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Nanometer-scale pores: Potential applications
for analyte detection and DNA
characterization

John J. Kasianowicz
National Institute of Standards and Technology, Gaithersburg, MD 20899-8313, USA

Abstract. Several classes of transmembrane protein ion channels function in vivo as sensitive and selective detection elements
for analytes. Recent studies on single channels reconstituted into planar lipid bilayer membranes suggest that nanometer-scale
pores can be used to detect, quantitate and characterize a wide range of analytes that includes small ions and single stranded
DNA. We briefly review here these studies and identify leaps in technology that, if realized, might lead to innovations for the
early detection of cancer.

1. Introduction in real-world sensing applications, an understanding
of the mechanism(s) for analyte-induced conductance
Proteins that form nanoscale pores in cellmembranes changes would certainly be advantageous.
perform many cellular functions, including the prop- Well over a million ions per second flow through a
agation of the action potential in nerve [1,2], protein fully open single channel. In some cases, this flux can
translocation [3,4] and cell-cell coupling [5]. One type be leveraged (or “gated”) by a few analytes that bind
of pore-forming proteins, receptor channels in nerve to critical regions on the channel. In a sense, analyte-
that bind neurotransmitters, convert a chemical signal gated channels are Biology’s equivalent of the solid-
(i.e. the neurotransmitter secreted by presynaptic neu- state transistor. It follows that the amplification created
rons) into an electrical one (i.e., a change in the post- by this leverage provides the basis for using nanopores
synaptic transmembrane potential). Receptor chan- as detectors for analytes.

nels accomplish this by changing their ionic conduct- | briefly review here recent studies on the ability of
ing state depending on the number of neurotransmitters nanoscale pores to function as sensing elements for a
that are bound to them. wide range of analytes including individual molecules

There are several mechanisms by which analytes of single-stranded DNA.

could alter channel conductance. These include: phys-

ically occluding the pore lumen, altering the pore ge-

ometry; competing for the site to which the permeant 2. Lessonslearned from ion channels gated by

species occupy before they are translocated or altering  small ions

the local electrostatic potential and thus the concentra-

tion of permeant ions near the pore. If channels orar-  In addition to receptor channels, there are other pro-

tificially produced nanopores are to eventually be used teinaceous pores that are gated by small ions or other
effectors. For example, it was shown that the reversible
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Fig. 1. Ribbon diagram views of the-hemolysin ion channel crystal structure [11]. (Left) The channel 50 nm long from top to bottom.

The anti-parallel3-Sheets in the bottom half of the structure spans a bilayer membrane. (Right) The top view of the channel illustrates the

7-fold symmetry of the molecule. Although not shown explicitly in this representation, the smallest constriction inside the-pbre imsn in

diameter [11].

between two different conductance stat€s,andCs
and that this reaction can be described by the equation

HT +01'$‘ C,.

kots

1)

The forward and reverse rate constants for the reac-
tion, kon andkog, are defined by = ko, / ko, Where
1/kos is the mean time that a particular amino acid
side chain is bound with a protot is the reaction
equilibrium constant, and the< is defined asleg , | K.

If the side chains are acidic, then forH <«
pKor pH > pK, the proton binding site is virtu-
ally always occupied or unoccupied, respectively. At
pH = pK, the channel spends, on average, half the
time in each of the two conducting states. Ifthe individ-

ual current fluctuations between states can be resolved,

[

2.0

6.2

ph = 8.0

Fig. 2. Thea-hemolysin ion channel as a model sensor for small
ions. The single channel conductance is pH dependent [8,9] and
analyses of the mean conductance and the frequency content of the
current fluctuations provided an estimate of t€ and kinetic rate
constants for the binding ofl™ or D ions to the channel. The

pH (or pD in D20 solutions) is determined directly from the mean
current and/or the statistical variance of the current noise. Adapted
from [9].

the proton concentration and reaction rate constants are formed from seven identical monomers[10,11], asis il-

easily determined from the relative time the channel
spends in each conducting state.
During the past decade, it was posited that single ion

lustrated in Fig. 1. Thus, even if the reversible protona-
tion of only one of the side chains per monomer caused
the current fluctuations, resolving individual conduc-

channels might prove useful as components of sensors tance state changes is made more difficult because of

for specific analytes [8,9]. The principle of analyte
detection and identification is simple. The binding of
analyte to a site inside the pore or near the pore mouth

the channel’'s seven-fold symmetry. However, it was
shown that “spectral” or “noise” analysis of the fluctua-
tions could be used to measure the reaction parameters

causes fluctuations in the single channel current. These (i.e., thepK, ko, andk.g ), thepH, and the number of
conductance fluctuations could be caused by changesrelevant ionizable residues (Fig. 2).

in the electrostatic potential inside or near the pore,
by changes in the conformation of the channel, or by
occlusion of the pore.

