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(57) Abstract: Fluidic nanotube devices and methods for their use are provided wherein the flow of charged molecules through a
channel is controlled by the voltage potential of a gate electrode. In at least some embodiments, a molecular transistor is provided
that includes a channel having a diameter such that only one target molecule at a time may traverse the channel. The channel may be

o a carbon nanotube that is electrically isolated from, and in communication with, a gate electrode. Methods are provided for con -
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trolling the flow of an individual molecule through the channel and for detecting a single chemical reaction.
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MOLECULAR TRAKSISTOR

Cross Reference to Related Application

{6081} This claims the benefit of US. Provisional Patent Application No. 61/450,783,

filed March 9, 2011, which 1s hereby mmcorporated by reference herein in s entirety.

Statement Regardine Federally Snonsored Research or Develonment

18002} This work was supported by grant/contract number IRC2ZHG005625-01, awarded

by the National Institutes of Health, The U.S. government has certain rights in the invention.

Technical Field

{G083] The disclosed subject matter relates generally to fluidic devices, and more
particularly to fluidic nanotubes and devices made therefrom. The disclosed subject matter also
relates to methods for controlling the flow of individual molecules and to methods for detecting a

single chemical reaction.

Backoround

[6084] Many efforts to conirol the speed with which molecules pass through a small
orifice have been reported, mainly in connection with new approaches to DNA sequencing,
though without much success so far. (Branton, D. et al., Nanopore Sequencing, Nature

Biotechnology 2008; 26:1146-1133.)

f)

{8005} A multiclectrode device operating at high voltage has been proposed for trapping

and mantpulating DNA (see "IBM Research Aims to Build Nanoscale DNA Sequencer to Help
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Drive Down Cost of Personalized Genetic Analysis,” Oct. 6, 2009, at http//www-

03 ibro.com/press/ us/en/pressrelease/2R558 wss), and is described in UK, Patent Application
Publication No. 2008/0187915. A representative cross section of that device is shown in

FI1G. 1A, The fabrication of such a device is complex, requiring multistep processes with
nanometer scale critical dimensions. Furthermore, control of the flow rate of single molecules
through such a device has not yet been demonstrated. A further disadvantage of the device of
FI1G. 1A is that the electrodes of the disclosed device are in electrical contact with the electrolyte
within the channel through which molecules are meant to pass. This can result in unwanted
clectrochemical currents in the device, and also can fix the potential of the electrode surface.
That is to say, by counecting the surface electrically to an external circuit, its potential cannot
readily be changed by the entry of a single molecule into the channel. Since this appearstobea
requirement for the transit of certain molecules, this greatly restricts the uses of such devices.
{8086] A mouch simpler approach has been implemented by E.B. Kalman et al. ("Control
of 1onic transport through gated single conical nanopores,” Anal. Bioanal. Chem. 2009; 394:413-
419), and is ilhustrated in FIG. 1B. This device has a metal gate isolated from direct contact with
the electrolyte in the conical nanopore by a thin layer of oxide, and it has been shown to be
capable of controlling the tlow of on currcnt through the nanopore by rucans of 4 potential
applied to the gate. However, control of the speed of flow of molecules in the channel has not
been demonstrated.

{4087} U.S. Patent No. 7,355,216 describes a device for gating ion flow through a non-
carbon nanotube, shown in FIG. [C. lon current s driven through the tube by the application of a
bias 144 between source and drain electrodes in jonic fluid reservoirs 140 and 142, respectively.

A gate electrode 146 is connected directly to the tube. This arrangement, however, does not

b
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allow the potential of the tube to change when large charged molecules like DNA or DNA
nucleotides enter the tube. To control the flow of such roolecules through the tube, it 18 essential
that the potential of the tube be able to change when such molecules enter the tube. Control of
molecular low was not demonstrated for the device described in U.S. Patent No. 7,355,216,
{0608] The present apphicants have demonsirated that DNA molecules will Hiow through a
single-walled carbon vanotube connecting two fluid reservoirs when an ionic current is driven
through the carbon nanotube by means of electrodes in contact with the reserveirs on each side of
a barrier spanned by the carbon nanotube. This work is described by Lin et al. (Liy, H., J. He,

J. Tang, H. Liu, P. Pang, D, Cao, P.5. Krstic, 5. Joseph, 5. Lindsay, and C. Nuckolls;
"Translocation of single-stranded DNA through single~-walled carbon nanotabes,” Science 201§
327:64-67), which is hereby incorporated by reference herein tn its entivety. Unlike the device
described herein, however, the device of Liu et al. does not enable conirol of both the flow of
ionic current through the tube and the flow of any charged molecules dissolved i the electrolvie,
18669} A need exists for a muterofluidic device that precisely controls the flow of

individual molecules through a channel under direct electronic control.

