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Abstract

There is provided a method for sensing the translocation of a molecule through a nanopore. In the method, there
is directed to an inlet of a nanopore a molecule that is disposed in a first ionic solution of a first ionic
concentration. The molecule is caused to translocate through the nanopore from the inlet of the nanopore to an
outlet of the nanopore and into a second ionic solution of a second ionic concentration that is different than the
first ionic concentration. An electrical potential, local to that ionic solution, of the first and second ionic
solutions, which has a lower ionic concentration, is measured while the molecule is caused to translocate
through the nanopore.
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Claims

We claim: 

1. A method for sensing translocation of a molecule through a nanopore comprising: directing to an inlet of a
nanopore a molecule disposed in a first ionic solution of a first ionic concentration; causing the molecule to
translocate through the nanopore from the inlet of the nanopore to an outlet of the nanopore and into a second
ionic solution of a second ionic concentration different than the first ionic concentration; and measuring an
electrical potential local to that ionic solution, of the first and second ionic solutions, which has a lower ionic
concentration, while the molecule is caused to translocate through the nanopore. 

2. The method of claim 1 wherein measuring an electrical potential comprises measuring an electrical potential
within about 20 nm of the nanopore in that ionic solution, of the first and second ionic solutions, which has a
lower ionic concentration, while the molecule is caused to translocate through the nanopore. 

3. The method of claim 1 wherein measuring an electrical potential comprises measuring an electrical potential
at one of the inlet of the nanopore and the outlet of the nanopore, in that ionic solution, of the first and second
ionic solutions, which has a lower ionic concentration, while the molecule is caused to translocate through the
nanopore. 

4. The method of claim 1 further comprising producing an electrical signal indicative of the measured electrical
potential. 

5. The method of claim 4 wherein producing an electrical signal indicative of the measured electrical potential
comprises producing an electrical signal having a signal bandwidth of at least about 50 MHz. 

6. The method of claim 4 further comprising processing the electrical signal as a function of time to determine
duration of translocation of a molecule through the nanopore. 

7. The method of claim 4 further comprising processing the electrical signal as a function of time to identify the
molecule. 

8. The method of claim 1 further comprising applying, between the first ionic solution and the second ionic
solution, a voltage that causes the molecule to electrophoretically translocate through the nanopore. 

9. The method of claim 1 wherein directing to an inlet of a nanopore a molecule disposed in a first ionic solution
of a first ionic concentration comprises directing to an inlet of a nanopore a molecule selected from the group
consisting of DNA, DNA fragments, RNA, RNA fragments, nucleotides, nucleosides, oligonucleotides, proteins,
polypeptides, and amino acids. 

10. The method of claim 1 wherein directing to an inlet of a nanopore a molecule disposed in a first ionic
solution of a first ionic concentration comprises directing to an inlet of a nanopore a sequence of A, T, G, and C
DNA bases. 

11. The method of claim 10 further comprising producing an electrical voltage signal that is indicative of the
measured electrical potential and that is different for each of the A, T, G, and C DNA bases, with a voltage
difference of at least about 5 mV between each different voltage signal. 

12. The method of claim 10 further comprising: producing an electrical voltage signal that is indicative of the
measured electrical potential and that is different for each of the A, T, G, and C DNA bases; and processing the
electrical signal as a function of time to identify the A, T, G, and C DNA bases in the sequence of A, T, G, and C
DNA bases. 



13. The method of claim 1 wherein the nanopore to which a molecule is directed comprises a nanopore in a
graphene membrane. 

14. The method of claim 1 wherein the nanopore to which a molecule is directed comprises a nanopore in a solid
state material. 

15. The method of claim 1 wherein the nanopore to which a molecule is directed comprises a biological
nanopore. 

16. The method of claim 1 wherein the nanopore to which a molecule is directed comprises a protein nanopore. 

17. The method of claim 1 wherein the nanopore to which a molecule is directed comprises a nanopore in a lipid
bilayer. 

18. The method of claim 1 wherein measuring an electrical potential comprises measuring a signal produced by
a transistor that is disposed in that ionic solution, of the first and second ionic solutions, which has a lower ionic
concentration. 

19. The method of claim 1 further comprising identifying the molecule based on the measured electrical
potential. 

20. The method of claim 1 further comprising identifying a sequence of molecules based on the measured
electrical potential.

Description

BACKGROUND 

This invention relates generally to sensing systems that employ a nanopore sensor, and more particularly relates
to techniques for sensing species as the species translocate through a nanopore sensor. 

Solid state and biological nanopores are increasingly the focus of considerable effort towards the development of
a low cost, high throughput sensing system that can be employed for sensing a wide range of species, including
single molecules. For example, there is has been proposed the use of solid state nanopores for enabling single-
molecule DNA sequencing technology. While single DNA bases produced by enzymatic cleavage of DNA have
been detected and differentiated using modified protein nanopores, the goal of sequencing a single-stranded
DNA (ssDNA) molecule by translocation of the molecule through a nanopore has not yet been fully realized. 

One proposed approach for nanopore sensing is based on a method in which there is detected a modulation of
ionic current passing through a nanopore that is disposed in a membrane or other support structure. Given a
molecule that is provided in an ionic solution to be translocated through a nanopore, as the molecule translocates
through the nanopore, the ionic current that passes through the nanopore is correspondingly decreased from the
ionic current passing through the nanopore without a molecule. This nanopore sensing approach is limited in that
it is in general quite difficult to record the small picoampere ionic current signals that are characteristic of
molecular nanopore translocation at a bandwidth that is consistent with very fast molecular translocation speeds.
The speed of a DNA molecule translocation through a nanopore can be .about.1 .mu.s/nucleotide. Furthermore,
the recording of such small current signals at high bandwidth in a parallel multiplexed format has been shown to
be extremely difficult. 

To circumvent the technical challenges of the ionic current measurement method for nanopore sensing, several
alternative nanopore sensing methods have been proposed. Such alternative methods can be generalized as



directed to an effort to record larger and relatively more-local nanopore signals employing electronic sensors
that are integrated with the nanopore. These nanopore sensing methods include, e.g., measurement of capacitive
coupling across a nanopore and tunnelling current measurements through a species translocating a nanopore.
While providing interesting alternative sensing techniques, such capacitive coupling and tunnelling current
measurement techniques have not yet improved upon the conventional ionic current detection technique for
nanopore sensing, and ionic current detection techniques remain challenged by signal amplitude and signal
bandwidth issues. 

SUMMARY OF THE INVENTION 

There is provided a nanopore sensing method that overcomes the measurement sensitivity and signal bandwidth
limitations of conventional nanopore sensors and nanopore sensing techniques by employing a local electrical
potential sensing method. In one example of such a method for sensing the translocation of a molecule through a
nanopore, there is directed to an inlet of a nanopore a molecule that is disposed in a first ionic solution of a first
ionic concentration. The molecule is caused to translocate through the nanopore from the inlet of the nanopore to
an outlet of the nanopore and into a second ionic solution of a second ionic concentration that is different than
the first ionic concentration. An electrical potential, local to that ionic solution, of the first and second ionic
solutions, which has a lower ionic concentration, is measured while the molecule is caused to translocate
through the nanopore. 

This nanopore sensing method enables local electrical potential sensing with high sensitivity, high bandwidth,
and large signal differentiation between differing objects translocating through the nanopore. As a result,
nanopore sensing applications such as DNA sequencing can be accomplished with the nanopore sensor. Other
features and advantages of the invention will be apparent from the following description and accompanying
figures, and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a schematic circuit diagram of a first example nanopore sensor configuration for measuring local
electrical potential; 

FIG. 1B is a circuit diagram of an example transistor implementation of the nanopore sensor configuration of
FIG. 1A; 

FIG. 1C is a schematic circuit diagram of a second example nanopore sensor configuration for measuring a local
electrical potential; 

FIG. 1D is circuit diagram of an example transistor implementation of the nanopore sensor configuration of FIG.
1C; 

FIG. 1E is a circuit diagram of an example transistor implementation of a combination of the sensor
configurations of FIGS. 1A and 1C; 

FIG. 1F is a schematic plan view of a single electron transistor implementation of a nanopore sensor
configuration for measuring local electrical potential; 

FIG. 1G is a schematic plan view of a quantum point contact implementation of a nanopore sensor configuration
for measuring local electrical potential; 

FIG. 1H is a schematic side view of a lipid bilayer including fluorescent dye arranged for implementation of a
protein nanopore sensor configuration for measuring local electrical potential; 

FIG. 2A is a schematic diagram and corresponding circuit elements for a nanopore sensor configuration for
measuring local electrical potential; 



FIG. 2B is a circuit diagram for the nanopore sensor transistor implementation of FIG. 1B; 

FIG. 3A is a schematic side view of the geometric features of a nanopore sensor configuration for measuring
local electrical potential as-defined for quantitative analysis of the sensor; 

