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Solid-state nanopores have emerged as possible candidates for next-generation DNA sequencing devices. In such a device, the DNA
sequence would be determined by measuring how the forces on the DNA molecules, and also the ion currents through the nanopore,
change as the molecules pass through the nanopore. Unlike their biological counterparts, solid-state nanopores have the advantage
that they can withstand a wide range of analyte solutions and environments. Here we report solid-state nanopore channels that are
selective towards single-stranded DNA (ssDNA). Nanopores functionalized with a ‘probe’ of hair-pin loop DNA can, under an applied
electrical field, selectively transport short lengths of ‘target’ ssDNA that are complementary to the probe. Even a single base mismatch
between the probe and the target results in longer translocation pulses and a significantly reduced number of translocation events.
Our single-molecule measurements allow us to measure separately the molecular flux and the pulse duration, providing a tool to gain
fundamental insight into the channel –molecule interactions. The results can be explained in the conceptual framework of diffusive
molecular transport with particle –channel interactions.

Since the original demonstration of ssDNA passage through
a-haemolysin nanopores under an electrical field1, numerous
studies have explored the physics of DNA translocation through
these protein-based nanopores2–4. In search of more robust
devices, techniques for fabricating solid-state nanopores have
since been developed5–7, and the translocation of ssDNA and
double-stranded DNA through these structures has been
examined8–10. One challenge that remains is to devise a means of
imparting selectivity to the solid-state nanopores. Recent reports
of engineering selectivity in nanopores have included biological
nanopores that were selective to various entities of interest11–13.
Most notably, the use of ssDNA attached in the lumen of an
a-haemolysin protein nanopore13 resulted in longer translocation
pulses when a complementary target ssDNA molecule was
electrophoretically driven through the nanopore, as compared
with a target with a single base-pair mismatch. In the synthetic
realm, blocking of background ion current in functionalized gold
nanotubes has been reported for single-use selective detection of
target proteins14. In this study, a protein-based molecular
recognition agent was attached to the nanotubes and the
corresponding protein target was detected by permanent
blockage of the nanotube. For the case of DNA, selective and
facilitated transport of ssDNA through gold-plated pores of a
filter membrane has been demonstrated. In that report, Kohli
et al. functionalized the metalized pores with hairpin-loop (HPL)
DNA15 and performed elegant experiments demonstrating
enhanced and selective flux of complementary ssDNA through
the functionalized nanotubes. They measured the flux after the
simultaneous passage of molecules through a large number of
pores in a filter membrane. Therefore, single molecule
translocation signatures could not be measured using that
technique. Here, we provide single-molecule electrophoretic

transport measurements of ssDNA through selective nanopores
and show that our observations can be explained by appropriate
interpretation of the recent theoretical predictions of channel–
molecule interactions through nanopores16.

FABRICATION, FUNCTIONALIZATION AND MEASUREMENTS

We fabricated solid-state nanopore channels (NPCs) for single-
molecule DNA detection in thin silicon-on-insulator (SOI)
membranes (Fig. 1) using a process described elsewhere6,7,9. The
approximate dimensions of the NPCs used are given in Fig. 1. The
DNA translocation data recording system was similar to what has
been described earlier9. The NPCs were functionalized with HPL-
DNA, similar to an earlier approach15, but with different sequence
and attachment chemistry. The amine-modified HPL-DNA was
attached using a bilayer strategy with 3-aminopropyltri-
methoxysilane and 1,4-phenylene diisothiocyanate19. The proper
functionalization conditions yield good DNA attachment to oxide
surfaces in nanopores20. Under optimal conditions in solution, the
HPL-DNA has been shown to demonstrate an all-or-none
selectivity down to single-base mismatch sensitivity between
perfect complementary (PC) and mismatched (MM) targets21. The
ssDNA was inserted into the negative electrode chamber and the
translocation pulses were recorded. The data were analysed to
extract important features including pulse width (t) and
blockage current (Ib) for each case of target sequence. The
ssDNA showed no pulses through our NPCs before
functionalization, but we always observed well-defined pulses
after functionalization of the same pores. This proved that HPL-
DNA indeed reduced the effective size of the NPC, down to just
a few nanometres or less, consistent with the calculated length of
the probe molecules (Fig. 1; see also Supplementary Information,
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Section 2, and Fig. S1). When we used a 40 nm pore, we observed
no pulses before or after functionalization as the pore was too big
for the current measurement system to detect the blockage.
Even after functionalization, the effective pore diameter would
be reduced only to �20 nm. There will therefore be an upper
boundary in the size of the NPC, above which it will not
function as a selective sensor.

