used herein the term “tethered” 1s mtended to
refer to the state of two 1tems being attached through a linker
moiety. The attachment can be covalent, for example, such
that an unbroken chain of covalent bonds links the two
items. Alternatively, the attachment can be mediated by at
least one non-covalent bond, such as a specific binding
interaction between a receptor and ligand. Exemplary recep-
tor-ligand pairs include, without limitation, streptavidin (and
analogs thereof) and biotin (or analogs thereot); antibody (or
functional fragments thereol) and epitopes; lectins and car-
bohydrates; complementary nucleic acids, nucleic acid bind-
ing proteins and their nucleic acid substrates.
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[0065] A “tether” 15 a linker moiety that can optionally be
used to attach two items. In some configurations a tether 1s
attached to a single item, such as a nanopore, lipid, mem-
brane material or solid support. A tether that i1s attached to
one item can optionally be attached to a second item or used
for other purposes. A tether can include nucleotides or
nucleic acid material. Alternatively, a tether can be made of
a material other than nucleic acid material or can be devoid
ol nucleotides.

[0066] In particular embodiments, a detection apparatus
can 1include solid-state nanopores that form apertures
between reservoirs that are separated by the solid support.
[0067] In particular embodiments, a seal that 1s formed
over a solid state nanopore prevents flow of fluids and/or
flow of electrical current. However, a protein nanopore can
form an aperture in the seal.

[0068] A protein nanopore can occupy an area on the
surtace of a lipid nanodisc that 1s at least about 5 nm, 6 nm,
7 nm, 8 nm, 9 nm, 10 nm or more in diameter. Alternatively
or additionally, a protein nanopore can occupy an area on the
surface of a lipid nanodisc that 1s at most about 1 micron,
500 nm, 100 nm, 10 nm, 9 nm, 8 nm, 7 nm, 6 nm, 5, nm or
less.

[0069] In particular embodiments, a detection apparatus
can include at least 10, 100, 1x10°, 1x10%, 1x10°, 1x10°, or
more solid state nanopores.

[0070] In particular embodiments, a detection apparatus
can include lipid nanodiscs covering least 10, 100, 1x10°,
1x10% 1x10°, 1x10° or more solid state nanopores. No
matter the total number of solid state nanopores, lipid
nanodiscs can cover at least 10%, 25%, 50%, 75%, 90%,
95%, 99% or more of the solid state nanopores of a detection
apparatus. Accordingly, a detection apparatus can include at
least 10, 100, 1x10°, 1x10%* 1x10°, 1x10°, or more nano-

discs.

[0071] In particular embodiments, a detection apparatus
can include protein nanopores 1n the lipid nanodiscs cover-
ing least 10, 100, 1x10°, 1x10%, 1x10°, 1x10°, or more solid
state nanopores. No matter the total number of solid state
nanopores, protein nanopores can be inserted into lipid
nanodiscs that cover at least 10%, 25%, 50%, 75%, 90%,
95%, 99% or more of the solid state nanopores of a detection
apparatus. Accordingly, a detection apparatus can include at
least 10, 100, 1x10°, 1x10%* 1x10°, 1x10°, or more nano-

discs having inserted nanopores.

[0072] A detection apparatus of the present disclosure can
be used to detect any of a variety of analytes including, but
not limited to, 1ons, nucleic acids, nucleotides, polypeptides,
biologically active small molecules, lipids, sugars or the
like. Accordingly, one or more of these analytes can be
present 1n or passed through the aperture of a protein
nanopore 1n an apparatus set forth herein.

[0073] In particular embodiments, a detection apparatus
can mclude a cis reservoir in contact with the array of
solid-state nanopores and a trans reservoir in contact with
the array of solid state nanopores. The cis and trans reser-
voirs can contain electrodes located to apply a current
through the apertures formed by the protein nanopores. A cis
reservolr, trans reservoir or both can be configured to
maintain a liquid m bulk fluid communication with a plu-
rality of nanopores in an apparatus set forth herein. Alter-
natively, one or both of the reservoirs may be 1n contact with
only one or only a subset of the nanopores found in an array
or apparatus set forth herein.
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[0074] In particular embodiments, each of the lipid nano-
discs that covers a solid state nanopore of an array set forth
herein will have no more than one protein nanopore mserted
therein. However, it 1s also possible to make and use an
apparatus having more than one protein nanopore inserted
per solid state nanopore. Similarly, imndividual nanodiscs,
whether covering a solid state nanopore or not, can include
no more than one protein nanopore. Alternatively, individual
nanodiscs can include more than one protein nanopore.

[0075] A lipid nanodisc can be made from any of a variety
of membranes or lipids. Suitable lipid bilayers and methods

for making or obtaiming lipid bilayers are well known in the
art and disclosed 1n, for example, US 2010/0196203 and WO

2006/100484, each of which 1s incorporated herein by
reference. Suitable lipid bilayers include, for example, a
membrane of a cell, a membrane of an organelle, a liposome,
a planar lipid 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 lipids face outwards towards the aqueous environment
on each side of the bilayer. Lipid bilayers also can be
formed, for example, by the method of Montal and Mueller
(Proc. Natl. Acad. Sci1. USA., 1972; 69: 3561-3566, 1incor-
porated herein by reference), in which a lipid monolayer 1s
carried on aqueous solution/air 1interface past either side of
an aperture which 1s perpendicular to that interface. The
lipid 1s normally added to the surface of an aqueous elec-
trolyte solution by first dissolving 1t in an organic solvent
and then allowing a drop of the solvent to evaporate on the
surface of the aqueous solution on either side of the aperture.
Once the organic solvent has evaporated, the solution/air
interfaces on either side of the aperture are physically moved
up and down past the aperture until a bilayer 1s formed.
Other common methods of bilayer formation include tip-
dipping, painting bilayers, and patch-clamping of liposome
bilayers. A variety of other methods for obtaining or gen-
crating membranes are well known 1n the art and are equally
applicable for use 1n the compositions and methods of the
present disclosure (e.g. those pertaining to hybrid nanopores
or those pertaining to tethered nanopores). The reagents and
methods set forth above can also be used in combination
with tethered nanopores or in embodiments where mem-
brane materials are tethered to an electrode or other solid
support.

