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N anopore sensors have emerged as a label-free and amplification-free technique for measuring single molecules. First

proposed in the mid-1990s, nanopore detection takes advantage of the ionic current modulations produced by the passage
of target analytes through a single nanopore at a fixed applied potential. Over the last 15 years, these nanoscale pores have been
used to sequence DNA, to study covalent and non-covalent bonding interactions, to investigate biomolecular folding and unfolding,
and for other applications.

A major issue in the application of nanopore sensors is the rapid transport of target analyte molecules through the nanopore.
Current recording techniques do not always accurately detect these rapid events. Therefore, researchers have looked for methods
that slow molecular and ionic transport. Thus far, several strategies can improve the resolution and sensitivity of nanopore sensors
induding variation of the experimental conditions, use of a host compound, and modification of the analyte molecule and the
nanopore sensor.

In this Account, we highlight our recent research efforts that have focused on applications of nanopore sensors including the
differentiation of chiral molecules, the study of enzyme kinetics, and the determination of sample purity and composition. Then we
summarize our efforts to regulate molecular transport. We show that the introduction of various surface functional groups such as
hydrophobic, aromatic, positively charged, and negatively charged residues in the nanopore interior, an increase in the ionic
strength of the electrolyte solution, and the use of ionic liquid solutions as the electrolyte instead of inorganic salts may improve the
resolution and sensitivity of nanopore stochastic sensors. Our experiments also demonstrate that the introduction of multiple
functional groups into a single nanopore and the development of a pattern-recognition nanopore sensor array could further
enhance sensor resolution.

Although we have demonstrated the feasibility of nanopore sensors for various applications, challenges remain before
nanopore sensing is deployed for routine use in applications such as medical diagnosis, homeland security, pharmaceutical
screening, and environmental monitoring.

Introduction

Understanding of molecular and ionic transport through
channels or pores is of paramount interest in many fields
such as biology and medical biotechnology. One emerging
technique utilized for the experimental study of this impor-
tant topicis nanopore stochastic sensing. Nanopore sensing
can detect analytes at the single-molecule level, in which a
nanoscale sized pore (either a biological ion channel
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embedded in a planar lipid bilayer or a single artificial pore
fabricated in a solid-state membrane) is used as the sensing
element.! Similar to a Coulter counter,? a device for count-
ing microscale particles and cells, nanopore sensors detect
analytes based on the ionic current modulations produced
by the passage of these substances through the channel
bathed in salt solutions at a fixed applied potential
(Figure 1). Unlike the electrostatic gating,>* which relies
on the electrostatic interaction between the ions and the
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FIGURE 1. Schematic representation of the principle for nanopore stochastic sensing.

binding site(s) of the channel to regulate the transport of
charged species in the protein ion channels and synthetic
pores, nanopore sensors can detect a variety of analytes
(charged or uncharged) based on various noncovalent bond-
ing interactions including hydrophobic interactions, aro-
matic interactions, electrostatic interactions, and hydrogen
bonding. The concentration of the analyte can be obtained
by the frequency of occurrence (1/zon) of the recorded
blockage events, while its identity can be determined from
the mean residence time (7o) of the analyte coupled with
the extent of current blockage (amplitude) (Figure 1). Since
analytes interact with the binding site of the nanopore one
molecule at a time, multiple components in a solution
mixture can be quantitated simultaneously using a single
nanopore if they produce events having different signatures
(i.e., residence times or blockage amplitudes).®

The most often used stochastic sensor element is a single
transmembrane protein, a-hemolysin channel. The wild-
type a-hemolysin forms a mushroom-shaped pore, which
consists of seven identical subunits arranged around a
central axis. The opening of the ~10 nm long channel on
the cis side of the bilayer measures 2.9 nm in diameter and
broadens into a cavity of ~4.1 nm across. The cavity is
connected to the transmembrane domain, a 14-stranded
p-barrel with an average diameter of 2.0 nm. Several proper-
ties of the a-hemolysin pore make it unique as a sensor
element in stochastic sensing, including known three-
dimensional structure, tolerance of structural modification
without losing functioning, relatively large single-channel
conductance, and quiet open channel without transient
background current modulations.

