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HIGH-SENSITIVITY NANOSCALE WIRE SENSORS

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Patent Application Serial

No. 60/860,586, filed November 22, 2006, entitled "High-Sensitivity Nanowire

Sensors," by Lieber, et al. , incorporated herein by reference.

FIELD OF INVENTION

Various aspects of the present invention generally relate to nanoscale wire

devices and methods for use in determining analytes suspected to be present in a sample.

BACKGROUND

Interest in nanotechnology, in particular sub-microelectronic technologies such as

semiconductor quantum dots and nanowires, has been motivated by the challenges of

chemistry and physics at the nanoscale, and by the prospect of utilizing these structures

in electronic and related devices. Nanoscopic articles might be well-suited for transport

of charge carriers and excitons (e.g. electrons, electron pairs, etc.) and thus may be useful

as building blocks in nanoscale electronics applications. Nanowires are well-suited for

efficient transport of charge carriers and excitons, and thus are expected to be important

building blocks for nanoscale electronics and optoelectronics.

Nanoscale wires having selectively functionalized surfaces have been described

in U.S. Patent Application Serial No. 10/020,004, entitled "Nanosensors," filed

December 11, 2001, published as Publication No. 2002/01 17659 on August 29, 2002,

and as corresponding International Patent Application Serial No. PCT/USOl/48230, filed

December 11, 2001, published as International Patent Application Publication WO

02/48701 on June 20, 2002 (each incorporated herein by reference). Nanoscale wire

sensors have also been described in U.S. Patent Application Serial No. 11/501,466,

entitled "Nanoscale Sensors," filed August 9, 2006, also incorporated herein by

reference. As described, functionalization of the nanoscale wire may permit interaction

of the functionalized nanoscale wire with various entities, such as molecular entities, and

the interaction induces a change in a property of the functionalized nanowire, which

provides a mechanism for a nanoscale sensor device for detecting the presence or

absence of an analyte suspected to be present in a sample.



SUMMARY OF THE INVENTION

Various aspects of the present invention generally relate to nanoscale wire

devices and methods for use in determining analytes suspected to be present in a sample.

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 invention is directed to a method. In one set of embodiments,

the methods includes an act of exposing a nanoscale wire, having a reaction entity

immobilized relative thereto, to a solution suspected of containing an analyte that the

reaction entity is able to bind. In some cases, the nanoscale wire has a Debye screening

length, when the nanoscale wire is placed in the solution, that is greater than the average

cross-sectional dimension of the nanoscale wire. In certain instances, the method also

includes an act of operating the nanoscale wire under conditions wherein the nanoscale

wire has a conductance that is not linearly proportional to voltage applied to voltage

applied to the nanoscale wire.

The method, in another set of embodiments, includes acts of causing an analyte to

bind to a nanoscale wire having a reaction entity immobilized relative thereto, and

determining a change in charge of the analyte of less than about 10 17 C.

The invention is directed to an article in another aspect. In one set of

embodiments, the article includes a nanoscale wire, having a reaction entity immobilized

relative thereto, where the nanoscale wire is exposed to a solution, such that the

nanoscale wire has a Debye screening length in the solution that is greater than the

average cross-sectional dimension of the nanoscale wire.

In another set of embodiments, the article includes a nanoscale wire, having a

reaction entity immobilized relative thereto, where the nanoscale wire can determine a

change in charge of an analyte of less than about 10 17 C.

In another aspect, the present invention is directed to a method of making one or

more of the embodiments described herein, for example, a sensing device comprising a

nanoscale wire. In yet another aspect, the present invention is directed to a method of

using one or more of the embodiments described herein, for example, a sensing device

comprising a nanoscale wire.



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. 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.

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 the screening effect of a nanoscale wire used as a sensor, in one

embodiment of the invention;

Figs. 2A-2D illustrates pH sensing, according to another embodiment of the

invention;

Figs. 3A-3D illustrates sensing of PSA/antibody conjugates, in yet another

embodiment of the invention;

Figs. 4A-4F illustrate sensing of PSA/antibody conjugates, in still another

embodiment of the invention; and

Fig. 5 shows the potential distribution of a nanoscale wire, according to yet

another embodiment of the invention.

DETAILED DESCRIPTION

Various aspects of the present invention generally relate to nanoscale wire

devices and methods for use in determining analytes suspected to be present in a sample.

One aspect of the invention provides a nanoscale wire that has improved sensitivity, for

example, as the carrier concentration in the wire is controlled by an external gate voltage,

and in some embodiments, the nanoscale wire can be used to determine a change in



charge of less than about 10 7 C. The nanoscale wire, in some cases, may be part of a

field effect transistor (FET). In one set of embodiments, the nanoscale wire has a Debye

screening length that is greater than the average cross-sectional dimension of the

nanoscale wire when the nanoscale wire is exposed to a solution suspected of containing

an analyte. In certain instances, the Debye screening length associated with the carriers

inside nanoscale wire may be adjusted by adjusting the voltage, for example, a gate

voltage applied to an FET structure. In some cases, the nanoscale wire can be operated

under conditions where the carriers in the nanoscale wire are depleted and the nanoscale

wire has a conductance that is not linearly proportional to the voltage applied to the

nanoscale wire sensor device, for example, via a gate electrode. Other aspects of the

invention include assays, sensors, kits, and/or other devices that include such nanoscale

wires, methods of making and/or using functionalized nanoscale wires (for example, in

drug screening or high-throughput screening), and the like.

In general, various aspects of the present invention provide a sensing element

comprising a nanoscale wire able to interact with one or more analytes. For example, the

nanoscale wire may be used to determine an analyte as part of an assay for determining

or diagnosing cancer or other medical conditions (e.g., by determining a suitable marker,

for example, a hormone, an enzyme, a peptide, a virus, etc., and diagnosing the cancer or

other medical condition based on the determination of the marker), for determining drugs

(e.g., as part of a drug assay or a drug screen, for instance, to identify a drug able to treat

a medical condition such as cancer or aging), for determining toxins or other

environmental agents (e.g., by determining binding of the toxin to a receptor), or the like.

Although the invention is generally described herein in reference to a nanoscale

wire, it should be understood that the invention is not limited to nanoscale wires. Many

of the methods described herein can be applied to any nanomaterials or nanostructures

whose properties are affected by the binding of analyte molecules on the surface. As a

non-limiting example, the methods of the present invention may be applied to a FET

sensor device comprising nanoparticles that an analyte is able to bind. For instance, a

nanoparticle (or other nanostructure) may be exposed to a solution such that the

nanoparticle has a Debye screening length, when the nanoparticle is placed in the

solution, that is greater than the average cross-sectional dimension of the nanoparticle or



other nanostructure, or the sensor may be operated under conditions in which the

nanoparticle (or other nanostructure) has a conductance that is not linearly proportional

to voltage applied to voltage applied to the nanoparticle or other nanostructure.

The nanoscale wire may have a reaction entity able to interact with an analyte of

interest. Nanoscale sensing elements of the invention may be used, for example, to

determine pH or metal ions, viruses, proteins or enzymes, nucleic acids (e.g. DNA,

RNA, PNA, etc.), drugs, sugars, carbohydrates, a toxin (e.g., a harmful chemical, such as

a chemical produced by a living organism that is harmful to other organisms), small

molecules (e.g., having molecular weights of less than about 2000 Da, less than about

1500 Da, or less than about 1000 Da), or other analytes of interest, as further described

herein. The analyte may be charged, or uncharged in some embodiments. In certain

embodiments, single entities may be determined, for example, a single virus, a single

protein, a single enzyme, a single nucleic acid molecule, a single drug molecule, a single

carbohydrate molecule, etc. In some cases, the sensing element includes a detector

constructed and arranged to determine a change in a property of the nanoscale wire, for

example, a change in light emission, a change in stress or shape, or a change in an

electrical property of the nanoscale wire, such as voltage, current, conductivity,

resistivity, inductance, impedance, electrical change, an electromagnetic change, etc. In

one set of embodiments, at least a portion of the nanoscale wire is addressable by a

sample (e.g., a gas or liquid sample) containing, or at least suspected of containing, the

analyte. The term "addressable," e.g., by a fluid, is defined as the ability of the fluid to

be positioned relative to the nanoscale wire so that the analytes suspected of being in the

fluid are able to interact with the nanoscale wire. The fluid may be proximate to or in

contact with the nanoscale wire. In some embodiments, the fluid may be directed to the

nanoscale wire through the use of a microfluidic channel, as further described below.

As used herein, the term "reaction entity" refers to any entity that can interact

with an analyte in such a manner as to cause a detectable change in a property of a

nanoscale wire. The reaction entity may comprise a binding partner to which the analyte

binds. The reaction entity, when a binding partner, can comprise a specific binding

partner of the analyte. In some cases, the reaction entity can form a coating on the

nanoscale wire. Non-limiting examples of reaction entities include a nucleic acid (e.g.,



DNA or RNA), an antibody, a sugar or a carbohydrate, a protein or an enzyme, a

ganglioside or a surfactant, etc., e.g., as discussed herein.

In one set of embodiments, a reaction entity associated with the nanoscale wire is

able to interact with an analyte. The reaction entity, as "associated" with or

"immobilized" relative to the nanoscale wire, may be positioned in relation to the

nanoscale wire (e.g., in close proximity or in contact) such that the analyte can be

determined by determining a change in a characteristic or property of the nanoscale wire.

Interaction of the analyte with the reaction entity may cause a detectable change or

modulation in a property of the nanoscale wire, for example, through electrical coupling

with the reaction entity. The term "electrically coupled" or "electrocoupling," when used

with reference to a nanoscale wire and an analyte, or other moiety such as a reaction

entity, refers to an association between any of the analyte, other moiety, and the

nanoscale wire such that electrons can move from one to the other, or in which a change

in an electrical characteristic of one can be determined by the other. This can include

electron flow between these entities, or a change in a state of charge, oxidation, or the

like, that can be determined by the nanoscale wire. As examples, electrical coupling or

immobilization can include direct covalent linkage between the analyte or other moiety

and the nanoscale wire, indirect covalent coupling (for instance, via a linker, and/or a

plurality of linkers, e.g., serially), direct or indirect ionic bonding between the analyte (or

other moiety) and the nanoscale wire, direct or indirect bonding of both the analyte and

the nanoscale wire to a particle (i.e., the particle acts as a linker between the analyte and

the nanoscale wire), direct or indirect bonding of both the analyte and the nanoscale wire

to a common surface (i.e., the surface acts as a linker), or other types of bonding or

interactions (e.g. hydrophobic interactions or hydrogen bonding). In some cases, no

actual covalent bonding is required; for example, the analyte or other moiety may simply

be contacted with the nanoscale wire surface. There also need not necessarily be any

contact between the nanoscale wire and the analyte or other moiety where the nanoscale

wire is sufficiently close to the analyte to permit electron tunneling between the analyte

and the nanoscale wire.

Thus, the reaction entity may be positioned relative to the nanoscale wire to cause

a detectable change in the nanoscale wire. In some cases, the reaction entity may be

positioned within about 100 ran of the nanoscale wire, within about 75 nm of the



nanoscale wire, within about 50 nm of the nanoscale wire, within about 20 run of the

nanoscale wire, within about 15 nm of the nanoscale wire, or within about 10 nm of the

nanoscale wire. The actual proximity can be determined by those of ordinary skill in the

art. In some cases, the reaction entity is positioned less than about 5 nm from the

nanoscale wire. In other cases, the reaction entity is positioned within about 4 nm,

within about 3 nm, within about 2 nm, or within about 1 nm of the nanoscale wire.

In some embodiments, the reaction entity is fastened to or directly bonded (e.g.,

covalently) to the nanoscale wire, e.g., as further described herein. However, in other

embodiments, the reaction entity is not directly bonded to the nanoscale wire, but is

otherwise immobilized relative to the nanoscale wire, i.e., the reaction entity is indirectly

immobilized relative to the nanoscale wire. For instance, the reaction entity may be

attached to the nanoscale wire through a linker, i.e., a species (or plurality of species) to

which the reaction entity and the nanoscale wire are each immobilized relative thereto,

e.g., covalently or non-covalently bound to. As an example, a linker may be directly

bonded to the nanoscale wire, and the reaction entity may be directly bonded to the

linker, or the reaction entity may not be directly bonded to the linker, but immobilized

relative to the linker, e.g., through the use of non-covalent bonds such as hydrogen

bonding (e.g., as in complementary nucleic acid-nucleic acid interactions), hydrophobic

interactions (e.g., between hydrocarbon chains), entropic interactions, or the like. The

linker may or may not be directly bonded (e.g., covalently) to the nanoscale wire.

In one set of embodiments, the sensitivity of the reaction entity to the analyte

may be enhanced by selecting conditions in which the Debye screening length of the

nanoscale wire is controlled such that the Debye screening length is greater than the

average cross-sectional dimension of the nanoscale wire when the nanoscale wire is

exposed to a solution suspected of containing the analyte. The Debye screening length

can be measured by those of ordinary skill in the art (see, e.g., the examples), and varies

as a function of various properties of both the nanoscale wire (e.g., the doping level

and/or the dielectric constant) and the environment in which the nanoscale wire is

located (e.g., the temperature of the solution).

The Debye length of the nanoscale wire, in some embodiments, can be

determined as:



where ε is the electric constant of wire material,/? is the carrier concentration in the

nanowire, k is the Boltzmann constant (sometimes also k), T is the temperature, and e is

the elementary charge. The Debye length of nanoscale wire can be adjusted in some

cases by controlling the voltage of the nanoscale wire, e.g., in the gate of a FET

comprising the nanoscale wire, which may change the carrier concentration inside wire.

In some embodiments, the Debye length may be controlled to be longer than the cross-

sectional dimension of the nanoscale wire.

In some embodiments, the Debye screening length (more formally, the Debye-

Huckel screening length) of the electrolyte solution is given by:

where / is the ionic strength of the electrolyte, ε is the permittivity of free space, εr is the

dielectric constant of the solution, k is the Boltzmann constant, T is the temperature, N A

is Avogadro's Number, and e is the elementary charge. Those of ordinary skill in the art

will be able to determine these values. Additionally, those of ordinary skill in the art will

be able to select suitable environmental conditions (e.g., temperature and/or ionic

strength of a given solution) to make the Debye-Huckel screening length of the solution

longer, thereby increasing the sensitivity of the nanoscale wire. For instance, the

screening length may be greater than the average cross-sectional dimension of the

nanoscale wire. For example, the ionic strength of a solution may be controlled by

controlling the concentration of phosphate and/or other ions (e.g., K+, Cl , etc.) within the

solution.