Summary

{6010} Accordingly, a "molecular transistor” 1s provided that precisely controls the flow
of individual molecuies through a channel under direct electronic control. The molecular
transistor has a gate clectrode that is chemically and clectrically isolated from the channel through
which the flow of molecules occurs and, in at least some embodiments, the molecular transistor 1s
casily moanufactured.

{6811} In at least some embodiments, the molecular transistor is a device that has a

channel, wherein the channel {1) has a diameter such that only one target molecule at a time may



WO 2012/122501 PCT/US2012/028549

traverse the channel; (2) is clectrically isolated by means of a layer of dielectric material; and (3)
is i communication with a gate clectrode. The chanvel diameter may be between about 0.1 and
about 100 nm. The channel may inchide a carbon nanotube or any other isolated, but electrically
conducting cylinder of internal dimensions comparable to those of the molecules whese flow is to
be controlled. Such devices may be formed from any ractal that can be formed by chernical vapor
deposition including molybdenum, tantaluro, nickel titaniom, and tungsten. The layer of
diclectric material may be between about 1 and about 50 nm thick. The dielectric material may
be selected from the group consisting of an oxide of silicon, a metal oxide {including, but not
fimited to, aluminum oxide, hafnium dioxide, zirconiura dioxide, or any compound formed by a
metal and oxygen in which the oxygen has an oxidation number of -2), silicon nitride, and
polymethyl-methacrylate.

{6412) In at least some emboediments, a method is provided for controiling the flow of one or
more individual molecules through a channel. The method may include providing a device that
has a channel, wherein the channel bas proximal and distal ends, and a diameter such that only
one target molecule at a time may traverse the channel. The channel is electrically isolated by a
layer of diclectric material and 18 in communication with a gate electrode, wherein the gate
clectrode has a voltage potential {Vg) and a gate current (Ig). The method may also include
providing the molecule to the proximal end of the channel; detecting the gate current of the gate
electrode; and controlling the voltage potential of the gate electrode, thereby controlling the flow
of the molecule. The method may further include detecting a current spike in the gate current (Ig)
and/or the channel fonic current (I}, thereby detecting translocation of a molecule through the

chamnel.



WO 2012/122501 PCT/US2012/028549

{6613} In at lcast sorne crabodiracnts, a method is provided for detecting a single
cheraical reaction. The method may imclude providing a device that has a channel, wherein the
channel includes a carbon nanotube having proximal and distal ends and a catalytic molecule
tethered to the distal end. The carbon nanotube further has a diameter such that only one target
molecule at a time may traverse the channel. The channel 1s clectrically 1solated by a layer of
diclectric material, and 18 w commuunication with a gate electrode, wherein the gate electrode has
a voltage potential (Vg) and a gate carrent (Ig). The method may also include providing a
molecule to the proximal end of the channel; optionally controlling the voltage potential of the
gate clectrode; and detecting the gate current of the gate clectrode, thereby detecting the single

chemical reaction,

Brief Descrintion of the Drawings

{6814} FIGS. 1A-1C show known nucrofluidic devices. In particular, FIG. 1A shows a
known DNA transistor {see Figure 1 of U.S. Patent App. Pub. No. 2008/0187915). FIG. 1B
shows a known conical gated nanopore (see Figures 1A and 1B of Kalman et al). And FIG. 1C
shows a known nanofluidic transistor (see Figure 27 of U.S. Patent No. 7,355,216).

{0815} FIGS. 2A-2D show a molecular transistor in accordance with at least some
embodiments. In particular, FIG. 2A shows a cross section of the molecular transistor device
along the axis of the carbon nanotube. FIG. 2B shows a cross section perpendicular to the carbon
nanotube axis through the gate area, showing the fabrication of the gate structure. FIG. 2C shows
a scanuing clectron microscope image of a carbon nanotube on a substrate, which shows index
roarkers used for subsequent stages of lithography. And FIG. 2D shows an optical micrograph of

an assembled device.
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{0016} FIG. 3 shows gating of ion current through the molecular transistor, represented as
a three dimensional "heat map” showing racasured on current through the fransistor as a function
of bias applied between the reservoirs, Vionic, and the gate bias, Vg, in accordance with at Jeast
some cmbodiments.