It has been well documented that several factors would
strongly affect the translocation of molecules or ions
through channels, thus playing important roles in the per-
formance (e.g., resolution and sensitivity) of nanopore
2868 = ACCOUNTS OF CHEMICAL RESEARCH

2867-2877 = 2013 = Vol. 46, No. 12

stochastic sensing. These include physical conditions (e.g.,
pH, voltage, temperature) and the nature (i.e,, structural
characteristics) of the nanopore.®'" Therefore, in order to
develop highly sensitive hanopore sensors, two common
strategies could usually be employed. The first strategy is
structural modification of the nanopore, while the second
one involves adjusting the working conditions for the ex-
periment to regulate molecular and ionic transport, thus
improving the performance of the nanopore sensor. It
should be noted that several substances have been detected
based on host—guest interactions.'>~'* However, at pre-
sent, the majority of the developed nanopore sensors rely
on construction of molecular recognition in the nanopore
interior, which could be achieved by introducing various
surface functional groups such as hydrophobic, aromatic,
positively charged, and negatively charged residues inside
the nanopore as the binding sites. This sensing principle,
which utilizes noncovalent bonding interactions between
the well-defined binding site(s) located within the channel
interior and the molecules or ions passing through the pore
to detect analytes, has been employed for the successful
development of ultrasensitive sensors for a wide variety of
substances.'®'#1>~21 |n addition to their applications in
biosensing, these nanoscale sized pores have also offered
new possibilities for studying covalent and noncovalent
bonding interactions,?*?3 investigating biomolecular fold-
ing and unfolding,***> sequencing DNA molecules,?° 32 etc.

Since various aspects of the nanopore stochastic sensing
technology have been summarized by many good
reviews,'373% in this Account, we will highlight some of
the recent research efforts of our group, especially focusing
on the utilization of nanopore sensors for various new
applications. Specifically, we will first overview the effort of
utilizing nanopore sensing for differentiation of chiral mo-
lecules, study of enzyme Kinetics, and determination of



©
S
o

a S-ibuprofen

BRI TAN T

o
o
5
w

1(pA)
Normalized Count

-20

o
o
O

-4 0
Amplitude (pA)

o
=
[S)

R
R-ibuprofen

A AL AN

0.05

o N

. 1 (pA)

o
o
=

8 B 4 2 0
0.10 Amplitude (pA)
c R-ibuprofen+Sibuprofen R

0 _ _ _ -

ONE

1(pA)

-20 3ms
-

Normalized Count Normalized Count

-8 -4 0
Amplitude (pA)

FIGURE 2. Current traces showing the interaction of (R)- and (S)-ibu-
profen with the (M113F/K147N),-8CD complex: (A) 20 uM (S)-ibupro-
fen; (B) 20 uM (R)-ibuprofen; (C) 20 uM (S)-ibuprofen and 20 uM (R)-
ibuprofen. ACD (40 «M) was added from the trans side and ibuprofen
from the cis side. Recordings were made at —80 mV (cis at ground) in
10 mM sodium phosphate buffer, pH 7.4, containing 1 M NaCl. The
corresponding amplitude histograms are shown (total counts =1, un-
occupied (M113F/K147N), - SCD state omitted from plot). Reprinted with
permission from ref 37. Copyright 2006 American Chemical Society.

sample purity and composition. Then, we will discuss var-
ious approaches to regulate molecular transport and im-
prove the sensitivity of nanopore stochastic sensors.