In another set of embodiments, the sensitivity of the reaction entity to the analyte

may be enhanced by operating the nanoscale wire under conditions wherein the

nanoscale wire has a conductance that is not linearly proportional to voltage applied to

voltage applied to the nanoscale wire, i.e., within the "subthreshold regime." Typically,



the conductance will depend substantially exponentially on the voltage applied to the

nanoscale wire, e.g., the electrolyte gate voltage if the nanoscale wire is part of an FET.

Operating the nanoscale wire sensor under conditions such as those described

above may yield increased sensitivity. For example, in some cases, the nanoscale wire

can be used to determine a change in charge of an analyte of less than about 10 17 C, and

in some cases, less than about 5x1 0 18 C, less than about 3x 10 18 C, less than about 10 18

C, or less than about 5x1 0 19 C.

In another aspect, the present invention generally relates to the attachment of

reaction entities, such as biological entities, to the surfaces of nanoscale wires, in some

cases by using covalent bonding. The entity is thus immobilized with respect to the

surface of the nanoscale wire. In some embodiments, a linker is used to covalently

immobilize the entity with respect to the nanoscale wire. In some cases, the entity may

be covalently immobilized with respect to the surface of the nanoscale wire at relatively

short distances, depending on the size of the linker and/or the precursors thereof. For

instance, the entity may be immobilized at a distance of less than about 20 nm, less than

about 15 nm, less than about 10 nm, less than about 9 nm, less than about 8 nm, less than

about 7 nm, less than about 6 nm, less than about 5 nm, less than about 4 nm, less than

about 3 nm, less than about 2 nm, or less than about 1 nm from the surface of the

nanoscale wire. In some cases, the proximity of the entity may control or otherwise

affect electronic and/or other properties of the nanoscale wire, for example, the

conductivity of the nanoscale wire.

Non-limiting examples of chemistries suitable for attaching entities to surfaces of

nanoscale wires, optionally via one or more linkers, include the following. In one set of

embodiments of the present invention, the surface of the nanoscale wire may be

functionalized, for example, the surface may be functionalized with aldehydes, amines,

thiols, or the like, which may form nitrogen-containing or sulfur-containing covalent

bonds. For instance, in some embodiments, the reaction entity may be covalently bound

to the nanoscale wire through the use of a moiety such as an aldehyde moiety, an amine

moiety, and/or a thiol moiety. In certain embodiments, a nanoscale wire may be reacted

with an aldehyde, amine, or a thiol in solution to functionalize the nanoscale wire with

the appropriate moiety, e.g., such that the surface of the nanoscale wire includes terminal

aldehyde, amine, and/or thiol groups. Additional examples are disclosed in U.S. Patent



Application Serial No. 11/501,466, filed August 9, 2006, entitled "Nanoscale Sensors,"

by Lieber, et al. , incorporated herein by reference.

One or more entities, e.g., reaction entities such as proteins, enzymes, nucleic

acids, antibodies, receptors, ligands, etc., may then be reacted with the aldehyde, amine,

and/or thiol moieties to covalently bind the entity to the nanoscale wire. In some cases,

after the entity has been fastened to the nanoscale wire, the surface of the nanoscale wire,

including any unreacted moieties, is then passivated, e.g., blocked with one or more

compounds that causes the moieties to become unreactive. Non-limiting examples of

such passivating agents include ethanolamine. For example, a solution may be added to

the nanowires that includes one or more passivating agents.

Also provided, according to another set of embodiments of the present invention,

is a sensing element comprising a nanoscale wire and a detector constructed and

arranged to determine a property and/or a change in a property of the nanoscale wire. In

some cases, alteration of a property of the nanoscale wire may be indicative of an

interaction between a reaction entity and an analyte (e.g., association or dissociation of

the reaction entity and the analyte). Where a detector is present, any detector capable of

determining a property associated with the nanoscale wire can be used. The property can

be electronic, electromagnetic, optical, mechanical, or the like. Examples of electrical or

magnetic properties that can be determined include, but are not limited to, voltage,

current, conductivity, resistance, impedance, inductance, charge, etc. Examples of

optical properties associated with the nanoscale wire include its emission intensity and/or

emission wavelength, e.g. where the nanoscale wire is emissive. In some cases, the

detector will include a power source and a metering device, for example a voltmeter or

an ammeter.

In one embodiment, a conductance (or a change in conductance) less than about 1

nS in a nanoscale wire sensor of the invention can be detected. In another embodiment,

a conductance in the range of thousandths of a nS can be detected. In other

embodiments, conductances of less than about 10 microsiemens, less than about 1

microsiemen, less than about 100 nS, or less than about 10 nS can be detected. The

concentration of a species, or analyte, may be detected from femtomolar concentrations,

to nanomolar, micromolar, millimolar, and to molar concentrations and above. By using



nanoscale wires with known detectors, sensitivity can be extended to a single molecules

in some cases.

As a non-limiting example, a charged analyte may be determined by determining

a change in an electrical property of the nanoscale wire, for example, conductivity.

Immobilizing a charged analyte relative to the nanoscale wire may cause a change in the

conductivity of the nanoscale wire, and in some cases, the distance between the charged

analyte and the nanoscale wire may determine the magnitude of the change in

conductivity of the nanoscale wire. Uncharged analytes can be similarly determined, for

instance, by causing the analyte to become charged, e.g., by altering environmental

conditions such as pH (by raising or lowering pH), temperature, reactants, or the like, by

reacting the analyte with a charged moiety, or the like.

The analyte to be determined by the nanoscale sensor may be present within a

sample. The term "sample" refers to any cell, lysate, tissue, or fluid from a biological

source (a "biological sample"), or any other medium, biological or non-biological, that

can be evaluated in accordance with the invention. The sample may be, for instance, a

liquid (e.g., a solution or a suspension) or a gas. A sample includes, but is not limited to,

a biological sample drawn from an organism (e.g. a human, a non-human mammal, an

invertebrate, a plant, a fungus, an algae, a bacteria, a virus, etc.), a sample drawn from

food designed for human consumption, a sample including food designed for animal

consumption such as livestock feed, milk, an organ donation sample, a sample of blood

destined for a blood supply, a sample from a water supply, a soil sample, or the like.

In some cases, the sample may be a sample suspected of containing an analyte. A

"sample suspected of containing" a particular component means a sample with respect to

which the content of the component is unknown. For example, a fluid sample from a

human suspected of having a disease, but not known to have the disease, defines a

sample suspected of containing the disease. "Sample" in this context includes naturally-

occurring samples, such as physiological samples from humans or other animals,

samples from food, livestock feed, water, soil, etc. Typical samples include tissue

biopsies, cells, cell lysates, whole blood, serum or other blood fractions, urine, ocular

fluid, saliva, fluid or other samples from tonsils, lymph nodes, needle biopsies, etc.

A variety of sample sizes, for exposure of a sample to a nanoscale sensor of the

invention, can be used in various embodiments. As examples, the sample size used in



nanoscale sensors may be less than or equal to about 10 microliters, less than or equal to

about 1 microliter, or less than or equal to about 0.1 microliter. The sample size may be

as small as about 10 nanoliters, 1 nanoliter, or less, in certain instances. The nanoscale

sensor also allows for unique accessibility to biological species and may be used for in

vivo and/or in vitro applications. When used in vivo, in some case, the nanoscale sensor

and corresponding method result in a minimally invasive procedure.

The invention, in some embodiments, involves a sensing element comprising a

sample exposure region and a nanoscale wire able to detect the presence or absence of an

analyte, and/or the concentration of the analyte. The "sample exposure region" may be

any region in close proximity to the nanoscale wire where a sample in the sample

exposure region addresses at least a portion of the nanoscale wire. Examples of sample

exposure regions include, but are not limited to, a well, a channel, a microfluidic

channel, or a gel. In certain embodiments, the sample exposure region is able to hold a

sample proximate the nanoscale wire, and/or may direct a sample toward the nanoscale

wire for determination of an analyte in the sample. The nanoscale wire may be

positioned adjacent or within the sample exposure region. Alternatively, the nanoscale

wire may be a probe that is inserted into a fluid or fluid flow path. The nanoscale wire

probe may also comprise, in some instances, a microneedle that supports and/or is

integral with the nanoscale wire, and the sample exposure region may be addressable by

the microneedle. In this arrangement, a device that is constructed and arranged for

insertion of a microneedle probe into a sample can include a region surrounding or

otherwise in contact with the microneedle that defines the sample exposure region, and a

sample in the sample exposure region is addressable by the nanoscale wire, and vice

versa. Fluid flow channels can be created at a size and scale advantageous for use in the

invention (microchannels) using a variety of techniques such as those described in

International Patent Application Serial No. PCT/US97/04005, entitled "Method of

Forming Articles and Patterning Surfaces via Capillary Micromolding," filed March 14,

1997, published as Publication No. WO 97/33737 on September 18, 1997, and

incorporated herein by reference.

As an example, a sample, such as a fluid suspected of containing an analyte that

is to be determined, may be presented to a sample exposure region of a sensing element

comprising a nanoscale wire. An analyte present in the fluid that is able to bind to the



nanoscale wire and/or a reaction entity immobilized relative to the nanoscale wire may

cause a change in a property of the nanoscale wire that is determinable upon binding, e.g.

using conventional electronics. If the analyte is not present in the fluid, the relevant

property of the nanoscale wire will remain unchanged, and the detector will measure no

significant change. Thus, according to this particular example, the presence or absence

of an analyte can be determined by monitoring changes, or lack thereof, in the property

of the nanoscale wire. In some cases, if the detector measures a change, the magnitude

of the change may be a function of the concentration of the analyte, and/or a function of

some other relevant property of the analyte (e.g., charge or size, etc.). Thus, by

determining the change in the property of the nanoscale wire, the concentration or other

property of the analyte in the sample may be determined.

In some embodiments, one or more nanoscale wires may be positioned in a

channel or in a microfluidic channel, which may define the sample exposure region in

some cases. As used herein, a "channel" is a conduit that is able to transport one or more

fluids specifically from one location to another. Materials may flow through the

channels, continuously, randomly, intermittently, etc. The channel may be a closed

channel, or a channel that is open, for example, open to the external environment. The

channel can include characteristics that facilitate control over fluid transport, e.g.,

structural characteristics, physical/chemical characteristics (e.g., hydrophobicity vs.

hydrophilicity) and/or other characteristics that can exert a force (e.g., a containing force)

on a fluid when within the channel. The fluid within the channel may partially or

completely fill the channel. In some cases the fluid may be held or confined within the

channel or a portion of the channel in some fashion, for example, using surface tension

(i.e., such that the fluid is held within the channel within a meniscus, such as a concave

or convex meniscus). The channel may have any suitable cross-sectional shape that

allows for fluid transport, for example, a square channel, a circular channel, a rounded

channel, a rectangular channel (e.g., having any aspect ratio), a triangular channel, an

irregular channel, etc. The channel may be of any size. For example, the channel may

have a largest dimension perpendicular to a direction of fluid flow within the channel of

less than about 1000 micrometers in some cases (i.e., a microfluidic channel), less than

about 500 micrometers in other cases, less than about 400 micrometers in other cases,

less than about 300 micrometers in other cases, less than about 200 micrometers in still



other cases, less than about 100 micrometers in still other cases, or less than about 50 or

25 micrometers in still other cases. In some embodiments, the dimensions of the channel

may be chosen such that fluid is able to freely flow through the channel. The dimensions

of the channel may also be chosen in certain cases, for example, to allow a certain

volumetric or linear flowrate of fluid within the channel. Of course, the number of

channels, the shape or geometry of the channels, and the placement of channels can be

determined by those of ordinary skill in the art.

One or more different nanoscale wires may cross the same microfluidic channel

(e.g., at different positions) to detect the same or different analytes, to measure a flowrate

of an analyte(s), etc. In another embodiment, one or more nanoscale wires may be

positioned in a microfluidic channel to form one of a plurality of analytic elements, for

instance, in a microneedle probe, a dip and read probe, etc. The analytic elements probe

may be implantable and capable of detecting several analytes simultaneously in real

time, according to certain embodiments. In another embodiment, one or more nanoscale

wires may be positioned in a microfluidic channel to form an analytic element in a

microarray for a cassette or a lab-on-a-chip device. Those of ordinary skill in the art

would know of examples of cassette or lab-on-a-chip devices that are suitable for high-

throughout chemical analysis and screening, combinational drug discovery, etc. The

ability to include multiple nanoscale wires in one nanoscale sensor also allows, in some

cases, for the simultaneous detection of different analytes suspected of being present in a

single sample, i.e., the nanoscale sensor allows "multiplexed" detection of different

analytes. For example, a nanoscale sensor may include a plurality of nanoscale wires

that each detect different pH levels, proteins, enzymes, toxins, small molecules, and/or

nucleic acids, etc.

In some cases, the sensing element may comprise a plurality of nanoscale wires

able to determine (i.e., detect the presence, absence, and/or amount or concentration) one

or more analytes within a sample, for example, from a liquid or solution, blood serum,

etc., as previously described. Various nanoscale wires within the sensing element may

be differentially doped as described herein, and/or contain different reaction entities,

and/or the same reaction entities at different concentrations, thereby varying the

sensitivity of the nanoscale wires to the analytes, as needed. For example, different

reaction entities may be "printed" on the nanoscale wires, e.g., using microarray printing



techniques or the like, thereby producing an array of nanoscale wires comprising

different reaction entities. In some cases, individual nanoscale wires may be selected

based on their ability to interact with specific analytes, thereby allowing the detection of

a variety of analytes. The plurality of nanoscale wires may be randomly oriented or

parallel to one another, according to another set of embodiments. The plurality of

nanoscale wires may also be oriented in an array on a substrate, in specific instances.

A sensing element of the present invention can collect real time data and/or near-

real time data, in some embodiments. The data may be used, for example, to monitor the

reaction rate of a specific chemical or biological reaction. Physiological conditions or

drug concentrations present in vivo may also produce a real time (or near-real time)

signal that may be used to control a drug delivery system, in another embodiment of the

invention. In addition, electrical determination of one or more properties of the

nanoscale wire may allow for the determination of one or more analytes as a function of

time. For example, the conductance of a nanoscale wire may be determined as a function

of time, which may give additional information regarding the analyte.

