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NANOSENSOR METHODS AND APPARATUSES FOR DETERMINATION OF

ANALYTES

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Patent Application Serial No.

62/556,186, filed September 8, 2017, entitled "Nanosensor Methods and Apparatuses for

Determination of Analytes," by Quan, et al, incorporated herein by reference in its entirety.

TECHNICAL FIELD

The present invention generally relates, in some aspects, to articles and methods

relating to nanosensors for determination of molecules and other features, e.g., via surface

plasmonic resonance, color changes, or the like.

BACKGROUND

Immunoassays have been extensively used for disease diagnostics. Conventional

immunoassays (e.g., enzyme-linked immunosorbent assay, western blot) have limited

detection sensitivity typically at 100 pg/ml and above, due to the bulk measurement of

fluorescent or colorimetric signals derived from fluorescently labeled molecules or enzymatic

reactions. In addition, current immunoassays can only be performed on a large number of

cells. Existing single cell technology includes flow cytometry, which is limited by the choice

of antibodies, as typical flow cytometry methods are only compatible with 10% of available

antibodies. None of the current available technologies can detect intracellular molecules at

the single cell level in a highly-multiplexed format.

Accordingly, improvements in detection limits are needed for disease prognostics and

drug development.

SUMMARY

The present invention generally relates, in some aspects, to articles and methods

relating to nanosensors for determination of molecules and other features, e.g., via surface

plasmonic resonance, electric dipole resonance or magnetic dipole resonance, color changes,

or the like. The subject matter of the present invention involves, in some cases, interrelated



products, alternative solutions to a particular problem, and/or a plurality of different uses of

one or more systems and/or articles.

In one aspect, the present invention is generally directed to an article. In one set of

embodiments, the article comprises a microwell array comprising a well comprising a

nanoparticle positioned distally on an end of a nanostructure, wherein the nanoparticle

interacts with incident light via surface plasmonic resonance, electric resonance, and/or

magnetic resonance.

According to another set of embodiments, the article comprises a microwell array

comprising a well, and a nanosensor array comprising a nanoparticle positioned distally on

the end of a nanostructure contained within the well, wherein the nanoparticle is sized to

interact with incident visible light via surface plasmonic resonance, electric resonance, and/or

magnetic resonance to alter the incident visible light.

In another aspect, the present invention is generally directed to a method. In another

set of embodiments, a method of assembling the article is described. The method comprises

immobilizing a first substrate comprising a microwell array comprising a well relative to a

second substrate comprising an array of nanostructures, at least some of the nanostructures

comprising nanoparticles positioned distally on an end of the nanostructures, such that the

nanostructures are positioned within the wells.

In one set of embodiments, the method comprises applying electromagnetic radiation

to a nanoparticle positioned distally on an end of a nanostructure, wherein the nanoparticle

interacts with the electromagnetic radiation via surface plasmonic resonance, electric

resonance, and/or magnetic resonance to alter the electromagnetic radiation, and determining

the altered electromagnetic radiation.

The method, in accordance with another set of embodiments, comprises positioning a

cell within a well of a microwell array, wherein the well further comprises a nanoparticle

positioned distally on the end of a nanostructure and a reaction entity at least partially coated

on the nanoparticle. In another set of embodiments, the method further comprises lysing the

cell within the well to release an analyte suspected of being able to bind the reaction entity,

and applying electromagnetic radiation to the nanoparticle, wherein the nanoparticle interacts

with the electromagnetic radiation via surface plasmonic resonance, electric resonance,



and/or magnetic resonance to alter the electromagnetic radiation, and determining the altered

electromagnetic radiation to determine the analyte.

Still another set of embodiments relates to a method comprising acquiring a first

optical image of an array of nanostructures on a substrate, wherein the nanostructures have a

cross-sectional dimension, orthogonal to the direction that the first optical image is acquired,

of less than 700 nm, and wherein the nanostructures are at least partially coated with a

reaction entity. In another set of embodiments, the method further comprises causing an

interaction between the reaction entity and an analyte, acquiring a second optical color image

of the array of nanostructures, and determining a change in color between the first optical

image and the second optical image, wherein the change in color is caused by the interaction

between the reaction entity and the analyte.

In one set of embodiments, the method comprises positioning a sample in a well of a

microwell array, wherein the well further comprises a nanoparticle positioned distally on the

end of a nanostructure, and applying electromagnetic radiation to the nanoparticle, wherein

the nanoparticle interacts with the electromagnetic radiation via surface plasmonic resonance,

electric resonance, and/or magnetic resonance to alter the electromagnetic radiation, and

determining the altered electromagnetic radiation.

Another set of embodiments is a method comprising adding a sample suspected of

containing an analyte to a well of a microwell array, wherein the well further comprises a

nanoparticle positioned distally on an end of a nanostructure, the nanoparticle being at least

partially coated with a reaction entity. In another set of embodiments, the method comprises

applying electromagnetic radiation to the nanoparticle, wherein the nanoparticle interacts

with incident light via surface plasmonic resonance, electric resonance, and/or magnetic

resonance to alter the electromagnetic radiation, and determining the altered electromagnetic

radiation to determine the interaction of the reaction entity with the analyte.

In another set of embodiments, a method comprises exposing a solution suspected of

containing an analyte to a nanoparticle positioned distally on the end of a nanostructure,

wherein the nanostructure further comprises a reaction entity able to interact with the analyte,

applying electromagnetic radiation to the nanoparticle, wherein the nanoparticle interacts

with the electromagnetic radiation via surface plasmonic resonance, electric resonance,



and/or magnetic resonance to alter the electromagnetic radiation, and determining the altered

electromagnetic radiation.

The method, according to another set of embodiments, comprises acquiring first and

second optical color images of an array of nanostructure on a substrate, wherein the

nanostructure have a cross-sectional dimension of between 400 nm and 700 nm, and

determining a change in color between the first and second optical color images.

Other advantages and novel features of the present invention will become apparent

from the following detailed description of various non-limiting embodiments of the invention

when considered in conjunction with the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting embodiments of the present invention will be described by way of

example with reference to the accompanying figures, which are schematic and are not

intended to be drawn to scale. In the figures, each identical or nearly identical component

illustrated is typically represented by a single numeral. For purposes of clarity, not every

component is labeled in every figure, nor is every component of each embodiment of the

invention shown where illustration is not necessary to allow those of ordinary skill in the art

to understand the invention. In the figures:

Fig. 1 shows, according to some embodiments, an illustration of the interaction

between nanosensor and analyte, which alters incident electromagnetic radiation.

Figs. 2A-2B show, according to some embodiments, the change in visible light

produced by a nanosensor upon binding an analyte.

Fig. 3 shows, according to some embodiments, a microwell array with a

semipermeable membrane comprising a nanosensor and various concentrations of analyte,

which produce optical light.

Fig. 4 shows, according to some embodiments, an illustration of a microwell array.

Fig. 5 shows an exemplary representation of the trapping of HEK293 cells at about

70% single cell trapping efficiency.

Fig. 6 shows an exemplary representation of silicon nanorod nanosensors.

Figs. 7A-7B show exemplary representations of the color of silicon nanorods under a

dark field image.



Figs. 8A-8D show, according to some embodiments, multiple forms of silicon

nanosensors, including nanocones, nanoneedles, nanowires, and nanoparticles.

Figs. 9A-9D show exemplary representations of the shift of color tone of nanosensors

as the concentration of BSA proteins increases.

Figs. 1OA- IOC show exemplary representations of the shift of color tone of

nanosensors as the concentration of streptavidin increases.

Figs. 11A-l 1C show exemplary representations of the shift of color tone of

nanosensors with various diameters as the concentration of streptavidin increases.

Fig. 12 shows, according to some embodiments, nanorods with -100 nm diameter and

-400 nm spacing.

Figs. 13A-13C show exemplary representations of the shift of color tone of -100 nm

diameters nanorods with various concentrations of BSA proteins as the proteins absorb onto

the meta-surface.

Fig. 14 shows, according to some embodiments, nanorods with -180 nm diameter and

-420 nm spacing.

Figs. 15A-15C show exemplary representations of the shift of color tone of -180 nm

diameter nanorods with various concentrations of BSA proteins as the proteins absorb onto

the meta-surface.