Applications of Nanopore Stochastic Sensing

Chiral Molecule Differentiation. Chiral molecules are
nonsuperposable with their mirror images. In many cases,
the two mirror images of a chiral molecule (called enantio-
mers) can act as two different drugs. In general, one enan-
tiomer has a higher degree of potency and a better safety
profile than the other, while one enantiomer may cause
more side effects than the other. Therefore, the ability to
determine which form of a chiral molecule is present in a
substance and rapidly quantify the enantiomers of small
chiral molecules is critical to the pharmaceutical industry. By
using an engineered a-hemolysin protein pore as the sens-
ing element and a host compound pg-cyclodextrin as a
molecular adapter, Kang et al. have successfully differen-
tiated the R- and S-enantiomers of two drug molecules,
ibuprofen and thalidomide, due to their quite different event
blockage amplitudes (Figure 2).3” It was found that whether
p-cyclodextrin and these drug molecules entered the
nanopore from the cis entrance or via the trans opening
of the channel affected the enantiomer differentiation
significantly. The best separation between the (R)- and
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(S)i-thalidomides was achieved when these drug isomers
were added to the trans side of the pore, while (R)- and
(S)-ibuprofens were best separated when -cyclodextrin and
ibuprofens were added to different sides of the channel.
Kang et al. further showed that nanopore stochastic sensing
could be a useful tool for kinetic study of racemization. For
example, in the absence of human serum albumin (HSA),
~50% of (S)-thalidomide was converted into (R)-thalidomide
or vice versa in ~24 h. In contrast, in the presence of HSA,
such a racemization only required ~30—60 min, thus pro-
viding evidence that racemization of thalidomides can be
catalyzed by HSA.

Exploring Enzyme Kinetics. Proteases are involved in a
wide variety of physiological processes within living cells. To
evaluate their functional roles in complex biochemical net-
works and for clinical assays, development of a label-free
and easy-to-use methodology for the rapid and inexpensive
detection of protease—substrate interaction is highly impor-
tant. Although the feasibility of utilizing nanopores to moni-
tor enzyme activity was demonstrated more than a decade
ago,”® obtaining quantitative chemical kinetics information
on enzymatic processes with nanopores is a very recent
development in the field of nanopore sensing. One striking
example of such an effort was reported by our group,
in which an engineered o-hemolysin (M113F); channel
was used to study the trypsin cleavage of a fragment of
amyloid-$ (A-p) peptide (residues 10—20) with a sequence of
YEVHHQKLVFF.3® We found that in the absence of trypsin, a
serine protease to cleave peptide bonds after arginine or
lysine amino acid residues, only a single type of blockage
event with a large mean residence time and a small residual
current was observed, which was due to the substrate,
peptide A-3(10—20). In contrast, upon addition of trypsin
to the substrate-containing electrolyte solution, two new
types of events with shorter residence times and smaller
blockage amplitudes were observed, which were attributed
to the cleavage products of peptide A-5(10—20) (Figure 3).
From the fraction of the events due to the substrate or
cleavage products, we could monitor substrate digestion
as a function of time. The Michaelis constant, K,,,, and the
catalytic rate constant, k., for the reaction between trypsin
and A-3(10—20) could further be calculated from the Line-
weaver—Burk plot using the frequency of the events pro-
duced by the substrate breakdown products. In addition to
providing valuable information on enzyme Kinetics in real
time and without modification of the substrate, another
advantage of this nanopore sensing approach is that it could
also reveal identities of the cleavage products.
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FIGURE 3. Monitoring of A-3(10-20) cleavage by trypsin. (a) Repre-
sentative segments of a single-channel recording trace at various times.
Dashed lines represent the levels of zero current. (b) Corresponding
time-dependent event amplitude histograms. Dashed lines 1, 2, and 3
represent the mean residual current levels for peptides YEVHHQKLVFF,
YEVHHQK, and LVFF, respectively. Reprinted with permission from

ref 38. Copyright 2009 American Chemical Society.