In some cases, the nanoscale wires, or at least a portion of the nanoscale wires,

may be individually addressable, i.e., the status of the nanoscale wire may be determined

without determining the status of nearby nanoscale wires. Thus, for example, a

nanoscale wire within a sensing element, or a number of nanoscale wires within the

sensing element, may be in electrical communication with an electrode that is able to

address the nanoscale wire(s), and such a wire may be addressed using the electrode

without addressing other nanoscale wires not in electrical communication with the

electrode. For example, a first reaction entity immobilized relative to a first nanoscale

wire may bind an analyte, and such a binding event may be detectable independently of

the detection of a binding event involving a second reaction entity immobilized relative

to a second nanoscale wire. The electrodes may be in electronic communication with

one or more electrical contacts.

In some embodiments, the invention includes a microarray including a plurality

of sensing regions, at least some of which comprise one or more nanoscale wires. The

microarray, including some or all of the sensing regions, may define a sensing element in

a sensor device. At least some of the nanoscale wires are able to determine an analyte

suspected to be present in a sample that the sensing region of the microarray is exposed



to, for example, the nanoscale wire may comprise a reaction entity able to interact with

an analyte. If more than one nanoscale wire is present within the sensing region, the

nanoscale wires may be able to detect the same analyte and/or different analytes,

depending on the application.

In another set of embodiments, an article of the invention may comprise a

cassette comprising a sensing element having a sample exposure region and a nanoscale

wire. The detection of an analyte in a sample within the sample exposure region may

occur, in some cases, while the cassette is disconnected to a detector apparatus, allowing

samples to be gathered at one site, and determined at another. The cassette may then be

operatively connectable to a detector apparatus able to determine a property associated

with the nanoscale wire. As used herein, a device is "operatively connectable" when it

has the ability to attach and interact with another apparatus. In other cases, the cassette

may be constructed and arranged such that samples may be gathered and determination

at one site.

As an example, the present invention includes, in some embodiments, an

integrated system comprising a nanoscale wire detector, a reader, and a computer

controlled response system. In this example, the nanoscale wire detects a change in the

equilibrium or concentration of an analyte in the sample, feeding a signal to the computer

controlled response system, causing it to withhold or release a chemical or drug. This is

useful as an implantable drug or chemical delivery system because of its small size and

low energy requirements. Those of ordinary skill in the art are well aware of the

parameters and requirements for constructing implantable devices, readers, and

computer-controlled response systems suitable for use in connection with the present

invention. That is, the knowledge of those of ordinary skill in the art, coupled with the

disclosure herein of nanoscale wires as sensors, enables implantable devices, real-time

measurement devices, integrated systems, and the like. Such systems can be made

capable of monitoring one, or a plurality of, physiological characteristics individually or

simultaneously.

The present invention finds use in a wide range of applications. For instance, in

some aspects, any of the techniques described herein may be used in the determination of

proteins, enzymes, toxins, viruses, small molecules, or the like, e.g., as in an assay, for

example, to detect or diagnose cancer or other medical conditions, toxins or other



environmental agents, viruses, or the like. A property of an analyte may be determined

by allowing the analyte to interact with a nanoscale wire and/or a reaction entity, and the

interaction may be analyzed or determined in some fashion, e.g., quantified. In some

cases, the degree or amount of interaction (e.g., a binding constant) may be determined,

for example, by measuring a property of the nanoscale wire (e.g., an electronic property,

such as the conductance) after exposing the nanoscale wire and/or the reaction entity to

the analyte.

In certain instances, such assays are useful in drug screening techniques. In one

example, a protein, enzyme, or other target molecule may be immobilized relative to a

nanoscale wire as a reaction entity, and exposed to one or more drug candidates, for

example, serially or simultaneously. Interaction of the drug candidate(s) with the

reaction entity may be determined by determining a property of the nanoscale wire, e.g.,

as previously described. As a non-limiting example, a nanoscale wire, having an

associated reaction entity, may be exposed to one or more species able to interact with

the reaction entity, for instance, the nanoscale wire may be exposed to a sample

containing a first species able to interact with the reaction entity, where the sample

contains or is suspected of containing a second species able to interact with the reaction

entity, and optionally other, different species, where one of the species is a drug

candidate. As one example, if the reaction entity is an enzyme, the sample may contain a

substrate and a drug candidate suspected of interacting with the enzyme in a way that

inhibits enzyme/substrate interaction; if the reaction entity is a substrate, the sample may

contain an enzyme and a drug candidate suspected of interacting with the substrate in an

inhibitory manner; if the reaction entity is a nucleic acid, the sample may contain an

enzyme able to bind the nucleic acid (e.g., a nucleic acid synthesis enzyme), or a

complementary nucleic acid, and a drug candidate suspected of interacting with the

nucleic acid reaction entity in an inhibitory manner; if the reaction entity is a receptor,

the sample may contain a ligand for the receptor and a drug candidate suspected of

interacting with the receptor in an inhibitory manner; etc. In each of these cases, the

drug candidate may also act in a way that enhances, rather than inhibits, interaction.

In some cases, assays of the invention may be used in high-throughput screening

applications, e.g., where at least 100, at least 1,000, at least 10,000, or at least 100,000 or

more analytes may be rapidly screened, for example, by exposing one or more analytes



to a nanoscale wire (e.g., in solution), and/or exposing a plurality of analytes to a

plurality of nanoscale wires and/or reaction entities.

Certain aspects of the present invention include a nanoscopic wire or other

nanostructured material comprising one or more semiconductor and/or metal

compounds, for example, for use in any of the above-described embodiments. In some

cases, the semiconductors and/or metals may be chemically and/or physically combined,

for example, as in a doped nanoscopic wire. The nanoscopic wire may be, for example, a

nanorod, a nanowire, a nanowhisker, or a nanotube. The nanoscopic wire may be used in

a device, for example, as a semiconductor component, a pathway, etc. The criteria for

selection of nanoscale wires and other conductors or semiconductors for use in the

invention are based, in some instances, upon whether the nanoscale wire is able to

interact with an analyte, or whether the appropriate reaction entity, e.g. a binding partner,

can be easily attached to the surface of the nanoscale wire, or the appropriate reaction

entity, e.g. a binding partner, is near the surface of the nanoscale wire. Selection of

suitable conductors or semiconductors, including nanoscale wires, will be apparent and

readily reproducible by those of ordinary skill in the art with the benefit of the present

disclosure.

Many nanoscopic wires as used in accordance with the present invention are

individual nanoscopic wires. As used herein, "individual nanoscopic wire" means a

nanoscopic wire free of contact with another nanoscopic wire (but not excluding contact

of a type that may be desired between individual nanoscopic wires, e.g., as in a crossbar

array). For example, an "individual" or a "free-standing" article may, at some point in its

life, not be attached to another article, for example, with another nanoscopic wire, or the

free-standing article may be in solution. This is in contrast to nanotubes produced

primarily by laser vaporization techniques that produce materials formed as ropes having

diameters of about 2 nm to about 50 nm or more and containing many individual

nanotubes. This is also in contrast to conductive portions of articles which differ from

surrounding material only by having been altered chemically or physically, in situ, i.e.,

where a portion of a uniform article is made different from its surroundings by selective

doping, etching, etc. An "individual" or a "free-standing" article is one that can be (but

need not be) removed from the location where it is made, as an individual article, and

transported to a different location and combined with different components to make a



functional device such as those described herein and those that would be contemplated

by those of ordinary skill in the art upon reading this disclosure.

In another set of embodiments, the nanoscopic wire (or other nanostructured

material) may include additional materials, such as semiconductor materials, dopants,

organic compounds, inorganic compounds, etc. The following are non-limiting

examples of materials that may be used as dopants within the nanoscopic wire. The

dopant may be an elemental semiconductor, for example, silicon, germanium, tin,

selenium, tellurium, boron, diamond, or phosphorous. The dopant may also be a solid

solution of various elemental semiconductors. Examples include a mixture of boron and

carbon, a mixture of boron and P(BP ), a mixture of boron and silicon, a mixture of

silicon and carbon, a mixture of silicon and germanium, a mixture of silicon and tin, a

mixture of germanium and tin, etc. In some embodiments, the dopant may include

mixtures of Group IV elements, for example, a mixture of silicon and carbon, or a

mixture of silicon and germanium. In other embodiments, the dopant may include

mixtures of Group III and Group V elements, for example, BN, BP, BAs, AlN, AlP,

AlAs, AlSb, GaN, GaP, GaAs, GaSb, InN, InP, InAs, or InSb. Mixtures of these

combinations may also be used, for example, a mixture of BN/BP/BAs, or BN/AlP. In

other embodiments, the dopants may include mixtures of Group III and Group V

elements. For example, the mixtures may include AlGaN, GaPAs, InPAs, GaInN,

AlGaInN, GaInAsP, or the like. In other embodiments, the dopants may also include

mixtures of Group II and Group VI elements. For example, the dopant may include

mixtures of ZnO, ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, BeS, BeSe,

BeTe, MgS, MgSe, or the like. Alloys or mixtures of these dopants are also be possible,

for example, ZnCd Se, or ZnSSe or the like. Additionally, mixtures of different groups

of semiconductors may also be possible, for example, combinations of Group II-Group

VI and Group Ill-Group V elements, such as (GaAs)x(ZnS) 1-x. Other non-limiting

examples of dopants may include mixtures of Group IV and Group VI elements, for

example GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe, etc.. Other dopant

mixtures may include mixtures of Group I elements and Group VII elements, such as

CuF, CuCl, CuBr, CuI, AgF, AgCl, AgBr, AgI, or the like. Other dopant mixtures may

include different mixtures of these elements, such as BeSiN , CaCN2, ZnGeP2, CdSnAs2,



ZnSnSb2, CuGeP3, CuSi2P3, Si3N4, Ge3N4, Al2O3, (Al, Ga, In)2(S, Se, Te)3, Al2CO, (Cu,

Ag)(Al, Ga, In, Tl, Fe)(S, Se, Te)2 or the like.

As a non-limiting example, a p-type dopant may be selected from Group III, and

an n-type dopant may be selected from Group V. For instance, a p-type dopant may

include at least one of B, Al and In, and an n-type dopant may include at least one of P,

As and Sb. For Group Ill-Group V mixtures, a p-type dopant may be selected from

Group II, including one or more of Mg, Zn, Cd and Hg, or Group IV, including one or

more of C and Si. An n-type dopant may be selected from at least one of Si, Ge, Sn, S,

Se and Te. It will be understood that the invention is not limited to these dopants, but

may include other elements, alloys, or mixtures as well.

As used herein, the term "Group," with reference to the Periodic Table, is given

its usual definition as understood by one of ordinary skill in the art. For instance, the

Group II elements include Mg and Ca, as well as the Group II transition elements, such

as Zn, Cd, and Hg. Similarly, the Group III elements include B, Al, Ga, In and Tl; the

Group IV elements include C, Si, Ge, Sn, and Pb; the Group V elements include N, P,

As, Sb and Bi; and the Group VI elements include O, S, Se, Te and Po. Combinations

involving more than one element from each Group are also possible. For example, a

Group II-VI material may include at least one element from Group II and at least one

element from Group VI, e.g., ZnS, ZnSe, ZnSSe, ZnCdS, CdS, or CdSe. Similarly, a

Group IH-V material may include at least one element from Group III and at least one

element from Group V, for example GaAs, GaP, GaAsP, InAs, InP, AlGaAs, or InAsP.

Other dopants may also be included with these materials and combinations thereof, for

example, transition metals such as Fe, Co, Te, Au, and the like. The nanoscale wire of

the present invention may further include, in some cases, any organic or inorganic

molecules. In some cases, the organic or inorganic molecules are polarizable and/or

have multiple charge states.

In some embodiments, at least a portion of a nanoscopic wire may be a bulk-

doped semiconductor. As used herein, a "bulk-doped" article (e. g. an article, or a

section or region of an article) is an article for which a dopant is incorporated

substantially throughout the crystalline lattice of the article, as opposed to an article in

which a dopant is only incorporated in particular regions of the crystal lattice at the

atomic scale, for example, only on the surface or exterior. For example, some articles



such as carbon nanotubes are typically doped after the base material is grown, and thus

the dopant only extends a finite distance from the surface or exterior into the interior of

the crystalline lattice. It should be understood that "bulk-doped" does not define or

reflect a concentration or amount of doping in a semiconductor, nor does it necessarily

indicate that the doping is uniform. In particular, in some embodiments, a bulk-doped

semiconductor may comprise two or more bulk-doped regions. Thus, as used herein to

describe nanoscopic wires, "doped" refers to bulk-doped nanoscopic wires, and,

accordingly, a "doped nanoscopic (or nanoscale) wire" is a bulk-doped nanoscopic wire.

"Heavily doped" and "lightly doped" are terms the meanings of which are understood by

those of ordinary skill in the art.

In one set of embodiments, the invention includes a nanoscale wire (or other

nanostructured material) that is a single crystal. As used herein, a "single crystal" item

(e.g., a semiconductor) is an item that has covalent bonding, ionic bonding, or a

combination thereof throughout the item. Such a single-crystal item may include defects

in the crystal, but is to be distinguished from an item that includes one or more crystals,

not ionically or covalently bonded, but merely in close proximity to one another.

In yet another set of embodiments, the nanoscale wire (or other nanostructured

material) may comprise two or more regions having different compositions. Each region

of the nanoscale wire may have any shape or dimension, and these can be the same or

different between regions. For example, a region may have a smallest dimension of less

than 1 micron, less than 100 nm, less than 10 nm, or less than 1 run. In some cases, one

or more regions may be a single monolayer of atoms (i.e., "delta-doping"). In certain

cases, the region may be less than a single monolayer thick (for example, if some of the

atoms within the monolayer are absent).

The two or more regions may be longitudinally arranged relative to each other,

and/or radially arranged (e.g., as in a core/shell arrangement) within the nanoscale wire.