Fig. 16A-16B show exemplary representations of the shift of color tone of -180 nm

diameter nanorods with various concentrations of BSA proteins as the proteins absorb onto

the meta-surface with a 1.8 nm diameter gold nanoparticle as secondary label to amplify the

color shift.

Fig. 17 shows an exemplary representation of a dark field image of the microwell

array with 3x3 individual nanosensor arrays in each well.

Figs. 18A-18C show a 20 microliter droplet of a single cell suspension applied onto a

sensor chip of a microwell array and a nanosensor array.

Figs. 19A-19C shows exemplary representations of the binding of proteins on

nanosensors inducing a color shift that correlates to protein concentration.

Fig. 20 shows, according to some embodiments, a 75 mm x 25 mm glass slide with 10

microwell arrays.



Figs. 1A-21C show exemplary representations of nanosensors on top of silicon nano-

or micro-sized needles spaced at the same periodicity as microwells.

Figs. 22A-22I show exemplary representations of nanosensor arrays for detecting

protein concentrations of 0.1 to 10 pM.

DETAILED DESCRIPTION

The present invention generally relates, in some aspects, to articles and methods

relating to nanosensors for determination of molecules and other features, e.g., via surface

plasmonic resonance, electric resonance, magnetic resonance, color changes, or the like.

These articles and methods may be used, for example, for sample detection. The articles

described in some aspects of the invention include a microwell array and a nanosensor array.

In some embodiments, the nanosensor arrays may utilize nanoparticles positioned on

nanostructures that are able to interact with a sample suspected of containing an analyte, such

as a single cell. The interaction between nanoparticles and a sample can be detected by a

change in applied energy, such as altered electromagnetic radiation caused by surface

plasmonic resonance of incident visible light, and/or other types of resonance.

Electromagnetic radiation may be applied to a microwell array and nanosensor, and the

applied electromagnetic radiation may be altered as a nanosensor interacts with a sample

suspected of containing an analyte. In addition, in some embodiments, the nanosensor arrays

may utilize nanostructures and the binding of analytes may be determined based on optical or

color changes.

Certain aspects of the invention are generally directed to systems and methods for

detecting biomolecules such as proteins or nucleic acids, e.g., arising from cells or other

sources. In some embodiments, biomolecules are determined, qualitatively and/or

quantitatively, using nanoneedle or other nanostructures used as sensors. These may be

present, for example, within an array, such as an array of wells.

In one set of embodiments, a particle on an end of the nanoneedle has a narrow band

spectrum. Binding of biomolecules or other analytes to the particle, e.g., via reaction entities,

may affect the ability of the particle to resonate to incident light, e.g., due to surface plasmon

resonance, electric resonance, and/or magnetic resonance. Examples of reaction entities

include antibodies, enzymes, nucleic acids, or other entities such as those described below.



By determining differences in resonance, e.g., by applying light to the particles and

determining refraction and/or absorbance, binding interactions may be determined for the

particles and the biomolecules.

As a non-limiting example, Fig. 1 shows system 10, in which an analyte 15 may

interact with a reaction entity 20 immobilized relative to a nanoparticle 25. The interaction

may be, for example specific or non-specific, covalent or non-covalent, etc. Nanoparticle 25

may be positioned at the end 30 of a nanoneedle 35 or other suitable nanostructure. In some

cases, the nanoneedle may be positioned in a well 40 (for example, an isolated well or a well

of a microarray, etc.), although in other cases, the nanoneedle may be positioned on a

substrate, optionally on a suitable nanostructure, and not necessarily within a well. Incident

light 45 from source 50 may interact with nanoparticle 25 and may interact with the particle

via the plasmonic resonance effect. In addition, some light 55 may be directed to a detector

60, e.g., via refraction from the particle. By determining differences in the light reaching the

detector, various interactions between analyte 15 and reaction entity 20 may be determined.

In another set of embodiments, binding of biomolecules or other analytes can be

determined using changes in color, e.g., visible light. Without wishing to be bound by any

theory, it is believed that certain types of nanoneedles or other nanostructures are able to

vibrate (e.g., in response to visible light) only at a fundamental mode. The fundamental

mode may change, for example, upon binding of a biomolecule to the nanoneedle, e.g. due to

a reaction entity. Accordingly, changes in the visible properties of the nanoneedles (for

example, color and/or intensity changes) may be used to determine binding interactions

between the nanoneedles and the biomolecules.

As a non-limiting example, Fig. 2A shows system 10, in whichnanoneedle 15 and

reaction entity 20 positioned in well 25 produce color of visible light 30. Analyte 35 does not

interact with nanoneedle 15 or reaction entity 20, and produces no visible light. In system 40

in Fig. 2B, nanoneedle 15 and reaction entity 20 positioned in well 25 bind analyte 35. The

interaction results in a change of optical color or appearance, produced by visible light 45,

that may different from visible light 30.

In some cases, the biomolecules (or other analytes) arise from cells. For example,

cells may be lysed within wells of a microwell plate, and determined, qualitatively and/or

quantitatively, using nanoneedle or other nanostructures used as sensors as discussed herein.



In some cases, particles may also be present. The biomolecules may be determined using

plasmonic resonance effects, color changes, or the like, e.g., as described herein. In some

cases, cells may be introduced into particles and sealed therein, e.g., using membranes. The

cells can be individually lysed within separate wells, e.g., to prevent contamination of one

well with another well from cell lysates. In some cases, semipermeable membranes are used

to allow the entry of lysing reagent (e.g., a lysing buffer) to enter the wells, but to prevent the

lysate from leaving the wells. Thus, the lysates of individual cells may be individually

determined according to certain embodiments.

Fig. 3 displays a non-limiting example of system 10, including wells 25 and 30. Cell

15 and cell 20 are positioned within wells 25 and 30, respectively. Cell 15 and 20 may be

lysed, for example, upon the addition of lysing buffer into wells 25 and 30. Positioned on

microwell array 35 is semi-permeable membrane 55 to prevent contamination of the contents

of well 25 and well 30. The semi-permeable membrane may be added, for example, after

introduction of the cells into the wells, and before or after lysis of the cells.

The interaction of nanoparticle 45 with analytes from cell 15 may result in optical

light 60, while the interaction of nanoparticle 45 with analytes from cell 20 (more

concentrated than cell 15) may result in optical light 65. For example, incident light may be

applied, and some of the light may be absorbed by the nanoneedles. Differences in analytes

(e.g., concentrations, types, etc.) may result in different optical light or appearances of the

different wells or nanoneedles. As another example, the wells may comprise nanosensors

comprising nanoneedle 40 and nanoparticle 45 positioned on the end 50 of nanoneedle 35.

Incident light may interact with such systems by the plasmonic resonance effect, which may

result in different refracted light or appearances based on different interactions between

analytes and nanoparticles (e.g., via reaction entities). By determining such light, the

analytes may be determined.

The above represents various non-limiting examples of certain embodiments of the

invention. However, other embodiments are also possible. Accordingly, more generally,

various aspects of the invention are now described in relation to nanosensors for

determination of molecules and other features, e.g., via surface plasmonic resonance, color

changes, or the like.



Some articles and methods of the present invention relate to a sensor comprising a

particle (e.g., a nanoparticle) that is positioned on a nanostructure, e.g., distally on an end of

the nanostructure. In some cases, the particle can interact with an analyte, e.g., as discussed

below, such that interactions between the analyte and the nanostructure and/or the particle

can be determined (e.g., qualitatively and/or quantitatively) by determining how light

interacts with the particle. For example, light may interact with the particle via surface

plasmon resonance effects, and changes in the light may be used to determine the analyte. In

some cases, other resonances may occur, such as electrical resonances and/or magnetic

resonances.

A variety of samples may be determined in various embodiments of the invention.

For example, in certain aspects, a sample may comprise a cell. The nanosensor may be used

to optically interrogate or study a sample, for example, a cell. In some cases, a characteristic

of the cell or other sample, such as the presence or concentration of an analyte or sample,

may interact with the nanosensor and/or a reaction entity on the nanosensor, which can be

determined optically. Examples of optical interrogation techniques that may be used include,

but are not limited to, fluorescence, phosphorescence, surface plasma resonance, surface

plasmonic resonance, localized surface plasma resonance, Raman spectroscopy, surfaced-

enhanced Raman spectroscopy, or the like.