{6017} F1G. 4 shows change in 1on current vs. time as a charged molecule,
deoxyguanosinemono-phosphate, is added to the negatively biased reservoir in accordance with at
least some embodiments. The spikes in current indicate single molecule translocations.

{6618} FIGS. 5A-D show molecular transistor action in accordance with at least some
cmbodiments. In particular, FIG. 5A shows that a negative gate bias does not attect the flow,
FIG. 5B shows that the flow 1s reduced at positive gate bias. FIG. 5C shows the flow turning off
completely. Note that the operation of the device is corapletely reversible. And FIG. 5D shows
the gate current over the time mterval where molecular flow 1s turned off, showing how ionic

current spikes arc mirrored by spikes in the gate current,

Dietatled Description

{6619] it should be understood that the disclosure is not limited to the particular
embodiments described below, because variations of the particular erabodirents may be made
that still fall within the scope of the appended claims. It should also be understood that the
terminology used herein is for the purpose of describing particular embodiments, and is not
intended to be limiting. Instead, the scope of the disclosure should be established by the
appended clairas.

18026} Other than in the operating exarnples, or where otherwise indicated, all numbers
expressing quantities of ingredients, reaction conditions and so forth used in the specification and
claims are to be understood as being modified in all instances by the term "about.” Accordingly,

-6 -
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unless indicated to the contrary, the numerical parameters set forth herein are approximations that
may vary depending upon the desired properties sought to be obtaimed. At the very least, and not
as an attenapt to Himit the application of the doctrine of equivalents to the scope of the claims,
cach rumerical parameter should at least be construed in light of the number of reported
signtficant digits and by applying ordinary rounding techniques.

{00211 Notwithstanding that the numerical ranges and parameters setting forth the broad
scope of the disclosure herein are approximations, the numerical values set forth in the specific
examples are reported as precisely as possible. Any numerical values, however, inherently
contain certain errors necessartly resulting from the standard deviation found in their respective
testing measurements.

18622} it should also be understood that any numerical range recited herein s intended to
include all sub-ranges subsumed therein. For example, a range of 1 nm to 10 nm is intended to
include all sub-ranges between and including the recited minimum value of 1 and the recited
roaximum value of 10, that 18, having a minimum value equal to or greater than 1 and a maximum
value equal to or less than 10.

"N,

16623} As used herein, the singular forms "a," "an,” and "the" include plural reference
unless the context clearly dictates otherwise. Unless defined otherwise, all technical and
scientific terms used herein have the same meaning as commonly understood by one of ordinary
skill in the art to which this disclosure belongs.

{6424] Simulations of ion current flow through a carbon nanotube show that it is
dominated by an clectroosmostic flow of water that drags anions and cations with it. A net
current flows because the entry of anions or cations into the tube is selective, depending upoun

factors such as surface charges at the entrance to the carbon nanotube. Accordingly, the number



WO 2012/122501 PCT/US2012/028549

of cations in the tube may not cqual the mumber of anions, giving risc to a net charge nside the
tube and, accordingly, a net current flow through the tabe. This mechanism s described by
Liu et al.
{¢025] in at least some embodiments, the charge carried by the carbon nanotube can be
controlled by an electrically-isolated gate electrode placed in close proximity to the carbon
nanotube, but insulated froro it by a dielectric layer. This arrangement allows the potential of the
carbon nanotube to vary, or "float,” yet remain under control of the gate electrode as well, which
enables control of both the flow of tonic current through the tube, and the flow of any charged
molecules dissolved in the electrolyte. Unlike known devices, the electrodes of the molecular
iransistor are not 1o elecirical coutact with the electrolvie within the channel through which
molecules are meant to pass. As demonstrated below, the molecular transistor in accordance with
at lcast some embodiments enables detection of single-molecule translocation events as well as
control of the speed of flow of molecules in the channel.
{8026} The ability to manipulate the speed with which molecules pass a barrier has many
applications besides DNA sequencing. Examples include, but are not limited to:
{1} Massively parallel devices for synthesizing new reagents, utilizing arrays of
mitlions of electronically controlled reactors into which "molecular transistors” mject
reageuts vnder computer control;
{2} Sensors, in which selected molecules are slowed so that they accumulate at the
entrance to a "molecular transistor,” to be conirollably released at enormously enhanced
concentrations for detection, all under clectronic control;
(3 Computers, in which electronic calculations are interfaced to chemical reactions.