[0076] This disclosure further provides a method of mak-
ing a detection apparatus. The method can include steps of
(a) providing a solid support having an array of solid state
nanopores; (b) providing a plurality of lipid nanodiscs,
wherein the lipid nanodiscs include protein nanopores
inserted 1 the lipid; (¢) contacting the plurality of lipid
nanodiscs with the array of solid state nanopores to cover
individual solid state nanopores of the array with one of the
lipid nanodiscs. The method can be used to make a detection
apparatus having one or more of the characteristics set forth
clsewhere herein.

[0077] In particular embodiments step (b) can further
include incubating the protein nanopores with lipids under
conditions for inserting the protein nanopores 1n the lipid
nanodiscs. For example, the lipids can be detergent solubi-
lized and the conditions can include a technique for remov-
ing the detergent from the protein nanopores.
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[0078] As set forth elsewhere herein, the lipid nanodiscs
can be electrically attracted to the solid state nanopores (e.g.
via electrophoresis). Optionally, the lipid nanodiscs can
include charged tethers to mediate the attraction. As one
example, the charged tethers can be nucleic acids, 1n either
naturally occurring form or as a non-naturally occurring
analog form. The attachment site of the tether can be used to
insert nanodiscs with a particular orientation within the solid
state nanopore. This allows the protein nanopore to be
oriented 1n etther a forward or reverse direction within the
solid state nanopore. Mixes of tether attachment sites can
generate any desired ratio of forward to reverse biological
pores across an array ol solid state nanopores. Similar
control of nanopore orientation by placement of tethers can
be achieved i embodiments where nanopore tethers are
attached to electrodes.

[0079] To enhance analyte capture from solution and
tacilitate two dimensional diffusion of analyte within the
plane of the solid state nanopore membrane 1nto the vicinity
of the biological nanopore, the solid state nanopore mem-
brane can be derivatized with a compound that reversibly
interacts with the analyte. The kinetic on/oil rates between
the analyte and membrane can be selected to allow a rapid
random walk of the analyte across the surface of the solid
state nanopore membrane. Examples of such interactions
include a cholesterol tag interacting with a lipid monolayer
or bilayer, a DNA tag interacting with a DNA surface, and
other interactions such as those set forth in Yusko et al., Nat
Nanotechnol 6(4): 253-260 (2011). The interaction of the
DNA tag with the DNA surface can be facilitated by the use
of recombinases that allow walking by strand invasion
across the surface of the solid state nanopore membrane.

[0080] In some embodiments of the methods, the quantity
of the lipid nanodiscs that 1s contacted with an array of solid
state nanopores exceeds the quantity of solid state nanopores
in the array. The lipid nanodiscs can include mserted protein
nanopores. Thus, Poisson statistics need not be relied upon
to obtain solid state nanopores with only one protein nan-
opore. Instead, saturating amounts of the lipid nanodiscs
(with or without inserted protein nanopores) can be con-
tacted with an array of solid state nanopores. For example,
the quantity of the lipid nanodiscs (with or without mserted
protein nanopores) can exceed the quantity of solid state
nanopores by at least 2 fold, 5 fold, 10 fold or more.

[0081] The present disclosure provides a detection appa-
ratus that includes (a) an electrode; (b) a nanopore tethered
to the electrode; and (¢) a membrane surrounding the
nanopore. Multiplex embodiments are also provided. For
example a detection apparatus of the present disclosure can
include (a) a plurality of electrodes; (b) a plurality of
nanopores, each of the nanopores tethered to an electrode 1n
the plurality of electrodes; and (¢) a membrane surrounding,
cach of the nanopores.

[0082] An electrode used 1n a method or apparatus of the
present disclosure can be made of any of a variety of
materials used 1n nanopore detection devices or other
devices for electrochemical processes. In particular embodi-
ments, electrodes are made of a metal. Electrodes can be
patterned on a solid support such that the support includes a
plurality of electrodes. For example, the solid support can
include at least 1, 2, 10, 100, 1x10°, 1x10%, 1x10°, 1x10°,
or more electrodes. Alternatively or additionally, a solid
support can include no more than 1x10°, 1x10°, 1x10%,

1x10°, 100, 10, 2 or 1 electrodes.
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[0083] Flectrodes that are on a solid support can be
separated from each other by interstitial regions that lack the
clectrode material or are otherwise non-conductive. Accord-
ingly, the electrodes can be spatially and functionally dis-
crete. In some embodiments, each electrode 1s located within
a well or other concave feature on a solid support and the
walls of the concave features function as interstitial regions
between electrodes. Interstitial regions can separate elec-
trodes on a solid support such that the average pitch (center-
to-center) spacing of the electrodes 1s, for example, at least
> nm, 10 nm, 25 nm, 50 nm, 100 nm, 1 um, 10 wm, 100 um
or more. Alternatively or additionally, the pitch can be, for
example, no more than 100 um, 10 um, 1 pm, 100 nm, 50
nm, 25 nm, 10 nm, 5 nm or less. In some embodiments, the
interstitial regions can also lack lipids or nanopores or other
materials described herein as being attached to an electrode.

[0084] Flectrodes used in an apparatus or method set forth
herein can have any of a variety of sizes or shapes that
achieve a desired use of the detection apparatus. For
example, electrodes can have a footprint that 1s round,
rectangular, square, polygonal etc. The area occupied by an
electrode can be, for example, at least 25 nm~, 100 nm~, 500
nm?, 1 um?®, 50 um?®, 100 um?®, 1 mm 2, or larger. Alterna-
tively or additionally, the area of the electrodes can be, for
example, at most 1 mm~, 100 pmzj 50 umz, 1 umz, 500 nm?=,
100 nm?, 25 nm?, or smaller.

[0085] In particular embodiments, an electrode can be
covered at least partially by a dielectric pad. Dielectric pads
can provide reactive moieties that interact with molecules,
such as tether molecules, to achieve attachment of the
molecules to the dielectric pad. Silane coupling chemistry 1s

particularly usetul for coupling. Exemplary coupling chem-
istries are set forth in US Pat App. Pub. Nos. 2014/0200158

Al or 2015/000544°7 Al, each of which 1s incorporated
herein by reference. Molecules that are attached to the
dielectric pads will be effectively attached to the electrode
via the dielectric pad.

