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ABSTRACT: This paper describes a methodology for the
rapid and highly selective detection of cocaine using a
membrane protein channel combined with a DNA aptamer.
The DNA aptamer recognizes the cocaine molecule with
high selectivity. We successfully detected a low concentra-
tion of cocaine (300 ng/mL, the drug test cutoff limit)
within 60 s using a biological nanopore embedded in a
microchip.

Channel current recordings of membrane proteins reconsti-
tuted in artificial bilayer lipid membranes (BLMs) are a

powerful tool for the identification of analytes.1,2 In particular,
the transmembrane toxinR-hemolysin (RHL) has been used as a
sensing element for the detection of organic molecules,3 water-
soluble polymers,4 peptides,5,6 and DNA.7,8 The use of nanopore
detection has many advantages. For example, the protein nano-
pore allows label-free detection with a high signal-to-noise ratio
at the single-molecule level. However, if the target molecule is
much smaller than the protein pore, the detection signal cannot
be observed. For small-molecule detection, Bayley and co-work-
ers used a cyclodextrin (CD) or its derivatives as a recognition
site in the RHL pore.1 The CD adapters are proposed to occupy
the protein pore, thus reducing the pore size.9 However, the CD
adapters do not have specific selectivity for small molecules, and
use of the CD detection system requires mutation of the protein
channel.

Here we utilized a DNA aptamer combined with the RHL
channel for highly selective small-molecule detection. Aptamers
are nucleic acids that have been engineered to have specific
recognition properties for small molecules; the conformation of
the aptamer is changed by ligand binding.10 We propose a DNA
aptamer methodology in which the difference between the
target-bound and non-target-bound states of the aptamer is
clearly observed (Figure 1a). The DNA aptamer is single-
stranded before binding to the target molecule. The single-
strandedDNA (ssDNA) can pass through theRHL pore because
the constricted region of the channel (1.5 nm) is larger than the
diameter of the ssDNA (∼1 nm), as depicted in the left panel
of Figure 1a. In contrast, the size of a ligand-bound aptamer does
not allow it to pass through the pore (Figure 1a, right). In
addition, the presence of the ligand-bound aptamer retained in
the pore can be clearly observed because of the large difference

between the channel currents for the translocated and captured
states. Recognition of a target molecule is easy when the aptamer
is retained in the pore.

We attempted to apply this aptamer method to rapid cocaine
sensing. Analytical techniques for the rapid detection of cocaine
are important in border-control situations or drug investigations.
Detection of the cocaine molecule with a DNA aptamer has been
studied using electrochemical11,12 and fluorescent13,14 probes.
An RHL pore has also been used to elucidate the folding/
unfolding mechanism of a single DNA aptamer.15�17 To apply
the aptamer method to cocaine detection, we designed a cocaine-
binding aptamer (CBA) with a long DNA tail, as depicted in the
right panel of Figure 1a and in Figure S1 in the Supporting
Information. In our method, the captured state of the CBA can

Figure 1. (a) Schematic overview of detection using the cocaine-
binding aptamer (CBA). The DNA aptamer can pass through the pore
in the absence of cocaine (left). However, in the presence of cocaine, the
CBA cannot pass through and is captured in the pore (right). (b)
Microfluidic device with parylene nanopores. (c) Scanning electron
microscopy image of a parylene nanopore. (d) The bilayer lipid
membrane in the parylene nanopore is stable because of the small
membrane area (∼400 nm).
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clearly be observed because of the addition of the long tail, and
the cocaine concentration can be determined by measuring the
time until capture. In this study, we verified the feasibility of this
system and demonstrated rapid cocaine detection with a micro-
fluidic device (Figure 1b�d).

The CBA used in this study comprised two oligonucleotides,
MNS43 and MNS-STEM24 (Figure S1). The cocaine aptamer
consisted of a two-oligonucleotide chain with the following
sequences:14 MNS43, 50-GGGAGACAAGGAA(C)30; MNS-
STEM24, 50-ATCCTTCAATGAAGTGGGTCGACA. The
concentrations of these DNA fragments were maintained at 50
μM in the buffer. Cocaine solutions were then diluted to
concentrations of 1, 10, 30, 50, and 100 μM (1 μM ≈ 300 ng/
mL). The dissociation constant of this type of aptamer with
cocaine is 0.4�10 μM,14 and the detection limit should exist at
1 μM.18 Aminobenztropine (ABT) was used in the control
experiment as a cocaine analogue. The DNA and cocaine or
ABT were placed in the buffer for several minutes before
measurements were recorded. Following protein reconstitution,
cocaine capture or control measurements were attempted at 100mV
(cis side negative). After the CBA was captured, the applied
voltage was turned off to release the CBA from the pore, and then
the voltage of 100 mV was applied again. We defined a CBA
capture event as an 80(5%current blockade for longer than500ms.
Generally, the time of ssDNA translocation (∼100-mer) is not
longer than 100 ms.19 All of the measurements were performed
at 23 ( 1 �C in a clean room with less than 60% humidity. The
concentration dependence was measured using a glass micro-
pore, and rapid cocaine detection was demonstrated using a
microfluidic device.