In certain embodiments, the nanoparticle comprises a metal, for example, gold, silver,

copper, or the like. According to some embodiments, the nanoparticle comprises gold. In

another set of embodiments, the nanoparticle comprises silver, a quantum dot, or a

semiconductor nanoparticle.

In some embodiments, the particles are sized to interact with incident visible light via

the surface plasmonic resonance effect, e.g., to alter the incident visible light. For example,

some of the incident light may be absorbed, reflected, refracted, etc. upon interaction with a

particle. This may produce changes in the light, which may be determined in some fashion.

In addition, in some cases, the particles are sized to interact with incident visible light via

electric and/or magnetic resonance effects.

In some cases, the particle may be a nanoparticle. For example, the particle may have

a characteristic diameter of less than about 1 micrometer. The particle may be spherical or

nonspherical. The characteristic diameter may be taken as the diameter of a perfect sphere



having the same volume as the nonspherical particle. According to certain embodiments, the

diameter of the nanoparticle is at least 0.5 nm, at least 1.0 nm, at least 1.5 nm, at least 2.0 nm,

at least 2.5 nm, at least 3 nm, at least 4 nm, at least 5 nm, at least 7 nm, at least 10 nm, at least

30 nm, at least 100 nm, at least 300 nm, etc. In some embodiments, the diameter of the

nanoparticle is less than 1000 nm, less than 500 nm, less than 300 nm, less than 100 nm, less

than 50 nm, less than 30 nm, less than 10 nm, less than 7 nm, less than 5 nm, less than 4 nm,

less than 3.0 nm, less than 2.5 nm, less than 2.0 nm, less than 1.5 nm, or less than 1.0 nm. In

addition, combinations of any of these are also possible; for example, the characteristic

diameter may be in a range of 0.5 to 3.0 nm.

In some embodiments, the particle and/or the nanostructure is at least partially coated

with a reaction entity. The term "reaction entity" refers to any entity that can interact with an

analyte in such a manner to cause a detectable change in a property, e.g., of a member, such

as a chemical property, an optical property, a mechanical property, a vibration property, etc.

The interaction between the reaction entity and the analyte may be specific or non-specific

binding, and may include a variety of interactions. Interaction of the reaction entity with an

analyte may be determinable as discussed herein, e.g., due to a change in light.

The reaction entity can comprise a binding partner to which the analyte binds in some

embodiments. The reaction entity can comprise a specific or a non-specific binding partner

of the analyte. For example, the reaction entity may be a chemical or a biochemical, such as

a metal, a nucleic acid, an antibody, an aptamer, a sugar, a carbohydrate, a protein, a polymer,

an oligonucleotide, a catalyst, a quantum dot, etc. As a non-limiting example, in certain

embodiments, the reaction entity at least partially coating the nanoparticle is an antibody or

fragment thereof. The antibody may be any suitable antibody, including monoclonal

antibodies, chimeric antibodies, humanized antibodies, etc. In some embodiments, the

reaction entity comprises an enzymatic reaction product induced by a chromogenic substrate

labeled on the analyte. Chromogenic substrates may include, for example, 3,3',5,5'-

tetramethylbenzidine (TMB), 3,3'-diaminobenzidine (DAB), 2,2'-azino-di-(3-

ethylbenzthiazoline-6-sulfonic acid) (ABTS), and the like.

The binding partner may be a molecule that can undergo binding with a particular

analyte, and includes specific, semi-specific, and non-specific binding partners as is known to

those of ordinary skill in the art. The term "specifically binds," when referring to a binding



partner (e.g., protein, aptamer, nucleic acid, antibody, etc.), refers to a reaction that is

determinative of the presence and/or identity of one or other member of the binding pair in a

mixture of heterogeneous molecules (e.g., proteins and other biologies). Thus, for example,

in the case of a receptor/ligand binding pair, the ligand would specifically and/or

preferentially select its receptor from a complex mixture of molecules, or vice versa. An

enzyme would specifically bind to its substrate, a nucleic acid would specifically bind to its

complement, an antibody would specifically bind to its antigen. Other examples include,

nucleic acids that specifically bind (hybridize) to their complement, antibodies that

specifically bind to their antigen, and the like. The binding may be by one or more of a

variety of mechanisms including, but not limited to, ionic interactions, covalent interactions,

hydrophobic interactions, van der Waals interactions, and/or hydrogen bonding, etc.

As another example, the reaction entity may comprise platinum, which can be used to

determine hydrogen. As yet another example, the reaction entity may comprise a hydrogel,

which can be used to determine water or humidity. Non-limiting examples of reaction

entities include those disclosed in Int. Pat. Apl. Pub. No. WO 2015/175398, incorporated

herein by reference in its entirety for all purposes.

In some cases, one or more particles may be immobilized relative to a nanostructure,

e.g., directly or indirectly, for example, via one or more linkers or spacers. For example, the

particles may be attached to any suitable location on the nanostructure, such as a side or an

end. As an example, the nanostructures may be attached to a substrate at a first end, and a

particle may be attached to a second end distal from the first end.

The nanostructure may have any suitable shape and/or size. In some cases, for

example, the nanostructure may be a nanoneedle, a nanowire, a nanorod, a nanocone, or the

like. See, e.g., Fig. 8 . Other shapes are also possible, e.g., nanoribbons, nanofilaments,

nanotubes, nanopillars, or the like. In certain embodiments, the nanostructures are vertically

aligned, although other angles or alignments are also possible.

In some embodiments, the nanostructure has a length, determined from an end or a

point of attachment with a substrate, of less than about 100 micrometers, less than about 50

micrometers, less than about 30 micrometers, less than about 20 micrometers, less than about

10 micrometers, less than about 5 micrometers, less than about 3 micrometers, less than about

2 micrometers, less than about 1 micrometer, less than about 500 nm, less than about 300 nm,



less than about 200 nm, less than about 100 nm, less than about 50 nm, less than about 30

nm, less than about 20 nm, less than about 10 nm, etc. In some cases, the length may be at

least about 10 nm, at least about 20 nm, at least about 30 nm, at least about 50 nm, at least

about 100 nm, at least about 200 nm, at least about 300 nm, at least about 500 nm, at least

about 1 micrometer, at least about 2 micrometers, at least about 3 micrometers, at least about

5 micrometers, at least about 10 micrometers, at least about 20 micrometers, at least about 30

micrometers, at least about 50 micrometers, at least about 100 micrometers, etc.

Combinations of any of these are possible, e.g., the length of the nanostructure may be

between 0.2 to 2 micrometers.

The nanostructure may have any suitable cross-sectional shape, for example, square,

circular, triangular, ellipsoidal, polygonal, a star, an irregular shape, etc. The nanostructure

may maintain the same cross-sectional shape throughout its length, or there may be different

cross-sectional shapes in different portions of the nanostructure. In addition, the

nanostructures may have any suitable cross-sectional diameter. The cross-sectional diameter

may be constant (e.g., as in a nanoneedle or a nanorod), or varying (for example, as in a

nanocone). The average diameter may be, for example, less than about 1000 nm, less than

about 500 nm, less than about 300 nm, less than about 200 nm, less than about 100 nm, less

than about 50 nm, less than about 30 nm, less than about 20 nm, less than about 10 nm, etc.

In some cases, the length may be at least about 10 nm, at least about 20 nm, at least about 30

nm, at least about 50 nm, at least about 100 nm, at least about 200 nm, at least about 300 nm,

at least about 500 nm, at least about 1000 nm, etc. Combinations are also possible in various

embodiments. For example, the average diameter of the nanostructure may be between 50 nm

and 300 nm.

The nanostructure may be formed out of any suitable material, and may be the same

or different from a substrate upon which it is attached, e.g., vertically. In one set of

embodiments, the nanostructures are formed from silicon and/or other suitable

semiconductive materials (for example, germanium). Addition non-limiting examples of

materials include metals (e.g., nickel or copper), silica, glass, or the like. In some cases, the

nanostructure (which may be attached to a substrate) can be formed from a unitary material.