Detection of Sample Purity and Composition. The ca-
pability for the rapid and sensitive determination of sample
purity and composition is highly important in various re-
search areas such as chemical synthesis and pharmaceutical
industry. Although numerous detection methods including
high-performance liquid chromatography have been devel-
oped for this purpose, development of other techniques that
can provide more sensitive and less expensive analysis is
still desired. The principle for the nanopore determination of
sample purity and composition is based on the multianalyte
detection capability of stochastic sensing,®> which permits
distinguishable events produced by the interactions be-
tween various sample components and the pore. To de-
monstrate this new application of nanopore stochastic
sensing, we studied the interaction between cyclofructans
(CFs) and an engineered a-hemolysin (M113F); nanopore.3®
CFs are cyclic oligosaccharides, which consist of six or more
p-fructofuranose units, and have been used in a variety of
applications mainly as consumer product additives and in
chromatography. We found that, indeed, CF6 and CF7
produced events with different residence times and block-
age amplitudes in the nanopore. Furthermore, both the
event residence time and blockage amplitude of CF6 were
smaller than those of CF7 (Figure 4), which suggests that CF7
not only has a larger molecular size than CF6 but also could
interact more strongly with the (M113F); pore. By establish-
ment of the dose—response curves for CF6 and CF7, the
concentrations of these two components could be obtained,
2870 = ACCOUNTS OF CHEMICAL RESEARCH
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which could then be used to calculate the purity and com-
position of the sample. To further document this new
application of nanopore stochastic sensing, we examined
a mixture of cyclodextrin (CD) sample containing aCD, 5CD,
and yCD using the wild-type a-hemolysin pore. Again, we
observed three types of events with significantly different
mean residence times and residual currents. Therefore,
accurate determination of the purity and composition of
the CD sample could be accomplished.

Improving the Sensitivity of Nanopore
Sensors

Construction of Noncovalent Bonding Sites in the
Nanopore Interior. As discussed in the Introduction, it has
been well established that the resolution and sensitivity of
stochastic sensing is largely dependent on the nature of the
nanopore. Therefore, structural modification of the nano-
pore to introduce a variety of new functional groups in
the nanopore interior to regulate the transport of target
analytes provides an effective means to increase the nano-
pore sensitivity and selectivity. To demonstrate this concept,
we investigated peptide translocation in three a-hemolysin
pores including the wild-type (WT); as well as mutants
(M113F); and (2FN),.> Note that the (M113F); pore has an
aromatic binding site (containing seven aromatic phenyl-
alanine side chains at position 113) for aromatic molecules,
while in addition to these seven phenylalanine residues, the
(2FN) pore has seven additional phenylalanine amino acids
at position 145.

Figure 5 shows the electrical recording traces as well as
residual current and mean residence time plots for peptide
Y6 (consisting of six aromatic tyrosine amino acids) in
the three a-hemolysin protein pores. It is apparent that the
translocation of Y6 in the (WT); a-hemolysin protein pro-
duced much shorter duration events and had a much smaller
formation constant than its transport in the other two
mutant pores. The significant difference in the event resi-
dence time and formation constants observed in the three
o-hemolysin pores may be attributed to the weak hydropho-
bic interactions occurring between the peptide and the (WT),
pore, while additional aromatic interactions were involved
with peptide Y6 and the other two mutant, (M113F); and
(2FN), pores. Further, we noticed that, with more aromatic
residues engineered inside the lumen of the protein pore
(i.e., (2FN); pore vs (M113F); pore), a stronger binding affinity
between the peptide and the pore was observed. Taken
together, the combined results suggest that the functional
groups engineered inside a protein pore are responsible for
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FIGURE 4. Nanopore detection of cyclofructans: (a) CF7 (>99% pure); (b) CF6 (>99% pure); (c) CF6 (95%) + CF7 (5%); (d) CF6 (15%) + CF7 (85%).
(left) Typical single channel current recording traces; (middle) the corresponding scatter plots of event amplitude vs residence time; (right) the
corresponding event amplitude histograms. I,/l, in the middle and right panels is normalized blockage residual current, which was obtained by
dividing the average blockage residual current of an event by the average open channel current. Reprinted with permission from ref 39. Copyright

