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We proposed an ultrasensitive electrochemical cocaine biosensor based on the three-dimensional (3D)
DNA structure conversion of nanostructure from Triangular Pyramid Frustum (TPFpna) to Equilateral
Triangle (ETpna). The presence of cocaine triggered the aptamer-composed DNA nanostructure change
from “Close” to “Open”, leading to obvious faradaic impedance changes. The unique properties with
excellent stability and specific rigid structure of the 3D DNA nanostructure made the biosensing
functions stable, sensitive, and regenerable. The Faradaic impedance responses were linearly related to
cocaine concentration between 1.0 nM and 2.0 pM with a correlation coefficient of 0.993. The limit of
detection was calculated to be 0.21 nM following IUPAC recommendations (3S,/b). It is expected that the
distinctive features of DNA nanostructure would make it potentially advantageous for a broad range of
biosensing, bionanoelectronics, and therapeutic applications.
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1. Introduction

Highly sensitive and selective biosensing based on nucleic acids
is recently proved to be valuable for the quantitative detection of
nucleic acids and indirect detection of other targets. Among the
many exciting achievements on nucleic acid-based biosensors,
aptamers have been engineered as biorecognition elements to
integrate affinity and signal transducing moieties into the ultra-
sensitive biosensing strategies (Willner and Zayats, 2007; Liu et al.,
2009; Zhou et al., 2010; Xiang et al., 2011; Yeung et al., 2010).

Despite their impressive performances, technologies based on
DNA assembly on electrode surface and their recognition processes
still suffer from the inherent limitations of stability and irreversibility,
which commonly relies on single DNA sequence anchored on
electrode by SH-group and the recognition relying on DNA hydrolysis
(Carrasquilla et al,, 2012; Wang et al,, 2011a), or through the use of
single-stranded “toeholds” to initiate strand-displacement reactions
(Soloveichik et al., 2010; Yang and Lai, 2012). To solve these problems,
much recent progress has been made in developing three-
dimensional (3D) DNA architectures (Douglas et al., 2009; Li et al.,
2009; Pei et al,, 2012). The construction of artificial DNA nanostruc-
ture with nearly arbitrary 3D nanostructure has brought us a great
revolution for bioelectronics and biosensors (Kang et al, 2012;
Vallée-Bélisle et al., 2011; Surana et al., 2011; Wang et al,, 2011b).
Yan and Fan's groups have devised a new concept to achieve
improved probe-target recognition properties by constructing a
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“pyramidal” DNA tetrahedra structure-based chip platform (Pei
et al,, 2010). The 3D nanostructured recognition probes anchored at
Au surfaces have been proved to have mechanical rigidity and
structural stability. Based on the DNA nanostructure-decorated sen-
sing protocol, they have developed an ultrasensitive and highly
selective electrochemical aptamer-based cocaine sensor (Wen et al.,
2011). Because the aptamer probe-pendant tetrahedral DNA nanos-
tructure can greatly facilitate cocaine-induced fusion of the split
anticocaine aptamer, a remarkably low detection limit of 33 nM was
obtained. Moreover, the tetrahedron-decorated surface is protein-
resistant, making the DNA nanostructure-decorated sensing platform
suit the enzyme-based amplification system and ensures high
selectivity of the sensor. Jiang et al. have demonstrated a new
strategy for highly sensitive electrochemical detection of cocaine by
using two engineered aptamers in connection to redox-recycling
signal amplification and a low nanomolar (1 nM) detection limit was
achieved (Jiang et al., 2012). Bearing this concept in mind, we may
expect that utilizing the superiority of 3D DNA nanostructure, the
construction of novel sensitive, selective and reversible biosensors
might prove effective as delivery vehicles, beyond what is possible
with traditional linear or stem-loop probe structures DNA forms.