FIGS. 3B-3C are plots of the electrical potential in a nanopore of a nanopore sensor for measuring local
electrical potential, here plotted as a function of distance from the nanopore into the cis reservoir, for a
configuration in which the cis and trans reservoirs include fluidic solutions of equal ionic concentration and for a
configuration in which the cis and trans reservoirs include fluidic solutions of unequal ionic concentration,
respectively; 

FIGS. 3D-3E are plots of the electrical field in a nanopore of a nanopore sensor for measuring local electrical
potential, corresponding to the plots of electrical potential of FIGS. 3B-3C, respectively; 

FIG. 4A is a plot of the change in potential in a nanopore for a 50 nm-thick nanopore membrane and a
configuration of a 1 V transmembrane voltage (TMV) for electrophoretic species translocation as a dsDNA
molecule translocates through the nanopore, as a function of the C.sub.Cis/C.sub.Trans ionic concentration ratio
for various nanopore diameters below 10 nm where the nanopore is configured for local electrical potential
measurement; 

FIG. 4B is a plot of the change in potential in the trans reservoir for a 10 nm-diameter nanopore at 1 V TMV for
the conditions of the plot of FIG. 4A; 

FIG. 4C is a plot of noise sources and signal as a function of recording bandwidth for a nanopore sensor
configured for local electrical potential measurement; 

FIG. 4D is a plot of the bandwidth of a nanopore sensor configured for local electrical potential measurement as
a function of cis chamber solution concentration for a range of reservoir solution concentration ratios; 

FIG. 4E is a plot of signal decal length from the nanopore site in a nanopore configured for local electrical
potential measurement as a function of cis and trans reservoir solution concentration ratio; 

FIG. 5 is a schematic view of a nanopore sensor configured for local electrical potential measurement with a
nanowire FET disposed on a membrane; 

FIG. 6 is a perspective view of one example implementation of the nanopore sensor configuration of FIG. 5; 

FIGS. 7A-7B are a schematic view of a nanopore sensor configured for local electrical potential measurement
with a nanowire FET disposed on a graphene membrane, and a plan view of an example implementation of this
nanopore sensor, respectively; 

FIGS. 8A-8B are a schematic view of a nanopore sensor configured for local electrical potential measurement
with a graphene layer disposed on a nanowire FET, and a plan view of an example implementation of this
nanopore sensor, respectively; 

FIGS. 9A-9B are a schematic view of a nanopore sensor configured for local electrical potential measurement
with a graphene membrane, and a plan view of an example implementation of this nanopore sensor, respectively;

FIGS. 10A-10D are schematic plan views of example locations of a nanopore with respect to a nanowire in a
nanopore sensor configured for local electrical potential measurement; 

FIG. 11 is a plot of the electrical potential signal measured for each of the four DNA bases as a function of
nanopore diameter for a nanopore sensor configured for local electrical potential measurement as the DNA bases



translocate through the nanopore; 

FIG. 12 is a plot of the sensitivity of a nanowire in a nanopore sensor configured for local electrical potential
measurement before and after formation of a nanopore at the nanowire location; 

FIG. 13 A is a plot of i) measured ionic current through a nanopore and ii) measured nanowire FET
conductance, respectively, as DNA translocates through a nanopore in a nanopore sensor configured for local
electrical potential measurement, for a TMV of 2 V and 100:1 cis/trans reservoir solution concentration ratio,
with a local potential measurement made in the trans reservoir; 

FIG. 13B is a plot of i) measured ionic current through a nanopore and ii) measured nanowire FET conductance,
respectively, as DNA translocates through a nanopore in a nanopore sensor configured for local electrical
potential measurement, for a TMV of 2.4 V and 100:1 cis/trans reservoir solution concentration ratio, with a
local potential measurement made in the trans reservoir; 

FIG. 13C is a plot of i) measured ionic current through a nanopore and ii) measured nanowire FET conductance,
respectively, as DNA translocates through a nanopore in a nanopore sensor configured for local electrical
potential measurement, for a TMV of 0.6 V and 1:1 cis/trans reservoir solution concentration ratio, with a local
potential measurement made in the trans reservoir; and 

FIG. 14 is a plot of i) total ionic current measured through three nanopores sharing reservoirs, ii) measured
nanowire FET conductance through the first of the nanopores, ii) measured nanowire FET conductance through
the second of the nanopores, and ii) measured nanowire FET conductance through the third of the nanopores,
respectively, as DNA translocates through the nanopores in the three sensors in a nanopore sensor configured for
local electrical potential measurement. 

DETAILED DESCRIPTION 

FIGS. 1A-1E are schematic views of example nanopore sensor configurations that enable a local electrical
potential sensing method for nanopore sensing. For clarity of discussion, device features illustrated in the figures
are not shown to scale. Referring to FIG. 1A, there is shown a nanopore sensor 3 including a support structure,
such as a membrane 14, in which is disposed a nanopore 12. The nanopore 12 is configured in the support
structure between two fluidic reservoirs shown here schematically as a trans reservoir and a cis reservoir such
that the nanopore 12 is the only path of fluidic communication between the cis and trans reservoirs. One
reservoir is connected to an inlet to the nanopore while the other reservoir is connected to an outlet from the
nanopore. In operation of the nanopore sensor for local electrical potential measurement detection of species
translocation through the nanopore, one or more objects of a species, such as molecules, are provided in a fluidic
solution in one of the reservoirs for translocation through the nanopore to the other of the two reservoirs. For
many applications, and in particular for molecular sensing applications, it can be preferred to provide the
molecules or other species objects in an ionic fluidic solution in one of the reservoirs. 

The nanopore is provided as an aperture, gap, or other hole in the support structure and is provided with an
extent, or for corresponding the geometry, a diameter, that is suitable for sensing species objects of interest. For
example, for sensing molecular nanopore translocation, a nanopore of less than about 100 nm can be preferred,
and a nanopore of less than 10 nm, 5 nm, or 2 nm can be more preferred. As discussed below, a nanopore of
even 1 nm can be suitable and even preferred for some molecular sensing applications. 

The reservoirs or other components of the nanopore sensor are configured to provide a driving force for moving
objects of a species, such as molecules, through the nanopore from one of the reservoirs to the other of the
reservoirs. For example, electrodes 13, 15 can be provided in a circuit with voltage and current elements 16, 18
to produce an electrophoretic force between the reservoirs for electrophoretically driving a fluidic solution, such
as an electrically conductive ionic solution, and the species in the solution, through the nanopore from one
reservoir to the other reservoir. To enable electrophoretic driving of the species through the nanopore, the fluidic
solutions of the reservoirs can be provided as electrically conductive ionic solutions having pH and other



characteristics that are amenable to the species in the solution. Thereby an electrical circuit can be connected
with the reservoir solutions in series through the nanopore, with electrodes 13, 15 as shown in the figures,
providing an electrical voltage bias between the solutions, across the nanopore. 

As shown in FIG. 1A, there can be provided in the nanopore sensor a transduction element that senses the
electrical potential local to the site of the element and that develops a characteristic that is indicative of that local
electrical potential. For example, an electrical connection, such as device or region of a device and/or circuit 7, a
wire, or combination of circuit elements, that senses the electrical potential local to the site of the device and/or
circuit 7 can be provided, to develop a signal indicative of local electrical potential. The location of the electrical
potential sensing can be in a reservoir, on a surface of the support structure, or other location within the
nanopore sensor. 

For example, as shown in FIG. 1B, there can be provided a circuit 20 that includes, e.g., a transistor device 22,
having a source. S, a drain, D, and a channel region 24. The channel region 24 is in this example physically
disposed at a location in the nanopore sensor environment at which a local electrical potential measurement is to
be made. This physical location of the channel region 24 of the transistor can be at any convenient and suitable
site for accessing local electrical potential. 

In the example arrangements of FIGS. 1A-1B, an electrical potential sensing circuit is configured local to the
trans reservoir to provide a transistor or other device that measures the electrical potential local to the trans
reservoir at the trans reservoir-side of the nanopore 12. Alternatively, as shown in FIG. 1C, an electrical
potential sensing device or circuit 7 can be configured at the cis reservoir side of the nanopore. Here, e.g., as
shown in FIG. 1D, there can be provided a circuit including a transistor 24 or other device for measuring
electrical potential local to the cis reservoir at the cis reservoir side of the nanopore 12. 

In a further example alternative configuration, as shown in FIG. 1E, there can be included two or more circuits
20a, 20b, etc., with, e.g., transistors 22a, 22b that sense the electrical potential at two or more locations in the
nanopore sensor system, such as each side of the nanopore membrane. Depending on the physical
implementation of the electrical potential sensing circuit, the electrical potential at the two sides of the nanopore
membrane 14 can thereby be measured with this arrangement. This is an example configuration in which is
enabled a measurement of the difference in local potential between two sites in the nanopore sensor. It is
therefore intended that the term "measured local electrical potential" refer to the potential at a single site in the
nanopore sensor, refer to a difference or sum in local electrical potential between two or more sites, and refer to
a local potential at two or more sites in the nanopore sensor configuration. 