2011 Royal Society of Chemistry.
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FIGURE 5. Effect of the structure of protein pores on peptide translo-
cation. Typical single-channel recording traces: (a) (WT), (b) (M113F);,
and () (2FN), showing the interaction between peptide Y6 and three
different protein pores; (d) event residual currents; (e) formation con-
stants K. Reprinted with permission from ref 5. Copyright 2009
American Chemical Society.

the affinities between peptides and the protein ion channel,
thus predominantly determining the sensitivity and the
resolution of the stochastic nanopore sensor. With the much
enhanced resolution of the engineered protein pore, we
successfully differentiated a series of short peptides, includ-
ing those differing by only one amino acid. The feasibility of

utilizing the engineered protein pore for simultaneous de-
tection of a mixture of peptides (Figure 6) and even differ-
entiation of peptide sequences was further demonstrated.
It should be mentioned that, in the various nanopore
stochastic sensors developed so far, the sensing element
usually possesses a binding site that contains a single or
several identical functional groups. Nanopore sensors made
by such a modification strategy sometimes could not pro-
vide an enough resolution for analyte differentiation. For
example, Wang et al. reported a rapid sensor to detect
cyclohexyl methylphosphonic acid (CMPA) and pinacolyl
methylphosphonate (PMPA), hydrolytes of nerve agents
soman and cyclosarin, respectively, by using the (M113F/
K147N); protein pore and j-cyclodextrin as a molecular
adapter.*° Although this sensor is very sensitive, with detec-
tion limits of the order 100 nM or better, CMPA and
PMPA could not be differentiated due to their similar event
residence times and blockage amplitudes. Recently, Gupta
et al. designed a multifunctionalized a-hemolysin pore,
(M113K)5(M113Y-D8),, for the successful differentiation
and simultaneous quantification of CMPA and PMPA, in
which two different functional groups (lysine and tyrosine)
Vol. 46, No. 12
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FIGURE 6. Simultaneous detection of a mixture of peptides. Event histograms of (a) peptide Y6; (b) a two-peptide mixture containing Y6 and YPFW; (c)
a mixture of three peptides containing Y6, YPFW, and YWPF; (d) a mixture of four peptides containing Y6, YPFW, YWPF, and YPWG; (e) a mixture of Y6,
YPFW, YWPF, and YPWG where the concentration of YPFW was three times larger than that of the mixture in panel d; and (f) the corresponding
representative single-channel current trace of panel d, in which the individual Y6, YPFW, YWPF, and YPWG events were arrow-marked at different
levels. Reprinted with permission from ref 5. Copyright 2009 American Chemical Society.

were concurrently introduced within the interior of a single
a-hemolysin pore.*! In this (M113K)3(M113Y-D8), pore, the
function of the four M113Y-D8 subunits is to hold the
p-cyclodextrin host tightly inside the channel, which could
then capture CMPA/PMPA, while the three positively charged
lysine residues in the M113K subunits may interact with the
polar phosphonate group of CMPA/PMPA, thus improving
the organophosphate differentiation resolution. This multi-
functionalized nanopore approach provides new strategies
for future nanopore sensor design.