For example, releasing controlled amounts of DNA molecules into a reactor in a precisely
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timed sequence may enable a new type of computer based on hybridization of DNA
molecules of complementary sequence; and
{4 Sensors for chemical reactions involving single molecules. For example, one
approach to DNA sequencing relics on detection of charge transferred during the addition
of nucleotides (see, ¢.g., Pourmand, N., M. Karhanck, H H.J. Persson, C.D. Webb, T H.
Lee, A, Zahradrukova, and R.W. Davig, "Direct electrical detection of DNA synthesis,”
Proc. Nath Acad. Sci. (USA) 2006; 103:6466-6470, incorporated by reference herein in s
entirety).
The device in accordance with some embodiments may be applied to mcasuring such reactions at
the single molecule level,
{8627} The work of Liu ¢t al. pointed out that translocation of DNA molecules through
clectrically-isolated single-walled carbon nanotubes was signaled by giant charge pulses, each
containing about 107 units of electronic charge. Since this 18 more charge, by many orders of
magnttude, than can be packed into the space available in the carbon nanotube channel, it was
hypothesized that translocation of the channel by a charged molecule was accompanied by a large
change in polarization of the channel. Accordingly, the charge on the channel must change by a
large amount when a charged molecule translocates. The carbon nanotube acts as a "charge
amplifier.” Therefore, the potential of the carbou nanotube roay change during translocation.
Thus, by a reciprocal action, control of the potential of the carbon nanotube may enable control of
the rate of translocation of the tube by charged molecules. That action is demonstrated and
confirmed 1n accordance with at least some ernbodiments.
{0028} The use of a physically small, 1solated channel is another important aspect n

accordance with at feast some embodiments. In the device of Kalman et al., electrolyte

-G
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throughout the channel region can respond to changes in gate potential. In the molecular
transistor of at lcast some embodiments, however, the potential of the eutire carbon nanotube
channel can be controlled by the gate electrode and even a single molecule inside the carbon
nanotube can block the flow of small ions around it. If the potential of the carbon nanotube 15 not
allowed to float, or if it cannot float, then no molecules can translocate through the nanotube
unless its inner diameter is relatively large.

{6829} FiG. 2A shows one embodiment of @ molecular transistor. A single~-walled carbon
nanotube 1 spans a barrier 2 separating a first fluid reservoir 3 from a second fluid reserveir 4.
The interior of carbon nanotube 1 provides the only fluid connection between the rescrvoirs 3
and 4. The nanotube may be as short as 100 nru and as loog as several hundred microns. Iis
diameter is comparable to the hydrated diameter of the molecules whose flow is to be controlled,
bt at any rate, not so large that two or more molecules could pass simultancously, if single
molecule control is desired. The normal range of diamcters in various embodiments may be
between about §.1 and about 100 nm, about .1 and about 75 nm, about 8.1 and about 50 nm,
about 0.1 and about 25 nm, about (.1 and about 15 nm, about (.23 and about 15 nm, about (.5
and about 15 nm, and preferably about 0.5 and about 10 nm.

{0030} Barrier 2 may be formed from a layer of diclectric matenal inchuding, but not
livotted to, silicon dioxide (Si(h}, a metal oxide, silicon nitride, or a resist such as
polymethylmethacrylate (PMMA). The overall height of barrier 2 is chosen to allow fluid
reservoirs 3 and 4 on cach side to be filled conveniently, but it is typically, in various
embodiments, at least about 25, at least about 50, at least about 753, at lcast about 100, at lcast
about 250, at least about 500, at least about 750, at least about 1000 nm high, and preferably at

least about 100 nm high. The reservoirs etched into the barrier material are connected to an