As one example, the nanoscale wire may have multiple regions of semiconductor

materials arranged longitudinally. In another example, a nanoscale wire may have two

regions having different compositions arranged longitudinally, surrounded by a third

region or several regions, each having a composition different from that of the other

regions. As a specific example, the regions may be arranged in a layered structure within

the nanoscale wire, and one or more of the regions may be delta-doped or at least



partially delta-doped. As another example, the nanoscale wire may have a series of

regions positioned both longitudinally and radially relative to each other. The

arrangement can include a core that differs in composition along its length (changes in

composition or concentration longitudinally), while the lateral (radial) dimensions of the

core do, or do not, change over the portion of the length differing in composition. The

shell portions can be adjacent each other (contacting each other, or defining a change in

composition or concentration of a unitary shell structure longitudinally), or can be

separated from each other by, for example, air, an insulator, a fluid, or an auxiliary, non-

nanoscale wire component. The shell portions can be positioned directly on the core, or

can be separated from the core by one or more intermediate shells portions that can

themselves be constant in composition longitudinally, or varying in composition

longitudinally, i.e., the invention allows the provision of any combination of a nanowire

core and any number of radially-positioned shells (e.g., concentric shells), where the core

and/or any shells can vary in composition and/or concentration longitudinally, any shell

sections can be spaced from any other shell sections longitudinally, and different

numbers of shells can be provided at different locations longitudinally along the

structure.

In still another set of embodiments, a nanoscale wire may be positioned

proximate the surface of a substrate, i.e., the nanoscale wire may be positioned within

about 50 nm, about 25 nm, about 10 nm, or about 5 nm of the substrate. In some cases,

the proximate nanoscale wire may contact at least a portion of the substrate. In one

embodiment, the substrate comprises a semiconductor and/or a metal. Non-limiting

examples include Si, Ge, GaAs, etc. Other suitable semiconductors and/or metals are

described above with reference to nanoscale wires. In certain embodiments, the substrate

may comprise a nonmetal/nonsemiconductor material, for example, a glass, a plastic or a

polymer, a gel, a thin film, etc. Non-limiting examples of suitable polymers that may

form or be included in the substrate include polyethylene, polypropylene, poly(ethylene

terephthalate), polydimethylsiloxane, or the like.

In certain aspects, the present invention provides a method of preparing a

nanostructure. In one set of embodiments, the method involves allowing a first material

to diffuse into at least part of a second material, optionally creating a new compound.

For example, the first and second materials may each be metals or semiconductors, one



material may be a metal and the other material may be a semiconductor, etc. In one set

of embodiments, a semiconductor may be annealed to a metal. For example, a portion of

the semiconductor and/or a portion of the metal may be heated such that at least some

metal atoms are able to diffuse into the semiconductor, or vice versa. In one

embodiment, a metal electrode (e.g., a nickel, gold, copper, silver, chromium electrode,

etc.), may be positioned in physical contact with a semiconductor nanoscopic wire, and

then annealed such that at least a portion of the semiconductor diffuses into at least a

portion of the metal, optionally forming a metal-semiconductor compound, e.g., as

disclosed in International Patent Application No. PCT/US2005/004459, filed February

14, 2005, entitled "Nanostructures Containing Metal-Semiconductor Compounds," by

Lieber, et al, incorporated herein by reference. For example, the semiconductor may be

annealed with the metal at a temperature of about 300 0C, about 350 0C, about 400 0C,

about 450 0C, about 500 0C, about 550 0C, or about 600 0C for a period of time of at least

about 30 minutes, at least about 1 hour, at least about 2 hours, at least about 4 hours, at

least about 6 hours etc. Such annealing may allow, for example, lower contact

resistances or impedances between the metal and the semiconductor.

In some cases, the metal may be passivated, e.g., as described herein. For

example, the metal, or at least a portion of the metal, may be exposed to one or more

passivating agents, for example, Si3N4. Insulation of the metal by the passivating agent

may be used to form a layer covering the surface of the metal, for example, to prevent

reaction or nonspecific binding between an analyte and the metal. For instance, a metal

electrode may be in electrical communication with a semiconductor comprising one or

more immobilized reaction entities, and the metal electrode may be passivated to prevent

a reaction or nonspecific binding between the metal and the reaction entity, and/or to

reduce or prevent leakage current from the metal. In some cases, the passivation may be

conducted at a relatively high temperature, for example, within a plasma CVD chamber.

In certain embodiments, the present invention involves controlling and altering

the doping of semiconductors in a nanoscale wire. In some cases, the nanoscale wires

(or other nanostructure) may be produced using techniques that allow for direct and

controlled growth of the nanoscale wires. In some cases, the nanoscale wire may be

doped during growth of the nanoscale wire. Doping the nanoscale wire during growth

may result in the property that the doped nanoscale wire is bulk-doped. Furthermore,



such doped nanoscale wires may be controllably doped, such that a concentration of a

dopant within the doped nanoscale wire can be controlled and therefore reproduced

consistently.

Certain arrangements may utilize metal-catalyzed CVD techniques ("chemical

vapor deposition") to synthesize individual nanoscale wires. CVD synthetic procedures

useful for preparing individual wires directly on surfaces and in bulk form are generally

known, and can readily be carried out by those of ordinary skill in the art. Nanoscopic

wires may also be grown through laser catalytic growth. With the same basic principles

as LCG, if uniform diameter nanoclusters (less than 10% to 20% variation depending on

how uniform the nanoclusters are) are used as the catalytic cluster, nanoscale wires with

uniform size (diameter) distribution can be produced, where the diameter of the wires is

determined by the size of the catalytic clusters. By controlling growth time, nanoscale

wires with different lengths can be grown.

One technique that may be used to grow nanoscale wires is catalytic chemical

vapor deposition ("C-CVD"). In C-CVD, reactant molecules are formed from the vapor

phase. Nanoscale wires may be doped by introducing the doping element into the vapor

phase reactant (e.g. diborane and phosphane). The doping concentration may be

controlled by controlling the relative amount of the doping compound introduced in the

composite target. The final doping concentration or ratios are not necessarily the same

as the vapor-phase concentration or ratios. By controlling growth conditions, such as

temperature, pressure or the like, nanoscale wires having the same doping concentration

may be produced.

Another technique for direct fabrication of nanoscale wire junctions during

synthesis is referred to as laser catalytic growth ("LCG"). In LCG, dopants are

controllably introduced during vapor phase growth of nanoscale wires. Laser

vaporization of a composite target composed of a desired material (e.g. silicon or indium

phosphide) and a catalytic material (e.g. a nanoparticle catalyst) may create a hot, dense

vapor. The vapor may condense into liquid nanoclusters through collision with a buffer

gas. Growth may begin when the liquid nanoclusters become supersaturated with the

desired phase and can continue as long as reactant is available. Growth may terminate

when the nanoscale wire passes out of the hot reaction zone and/or when the temperature



is decreased. The nanoscale wire may be further subjected to different semiconductor

reagents during growth.

Other techniques to produce nanoscale semiconductors such as nanoscale wires

are also contemplated. For example, nanoscale wires of any of a variety of materials

may be grown directly from vapor phase through a vapor-solid process. Also, nanoscale

wires may also be produced by deposition on the edge of surface steps, or other types of

patterned surfaces. Further, nanoscale wires may be grown by vapor deposition in or on

any generally elongated template. The porous membrane may be porous silicon, anodic

alumina, a diblock copolymer, or any other similar structure. The natural fiber may be

DNA molecules, protein molecules carbon nanotubes, any other elongated structures.

For all the above described techniques, the source materials may be a solution or a vapor.

In some cases, while in solution phase, the template may also include be column micelles

formed by surfactant.

In some cases, the nanoscale wire may be doped after formation. In one

technique, a nanoscale wire having a substantially homogeneous composition is first

synthesized, then is doped post-synthetically with various dopants. Such doping may

occur throughout the entire nanoscale wire, or in one or more portions of the nanoscale

wire, for example, in a wire having multiple regions differing in composition.

One aspect of the invention provides for the assembly, or controlled placement,

of nanoscale wires on a surface. Any substrate may be used for nanoscale wire

placement, for example, a substrate comprising a semiconductor, a substrate comprising

a metal, a substrate comprising a glass, a substrate comprising a polymer, a substrate

comprising a gel, a substrate that is a thin film, a substantially transparent substrate, a

non-planar substrate, a flexible substrate, a curved substrate, etc. In some cases,

assembly can be carried out by aligning nanoscale wires using an electrical field. In

other cases, assembly can be performed using an arrangement involving positioning a

fluid flow directing apparatus to direct fluid containing suspended nanoscale wires

toward and in the direction of alignment with locations at which nanoscale wires are

desirably positioned.

In certain cases, a nanoscale wire (or other nanostructure) is formed on the

surface of a substrate, and/or is defined by a feature on a substrate. In one example, a

nanostructure, such as a nanoscale wire, is formed as follows. A substrate is imprinted



using a stamp or other applicator to define a pattern, such as a nanoscale wire or other

nanoscale structure. After removal of the stamp or other applicator, at least a portion of

the imprintable layer is removed, for example, through etching processes such as reactive

ion etching (RIE), or other known techniques. In some cases, enough imprintable

material may be removed from the substrate so as to expose portions of the substrate free

of the imprintable material. A metal or other materials may then be deposited onto at

least a portion of the substrate, for example, gold, copper, silver, chromium, etc. In some

cases, a "lift-off step may then be performed, where at least a portion of the imprintable

material is removed from the substrate. Metal or other material deposited onto the

imprintable material may be removed along with the removal of the imprintable material,

for example, to form one or more nanoscale wires. Structures deposited on the surface

may be connected to one or more electrodes in some cases. The substrate may be any

suitable substrate that can support an imprintable layer, for example, comprising a

semiconductor, a metal, a glass, a polymer, a gel, etc. In some cases, the substrate may

be a thin film, substantially transparent, non-planar, flexible, and/or curved, etc.

In certain cases, an array of nanoscale wires may be produced by providing a

surface having a plurality of substantially aligned nanoscale wires, and removing, from

the surface, a portion of one or more of the plurality of nanoscale wires. The remaining

nanoscale wires on the surface may then be connected to one or more electrodes. In

certain cases, the nanoscopic wires are arranged such that they are in contact with each

other; in other instances, however, the aligned nanoscopic wires may be at a pitch such

that they are substantially not in physical contact.

In certain cases, nanoscale wires are positioned proximate a surface using flow

techniques, i.e., techniques where one or more nanoscale wires may be carried by a fluid

to a substrate. Nanoscale wires (or any other elongated structures) can be aligned by

inducing a flow of a nanoscale wire solution on surface, where the flow can include

channel flow or flow by any other suitable technique. Nanoscale wire arrays with

controlled position and periodicity can be produced by patterning a surface of a substrate

and/or conditioning the surface of the nanoscale wires with different functionalities,

where the position and periodicity control may be achieved by designing specific

complementary forces between the patterned surface and the nanoscale wires. Nanoscale

wires can also be assembled using a Langmuir-Blodgett (LB) trough. Nanoscale wires



may first be surface-conditioned and dispersed to the surface of a liquid phase to form a

Langmuir-Blodgett film. In some cases, the liquid may include a surfactant, which can,

in some cases, reduce aggregation of the nanoscale wires and/or reduce the ability of the

nanoscale wires to interact with each other. The nanoscale wires can be aligned into

different patterns (such as parallel arrays or fibers) by compressing the surface or

reducing the surface area of the surface.

Another arrangement involves forming surfaces on a substrate including regions

that selectively attract nanoscale wires surrounded by regions that do not selectively

attract them. Surfaces can be patterned using known techniques such as electron-beam

patterning, "soft-lithography" such as that described in International Patent Application

Serial No. PCT/US96/03073, entitled "Microcontact Printing on Surfaces and Derivative

Articles," filed March 1, 1996, published as Publication No. WO 96/29629 on July 26,

1996; or U.S. Patent No. 5,512,131, entitled "Formation of Microstamped Patterns on

Surfaces and Derivative Articles," issued April 30, 1996, each of which is incorporated

herein by reference. Additional techniques are described in U.S. Patent Application

Serial No. 60/142,216, entitled "Molecular Wire-Based Devices and Methods of Their

Manufacture," filed July 2, 1999, incorporated herein by reference. Fluid flow channels

can be created at a size scale advantageous for placement of nanoscale wires on surfaces

using a variety of techniques such as those described in International Patent Application

Serial No. PCT/US97/04005, entitled "Method of Forming Articles and Patterning

Surfaces via Capillary Micromolding," filed March 14, 1997, published as Publication

No. WO 97/33737 on September 18, 1997, and incorporated herein by reference. Other

techniques include those described in U.S. Patent No. 6,645,432, entitled "Microfluidic

Systems Including Three-dimensionally Arrayed Channel Networks," issued November

11, 2003, incorporated herein by reference.

Chemically patterned surfaces other than SAM-derivatized surfaces can be used,

and many techniques for chemically patterning surfaces are known. Another example of

a chemically patterned surface may be a micro-phase separated block copolymer

structure. These structures may provide a stack of dense lamellar phases, where a cut

through these phases reveals a series of "lanes" wherein each lane represents a single

layer. The assembly of nanoscale wires onto substrate and electrodes can also be

assisted using bimolecular recognition in some cases. For example, one biological



binding partner may be immobilized onto the nanoscale wire surface and the other one

onto a substrate or an electrode using physical adsorption or covalently linking. An

example technique which may be used to direct the assembly of a nanoscopic wires on a

substrate is by using "SAMs," or self-assembled monolayers. Any of a variety of

substrates and SAM-forming material can be used along with microcontact printing

techniques, such as those described in International Patent Application Serial No.

PCT/US96/03073, entitled "Microcontact Printing on Surfaces and Derivative Articles,"

filed March 1, 1996, published as Publication No. WO 96/29629 on July 26, 1996,

incorporated herein by reference in its entirety.

In some cases, the nanoscale wire arrays may also be transferred to another

substrate, e.g., by using stamping techniques. In certain instances, nanoscale wires may

be assembled using complementary interaction, i.e., where one or more complementary

chemical, biological, electrostatic, magnetic or optical interactions are used to position

one or more nanoscale wires on a substrate. In certain cases, physical patterns may be

used to position nanoscale wires proximate a surface. For example, nanoscale wires may

be positioned on a substrate using physical patterns, for instance, aligning the nanoscale

wires using corner of the surface steps or along trenches on the substrate.