More recent studies on proton binding to the chan-
nel formed by the bacterial exotoxBaphylococcus
aureus a-hemolysin ¢HL) demonstrated that the re-
action rate constants and tHé* concentration can
be determined from the frequency content of fiie -
induced current fluctuations [8,9]. Th&iL channelis

Based on these results, we concluded that nanoscale
pores could be used to measure chemical reaction
rates, which are characteristic for particular molecu-
lar species, and the concentration of analytes in solu-
tion [8]. We subsequently used noise analysis [12—14]
to distinguish betwee®*+ and H* induced conduc-
tance fluctuations in theHL channel [9].

To broaden the range of analytes that could be de-
tected using an ion channel, genetic engineering was
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then used to affix novel analyte binding sites for heavy - polyNT  + polyNT
metal divalent cations to theHL channel [15-18].
Shortly thereafter, the detection of molecular species (PN S ———

from analyte-induced single channel current fluctua-
tions became known as “stochastic sensing”. It should
be noted that Menestrina and his colleagues demon-
strated that higher concentrations of divalent and triva-
lent cations caused the wild-typeHL channel to
slowly gate from a fully open to a less conducting
state [19].

Krasilnikov, his colleagues and others demonstrated
that the radius of theHL channel could be estimated
from the ability of size-selected neutral polymers, e.g.,
poly(ethylene glycol) or PEG, to partition into the S sec
pore [20_2.2]' ngher_bandWIdth recordings apd spec- Fig. 3. DNA transport in thex hemolysin channel. (Left) In the ab-
tral analysis of PEG-induced current fluctuations per-  sence of polynucleotides, the single channel current is large and qui-
mitted Bezrukov and ourselves to show that the poly- escent. (Right) The addition of single-stranded DNA to the solution
mer most likely binds to theHL channel walls [23_ bathing one side of the membrane causes transient current blockades.

. . . Most of the blockades correspond to polynucleotides that completely

25]. This effect markedly increases the mean residence eaq through the channel [28].
time of PEG in the pore over that predicted using ei-

ther a one dimensional diffusion equation or any other hind macromolecules in its pore lumen. It may not be
simple relationship for polymer mobility in the bulk  easy to design a site that binds such adapters in a robust
aqueous phase. Thus, the transit of even a single poly- nanopore. Another potentially complicating factor is
mer through the pore can be detected using conven- thatthe molecular adapter has to bind simultaneously to
tional electrophysiological techniques. For example, two molecules: the analyte of interest and a site or sites
random-flight polymers of poly(ethylene glycol), i.e.  inside the nanopore. Lastly, the molecular adapter ap-
PEG, that are small enough to partition into thiell. proach substitutes one difficult problem (i.e., designing
pore should diffuse the length of the channel in about analyte binding sites in a nanopore) with a potentially
100 nanoseconds as they apprently do in the alame- more difficult one (doing the same thing in an even
thicin channel [25]. In contrast, PEGs that enter the smaller pore-shaped molecule). If these difficulties can
aHL channel spend somig)0 s in the pore [23]. be overcome, the frequency content of analyte-induced

Others took advantage of this property of L single channel current fluctuations could prove useful
channel and demonstrated that cyclodextrins with 7- in distinguishing between different analytes [8].

fold symmetry also partition into the pore [26]. These
cyclic macromolecules bind to virtually the same re-
gion inside the pore as PEG seems to [27]. Because 3. Single nanopore-based DNA char acterization
the interior cavity of cyclodextrins can bind some small
analytes with specificity, when the cyclodextrin was We recently demonstrated that individual molecules
bound to the pore (lifetimes on the order of 1to 10 ms), of single-stranded DNA and RNA can be detected
the single channel conductance fluctuations were char- and characterized as they are driven electrophoretically
acteristic of the analyte types and concentration. This through singleaHL channels [28]. The passage of
approach to using single channels to detect analytes a polynucleotide through the channel causes a well-
in solution is referred to as sensing with “molecular defined transient blockade in the single channel current,
adapters”. as is shown in Fig. 3. The polymer-induced blockade
To date, there are several significant barriers to us- lifetime is proportional to the polynucleotide length,
ing single protein ion channels as nanopore-based sens-which suggested that the polymer threads through the
ing elements. First, they function in planar lipid bi- channel as a linear rod [28]. Because the polynu-
layer membranes, structures that are fragile and not yet cleotides thread through theHL channel at~ 1 to
easy to form in real-world applications. Second, the 10 us/base, it was suggested that a single nanopore
“molecular adapter” approach [26] took advantage of a might prove useful for ultra rapid DNA sequenc-
property of then-hemolysin channel, i.e. its abilityto  ing [28]. However, in order for thaansatz to become

50 pA
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practicable, some formidable challenges lie ahead (see
below).