Any suitable method may be used to from the nanostructure. Examples include, but

are not limited to, lithographic techniques such as e-beam lithography, photolithography, X-



ray lithography, extreme ultraviolet lithography, ion projection lithography, etc. As another

example, in some embodiments, the nanostructure may be formed from one or materials that

are susceptible to etching with a suitable etchant. For instance, the nanostructure may

comprise materials such as silica or glass, which can be etched using HF (hydrofluoric acid)

or BOE (buffered oxide etch). As another example, the nanostructure may comprise a metal

such as copper, iron, nickel, and/or steel, which can be etched using acids such as HC1

(hydrochloric acid), HNC (nitric acid), sulfuric acid (H2SO4), and/or other etching

compounds such as such as ferric chloride (FeCh) or copper sulfate (CuS0 4) . As yet another

example, the nanostructure may comprise silicon or other semiconductor materials, which

can be etched using etchants such as EDP (a solution of ethylene diamine and pyrocatechol),

KOH (potassium hydroxide), and/or TMAH (tetram ethylammonium hydroxide). The

nanostructure may also comprise, in some cases, a plastic or a polymer, for example,

polymethylmethacrylate, polystyrene, polyperfluorobutenylvinylether, etc., which can be

etched using KOH (potassium hydroxide), and/or other acids such as those described herein.

The nanostructure may comprise or consist essentially of one material, or more than

one material in some embodiments. For instance, in one embodiment, the nanostructure is

formed from a unitary or a solid piece of material that may be etched as discussed herein.

Certain embodiments of the invention are also generally related to microwell arrays,

e.g., which comprises one or more wells, which may be circular or non-circular. Any number

of wells may be present, for example, at least 1, at least 2, at least 5, at least 10, at least 25, at

least 50, at least 100, at least 200, at least 500, etc. The microwells may also comprise one or

more sensors as described herein, e.g., comprising one or more nanoneedles or other

nanostructures. In some embodiments, the microarrays are dimensioned according to

commercially-available ANSI/SLAS standards, e.g., with 6 wells, 12 wells, 24 wells, 48

wells, 96 wells, 384 wells or 1536 wells, etc. The microwell arrays may be formed out of any

suitable material, including plastics or polymers, such as polystyrene, polypropylene,

polycarbonate, cyclo-olefin, etc., silica, glass, metals, or the like.

In certain embodiments, a well may have a diameter in a range of 10 microns to 50

microns. According to some embodiments of the invention, the diameter of the well is at

least 10 microns, at least 20 microns, at least 30 microns, or at least 40 microns. In certain

embodiments, the diameter of the well is less than 50 microns, less than 40 microns, less than



30 microns, or less than 20 microns. Combinations of any of these are also possible, e.g., the

well may have a diameter of 20 to 40 microns.

According to certain embodiments, the depth of the well is at least 20 microns, at least

30 microns, at least 40 microns, or at least 50 microns. In certain aspects of the invention, the

depth of the well is less than 60 microns, less than 50 microns, less than 40 microns, or less

than 30 microns. Combinations of any of these are also possible, e.g., a well may have a

depth in a range of 20 microns to 60 microns.

In some embodiments, the wells may have a pitch (or a well-to-well spacing) of no

more than about 1000 micrometers, no more than about 700 micrometers, no more than about

500 micrometers, no more than about 300 micrometers, no more than about 100 micrometers,

no more than about 50 micrometers, no more than about 40 micrometers, no more than about

30 micrometers, no more than about 25 micrometers, no more than about 20 micrometers, no

more than about 15 micrometers, no more than about 10 micrometers, no more than about 5

micrometers, no more than about 3 micrometers, no more than about 2 micrometers, no more

than about 1 micrometer, etc. In some cases, the pitch may be at least about 1 micrometer, at

least about 3 micrometers, at least about 5 micrometers, at least about 10 micrometers, at

least about 15 micrometers, at least about 20 micrometers, at least about 25 micrometers, at

least about 30 micrometers, at least about 40 micrometers, at least about 50 micrometers, at

least 100 micrometers, at least 300 micrometers, at least 500 micrometers, at least 700

micrometers, at least 1000 micrometers, etc. In addition, combinations of any of these are

also possible; for example, the pitch may be between about 10 micrometers and 100

micrometers.

In some cases, the microwell array may be configured to contain one or more cells.

For example, one or more lysates arising from a cell may be determined in one or more wells,

using one or more sensors as described herein. However, it should be understood that cells

(or cell lysates) are not required, and other embodiments of the invention may be directed to

lysates arising from other sources, including biological and non-biological analytes.

In some cases, the microwell array may be loaded to have one cell per well, or more

than one cell per well. Different wells may have the same or different numbers of cells that

are present. The cell may be an isolated cell, a cell aggregate, or a cell found in a cell culture,

in a tissue construct containing cells, or the like. Examples of cells include, but are not



limited to, a bacterium or other single-cell organism, a eukaryotic cell, a plant cell, or an

animal cell. If the cell is an animal cell, the cell may be, for example, an invertebrate cell

(e.g., a cell from a fruit fly), a fish cell (e.g., a zebrafish cell), an amphibian cell (e.g., a frog

cell), a reptile cell, a bird cell, or a human or non-human mammal. If the cell is from a

multicellular organism, the cell may be from any part of the organism.

In some embodiments, one or more cells are added to one or more wells, and

optionally sealed in place (e.g., to prevent contamination or interaction between different

wells), for example, using a membrane such as a semipermeable membrane. According to

some embodiments, however, cells may be lysed within the wells to release one or more

analytes of interest, such as proteins, nucleic acids, or the like.

A variety of techniques may be used to lyse cells. For instance, the cells may be lysed

via exposure to a lysing chemical or a cell lysis buffer (e.g., a surfactant such as Triton-X or

SDS, an enzyme such as lysozyme, lysostaphin, zymolase, cellulase, mutanolysin,

glycanases, proteases, mannase, proteinase K, etc.), or a physical condition (e.g., ultrasound,

ultraviolet light, mechanical agitation, etc.). If a lysing chemical is used, the lysing chemical

may be added to the wells before and/or after adding cells. In some cases, the lysing

chemical may be added before or after adding a membrane, e.g., to contain the cell within the

well. In some cases, the membrane is permeable and/or semipermeable, which may facilitate

entry of the lysing chemical.

Some embodiments of the invention generally relate to a semi-permeable membrane

that can be applied to the microwell array and/or nanostructure substrate, for example, to

contain cells or other samples within the wells. In certain cases, the semi-permeable

membrane is sized so as to prevent the passage of cells but allow the passage of smaller

compounds.

In certain embodiments of the invention, a semi-permeable membrane can be

positioned between the microwell array and the nanostructure substrate, or on top of the

microwell array or the nanostructure substrate. In some cases, the semi-permeable membrane

can be removed from the microwell array and/or the nanostructure substrate. In certain

embodiments, the semi-permeable membrane is evaluated by microscopy, such as dark field

microscopy or other optical microscopy techniques.



A variety of semi-permeable membranes may be used, e.g., having various

permeabilities. For instance, the semi-permeable membrane may be hydrophilic or

hydrophobic, porous or nonporous, etc. In certain embodiments, the semi-permeable

membrane may comprise polymers such as polycarbonate. Other examples of semipermeable

membranes include cation exchange membranes, anion exchange membranes, or the like.

As previously mentioned, embodiments of the articles and methods may include a

nanostructure substrate that directly or indirectly relates to the microwell array. In some

embodiments of the invention, the nanostructure substrate comprises multiple nanosensors

that are described herein. According to certain embodiments, the microwell array and the

nanostructure substrate are separable. In some cases, separation may be performed without

the use of tools. In other embodiments of the invention, the microwell array and the

nanostructure substrate are inseparable. In certain embodiments of the invention, the

microwell array and nanostructure substrate are directly attached to each other, for example,

such that a nanosensor is present in at least one well of the microwell array.

In some embodiments, light may be applied to the nanosensor, e.g., to determine an

analyte as discussed herein. In some cases, the light may interact with the nanosensor (for

example, a nanoparticle in the nanosensor) via surface plasmonic resonance, and/or other

resonances such as electric and/or magnetic resonances, and the effect of the interaction may

be determined, for example, by determining refraction and/or absorbance of the light. In one

set of embodiments, the light applied to the nanosensor may be an incident beam comprising

plane polarized light from a laser, such as a He-Ne laser. Other lasers are also commercially

available.