In one aspect, the present invention provides any of the above-mentioned devices

packaged in kits, optionally including instructions for use of the devices. As used herein,

"instructions" can define a component of instructional utility (e.g., directions, guides,

warnings, labels, notes, FAQs ("frequently asked questions"), etc., and typically involve

written instructions on or associated with packaging of the invention. Instructions can

also include instructional communications in any form (e.g., oral, electronic, digital,

optical, visual, etc.), provided in any manner such that a user will clearly recognize that

the instructions are to be associated with the device, e.g., as discussed herein.

Additionally, the kit may include other components depending on the specific

application, for example, containers, adapters, syringes, needles, replacement parts, etc.

As used herein, "promoted" includes all methods of doing business including, but not

limited to, methods of selling, advertising, assigning, licensing, contracting, instructing,

educating, researching, importing, exporting, negotiating, financing, loaning, trading,

vending, reselling, distributing, replacing, or the like that can be associated with the

methods and compositions of the invention, e.g., as discussed herein. Promoting may



also include, in some cases, seeking approval from a government agency to sell a

composition of the invention for medicinal purposes. Methods of promotion can be

performed by any party including, but not limited to, businesses (public or private),

contractual or sub-contractual agencies, educational institutions such as colleges and

universities, research institutions, hospitals or other clinical institutions, governmental

agencies, etc. Promotional activities may include instructions or communications of any

form (e.g., written, oral, and/or electronic communications, such as, but not limited to, e-

mail, telephonic, facsimile, Internet, Web-based, etc.) that are clearly associated with the

invention.

Definitions

The following definitions will aid in the understanding of the invention. Certain

devices of the invention may include wires or other components of scale commensurate

with nanometer-scale wires, which includes nanotubes and nanowires. In some

embodiments, however, the invention comprises articles that may be greater than

nanometer size (e. g., micrometer-sized). As used herein, "nanoscopic-scale,"

"nanoscopic," "nanometer-scale," "nanoscale," the "nano-" prefix (for example, as in

"nanostructured"), and the like generally refers to elements or articles having widths or

diameters of less than about 1 micron, and less than about 100 nm in some cases. In all

embodiments, specified widths can be a smallest width (i.e. a width as specified where,

at that location, the article can have a larger width in a different dimension), or a largest

width (i.e. where, at that location, the article has a width that is no wider than as

specified, but can have a length that is greater).

As used herein, a "wire" generally refers to any material having a conductivity of

or of similar magnitude to any semiconductor or any metal, and in some embodiments

may be used to connect two electronic components such that they are in electronic

communication with each other. For example, the terms "electrically conductive" or a

"conductor" or an "electrical conductor" when used with reference to a "conducting"

wire or a nanoscale wire, refers to the ability of that wire to pass charge. Typically, an

electrically conductive nanoscale wire will have a resistivity comparable to that of metal

or semiconductor materials, and in some cases, the electrically conductive nanoscale

wire may have lower resistivities, for example, resistivities of less than about 100



microOhm cm (µ cm). In some cases, the electrically conductive nanoscale wire will

have a resistivity lower than about 10 3 ohm meters, lower than about 10 4 ohm meters, or

lower than about 10 6 ohm meters or 10~7 ohm meters.

A "semiconductor," as used herein, is given its ordinary meaning in the art, i.e.,

an element having semiconductive or semi-metallic properties (i.e., between metallic and

non-metallic properties). An example of a semiconductor is silicon. Other non-limiting

examples include gallium, germanium, diamond (carbon), tin, selenium, tellurium,

boron, or phosphorous.

A "nanoscopic wire" (also known herein as a "nanoscopic-scale wire" or

"nanoscale wire") generally is a wire, that at any point along its length, has at least one

cross-sectional dimension and, in some embodiments, two orthogonal cross-sectional

dimensions less than 1 micron, less than about 500 nm, less than about 200 nm, less than

about 150 nm, less than about 100 nm, less than about 70, less than about 50 nm, less

than about 20 nm, less than about 10 nm, or less than about 5 nm. In other embodiments,

the cross-sectional dimension can be less than 2 nm or 1 nm. In one set of embodiments,

the nanoscale wire has at least one cross-sectional dimension ranging from 0.5 nm to 100

nm or 200 nm. In some cases, the nanoscale wire is electrically conductive. Where

nanoscale wires are described having, for example, a core and an outer region, the above

dimensions generally relate to those of the core. The cross-section of a nanoscopic wire

may be of any arbitrary shape, including, but not limited to, circular, square, rectangular,

annular, polygonal, or elliptical, and may be a regular or an irregular shape. The

nanoscale wire may be solid or hollow. A non-limiting list of examples of materials

from which nanoscale wires of the invention can be made appears below. Any nanoscale

wire can be used in any of the embodiments described herein, including carbon

nanotubes, molecular wires (i.e., wires formed of a single molecule), nanorods,

nanowires, nanowhiskers, organic or inorganic conductive or semiconducting polymers,

and the like, unless otherwise specified. Other conductive or semiconducting elements

that may not be molecular wires, but are of various small nanoscopic-scale dimensions,

can also be used in some instances, e.g. inorganic structures such as main group and

metal atom-based wire-like silicon, transition metal-containing wires, gallium arsenide,

gallium nitride, indium phosphide, germanium, cadmium selenide, etc. A wide variety

of these and other nanoscale wires can be grown on and/or applied to surfaces in patterns



useful for electronic devices in a manner similar to techniques described herein involving

the specific nanoscale wires used as examples, without undue experimentation. The

nanoscale wires, in some cases, may be formed having dimensions of at least about 1

micron, at least about 3 microns, at least about 5 microns, or at least about 10 microns or

about 20 microns in length, and can be less than about 100 nm, less than about 80 run,

less than about 60 nm, less than about 40 nm, less than about 20 nm, less than about 10

nm, or less than about 5 nm in thickness (height and width). The nanoscale wires may

have an aspect ratio (length to thickness) of greater than about 2:1, greater than about

3:1, greater than about 4:1, greater than about 5:1, greater than about 10:1, greater than

about 25:1, greater than about 50:1, greater than about 75:1, greater than about 100:1,

greater than about 150:1, greater than about 250:1, greater than about 500:1, greater than

about 750:1, or greater than about 1000:1 or more in some cases.

A "nanowire" (e. g. comprising silicon and/or another semiconductor material) is

a nanoscopic wire that is typically a solid wire, and may be elongated in some cases.

Preferably, a nanowire (which is abbreviated herein as "NW") is an elongated

semiconductor, i.e., a nanoscale semiconductor. A "non-nanotube nanowire" is any

nanowire that is not a nanotube. In one set of embodiments of the invention, a non-

nanotube nanowire having an unmodified surface (not including an auxiliary reaction

entity not inherent in the nanotube in the environment in which it is positioned) is used in

any arrangement of the invention described herein in which a nanowire or nanotube can

be used.

As used herein, a "nanotube" (e.g. a carbon nanotube) is a nanoscopic wire that is

hollow, or that has a hollowed-out core, including those nanotubes known to those of

ordinary skill in the art. "Nanotube" is abbreviated herein as "NT." Nanotubes are used

as one example of small wires for use in the invention and, in certain embodiments,

devices of the invention include wires of scale commensurate with nanotubes. Examples

of nanotubes that may be used in the present invention include, but are not limited to,

single-walled nanotubes (SWNTs). Structurally, SWNTs are formed of a single

graphene sheet rolled into a seamless tube. Depending on the diameter and helicity,

SWNTs can behave as one-dimensional metals and/or semiconductors. SWNTs.

Methods of manufacture of nanotubes, including SWNTs, and characterization are

known. Methods of selective functionalization on the ends and/or sides of nanotubes



also are known, and the present invention makes use of these capabilities for molecular

electronics in certain embodiments. Multi-walled nanotubes are well known, and can be

used as well.

As used herein, an "elongated" article (e.g. a semiconductor or a section thereof)

is an article for which, at any point along the longitudinal axis of the article, the ratio of

the length of the article to the largest width at that point is greater than 2:1.

A "width" of an article, as used herein, is the distance of a straight line from a

point on a perimeter of the article, through the center of the article, to another point on

the perimeter of the article. As used herein, a "width" or a "cross-sectional dimension"

at a point along a longitudinal axis of an article is the distance along a straight line that

passes through the center of a cross-section of the article at that point and connects two

points on the perimeter of the cross-section. The "cross-section" at a point along the

longitudinal axis of an article is a plane at that point that crosses the article and is

orthogonal to the longitudinal axis of the article. The "longitudinal axis" of an article is

the axis along the largest dimension of the article. Similarly, a "longitudinal section" of

an article is a portion of the article along the longitudinal axis of the article that can have

any length greater than zero and less than or equal to the length of the article.

Additionally, the "length" of an elongated article is a distance along the longitudinal axis

from end to end of the article.

As used herein, a "cylindrical" article is an article having an exterior shaped like

a cylinder, but does not define or reflect any properties regarding the interior of the

article. In other words, a cylindrical article may have a solid interior, may have a

hollowed-out interior, etc. Generally, a cross-section of a cylindrical article appears to

be circular or approximately circular, but other cross-sectional shapes are also possible,

such as a hexagonal shape. The cross-section may have any arbitrary shape, including,

but not limited to, square, rectangular, or elliptical. Regular and irregular shapes are also

included.

As used herein, an "array" of articles (e.g., nanoscopic wires) comprises a

plurality of the articles, for example, a series of aligned nanoscale wires, which may or

may not be in contact with each other. As used herein, a "crossed array" or a "crossbar

array" is an array where at least one of the articles contacts either another of the articles

or a signal node (e.g., an electrode).



The invention provides, in certain embodiments, a nanoscale wire or wires

forming part of a system constructed and arranged to determine an analyte in a sample to

which the nanoscale wire(s) is exposed. "Determine," in this context, generally refers to

the analysis of a species, for example, quantitatively or qualitatively, and/or the detection

of the presence or absence of the species. "Determining" may also refer to the analysis

of an interaction between two or more species, for example, quantitatively or

qualitatively, and/or by detecting the presence or absence of the interaction, e.g.

determination of the binding between two species. As an example, an analyte may cause

a determinable change in an electrical property of a nanoscale wire (e.g., electrical

conductivity, resistivity, impedance, etc.), a change in an optical property of the

nanoscale wire, etc. Examples of determination techniques include, but are not limited

to, piezoelectric measurement, electrochemical measurement, electromagnetic

measurement, photodetection, mechanical measurement, acoustic measurement,

gravimetric measurement, and the like. "Determining" also means detecting or

quantifying interaction between species.

A "fluid," as used herein, generally refers to a substance that tends to flow and to

conform to the outline of its container. Typically, fluids are materials that are unable to

withstand a static shear stress. When a shear stress is applied to a fluid, it experiences a

continuing and permanent distortion. Typical fluids include liquids and gases, but may

also include free-flowing solid particles, viscoelastic fluids, and the like.

As used herein, a component that is "immobilized relative to" another component

either is fastened to the other component or is indirectly fastened to the other component,

e.g., by being fastened to a third component to which the other component also is

fastened. For example, a first entity is immobilized relative to a second entity if a

species fastened to the surface of the first entity attaches to an entity, and a species on the

surface of the second entity attaches to the same entity, where the entity can be a single

entity, a complex entity of multiple species, another particle, etc. In certain

embodiments, a component that is immobilized relative to another component is

immobilized using bonds that are stable, for example, in solution or suspension. In some

embodiments, non-specific binding of a component to another component, where the

components may easily separate due to solvent or thermal effects, is not preferred.



As used herein, "fastened to or adapted to be fastened to," as used in the context

of a species relative to another species or a species relative to a surface of an article (such

as a nanoscale wire), or to a surface of an article relative to another surface, means that

the species and/or surfaces are chemically or biochemically linked to or adapted to be

linked to, respectively, each other via covalent attachment, attachment via specific

biological binding (e.g., biotin/streptavidin), coordinative bonding such as chelate/metal

binding, or the like. For example, "fastened" in this context includes multiple chemical

linkages, multiple chemical/biological linkages, etc., including, but not limited to, a

binding species such as a peptide synthesized on a nanoscale wire, a binding species

specifically biologically coupled to an antibody which is bound to a protein such as

protein A, which is attached to a nanoscale wire, a binding species that forms a part of a

molecule, which in turn is specifically biologically bound to a binding partner covalently

fastened to a surface of a nanoscale wire, etc. A species also is adapted to be fastened to

a surface if a surface carries a particular nucleotide sequence, and the species includes a

complementary nucleotide sequence.

"Specifically fastened" or "adapted to be specifically fastened" means a species is

chemically or biochemically linked to or adapted to be linked to, respectively, another

specimen or to a surface as described above with respect to the definition of "fastened to

or adapted to be fastened," but excluding essentially all non-specific binding.

"Covalently fastened" means fastened via essentially nothing other than one or more

covalent bonds.

The term "binding" refers to the interaction between a corresponding pair of

molecules or surfaces that exhibit mutual affinity or binding capacity, typically due to

specific or non-specific binding or interaction, including, but not limited to, biochemical,

physiological, and/or chemical interactions. "Biological binding" defines a type of

interaction that occurs between pairs of molecules including proteins, nucleic acids,

glycoproteins, carbohydrates, hormones and the like. Specific non-limiting examples

include antibody/antigen, antibody/hapten, enzyme/substrate, enzyme/inhibitor,

enzyme/cofactor, binding protein/substrate, carrier protein/substrate, lectin/carbohydrate,

receptor/hormone, receptor/effector, complementary strands of nucleic acid,

protein/nucleic acid repressor/inducer, ligand/cell surface receptor, virus/ligand,

virus/cell surface receptor, etc.



The term "binding partner" refers to a molecule that can undergo binding with a

particular molecule. Biological binding partners are examples. For example, Protein A

is a binding partner of the biological molecule IgG, and vice versa. Other non-limiting

examples include nucleic acid-nucleic acid binding, nucleic acid-protein binding,

protein-protein binding, enzyme-substrate binding, receptor-ligand binding, receptor-

hormone binding, antibody-antigen binding, etc. Binding partners include specific,

semi-specific, and non-specific binding partners as known to those of ordinary skill in

the art. For example, Protein A is usually regarded as a "non-specific" or semi-specific

binder. The term "specifically binds," when referring to a binding partner (e.g., protein,

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

specifically bind to their antigen, binding pairs such as those described above, and the

like. The binding may be by one or more of a variety of mechanisms including, but not

limited to ionic interactions, and/or covalent interactions, and/or hydrophobic

interactions, and/or van der Waals interactions, etc.