The mismatches in the targets were designed at the stem-
forming area and around the stem (Table 1). As shown in the
schematic diagram of the functionalized NPC (Fig. 1a), the MM-
DNA target tries to traverse the NPC under the applied
electrophoretic voltage, while facing electrostatic and mechanical
friction and trying to open up the HPL probe to form a duplex.
It could be argued that the MM target tries to interact with the
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Figure 1 Details of the functionalized NPC sensors. a, Cross-section of the solid-state NPC functionalized with HPL-DNA molecules (not drawn to scale). The inset

table shows dimensions of the various NPCs used in this study. The inset TEM image shows the NPC-2 before functionalization (scale bar, 20 nm). b,c, Current– time

representative data for 1MM-DNA (b) and PC-DNA (c) translocation through NPC-1. A higher number of narrower and deeper pulses are observed for the PC-DNA (c)

(note change in scale of vertical axes).
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HPL probe unsuccessfully, and, based on earlier works15 and
understanding of molecular transport through channels16–18, a
smaller translocation time for the MM target through the NPC
would be predicted, indicating rapid translocation. Very
interestingly, we observed the opposite—the single-molecule MM
target molecules translocated more slowly (resulting in a larger
translocation time) than the PC-DNA molecules. A PC-DNA
target should hybridize and bind to the probe inside the channel,
resulting in a larger mean residence time and lower diffusion
constant than for an MM target (which cannot bind to the probe).
Indeed, this was reported for engineered protein nanopores, with
one ssDNA probe attached inside the lumen of the pore, providing
one molecular recognition site in the small linear dimension13.

We used the functionalized NPC-1 and introduced the 1MM-
DNA target on the side of the membrane with negative potential.
The number of pulses per unit time (that is, the flux of DNA
molecules traversed) was smaller and the average value of pulse
translocation, t (the mean passage time), was larger, compared with
the flux and the mean passage time from subsequent insertion of
PC-DNA (after flushing the pore) in the same chamber (Fig. 2,
Table 2). The pulses were longer for the 1MM-DNA target, whereas
the pulses became clearly shorter for PC-DNA, indicating faster
movement of molecules through the NPC. The subsequent
reintroduction of 1MM-DNA targets showed that the number of
pulses was about the same as before the PC-DNA was passed
through the NPC, but the average translocation time was halved
(Fig. 2, inset, and Table 2. See also Supplementary Information,
Fig. S2). Closer inspection of the data in Fig. 2 further shows that,
among the pulses obtained for translocation of 1MM-DNA, there
are also narrower pulses (approximate region in dashed circle in the
inset) with large blockages, similar to the pulses of PC-DNA. This
could be due to that fact that the central pore region in the
functionalized NPC-1 still allowed some molecules to pass through
without interacting with the HPL probe. This is equivalent to having
a weaker attractive potential16,22, which would reduce the selectivity
of the transport by reducing the number of molecules in the NPC at
any given time. This hypothesis was verified and the bimodal
distribution of the pulses was seen to be removed with the smaller
NPC-2, yielding a clearly different distribution of pulses between the
1MM and PC-DNA. As shown in the scatter plot for NPC-2
(Fig. 3), the sequential transport of 1MM-DNA and PC-DNA shows
a more selective behaviour, with clearly faster translocation times
(lower average t) and higher blockages (higher average Ib) for the
PC-DNA as compared with the 1MM-DNA. Higher blocking
currents are also consistent with when a higher percentage of the
NPC area is blocked, owing to a smaller pore size, and hence
the blockage is more enhanced for the NPC-2 than for the NPC-1.
The inset in Fig. 3 shows the 3MM-DNA data recorded before and
after the translocation of the PC-DNA. Table 3 shows the statistics
for sequential transport of 3MM-, 2MM-, 1MM- PC- and 3MM-
DNA through NPC-2. It is interesting to note that after the HPL
molecules are opened, even the 3MM-DNA target shows enhanced

translocation, with quite a large number of pulses being measured
compared with the number before the recognition sites were opened
(see Supplementary Information, Fig. S2). This can be putatively
attributed to the fact that, in this narrower NPC, the interaction
between the target and probe is more pronounced and, once the
HPL probe is opened to form a straight duplex with the PC-DNA
target, its single-base mismatch selectivity is reduced.