[0086] A diclectric pad used in a method or apparatus set
forth herein can have areas in the range exemplified above
for electrodes. In some cases, the dielectric pad will occupy
a fraction of the surface of an electrode that 1s at most, 75%,
50%, 25%, 10%, 5%, 1% or less of the electrode surface.
Particularly usetul dielectric pads will have an area that 1s
comparable to or smaller than the footprint of a nanopore. As
such, the dielectric pad will have a capacity for one and only
one nanopore. The resulting steric exclusion allows an array
of electrodes having the dielectric pads to be contacted with
an excess of nanopores (1.e. a number of nanopores that 1s
larger than the number of electrodes 1n the array) such that
all or most of the electrodes can be attached to nanopores
while avoiding the risk of attaching multiple nanopores at
individual electrodes that could occur if steric exclusion 1s
not achieved.

[0087] Any of a variety of nanopores set forth herein or
otherwise known 1n the art can be used 1n a tether attachment
embodiment set forth herein. Particularly usetul nanopores
are protein nanopores such as Msp A.

[0088] A nanopore can be tethered to an electrode (e.g. via
a dielectric pad) using covalent moieties or non-covalent
binding moieties. An example of a covalent attachment 1s
when a nucleic acid tether 1s covalently attached to the
nanopore and covalently attached to the dielectric pad. Other
tethers can be similarly used for covalent attachment, 1nclud-
ing for example, non-nucleic acid tethers such as polyeth-
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ylene glycol or other synthetic polymers. An example, of a
non-covalent attachment 1s when a nanopore has an attached
aflinity moiety, such as a poly histidine tag, Strep-tag or
other amino acid encoded aflinity moiety. Aflinity moieties
can bind non-covalently to ligands on a dielectric pad such
as nickel or other divalent cations that bind polyhistidine, or
biotin (or analogs thereol) that bind to Strep-tag. In some
embodiments, such amino acid afhnity moieties need not be
used.

[0089] An apparatus set forth herein can include any
number of tethered nanopores desired. For example, an
apparatus can include at least 1, 2, 10, 100, 1x10°, 1x10%,
1x10°, 1x10°, or more tethered nanopores. Alternatively or

additionally, an apparatus can include no more than 1x10°,
1x10°, 1x10%, 1x10°, 100, 10, 2 or 1 tethered nanopore.

[0090] Any of a variety of membrane materials can be
used 1n a nanopore tethering embodiment set forth herein.
Exemplary lipids that can be used include those set forth
herein 1n the context of nanodisc embodiments or 1n refer-
ences cited in context of those embodiments. Other useful

lipids matenals are set forth in U.S. Pat. No. 8,999,716,
which 1s incorporated herein by reference.

[0091] In particular embodiments, a membrane can be
tethered to an electrode. The membrane can be tethered to an
clectrode to which a nanopore 1s also tethered (e.g. via a
dielectric pad). The tethers used to attach membrane mate-
rial to an electrode can be selected from those exemplified
herein 1n regard to nanopore tethers. Tethers with reactive
thiols can be particularly useful for attaching to gold con-
taining electrodes. Other tethers are also possible including,
for example, tethers with silane or phosphonate reactive
groups which can be used to attach to conductive metal
oxides (see for example Folkers et al., Langmuir 11:813
(1993), which 1s incorporated herein by reference). In some
embodiments, a different tether material 1s used for mem-
brane material compared to the tether used for a nanopore.
Alternatively, the same tether type can be used for both
nanopores and membrane materials. It will be understood
that 1n some embodiments, or 1n some stages of preparation
of a detection apparatus, the membrane material that sur-
round a nanopore need not be tethered to the electrode to
which the nanopore is tethered.

[0092] In some detection apparatus, particularly those
with multiple electrodes, the membrane that surrounds each
ol the nanopores can form a seal for the electrode to which
the nanopore 1s tethered. The seal can be made to prevent
flow of fluids or electrical current from the electrode to
which the nanopore 1s tethered to other electrodes of the
detection apparatus. For example, the electrode can occur
within a well (or other concave feature) and the membrane
can seal the well by forming a continuous sheet that contacts
the walls of the well. Thus a chamber i1s formed within the
space defined by the electrode, the walls of the well and the
membrane. The chamber can function as a cis or trans
chamber depending upon the relative orentation of the
clectrodes and the orientation of the inserted nanopore.

[0093] As set forth in further detail below, a detection
apparatus having tethered nanopores can be particularly
usetul for detection of nucleic acids mncluding detection of
nucleic acids 1n a sequencing method. As such, the detection
apparatus can occur 1n a state where a nucleic acid analyte
1s located 1 an aperture formed by the nanopore. The
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nucleic acid being an analyte that 1s to be detected 1s distinct
and different from a nucleic acid that may be used as a tether
in the apparatus.

[0094] The detection apparatus can include other hard-
ware used for detection of nanopores, such as electrodes
configured to create a current across a membrane and
through a nanopore, an amplifier that 1s configured to
amplily electrical signals generated at the nanopore, a com-
puter coupled to the apparatus to evaluate signals detected
from one or more nanopores etc. Hardware useful for
detecting signals from nanopores and that can be modified
for use 1n a method set forth herein 1s described in the art,

for example, 1n U.S. Pat. Nos. 8,673,550 or 8,999,716;
Rosenstein et al., Nano Lett 13, 2682-2686 (2013); or Uddin
et al., Nanotechnology 24, 155501 (2013), each of which is
incorporated herein by reference.

[0095] Also provided 1s a method of making a detection
apparatus. The method can include the steps of: (a) provid-
ing a solid support having an array of electrodes; (b)
providing a plurality of nanopores; (¢) contacting the plu-
rality of nanopores with the array of electrodes to attach
individual nanopores to individual electrodes via a first
tether, thereby making an array of nanopores that are teth-
ered to electrodes 1n the plurality of electrodes; and (d)
contacting the array of nanopores with membrane material
to form a membrane that surrounds each of the nanopores in
the array.