The terms "polypeptide," "peptide," and "protein" are used interchangeably

herein to refer to a polymer of amino acid residues. The terms apply to amino acid

polymers in which one or more amino acid residue is an artificial chemical analogue of a

corresponding naturally occurring amino acid, as well as to naturally occurring amino

acid polymers. The term also includes variants on the traditional peptide linkage joining

the amino acids making up the polypeptide.

As used herein, terms such as "polynucleotide" or "oligonucleotide" or

grammatical equivalents generally refer to a polymer of at least two nucleotide bases

covalently linked together, which may include, for example, but not limited to, natural

nucleosides (e.g., adenosine, thymidine, guanosine, cytidine, uridine, deoxyadenosine,

deoxythymidine, deoxyguanosine and deoxycytidine), nucleoside analogs (e.g., 2-



aminoadenosine, 2-thiothymidine, inosine, pyrrolopyrimidine, 3-methyladenosine, C5-

bromouridine, C5-fluorouridine, C5-iodouridine, C5-propynyluridine, C5-

propynylcytidine, C5-methylcytidine, 7-deazaadenosine, 7-deazaguanosine, 8-

oxoadenosine, 8-oxoguanosine, 06-methylguanosine, 2-thiocytidine, 2-aminopurine, 2-

amino-6-chloropurine, 2,6-diaminopurine, hypoxanthine), chemically or biologically

modified bases (e.g., methylated bases), intercalated bases, modified sugars (2'-

fluororibose, arabinose, or hexose), modified phosphate moieties (e.g.,

phosphorothioates or 5'-N-phosphoramidite linkages), and/or other naturally and non-

naturally occurring bases substitutable into the polymer, including substituted and

unsubstituted aromatic moieties. Other suitable base and/or polymer modifications are

well-known to those of skill in the art. Typically, an "oligonucleotide" is a polymer

having 20 bases or less, and a "polynucleotide" is a polymer having at least 20 bases.

Those of ordinary skill in the art will recognize that these terms are not precisely defined

in terms of the number of bases present within the polymer strand.

A "nucleic acid," as used herein, is given its ordinary meaning as used in the art.

Nucleic acids can be single-stranded or double stranded, and will generally contain

phosphodiester bonds, although in some cases, as outlined below, nucleic acid analogs

are included that may have alternate backbones, comprising, for example,

phosphoramide (Beaucage et al. (1993) Tetrahedron 49(10):1925) and references

therein; Letsinger (1970) J Org. Chem. 35:3800; Sprinzl et al. (1977) Eur. J. Biochem.

81: 579; Letsinger et al. (1986) Nucl. Acids Res. 14: 3487; Sawai et al. (1984) Chem.

Lett. 805, Letsinger et al. (1988) J. Am. Chem. Soc. 110: 4470; and Pauwels et al. (1986)

Chemica Scripta 26: 1419), phosphorothioate (Mag et al. (1991) Nucleic Acids Res.

19:1437; and U.S. Patent No. 5,644,048), phosphorodithioate (Briu et al. (1989) J Am.

Chem. Soc. I l l :2321, 0-methylphophoroamidite linkages (see Eckstein,

Oligonucleotides and Analogues: A Practical Approach, Oxford University Press), and

peptide nucleic acid backbones and linkages (see Egholm (1992) J. Am. Chem. Soc.

114:1895; Meier et al. (1992) Chem. Int. Ed. Engl. 31: 1008; Nielsen (1993) Nature,

365: 566; Carlsson et al. (1996) Nature 380: 207). Other analog nucleic acids include

those with positive backbones (Denpcy et al. (1995) Proc. Natl. Acad. ScL USA 92:

6097; non-ionic backbones (U.S. Patent Nos. 5,386,023, 5,637,684, 5,602,240, 5,216,141

and 4,469,863; Angew. (1991) Chem. Intl. Ed. English 30: 423; Letsinger et al. (1988) J



Am. Chem. Soc. 110:4470; Letsinger et al. (1994) Nucleoside & Nucleotide 13:1597;

Chapters 2 and 3, ASC Symposium Series 580, "Carbohydrate Modifications in

Antisense Research", Ed. Y.S. Sanghui and P. Dan Cook; Mesmaeker et al. (1994),

Bioorganic & Medicinal Chem. Lett. 4 : 395; Jeffs et al. (1994) J. Biomolecular NMR

34:17; Tetrahedron Lett. 37:743 (1996)) and non-ribose backbones, including those

described in U.S. Patent Nos. 5,235,033 and 5,034,506, and Chapters 6 and 7, ASC

Symposium Series 580, Carbohydrate Modifications in Antisense Research, Ed. Y.S.

Sanghui and P. Dan Cook. Nucleic acids containing one or more carbocyclic sugars are

also included within the definition of nucleic acids (see Jenkins et al. (1995), Chem. Soc.

Rev. pp. 169-176). Several nucleic acid analogs are described in Rawls, Chemical &

Engineering News, June 2, 1997 page 35. These modifications of the ribose-phosphate

backbone may be done to facilitate the addition of additional moieties such as labels, or

to increase the stability and half-life of such molecules in physiological environments.

As used herein, an "antibody" refers to a protein or glycoprotein including one or

more polypeptides substantially encoded by immunoglobulin genes or fragments of

immunoglobulin genes. The recognized immunoglobulin genes include the kappa,

lambda, alpha, gamma, delta, epsilon and mu constant region genes, as well as myriad

immunoglobulin variable region genes. Light chains are classified as either kappa or

lambda. Heavy chains are classified as gamma, mu, alpha, delta, or epsilon, which in

turn define the immunoglobulin classes, IgG, IgM, IgA, IgD and IgE, respectively. A

typical immunoglobulin (antibody) structural unit is known to comprise a tetramer. Each

tetramer is composed of two identical pairs of polypeptide chains, each pair having one

"light" (about 25 kD) and one "heavy" chain (about 50-70 kD). The N-terminus of each

chain defines a variable region of about 100 to 110 or more amino acids primarily

responsible for antigen recognition. The terms variable light chain (VL) and variable

heavy chain (VH) refer to these light and heavy chains respectively. Antibodies exist as

intact immunoglobulins or as a number of well characterized fragments produced by

digestion with various peptidases. Thus, for example, pepsin digests an antibody below

(i.e. toward the Fc domain) the disulfide linkages in the hinge region to produce F(ab)'2,

a dimer of Fab which itself is a light chain joined to V H-CH I by a disulfide bond. The

F(ab)'2 may be reduced under mild conditions to break the disulfide linkage in the hinge

region thereby converting the (Fab')2 dimer into an Fab' monomer. The Fab' monomer



is essentially a Fab with part of the hinge region (see, Paul (1993) Fundamental

Immunology, Raven Press, N.Y. for a more detailed description of other antibody

fragments). While various antibody fragments are defined in terms of the digestion of an

intact antibody, one of skill will appreciate that such fragments may be synthesized de

novo either chemically, by utilizing recombinant DNA methodology, or by "phage

display" methods (see, e.g., Vaughan et al. (1996) Nature Biotechnology, 14(3): 309-

314, and PCT/US96/10287). Preferred antibodies include single chain antibodies, e.g.,

single chain Fv (scFv) antibodies in which a variable heavy and a variable light chain are

joined together (directly or through a peptide linker) to form a continuous polypeptide.

The term "quantum dot" is known to those of ordinary skill in the art, and

generally refers to semiconductor or metal nanoparticles that absorb light and quickly re-

emit light in a different color depending on the size of the dot. For example, a 2

nanometer quantum dot emits green light, while a 5 nanometer quantum dot emits red

light. Cadmium selenide quantum dot nanocrystals are available from Quantum Dot

Corporation of Hayward, California.

The following documents are incorporated herein by reference in their entirety

for all purposes, and include additional description of teachings usable with the present

invention: U.S. Patent Application Serial No. 09/935,776, filed August 22, 2001,

entitled "Doped Elongated Semiconductors, Growing Such Semiconductors, Devices

Including Such Semiconductors, and Fabricating Such Devices," by Lieber, et al. ,

published as U.S. Patent Application Publication No. 2002/01303 11 on September 19,

2002; U.S. Patent Application Serial No. 10/033,369, filed October 24, 2001, entitled

"Nanoscopic Wire-Based Devices and Arrays," by Lieber, et al., published as U.S.

Patent Application Publication No. 2002/0130353 on September 19, 2002, now U.S.

Patent No. 6,78 1,166, issued August 24, 2004; U.S. Patent Application Serial No.

10/020,004, filed December 11, 2001, entitled "Nanosensors," by Lieber, et al.,

published as U.S. Patent Application Publication No. 2002/01 17659 on August 29, 2002;

U.S. Patent Application Serial No. 10/152,490, filed May 20, 2002, entitled "Nanoscale

Wires and Related Devices," by Lieber, et al.; U.S. Patent Application Serial No.

10/196,337, filed July 16, 2002, entitled "Nanoscale Wires and Related Devices," by

Lieber, et al., published as U.S. Patent Application Publication No. 2003/0089899 on

May 15, 2003; U.S. Patent Application Serial No. 10/720,020, filed November 21, 2003,



entitled "Nanoscale Wires and Related Devices," by Lieber, et al, published as U.S.

Patent Application Publication No. 2003/0089899 on May 15, 2003; U.S. Patent

Application Serial No. 10/812,653, filed March 29, 2004, entitled "Nanoscopic Wire-

Based Devices and Arrays," by Lieber, et al, published as U.S. Patent Application

Publication No. 2004/01 88721 on September 30, 2004; U.S. Patent Application Serial

No. 10/973,665, filed October 26, 2004, entitled "Nanoscopic Wire-Based Devices and

Arrays," by Lieber, et al, published as U.S. Patent Application Publication No.

2005/01 17441 on June 2, 2005; U.S. Patent Application Serial No. 10/995,075, filed

November 22, 2004, entitled "Nanoscale Arrays and Related Devices," by Whang, et al. ,

published as U.S. Patent Application Publication No. 2005/0253 137 on November 17,

2005; U.S. Patent Application Serial No. 11/058,443, filed February 14, 2005, entitled

"Nanoscale Wires and Related Devices," by Lieber, et al ; International Patent

Application No. PCT/US2005/004459, filed February 14, 2005, entitled "Nanostructures

Containing Metal-Semiconductor Compounds," by Lieber, et al , published as WO

2005/093831 on October 6, 2005; U.S. Patent Application Serial No. 11/137,784, filed

May 25, 2005, entitled "Nanoscale Sensors," by Lieber, et al.; U.S. Provisional Patent

Application Serial No. 60/707,136, filed August 9, 2005, entitled "Nanoscale Sensors,"

by Lieber, et al; U.S. Provisional Patent Application Serial No. 60/790,322, filed April

7, 2006, entitled "Nanoscale Wire Methods and Devices," by Lieber, et al; U.S.

Provisional Patent Application Serial No. 60/8 12,884, filed June 12, 2006, entitled

"Nanosensors and Related Technologies," by Lieber, et ah; and U.S. Patent Application

Serial No. 11/501,466, filed August 9, 2006, entitled "Nanoscale Sensors," by Lieber, et

al Also incorporated herein by reference is U.S. Provisional Patent Application Serial

No. 60/860,586, filed November 22, 2006, entitled "High-Sensitivity Nanowire

Sensors," by Lieber, et al

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

In this example, the sensitivity of a nanowire (NW) field effect transistor (FET)

sensor prepared in accordance with one embodiment of the invention is shown to be

enhanced in the low carrier concentration regime where the screening length is longer

than the radius of the nanowire, and therefore the molecules bound on surface can gate



the whole cross-section of nanowire. This is shown by operating a Si-NW FET

biosensor in the subthreshold regime with the devices gated in electrolyte. It was shown

that the NW FET biosensor operating in the subthreshold regime had high charge

sensitivity and a high percentage change in conductance response, which may depend

exponentially on the surface potential shift induced by the binding of analyte molecules.

This example also shows that optimization of a nanowire FET structure and operating

conditions can provide a significant enhancement of, as well as a fundamental

understanding for, the sensitivity of a NW-FET sensor. For example, operating in the

subthreshold regime was shown in this example to improve the prostate specific antigen

(PSA) detection limit down to ~ 1.5 fM for a NW-FET sensor with a -0.75 pM detection

limit in the linear regime. Also, it may be possible to detect down to as small as several

electron charges with the NW FET sensors working in the subthreshold regime, as is

shown in this example. These results may have general implications on the sensitivity

limits of other FET sensors as well.

For NW biosensors operated as FETs, the sensing mechanism is the field gating

effect of charged molecules on the carrier conduction inside NW. Therefore, the highest

sensitivity may be achieved when the whole volume of nanodevice is gated by surface

charges. This situation may be realized when the carrier screening length is much larger

than the radius of the NW, R. Conductance changes of NW FETs can be used to detect

pH, proteins, and viruses, for example, as is discussed in U.S. Patent Application Serial

No. 11/501,466, filed August 9, 2006, entitled "Nanoscale Sensors," by Lieber, et al,

incorporated herein by reference.

Si-NWs used for sensor application often have R on the order of 100 nm, or 10

nm in some cases. In most cases, charged molecules bound on the surface gate the NW

within a surface layer of thickness -1-2 nm. However, at much lower hole densities,/?

(e.g., lower than 10 18/cm3), λsi» R and the whole volume of the NW may be gated by

molecules at surface. Thus, there may be a greater response of device and/or an increase

in sensor sensitivity under these conditions.

A schematic comparison between these two scenarios is shown in Fig. 1, together

with the screening length in silicon plotted as a function of/?. This figure shows the

screening length effect on the operation and sensitivity of NW FET sensors. The

working regime and effectiveness of gating effect induced by molecules at the surface of



the NW-FET sensors were determined by the relative magnitude between carrier

screening length λs and nanowire size (radius) R. In the high carrier concentration

regime where λsι«R, NW-FET works in the linear regime, where the conductance G

varies with gate voltage linearly. In the low carrier concentration regime where λs »R,

NW-FET works in the depletion (subthreshold) regime, where G varies with gate voltage

exponentially. In the linear regime, the field effect of positive/negative surface charges

induced band bending and carrier depletion/enhancement inside the N W within a region

of depth ~ Asi. The amount of band bending at the NW surface is also denoted as surface

potential shift ∆φ si- In the subthreshold (depletion) regime, carriers in the N W may have

long screening length ( »r) and the field effect of surface charges can gate the whole

NW, fully utilizing the high surface volume ratio of NW. In this case, the Fermi level

is shifted by ∆φsi, relative to the band edges throughout the whole cross-section of NW.