- 10 -
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external fluidic systern by means of a sihcone molded cover 5. Full details of the fabrication of a
similar device are given by Liu et al., which is incorporated by veference herein in its entivety.
{8031 The reservoirs are filed with an electrolyte. This is generally an aqueous solution
of a salt such as sodium chioride or potassium chloride at concentrations between about | mM
and about 1 M, though many other concentrations and salt solutions may be used. B will be
recognized by those skilled i the art that nov-aqueous clectrolytes (inchuding, but not hmited o,
propylene carbonate) may also be used. Electrodes 6 and 7 contact the electrolyte solutions in
communication with cach of the two reservoirs, 3 and 4. In some embodiments, the clectrodes
rnay be microfabricated into the rescrvoirs or placed rerotely, so long as they are in contact with
a coutinuous clectrolyte connected to the reservoirs. Any counducting material may be used for
clectrodes 6 and 7, but operation may be more reliable if reference electrodes (including, but not
limited to, those that are silver coated with solid silver chloride) are used. Current flow across the
carbon nanotube 1 1s gencrated by the application of a bias Vi 8. The consequent current, i, may
be measured using a current to voltage converter 9 1o series with this civcwt. These aspects of the
device are also as disclosed by Liu et al., which s incorporated by reference herein in its entirety.
18032] A gate electrode 10/23 s shown in FIGS. 2A, 2B, and 2D. In some embodiments,
gate clectrode 10 1s connected to external circuitry by means of a microtabricated lead 11 that
passes out of the device under a layer of dielectric material (e.g., barrier 2) that protects it from
contact with clectrolyte. A bias, Vg, may be applied to the gate via a voltage source 12 connected
to a common ground 14 via a current to the voltage converter 13 that monitors the gate current,
1g. Asshown in FIG. 2A, one of the clectrodes 6 used to drive current through channel 1 is also

connected to this common ground 14.

-11-
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{6833} FIG. 2B shows a gate connection in accordance with some embodiments. FIG. 2B
shows a cross-section through the device of FIG. 2A, perpendicular to the plane of the page 1o the
region of gate 10, In FIG. 2B, carbon nanotube 20 corresponds to carbon nanotube 1 of FIG. 2A,
and lies on top of a 810, surface 21, on which it is grown. After cleaning, a thin layer of
dielectric 22 is placed over carbon nanotube 20. This diclectric may be a polymeric material
including, but not limited to, polymethyimethacrylate (PMMA) or poly(p-xylyviene) polymers
{e.g., parvlenes). In a preferred embodiment, silicon oxtde is deposited, either by spin coating or
by e-beam evaporation. In various embodiments, the thickness of this insulating layer may be
between about 1 to about 100 nm, about 1 to about 75 nm, about 2 to about 50 nm, about 1§ to
about 45 o, about 15 o about 35 no, and preferably between about 20 o about 30 nm. A gate
electrode 23, commonly gold {Au) deposited on a thin layer of chromium (Cr), is evaporated
through a window in a resist layer, as is well known to those of ordinary skill in the art. Instead
of gold (Au), other materials inclhuding, but not lirntted to, platinum, palladium, titantum, or
roetallic compounds such as titaniur nitride may be used to form gate electrode 23, The
dimensions of the elecirode are not critical but, in various embodiments, widths of about 0.1

to 50 um, about 0.25 to about 40 um, about 0.5 to about 30 um, about 0.75 to about 25 pm,
about 1 to about 20 um, about 1 to about 15 pm, about 1 to about 10 pm, about 1 to about 5 um,
about 1 to about 2.5 um, and prefevably about 1o about 10 pm and beights of about 5 to

about 100 nm, about 10 to about 90 nm, about 15 to about 80 nm, about 20 to about 70 nm,
about 25 to about 60 nm, about 30 to about 50 nm, about 35 to about 45 nm, and preferably
about 40 nm Au on top of about 0.1 to about 50 nm, about 0.2 to about 40 nm, about 0.3 to

about 30 nm, about §.4 o about 20 nr, about 0.5 to about 15 nm, about 8.5 to about 10 nm,

12 -
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about 1 to about 10 nim, about 2.5 to about 7.5 rum, and preferably about 5 rum chromium (Cr) may
be used.

{8034} in accordance with some embodiments, the as-grown carbon nanctube 31 is shown
in a scanning clectron micrograph in FIG. 2C. Metal markers 32 provide alignment for
subsequent lithographic steps.

{3035] In accordance with some embodiments, FIG. 2D shows a coraplete device
optically photographed through a silicone fluidic cover. Gate electrode 10 1s visible through the
stlicone and the dielectric barrier. Reservoirs 3 and 4 can be seen etched into the diclectric layer
that covers the surface. A silicone barrier § separates fluidic channels 36 and 37 that are in
electrolyte contact with reservoirs 3 and 4. Flaidic channels 36 and 37 lie oun top of the structure
shown tn FIG. 2A {(but are not shown in FIG. 2ZA). The carbon nanotube is not vistble in

FI1G. 2D, but its location and orientation are approximated by the dashed line between reservoirs 3
and 4.