[0096] An exemplary embodiment of a method for teth-
ering a nanopore to an electrode 1s shown 1n FI1G. 12. A metal
clectrode 1s provided, the surface of the electrode having a
dielectric pad that covers a portion of the surface. For
example, the dielectric pad can be an approximately circular
pad that 1s about 10-350 nm 1n diameter. The dielectric pad
can have reactive silanes that are capable of forming a
covalent bond with a moiety that 1s present on a nanopore
tether. A nanopore can be chemically modified to include a
nucleic acid tether having the moiety. The tether-containing
nanopore can then be contacted with the dielectric pad under
conditions for the silane to react with the tether to covalently
attach the nanopore to the dielectric pad. Once the nanopore
has been attached, membrane tethers can be reacted with the
metal surface of the electrode. For example, the membrane
tethers can include thiols that form covalent bonds with the
metal surface. In the last step shown, membrane material
(e.g. lipid material) can be contacted with the system under
conditions to form a membrane (e.g. lipid bilayer) that
surrounds the tethered nanopore and to form covalent bonds
between the membrane tethers and lipids in the bilayer. Thus
the membrane 1s also tethered to the electrode.

[0097] Another embodiment 1s shown 1n FIG. 13. The

method uses similar components to those used 1n FIG. 12.
However, here the membrane tethers are attached to the
metal surface of the electrode prior to attaching the nanop-
ore

[0098] A further exemplary embodiment 1s shown in FIG.
14. In this embodiment, the metal electrode does not include
a dielectric pad. The metal electrode 1s reacted with mem-
brane tethers 1n a first step. Then a nano-printing technology,
such as lithography, 1s used to attach nanopore tethers to the
surface of the metal electrode. The nanopore tethers can be
printed 1n a small area (e.g. approximately circular areas that
are about 10-350 nm 1n diameter). A nanopore can then be
contacted with the tether containing electrode under condi-
tions to create a covalent linkage between the nanopore and
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tether. In the final step, a membrane (e.g. lipid membrane)
can be formed around the tethered nanopore and reacted
with the membrane tethers to become attached to the elec-
trode.

[0099] In particular embodiments, a plurality of nanopores
1s contacted with a plurality of electrodes in bulk. For
example, a solution that includes the nanopores can be
contacted with a solid support having multiple electrodes
such that the nanopores 1n the solution are 1n fluid commu-
nication with multiple electrodes. The quantity of nanopores
that are contacted with the array of electrodes can exceed the
quantity of electrodes 1n the array. This can be done, for
example, to increase the probability that most or all of the
clectrodes will become tethered to a nanopore. The elec-
trodes can be configured to have a capacity for no more than
one nanopore. For example, the electrode can have a surface
or surface portion that 1s relatively small compared to the
s1ze of the nanopore. As a result, once a first nanopore has
attached to the electrode a subsequent nanopore 1s sterically
excluded from attaching to the same electrode. Thus, an
array can include a number of electrodes having a single
nanopore that exceeds the number that would be expected
from typical Poisson statistics. For example, an array can be

loaded with a single nanopore at each of at least 50%, 65%,
75%, 90%, 95%, 99% or more of the electrodes 1n the array.

[0100] Nanopores that are contacted with membrane
material can be detergent solubilized. The detergent can then
be removed from the protein nanopores to allow a mem-
brane (e.g. lipid bilayer) to surround the nanopores. For
example, 1n situ dialysis can be carried out once the nan-
opores are attached to the electrode surface. Exemplary 1n
situ dialysis methods and tether compositions are set forth 1n
Giess et al., Biophysical J. 87:3213-3220 (2004), which 1s

incorporate herein by reference.

[0101] In some embodiments, nanopores can be electri-
cally attracted to electrodes to facilitate attachment. A nan-
opore can be attracted based on mtrinsic charge. However,
it 1s also possible to use a charged tether, such as nucleic
acid, and to attract the tether to the electrode. Exemplary
methods for electrically assisted localization of nucleic acids
to electrodes are set forth 1n U.S. Pat. No. 8,277,628, which

1s incorporated herein by reference.

[0102] Any of a variety of tethers described herein or
known 1n the art can be used in a method set forth herein. A
particularly useful tether 1s a nucleic acid tether. In some
embodiments, such as those exemplified 1n FIG. 12 and FIG.
13, a tether can be attached to a nanopore prior to attaching
the tether to an electrode. Alternatively, for example as
shown 1n FIG. 14, a nanopore tether can first be attached to
an electrode and then the nanopore i1s reacted with the
nanopore tether to create an attachment between nanopore
and tether.

[0103] A method set forth herein can include a step of
attaching membrane material to one or more electrodes via
a tether. Particularly useful membrane tethers are bitunc-
tional molecules having a lipophilic domain and a hydro-
philic spacer. The lipophilic domain (e.g. phospholipid,
cholesterol, or phytanyl) inserts into a membrane and the
hydrophilic spacer can attach to a solid support, such as an
clectrode. Exemplary membrane tethers are set forth, for
example, 1 Giess et al., Biophysical J. 87:3213-3220
(2004), which 1s mcorporate herein by reference.

[0104] The present disclosure further provides a method of
sequencing nucleic acids. The method can include steps of
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(a) providing a detection apparatus having: (1) a solid
support including an array of solid state nanopores; (11) a
plurality of lipid nanodiscs on the surface of the solid
support, wherein each of the lipid nanodiscs forms a seal at
cach of the solid state nanopores, and wherein the lipid
nanodiscs are separated from each other by interstitial
regions on the surface of the solid support; and (111) a
plurality of protein nanopores inserted in the lipid nanodiscs
to create apertures 1 each of the seals; and (b) detecting
passage, through the apertures in each of the seals, of (1) a
nucleic acid, (1) a series of nucleotides removed from the
nucleic acid, or (111) a series of probes derived from nucleo-
tides incorporated 1nto the nucleic acid, thereby determinming
the sequence of the nucleic acid.