By solving the Poisson equation in cylindrical coordinates, one can find the

distributions of electrostatic potential ∆φ (r) and carrier density change Ap{r) inside a

N W for a given surface potential change ∆φsi induced by binding of biomolecules.

Calculations show that once the Debye screening length of silicon λsi, ( = ->JεSιkBT / pe2 )

becomes 2-3 times longer than R, ∆φ(r) ~ ∆φsi throughout the radial direction, and the

whole cross-section of the NW is gated by surface charges (Fig. 5). The hole (or other

majority carrier) density depends on the Fermi energy E (p, and

E are the hole density and Fermi energy for an intrinsic semiconductor); thus, the surface

charge gating effect may cause an almost uniform hole density change Ap(r) =

p exp(-e ∆φs, I kβ ) throughout the radial direction of N W if λs» R at low carrier

density and/or at small N W radius. The conductance change of N W device in this case is

R

AG = eµ YlmApdr = eµ x πR 2 x p {exp(-eA φ Sl I kBT ) - 1} .
o

It should be noted that although AG, the conductance change of device, is the

direct readout measured in the sensing experiments, it is more useful in some instances to

characterize the intrinsic sensitivity of the N W FET sensor by AG/G, the percentage in

the conductance change. Using AG/G to study the sensitivity has a physically

meaningful motivation: it is related to the volume ratio between the part of N W that is



gated by surface charges (represented by AG) and the whole body of NW (represented by

G). Therefore, AG/G is expected to reach maximum when the surface/volume of nano-

sensor is fully utilized, which happens when the sensor is near carrier depletion, such

that the carrier density is low and λsi»i?. Using the above expression for AG and G=e

µxp χπi?2 yields the relative conductance response for NW FET sensors in the regime

with highest sensitivity (λsi»i?) as:

AGIG =exp(-eA φs, / kBT) - 1. (1)

Although the NW is treated as a three dimensional (3D) system in this derivation, the

general approach remains valid when radial confinement makes the system one

dimensional (ID), since it only relies on the thermally activated nature of carriers, which

follow Boltzmann statistics.

pH sensing experiments were used as a model system to study the sensitivity of

NW sensor in the various regimes. Following are nanowire FET fabrication and surface

modification for sensing experiments procedures.

Nanowire FET fabrication and electrolyte gating were performed as follows.

Silicon nanowires were synthesized by chemical vapor deposition using 10 nm gold

nanoparticles as catalysts, with silane as the reactant. Diborane was used during the

growth to provide boron as the p-type dopant with a typical B:Si ratio of 1:8000. The

FETs were fabricated by photolithography into a patterned array. Nickel (60 nm thick)

metal was used as contacts which were passivated/protected from electrolyte by

deposition of ~50 nm thick Si N4 after nickel evaporation. The distance between the

source-drain electrodes for each FET was 2 µm. pH and PSA samples were delivered to

the nanowire devices by a microfluidic channel (with a 500 µm width by 50 µm height

cross-section) made of flexible PDMS polymer channel sealed to the device chip. The

samples were delivered through inlet/outlet connections in the PDMS polymer by a

syringe pump running at typical speed of 0.3 ml/hr. A gold metal pad (without Si3N4

passivation) on the chip was used as a global gate electrode for gating all the devices in

electrolyte. The FET conductance was measured by a lock-in amplifier at a frequency of

17 Hz and biased voltage of 30 mV.



Nanowire surface modifications were performed as follows. For pH sensing, the

silicon nanowire surface was modified with 3-aminopropyltriethoxysilane (3APTS) to

provide amino groups at the nanowire surface. The chip was first reacted with 1%

3APTS in ethanol for -30 min. Then the chip was rinsed with ethanol and baked at 110

0C for 5-10 min before conductance measurements. For PSA sensing (see below), a two-

step modification process was used to link antibody receptors to nanowire. Aldehyde

groups were first linked to the NW surface by reacting with 1% 3-

(trimethoxysilyl)propyl aldehyde (United Chemical Technologies) in ethanol for -30

min followed by rinsing with ethanol and baking at 110 0C for 10 min. Anti-PSA (AbI,

clone ER-PR8, NeoMarkers) was couple to the aldehyde-terminated nanowire surface by

reaction of 100 µg/ml antibody in a pH 8.4, 10 mM phosphate buffer solution with 4 mM

sodium cyanoborohydride for - 2 h .

In the pH sensing experiments, the silicon oxide (SiO2) surface of boron doped p-

type Si-NW was modified with 3-aminopropyltriethoxysilane. The

protonation/deprotonation of amino (-NH2) and silanol (Si-OH) groups changes the

surface charge and surface potential of the NW when the pH of electrolyte solution was

varied. A gold pad on the chip was used as a gate electrode to gate the NW-FET devices

in the electrolyte (inset, Fig. 2A). Fig. 2A shows the conductance G vs. the electrolyte

gate voltage Fg of a p-type NW FET. The inset shows a schematic diagram of electrolyte

gating. This device has a transconductance -700 nS/V in the linear regime and a

subthreshold slope 5-180 mV/decade in the subthreshold regime, with a threshold

voltage FT - 0 V.

By setting a voltage Fg on gate electrode, a voltage difference Fg was established

between the bulk solution and the NW, and the hole concentration in the NW could be

tuned. Typically, the devices in this example could be turned on/off within g O.5V.

Fig. 2A shows the G(Fg) curve on a semi-log scale for a NW device with R=5 nm in a

pH=7, 10 mM phosphate solution. From the analysis of the NW conductance on surface

potential, it can be inferred that the λsi»i? regime was reached in the G(Fg) plot where

G depends exponentially on the electrolyte gate voltage Fg, which is called the

"subthreshold regime" in semiconductor device physics terminology. The parameter

characterizing the FET performance in the subthreshold regime was the subthreshold

slope S, which equals the change in Fg needed to tune the device conductance G by a



factor of about ten. One can obtain the gate coupling efficiency orby dividing the ideal

subthreshold swing at room temperature 60 mV/decade with the measured S. For the

device in Fig. 2A, 5=180 mV/decade and =l/3. For the same device, a

transconductance gm = dG/dFg -700 nS/V was determined at Fg less than the threshold

voltage T (~0 V for this device), where G depended on Fg linearly (the "linear regime"

of FET).

Fig. 2B shows that the conductance versus time data as 10 mM phosphate

solutions with pH from 4 to 9 were sequentially delivered into the microfluidic channel

where the NW sensors resided. Three sets of data are shown at Fg= -0.4 V, 0 V, and

0.2V, at which the device was in the linear, near threshold and subthreshold, regimes,

respectively. At higher pH, deprotonation of amino and silanol groups at the modified

SiO2 surface made the NW surface more negatively charged, inducing a negative surface

potential at NW surface and enhancing the conductance of p-type NW. It is important to

note that in Fig. 2B, while G increased with pH quasi-linearly at Fg= -0.4 V, G had a

much stronger dependence on pH at Fg=+0.2 V, which was in the subthreshold regime.

This feature can be seen in comparison to the data in terms of relative conductance

change, AG/G=G-G(pH=4)/G(pH=4), as shown in Fig. 2C. As discussed above, AG/G

may be related to the how well the surface/volume ratio of NW is utilized and may

increase greatly in the subthreshold regime. Indeed, Fig. 2C shows that from pH=4 to 9,

AG/G increased from -50% at Fg= -0.4 V to nearly 600% at Fg= 0.2V, more than an

order of magnitude enhancement. The real time pH sensing data in Fig. 2B are plotted in

this figure as the percentage change, AG/G, with the conductance value at pH=4 as

reference point. In the subthreshold regime (Fg=+0.2V), the device shows much larger

percentage change in conductance as solution pH changes.

The response of the NW pH sensor was further analyzed at different Fg' s by

plotting AG/G as a function of pH in Fig. 2D, which shows device conductance as a

function of pH value at Fg=-0.4, 0 and +0.2V. The upper and lower lines in this figure

are exponential and linear responses for pH induced surface potential shift of -30

mV/pH. Since in experiments, the potential at the SiO2 surface was measured instead of

the potential at the Si/SiO2 interface of NW, the data were analyzed in terms of ∆φ s 0 2,

the surface potential at the SiO2/electrolyte interface. The AG/G data at Fg= -0.4 V were



fitted to a linear dependence: AG/G(pH=4)=gmx A s\o^G(pH=4) with ∆φSj0 2 as the only

fitting parameter. Using m=700 nS/V obtained from the G(F g) data in electrolyte-gating

measurement, ∆φsi0 2 -30 mV/pH was obtained. The negative sign comes from the fact

that the SiO2 surface is more negatively charged at higher pH. Below, the pH sensing

data were analyzed in the subthreshold regime according to the analysis on the NW

sensor response in the λsi»R regime. To take into account of the potential drop inside

SiO2 layer and the gate coupling efficiency, Eq. 1 was modified to:

∆G/G=exp(- e ∆φSi02 T ) - I . (2)

Fitting the V = +0.2V data in Fig. 2D to Eq. 2 with the gate coupling efficiency α=l/3,

∆φsi0 2 -30 mV/pH was obtained, consistent with the value in the linear regime. The

pH sensitivity in terms of surface potential of materials had a theoretical limit of 60

mV/pH, which is set by the Nernst equation. Depending on site densities and the

dissociation constants of functional groups on the material surface, the measured ∆φ(pH)

may be lower than the ideal 60 mV/pH.

EXAMPLE 2

An important advantage of the sensors described herein is their relatively high

sensitivity, which may allow purely electrical methods to be used to study analytes such

as single biomolecules. This example gives a quantitative calculation of the detected

surface charge for a NW sensor with cylindrical geometry, and shows that the

subthreshold regime has a low charge detection limit for FET nanosensors. The charge

detected for surface potential ∆φsi0 2 at the SiO /electrolyte interface is given by

C χ∆φsi02, where C is the capacitance between the surface charge and the

NW/electrolyte system. In calculating C, there are three capacitances: the double layer

(DL) capacitance C DL , the SiO2 layer capacitance C0x, and the capacitance of charging

NW CNW - When there are surface charges at the SiO2 surface, carriers in the NW and

counter-ions in the electrolyte will come close to the SiO2 surface to screen out the

surface charge. Since surface charge of SiO2 equals to the net charge in NW plus the

charge in the DL of the electrolyte, C can be modeled as C DL i parallel with the series

capacitance of C0x and CNW :



C = (l/C Oχ+l/C NWr 1+CDL. (3)

Using the double cylinder capacitance formula 2πεsi02/ln(l+<i/J?), C0x= 1.4 χ 10 15

F/µm for a typical Si-NW with native SiO thickness d ~ 1 nm and R=5 nm. The

capacitance of the NW, CNW, characterizes how much the chemical potential (or the

Fermi energy E ) of the carriers shifts with respect to the carrier density change: CNW~

e2άp lάEγ:. For non-degenerate carriers in NW, the following is derived: CNW

2χ/?x2π λSi/kBrfor λSι«R, and CNW
2χ χπ 2/kBrfor λSi»i? (see below). Note

that CNW decreased quickly as the NW was gated from the linear to the subthreshold

regime. For instance, CNW drops from ~3x10 15 F/µm to ~5x10 18 F/µm as p decreased

from 1x 10 19/cm 3 (λsi~l .5 nm) to 1x 10 16/cm3 (λSi~35 nm). Therefore, in the high/? limit,

C ~ C X+ C DL and in the low p limit, C CDL- By solving the spatial potential distribution

inside DL for cylindrical coordinates, the NW-electrolyte DL capacitance was calculated

to be CDL - πεxK (x) I K 0 (x) (see below), where ε=80 is the dielectric constant of water,

x=R/ λ with λ as the Debye-Huckel screening length of the electrolyte, and KQ(X) and

K \ (x) are the zero and first order modified Bessel functions of the second kind. For a 10

mM KCl solution, λ~3 nm and i?=5 nm, C DL 4.7X l O 15 F/µm. For these parameters, the

2 µm long NW-sensor was estimated to detect AQ ~ (C OX+ C DL) X 30 mV/pH = 2300 e/pH

in the linear regime, and AQ ~ C DL
X 30 mV/pH = 1800 e/pH in the subthreshold regime

(e being the elementary charge).

From the above discussion, it can be seen that lower charge detection limit ∆O.mjn,

of the NW sensors could be obtained by reducing CNW and CQL- Thus, better charge

sensitivity could be obtained in the subthreshold regime (where CNW - > 0) and in

electrolyte with small ionic strength / (as λ oc I ~m ) . In Table 1, AQm\n = C∆φmjn is listed

for the sensor shown in Fig. 2. Here, the minimal detectable surface potential shift ∆φmjn

~ 5 mV and 0.67 mV in the linear and subthreshold regimes respectively. Also shown

are the corresponding ∆ mjn, assuming a low ionic strength 7=10 µM were used. Table. 1

shows that it is possible to detect charge as little as several e using a NW FET sensor

working in the subthreshold regime and low ionic strength electrolyte. Besides

demonstrating, in this example, the capability of NW FET devices as sensitive charge



sensors, these quantitative determinations also provide a fundamental understandings for

charge sensitivity of a nanosensor made from quasi- ID materials.

Table 1. Estimated surface charge detection limit C∆φmjn (in units of elementary

electron charge e) per µm long silicon NW FET sensor in 10 mM or 10 µM solutions

Linear regime Subthreshold regime

∆ O,min~(COχ+CDL) ∆ φ m in ~ L ∆ φ m in

∆ min/µm at 7=10 mM 200 e 20 e

∆ .min/µm at I=I 0 µM 70 e 3 e

EXAMPLE 3

Besides sensing simple chemical ions, NW sensors can also be used in high

throughput sensitive detection of complex biomolecules such as proteins. This example

is a demonstration of biomolecule detection in the subthreshold regime of the NW sensor

for a cancer marker protein, prostate specific antigen (PSA). As discussed above, for

PSA detection, a p-type Si-NW surface was first modified with aldehyde

propyltrimethoxysilane, which provides aldehyde groups at NW surface. The aldehyde

terminated NW surface was then covalently linked with PSA antibodies, which act as

receptors to detect the PSA molecules in analyte solutions, as shown in Fig. 3A, which is

a schematic of the PSA/PS A-Ab binding/unbinding equilibrium system.