Increasing the Concentration of Electrolyte Solutions. It
is well-known that ionic strength affects the rates of chemi-
cal reactions, particularly those involving charged particles.
To investigate the feasibility of utilizing the salt effect to
improve the resolution and sensitivity of the nanopore
sensor, we studied the effect of ionic strength on three types
of noncovalent bonding interactions (electrostatic, aromatic,
and hydrophobic interactions) by monitoring the interac-
tions between three types of analytes and three o-hemoly-
sin protein pores having different binding sites.?®> Our
experimental results showed that with an increase in the
ionic strength of the electrolyte solution, the association rate
constants of both hydrophobic and aromatic interactions
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were retarded, while that of the electrostatic interaction was
accelerated (Figure 7). This suggests that the salt effect on the
rate of association of analytes to a pore differs significantly
depending on the nature of the noncovalent interactions
occurring in the protein channel. On the other hand, as the
ionic strength increased, dramatic decreases in the dissocia-
tion rate constants were observed for all three types of
noncovalent bonding interactions studied, resulting in signif-
icant increases in the overall reaction formation constants.
This result suggests that the salt effect indeed can be used as
an effective approach to significantly increase the resolution
and sensitivity of the nanopore stochastic sensor. Hence,
variation of the salt concentration may find useful application
in stochastic sensing, for example, in the analysis of small
molecules, and in the differentiation and even simultaneous
detection of a mixture of structurally similar compounds.
Use of lonic Liquid Solutions as the Electrolytes. Nano-
pore experiments are usually performed in large concentra-
tions of inorganic salt solutions such as 1 M NaCl or 1 M KCl.
As discussed in the Introduction, in addition to the nature of
the nanopore, physical conditions also play important roles
in transporting molecules and ions through channels. For
example, various experimental parameters such as voltage,



temperature, and pH of the solution have been used as an
effective means to regulate molecular transport.° 2 Re-
cently, our group investigated the feasibility of utilizing other
salt solutions such as ionic liquids (generally containing
bulky organic cations) instead of the commonly used
NaCl/KCl as the background electrolytes in nanopore
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sensing to improve nanopore resolution. In our experi-
ments, the interaction between boromycin and the a-hemo-
lysin protein pore was monitored in T M NaCl and 1 M ionic
liquid butylmethylimidazolium chloride (BMIM-CI) solutions.
We found that the events in T M BMIM-CI solution showed a
2.6-fold larger mean residence time than those in 1 M NacCl
solution (8.54 + 0.04 ms versus 3.29 & 0.04 ms)."3 A similar
observation has been made by Modi et al. in their study of
the interaction of ampicillin with the outer membrane porin
F (OmpF), where a 1 M BMIM-Cl solution increased the
residence time of ampicillin by a factor of 3 compared with
a KCl solution of the same concentration.*?

The feasibility of utilizing aqueous solutions of ionic
liquids to slow single-stranded DNA (ssDNA) translocation
through the nanopore was then further investigated. It
should be noted that one of the most prominent potential
applications of nanopore technology is DNA sequencing. In
nanopore DNA sequencing, ssDNA molecules are electro-
phoretically driven through a nanochannel; the discrimina-
tion of polynucleotides might be achieved based on their
different current signatures in the pore (e.g., residence times
or current blockage amplitudes). Unfortunately, one of the
major hurdles of utilizing nanopores to sequence ssDNA
molecules is their rapid translocation velocity (~1-3 us/
base) through the nanopore,” which prevents the detection
of the local structure or sequence of the freely translocating
DNA via ionic current measurement. To slow and control
DNA translocation, a number of techniques have been
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residence time histogram of long duration events. /I, in panel b is normalized blockage residual current, which was obtained by dividing the average
blockage residual current of an event by the average open channel current. Reprinted with permission from ref 43. Copyright 2009 American
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into the lipid bilayers formed on the apertures of the Teflon films which separate the cis and trans compartments; and (c) circuit diagram of the pattern-
recognition stochastic sensor, in which four switches were used to control component sensor(s) to be monitored. Reprinted with permission from