More recent experiments demonstrated that the depth
of the current blockade was different for two different
homopolymers (i.e. poly[C] and poly[A]) [29]. More-
over, the transient single channel current blockades
caused by a di-block copolymer of poly [C] and poly[A]
contained sequential blockade patterns that suggested
that the poly[C] segment first entered the pore fol-
lowed by the poly[A] segment. At first glance, this
result could be taken as proof-of-concept that a single
nanopore can be used to sequence DNA. However, it
is likely that the different signals are caused by differ-
ent structures adopted by the two different homopoly-
mers [30] and not by the interactions of individual bases
with a narrow constriction inside theHL channel.

There are several significant technological hurdles
that must be overcome to reduce nanopore based se-
guencing to practice. First, as noted above, it may not
be desirable to use a protein ion channel for this ap-
plication. Thus, nanopores made from robust materi-
als (e.g., [31]) might prove useful for this task. Sec-
ond, polynucleotides thread through thElL channel
at about 1 tol0 us/base. Because the single chan-
nel conductance is less than 1 n81 M NaCl [9],
roughly hundreds of ions pass by each base when a
polynucleotideis driven through the channel. Thus, the
ability to distinguish between different bases with only
slightly different molecular volumes is confounded by
the expected small signal differences.

In a different approach, it was recently demonstrated
that single channel current blockades caused by hair-
pins of slightly different base composition could be
distinguished from each other [32]. A related study
showed that a polynucleotide complementary to an-
other affixed inside theHL can occlude the pore [33].
Although these techniques may be limited to the anal-
ysis of small snippets of RNA and DNA, they might
become powerful tools for detecting single nucleotide
polymorphisms if the problems with using protein ion
channels can be resolved or if the technique also works
with artificially produced single nanopores if they be-
come readily available. Because the observed effects
may depend on the particular geometry of thidL
channel, it is not certain whether the latter hurdle will
be easily cleared.

4. Single nanopore-based analyte detection

In the previous section, we discussed how single
nanopores were used to detect and characterize polynu-
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Fig. 4. Schematic of analyte quantitation method using polymers and
a single nanopore. (Top) Polymers with covalently attached ligand
binding sites are driven through, and transiently occlude, the pore.
The time-averaged number of current blockades is proportional to the
concentration of free polymer [34]. (Middle) Polymer bound with
analyte (rectangles) is less likely to traverse the channel. Therefore,
the reduction in the number of blockades caused by the decrease
in the free polymer concentration provides a measurement of the
analyte concentration. (Bottom) Multiple analytes (represented by
the rectangles and triangles), can be detected simultaneously with
a single nanopore because different polymers cause unique ionic
current blockade patterns [35]. Adapted from [35].

cleotides and how they might be used in future DNA
sequencing applications. We describe below how the
controlled polymer transport through a single nanopore
could be used in analyte detection.

As was noted above, it is possible to add novel an-
alyte binding sites to a protein ion channel. However,
because of the potential problems of using single ion
channels in real-world sensing applications, we devel-
oped a method that could ultimately take advantage of
artificially produced nanometer-scale pores. Instead of
placing the binding site inside the pore or near one ofthe
pore mouths, it is placed on a macromolecule that can
normally thread completely through the nanopore [34].
Figure 4 illustrates schematically this sensor concept
and experimental verification of it was demonstrated
earlier [35].

Polynucleotides can be electrophoretically driven
through a protein ion channel [28]. For low concen-
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trations of short polymers, the mean number of cur-
rent blockades is proportional to the polymer concen-
tration [34,35] (Fig. 4, top). The binding of analyte to
a site on the polymer alters the ability of the polymer to
transport through the pore. For example, when bound
with analyte, relatively short polynucleotides were in-
hibited from entering and thus occluding interacting
with the pore (Fig. 4, middle). As the analyte concen-
tration increases, the time-averaged rate of polymer-
induced transient current blockades decreases mono-
tonically [35].