To confirm the validity of our measurements in general, in
another experiment with NPC-3, the bias voltage was also changed
to 100 mV. The trend was found to be consistent for 200 mV and
100 mV, as t increased with decreasing bias and the pulse trend
(t, Ib and frequency) stayed the same (see Supplementary
Information, Fig. S5). With this NPC, we also investigated the effect
of another flushing step between the PC-DNA run and the later
translocation of 1MM-DNA. As expected, the 1MM-DNA pulse
behaviour after the long PC-DNA exposure became almost
identical to that of PC-DNA, consistent with the NPC-1 and NPC-
2 trends (see Supplementary Information, Section 6).

Table 1 List of DNA molecules used in our experiments for functionalization and

translocation. The underlined bases indicate the stem-forming part of the probe

DNA. The red bases indicate the mismatch.

Type Sequence

Immobilized hairpin probe 50-Amine-C6-CCAACGGTTGGTGTGGTTGG-30

Perfect complement (PC-DNA) 50-CCAACCACACCAACC-30

Single-base mismatch (1MM-DNA) 50-CCAATCACACCAACC-30

Two-base mismatch (2MM-DNA) 50-CCAATTACACCAACC-30

Three-base mismatch (3MM-DNA) 50-CCATTTACACCAACC-30
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Figure 2 Scatter plot of pulse width versus pulse amplitude for

electrophoretic transport of 1MM-DNA and PC-DNA through NPC-1. In the

main figure, blue squares represent 1MM-DNA before PC-DNA, and the red

circles represent the subsequent passage of PC-DNA. The inset shows a scatter

plot of the subsequent passage of 1MM-DNA through the same NPC-1 after the

HPL-DNA has opened. Blue squares in the inset are from 1MM-DNA before PC-

DNA passed through the NPC-1 (plotted again) and the magenta diamonds are

from subsequent passage of 1MM-DNA after the PC-DNA. There were some

narrower pulses (elliptical dashed region) with large blockages, similar to the

pulses of PC-DNA, from the central pore region allowing molecules to pass

through without interaction. Flushing of the NPC with ionic solution (no DNA)

was performed before insertion of any molecules.

Table 2 Summary of the number of translocation pulses, pulse amplitudes and

pulse widths for the sequential passage of 1MM-DNA, PC-DNA and 1MM-DNA

through NPC-1. The number of measured pulses was scaled to the same

measurement time.

NPC-1 1MM-DNA in
120 minutes

PC-DNA in
120 minutes

1MM-DNA after
PC-DNA in

120 minutes

Signature of pulses t (ms) I b (pA) t (ms) I b (pA) t (ms) Ib (pA)
Mean 178.8 28.9 10.2 31.2 92.0 29.1
Sigma 260.3 31.7 30.4 27.8 78.2 23.0
Number of pulses 3,353 96,876 2,896
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To elucidate the relaxation (opening) kinetics of the HPL-DNA
probe by interactions with a mixture of target DNA and to
investigate the temporal viability of such sensors, we measured
the pulse behaviour with NPC-4 as a function of time. The target
DNA consisted of a 1:1 mixture of 1MM- and PC-DNA by
concentration. Figure 4a,b shows scatter plots for the pulses
recorded in the first 10 minutes and for minutes 61–70. Quite
interestingly, in the beginning, the MM-DNA behaviour was
dominating the measured pulses, with a smaller flux (smaller
number of pulses per unit time), longer t and smaller Ib, but, as
time progressed, the pulse behaviour shifted towards PC-DNA
(with higher flux, smaller t and longer Ib) (scatter plots for
intermediate minute decades can be seen in the Supplementary
Information, Fig. S6). This behaviour can be attributed to the
HPL being in the closed state at the start of the measurement.
Although both molecules interact with the HPL, the flux is
limited by the MM-DNA, as the probability of their presence in
the repulsive potential is much smaller, and they take longer to
pass through the pore. However, PC-DNA do pass through and,
as they continue to open the HPL, the flux increases owing to an
increased number of both PC- and MM-DNA passing through
the NPC. The two regimes of flux are evident in Fig. 4c, and the
flux is observed to increase rapidly after about 40 minutes of
measurements. The mean passage time also decreases owing to
increased facilitation and faster diffusion of the molecules
through the NPC (Fig. 4c).