ref 48. Copyright 2009 Institute of Physics.
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examined.??3%43-4> We found that utilizing ionic liquid
BMIM-CI solution as the background electrolyte instead of
NadCl/KCl resulted in ~2 orders of magnitude reduction in the
velocity of DNA translocation through protein pores
(Figure 8).*> Compared with other physical conditions, such
as temperature, ionic strength, viscosity, etc., the effect of
organic salts on DNA translocation was far more significant.
Development of Pattern-Recognition Nanopore Sen-
sor Array. The mammalian olfactory system can distinguish
thousands of individual odors by using an array of nonspe-
cific cross-reactive receptors with different affinities for ana-
lytes of interest.*® In such a system, an odor is sensed by
millions of sensory receptor neurons in the olfactory epithe-
lium, and the resulting temporal response pattern from
many receptor cells is then transmitted to the brain, where
pattern recognition methods are used to identify, classify,
and quantify the odor of interest. This biological sensing
principle has been employed by bioinspired, artificial olfac-
tory systems (well-known as “electronic nose”), which consist of
an array of semiselective sensors to identify and discriminate
different organic compounds (‘odors’) based on a pattern-
recognition algorithm.*” Such a biological sensing principle
was recently employed by our group to improve the resolution
of nanopore analysis.*® In the constructed pattern-recognition
nanopore sensor, an array of protein pores modified with a
variety of noncovalent bonding sites were used as the sensing
elements (Figure 9). Five compounds were examined, in-
cluding organophosphate diethylenetriaminepentamethyle-
nephosphonic acid (DTPMPA), as well as four peptides:
cyclo(P-G)3, YYYYYY (Y6), YPFF, and HIV-1 TAT protein
peptide (TATp) with a sequence of YGRKKRRQRRR. The
collective responses of each individual component nanopore
to a compound (Figure 10a) produce diagnostic patterns
characterized by event residence time (Figure 10b) and am-
plitude (Figure 10c), which can independently or collectively
serve as an analyte signature(s). With an increase in the
dimensionality of the signal, the nanopore sensor array
provided an enhanced resolution for the differentiation of
analytes compared with a single-pore configuration.*®

Concluding Remarks

Nanopore stochastic sensing has shown great potential as
an emerging science and technology for various applica-
tions. However, two major issues need to be addressed in
order to transition the currently available nanopore technol-
ogy to deployable sensors for the analysis of real-world
samples. First, most of the nanopore stochastic sensors
reported thus far rely on weak noncovalent bonding
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interactions to detect analytes and hence are only semise-
lective. It is likely that a number of matrix components in the
real-world samples will potentially interfere with the detec-
tion of target analytes. In addition to constructing a pattern-
recognition nanopore sensor array to improve the sensor
resolution, another viable approach to overcome the matrix
effect is to develop functionalized nanopores possessing
highly selective binding sites. For example, such pores can
be produced by attaching aptamers, antibodies, or other
ligands to the pore interior. Alternatively, selective nanopore
sensors can be constructed by self-assembly of supramolecules.
Such synthetic nanopore or lipid bilayer based sensing systems
have successfully been constructed to detect enzyme activity
and differentiate odorants.**>° Further, nanopore sensors can
be coupled with chromatography, thus offering great promise to
the selective detection of the target analyte. Second, various
applications of the nanopores reported so far have mainly been
achieved using protein ion channels. The high sensitivity and
selectivity of these biological nanopores are accomplished
based on modification of the nanopore interior to introduce a
variety of new functions at specific positions. However, the
protein pore-based stochastic sensing is not suitable as deploy-
able tools for extended usage due to the fragility of the
biological membranes used in such sensing platforms. Devel-
opment of artificial nanopores in robust solid-state substrates
offers great potential as portable/fieldable stochastic sensors.
These artificial pores have many advantages over the biological
pores. For example, they can have flexible pore diameters and
lengths, function in a variety of extreme conditions, and be used
repetitively. However, the currently available artificial pore
technology provides a poor resolution and selectivity due to
the difficulty in imparting these nanopores with surface func-
tionalities. Although significant advancements have been made
in the introduction of selectivity and chemical functions to solid-
state nanopores,>' ~>* new techniques are still needed for this
effort.
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