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ABSTRACT: Ultrasensitive and selective detection of molecules at nano or sub-nanomolar
level is very important for many areas such as early diagnosis and drug testing. Herein, we report
a high-sensitive cocaine sensor based on a single nanochannel coupled with DNA aptamers. The
single nanochannel-aptamer-based biosensor can recognize cocaine molecules with an excellent
sensitivity and good selectivity. A linear relationship between target cocaine concentration and
output ionic current is obtained in a wide concentration range of cocaine from 1 nM to 10 uM.

The cocaine sensor also shows a detection limit down to 1 nM. This study provides a new avenue
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to develop new nanochannel-aptamer-based biosensors for rapid and ultratrace detection of a

variety of illicit drugs.

INTRODUCTION

Synthetic nanochannels'” have attracted great attention in the past decade because they can
exhibit similar or stronger functionality, superior stability and robustness compared to fragile
biological channels. The nanochannel-based biosensors'®'* have been proved to have many
advantages than other sensors, such as simplicity, high sensitivity, rapid and reversible response,

label-free, and high signal-to-noise ratios.'”'® Single nanochannel-based platforms have been

17-18 13, 19-20

widely used as resistive-pulse sensors for sensing charged polymers, proteins, and
DNAs.?'*? In the resistive-pulse sensing technique, the charged molecules and electrolyte ions
were driven by an applied external voltage to pass through the nanochannels. Obvious occlusions
of transmembrane ionic currents of the nanochannels were observed when the charged molecules
entered the nanochannels, while the transmembrane ionic currents could recover again when the
charged molecules exited the nanochannels. For example, single porphyrin molecule (~2 nm in
diameter) has been detected by a cone-shaped polyimide nanochannel with a tip opening of ~4.5
nm. The diameter of the single porphyrin molecule is comparable to the channel diameter, when
the porphyrin molecules transported through the conical nanochannel, a number of ionic current
occlusion events could be detected.” However, if molecular size of the analyte (i.e. small
molecules and metal ions) is much smaller than the diameter of nanochannel, the occlusion
events cannot be observed by the resistive-pulse technique.*

To achieve detection of small analytes using nanochannels, steady-state analysis approaches’

have been recently developed. Functional molecules, such as amino acids, crown ethers and
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proteins, have been used to modify the inner surfaces of the nanochannels to be the specific
recognition sites of the small analytes. The functionalized nanochannels could exhibit different
ion transport properties before and after binding of target analytes because the analyte binding
onto the recognition sites of the nanochannel could lead to obvious changes of the surface charge,

effective diameter and/or wettability of the channel, thus achieving detection of small

25-27 28-31

molecules, metal ions, and metal ion-molecular complexes.”>** Compared with other
functional molecules, DNA aptamers have been recently recognized as a more effective tool in
construction of biosensors for small molecular sensing.”” ***® Aptamers with specific binding

442 9

features have been successfully used to fabricate electrochemical,”'40 fluorescence,
colorimetric*** biosensors for various drug detections. Electrochemical biosensors have been
recognized as a convenient and robust platform for target detection, but need tedious electrode
modification and subsequent operations, which are time-consuming and also affect the
reproducibility.*’ Fluorescent techniques possess a high sensitivity and excellent selectivity for
the detection of many target analytes, but still have limits like high background noise, false
positive signals, and difficulty in labeling probes.'> Colorimetric aptamer-sensors have attracted
much attention due to their practicality, portability, and improved reproducibility, however, the
preparation of nanoparticles, complicated samples pretreatment, and low sensitivity still limit

their applications.'> *

Therefore, it remains challenging to develop simple, convenient, and
effective platforms for highly sensitive drug detections. Single nanochannels combined with
DNA aptamers are supposed to be efficient platforms to achieve ultrasensitive drug detections.