CONCEPTUAL FRAMEWORK

The behaviour of the DNA flux (number of pulses per unit time) and
the translocation time can be explained in the conceptual framework
of diffusive molecular transport through channels16–18,22 (for details,
see Supplementary Information). In general, the flux of particles
translocating through the nanopore channel with no particle–
channel interaction can be given by Jo ¼ ðn=tÞDc, where n is the
number of particles in the channel, or the probability of finding
a single particle in the channel for the case of a channel that can
be blocked by the particle, t is the mean passage time or
translocation time, and Dc is the difference of concentration
across the channel. In the case where there is an attractive
channel–molecule interaction (as opposed to no channel–
molecule interaction), the flux can increase if the increase in the
number of particles dominates over the increase in the mean
passage time. Our first assumption is that we can model the
interaction of the PC-DNA with the HPL as a case of an
attractive potential (2fPC), and the interaction of the MM-DNA
with the HPL as a case of a repulsive potential (þfMM), as
schematically shown in Fig. 5. The HPL-DNA has an all-or-none
selectivity towards its target—it interacts and opens up when the
target is perfectly complementary and it does not form a duplex
with the target if there is even a single base mismatch. There are
large electrostatic and mechanical hindrances to the passage of
the MM-DNA through the functionalized NPC and hence
the interaction can be conceptualized as a repulsive channel–
molecule interaction and not as a ‘no channel–molecule interaction’.
In this case (see Supplementary Information, Section 3), it can be
shown that JPC . Jo . JMM. Our experimental results clearly
show that the number of pulses, that is, the flux, is always lower
for the case of MM-DNA and higher for the case of subsequent
passage of PC-DNA. Note that we are not comparing the case of
attractive potential with that of no potential, but rather with the
case of a repulsive potential.

The advantage and uniqueness of our approach is that the
direct measurement of the number of pulses and the blockage
time allows us to separate the molecular flux and the mean
passage time of the molecules to cross the channel. This was not
explored in detail in earlier research13, nor was it possible in
earlier measurements15. The mean passage time t, in general, is
given by t ¼ ðL2=2DÞkeflke2fl, which reduces to just
t ¼ L2=2D when potential spans over the entire channel length,
where L is the channel length, D is the diffusion coefficient, f is
the channel potential and k l represents the statistical average over
the channel length. This means that there should be no difference
in the mean passage time if the potential spans over the entire
length, and the changes in the flux are only due to change in
particle number n and not the mean passage time. However, we
do observe a clear difference in the t, and we observe that it is
shorter for the PC-DNA/HPL interaction than for the MM-
DNA/HPL interaction. This can be explained if we assume that
the symmetric potential does not span over the entire length of
the channel16. In this case, the expression for mean passage time
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Figure 3 Scatter plot of pulse width versus pulse amplitude for

electrophoretic transport of DNA through NPC-2. In the main figure, the blue

squares represent 1MM-DNA before PC-DNA and the red circles the subsequent

passage of PC-DNA. In the inset, the blue squares represent 3MM-DNA through

the same NPC-2 and the magenta diamonds are from the subsequent passage

of 3MM-DNA after the PC-DNA. Flushing of NPC with ionic solution (no DNA)

was performed before insertion of any molecules.

Table 3 Summary of the number of translocation pulses, pulse amplitudes and pulse widths for the sequential passage of 3MM-DNA, 2MM-DNA, 1MM-DNA, PC-

DNA and 3MM-DNA through NPC-2. The number of measured pulses was scaled to the same measurement time.