The local electrical potential measurement can be made by any suitable device and/or circuit or other
transduction element, including biological or other non-solid state transduction elements, and is not limited to
the transistor implementation described above. For example, as shown in FIG. 1F, there can be provided on the
membrane 14 or other support structure a single electron transistor (SET) circuit 27. The source, S, and drain, D,
regions of the SET are disposed on the membrane or other support structure, providing tunneling barriers to the
SET 27. In the resulting quantum dot system, the electrical coanductance through the SET 27 depends on the
energy level of the SET with respect to the Fermi level of the source, S, and drain, D. With the nanopore 12
located in the vicinity of the SET, the electrical potential, and corresponding energy level, of the SET changes as
species objects translocate through the nanopore, changing the conductance of the SET circuit. 

In a further example, as shown in FIG. 1G, there can be provided on the membrane 14 or other structure a
quantum point contact (QPC) system 29 for making a local electrical potential measurement. In this system, an
electrically conductive region 31 is provided that forms source. S, and drain, D, regions that are connected via a
very thin conducting channel region at the site of the nanopore 12. The channel region is sufficiently thin that the
electronic carrier particle energy states that are perpendicular to the channel region are quantized. As species
objects translocate through the nanopore, the Fermi level inside the thin conduction channel region changes,
resulting in a change in the number of quantized states below the Fermi level, and a corresponding change in
QPC conductance. 



Accordingly, the nanopore sensor is not limited to solid state nanopore configurations with solid state voltage
sensing devices. Biological nanopores and potential sensing arrangements can also be employed, e.g., with a
protein nanopore or other suitable configuration. For example, as shown in FIG. 1H, there can be provided a
lipid bilayer membrane 31 in which is disposed a protein nanopore 33. A voltage-sensitive dye, e.g., a
fluorescent direct dye 37, is provided in the lipid bilayer. With this arrangement, when a species object such as a
molecule or polymer translocates through the protein nanopore, the voltage drop across the lipid bilayer changes,
and the fluorescence of the dye is modulated by the voltage change. Optical detection or sensing of the dye
fluorescence and changes to that fluorescence provide sensing of the potential at the membrane location. Optical
microscope or other arrangement can be employed for making this potential measurement as an optical output
signal from the nanopore sensor. 

This lipid bilayer nanopore sensor is an example of a biological nanopore sensor that is based on sensing of the
local potential at the site of the nanopore. The method of local potential measurement for nanopore translocation
detection is not limited to a particular solid state or biological configuration and can be applied to any suitable
nanopore configuration. 

Referring to FIG. 2A, these configurations for measuring the local electrical potential at one or more sites in a
nanopore sensor can be employed in a method for sensing the translocation of species through the nanopore. To
explain the principle of this sensing, it is instructive to model the nanopore sensor as a circuit 35 including
electrical components corresponding to physical elements of the sensor, as shown in FIG. 2A. The cis and trans
reservoirs can each be modeled with a characteristic fluidic access resistance, R.sub.Trans, 36, R.sub.Cis, 38.
This access resistance is the fluidic resistance from the bulk of the reservoir solution to the site of the nanopore.
The nanopore can be modeled with a characteristic nanopore solution resistance, R.sub.Pore, that is the fluidic
resistance of solution through the length of the nanopore between the two sides of the membrane or other
structure in which the nanopore is disposed. The nanopore can also be modeled with a characteristic capacitance
C.sub.Pore, that is a function of the membrane or other support structure in which the nanopore is disposed. The
access resistance of both chambers and the nanopore solution resistance 40 are variable. 

In a nanopore sensor starting condition in which no species are translocating through the nanopore, the nanopore
can be characterized by the solution resistance, R.sub.Pore, given above, and both fluidic reservoirs can be
characterized by the access resistances of the trans reservoir and the cis reservoir, R.sub.Trans and R.sub.Cis,
respectively. Then when a species object, such as a biological molecule 45, translocates through the nanopore 12
as shown in FIG. 2A, the solution resistance, R.sub.Pore, of the nanopore and the access resistances, R.sub.Trans
and R.sub.Cis, of each of the reservoirs, change because the molecule in the nanopore at least partially blocks
the passageway through the nanopore length, changing the effective diameter of the nanopore. With such a
blockage, the fluidic solution resistance of the nanopore and the access resistance of both reservoirs increase
above the resistance of the nanopore and access resistance of both reservoirs with no molecule present in the
nanopore. 

The partial blockage of the nanopore by a species object effects the nanopore solution resistance and the
reservoir access resistances differently, as explained in detail below. As a result, the partial blockage of the
nanopore by a translocating species causes a corresponding redistribution of electrical voltage occurs between
the nanopore and the cis and trans reservoirs solutions, and the electrical potential at sites throughout the
nanopore sensor accordingly adjusts. The local electrical potential at both the sites denoted as A and B in FIG.
2A thereby changes accordingly with this change in nanopore solution resistance and redistribution of voltage
between the reservoir solutions and the nanopore. A measurement of electrical potential at either of these sites,
or at another site of the nanopore sensor configuration, or a measurement of a difference in local potential
between two or more sites, thereby provides an indication of the translocation of the molecule through the
nanopore. 

The local electrical potential at a selected nanopore sensor site and changes in this potential can be sensed by,
e.g., changes in the conductance of the conducting channel in a transistor device. Transistor channel conductance
therefore can be employed as a direct indication of the electrical potential local to the physical location of the
transistor channel. Thus, the nanopore sensor arrangements of FIGS. 1A-1B correspond to a local electrical



potential measurement at site A in the circuit 35 of FIG. 2A. The nanopore sensor arrangements of FIG. 1C-1D
correspond to a local electrical potential measurement at site B in the circuit 35 of FIG. 2A. The nanopore sensor
arrangement of FIG. 1E corresponds to a local electrical potential measurement at both sites A and B in the
circuit 35 of FIG. 2A, and enables a determination of the difference between the potential at those two sites. 

An electrical circuit equivalent of the example configuration of FIG. 1B is shown in FIG. 2B. Here is
represented the access resistances of the cis and trans reservoirs, R.sub.Cis, R.sub.Trans, respectively, and the
fluidic solution resistance, R.sub.Pore, of the nanopore. The location of a device for measuring local potential,
e.g., the channel of a transistor 22, is here positioned at the site A in FIG. 2A, providing a local electrical
potential indication in the trans reservoir at the trans reservoir side of the nanopore. With this arrangement, as
species objects such as molecules translocate through the nanopore, the output signal of the electrical potential
measurement circuit can be monitored for changes in electrical potential, corresponding to changes in the state
of the nanopore and the presence or absence of one or more objects in the nanopore. 

This analysis can be applied to any nanopore sensor in which there is provided a local electrical potential
measurement circuit and/or device. The analysis is not limited to the FET implementation described above, and
is applicable to all of the implementations shown above, as well as others. All that is required is the provision of
a device or circuit that makes a local electrical potential measurement as species objects translocate through the
nanopore. 

To further analyze the nanopore sensor system parameters, the nanopore sensor can be modeled as shown in the
schematic representation of FIG. 3A. Several assumptions can be employed to enable an analytical calculation.
First, the geometrical change of the membrane, nanopore, or other region of the nanopore sensor that is caused
by the inclusion of a local potential sensing device or circuit can be ignored and the potential sensing device can
be modeled as a point potential detector. The reservoirs are assumed to include electrically conductive ionic
solutions. The two reservoir solutions are specified to be characterized by differing ionic concentrations. With
this specification, the concentration distribution through the nanopore system is determined by the steady state
diffusion that is driven by the cis/trans reservoir concentration difference. A further assumption can be made by
approximating the buffer concentration distribution and electrical potential as being constant in small
hemispheres on both sides of the nanopore. The nanopore sensor is assumed to be in steady state. Under these
conditions, the diffusion equations of the nanopore sensor are given as: 

.differential..differential..times..times..times..times..times..times..ti-
mes..times..times..times..times..differential..times..function..differenti-
al..times..differential..function..differential..times..times..times..time-
s..differential..function..differential..times..times..times..times. ##EQU00001## Where C is concentration, t is
time, r is location in a reservoir at a point measured from the nanopore, and z is distance through the nanopore
length. If these diffusion equations are solved under the boundary conditions that in the cis reservoir far away
from the nanopore, C=C.sub.Cis, in the trans reservoir far away from the nanopore, C=C.sub.Trans, the flux is
the same in the nanopore and for both reservoirs, and the concentration is continuous at the nanopore opening in
each reservoir, then the ionic concentration of the two reservoirs and the nanopore can be given as: 

.function..times..times..times..times..times..function..times..times..tim-
es..times..times..function..times..times..times..times. ##EQU00002## Here l and d are thickness of membrane or
other support structure and nanopore diameter, respectively. Because the ionic concentration distribution is
therefore known and the solution conductivity is proportional to the concentration, then the conductivity of
solution, .sigma., is given as: .sigma.=.SIGMA.C, (3) Here .SIGMA. is the molar conductivity of solution.
Assuming the total current is I, then the electrical potential drop through the nanopore sensor, with a cis
reservoir voltage, V.sub.C, a trans reservoir voltage, V.sub.T, and a nanopore voltage, V.sub.P, can be given as: 