In this work, we report an artificial single nanochannel-aptamer-based biosensor for

ultrasensitive and selective recognition of cocaine. The sensor is constructed by immobilization

of capture DNA aptamers (C-aptamers) onto the inner wall of single nanochannels. The C-
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aptamers can selectively bind cocaine and target DNA aptamer molecules (T-aptamers) onto the
channel wall, resulting partial or complete occlusion of the channel and shield of the channel
surface charge, thus to reduce the transmembrane ionic current of the nanochannel. As a result,
cocaine detection in the nanochannel-aptamer-based biosensor can be easily achieved by
measuring ionic current changes of the channel before and after binding of cocaine and T-
aptamer molecules. The nanochannel-aptamer-based sensor exhibits an ultrahigh sensitivity of
cocaine down to 1 nM level and a remarkable specificity toward cocaine over other small drugs
of similar structures. This work, as an example, provides a basic strategy for further developing
diverse nanochannel-aptamer-based molecular biosensors with an ultrahigh sensitivity, inherent
simplicity, and real-time monitoring property for efficient drug detections and clinical

diagnostics in the future.

EXPERIMENTAL SECTION

Materials. Phosphate buffered saline (PBS), tropinone (CsH;3NO, 99%)), atropine (C;7H23NO3, >
99%), and glucose (D-glucose, > 99.5%) were purchased from Sigma-Aldrich (China). N-
hydroxysulfosuccinimide sodium salt (NHSS, 97%) and 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC, 98+%) were purchased from Alfa Aesar (China).
Potassium chloride (KCI, 99.8%), potassium hydroxide (KOH, 98.0%), sulfuric acid (H,SOs,
95.0%-98.0%), and sodium hydroxide (NaOH, 96.0%) were purchased from Sinopharm
Chemical Reagent Beijing (China). Formic acid (HCOOH, > 88%), and hydrochloric acid (HCI,
36.0%-38.0%) were purchased from Beijing Chemical Works (China). Cocaine hydrochloride
was purchased from Beijing Institute for Drug Control (Beijing, China), and then dissolved in

PBS buffer solution (0.01 M, pH 7.4) to different concentrations (from 1 nM to 500 uM). DNA
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oligonucleotides were synthesized by Takara Biotechnology Co. Ltd. (Dalian, China). Unless
otherwise stated, the chemical solutions were prepared using MilliQ water (18.2 M()).
Nanochannel Fabrication. Polyethylene terephthalate (PET) membranes (Hostaphan RN12
Hoechst, 12 um thick) with single heavy ion track in the center were chemically etched to
fabricate single bullet-shaped nanochannels within the membranes using a asymmetric track-
etching technique.*® During the etching process, the PET film was immobilized between two
chambers of a custom-designed etching cell. One side of the film was etched by 6 M NaOH
solution, while the other side was etched by 6 M NaOH + 0.025 wt% surfactant solution at 60 °C.
The surfactant used here is sodium dodecyl diphenyloxide disulfonate. To monitor the etching
process, transmembrane ionic current of the PET film was measured at a constant voltage of 1.0
V. After the current reached the desired value, etching solutions of both sides of the PET
membrane were replaced by a stopping solution (including 1 M KCl + 1 M HCOOH) to
neutralize the etchant and stop the etching process. To remove residual salts inside the single
bullet-shaped nanochannel, the etched PET nanochannel membrane was washed by water for 3
times and soaked in MilliQ water overnight.

Capture DNA Immobilization. C-aptamers were successively grafted onto the inner wall of the
nanochannel by a two-step chemical modification method. Prior to the modification, carboxyl
groups created on the nanochannel wall were activated in 4 mL PBS (0.01 M, pH 7.4) solution
containing 30 mg/mL EDC and 6 mg/mL NHSS for 2 h. Then, the nanochannel membrane was
treated by 1 uM capture DNA (0.01 M PBS, pH 7.4) solution for 12 h to graft C-aptamers onto
the channel wall. Finally, the modified nanochannel membrane was washed by water for 3 times