NPC-2 3MM-DNA in 120
minutes

2MM-DNA in 120
minutes

1MM-DNA in 120
minutes

PC-DNA in 120
minutes

3MM-DNA after PC-
DNA in 120 minutes

Signature of pulses t (ms) Ib (pA) t (ms) I b (pA) t (ms) Ib (pA) t (ms) I b (pA) t (ms) Ib (pA)
Mean 32.8 22.4 7.1 23.2 42.9 8.7 0.9 39.6 6.5 28.9
Sigma 69.2 8.6 7.9 10.1 84.4 3.8 1.4 15.9 13.5 17.5
Number of pulses 7,866 15,693 300 238,560 144,076
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is given by t ¼ ðL2=2DÞwð1 2 wÞejfj, where w represents the
fraction of the channel encompassed by the potential. The mean
passage time for any in-channel potential always increases
compared with that of no potential. However, when comparing
the case of attractive versus repulsive potentials, the mean
passage time could increase or decrease, depending on the
magnitude of the potentials, and the ratio of the mean passage
times can be given by tMM=tPC ¼ ejfMM j2jfPC j. This leads to our
next assumption, that the magnitude of the repulsive potential is

larger than the magnitude of the attractive potential. Again, owing
to the all-or-none interaction of the HPL-DNA with its target, this
sounds reasonable. We can also attempt to quantify the magnitude
of this potential using nearest-neighbour thermodynamic
calculations (see Supplementary Information, Section 4). The
positive contribution to DGMM from the mismatched G and T
bases is the root of the repulsive potential that an immobilized
HPL-DNA provides to the 1MM-DNA target that tries to interact
with it. This can be directly compared with the contributions of
the bases at the same place in the PC-HPL duplex, and it can be
shown that DGMM (at 0.1 M KCl) � 0.93 kcal mol21, and DGPC

(at 0.1 M KCl)� 20:6 kcal mol21. These values of DG are
consistent with our observed behaviour (Figs 2 and 3, Tables 2
and 3) that the pulse width (that is, the mean passage time) is
larger for the translocation of MM-DNA than for the subsequent
translocation of the PC-DNA. It should also be noted that the
diffusion coefficient used in the above equations of the transit
time is not a constant but is indeed dependent on the magnitude
of the potential well. As noted in the Supplementary
Information, Section 3, the previous analysis assumes an implicit
dependence of the diffusion coefficient on the potential. Even if
the dependence is explicitly included, the conclusions regarding
the change of the mean passage time would still be the same.

Another important aspect to further examine is the behaviour
of the NPC as a function of time, as shown in Fig. 4. The
PC-DNA opens up the HPL-DNA. These appear to stay open
even after the NPCs are flushed with ionic solution, probably
because of the steric electrostatic hindrance arising from their
confinement in the NPC. The conformational restriction of the
surface-tethered strand can be another factor contributing to its
inability to reform HPL shape23. This surface-tethered
behaviour is different from the reformation of HPL in solution,
in particular when there are possibilities of G-quartet formation
for our HPL-probe24, as well as cross-hybridizations with other
immobilized molecules. The open HPL binding sites are thus
available to the MM-DNA when it is reintroduced.

CONCLUSIONS

In general, selective solid-state nanopores such as the ones
described here are very attractive, because they have the potential
to be stable and robust, and can be realized in an array format.
The realization of selective solid-state nanopores can open routes
to novel devices for sequencing, detection of single nucleotide
polymorphism, expression analysis, and so on, from very few
copies of the target DNA molecules, in addition to label-free
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Figure 4 Temporal viability of the NPC-4 with a 1:1 mixture of 1MM-DNA

and PC-DNA. a,b, Scatter plots of pulse width versus pulse amplitude for

electrophoretic transport of the mixture for the first 10 min (a) and for minutes 61–70