.function..times..pi..times..function..times..times..times..function..tim-
es..pi..times..function..times..times..times..function..times..pi..times..- times..function..times. ##EQU00003## If
these three equations are solved with boundary conditions that far away from nanopore in the cis reservoir the
electrical potential equals the voltage applied across the structure or membrane, i.e., a transmembrane voltage



(TMV), to electrophoretically drive an object through the nanopore, and that far away from nanopore in the trans
chamber, the potential is 0 V, then the voltages in the nanopore sensor, namely, the voltage in the cis reservoir,
V.sub.C(r), the voltage in the trans reservoir, V.sub.T(r), and the voltage in the nanopore, V.sub.P(r), are given
as: 

.function..times..function..times..pi..times..times..times..function..tim-
es..times..times..times..times..function..times..function..times..pi..time-
s..times..times..times..function..times..times..times..times..times..funct-
ion..times..function..times..pi..times..times..times..times..times..times.- .times..times..times..times.
##EQU00004## Because the electrical potential is continuous at both nanopore openings into the reservoirs and
because the total voltage applied is V, Expression (5) can be further simplified to: 

.function..function..times..function..function..times..times..times..func-
tion..function..times..function..function..times..times..times..function..-
function..times..times..times..times..times..times. ##EQU00005## With this expression, the electric field,
E.sub.P(r) inside nanopore can be given as: 

.function..function..times..function..function..times..times..times..time- s. ##EQU00006## With this expression,
the electrical potential change at the trans reservoir side of the nanopore can be estimated by the electrical
potential change due to a reduction in the nanopore area, A, by the presence of a species object, such as a
molecule, in the nanopore, as: 

.delta..times..times..times..differential..differential..times..delta..ti-
mes..times..times..times..delta..times..times..pi..function..times..times.-
.times..times..times..function..times..times..times..times..times..delta..-
times..times..pi..times..times..function..times..times..times..times..time- s..function..times. ##EQU00007## 

Here .delta.A is the cross-sectional area of the molecule. 

The resistances of the nanopore sensor, namely, R.sub.Cis, R.sub.Trans, and R.sub.Pore, can be computed based
on the above expressions for voltage drop across the reservoirs and the nanopore as: 

.times..times..pi..times..times..times..function..times..times..times..ti-
mes..times..times..pi..times..times..times..function..times..times..times.-
.times..times..times..pi..times..times..times..function..times..times..tim- es..times..times. ##EQU00008## So, the
total resistance and ionic current of the nanopore sensor are given as: 

.times..times..pi..times..times..times..function..pi..times..times..times- ..times..times..times..function.
##EQU00009## 

With these expressions, it is demonstrated that the electrical characteristics of the nanopore sensor, and in
particular the distribution of electrical potential in the sensor, depends directly on the ionic concentration of the
fluidic solutions in the cis and trans reservoirs. Specifically, the ratio of the reservoir solution concentrations
directly impacts the magnitude of the change in local potential due to species translocation through the
nanopore. 

FIGS. 3B-3E are plots of electrical potential and electric field in the nanopore, demonstrating these conditions.
Given a cis/rans buffer solution concentration ratio=1:1, a 50 nm-thick nitride membrane, a 10 nm diameter
nanopore in the membrane, and a 1 V transmembrane voltage, i.e., 1 V applied between the solutions in the two
reservoirs, then the electrical potential in the nanopore as a function of distance from the nanopore opening at
the cis reservoir is plotted in FIG. 3B, based on Expression (6) above. That same potential is plotted in FIG. 3C
for a condition in which the cis/trans buffer solution concentration ratio is instead 100:1. Note the increase in
electrical potential at a given nanopore location for the unbalanced buffer solution ratio at points closer to the
lower-concentration reservoir. 



FIG. 3D is a plot of the electric field in the nanopore under the conditions given above, here for a balanced
buffer solution ratio, based on Expression (7) above. That same electric field profile is plotted in FIG. 3E for a
condition in which the cis/trans buffer solution concentration ratio is instead 100:1. Note the increase in
electrical potential at a given nanopore location for the unbalanced buffer solution ratio, and that the electric
field is dramatically stronger at points closer to the low concentration, higher resistance, reservoir. 

With this finding, it is discovered that with a condition in which the reservoir solutions are both provided as
electrically-conductive ionic solutions of the same ionic concentration, the ratio of the access resistance of the
cis reservoir, R.sub.Cis, the access resistance of the trans reservoir, R.sub.Trans, and the solution resistance of
the nanopore, R.sub.Pore, are all fixed and the nanopore resistance is much larger than the reservoir access
resistances. But under non-balanced ion concentration conditions, the reservoir having a lower ionic
concentration has a larger access resistance, that can be on the order of the nanopore resistance, while the higher-
ionic concentration reservoir resistance becomes comparably negligible. 

Based on a recognition of this correspondence, it is herein discovered that to maximize a local potential
measurement in the nanopore sensor, it is preferred that the ionic reservoir solutions be provided with differing
ion concentrations. With this configuration of unbalanced ionic concentration, the local potential measurement is
preferably made at a site in the reservoir which includes the lower ionic concentration. It is further preferred that
the buffer concentration of the lower-ion concentration solution be selected to render the access resistance of that
reservoir of the same order of magnitude as the nanopore resistance and much larger than the resistance of the
high-ion concentration solution, e.g., at least an order of magnitude greater than that of the high-ion
concentration solution, so that, for example, if the local potential measurement is being made in the trans
reservoir: R.sub.T,R.sub.P>>R.sub.C (11) 

Based on this discovery then, for a given nanopore diameter, which sets the nanopore resistance, R.sub.P, it is
preferred to decrease the ionic solution buffer concentration of the reservoir designated for local potential
measurement to a level at which the access resistance of that reservoir is of the same order of magnitude as the
nanopore resistance. This reservoir access resistance should not dominate the nanopore sensor resistance, but
should be on the order of the nanopore resistance. 

This condition can be quantitatively determined directly by electrically modelling the nanopore sensor
components in the manner described above. Based on Expression (8) above, there can be determined the ratio of
solution concentrations that maximize the potential change during nanopore translocation of a selected object for
given nanopore sensor parameters. For example, FIG. 4A is a plot of Expression (8) for a 50 nm-thick nanopore
membrane and a configuration of a 1 V TMV for electrophoretic species translocation as a dsDNA molecule
translocates through the nanopore. The potential change is shown as a function of the C.sub.Cis/C.sub.Trans
ionic concentration ratio for various nanopore diameters below 10 nm. From this plot, it is found that the local
potential change in the trans reservoir is maximized for a .about.100:1 C.sub.Cis/C.sub.Trans chamber buffer
concentration ratio for any nanopore diameter modelled here. FIG. 4B is a plot of the corresponding calculated
potential change distribution in the trans reservoir for a 10 nm-diameter nanopore at 1 V TMV for the selected
100:1 C.sub.Cis/C.sub.Trans solution concentration ratio. 

This demonstrates that based on the discovery herein, for a given reservoir site that is selected for making
electrical potential measurements, the ratio of ionic fluid buffer concentration in the two reservoirs is to be
selected with the lower buffer concentration solution in the measurement reservoir, to maximize the amplitude of
the electrical potential changes at that selected measurement site. The distribution of this resulting potential
change is highly localized within several tens of nanometers of the nanopore, as shown in FIG. 4B. For the
example 1.00:1 C.sub.Cis/C.sub.Trans solution concentration ratio and nanopore parameters given just above, it
can be determined, e.g., based on Expression (9) above, that the access solution resistance of the trans reservoir
and the solution resistance of the nanopore are indeed within the same order of magnitude. 

With this arrangement of reservoir fluidic solution buffer concentrations and potential measurement
configuration, it is noted that the local potential sensing technique of produces a local potential measurement



signal that depends on the trans-membrane voltage (TMV) and the ionic current signal. Other sensor based
nanopore technologies generally rely on a direct interaction between a translocating species and the nanopore
sensor through, e.g., electrical coupling or quantum mechanical tunnelling. For these techniques, the nanopore
output signal is typically not directly related to the TMV or ionic current and should not change significantly
when the TMV is changed. In contrast, in the local potential measurement system herein, the nanopore sensor
signal is proportional to the TMV and can be regarded as a linear amplification of the ionic current signal. As a
result, both the local potential measurement signal and the ionic current signal amplitudes depend on the TMV
linearly, but the ratio between them is a constant for a given nanopore geometry and reservoir solution
concentrations, as evidenced by the expressions given above. 