13036} With gate electrode 23 insulated from the channel as shown in FIG. 2B, the
molecular transistor can control the flow of ionic current through the carbon nanotube, much as
described for the conical nanopore of Kalman et al. {(but for which molecular control was not
demonstrated). FIG. 3 shows a typical set of characteristics for the molecular transistor in
accordance with at least some embodiments. FIG. 3 shows a three dimensional plot of Vi vs. Vg
and H (shown by the scale on the right) for ImM Kl electrolyte. In FIG. 3, flow of lonic current
is turned off (1.2, reduced by up to 10X for a gate bias in excess of about +0.5V.

{6837} In at least some embodiments, charged molecules introduced into the fluid
reservoir produce giant pulses n B, as previously reported for DNA molecules passing through a

carbon nanotube. FIG. 4 shows what is observed when a mM solution of
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deoxyeytosineronophosphate (dCMP) s introduced into the reservoir when that reservotr 18
biased negative {so that this negative ruolecule is driven through the nanotube towards the
positive reservoir). The background current climbs after introduction of the dUCMP molecules,
and very large current pulses (seen as discrete spikes) are observed, marking translocation events
after a period of time, exactly as reported for DNA molecules. For the data shown 1o FIG. 4, the
gate electrode is not connected, so the device performs exactly as reported for devices without a
gate {see, e.g., Linet al; and He, I, H. Liw, P. Pang, D. Cao, and 8. Lindsay, "Translocation
events in a single-walled carbon nanotube,” J. Phys: Condens. Matter 2010; 22:454112, dot:
10.1088/0953-8984/22/45/454112, which describes 4 single-walled carbon nanotube that
connects two flund reservoirs by spanning a barrier that separates the reservoirs, but which lacks
any gate electrode).

{G(38] in at lcast some embodiments, the effects of connecting the gate are illustrated in
FIGS. SA-5D. For the trace shown in FIG. SA, a bias of Vi = 0.6 V was applied, resulting in
about 3 travslocation events per second (1 mM dCMP in 1M KCI). The spikes are closely
spaced, and positive in direction, as shown in FIG. SA. Here, the gate was initially held at

Ve =0 V. At time 41, the gate is switched to Vg = -0.5 V for 100s until, at time 42, it is switched
back to Vg =0 V. There is no measurable change in the translocation rate. The effect of making
the gate positive 1s shown in FIG. SB. The conditions are the same as those shown i FIG. SA,
but at time 43, the gate ts switched from Vg=0V to Vg = +0.5 V for 100s. The translocation
rate 18 reduced from about 3 per second to about 2 per sccond until, at time 44, the gate is
switched back to Vg = 0V, whercupon the translocation rate returned to about 3 per second.
FIG. SC shows the effect of switching the gate bias to +1 V. Again, the gate 1s set iitially to

Vg = {V and the translocation rate is about 3 per second. At time 45, Vg is set to +1 V for 100s,

-14 -



WO 2012/122501 PCT/US2012/028549

after which the pulse rate slowed and stopped at time 46, only being restored when Vg is set back
to OV at time 47,

18039} The charging and discharging of the carbon nanotube is evident in the spikes in
gate current that accompany the transit of molecules, as indicated in FIG. 5D. Notice that these
spikes cease when translocation 1s stopped at time 48, The trace of FIG. SD corresponds to the
final ronute prior o the point where the flow of melecules stops at time 46 in FIG. SC. Thus, it
is not necessary to monitor 1i {the current through the tube) to detect a single molecuie
translocation event, as these events are also evident in the gate current signal Ig. This greatly
simplifies the design of massively parallel devices, as many separate carbon nanotubes may span
a given pair of reservotrs. The tndividual transiocations through each tube may give signals that
add together in i, but may be clearly identified in Ig so long as each carbon nanotube has a
unique gate connection. Thus, the action of a molecular transistor in accordance with the
invention s clearly demonstrated.