[0105] Also provided 1s a method of sequencing nucleic
acids that includes steps of: (a) providing a detection appa-
ratus that includes (1) a plurality of electrodes, (11) a plurality
of nanopores, each of the nanopores tethered to an electrode
in the plurality of electrodes, and (i111) a membrane surround-
ing each of the nanopores; and (b) detecting passage,
through each of the nanopores, of (1) a nucleic acid, (11) a
series ol nucleotides removed from the nucleic acid, or (111)
a series of probes derived from nucleotides incorporated into
the nucleic acid, thereby determining the sequence of the
nucleic acid.

[0106] A nucleic acid detected 1n the methods of the
present disclosure can be single stranded, double stranded,
or contain both single stranded and double stranded
sequence. The nucleic acid molecules can originate 1 a
double stranded form (e.g., dsDNA) and can optionally be
converted to a single stranded form. The nucleic acid
molecules can also originate in a single stranded form (e.g.,
ssDNA, ssRNA), and the ssDNA can optionally be con-
verted mnto a double stranded form. Exemplary modes of
translocating polynucleotides through a pore are set forth in
WO 2013 057495, which 1s mcorporated herein by refer-

CI1CC.

[0107] In some embodiments, sequencing can be carried
out by passing a nucleic acid through a protein nanopore and
detecting electrical signals indicative of the passage of a
particular nucleotide or series of nucleotides (e.g. a “word”
consisting of 2, 3 4, 5 or more nucleotides). In some
embodiments, a certain level of controlled translocation of a
polynucleotide through a nanopore can be achieved under
the guidance of a molecular motor, such as a helicase,
translocase, or polymerase against an electric potential dif-
terence. Molecular motors can move the polynucleotide in a
step-wise manner, normally with one or more nucleotides
per step. This controlled ratcheting slows the polynucleotide
translocation through the nanopore from a native rate of
usec/nucleotide to msec/nucleotide.

[0108] A method of detection can utilize a potential dii-
ference across a barrier (e.g., a membrane). The potential
difference can be an electric potential difference, chemical
potential diflerence, or an electrochemical potential differ-
ence. An electric potential difference can be imposed across
the barrier (e.g., membrane) via a voltage source that 1njects
or administers current to at last one of the liquid pools. A
chemical potential can be imposed across the barrier via a
difference 1n 1onic composition of the two pools. An elec-
trochemical potential difference can be established by a
difference 1n 10nic composition of the two pools 1n combi-
nation with an electrical potential. The different 10onic com-
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position can be, for example, different 1ons 1 each pool or
different concentrations of the same ions in each pool.

[0109] The application of an electrical potential across a
pore to force the translocation of a nucleic acid through the
pore 1s well known 1n the art and can be used 1n accordance
with the present apparatus and methods (Deamer et al.,
Trends Biotechnol., 18:147-151 (2000); Deamer et al., Acc
Chem Res., 33:817-825 (2002); and L1 et al., Nat Mater.,
2(9):611-615 (2003), each of which s incorporated herein by
reference). A method set forth herein can be carried out with
a voltage applied across a pore. The range for the voltage can
be selected from 40 mV to upwards of 1 V. Typically a
method set forth herein will run 1n the range of 100 to 200
mV. In specific instances, the method 1s run at 140 mV or
180 mV. The voltages are not required to be static during the
motion of the motor. The voltage polarity 1s typically applied
such that the negatively charged nucleic acid 1s electropho-
retically driven into the pore. In some 1nstances, the voltage
can be reduced, or the polarity reversed, to facilitate appro-
priate function.

[0110] In some instances, the application of pressure dii-
ferentials can be utilized to force translocation of a nucleic
acid through a pore. Pressure differentials can be used 1n
place of electrical potentials or other potential differences in
methods exemplified herein. Alternatively, a pressure dii-
ferential can be used 1n combination with electrical poten-
tials or other potential differences 1n methods exemplified
herein.

[0111] The methods of the present disclosure can produce
one or more signals that correspond to the translocation of
one or more nucleotides through a pore. Accordingly, as a
target polynucleotide, or as a mononucleotide or probe
derived from the target polynucleotide or mononucleotide,
transits through a pore the current across the barrier changes
due to base-dependent (or probe dependent) blockage of the
constriction, for example. The signal from that change 1n
current can be measured using any of a variety of methods
as described herein or as otherwise known in the art. Each
signal 1s unique to the species of nucleotide(s) (or probe) 1n
the pore such that the resultant signal can be used to
determine a characteristic of the polynucleotide. For
example, the 1dentity of one or more species of nucleotide(s)
(or probe) that produces a characteristic signal can be
determined. Signals useful in the methods of the present
invention include, for example, electrical signals and optical
signals. In some aspects, the electrical signal can be a
measurement of current, voltage, tunneling, resistance, volt-
age, conductance; or transverse electrical measurement (see
WO 2013/016486, which 1s incorporated herein by refer-
ence). In some aspects, the electrical signal 1s an electrical
current passing through a pore.

[0112] Optical signals usetul 1n the methods of the present
disclosure include, for example, fluorescence and Raman
signal. The optical signals can be generated by coupling the
target nucleotide with an optical signal generating label, for
example, a tluorescent moiety or a Raman signal generating
moiety. For example, 1n dela Torre et al., Nanotechnology,
23(38):385308 (2012), the optical scheme of Total Internal
Reflection Fluorescence (TIRF) microscopy was employed
to 1lluminate a wide area of the T102-coated membrane. In
Soni et al., Rev Sci Instrum., 81(1):014301 (2010), a method
was used for integrating two single-molecule measurement
modalities, namely, total internal reflection microscopy and
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clectrical detection of biomolecules using nanopores. The
above two references are mncorporated herein.

[0113] As described herein, the nanopores (whether hybrid
nanopores or tethered nanopores) can be coupled with a
detection circuit, including, for example, a patch clamp
circuit, a tunneling electrode circuit, or a transverse conduc-
tance measurement circuit (such as a graphene nanoribbon,
or a graphene nanogap), to record the electrical signals 1n
methods of the present disclosure. In addition, the pore can
also be coupled with an optical sensor that detects labels, for
example, a fluorescent moiety or a Raman signal generating
moiety, on the polynucleotides.