and stored in MilliQ water before further experiments.
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Preparation of the Mixed Solution Containing Target DNA and Cocaine. 1 mM stock
cocaine solution was prepared from Cocaine hydrochloride with PBS buffer (pH 7.4) at room
temperature. T-aptamers were also dissolved in PBS buffer solution. Cocaine solutions were then
diluted to different concentrations (including 1 nM, 10 nM, 100 nM, 1 uM, 10 uM, 100 uM, and
500 uM). The mixed solutions of 1 uM T-aptamer and different concentrations of cocaine were
also prepared in the PBS buffer. The cocaine solutions and the mixed solutions containing
cocaine and T-aptamer were used to be electrolytes in the current measurement.
Current-Voltage (I-V) Measurement and Real-Time Current Recordings. Ionic transport
properties of the nanochannels before and after modification were evaluated by the /-V curves
and ionic current recordings with a Keithley 6487 picoammeter (Keithley Instruments, Cleveland,
OH) in different electrolyte solutions (0.1 M KCI, 1 M KCI, and 0.01 M PBS, respectively). A
pair of Ag/AgCl electrodes were applied to the two sides of the nanochannel membrane to apply
a transmembrane potential across the nanochannel. The cathode faced the large opening (base)
side of the channel, while the anode faced the small opening (tip) side. Scanning voltages varied
from -2 V to + 2 V with a 21 s period were used for /-J measurement and a constant voltage of
+2 V was used for real-time current recording. All measurements were carried out at room
temperature, and each test was repeated five times to obtain the average value.
Characterization. A FEI Magellan 400 extreme high resolution scanning electron microscope
(SEM) was used to characterize the nanochannel samples at an acceleration voltage of 5 kV. X-
ray photoelectron spectroscopy (XPS) analysis of PET membrane before and after modification
was performed by the Thermo Scientific ESCALab 250Xi using 200 W monochromated Al Ka
radiation, 500 pm X-ray spot, and ~3x10"'" mbar of base pressure in the chamber. The

hydrocarbon Cls lines at 284.8 eV from adventitious carbon is used for energy referencing. The
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analysis software was used as provided by the instrument’s manufacturer. Because no other new
element was introduced after every step of modification, the peak of nitrogen (N1s) was used to
reflect the modification process. Contact angles (CAs) were measured using an OCA 20
instrument (DataPhysics, Germany) at room temperature and saturated humidity. MilliQ water
(18.2 MQ) was used for the CA measurement. In each measurement, a 2-uL droplet of water was
dispensed onto the substrates for investigation. The PET films for CA measurements was

prepared under the same condition as the single nanochannel membrane.
RESULTS AND DISCUSSION

The design strategy of the nanochannel-aptamer-based cocaine sensor is shown in Scheme 1. A
single bullet-shaped nanochannel with a length of 12 um was prepared by asymmetrically
etching single-ion-tracked PET membrane, as described in our previous work.* Here we
fabricate bullet-shaped single nanochannels to be the platform to develop cocaine sensor,
because it has been less used to develop nanodevices, compared with other cylinder-, cone-, and
hourglass-shaped nanochannels.*’ Furthermore, the bullet-shaped nanochannel has been proved
to have a good stability and reproducibility,’ as well as a more pronounced rectifying behavior
than the conical nanochannel.”>' A SEM image of the cross section of a single nanochannel
confirmed its bullet-like shape (Figure Sla in the Supporting Information (SI)). SEM images of
the two sides of the nanochannel membrane also well illustrated that the nanochannel has a large
opening (base side) and a small opening (tip side), respectively, at its two ends (Figures S1b and
Slc in SI). The base diameter is 174.3 = 23.5 nm, while the tip diameter is 30.2 = 5.1 nm
(Figures S1d and Sle in SI). As the inner surface of the PET nanochannel possessed carboxyl
groups that were produced during the etching process,”>>> C-aptamer (molecular size of ~5.4 nm

in diameter) was grafted onto the channel wall by a two-step modification method.*® >® C-
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aptamers immobilized on the nanochannel wall are single-stranded and then fold into double-
stranded structures after binding of cocaine and T-aptamer molecules.”’ After capturing of
cocaine and T-aptamer, the effective diameter of the nanochannel for ionic transport was reduced
because of the bodipy493/503-modified T-aptamer with a molecular size of ~9.1 nm.”
Therefore, the cocaine detection can be achieved by measuring the ionic current changes of the
C-DNA-modified nanochannel before and after binding of cocaine and T-aptamer molecules.