At nanomolar polynucleotide concentrations, the
aHL channel is virtually always free of polymer be-
cause the rate of polymer entry into the channel is
low [34] and the current blockades are relatively short-
lived [28,34]. In addition, different polymers cause dif-
ferent (but characteristic) current blockade types. Be-
cause different ligand binding sites can be attached
to different polymers, the analyte-induced loss of the
signals caused by each polymer type can be detected
(Fig. 4, bottom) [35]. In this way, multiple analytes
can be detected with a single nanopore.

Figure 5 illustrates several other methods for detect-
ing analytes using a polymers and a single nanopore.
For example, as is shown in Fig. 5 (top), the binding
of analyte to a relatively long polymer may cause the
polymer to occlude the pore for a time that is commen-
surate withl /k.g (in this casek.g is the rate constant
for the dissociation of analyte and polymer). In this
scheme, the analyte concentration is estimated from the
mean time that it takes the nanopore to be occluded
by the analyte:polymer complex after an electric field
is applied (the greater the analyte concentration, the
shorter the time interval). It is good to note that the di-
rect measurement &, could provide some statistical
assurance that the molecules bound to the polymer are
the analyte of interest, and not an interfering species.

If the sensing polymers would interfere with or con-
taminate the sample, they could be retained on one side
of the nanopore (Fig. 5, bottom). In this variation, a
large macromolecule is permanently affixed to one end
of the polymer. This allows the polymer to enter the
pore but prohibits it from threading all the way through
the nanopore. In the absence of analyte, the polymer
can be driven into and out of the pore by a time-varying
applied potential. However, in the presence of analyte,
the free end of the polymer cannot be readily pulled
back through the pore. Thus, the analyte concentration
can readily be determined [34,36].

Although it is possible to detect and quantitate ana-
lytes using polymers and a single proteinion channel, it
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Fig. 5. Two additional analyte quantitation methods using polymers
and a single nanopore. (Top) When bound with analyte (rectangle),
the polymer, which otherwise threads through the nanopore, blocks
the pore for a time that is commensurate with the mean lifetime of
the complex. Adapted from [35]. (Bottom) A variation of the above
sensor, which retains the sensing polymer, even if side that contains
analyte is continuously flushed. A large macromolecule (triangle),
which is permanently affixed to the sensing polymer, prevents the
polymer from threading through the pore. To test for the presence
of analyte (rectangle) on the RHS, the applied potential is transiently
reversed (for simplicity, the effect of the transient change in potential
on the current is not shown). In the absence of analyte, the polymer
can be pulled back out of the pore. However, when analyte bound to
the RHS of the polymer, the complex cannot be pulled back out of the
pore until the analyte dissociates from binding site on the polymer
(adapted from [34]).

remains to be seen if this technology can be transferred
to robust single nanopores. One potential complication
is that the detailed structure of single nanopores may
be difficult to control and the current blockade signals
produced by a particular polymer may be substantially
different for each nanopore. However, a wide variety
of statistical measures (e.g. mean, variance, mean life-
time, autocorrelation, spectral analysis Hidden Markov
Models and Viterbi decoding algorithms) [37] might
permit the calibration of each nanopore using a set of
well-defined polymers. Also, the rational design of
polymer-nanopore sensing systems should be aided by
recent theoretical studies for the entry of polymers into
nanopores [34,38] and the transport of linear polymers
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through these nanostructures [38—45]. Lastly, it re- [7]
mains to be seen if the methods illustrated in Figs. 4

and 5 can be used to detect specific sequences of DNA. (8]

5. Conclusions [

As we briefly reviewed here, protein ion channels [10]
are a good model system for testing novel analyte de-
tection schemes. In fact, Cornell and his colleagues
demonstrated an impressive proof-of-conceptfor a sen-
sor scheme based onimpedance measurements of mody; 4
ified gramicidin channels reconstituted into a supported
bilayer membrane [46]. To obtain relatively rapid sig-
nal averaging, that method uses of many thousands of
channels. If technological breakthroughs can be made
to enable the use of single nanopores for analyte detec- [13]
tion, the distribution of lifetimes of the analyte:binding
site complex can be directly measured. This additional
information should provide a statistical measure of con-
fidence that the analyte being detected is indeed the one [15]
of interest.

The use of glass pipettes for patch clamp analysis

[12]

[24]

provided a major breakthrough for the study of single el
channel activity [47]. If single nanopores become prac-
ticable for sensing applications, it would be interesting [17]
if they could also be placed at the end of a pipette tip.
It is conceivable that this system might provide a real-
time inventory of molecules inside the cell. If this be- [18]

comes possible, the state of single cells, and how cells
respond to chemical and biological effectors, could be
directly determined. That might significantly enhance

! k [19]
our understanding of the development of certain can-
cers.
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