[0114] Molecular motors can use the energy of nucleotide
hydrolysis to drive the translocation of a target polynucle-
otide through a nanopore. A helicase 1s an example 1n which
ATP hydrolysis 1s the energy source for polynucleotide
translocation. For example, 1n one model a single stranded
polynucleotide 1s held m a negatively charged cleft that
separates the two RecA domains of a helicase from a third
domain. In the absence of ATP, a bookend residue (e.g.,
TrpS01 1 HCV helicase) and a clamp residue (e.g., Arg393
in HCV helicase) prevent the single stranded polynucleotide
from sliding through a cleft. Upon ATP binding, the RecA
domains rotate, moving the positively charged Arg-clamp.
The Arg-clamp attracts the negatively charged single
stranded polynucleotide, which in turn clears the bookend.
The single stranded polynucleotide 1s then repelled by the
negatively charged clett, and the single stranded polynucle-
otide translocates through the helicase until ATP 1s hydro-
lyzed. Therefore, in this exemplary model, the polynucle-
otide translocation through a helicase mvolves at least two
steps: a first step where the helicase binds to ATP and
undergoes a conformational change, and a second step
where ATP 1s hydrolyzed and the polynucleotide translo-
cates through the helicase.

[0115] Other detection techniques that can be applied to an
apparatus set forth herein include, but are not limited to,
detecting events, such as the motion of a molecule or a
portion of that molecule, particularly where the molecule 1s
DNA or an enzyme that binds DNA, such as a polymerase.
For example, Olsen et al, JACS 135: 7855-7860 (2013),
which 1s incorporated herein by reference, discloses biocon-
jugating single molecules of the Klenow fragment (KF) of
DNA polymerase I into electronic nanocircuits so as to allow
clectrical recordings of enzymatic function and dynamic
variability with the resolution of individual nucleotide 1mncor-
poration events. Or, for example, Hurt et al., JACS 131:
3772-3778 (2009), which 1s mcorporated herein by refer-
ence, discloses measuring the dwell time for complexes of
DNA with the KF atop a nanopore in an applied electric
field. Or, for example, Kim et al., Sens. Actuators B Chem.
177: 1075-1082 (2012) which 1s incorporated herein by
reference, discloses using a current-measunng Sensor 1n
experiments involving DNA captured 1n a a-hemolysin
nanopore. Or, for example, Garalde et al., J. Biol. Chem.
286: 14480-14492 (2011), which 1s incorporated herein by
reference, discloses distinguishing KF-DNA complexes
based on the basis of their properties when captured 1n an
clectric field atop an a-hemolysin pore. Other references
that disclose measurements involving c-hemolysin include
the following, all to Howorka et al., which are incorporated
herein by reference: PNAS 98: 12996 13301 (2001); Bio-
physical Journal 83: 3202-3210 (2002); and Nature Biotech-
nology 19: 636-639 (2001).
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[0116] U.S. Pat. No. 8,652,779 to Turner et al., which 1s
incorporated herein by reference, discloses compositions
and methods of nucleic acid sequencing using a single
polymerase enzyme complex including a polymerase
enzyme and a template nucleic acid attached proximal to a
nanopore, and nucleotide analogs 1n solution. The nucleotide
analogs include charge blockade labels that are attached to
the polyphosphate portion of the nucleotide analog such that
the charge blockade labels are cleaved when the nucleotide
analog 1s incorporated into a growing nucleic acid. Accord-
ing to Turner, the charge blockade label 1s detected by the
nanopore to determine the presence and idenftity of the
incorporated nucleotide and thereby determine the sequence
of a template nucleic acid. U.S. Patent Publication No.
2014/0051069 which 1s incorporated herein by reference, 1s
directed to constructs that include a transmembrane protein
pore subunit and a nucleic acid handling enzyme.

Example I

[0117] The two major thrusts of the experimental design
are to: (a) engineer, synthesize and purily the protein-
nanodisc complex; and (b) assemble the complex on the
solid state nanopore platform by electrophoretic forces. The
clectrophoretic driving force can be enhanced by attaching
polyelectrolyte or DNA molecule on the disc or pore-
forming protein. Additional surface treatment may be

required to improve the insulation on the lipid disc-solid
nanopore interface.

SPECIFIC AIM #1: Demonstrate Incorporation of MspA
Nanopore 1nto Lipid Nanodisc

[0118] Milestones: (a) Assemble and characterize blank
lipid nanodisc; (b) Engineer MspA protein with His-tag for
the purpose of separation and purification; (¢) Incorporate
MspA protein mnto lipid nanodisc, purily the product and
characterize the morphology.

Synthesize Bio-Pore Incorporated Lipid Nanodisc

[0119] Blank lipid nanodiscs are synthesized by titration
of lipid and MSP ratio. The experimental approach was
reviewed above in connection with FIG. 3. Biopore mutants
with C-terminal His-tags are prepared. The His-tagged
biopore mutants are added into the nanodisc precursor
mixture before the detergent 1s removed so that the biopore
incorporation will take place during the lipid nanodisc
self-assembly process. Excess amount of nanodisc compo-
nent are used to ensure high yield of incorporation. The
nanopore-nanodisc complex 1s separated from empty nano-
discs by a His-tag athnity column. The whole process is
monitored and analyzed by size exclusion chromatography
(SEC) and sodium dodecylsulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE), and further characterized by lig-
uid-phase atomic force microscopy and transmission elec-
tron microscopy.