An advantage of the local potential measurement method is the characteristically high-bandwidth capability of
the measurement with low noise. Low signal bandwidth is one of the issues that limits direct nanopore sensing
by the conventional ionic current blockage measurement technique, due to the difficulties of high bandwidth
amplification of very small measured electrical current signals. This can be particularly true for a small nanopore
when employed for DNA sensing. In the local potential sensing method, a large local electrical potential signal
is measured instead of a small current signal, so the signal bandwidth is not limited by the capabilities of a
current amplifier. As a result, high-bandwidth signal processing electronics can be integrated on a solid state
nanopore sensing structure. 

Further, except for intrinsic shot noise and Johnson noise, the majority of noise contributions to an ionic current
blockage measurement technique are introduced through the capacitive coupling cross a nanopore membrane
and this capacitive coupling component of noise can be overwhelming at certain stages of nanopore operation.
Conventionally, a very small membrane area exposure to a reservoir solution is required in an effort to minimize
noise. In the local potential measurement method herein, because the local potential signal decays within a few
tens of nanometers around the nanopore for reasonable reservoir concentration ratios, the local potential
measurement signal is only affected by capacitive coupling between reservoir solutions within this local volume.
Therefore, the majority of capacitive coupling noise is automatically rejected in the local electrical potential
measurement sensing method. 

Referring to FIGS. 4C-4D, the reservoir buffer solution concentration ratio can be selected to optimize the signal
bandwidth of the nanopore sensor. Given that the local potential measurement is to be made in the trans side of
the nanopore, then the cis reservoir solution concentration is set as high as reasonable, e.g., about 4 M, about a
saturated solution, to minimize the nanopore solution resistance. Then, the signal noise as a function of
bandwidth is analyzed, e.g., based on the plot of FIG. 4C. Here are plotted the various contributions to noise as
well as the signal expected for a fluidic nanopore operation. The plot labelled "free space" refers to a
computation based on free-space molecular size. The plot labelled "Bayley" refers to computation based on
molecular size from previous work by Bayley et al, in J. Clarke et al., "Continuous Base Identification for
Single-Molecule Nanopore DNA Sequencing," Nature Nanotechnology, N. 4, pp. 265-270, 2009. The two signal
lines are the minimum signal difference that is attained between the four DNA bases, which minimum signal
exists between the A and the T bases. Here the nanopore is given as a 1 nm-diameter nanopore in a graphene
membrane, with a 4 M cis reservoir solution concentration, a buffer concentration ratio between the reservoirs of
50:1, and a voltage noise density of about 10.sup.-9 V/ Hz. The dielectric loss factor for graphene is unknown,
so 1 was used for convenience. Finding the cross point of the signal and total noise in the plot sets the 1:1 signal-
to-noise ratio (S/N). This is the highest possible signal bandwidth. For example, for the fluidic nanopore
operation, the 1:1 S/N ratio is at a bandwidth of about 100 MHz. A bandwidth greater than about 50 MHz can be
preferred as well as the 100 MHz bandwidth. 

Referring to the plot of FIG. 4D, the 100 MHz bandwidth corresponds to reservoir solution concentration ratio
of about 50:1, where the local potential measurement is to be made in the low-concentration reservoir side of the
nanopore. For the nanopore sensor parameters used in this example, any reservoir concentration ratio higher than
about 50:1 will decrease the bandwidth. Any concentration ratio lower than about 50:1 will decrease the signal-
to-noise ratio. Therefore, it is discovered herein that the bandwidth can be optimized and there exists an
optimization point of reservoir concentration ratio. The reservoir solution concentration ratio is therefore
selected based on a trade-off between the characteristic noise of the nanopore sensor and the desired operational



bandwidth of the nanopore sensor. It is to be recognized therefore that to minimize noise, the reservoir solution
concentration ratio can be increased, but that the bandwidth may be correspondingly reduced. Alternatively,
electronic signal processing, such as low-pass filtering, or other processing of the signal, can be employed. 

It is further to be recognized that in general, a smaller nanopore produces a larger signal for a given species
object to translocate through the nanopore. For applications such as sensing a particular molecule, such as DNA,
however, the nanopore extent is preferably sized based on the molecule, and the tuning of the reservoir
concentration ratio is made accordingly. 

The reservoir buffer solution concentration ratio can also be selected to produce a signal decay length, measured
from the site of the nanopore, that accommodates a selected local potential measurement device. It is recognized
that the decay length of the signal should be sufficiently large to accommodate the arrangement of a potential
measurement device within the decay length. FIG. 4E is a plot of signal decay length for a range of buffer
concentration ratios, given that the local potential measurement is to be made on the trans reservoir side of the
nanopore. The plot is based on the circuit model shown inset in the plot. 

Based on this analysis, it is shown that at concentration ratios greater than about 20 or 30, there is produced a
sufficient decay length to accommodate a device that can measure the local electrical potential within the decay
length. At concentration ratios greater than about 50:1, ample decay length is provided for making a potential
measurement within the decay length. A signal decay length greater than about 5 nm can be preferred, as well as
a signal decay length of, e.g., about 10 nm and about 20 nm. 

Turning to implementation of a local potential measurement device, as explained above, a local electrical
potential measurement can be made in the nanopore sensor with any suitable device or circuit that
accommodates the nanopore implementation. For many applications, a nanowire-based FET device can be a
well-suited device, but such is not required herein. The SET, QPC, lipid bilayer, or other device and nanopore
implementation, whether biological or solid state, can be employed. Any circuit or device that enables a local
potential measurement can be employed. 

In one example, a nanowire FET can be configured at the site of the nanopore as shown in FIG. 5. In this
nanowire implementation 50, there is provided a nanowire 62 on the support structure or membrane 14 in which
is disposed the nanopore 12. The nanowire can be formed of any suitable electrically conducting or
semiconducting material, including fullerene structures and semiconducting wires. The term "nanowire" as used
herein refers to an electrical conduction channel that is characterized by a width that is compatible with the
signal decay length measured from the nanopore site as described above. The channel width is preferably on the
same order of magnitude as the decay length and can be larger. The nanowire can be made from any
semiconductor material that is stable in the selected reservoir solution. 

FIG. 6 is a perspective view of an example implementation 65 of the nanopore sensor of FIG. 5. Here is shown
the nanowire 62 provided on a membrane 14 that is self-supported and that is disposed on a support structure 64
such as a substrate. The nanowire is provided on the membrane with a nanopore extending through the thickness
of the nanowire and the membrane. As shown in FIGS. 5 and 6, the nanopore 12 does not extend across the
width of the nanowire. There is a region 66 of the nanowire that is unbroken along the extent of the nanopore so
that electrical conduction is continuous along the length of the nanowire. A metallization region or other
electrically conducting region is provided at each end of the nanowire to form source (S) and drain (D) regions.
With this configuration, the nanopore sensor can be configured with cis and trans reservoirs as shown for
detecting translocation of species from one reservoir through the nanopore to the other reservoir. 

Referring also to FIGS. 7A-7B, the membrane and nanowire configuration can be implemented in a variety of
alternative arrangements, and the membrane is not required for applications in which a nanowire material is self
supporting and can itself function as a support structure in which the nanopore is disposed. For example, as
shown in FIGS. 7A-B, in a graphene-based nanopore sensor 68, there can be provided a membrane 70, which in
turn supports a graphene membrane 72. The graphene membrane 72 is self-supported across an aperture in the
membrane 70. The graphene membrane in turn supports a nanowire 62, with a nanopore 12 extending through



the thickness of the nanowire and the graphene, and the nanowire remaining continuous along some point of the
nanowire. As shown in FIGS. 8A-8B, this arrangement can be altered, with the nanowire 62 instead disposed
under the graphene layer 72, on a membrane 70. 

In an alternative graphene-based nanopore sensor 75, as shown in FIGS. 9A-9B, there can be configured a
support structure, such as a membrane 70, on which is disposed a graphene layer 72 that functions to provide a
structure in which a nanopore 12 is configured and that itself functions to provide a nanowire. The graphene can
be provided in any suitable geometry that provides the requisite nanowire at the site of the nanopore 12. In this
configuration, the graphene layer 72, due to its thickness and conductivity, senses the local electrical potential on
both sides of the nanopore, i.e., the conductance of the graphene layer changes as a function of the local
potential in both the trans and cis reservoirs. The nanopore sensor signal of a local potential measurement is
therefore for this graphene-based nanopore sensor an indication of the difference between the cis and trans
reservoir potentials. 

As demonstrated by these example arrangements, the membrane, nanowire, and support structure can be
configured with any in a wide range of materials combinations and thicknesses. For many applications, it can be
preferred that the structure in which the nanopore is disposed be as thin as possible, and preferably no thicker
than the extent of a species object, or object region to be detected. Example membrane materials include
nitrides, oxides, graphene, plastics, or other suitable material, which can be electrically insulating or electrically
conducting. 