The sequences of the complementary and the binding seg-
ments were reported previously,14 and the structure of the
reported CBA is a three-way junction (Y-shaped structure). This
CBA structure produced two problems for the channel record-
ings. First, the Y-shaped aptamer without the long tail easily and

spontaneously escaped from the channel because it lingered in
the channel vestibule.20 Second, the blocking-current amplitude
of the vestibule block was∼50% of the full blocking amplitude.21

Thus, we modified one of the oligonucleotides by adding a long
(30-mer) cytosine overhang, as mentioned above. As a result,
long blocking currents for CBA were observed (i.e., the capture
state of the CBA became stable). Additionally, this 30-mer
overhang occupied the β-barrel region of the channel; a mini-
mum of a 25-mer nucleotide is required to enter the β-barrel
region from the entrance of the RHL.22 When the β-barrel was
occupied with the cytosine overhang, a distinct blocking current
appeared at 85% of the full blocking amplitude.19,23 Homopoly-
mers of DNA and RNA give distinguishable blocking-current
amplitudes.24 This distinctive blocked state ensured that the CBA
could be readily detected because the other blocking currents (e.g.,
from impurities or protein gating) were usually observed at other
amplitude levels. These results indicate that the overhang plays an
important role when the CBA is captured in the pore.

Typical current�time traces for aptamers with and with-
out cocaine are shown in Figure 2. DNA aptamers that formed

Figure 2. Typical current�time traces for DNA aptamers (a) without and
(b) with cocaine in 1.0 M KCl, 10 mM PBS, and 1 mM EDTA (pH 7.4).

Figure 3. (a) Typical current�time traces for DNA aptamers (50 μM
each) with cocaine at concentrations from 1 μM (∼300 ng/mL) to
100 μM using a glass micropore in 1.0 M KCl PBS buffer (pH 7.4) at
100 mV. (b) Channel recording for DNA aptamers with ABT as a
control under the same conditions in as the cocaine experiment.
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single-stranded chains passed through the pore in the absence
of cocaine. Spikelike current blockades were observed during
ssDNA translocation (Figure 2a). In contrast, in the presence
of cocaine molecules, aptamers bound cocaine molecules and
formed the complexes. Protein pores captured the CBAs, and the
long current blockade was observed. The CBA was released from
the pore by turning off the bias and then captured again by
applying a voltage of 100 mV (Figure 2b). The obstructed pore
occasionally opened spontaneously after a long blockade (Figure
S3). This behavior may have been caused by unzipping25 or by
escape from the pore of the CBA.

We analyzed the event-interval time, τ, which is the time
required for the aptamer to go from the opened to the captured
state (Figure 3a) to examine the concentration dependence of
the response. This time was observed to increase as the cocaine
concentration decreased (Figure 3a). Histograms of τ at different
cocaine concentrations are shown in Figure 4a. The histograms
were fitted to Gaussian curves, and the mean time values were
plotted against the concentration (Figure 4b). The lowest
concentration was set equal to the federal workplace cutoff value
for cocaine.26 The mean values of τ ranged from ∼1 to 10 s in
this method. The captured state was not observed when the
cocaine analogue ABT was added as a control instead of cocaine
(Figure 3b). Rapid detection using a biological nanopore is
important for use as a real-time drug test.

Rapid sensing of cocaine was demonstrated using a micro-
fluidic device. This device had eight chambers, and each chamber
had a nanosized platform for durable channel recordings, as
previously described.27 The probability of cocaine detection was
measured in this experiment. The response using DNA aptamers
with cocaine was compared with that using DNA aptamers with
ABT and that using DNA aptamers alone. Because of the inherent

selectivity of the aptamer for its target, the differences between
cocaine and the controls were clearly shown with the device
(Figure 4c). Next, rapid detection of cocaine using DNA
aptamers was tested in our microfluidic device. The results
indicated that cocaine at a concentration of 3 μg/mL could be
sensed in just 25 s with high selectivity using our microchip
system (Figure 4d). The detection times ranged from 60 s at
300 ng/mL to 5 s at 30 μg/mL (Figure S4).

In conclusion, biological nanopores conjugated with DNA
aptamers in a microchip allow the rapid detection of cocaine. In
this system, cocaine at a concentration equivalent to that of the
drug test cutoff limit was recognized within less than 1 min with
high selectivity. Furthermore, this system could be applied not
only to cocaine but also to a wide variety of targets, as several
hundred aptamers have already been developed. This method is
expected to aid in the development of real-time drug testing
technology and the rapid sensing of small molecules using bio-
sensors on a chip.
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