SPECIFIC AIM #2: Achieve >100 G€ Seal of Lipid
Nanodisc Inserted in Solid State Nanopore

[0120] Milestones: (a) Establish nanopore and electropho-
resis infrastructure; (b) Electrophoretically assemble blank
lipid-nanodisc onto solid state nanopore; (¢) If necessary,
chemically functionalize solid state nanopore to ensure >100
GE2 seal; (d) Demonstrate MspA biological pore activity 1n
the hybrid system.
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Build Solid State Nanopore System

[0121] The fabrication methods for solid state nanopore
have historically utilized energized beam drilling, for
example, with an electron beam 1n a Transmission Electron
Microscope (TEM)(see, for example, Storm et al., Nature
Matenals 2, 537-540 (2003), incorporated herein by refer-
ence), a Ga 1on beam 1n a Focused Ion Beam (FIB))(see, for
example, Patterson et al., Nanotechnology 19, 235304
(2008), incorporated herein by reference) or a Helium Ion
Beam (HIB)(see, for example, Yang et al., Nanotechnology
22, 285310 (2011), incorporated herein by reference). A
commercial supply of 7-10 nm nanopores will be used for
initial demonstration and system development. Initial pro-
totyping of the required equipment 1s carried out as set forth
above 1n relation to FIG. 6 A and FIG. 6B. Electrophysiology
tools such as patch-clamp amplifier and electrochemistry
workstations, and a cleanroom facility are used for addi-
tional nanofabrication work.

Achieve Lipid Nanodisc Sealed Nanopore with >100 G£2
Resistance

[0122] FElectrophoretically driven translocation of biomo-
lecules through solid state nanopore has been extensively
studied 1n the past decade. The same strategy can be applied
to seal the solid state nanopore with a relatively large sized
lipid nanodisc, leaving the incorporated protein nanopore as
the only pathway for 1onic current and the only pathway for
analytes that are to be detected by passage through the pore.
The efliciency of sealing 1s tested with blank lipid nanodiscs
(without biopores). Since the lipid nanodisc i1s lightly
charged, a DNA molecule dertvatized with cholesterol-TEG
can be utilized to improve the electrophoresis effect of
capturing lipid nanodisc. Cholesterol tagged DNA tends to
bind to the lipid membrane by inserting the hydrophobic
cholesterol unit into the membrane. A diagrammatic repre-
sentation of a blank nanodisc having a nucleic acid tether 1s
shown 1n FIG. 8.

[0123] The electrical field guides the tether-containing
nanodisc by capturing the highly charged DNA chain. The
capture probability 1s also aflected by nanopore size, 10onic
strength, voltage and viscosity, which can be adjusted to
achieve desired loading. Multiple msertions of DNA tethers
into a single nanodisc are possible at this intermediate step,
but should not affect the ability to assess the sealing efli-
ciency between the nanodisc and the solid state nanopore
surface.

[0124] Additional modifications may be used to achieve a
>100 GE2 seal, for example, 1n embodiments where a seal 1s
not created entirely via electrophoretic action. If necessary,
the solid-state nanopore can be functionalized to seal inter-
face leakage pathways. Ensuring hydrophobicity of the
interface can prevent the transport of solvated ions. One
technique 1s to coat the top surface of the solid state
nanopore with cholesterol derivatives which ensure that the
surface 1s hydrophobic, while also inserting their hydropho-
bic terminal groups into the membrane. Specific surface
chemistry that can be used 1s shown 1n FIG. 9.

[0125] Another approach 1s local tethering of the lipid
nanodisc, for example, as described 1n Stackmann Science
271, 43-48 (1996); Steinem et al. Biochim. Biophys. Acta,
12779, 169-180 (1996); Vallejo, Bioelectrochemistry 57, 1-7
(2002); and Avanti Polar Lipids, Inc. (October 2013),
“Preparation of Liposomes™, each of which 1s incorporated
herein by reference. Alternatively or additionally, the entire
surface of the S1;N,, chip can be coated with a membrane, for
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example, as described i Yusko et al., Nature Nanotech. 6,
253 (2011), which 1s incorporated herein by reference. The
MspA biopore can then be mserted directly after formation
of this membrane coating. Steric hindrance can be exploited
to ensure that only a single porin can be inserted into each
aperture, and the eflective conversion of diffusion from 3
dimensional (i.e. in solution) to 2 dimensional (1.e. 1n the
membrane) can provide adequate insertion efliciency. Large
unilamellar vesicles with diameter of ~100 nm can be
obtained (see, for example, Avanti Polar Lipids, Inc. (Octo-
ber 2013), “Preparation of Liposomes”, which 1s incorpo-
rated herein by reference) and can bridge smaller solid state
nanopores (e.g. the ~10 nm nanopores described in this
Example).

[0126] Additionally, chemical functionalization of the
solid-state nanopore may be done to prevent any residual
leakage pathway along the interface between the lipid nano-
disc and solid state nanopore. Thus, the top surface of the
solid state nanopore, which the lipid disc will be 1n contact
with, can be chemically functionalized with hydrophobic
self-assembled molecules. Exemplary moieties that can be
used for functionalization are cholesterol derivatives which
can 1nsert their hydrophobic portion into the membrane, as
a result, preventing hydrated 1on transport along the inter-
face. Useful surface chemistry to conjugate cholesterol
derivative onto solid substrate, 1s exemplified i FIG. 9.
[0127] Surface functionalization may alter the electrical
characteristic of the solid state nanopore. The eflect can be
beneficial by reducing the sticking events by DNA 1nterac-
tion with the solid surface. However, the increase in solid
state nanopore hydrophobicity may impact its transport
properties (see, for example, Powell et al., Nature Nano-
technology 6, 798-802 (2011), which 1s incorporated herein
by reference. The two eflects can be balanced to achieve
optimal system performance).

Test Biopore Activity as a Part of the Hybrid Nanopore
Device

[0128] Specific Aim #2b will demonstrate the assembly of
a lipid nanodisc/biopore complex onto a solid state nanop-
ore. The electrical characterization of the hybrid nanopore,
noise level and the stability can be characterized under
nucleic acid sequencing conditions. The hybrid nanopore
may possess higher noise than a conventional protein nan-
opore device, mainly contributed by the capacitive coupling
through the silicon supporting substrate. See, for example,
Waggoner et al., Journal of Vacuum Science & Technology
B 29, 032206 (2011), which 1s incorporated herein by
reference. The noise level can be optimized by resin passi-
vation of the flmdic contact area, or adding micron thick
S102 between the Si1;N, film and the Si1 substrate, for
example, using techniques and materials set forth in Rosen-
stein et al., Nature Methods 9, 487-492 (2012), which 1s
incorporated heremn by reference. Current nanopore
sequencing chemistry contains polymerase, ATP, and salt in
close to neutral pH buller, which 1s not expected to affect the
stability of s lipid disc/biopore complex. The performance of
the hybrid nanopore can be benchmarked against a conven-
tional lipid-supported biopore 1in order to characterize its
performance.