(b). The insets show the statistics for the pulses. c, Plot showing the number of pulses
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Figure 5 Schematic representation of the potential in the channel. a, An

attractive potential spanning over part of the channel, with a PC-DNA interacting

with an HPL-DNA. b, A repulsive potential spanning over part of the channel,

with a 1MM-DNA interacting with HPL-DNA. The concentrations of the baths are
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detection of proteins or other macromolecules at extremely low
concentrations. Clearly, our experimental observations show that
it is possible to impart selectivity to solid-state nanopores, and
such selectivity can be electrically measured by the translocation
signatures at the single-molecule level. In the future, such devices
could potentially mimic the exquisite selectivity found in many
natural biological channels in cell or nuclear membranes, and
help further unravel the physics of selective and facilitated
transport of biomolecules in nanoscale channels25. Future
challenges include developing means for closing the HPL
molecules after the interaction with PC-DNA to increase the
lifetime of pore selectivity (possibly by appropriate temperature
cycling or change in background ionic concentration), being able
to make addressable arrays of NPCs where each element is
functionalized with a different HPL probe, and direct label-free
sequencing and detection of short strands of DNA for many
critical applications. The availability of such selective solid-state
NPCs also opens up the possibility of detection of specific
proteins using the DNA probes and other ligand-receptor systems.

METHODS

NANOPORE CHANNEL FABRICATION

The process flow was adapted from our earlier work7,9. The NPCs were fabricated
in a Si=SiO2 membrane on a dual-side polished SOI ,100.-oriented p-type
wafer. The SOI substrates were used because they provided isolation between the
anisotropic etches, which were made independently on both sides of the wafer.
The fabrication steps are detailed in the Supplementary Information.

PROBE DNA ATTACHMENT PROCEDURE

The probe DNA molecules were attached to the NPC SiO2 surfaces using a
bilayer scheme. 3-aminopropyltrimethoxysilane was used to form the silane
layer, and 1,4-phenylene diisothiocyanate for the homo-bifunctional agent19.
The 50-amine-modified probe DNA was prepared at a concentration of
1 pmolml21 in 1 M Tris–HCl, pH 7.0, containing 1% DPEA. This probe DNA
was twice heat-cycled to 10 8C above its melting temperature, with very slow
cooling, so all the DNA formed the HPL structure. Details of the attachment
process are described in the Supplementary Information.

TARGET DNA SAMPLE PREPARATION

The ssDNA targets had a concentration of 10 pmolml21 in 10 mM Tris–HCl, pH
8.5, when inserted in the negative-biased Teflon chamber. The target DNA was
heat-cycled to 10 8C above its melting temperature, with rapid cooling, to
remove any secondary structures in the single strands.

DATA MEASUREMENT AND ANALYSIS

Data recording was started as soon as the target DNA was introduced into
the chamber. The ionic solution consisted of 0.1 M KCl, 1 mM Tris–HCl and
0.1 mM EDTA prepared in autoclaved deionized water. Our functionalized NPC
chips were sandwiched between O-ring seals and mounted in a measurement
system consisting of two ionic-solution-filled Teflon reservoirs separated by the
chip9. The NPCs were flushed with buffer solution for at least one hour before
introducing any type of molecules. All the translocation experiments were carried
out at appropriate bias at room temperature. The Teflon blocks and NPCs were
placed in a grounded Faraday cage to isolate any electromagnetic noise from the
environment. The data were acquired using an SR570 preamplifier from Stanford
Research Systems through Ag/AgCl electrodes. The signal was low-pass filtered at a
10 kHz cut-off frequency. A National Instruments data acquisition card (PCI-
6024E) was used to generate electrophoretic bias and record data on a personal
computer using custom-written LabView software modules. Data were
automatically saved in sequential files of either 30 or 60 s duration. An extensive
software suite was created to inspect the data and convert them from binary to text
format. The text data files were analysed with Clampfit 10 (from the pClamp 10
suite from Molecular Devices Corporation), and plotted using Microsoft Excel.

The time-series ionic current data were analysed using the threshold search
feature in the Clampfit software. We defined the threshold as the value above the
noise fluctuation of the baseline current. This criterion was consistently applied to
the whole analysis. The threshold was set to measure pulse width (t) and
magnitude of blocking current (Ib). The t was defined as the time difference
between the points when the current started dropping, went beyond the threshold

value and came back to the base current level. The minimum value of the current
during these two points was defined as Ib. The data generated by Clampfit were
imported into Microsoft Excel, and scatter plots were obtained. We define a
parameter RP as the ratio of the number of pulses for a MM-DNA target to those of
PC-DNA. Figure S2 in the Supplementary Information depicts the change in
number of pulses that results due to the activation of the binding sites. The figure
also shows the effect of the size of the NPC on increasing sensitivity of our system.
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