In some cases, the incident light strikes a substrate surface, such as a silicon surface or

metal surface (e.g., gold), for example of a particle. In some cases, interaction of an analyte

with the nanosensor (e.g., via a reaction entity) may alter the refractive index, or other

characteristics, of the incident light, and this may be determined, e.g., using a detector. For

example, in certain embodiments, localized surface plasmonic oscillations can produce

optical changes to the nanosensors, which may, for instance, generate absorptions within the

ultraviolet and/or visible light regions. These can be determined and used to determine

binding or other interactions between an analyte and a reaction entity, such as a protein or

nucleic acid.



In some cases, the light may be detected with a microscope and/or a spectrometer, or

other optical detector. A variety of suitable optical detectors, including spectrometers, are

commercially available. In some cases, there may be other optical components present, e.g.,

to facilitate interactions or detection. Examples of optical components include, but are not

limited to, a waveguide, an optical sensor, an optical detector, an optical fiber, or the like.

However, it should be understood that other methods of detection are available in

addition to, or instead of, surface plasmonic resonance effects such as those described herein.

For example, in some embodiments, analytes may interact with reaction entities immobilized

relative to a nanostructure (i.e., which may or may not have a particle such as a nanoparticle),

and changes in optical appearance, for example, a change in color, may be determined to

determine binding of the analyte to the reaction entities. Any suitable method may be used to

determine changes in optical appearance, for example, optical microscopy,

spectrofluorimetry, or the like.

In certain embodiments of the invention, an analyte can interact with a nanosensor

causing changes in optical appearance as the nanosensor interacts with incident light via

electric resonance or magnetic resonance. Without wishing to be bound by any theory,

electric resonance or magnetic resonance may occur upon interaction of light with a

nanosensor or portion thereof, such as a nanoparticle. In some cases, the resonances may be

altered, for example, upon application of a suitable electrical field or magnetic field. A

variety of electric and/or magnetic field generators are readily available commercially.

In some cases, the distance or pitch between nanostructures in a periodic structure

may be controlled, for example, such that the nanostructures form a meta-surface. For

example, the pitch may be set to be less than the wavelength of the incident light. For

instance, the pitch may be less than 700 nm, less than 600 nm, less than 500 nm, etc. and/or

greater than 400 nm, greater than 500 nm, or greater than 600 nm. For instance the pitch may

be between 400 nm and 500 nm. The nanostructures may have any of the dimensions

provided herein. In some cases, the average cross-sectional diameter of the nanostructure is

less than the wavelength of the incident light.

Without wishing to be bound by any theory, scattered light from the individual

nanostructures may interfere, and the amount of interference may be sensitive to the analytes



or other entities bound to the nanostructures. In this way, changes in color or other optical

properties may be used to determine changes in analyte interactions.

It should be understood that other pitches may be used, for example, when applying

infrared or ultraviolet light. For instance, the pitch may be less than 1000 nm, less than about

500 nm, less than about 300 nm, less than about 200 nm, less than about 100 nm, less than

about 50 nm, less than about 30 nm, less than about 20 nm, less than about 10 nm, etc. and/or

the pitch may be at least about 10 nm, at least about 20 nm, at least about 30 nm, at least

about 50 nm, at least about 100 nm, at least about 200 nm, at least about 300 nm, at least

about 500 nm, at least about 1000 nm, etc. Combinations of any of these are also possible in

various embodiments.

Int. Pat. Apl. Pub. No. WO 2015/175398 is incorporated herein by reference in its

entirety. In addition, U.S. Provisional Patent Application Serial No. 62/556,186, filed

September 8, 2017, entitled "Nanosensor Methods and Apparatuses for Determination of

Analytes," by Quan, etal. is also incorporated herein by reference in its entirety.

The following examples are intended to illustrate certain embodiments of the present

invention, but do not exemplify the full scope of the invention.

EXAMPLE 1

Silicon nanostructures were produced and used as label-free nanosensors. The

advantage of using silicon nanostructures is that the fabrication process is complementary

metal-oxide-semiconductor compatible and mass producible. The produced silicon

nanostructures can be, for example, in the form of a nanorod, in which the diameter is

between 50 to 300 nm and height is between 0.2 to 2 microns, as shown in Fig. 6 in this

example. The color of nanorods with different diameters under a dark field image displays

various colors of the spectrum (see Figs. 7A-7B). For diameters below 250 nm, each nanorod

has a distinctive color. When the diameters are larger than about 300 nm, the color spectrum

becomes similar. The silicon nanostructures can also take other forms, such as cones,

needles, wires, and particles, as shown in Figs. 8A-8D. The dimensions used range from 50

nm to 1 micrometers.

To test the sensitivity of the silicon nanorod, the chip or microwell array was

functionalized with 2% APTM solution in ethanol (v/v) for 20 minutes. Next, 10 mM



glutaraldehyde, 10 mM sodium cyanoborohydride, and 1/1000 diluted anti-BSA was dropped

onto the microwell array, which was then incubated for 2 hours. The microwell array was

then rinsed. Different concentrations of BSA solutions were dropped onto the nanosensor.

The microwell array was washed in deionized waster and imaged under a dark field

microscope with 20x objective. As shown in Figs. 9A-9D, the color tone of each nanosensor

shifts to red (i.e., an increase in wavelength) as the concentration of BSA proteins was

increased.

EXAMPLE 2

Different concentrations of streptavidin were tested in this example (see Figs. 10A-

10C). The color spectrum has a red-shift as streptavidin concentration is increased. In the

case of streptavidin, each of the silicon nanosensors works separately. Therefore, nine

different silicon nanorods of diameters of 80, 100, 120, 140, 160, 180, 200, 220, and 240 nm

were made and their color response to different concentrations of streptavidin solutions was

tested in this example, as shown in Figs. 11A-l 1C. The spacing between each silicon

nanosensor was 5 micrometers.

When the distance between nanosensors was decreased below the photon wavelength,

the scattered light from individual nanorods interferes and collectively forms a silicon meta-

surface. The meta-surface acts as sensor, which can be used to detect protein concentrations.

For example, as shown in Fig. 12, when the diameter of each nanorod is -100 nm, spacing is

-400 nm. This produces a generally green color in deionized water, and as proteins absorb

into its surface, the overall color red-shifted, as shown in Figs. 13A-13C.

The diameter of each individual nanorod was decreased to -180 nm (see Fig. 14),

while the spacing was -420 nm. The overall color hue was orange-green in deionized water,

and red-shifted as proteins absorbed onto its surface, as shown in Figs. 15A-15C.

Furthermore, the 1.8 nm diameter gold particles functionalized with anti-BSA was used as a

secondary label to amplify the color shift from the meta-surface nanosensor. The shift of the

color hue due to binding of nanoparticles is an order of magnitude larger than the shift due to

binding of molecular analytes (30 nm vs. 3 nm) (Figs. 16A-16B). Color shifts such as these

may be quantified, for example, using a suitable colorimetric detector.



EXAMPLE 3

To detect protein expressions in single cells, silicon nanosensors were fabricated on a

silicon wafer using electron beam lithography and reactive ion etching in this example. A

single layer of 2% 950K PMMA (A2) was used. The wafer was first dehydrated at 150 °C

for 30 minutes. Next, PMMA was spun at 1600 rpm for 40 seconds, which gives a thickness

of 100 nm. The wafer was pre-baked at 200 °C for 2 minutes. ELIONIX F125 was used with

dosage 1800 microcoloumbs/cm 2 at 125 keV. The resist was developed in 1:3 methylisobutyl

ketone :isopropyl alcohol (v/v) for 30 seconds and rinsed in isopropyl alcohol. The wafer was

then coated with 30 nm alumina using a thermal evaporator and lifted-off in hot acetone for 3

hours. The wafer was then etched using STS-RTE for 2 minutes. The microwell array with a

3x3 individual nanosensor arrays in each well was analyzed by dark field imaging, as shown

in Fig. 17. Each nanosensor in the 3x3 group had slightly different dimensions and therefore

appeared to be different colors.