In order to confirm the successful binding of cocaine and T-aptamer molecules on the
nanochannel wall, CA and XPS measurements were employed to characterize the surface of the
PET membrane before and after modification. CAs of the PET membrane at original, etched, C-
DNA-modified and cocaine/T-aptamer-bound states are 84.4 = 0.7°, 72.8 = 1.1°, 55.1 = 1.3° and
60.1 + 1.9°, respectively (Figure 1a). The CA values were obtained from the averages of five
drops at different locations of the membrane. Insets are the corresponding photographs of water
droplet shapes on the PET film. All these changes of wettability on the PET membrane
corresponded to the change of chemical composition. Figure 1b shows XPS spectra of the
membrane before and after immobilization of C-aptamer, and after binding of cocaine and T-
aptamer (see Tables S1, S2, and S3 in the SI for more information). Different from the
unmodified membrane, typical N1s XPS peaks at near 400 eV were observed for the membrane
after C-aptamer modification and binding of cocaine and T-aptamer, indicating that aptamers
were successfully immobilized onto the membrane surface. To further confirm the assembly of
cocaine and T-aptamer molecules on the PET membrane, fluorescence tests were also conducted
on the membrane surface. The fluorescence intensity was investigated by exciting the PET
membrane at 488 nm and measuring the emission at 510 nm. The T-aptamer has a fluorescent

group on its 5' end with excitation peak at 493 nm, and emission peak at 503 nm. After binding
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of T-aptamer, an obvious emission peak at ~510 nm was observed (Figure 1c). These results
provide an important evidence for the successful binding of cocaine and T-aptamer molecules
onto the surface of the C-aptamer-modified PET membrane.

For the single bullet-shaped nanochannel, its DNA modification was confirmed by measuring
the transmembrane ionic current of the channel before and after modification in 0.1 M and 1 M
potassium chloride and 0.01 M PBS (pH 7.4) solutions. As shown in Figure S2 in SI, -V
characteristic and rectification ratio changes of the single nanochannel before and after C-
aptamer modification were observed remarkably, which could be mainly ascribed to the
blockage effect of the C-aptamer molecules. Real-time current recording of the nanochannel was
monitored at +2 V in PBS solution, and the difference in the electronic signature of current traces
of the channel before and after modification was apparent (Figure S3 in SI). These results
indirectly confirmed the successful immobilization of C-aptamer molecules onto the channel
wall, and the C-aptamer-modified single nanochannel could function as a nanofluidic platform
for cocaine sensing.

The sensing performance of the nanochannel-aptamer-based platform was systematically
investigated by measuring the /-V properties of the C-aptamer-modified nanochannel under PBS
solutions with and without cocaine and/or T-aptamer molecules. Figure 2a depicts /-V curves of
the C-DNA-modified nanochannel measured in 0.01 M PBS with and without addition of 1 uM
cocaine and/or 1 uM T-aptamer molecules. /-V characteristics suggest no sensing happened in
the modified nanochannel without T-Aptamer, while the ionic current and rectification ratio of
the nanochannel significantly decreased after simultaneous addition of cocaine and T-aptamers
(Figure S4 in SI). This clearly confirmed the successful anchoring of cocaine and T-aptamer onto

the inner wall of the nanochannel, and the experimental results also imply that the presence of T-
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DNA aptamers is essential for cocaine detection in the nanochannel-aptamer-based sensor.
Current change ratios, (lp—I)/Ip, defined here as the absolute value of the current variation,
recorded at a +2 V bias with 1 uM target cocaine with or without T-aptamer, are presented in
Figure 2b. It is evident that the modified nanochannel with T-aptamer displayed good selectivity
to cocaine, and the presence of target cocaine could be well monitored via the ionic current

change of the nanochannel.

The sensitivity of the nanochannel-aptamer-based sensor was evaluated by testing the current
properties of the C-aptamer-modified nanochannel under different cocaine concentrations,
together with 1 uM target aptamers in 0.01 M PBS buffer (pH 7.4). The ionic current decreased
accordingly with increase of the cocaine concentration, and the currents measured under 0 M, 1
nM, and 1 uM cocaine conditions were 7.03 + 0.04, 6.56 = 0.04, and 5.69 = 0.05 nA,
respectively (Figure S5 in SI). The binding of cocaine and T-aptamer molecules onto the
nanochannel wall led to a significant decrease in the effective size, thereby affecting the ion flux
across the nanochannel membrane (Figure 3a). The anchoring of cocaine and T-aptamer
molecules could also shield the negative surface charge of the nanochannel, in agreement with
the decrease observed in the nanochannel rectification ratio, from 4.26 £ 0.01 (0 M) to 2.96 +
0.13 (1 uM). As shown in Figure 3a, the cocaine recognition process coupled with the formation
of ligand-receptor conjugates that were supramolecularly confined within the nanochannel. The
effective diameter of the nanochannel gradually reduced with increasing the binding amount of
cocaine molecules and T-aptamers: (I) the nanochannel without cocaine and T-aptamer
complexes showed high ionic current, (II) the effective diameter of the nanochannel reduced
partly and showed relative low ionic current as the C-aptamer sites were partly bound with