As shown in FIGS. 10A-10D, for a nanowire implementation, the nanopore is provided at the location of a
nanowire 62 such that an unbroken, continuous path for electrical conduction is provided through the nanowire.
The nanopore can be provided at a central region of the nanowire, as depicted in FIG. 10A, can be provided at
an edge of the nanowire, as depicted in FIGS. 10B-10C, or can be provided at a site near to or adjacent to the
nanowire, as depicted in FIG. 10D. In all cases, a continuous path for electrical conduction is provided through
the nanowire. 

In the nanopore arrangements of FIGS. 10A-10C, it is found that that the sensitivity of the nanopore region is
also significantly enhanced compared to the sensitivity of the same region prior to nanopore drilling. This
sensitivity localization can be understood by a model accounting for the reduction of the cross-sectional area of
the nanowire as a conduction channel, assuming all other material properties, such as doping level and mobility
remain unchanged. The reduced cross-sectional area of the nanowire increases the resistance of the nanopore
region and therefore alleviates series resistance and signal attenuation from other portions of the nanowire.
Quantitatively, this sensitivity enhancement at the nanopore region can be obtained from the following equation
for a rectangular-shaped nanopore as an example: 

.DELTA..rho..times..rho..function..rho..times. ##EQU00010## 

Here, .DELTA. is the sensitivity enhancement defined as the sensitivity of the device with a nanopore divided by
the sensitivity without the nanopore, and .rho..sub.0 and .rho. are the linear resistivities of the nanowire
conduction channel with and without the nanopore, respectively. L is the total channel length and L.sub.0 is the
channel length of the nanopore region, which for this square example is equal to the side length of the nanopore
along the nanowire axial direction. For other portions of nanowire, because all parameters remain the same but
the total channel resistance is increased slightly due to the nanopore, the sensitivity should decrease slightly after
nanopore drilling. The combination of increased sensitivity at the nanopore region and decreased sensitivity of
all other nanowire portions makes the sensitivity of a nanopore sensor enhanced, self-aligned and localized at the
nanopore. 

In fabrication of the nanopore sensor, first considering a nanowire-based solid state nanopore sensor, a short-
channel nanowire can be preferred, and for many applications, a silicon nanowire (SiNW) can be preferred
because the SiNW has been demonstrated as an excellent electrical potential and charge sensor for sub-cellular
and single-virus level signalling with remarkable stability in solution. To minimize signal attenuation from
channel series resistance, the SiNW channel can be reduced, if desired, to less than about 200 nm by nickel



solid-state diffusion. SiNWs can be fabricated by, e.g., chemical vapor deposition, or other suitable process, and
disposed on a selected membrane, such as a nitride membrane, by solution. For many applications, a
commercially-available nitride membrane chip can be suitably employed. Electron beam lithography or optical
lithography can be employed for producing source and drain electrodes at ends of the nanowire. All electrodes
and electrical contacts are to be passivated with, e.g., a nitride or oxide material, and such can be accomplished
after metal evaporation and before lift-off processes. The nanopore can be produced at a selected site by, e.g.,
electron beam, or by other beam species or etching process that produces a selected nanopore dimension. 

In fabrication of a graphene-based nanopore sensor including a nanowire structure on top of the graphene
membrane, like the graphene-based nanopore sensor of FIGS. 7A-7B, first a membrane, such as a nitride
membrane, is processed to form a micron-sized aperture in the membrane, e.g., by electron beam lithography or
photolithography and reactive ion etching (RIE). Then a graphene sheet or piece is disposed on the nitride
membrane, covering the aperture, to form a graphene membrane. The graphene sheet can be synthesized by
CVD or other process, or produced by mechanical exfoliation, and transferred to the nitride membrane, over the
nitride membrane aperture. 

Electron beam lithography or photolithography can then be conducted with metal evaporation to define
electrodes in the conventional manner on the nitride membrane. Dielectrophoresis or other suitable process can
then be employed to align a nanowire, such as a silicon nanowire, on top of the graphene membrane at the
location of the aperture in the nitride membrane. Electron beam lithography or photolithography can then be
conducted with metal evaporation to define the source and drain contacts at ends of the SiNW. Thereafter,
excessive graphene can be removed by electron beam lithography or photolithography and, e.g., UV-ozone
stripper, oxygen plasma, or other suitable method to remove graphene from regions outside the intended
graphene membrane location. Finally, a nanopore is produced through a site at the nanowire and the underlying
graphene membrane by, e.g., an electron beam. 

In fabrication of a graphene-based nanopore sensor including a graphene membrane that is on top of a nanowire
FET structure, like the graphene-based nanopore sensor of FIGS. 8A-8B, a suitable structure can be employed
for configuring the arrangement, e.g., with a silicon-on-insulator chip (SOI). In this example, an aperture is first
formed through the backside thick silicon portion of the SOI chip, e.g., by XF.sub.2 etching, stopping on the
oxide layer, to form an oxide-silicon membrane. Then electron beam lithography or photolithography is
employed to remove the oxide layer from the SOI chip in a smaller aperture region, producing a membrane of
silicon from the thin silicon region of the SOI chip. This silicon membrane is then etched to form a nanowire of
silicon, e.g., with electron beam lithography or photolithography and chemical etching or RIE. In one example, a
dove-tail-shaped Si piece is formed as shown in FIG. 8B, aligned with the aperture in the oxide membrane of the
SOI chip. 

Electron beam lithography or photolithography can then be conducted with metal evaporation to define
electrodes in the conventional manner on the oxide layer. Then a graphene sheet or piece is disposed on the
oxide membrane, covering the aperture, to form a graphene membrane over the silicon nanowire. The graphene
sheet can be synthesized by CVD or other process, or produced by mechanical exfoliation, and transferred to the
oxide membrane, over the SiNW and oxide membrane aperture. It is recognized that because the graphene sheet
is being overlaid on top of the patterned silicon layer, the graphene piece may not be flat. If leakage is a concern
for this configuration, then a thin layer of, e.g., SiO.sub.x can be coated around the graphene edges to form a
sealed edge condition. 

Thereafter, excessive graphene can be removed by electron beam lithography or photolithography and, e.g., UV-
ozone stripper, oxygen plasma, or other suitable method to remove graphene from regions outside the intended
graphene membrane location. Finally, a nanopore is produced through a site at the overlying graphene and the
silicon nanowire, e.g., by electron beam, in relation to the location of the most narrow Si geometry. 

In fabrication of a graphene-based nanopore sensor like that depicted in FIG. 9A, first a membrane, such as a
nitride membrane, is processed to form a micron-sized aperture in the membrane, e.g., by electron beam
lithography or photolithography and reactive ion etching (RIE). Then a graphene sheet or piece is disposed on



the nitride membrane, covering the aperture, to form a graphene membrane. The graphene sheet can be
synthesized by CVD or other process, or produced by mechanical exfoliation, and transferred to the nitride
membrane, over the nitride membrane aperture. 

Electron beam lithography or photolithography can then be conducted with metal evaporation to define source
and drain electrodes in the conventional manner on the graphene membrane. Thereafter, the graphene is
patterned in a dovetail or other selected shape by electron beam lithography or photolithography and, e.g., UV-
ozone stripper, oxygen plasma, or other suitable method to produce a narrow graphene region in the vicinity of
the selected site for a nanopore. Finally, a nanopore is produced through the graphene membrane by, e.g.,
electron beam. 

In fabrication of a SET-based nanopore sensor like that of FIG. 1F, any suitable membrane material, both
electrically conductive and electrically insulating, can be employed. A nitride membrane structure or other
structure can be employed, such as a graphene membrane or combination graphene-nitride membrane structure
as-described above. If an electrically conducting membrane material is employed, it can be preferred to coat the
material with an insulating layer, such as an oxide or nitride layer, on the side of the membrane on which the
SET is to be formed. Electron beam lithography and metal evaporation techniques can then be employed to form
the source and drain regions and the SET region out of a suitable metal. A nanopore can then be formed at the
location of the SET in the manner given above. If an insulating layer is provided on an electrically conducting
membrane material and the insulating layer coated the length of the nanopore through the membrane, then it can
be preferred to remove that insulating material from the nanopore sidewall by, e.g., HF or other suitable etching,
from the backside of the nanopore, to remove the insulator layer from the nanopore and from the adjacent
vicinity of the nanopore. 

In fabrication of a QPC arrangement like that of FIG. 1G with a nanopore, an SOI structure can be employed,
removing the thick silicon layer in the manner described above, and then using electron beam lithography to
define the top silicon layer structure in the QPC arrangement. The nanopore can then be formed through the
membrane in the manner given above. 

These example processes are not intended to be limiting and are provided as general examples of techniques for
producing nanopore sensors. Any suitable membrane material and device material can be employed. For many
applications it can be preferred that a nonconducting membrane material be employed in conjunction with a
conducting nanowire material. The local electrical potential measurement method can be applied to any
nanopore sensor and is not limited to a particular configuration or method for producing such configuration. 