10046} The sensitivity of the molecular transistor to the charge carried by a single
molecule clearly has applications in the detection of chemical reactions. Pourmand et al. have
described how the charge transfer associated with nucleotide additions to many DNA template
rnolecules can be detected by means of the current pulse generated by polarization of & sinall
metal substrate as charge transfer reactions occur. Clearly, by tethering a catalytic molecule to
one end of the carbon nanotube in the molecular transistor in accordance with the invention,
individual chemical reactions may be detected, cither by the release of products into the carbon
nanotube channel, or via direct charge transter into the carbon nanotube, sensed by the gate
clectrode. Detection of chemical reactions in such a fashion may be accomplished 1o a manner

similar to that described in WO/2009117517 or in W0/2009117522, which are both incorporated

§
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by reference herein in their entirety. For exaraple, a DNA polymerase may be tethered to one end
of the carbon nanotube via amide linkage chemistry, as s well known in the art, and the addition
of single nucleotides detected by meauns of the resultant charge trausfer. The charge transfer may
be signaled by an increase in ionic current passing through the tube as a result of the releasc of a
proton 4s a triphosphate 1s hydrolyzed on nucleotide addition.

10041} All references cited heretn are incorporated by reference herein in their entirety as
though cach reference was specifically and individually indicated to be incorporated by reference.
The citation of any reference herein should not be construed as an admission that the present
disclosure 18 not entitled to antedate such reference by virtue of prior invention.

{6042} Although the mvention has been described and ilhustrated in the foregoing
itfustrative embodiments, it should be understood that this disclosure has been made only by way
of example, and that numerous changes in the details of implementation of the invention can be
made without departing from the spirit and scope of the invention, which is limited ounly by the
clairos that follow. Features of the disclosed embodiments can be corobived and rearranged in

Various ways.
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Attorney Docket No. (1180%90.143-W(1

What is Claimed is:

I. A device comprising:
a channel having a diameter such that only one target molecule at 8 time may
traverse the channel; and
a gate clectrode; wherein:

the channel is electrically 1solated frove and 1o comumunication with a gate

electrode.
2. The device of claim 1, wherein the channel comprises a carbon navotube.
3. The device of ¢laim 1, wherein the channel diamecter 18 between about 8.1 and

about 100 nm.

4. The device of claim 1, further comprising a layer of diclectric material surrounding

the channel and providing electrical 1solation between the channel and the gate electrode.

5. The device of claim 4, wherein the layer of diclectric material is between about |

and about 58 nrn thick.

6. The device of claim 4, wherein the dielectric material is selected frora the group

cousisting of an oxide of silicon and polymethylmethacrylate.

=~

The device of claim 1, further comprising a first fluid reservoir and a second fluid
reservoir, wherein the interior of the channel provides the only fluid connection between the first

and second fhuid reservoirs.
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8. The device of claim 7, wherein the first and sccond reservoirs are cach filled with

an electrolyte.

9. The deviee of claim 7, further comprising:
a first clectrode in contact with the first reservoir; and

a second electrode in contact with the second reservoir.

10.  The device of clamn 1, further coruprising a voltage source coupled fo the gate
electrode.
It A method for controlling the flow of a molecule, the method cornprising:

providing a device comprising a channel, wherein the channel:
has proximal and distal ends, and a diameter such that only one target
molecule at a time may traverse the channel;
i3 clectrically isolated by a layer of diclectric material; and
is in communication with a gate clectrode, wherein the gate electrode has a
voltage potential and a gate current;
providing a molecule to the proximal end ot the channel;
detecting the gate current of the gate electrode; and
controlling the voltage potential of the gate electrode, thereby controlling the flow

of the molecule.

12, The method of claim 11, further comprising detecting a current spike in the gate

current, thereby detecting translocation of @ molecule through the channel.

- 18 -
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13, The mothod of claim 11, wherein controlling the voltage potential further
comprises increasing the voltage potential of the gate electrode to reduce the flow of the

rmolecule.

14. A method for detecting a single chemical reaction, the method comprising:
providing a device comprising a channel, wherein the channel:
comprises a carbon nanotube having proximal and distal ends and a
catalytic molecule tethered to the distal end, the carbon nanotube further having a diameter such
that only one target molecule at a time may traverse the channel;
is electrically tsolated by a layer of dielectric material; and
18 in communication with a gate clectrode, wherein the gate electrode has a
voltage potential and a gate current;
providing a maolecule to the proximal end of the chanvel; and
detecting the gate current of the gate electrode, thereby detecting a single chemical

reaction.

15, The method of claim 14, further comprising controlling the voltage potential of the

gate clectrode.

16.  The method of claim 14, wherein detecting the gate current further comprises

detecting a spike in the gate current, thereby detecting a single chemical reaction.
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