EXAMPLE 4

A single cell suspension (cell concentration 20,000/mL) was created and 20

microliters was dropped onto the microwell array in this example. The cells diffused into the

microwells with a trapping efficiency that was sensitive to the geometry of the microwells.

Before loading the cells onto the microwell array, the microwell array was incubated

in 2% APTMS in ethanol (v/v) for 10 minutes. The microwell array was rinsed thoroughly in

ethanol and blow-dried with nitrogen gas. Next, 10 mM glutaraldehyde, 10 mM sodium

cyanoborohydride, and 1/1000 diluted anti-beta-actin was dropped onto the microwell array

and incubated for 2 hours. The microwell array was then rinsed with deionized water. A

droplet (20 microliters) of the single cell suspension was applied onto the sensor chip, which

had both the microwells and nanosensors, as shown in Figs. 18A-18C. After seeding the cells

on the chip for 10 minutes, a hydrophilic semi-permeable membrane (polycarbonated

membrane with 10 nm pore size, 6 micron thickness) was applied onto the microwell array.

The membrane sealed the surface due to the hydrophilicity. Next, a droplet of cell lysis

buffer was applied on the membrane, passing through into the individual microwells. The

cells were lysed within individual microwells and target proteins were captured by the



nanosensors. Binding of proteins on the nanosensors induced a color shift, which correlated

with the protein concentrations, are shown in Figs. 19A-19C.

EXAMPLE 5

To detect multiple proteins from single cells, multiple microwell arrays were

integrated onto a glass slide in this example. A single microwell array had a size of 1 cm x 1

cm, containing 1000 cell traps, with nanosensors integrated inside each microwell. A 75 mm

x 25 mm glass slide hosted 10 microwells, as shown in Fig. 20. Each microwell was

functionalized with a different antibody. A glass slide with 10 microwells can therefore

detect 10 different proteins in 10 groups of 1000 single cells.

To detect multiple proteins in the same group of single cells, nanosensors were

fabricated on top of silicon nano- or micro-sized needles. The nanosensors used gold, silver,

or silicon. The nanoneedles were spaced at the same periodicity as the microwells (see Figs.

2 1A-21C). Therefore, each nanoneedle could be aligned with each microwell. The

nanosensors on top of each nanoneedle detected the protein concentration in the cell lysis

from each microwell. To analyze multiple proteins from the same group of single cells,

different nanoneedles functionalized with different antibodies were sequentially brought in

contact with the same microwell array.

EXAMPLE 6

When the analyte in solution reaches the sub-pM concentration level, only a

maximum number of one analyte molecule will be available to bind each individual

nanosensor, while most nanosensors in the array do not have any molecules bound. In this

detection regime, a threshold level of the signal (e.g., color change, fluorescence) from the

nanosensor can be assigned as either 1 or 0 . The concentration of the analyte in the solution

can be derived from directly counting the number of nanosensors that has a signal assignment

of 1, therefore suppressing the noise signal inherent to traditional bulk colorimetry or

fluorescence measurements at the ultra-low concentrations.

Since nanosensor arrays have a typical pitch in the range of 1-10 micrometers, it is

possible to densely pack 10,000 to 1,000,000 nanosensors in a small area (e.g., 1 mm by 1

mm). Figs. 22A-22I illustrate the optical signal of nanosensor arrays under this regime. In



Fig. 22A-22I, 16 blocks of nanosensor arrays were fabricated on a silicon chip. Each block

has a matrix of 32 by 32 nanosensors, spacing at 2 micrometers. Each nanosensor has a

nanorod shape, with a diameter of 95 nm and a length of 200 nm. Fig. 22A shows the chip

under dark field imaging, where each nanosensor shows a green scattering spot, collected by

a color camera. The nanochip was functionalized with 2% (3-aminopropyl)trimethoxysilane

(APTMS) in 95% ethanol for 10 minutes, and washed with ethanol, heated at 80 °C for 2

hours.

The chip was then functionalized with 10 mM of glutaraldehyde and 10 mM of

sodium cyanoborohydride for 1 hour. The sensor surface was coated with 1 microgram/ml

tau proteins. Different concentrations of anti-tau proteins were then flowed on to the chip as

the detection targets. The anti-tau protein was prepared in a PBS buffer solution containing

0 .1% gelatin and 150 mM NaCl. The anti-tau protein was horseradish peroxidase labeled.

After reacting with chromogenic substrate, a layer of non-soluble deposit was formed on the

nanosensor surface, creating an optical resonance change of the nanosensor.

Fig. 22B shows the dark field image after the assay, where each nanosensor has

changed color from green to yellow when detecting proteins capture by antibodies

functionalized on the nanosensor. Figs. 22C shows the extracted hue change from aligning

Fig. 22A and Fig. 22B and subtracting the corresponding spots. At 10 pM anti-tau protein

concentration, every nanosensor in Fig. 22C displayed a delta-hue at about -40. Figs. 22D-

22F show embodiments where the anti-tau protein concentration was decreased to 1 pM, and

Figs. 22G-22I show embodiments where the anti-tau protein concentrations were decreased

to 0.1 pM. A subset of the nanosensors had observable delta-hue in Figs. 22D-22F. As

shown in Figs. 22G-22I, most nanosensors do not have observable delta-hue, indicating that

most nanosensors do not have proteins bound on their surface.

While several embodiments of the present invention have been described and

illustrated herein, those of ordinary skill in the art will readily envision a variety of other

means and/or structures for performing the functions and/or obtaining the results and/or one

or more of the advantages described herein, and each of such variations and/or modifications

is deemed to be within the scope of the present invention. More generally, those skilled in

the art will readily appreciate that all parameters, dimensions, materials, and configurations



described herein are meant to be exemplary and that the actual parameters, dimensions,

materials, and/or configurations will depend upon the specific application or applications for

which the teachings of the present invention is/are used. Those skilled in the art will

recognize, or be able to ascertain using no more than routine experimentation, many

equivalents to the specific embodiments of the invention described herein. It is, therefore, to

be understood that the foregoing embodiments are presented by way of example only and

that, within the scope of the appended claims and equivalents thereto, the invention may be

practiced otherwise than as specifically described and claimed. The present invention is

directed to each individual feature, system, article, material, kit, and/or method described

herein. In addition, any combination of two or more such features, systems, articles,

materials, kits, and/or methods, if such features, systems, articles, materials, kits, and/or

methods are not mutually inconsistent, is included within the scope of the present invention.

In cases where the present specification and a document incorporated by reference

include conflicting and/or inconsistent disclosure, the present specification shall control. If

two or more documents incorporated by reference include conflicting and/or inconsistent

disclosure with respect to each other, then the document having the later effective date shall

control.

All definitions, as defined and used herein, should be understood to control over

dictionary definitions, definitions in documents incorporated by reference, and/or ordinary

meanings of the defined terms.

The indefinite articles "a" and "an," as used herein in the specification and in the

claims, unless clearly indicated to the contrary, should be understood to mean "at least one."

The phrase "and/or," as used herein in the specification and in the claims, should be

understood to mean "either or both" of the elements so conjoined, i.e., elements that are

conjunctively present in some cases and disjunctively present in other cases. Multiple

elements listed with "and/or" should be construed in the same fashion, i.e., "one or more" of

the elements so conjoined. Other elements may optionally be present other than the elements

specifically identified by the "and/or" clause, whether related or unrelated to those elements

specifically identified. Thus, as a non-limiting example, a reference to "A and/or B", when

used in conjunction with open-ended language such as "comprising" can refer, in one

embodiment, to A only (optionally including elements other than B); in another embodiment,



to B only (optionally including elements other than A); in yet another embodiment, to both A

and B (optionally including other elements); etc.

As used herein in the specification and in the claims, "or" should be understood to

have the same meaning as "and/or" as defined above. For example, when separating items in

a list, "or" or "and/or" shall be interpreted as being inclusive, i.e., the inclusion of at least

one, but also including more than one, of a number or list of elements, and, optionally,

additional unlisted items. Only terms clearly indicated to the contrary, such as "only one of

or "exactly one of," or, when used in the claims, "consisting of," will refer to the inclusion of

exactly one element of a number or list of elements. In general, the term "or" as used herein

shall only be interpreted as indicating exclusive alternatives (i.e. "one or the other but not

both") when preceded by terms of exclusivity, such as "either," "one of," "only one of," or

"exactly one of."