In each of these example processes, it is preferred that the dimensions of the nanopore be selected based on a
selected ratio of the reservoir buffer solution concentrations, to achieve a desired electrical potential
measurement in the manner described above, in conjunction with consideration for the species objects to be
investigated with the nanopore sensor. The analytical expressions above can be employed to determine an
optimum nanopore size for a given species to be detected by translocation through the nanopore, in concert with
the other nanopore sensor parameters and operation, for enabling electrical potential measurement for nanopore
sensing of the species. 

This is particular important for maximizing the ability to distinguish between different species objects as
nanopore translocation of the objects is conducted. For example, the graphene-based nanopore sensors described
above are particularly attractive for sensing molecular species such as DNA and other biopolymer species
because the graphene thickness is on the order of a DNA base extent. But because graphene is electrically gated
on both sides of the graphene by the cis and trans reservoir solutions, and the electrical potential in the two
reservoirs is opposite, the sum of electrical potentials that is indicated by the graphene potential measurement is
smaller than that indicated by the implementation of a nanowire on one side of a membrane. But for a small
nanopore, e.g., of about 1 nm in diameter, and with a sufficiently large ratio in buffer concentration between the
cis and trans reservoirs, the sum of electrical potentials that is indicated by the graphene potential measurement
is comparable to that of a nanowire nanopore sensor. 



Based on Expression (8) above, it can be shown that a graphene nanopore sensor enables local potential
measurements that distinguish between the A, G, C, and T DNA bases. The following table presents the cross-
sectional areas of each of these DNA bases, including the DNA backbone, based on previous work as given,
e.g., by M. Zwola et al. "Colloquium: Physical Approaches to DNA Sequencing and Detection," Review of
Modern Physics, No. 80, pp. 141-165, 2008: 

TABLE-US-00001 TABLE I Base + backbone Cross-sect. Area (nm.sup.2) A 0.4731 G 0.5786 T 0.5140 C
0.3932 

Given a graphene effective thickness in solution of about 0.6 nm and a concentration ratio of about 50:1 between
the cis and trans reservoir buffer solution ionic concentrations, then the local potential measured by the nanopore
sensor is as shown in the plots of FIG. 11 as a function of nanopore diameter. As shown in the plot, this
demonstrates that the graphene-based nanopore sensor configured with differing cis and trans reservoir solution
concentrations provides a local potential measurement signal difference of millivolts between each of the
different bases, e.g., at least about 5 mV, and enables the ability to identify bases as the bases translocate through
the graphene nanopore. 

Example I 

Fabrication of a SiNW FET Device for Nanopore Sensing 

SiNWs were synthesized using an Au-nanoparticle-catalyzed chemical vapor deposition (CVD) method. 30 nm-
diameter gold nanoparticles (Ted Pella Inc.) were dispersed on a silicon wafer coated with a 600 nm-thick layer
of silicon oxide (NOVA Electronic Materials Inc.). Boron-doped p-type SiNWs were synthesized at 435.degree.
C. and 30 torr, with 2.4 standard cubic centimeters per minute (sccm) silane as a silicon source, 3 sccm diborane
(100 ppm in helium) as a boron dopant source and 10 sccm argon as the carrier gas. The nominal doping ratio
was 4000:1 (Si:B) and the growth time was 20 minutes. The resulting SiNWs were dissolved in ethanol by
gentle sonication for .about.10 seconds. Then the NW solution was deposited onto a 50 nm-thick, 100
.mu.m.times.100 .mu.m silicon nitride TEM membrane grid (SPI supplies). Electron beam lithography and
evaporation of a 60 nm-thick layer of nickel were carried out to fabricate .about.1 .mu.m spaced-apart source
and drain electrodes on the nanowire. A layer of thickness of about 75-100 nm of silicon nitride was then
deposited by plasma enhanced CVD (NEXX Systems) on the chip immediately after metal evaporation, to
passivate all electrodes. 

Lift-off of the mask was then carried out to produce a nanowire on a nitride membrane having passivated source
and drain electrodes. The structure was then annealed by a rapid thermal processor (HeatPulse 610, Total Fab
Solutions) in forming gas at 380.degree. C. for 135 seconds to shrink the nanowire channel to an extent less than
about 200 nm. After conductivity testing of the resulting SiNW FET, the structure was cleaned by UV-ozone
stripper (Samco International Inc.) at 150.degree. C. for 25 minutes on each side. The structure was then loaded
into a field emission transmission electron microscope (TEM) (JEOL 2010, 200 kV) and a nanopore of about 9
nm or 10 nm in extent was drilled by through the nanowire at a selected location by convergent high energy
electron beam into one spot for approximately 2-5 minutes. The nanopore was sited at the edge of the nanowire,
as depicted in the arrangement of FIG. 10B, whereby a substantial portion of the nanowire width was
continuous. 

Example II 

Sensitivity Profiling of a SiNW FET Device for Nanopore Sensing 

The sensitivity of the SiNW FET sensor of the nanopore sensor was characterized by scanning gate microscopy
(SGM). A SiNW FET device was fabricated in accordance with the method of Example I, here with .about.2
.mu.m long channel length to accommodate the limited spatial resolution of SGM. SGM was performed in a
Nanoscope IIIa Multi-Mode AFM (Digital Instruments Inc.) by recording the conductance of the nanowire as a
function of the position of a -10 V biased conductive AFM tip (PPP-NCHPt, Nanosensors Inc.). The AFM tip



was 20 nm above the surface during SGM recording. 

Prior to formation of a nanopore at the nanowire site, an SGM profile was produced across the nanowire. Then a
nanopore was formed at the edge of the nanowire in the arrangement depicted in FIG. 10B. With the nanopore
present, the SGM profile of the nanowire was again produced. The SGM profile was determined by averaging
the conductance over the apparent width (.about.100 nm) of the Si NW in a perpendicular direction using
WS.times.M software. FIG. 12 is a plot of sensitivity, defined as conductance change divided by AFM tip gate
voltage, along the nanowire before nanopore formation and after nanopore formation. It is clear that the
sensitivity of the device is sharply localized and aligned with the nanopore. More importantly, the sensitivity of
the nanopore region is also significantly enhanced compared to the sensitivity of the same region prior to
nanopore formation. 

Example III 

Cleaning and Assembly of a Nanowire-Nanopore Device for Nanopore Sensing 

The nanowire-nanopore assembly produced by the method of Example I above was cleaned by UV-ozone
stripper (Samco International Inc.) at 150.degree. C. for 25 minutes on each side after formation of the nanopore.
This cleaning process is preferred to remove any possible carbon deposition on the structure. Then the structure
was annealed in forming gas at 250.degree. C.-350.degree. C. for 30 seconds to recover the conductance of the
nanowire. A further 25 minute room temperature UV-ozone cleaning was performed on each side of the
structure to ensure hydrophilicity of the nanopore just before assembly. 

To assemble the nanowire-nanopore structure with fluidic reservoirs for species translocation through the
nanopore, PDMS chambers were sonicated first in DI water, then 70% ethanol and finally pure ethanol, each for
.about.30 minutes and then stored in pure ethanol. Just before assembly, PDMS chambers were baked in a clean
glass petridish at .about.80.degree. C. for .about.2 hours to remove most of the absorbed ethanol. 

A printed circuit board (PCB) chip carrier was produced for making electrical connection to the nanopore sensor,
and was cleaned by Scotch-Brite (3M) to remove the copper surface oxide and any contaminants such as glue.
The PCB was then sonicated in isopropyl alcohol and then in 70% ethanol, each for .about.30 minutes. Gold
solution electrodes were cleaned in piranha solution for .about.1 hour just before assembly. 

The cleaned nanowire-nanopore structure was glued into a .about.250 .mu.m-deep center pit of the PCB chip
carrier using Kwik-Cast (World Precision Instruments, Inc.) silicone glue, with the device side surface
approximately flush to the surface of the rest of PCB chip carrier. The source and drain electrical contacts of the
device were wired to copper fingers on the chip carrier by wire bonding (West-Bond Inc.). The front PDMS
chamber was formed of a piece of PDMS with a .about.1.8 mm hole in the center, with a protrusion of .about.0.5
mm around one side of the hole opening, for pressing against the nanopore membrane surface to ensure a tight
seal. The PDMS chambers were mechanically clamped onto both sides of the chip carrier and Au electrodes
were inserted through the PDMS reservoirs. The gold electrodes function as electrical connections for biasing
the PDMS chamber solutions to produce a transmembrane voltage (TMV) for driving species translocation
through the nanopore electrophoretically. 

The trans chamber was selected as the reservoir in which potential measurements would be made for the
nanopore sensor. Thus, the assembly was arranged with the membrane oriented such that the nanowire was
located facing the trans reservoir. The trans chamber was filled with a solution having a concentration of
.about.10 mM buffer, with 10 mM KCl+0.1.times.TAE buffer: 4 mM tris-acetate and 0.1 mM EDTA solution.
The cis chamber was accordingly filled with a higher ionic concentration solution to provide the requisite
reservoir concentration ratio to provide a higher assess resistance at the site of local potential measurement, in
the trans chamber. The cis chamber was filled with a solution of .about.1 M buffer, as 1 M KCl+1.times.TAE
buffer: 40 mM tris-acetate and 1 mM EDTA. Both solutions were auto-cleaved, degassed by house vacuum and
filtered by 20 nm Anotop syringe filter (Whatman Ltd.) before use. 