cocaine and T-aptamer complexes under low cocaine concentration, and (III) the effective
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diameter of the nanochannel decreased furtherly and displayed extreme low ionic current when
the C-aptamer sites were fully bound with cocaine and T-aptamer complexes under high cocaine
concentration. With increasing the binding of target cocaine and T-aptamer complexes (11, III),
such large supramolecular complexes could gradually block the nanochannel and shield the
negative surface charge of the nanochannel, leading to different levels of pore occlusion.™

Figure 3b displays the current ratio changes of the nanochannel-aptamer-based sensor
measured at +2 V under different cocaine concentrations (0 M, 1 nM, 10 nM, 100 nM, 1 uM, 10
uM, 100 uM, and 500 uM, respectively) in the absence or presence of 1 uM T-aptamer. The
ionic current of the sensor decreased gradually with increasing cocaine concentration of the PBS
solutions with 1 uM T-aptamer from 1 nM to 500 uM, whereas the current was almost constant
(ratio = 1) without T-aptamer in the same concentration range. The corresponding /-V curves of
the nanochannel were shown in Figure S6 in SI. A linear relationship between target cocaine
concentration and output ionic current was observed in a wide concentration range from 1 nM to
10 uM of cocaine, exhibiting a detection limit down to 1 nM (Figure 3b). The experimental
results confirmed that the nanochannel-aptamer-based sensor has excellent sensitivity of cocaine
at ultratrace concentrations. Such a high cocaine sensitivity of the nanochannel-aptamer-based
sensor at nanomolar level is better than those of other reported traditional aptamer-based cocaine
sensor (see Table S4 in SI), showing potential practical applications in clinical diagnostics and
drug testing.

To further verify the selectivity of the nanochannel-aptamer-based cocaine sensor, binding
effects of the sensor of cocaine over other small molecules with similar chemical structures as
cocaine, including glucose, atropine, and tropinone were investigated. /- characteristics of a

reproduced C-aptamer-modified nanochannel were systematically measured in 0.01 M PBS
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solutions with 1 uM of each target molecule and 1 uM T-aptamer (see Figure S7 in SI). The
ionic current measured at +2 V for each analyte became different, and a significant change for
target cocaine was observed. Current change ratios, (/y—/)/ly, defined here as the absolute value
of the current variation, recorded at +2 V bias with cocaine and other nonspecific small
molecules of similar structures, are presented in Figure 4. A relatively high current-change ratio
of ~0.29 can be obtained in the presence of cocaine, while the ratios calculated from other
nonspecific molecules were ~0.22, ~0.19, and ~0.14, respectively. From the variations in the
current-change ratio of the nanochannel-aptamer-based cocaine sensor, we can conclude that the
sensor presented displays a remarkable specificity toward cocaine. Due to the inherent selectivity
of aptamers for the target molecule, the artificial single-nanochannel-based platform has

potential application in recognition of cocaine.

CONCLUSION

In conclusion, a single nanochannel-aptamer-based biosensor for highly sensitive and selective
cocaine recognition has been fabricated by integrating single artificial nanochannels with DNA
aptamers. The biosensor showed a good selectivity and excellent sensitivity toward cocaine over
other drugs with similar chemical structures. A linear relationship between target cocaine
concentration and output ionic current was observed in a wide concentration range from 1 nM to
10 uM of cocaine, showing a detection limit down to 1 nM level. This new nanochannel-
aptamer-based biosensor shows better cocaine sensitivity and selectivity over traditional sole
aptamer-based cocaine sensors, which confirms that the integration of single nanochannels with
functional aptamers is expected to be an effective way to design new biosensing devices for
ultrasensitive and selective drug detections in the fields of medicine, healthcare, food, and