As used herein in the specification and in the claims, the phrase "at least one," in

reference to a list of one or more elements, should be understood to mean at least one element

selected from any one or more of the elements in the list of elements, but not necessarily

including at least one of each and every element specifically listed within the list of elements

and not excluding any combinations of elements in the list of elements. This definition also

allows that elements may optionally be present other than the elements specifically identified

within the list of elements to which the phrase "at least one" refers, whether related or

unrelated to those elements specifically identified. Thus, as a non-limiting example, "at least

one of A and B" (or, equivalently, "at least one of A or B," or, equivalently "at least one of A

and/or B") can refer, in one embodiment, to at least one, optionally including more than one,

A, with no B present (and optionally including elements other than B); in another

embodiment, to at least one, optionally including more than one, B, with no A present (and

optionally including elements other than A); in yet another embodiment, to at least one,

optionally including more than one, A, and at least one, optionally including more than one,

B (and optionally including other elements); etc.

When the word "about" is used herein in reference to a number, it should be

understood that still another embodiment of the invention includes that number not modified

by the presence of the word "about."



It should also be understood that, unless clearly indicated to the contrary, in any

methods claimed herein that include more than one step or act, the order of the steps or acts

of the method is not necessarily limited to the order in which the steps or acts of the method

are recited.

In the claims, as well as in the specification above, all transitional phrases such as

"comprising," "including," "carrying," "having," "containing," "involving," "holding,"

"composed of," and the like are to be understood to be open-ended, i.e., to mean including

but not limited to. Only the transitional phrases "consisting of and "consisting essentially

of shall be closed or semi-closed transitional phrases, respectively, as set forth in the United

States Patent Office Manual of Patent Examining Procedures, Section 2 111.03.



CLAIMS

What is claimed is:

1 . An article, comprising:

a microwell array comprising a well comprising a nanoparticle positioned

distally on an end of a nanostructure, wherein the nanoparticle interacts with incident

light via surface plasmonic resonance, electric resonance, and/or magnetic resonance.

2 . The article of claim 1, further comprising a reaction entity immobilized relative to the

nanoparticle.

3 . The article of claim 2, wherein binding of an analyte to the reaction entity causes a

change in light refracted from the nanoparticle.

4 . The article of any one of claims 2 or 3, wherein the reaction entity comprises an

antibody.

5 . The article of any one of claims 2-4, wherein the reaction entity comprises an

aptamer.

6 . The article of any one of claims 2-5, wherein the reaction entity comprises a protein.

7 . The article of any one of claims 2-6, wherein the reaction entity comprises an

oligonucleotide.

8 . The article of any one of claims 1-7, further comprising a detector positioned to detect

light refracted from the nanoparticle.

9 . The article of claim 8, wherein the detector is a spectroscopic detector.

10. The article of any one of claims 1-9, wherein the incident light is plane polarized.



11. The article of any one of claims 1-10, wherein the incident light comprises visible

light.

12. The article of any one of claims 1-1 1, further comprising a light source positioned to

direct the incident light at the nanoparticle.

13. The article of claim 12, wherein the light source comprises a laser.

14. The article of claim 13, wherein the laser is a He-Ne laser.

15. The article of any one of claims 1-14, wherein only one nanoparticle is attached to the

nanostructure.

16. The article of any one of claims 1-15, wherein the nanoparticle comprises a metal.

17. The article of any one of claims 1-16, wherein the nanoparticle comprises gold.

18. The article of any one of claims 1-16, wherein the nanoparticle comprises silver.

19. The article of any one of claims 1-16, wherein the nanoparticle comprises a quantum

dot.

20. The article of any one of claims 1-19, wherein the nanoparticle has an average

diameter of less than about 3 nm.

21. The article of any one of claims 1-19, wherein the nanoparticle has an average

diameter of at least about 0.5 nm.

22. The article of any one of claims 1-21, wherein the nanostructure comprises silicon.



23. The article of any one of claims 1-22, wherein the nanostructure is substantially

vertically aligned.

24. The article of any one of claims 1-23, wherein the nanostructure is a nanoneedle.

25. The article of any one of claims 1-23, wherein the nanostructure is a nanowire.

26. The article of any one of claims 1-23, wherein the nanostructure is a nanorod.

27. The article of any one of claims 1-23, wherein the nanostructure is a nanocone.

28. The article of any one of claims 1-23, wherein the nanostructure is a nanopillar.

29. The article of any one of claims 1-28, wherein the nanostructure has a length of less

than about 5 micrometers.

30. The article of any one of claims 1-29, wherein the nanostructure has a length of at

least than about 0 .1 micrometers.

31. The article of any one of claims 1-30, wherein the nanostructure has an average cross-

sectional diameter of at least about 50 nm.

32. The article of any one of claims 1-31, wherein the nanostructure has an average cross-

sectional diameter of less than about 500 nm.

33. The article of any one of claims 1-32, wherein the microarray array comprises glass.

34. The article of any one of claims 1-33, wherein the microarray array comprises silicon.

35. The article of any one of claims 1-34, wherein the microwell array is fabricated using

photolithography.



The article of any one of claims 1-35, wherein the nanostructure comprises a

semiconductor.

The article of any one of claims 1-36, wherein the nanostructure comprises silicon.

The article of any one of claims 1-37, wherein the nanostructure and the microwell

array have substantially the same composition.

The article of any one of claims 1-38, wherein the nanostructure and the microwell

array define a unitary material.

The article of any one of claims 1-39, wherein the well has a diameter of less than 50

micrometers.

The article of any one of claims 1-40, wherein the well has a depth of at least 20

microns.

The article of any one of claims 1-41, wherein the microwell array comprises a

plurality of wells each comprising nanoparticles positioned distally on the end of

nanostructures.

The article of any one of claims 1-42, wherein the microwell array comprises at least

10 wells each comprising nanoparticles positioned distally on the end of

nanostructures.

The article of any one of claims 1-43, wherein the nanostructures have an average

pitch of less than 100 micrometers.

45. The article of any one of claims 1-44, wherein the well further comprises a cell.



46. The article of any one of claims 1-45, wherein the well further comprises cell lysate.

47. The article of any one of claims 1-46, further comprising a membrane sealing the

well.

48. The article of claim 47, wherein the membrane is a semipermeable membrane.

49. The article of any one of claims 47 or 48, wherein the membrane is nonporous.

50. The article of any one of claims 47-49, wherein the membrane comprises

polycarbonate.

51. A method, comprising:

applying electromagnetic radiation to a nanoparticle positioned distally on an

end of a nanostructure, wherein the nanoparticle interacts with the electromagnetic

radiation via surface plasmonic resonance, electric resonance, and/or magnetic

resonance to alter the electromagnetic radiation; and

determining the altered electromagnetic radiation.

52. The method of claim 51, further comprising applying electromagnetic radiation to the

nanoparticle.

53. The method of any one of claims 5 1 or 52, wherein the electromagnetic radiation

comprises visible light.

54. The method of any one of claims 51-53, further comprising exposing a solution

suspected of containing an analyte to the nanoparticle, wherein the nanostructure

further comprises a reaction entity able to interact with the analyte.

55. The method of claim 54, wherein the solution comprises a lysed cell from which the

analyte arises.



The method of any one of claims 54 or 55, further comprising determining the

reaction entity by determining the altered electromagnetic radiation.

The method of any one of claims 51-56, wherein the nanoparticle is positioned within

the well of a microwell array.

A method, comprising:

positioning a cell within a well of a microwell array, wherein the well further

comprises a nanoparticle positioned distally on the end of a nanostructure and a

reaction entity at least partially coated on the nanoparticle;

lysing the cell within the well to release an analyte suspected of being able to

bind the reaction entity;

applying electromagnetic radiation to the nanoparticle, wherein the

nanoparticle interacts with the electromagnetic radiation via surface plasmonic

resonance, electric resonance, and/or magnetic resonance to alter the electromagnetic

radiation; and

determining the altered electromagnetic radiation to determine the analyte.