Example IV 

Nanopore Sensing of DNA Translocation Through the Nanopore 

The nanowire-nanopore structure produced by the methods of the examples above and assembled with the
solutions having buffer concentrations as prescribed by Example III was operated for sensing translocation of
species objects, namely, double stranded DNA molecules of 1.4 nM pUC19 (dsDNA). Both the ionic current
through the nanopore and the current from the nanowire FET device were measured. 

The ionic current was amplified by an Axon Axopatch 200B patch-clamp amplifier (Molecular Devices, Inc.)
with =0.1 (1 nA convert to 100 mV) and 2 kHz bandwidth. The nanowire FET current was amplified by a DL
1211 current amplifier (DL Instruments) with a 10.sup.6 magnification (1 nA convert to 1 mV) and a 0.3 ms rise
time. Both the trans-membrane voltage (TMV) and voltage between the nanowire FET source and drain
electrodes, V.sub.sd, were acquired by an Axon Digidata 1440A digitizer (Molecular Devices, Inc.). Both
nanopore ionic current and nanowire FET signals were fed into a 1440A digitizer, and recorded at 5 kHz by a
computer. Operation of the nanopore sensor was carried out in a dark Faraday cage. To avoid 60 Hz noise that
could be introduced by the electrical grounding from different instruments, the ground line was removed from
all current amplifiers and all instruments (Amplifiers and digitizer) and the Faraday cage and were manually
grounded to the building ground together. 

Upon introduction of the dsDNA into the cis reservoir, intermittent translocation events were recorded from the
nanopore ionic current signal channel when the TMV reached .about.2 V. For the nanowire FET signal channel,
similar events were recorded in the conductance trace with almost perfect time correlation with the ionic current
measurements. FIG. 13A is a plot, i, of the measured ionic current through the nanopore, and a plot, ii, of the
measured nanowire FET conductance for a 2.0 V TMV. FIG. 13B is a plot, i, of the measured ionic current
through the nanopore, and a plot, ii, of the measured nanowire FET conductance for a 2.4 V TMV. As the TMV
was increased, the duration and frequency of translocation events measured by ionic current through the
nanopore and measured by nanowire FET local potential sensing decreased and increased respectively. From the
plots it is shown that the local potential measurement sensing method perfectly tracks the sensing by
conventional ionic current measurement. The local potential measurement method thereby enables the
determination of the time of and the duration of translocation of an object through the nanopore. 

To directly compare the signal amplitudes of the FET local potential measurement signal and the nanopore ionic
current measurement signal, the FET conductance signal of .about.200 nS and baseline of .about.24 .mu.S was
converted into a current by multiplying the signal by the 150 mV source-drain voltage. This calculation indicates
that for .about.2 nA of change in ionic current through the nanopore, with a .about.12 nA baseline, there is
produced an amplification to .about.30 .mu.A of FET current in the nanowire local potential measurement, with
a .about.3.6 .mu.A baseline. Considering that current fabrication processes are not optimized for low noise
devices and that a far higher signal-to-noise ratio has been demonstrated for SiNWs in general, the noise and
signal-to-noise ratio of the nanowire FET itself is not be the fundamental limiting factor of this measurement. 

Example V 

Local Potential Measurement Dependence on cis and trans Reservoir Buffer Concentration Difference 

To determine the impact of different ionic concentration fluids in the cis and trans reservoirs of the nanopore
sensor, a nanowire-nanopore structure was configured following the procedure in Example III above, but here
with both cis and trans chambers filled with 1 M KCl buffer instead of solutions having differing buffer
concentrations. Operation of the nanopore sensor was then conducted with dsDNA provided in the trans
reservoir, following the procedure of Example IV above, with a TMV of 0.6 V. The ionic current through the
nanopore was measured, as was the local potential, via nanowire FET conductance in the manner of Example IV.

FIG. 13C provides plots of i, the measured ionic conductance and ii, the measured FET conductance. As shown
in the plots, translocation events were sensed by changes in ionic current when the TMV reached 0.5-0.6 V but



the simultaneously-recorded FET conductance change was negligible at that voltage. The reservoir solution
concentration ratio is therefore understood to play an important role in the signal generation. 

Under the balanced buffer solution concentration conditions (1 M/1 M) of this experiment, the nanopore solution
resistance contributes the majority of the resistance of the nanopore sensor; thus, almost all of the TMV drops
across the nanopore. The electrical potential in the vicinity of the nanowire sensor is accordingly for this
condition very close to ground regardless of any change in the solution resistance of the nanopore and access
resistances of the reservoirs due to blockade during species translocation. Under the non-balanced buffer
conditions (10 mM/1 M) of Example IV above, the nanopore solution resistance and the trans chamber access
resistance are comparable, while the access resistance of cis chamber is still negligible. Any change of the
solution resistance in the nanopore and access resistance in the trans reservoir causes a corresponding
redistribution of TMV and thus a change in the electrical potential in the vicinity of the nanopore at the trans
chamber, and this potential change is what is easily detected by the local potential measurement of the nanopore
sensor. 

This example validates the discovery herein that local potential measurement nanopore sensing requires a
difference in buffer solution concentration between the reservoirs of a nanopore sensor, and that the local
potential measurement is to be conducted at the reservoir-side of the nanopore having a higher resistance, or
correspondingly lower concentration. This condition is not applicable to nanopore sensors wherein the
membrane is sufficiently thin to operate as a nanowire and to sense the potential on both sides of the membrane,
as in graphene nanopore sensors in which a graphene nanowire provides an indication of a difference between
potential on the two sides of a nanopore. In this case, a difference in buffer solution concentration is still
preferable, but the local potential measurement is not strictly limited to one side or the other of the nanopore,
given that the nanowire measurement inherently senses the potential on both sides of the membrane. 

Note in the experiments above in which the reservoir solution concentrations were equal and were unequal
required differing transmembrane voltages to initial translocation through the nanopore. For potential
measurement in the trans reservoir, with equal solution concentrations, the electric field through the nanopore is
constant, as shown in the plot of FIG. 3D. When the reservoir concentrations are different, e.g., the 100:1
concentration of the examples above, then the electric field through the nanopore is smaller on the cis reservoir-
side of the nanopore. To produce the same electric field as that obtained with equal reservoir solution
concentrations, the transmembrane voltage is required to be increased by about 4 times. This explains the data of
the plots of FIGS. 12 and 13. 

Example VI 

Multi-Channel Nanopore Sensing 

Three nanowire nanopore sensors were constructed following the methods of the examples above. The three
nanopore sensors were integrated with a common reservoir system, with a 1 M KCl buffer solution in the cis
chamber and a 10 mM KCl buffer in the trans chamber. A transmembrane voltage of 3 V was employed, and 1.4
nM of pUC19 DNA was provided for translocation through the nanopores. 

FIG. 14 provides plots i-iv of total ionic current and the nanowire FET conductance of each of the three
nanopore sensors, respectively, during DNA nanopore translocation operation. As shown in the plots, continuous
translocation events are observed in all three nanopore sensors as well as the total ionic current channel. All
nanopore sensors operated independently and every falling or rising edge apparent in the ionic current channel
can be uniquely correlated to a corresponding edge in one of the three nanopore sensors. Using the falling and
rising edge of signals from all three nanopore sensors to reconstruct the total ionic current trace, the
reconstruction is nearly perfect for of all events. This nanopore operation demonstrates that a key advantage of
the nanopore sensor is the large scale integration capability. Multiple independent nanopore sensors can be
implemented without need for complex micro-fluidic systems. 

With these examples and the preceding description, it is demonstrated that the nanopore sensor can provide



sensing of species translocating through a nanopore and can discriminate between differing objects, such as
DNA bases, as those objects translocate through the nanopore. The nanopore sensor is not limited to sensing of a
particular species or class of species and can be employed for a wide range of applications. It is recognized that
the nanopore sensor is particularly well-suited for sensing of biopolymer molecules that are provided for
translocation through the nanopore. Such molecules include, e.g., nucleic acid chains such as DNA strands, an
oligonucleotide or section of single-stranded DNA, nucleotides, nucleosides, a polypeptide or protein, amino
acids in general, or other biological polymer chain. There is no particular limitation to the species object to be
sensed by the nanopore sensor. With differing reservoir solution concentrations, it is demonstrated that the
nanopore sensor can operate with reasonable bandwidth and sensitivity for discriminating DNA bases, and
therefore enables DNA sequencing. It is recognized, that those skilled in the art may make various modifications
and additions to the embodiments described above without departing from the spirit and scope of the present
contribution to the art. Accordingly, it is to be understood that the protection sought to be afforded hereby should
be deemed to extend to the subject matter claims and all equivalents thereof fairly within the scope of the
invention. 

* * * * *
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