environment.
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Supporting Information. SEM images of the cross section, the base and the tip side of the
bullet-shaped nanochannel membrane, XPS data, I-V curves and real-time current recording of
the nanochannel before and after C-aptamer modification, /-V properties of the nanochannel-
aptamer-based sensor measured under different conditions, and a systematic comparison of the
cocaine detection performance between sole aptamer-based methods and our nanochannel-
aptamer-based sensor. This material is available free of charge via the Internet at

http://pubs.acs.org.
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1

2

2 Scheme 1. Schematic representation of a high-sensitive aptamer-based cocaine detector using an
Z engineered single nanochannel. Single-stranded capture DNA were firstly used to functionalize
7

8 the single bullet-shaped nanochannel, and then folded into double-stranded structure by cocaine
9

1(1) binding, altering electron transfer and reducing the ionic current, and cocaine could be directly
g detected by the transmembrane current recording. The oligonucleotide sequence (5' to 3') of
14

15 Capture DNA is 5'-NH;-(CH;,)sGGGAGTCAAGAACGAA-3', and the oligonucleotide sequence
16

17 (5' to 3") of Target DNA is 5'-Bodipy493/503-TTCGTTCTTCAATGAAGTGGGACGACA-3".
18

;g The scheme is not drawn to scale.
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of water droplet shape on the PET film. The data were obtained from five independent
measurements and the error bars indicate the standard deviation. (b) XPS spectra of the PET film
before and after capture DNA aptamers modification and after target DNA aptamers addition. (c)
Fluorescence spectra of the PET surface after capture-DNA aptamer modification in the
absence/presence of target-DNA aptamer (T-Aptamer). The fluorescence intensity was
monitored by exciting the PET membrane at 488 nm and measuring the emission at 510 nm. The
target aptamer has a fluorescent group on its 5' end with excitation peak (Ex) at 493 nm, and
emission peak at 503 nm. After T-Aptamer addition, an obvious emission peak (Em) at ~510 nm

was observed, in contrast with the sample without T-Aptamer.
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Figure 2. The discriminating property of 1 uM target cocaine in the single-nanochannel-based
platform without or with addition of 1 uM target aptamers, as labeled. (a) I-V curves measured in
0.01 M PBS (pH = 7.4) with or without T-Aptamer at a scanning voltage varied from -2 to +2 V
with a 21 s period. (b) Comparison of the current change ratios, (/y-/)/1y, recorded at +2 V with 1
uM target cocaine in the proposed platform with or without T-Aptamer, where /; and / are the
current measured in the absence and presence of target analytes. The data represent the averages

and standard deviations from five independent experiments.
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33 Figure 3. Cocaine recognition with a DNA-aptamer-modified single bullet-shaped nanochannel-
based platform. (a) Schematic representation of the cocaine detection mechanism with (I) non-
38 cocaine-bound C-Aptamer, and (II, III) cocaine-bound states of C-aptamers (form aptamer
40 complexes). Cocaine could be directly detected by monitoring of ionic current signals, and the
current decreases as the cocaine concentration increases. (b) Comparison of the current ratios,
45 1/1y, recorded at +2 V with different concentration of target cocaine in the proposed platform
47 with or without T-Aptamer, where /. is the ionic current measured at different cocaine
49 concentrations and [ is the current measured in the absence of cocaine. The data represent the

averages and standard deviations from five independent experiments.

60 ACS Paragon Plus Environment

23



oNOYTULT D WN =

ACS Applied Materials & Interfaces

0.30- ———

OCH; +HCI
O__Ph

T

N’CHG N

0.25+4 Aﬁg

0.2044
0.15-

Glucose Atroplne Tropmone Cocaine

Ratio

Figure 4. Selectivity of the DNA-aptamer-modified single nanochannel-based platform.
Comparison of the current change ratios, (/o-1)/ly, recorded at +2 V with target cocaine and other
nonspecific small molecules, where [y and [ are the current measured in the absence and presence
of target analytes. Experiments were performed in four different solutions with the concentration
of 1 uM for glucose, atropine, tropinone, and cocaine, respectively, containing 0.01 M PBS
buffer (pH 7.4), and 1 uM T-Aptamer. Insets are the structural formulae of each molecules. The

data represent the averages and standard deviations from five independent experiments.
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