A method, comprising:

acquiring a first optical color image of an array of nanostructures on a

substrate, wherein the nanostructures have a cross-sectional dimension, orthogonal to

the direction that the first optical image is acquired, of less than 700 nm, and wherein

the nanostructures are at least partially coated with a reaction entity;

causing an interaction between the reaction entity and an analyte;

acquiring a second optical color image of the array of nanostructures; and

determining a change in color between the first optical image and the second

optical image, wherein the change in color is caused by the interaction between the

reaction entity and the analyte.



60. The method of claim 59, wherein the array of nanostructures has an average spacing

between nanostructures of less than about 3 µιη .

6 1. The method of any one of claims 59 or 60, wherein the array of nanostructures has an

average spacing between nanostructures of less than about 500 nm.

62. The method of any one of claims 59-61, wherein the reaction entity comprises an

antibody.

63. The method of any one of claims 59-62, wherein the reaction entity comprises an

aptamer.

64. The method of any one of claims 59-63, wherein the reaction entity comprises a

protein.

65. The method of any one of claims 59-64, wherein the reaction entity comprises an

oligonucleotide.

66. The method of any one of claims 59-65, wherein the reaction entity comprises an

enzymatic reaction product induced by a chromogenic substrate labeled on the

analyte.

67. The method of claim 66, wherein the chromogenic substrate is 3,3',5,5'-

tetramethylbenzidine.

68. The method of claim 66, wherein the chromogenic substrate is 3,3'-diaminobenzidine.

69. The method of claim 66, wherein the chromogenic substrate is 2,2'-azino-di-(3-

ethylbenzothiazoline-6-sulfonic acid).

70. The method of any one of claims 59-69, wherein the nanostructure is a nanoneedle.



71. The method of any one of claims 59-70, wherein the nanostructure has a length of less

than about 5 micrometers.

72. The method of any one of claims 59-71, wherein the nanostructure has a length of at

least than about 0 .1 micrometers.

73. The method of any one of claims 59-72, wherein the nanostructure comprises a

semiconductor.

74. The method of any one of claims 59-73, wherein the nanostructure comprises silicon.

75. The method of any one of claims 59-74, wherein the nanostructure consists essentially

of silicon.















































INTERNATIONAL SEARCH REPORT International application No.

PCT/U3 18/49883

A . CLASSIFICATION O F S UBJECT MATTER
IPC(8) - G01 N 21/65, G01 N 33/553 (201 8.01 )
CPC - G01 33/553, G01 N 21/658, G01 N 261 0/00

According to International Patent Classification (IPC) or to both national classification and IPC

B . FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History Document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

See Search History Document

C . DOCUMENTS CONSIDERED T O B E RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2015/0226738 A 1 (THE BOARD O F TRUSTEES O F THE LELAND STANFORD JUNIOR 1-4
UNIVERSITY) 13 August 2015 (13.08.2015) para [0007]; [0030]; [0050]; [0024]; [0090]-[0098];
[01 11]; [0123]; [0208].

U S 2014/0334005 A 1 (TUFTS UNIVERSITY) 13 November 2014 (13.1 1.2014) claims 1, 15-17;
para [0007]- [00 12]

I Further documents are listed in the continuation of Box C . | | See patent family annex.

• Special categories of cited documents: ,a d c m t published after the international filing dale or priority
"A" document defining the general stale of he art which is not considered date and not in conflict with the application but cited to understand

to be of particular relevance the principle or theory underlying the invention

"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve a inventive

"L" document which may throw doubts on priority claim(s) or which is P w the document is taken alone

S h„e a,
date ° a 0 l h i, , i ° ° th "Y" document of particular relevance; the claimed invention cannot be

special reason (as specified) considered to involve an inventive step when the document is
"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination

means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later than ¾ d o m e t mem ber of the same patent family
the priority date claimed

Date of the actual completion of the international search Date o f mailing of the international search report

10 December 2018 2 9 JA 2019

Name and mailing address of the ISA/US Authorized officer:

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Lee W . Young
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Form PCT/ISA/2 0 (second sheet) (January 201 5)



INTERNATIONAL SEARCH REPORT International application No.

PCT/US 18/49883

Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following

Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely.

□ Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3 . Claims Nos.: 5-50, 54-57, 62-75
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6 .4(a).

Box No. Ill Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
This application cunlains the following Inventions or groups ot inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1 . In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group , claims 1-4, directed to an article comprising a microwell array.

Group II, claims 51-53 and 58-G1 , directed to a method of analyte detection.

The inventions listed as Groups l-ll do not relate to a single special technical feature under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

-continued on first extra sheet-

□ As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

□ As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
1-4

The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

No protest accompanied the payment of additional search fees.

Form PCT/ISA/2 10 (continuation of first sheet (2)) (January 2015)



INTERNATIONAL SEARCH REPORT International application No.

PCT/US 18/49883

--continued from Box III: Observations where unity of invention is lacking-

Special technical features:

Group I lias II l special technical feature of an article comprising a microwell array, that is not required by Group II.

Group II has the special technical feature of applying electromagnetic radiation to the nanoparticle, and determining the altered
electromagnetic radiation to determine the analyte, that is not required by Group I .

Common technical features:

Groups l-ll share the common technical feature of a microwell array comprising a well comprising a nanoparticle positioned distally on
an end of a nanostructure, wherein the nanoparticle interacts with incident light via surface plasmonic resonance, electric resonance,
and/or magnetic resonance. However, this shared technical feature does not represent a contribution over prior art, because this shared
technical feature is taught by US 2015/0226738 A 1 to The Board of Trustees of the Leland Stanford Junior University (hereinafter
Stanford).

Stanford teaches an article, comprising: a microwell array (para [0007] "The present invention relates to plasmonic gold substrates are
used as microarray platforms"; [0208] "Printed, dried sets of assay features (1 microarray spots per set) were circumscribed with
hydrophobic marker (PAP pen) to create sample wells") comprising a well comprising a nanoparticle positioned distally on an end of a
nanostructure (para [0093] "The present methods and materials employ solution phase growth of plasmonic Au films in a method that
begins with rapid, in situ "seeding" of gold nanoparticles by deposition/precipitation of Au.sup.3+ ions onto unmodified surfaces"; [0050]
"FIG. 1B...rapidly yields densely packed Au.sup.O nanoparticles on a variety of substrates. FIG. 1C shows subsequent reduction and
additional chloroauric acid by hydroxylamine "grow" the gold nanoparticles into a uniform gold-on-gold film with nanoscale structure.
FIG. 1D is a SEM imaging snowing isolated island areas separated by small gaps"; Figs 1B-D show the nanoparticles on one side of the
slide/array; [01 11] "Nanosphere lithography and block-copolymer templates based lithography could produce Au nanostructures with
various gaps between Au particles or isolated island areas"), wherein the nanoparticle interacts with incident light via surface plasmonic
resonance (para [0097]-[0098] "The plasmonic resonance wavelengths of the gold film were tunable by the precipitation, seeding and
nanoisland growth parameters and can span from .about.500 nm to about.2 .mu.m, which overlaps with the excitation and emission
energies of many NI fluorophores...The present assays can be highly multiplexed by depositing on the substrate different antigens or
other types of capture agents such as antibudies, peptides, cytokines, nucleic acids and whole cells. It can enable multiplexed detection
of up to hundreds thousands of cytokines (and other proteins) in an array with down to 0.01 pg/mL (.about. 1-10 f ) minimum
detectable concentration, by using a sandwich assay format"; [0123] "the incident field enhancement efficiency of metal nanostructures
is dependent upon both nanoparticle spacing as well as wavelength").

As the technical features were known in the art at the time of the Invention, they cannot be considered special technical features that
would otherwise unify the groups.

Therefore, Group l-ll inventions lack unity under PCT Rule 13 because they do not share the same or corresponding special technical
feature.

NOTE, claims 5-50, 54-57, 62-75 are held unsearchable because they are dependent claims and are not drafted in accordance with the
second and third sentences of Rule 6.4(a).

Form PCT/ISA/2 10 (extra sheet) (January 201 5)


	abstract
	description
	claims
	drawings
	wo-search-report