The PSA-antibody molecules were first linked to nanowire surface. When there

are PSA molecules present in sample solution, some antibody sites will be occupied by

PSA. The binding of charged PSA molecules thus may induce a field gating effect,

which can change the device conductance. Fig. 3B presents data on detecting 15 pM

PSA at different electrolyte gate voltage g. The 15 pM PSA sample and buffer solution

were sequentially delivered. This device was operated in the linear regime at g=0 and

in the subthreshold regime at g=0.45 V. Fig. 3B also shows data at the electrolyte gate

voltage Fg=O V, 0.15 V, and 0.45 V. The increased conductance between the arrows was

caused by the binding of negatively charged PSA molecules on the p-type NW surface.

A low ionic strength solution (10 µM potassium phosphate + 10 µM KCl, pH~7.4) was

used in the PSA sensing experiments to enhance sensitivity. Since PSA molecules have



an isoelectric point of ~pH=6.8, and were negatively charged at pH=7.4, the p-type NW

FET device conductance increased when the PSA bound to the antibodies.

In Fig. 3B, it can be seen that the 15 pM PSA was more readily detected at

Fg=0.45 V. The absolute conductance change ∆G and relative conductance change

AGIG for the binding/unbinding signal of 15 pM PSA sample are plotted in the upper

panel of Fig. 3C as a function of Fg. The percentage change in conductance increased

rapidly as the device was gated into the subthreshold regime, despite a decreasing ∆G.

Similar to the analysis on pH sensing, ∆φsiθ2 ∆G/gm — 15mV for detecting 15 pM PSA

in the linear regime, with gm =1650 nS/V extracted from the conductance vs. electrolyte

gate voltage data with G in linear (left) or log (right) scale (Fig. 3D).

∆φsi0 2 was determined in the subthreshold regime as follows. Similar to the pH

sensing analysis, ∆G/G=exp(- α ∆φsi0 2 /kβ ) - 1 in the subthreshold regime, with

mV/decade for this device. In the

subthreshold regime, AG/G -50%, indicating ∆φs 0 2 ~ -19 mV. This value was close to

the value in the linear regime. Another practically useful parameter in sensing

experiments is the signal to noise ratio, which also increased in the subthreshold regime,

as displayed in the lower panel of Fig. 3C. However, although ∆G showed some

decrease in the subthreshold regime, the conductance noise in the NW FET dropped

more rapidly, giving rise to a better signal to noise ratio. Further detailed study showed

that the NW FET conductance noise was the dominant noise source in these experiments

(except when the device is completely turned off) and the conductance noise originated

from mobility fluctuations so that the noise was proportional to carrier density in the

device and decreased significantly in the subthreshold regime. The much smaller

conductance noise in the subthreshold regime was visible in the raw data in Fig. 3B.

Furthermore, performing sensing with the device completely gated off made both AG/G

and signal to noise ratio decrease, as shown by the data point for Fg=+0.5V in Fig. 3C. It

is believed that the conductance measurement and noise level in this regime were

dominated by current leakage between the device and the electrolyte. It can thus be

concluded that for protein detection, the sensor performance may also be relatively

optimized (in terms of the highest ∆G/G and signal to noise ratio) in the subthreshold



regime, consistent with the above discussion based on the screening length effect on the

sensitivity as well as the pH sensing experiments.

Additionally, concentration dependent detection was used to compare the PSA

detection limits of the device in the linear vs. subthreshold regime. Real-time

conductance sensing data are presented in Figs. 4A-4B to show the detection limit -0.75

pM for a NW sensor with m=2800 nS/V in the linear regime (Fg=0 V). The curves

show a minimal PSA detection limit -0.75 pM for this device in the linear regime. The

same device had a subthreshold slope 5=100 mV/decade in the subthreshold regime.

Figs. 4C-4F show the time dependent conductance measurements for detecting various

PSA concentrations (15 pM, 0.75 pM, 37 fM and 1.5 fM) in the subthreshold regime of

the same device. These data show that the detection limit of the device improved from

-0.75 pM in the linear regime to -1.5 fM in the subthreshold regime. Therefore, with

Figs. 3 and 4, it can be seen that protein detection in the subthreshold regime of the NW

sensor used here has not only a better signal to noise ratio, but a better detection limit.

EXAMPLE 4

To calculate ∆φ(r), the potential profile inside a NW in responding to an

adsorbed surface charge of σ (per unit length of NW), one solves the Poisson equation in

cylindrical coordinates as:

1 d f d(Aφ)λ= e
Ap (Sl)

r dr dr )
i

where change in the hole density in NW is ∆p(r)= pjXexp[(Ej-e∆φ- EF)]/kBT -

PiXexp(Ei-EF)/kBT = χ [exp(-e ∆φ)/kBT-l].

For a small perturbation ( ∆φ« kβT), Eq.Sl can be linearized to:

1 d ( d(A φ) ) _ p e2Aφ Aφ
r dr dr J ε

Sl
kBT λ

Sl

\ε k T /with λSι - I Sl B / 2 being the Debye length in silicon with hole density p . The



solution of Eq. S2 for boundary conditions ∆φ (7?) = ∆φsi and ∆φ (0) = finite is:

∆φ(r) = ∆φSix /o(r/λsi) / I0(R/λSi) (S3).

Here / 0(JC) is the zero-order modified Bessel function of the first kind and ∆φs i is the

potential at Si/SiO2 interface. Eq. S3 is plotted in Fig. 5 at different i?/λsi. It is important

to note that for small

and/or small R, surface charges gate the whole cross-section of NW. For large x =

»1, 10(x) , and the potential falls off quasi-exponentially from the surface of

NW within a layer of thickness ~ λs\. Fig. 5 shows the potential distribution ∆φ(r) inside

silicon nanowire at different ratios between the nanowire radius R and the carrier

screening length λsi. ∆φ(r) is normalized by its value at surface.

Following is a discussion of the relationship between surface charge and surface

potential. Due to the total charge neutrality of the system:

R R

σ =-ex J2nr∆p(r)dr=ex 2πrxpx{\-exp(-e ∆φ / kBT)}dr (S4).
0 0

Solving Eq. S3 and S4 gives how much the surface potential ∆φ si is for surface charge

adsorption of σ .

Now consider two limiting cases: R« λ \ (low carrier density) or i?» λsi (high

carrier density). For x=R/ks\«\, h(x) =1+O(x 2) 1:

∆φ (r) « ∆φ Si

For O≤ r ≤ R ; Eq. S4 simplifies to:

σ = e x πR 2 χ px{\- Qxp(-eA φSi I kBT)} (S5).

Note that although the Poisson equation Sl treats NW as a 3D system, the result of



exponential dependence of σ on ∆φsi at i?« λsi will not change even if the radial

confinement of NW is considered and the system is ID. This is because, in Eq.S5, the

carriers are thermally activated and follow Boltzmann statistics. For the ID case, one

replaces πR2 p in Eq.S5 with the ID charge density per unit length. If a small

perturbation is considered ( ∆φ« kB7), Eq. 4 can be linearized and evaluated:

σ eχ x p χe φ(r)/k BTdr =p χ2πRλSι
/ λs') (S6),

where I \{x) is the first-order modified Bessel function of the first kind, and the

relationship άxl \(x)/άx=xlo(x) is used. For R/ksi»l, Eq. S6 further simplifies to:

σ ~ p x 2πRλSι x (S7).
kBT

By differentiating Eq. S6, the differential capacitance of nanowire is:

dσ e2 x p x πR2 2λ
S

I {Rl λ
S

)
NW ~ (S8).

d∆φ kBT R I0(R/ λS )

Eq. S8 gives the charging capacitance of a NW and has the following asymptotic

behavior: CNw 2*;?x2π λsi/kBrfor λSi«i?; and CNw 2χ χπi 2/kBrfor λSi»i?.

Note that Eq. S8 at the λsi»i? limit is consistent with the well known compressibility of

a non-degenerate electron gas, and remains valid for ID after replacing p xπR2 with the

ID charge density (which can be shown to be true by calculating the exact density

dependence of the chemical potential of ID Fermions at finite temperatures). The

screening length of silicon enters CNW in the expression at the λsi«i? limit accounts for

the fact that the chemical potential of carriers in NW only changes inside a layer of

thickness ~ λsi nearby its surface.

For the capacitance between an electrolyte solution and a nanowire, first,

consider the potential distribution in the double layer (DL) formed by electrolyte near



NW surface. The Poisson equation is:

-—( r - - x (- eφ /kBT) + - xp(eφ lkBT) =^-sinh(e φ / kBT), (S9)
r dr\ dr ) ε ε ε

where p and ε are the ionic concentration and dielectric constant of the electrolyte. The

solution of Eq. S9 for boundary conditions φ (i?)=∆φ and φ (oo)=0 and small perturbations

is:

φ(r)= A K0(rlλ)IK0(Rlλ), and ≥R (SlO),

where λ is the Debye-Huckel screening length of electrolyte and Ko(x) is the zero-order

modified Bessel function of the second kind, which has asymptotic behavior /-o(x)

-ln(x) forx«l. Additionally, 0(x) — for » 1. The total charge inside the DL
42x1π

is:

Q = J- p x e x 2M Xsinh( / kBT)dr J- p x e x 2 r x (r) / kBTdr
R R (SI l )
pe22πRλAφ KJR/ λ) i KJR/ λ)

ifcB K0(R / λ) λ K (RlX)

This derivation makes use of the relationship and λ2=εk .BT/2pe2. For

an electrolyte with low ionic strength (R/λ=;c«l): -0( ) — ln(x) and A (x) ~ 1/x, Eq.

SI l turns into Q = — . Therefore the capacitance between solution and per unit
\n(R/ λ)

length of NW is (denote as DL capacitance CDL)

R K (RIX)C
DL

= \ Q \I φ =πε x —x
λ K0(RIX)

(S12),
πε

-;ή R « λ
ln(λ /R)



where the asymptotic behavior at small RJλ is a logarithmic dependence, similar to the

naive picture of modeling DL as two cylindrical sheets of charges separated at distance

of screening length: 2πε/ln(l+ λl'R).

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.

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." "Consisting essentially of," when

used in the claims, shall have its ordinary meaning as used in the field of patent law.

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.

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.

What is claimed is:



CLAIMS

1. A method, comprising:

exposing a nanoscale wire, having a reaction entity immobilized relative

thereto, to a solution suspected of containing an analyte that the reaction entity is

able to bind,

wherein the nanoscale wire has a Debye screening length, when the

nanoscale wire is placed in the solution, that is greater than the average cross-

sectional dimension of the nanoscale wire.

2 . A method, comprising:

exposing a nanoscale wire, having a reaction entity immobilized relative

thereto, to a solution suspected of containing an analyte that the reaction entity is

able to bind; and

operating the nanoscale wire under conditions wherein the nanoscale wire

has a conductance that is not linearly proportional to voltage applied to voltage

applied to the nanoscale wire.

3. A method, comprising:

causing an analyte to bind to a nanoscale wire having a reaction entity

immobilized relative thereto; and

determining a change in charge of the analyte of less than about 10 17 C.

4. The method of claim 3, wherein the change in charge of the analyte is less than

about 20 e.

5. The method of claim 3, wherein the change in charge of the analyte is less than

about 1O .

6. The method of claims 1, 2, or 3, wherein the reaction entity comprises a nucleic

acid.



7. The method of claims 1, 2, or 3, wherein the reaction entity comprises a protein.

8. The method of claims 1, 2, or 3, wherein the reaction entity comprises an

enzyme.

9. The method of claims 1, 2, or 3, wherein the reaction entity comprises an

antibody.

10. The method of claims 1, 2, or 3, wherein the reaction entity is covalently

immobilized to the nanoscale wire.

11. The method of claims 1, 2, or 3, wherein the reaction entity is immobilized to the

nanoscale wire via a linker.

12. The method of claims 1, 2, or 3, wherein the reaction entity is positioned within 5

nanometers of the nanowire.

13. The method of claims 1, 2, or 3, wherein the reaction entity is positioned within 3

nanometers of the nanowire.

14. The method of claims 1, 2, or 3, wherein the reaction entity is positioned within 1

nanometer of the nanowire.

15. The method of claims 1, 2, or 3, wherein the nanoscale wire is a semiconductor

nanowire.

16. The method of claim 15, wherein the semiconductor nanowire is a silicon

nanowire.

17. The method of claims 1, 2, or 3, wherein the reaction entity specifically binds the

analyte.



18. The method of claims 1, 2, or 3, wherein the reaction entity nonspecifically binds

the analyte.

19. The method of claim 3, wherein the nanoscale wire is contained in a solution.

20. The method of claims 1, 2, or 19, wherein the solution has an ionic strength of

less than about 10 mM.

21 The method of claims 1, 2, or 19, wherein the solution has an ionic strength of

less than about 3 mM.

22 The method of claims 1, 2, or 19, wherein the solution has an ionic strength of

less than about 1 mM.

23 The method of claims 1, 2, or 19, wherein the solution has an ionic strength of

less than about 300 micromolar.

24 The method of claims 1, 2, or 19, wherein the solution has an ionic strength of

less than about 100 micromolar.

25 The method of claims 1, 2, or 19, wherein the solution has an ionic strength of

less than about 30 micromolar.

26 The method of claims 1, 2, or 19, wherein the solution has an ionic strength of

less than about 10 micromolar.

27. An article, comprising:

a nanoscale wire, having a reaction entity immobilized relative thereto,

the nanoscale wire exposed to a solution, wherein the nanoscale wire has a Debye

screening length in the solution that is greater than the average cross-sectional

dimension of the nanoscale wire.



28. An article, comprising:

a nanoscale wire, having a reaction entity immobilized relative thereto,

wherein the nanoscale wire can determine a change in charge of an analyte of less

than about 10 17 C.

29. A microarray comprising a plurality of sensing regions, at least some of which

comprise the nanoscale wire of claims 27 or 28.

30. The article of claims 27 or 28, further comprising a detector constructed and

arranged to determine a property associated with the nanoscale wire.

31. The article as in claim 30, wherein the detector is constructed and arranged to

determine an electrical property associated with the nanoscale wire.

32. The article as in claim 30, wherein the detector is constructed and arranged to

determine a change in an electromagnetic property associated with a nanoscale

wire.
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