Example 11

[0129] This Example describes progress on specific aim
#1 of Example 1. More specifically, protocols were estab-
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lished to (a) assemble and characterize blank lipid nanodiscs
with 10-13 nm diameter, and (b) incorporate MspA nanop-
ore proteins 1nto lipid nanodiscs and characterize the mor-
phology of the complex.

[0130] Fast protein liquid chromatography (FPLC) was
used to optimize nanodisc formation and MspA 1nsertion as
shown 1n FIG. 10. The bottom trace (black) i1s for nanodiscs
only, showing a well-defined elution peak from an FPLC
instrument. Adding MspA to the precursor mix destabilized
the reaction and resulted in a second elution peak at higher
molecular weight as shown by the middle trace (red).
Behavior was similar to that of pure nanodisc synthesis 1n
the presence of excess lipid. Although not necessarily
intending to be limited by hypothesis, the surfactant required
to stabilize the MspA protein 1n solution appears to be
interacting with the nanodisc self-assembly process. By
reducing the amount of lipid used during synthesis by V4
normal behavior was recovered as shown by the top trace
(blue).

[0131] In addition, Transmission electron microscopy
(TEM) characterization was performed on the two elution
fractions (A and B) from FIG. 10. The samples were stained
with uranyl acetate prior to TEM imaging to enhance
contrast. The resulting TEM images are shown in FIG. 11.
Apparent insertion of MspA (discs with dark dots) was
observed 1n both samples, with heavy agglomeration 1n the
high MW {1raction as expected. TEM 1mages ol blank
nanodiscs (not shown) did not exhibit such features. Further
confirmation of MspA insertion can be obtained through
protein electrophoresis, and via metal column purification of
the product, as documented 1n Specific Aim #1 of Example

I

[0132] The above results confirm establishment of a pro-
tocol for synthesis of bare nanodiscs. Furthermore, the
results provide proof-of-principle confirmation of MspA
isertion 1 self-assembled nanodiscs.

[0133] Throughout this application various publications,
patents or patent applications have been referenced. The
disclosure of these publications 1n their entireties are hereby
incorporated by reference in this application.

[0134] The term comprising 1s intended herein to be
open-ended, including not only the recited elements, but
further encompassing any additional elements.

[0135] A number of embodiments have been described.
Nevertheless, 1t will be understood that various modifica-
tions may be made. Accordingly, other embodiments are
within the scope of the following claims.

1.-104. (canceled)

105. A method of making a detection apparatus, compris-
ng:
(a) providing a solid support comprising an array of solid
state nanopores;

(b) providing a plurality of lipid nanodiscs, wherein each
lipid nanodisc comprises a protein nanopore mserted 1n
a lipid bilayer; and

(c) contacting the plurality of lipid nanodiscs with the

array of solid state nanopores so that each solid state
nanopore becomes covered by one lipid nanodisc.

106. The method of claiam 105, wherein (b) comprises
incubating the protein nanopores with phospholipids 1n the
presence of a detergent; and removing the detergent from the
phospholipids to form the lipid nanodiscs.
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107. The method of claim 105, wheremn (¢) comprises
contacting the solid state nanopores with an amount of the
plurality of lipid nanodiscs that exceeds an amount of the
solid state nanopores.

108. The method of claim 105, wherein each lipid nano-
disc 1n the plurality of lipid nanodiscs 1s stabilized with a
membrane scatfold protein (MSP).

109. The method of claim 105, wherein each lipid nano-
disc 1n the plurality of lipid nanodiscs comprises no more
than one protein nanopore.

110. The method of claim 105, wherein each lipid nano-
disc in the plurality of lipid nanodiscs comprises charged
tethers attached to the lipid bilayer or to the protein nanop-
ore.

111. The method of claim 110, wherein the charged tethers
comprise nucleic acids.

112. The method of claim 110, wherein (¢) comprises
clectrically attracting the plurality of lipid nanodiscs to the
solid state nanopores.

113. The method of claim 105, further comprising (d)
coupling the plurality of lipid nanodiscs with the array of
solid state nanopores.

114. The method of claim 113, wherein the coupling 1s via
a silane, a cholesterol, or a cholesterol derivative.

115. The method of claim 105, wherein the plurality of
lipid nanodiscs are non-contiguous from each other on a
surface of the solid support.

116. The method of claim 105, wherein the plurality of
lipid nanodiscs form seals for at least 50% of the solid state
nanopores.
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117. The method of claim 105, wherein the apparatus
comprises a cis reservoir in contact with the array of solid
state nanopores and a trans reservoir in contact with the
array of solid state nanopores, and wherein the cis reservoir
and the trans reservoir comprise electrodes to apply a current
through apertures formed by the protein nanopores.
118. The method of claim 105, wherein the apparatus
comprises an amplifier configured to amplity electrical
signals generated at the protein nanopores.
119. A method of making a nanopore detection apparatus,
comprising;
(a) providing a plurality of lipid nanodiscs, wherein each
lipid nanodisc comprises a protein nanopore mserted 1n
a lipid bilayer; and

(b) coupling each lipid nanodisc to a solid state nanopore
by contacting the plurality of lipid nanodiscs to a solid
support comprising an array of solid state nanopores.

120. The method of claim 119, wherein (a) comprises
incubating a plurality of protein nanopores with phospho-
lipids 1n the presence of a detergent; and removing the
detergent from the phospholipids to form the plurality of
lipid nanodiscs.

121. The method of claam 119, wherein (b) comprises
contacting a plurality of solid state nanopores with an
amount of the plurality of lipid nanodiscs that exceeds an
amount of a plurality of solid state nanopores.

122. The method of claim 119, wherein (b) comprises
clectrically attracting the plurality of lipid nanodiscs to a
plurality of solid state nanopores.

G o e = x



	Front Page
	Drawings
	Specification
	Claims