To demonstrate the general design of the 3D DNA nanostructure
based biosensing platform, we first use cocaine and its aptamer as
the pair of target-aptamer for a proof of concept. Scheme 1 outlines
the principle for the construction of 3D DNA nanostructure and
sensing process. 1.0 mM Fe(CN)g> /4~ was employed as the electron
indicator to monitor the “Open” and “Close” states. The initial
Triangular Pyramid Frustum nanostructure (defined as TPFpna) Was
first hierarchically assembled from five stoichiometric equivalents
DNA probes, three thiolated DNA probes (P1, P2, and P3) of 36


www.sciencedirect.com/science/journal/09565663
www.elsevier.com/locate/bios
http://dx.doi.org/10.1016/j.bios.2013.07.053
http://dx.doi.org/10.1016/j.bios.2013.07.053
http://dx.doi.org/10.1016/j.bios.2013.07.053
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.bios.2013.07.053&domain=pdf
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.bios.2013.07.053&domain=pdf
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.bios.2013.07.053&domain=pdf
mailto:zhengjb@nwu.edu.cn
http://dx.doi.org/10.1016/j.bios.2013.07.053

192 Q. Sheng et al. / Biosensors and Bioelectronics 51 (2014) 191-194

HS \\NANANANANAN
HS N ANANANANANAN

LA AV AV AVAVAVAVAN A&ali?g
ANANANANANANAN
ANANANANANANANANANNSNS
Probes
Assembling
Fe(CN)¢~  Fe(CN)s+ Fe(CN)¢>~  Fe(CN)*

IS

=

Cocaine

Scheme 1. Schematic illustration of the cocaine sensing based on TPFpna Nanos-
tructure assembled on Au electrode.

nucleotides (40-nt), one 55-nt DNA probe (P4) and one 39-base
cocaine aptamer probe (P5). Here, the P4 sequence composed of
three equal parts of 17-base fragments can specifically bind to the
relative 5’-end of the three thiolated probes, and the P5 was fully
complementary to the 3’-end of the 13-base fragments of thiolated
P1, P2, and P3 which allows the formation of a short 13-base DNA
duplex at the distal end of the probes. After incubation of an Au
electrode in TPFpna solution, TPFpna assembled onto Au electrode
surfaces by the three thiol groups was formed. In this state, the
electron transfer of Fe(CN)g> /4~ was greatly inhibited, due to the
formation of the 3D TPFpna that prevents Fe(CN)g> /4~ from acces-
sing the electrode surface for efficient electron transfer, and a large
faradaic impedance response of Fe(CN)s>~ /4~ was obtained. Thus,
the TPFpna can represent a “Close” state of the DNA nanostructure.
When the TPFpna modified electrode was further incubated in a
solution containing cocaine, the cocaine aptamer P5 was released
from the TPFpna Nanostructure and made allosteric changes to bind
cocaine, resulting in the “Open” DNA nanostructure. As a result, the
TPFpna Nanostructure changed to an Equilateral Triangle DNA nanos-
tructure (defined as ETpna), resulting in an efficient electron transfer
and a small Faradaic impedance response of Fe(CN)g> 4. It is worth
to mention that the TPFpna nanostructure can be easily regenerated
by placing the ETpna in cocaine aptamer P5 solution.

2. Experimental
2.1. Reagents and apparatus

All oligonucleotides are synthesized by Sangon Biotech. Co., Ltd.
(Shanghai, China). Their sequences are listed in Supplementary
information of Table S1. Cocaine, ethylenediaminetetraacetic acid
(EDTA), benzoylecgonine (BE), ecgonine methyl ester (EME) and
dithiothreitol (DTT) were purchased from Sigma-Aldrich (St. Louis,
MO). The synthetic cocaine sample solution was obtained by dissol-
ving cocaine into a 0.9% saline solution. All other chemicals used in
this work were of analytical grade. All oligonucleotides were dis-
solved with 10.0 mM TE buffer (10.0 mM Tris, 1.0 mM EDTA, pH 7.4)
into stock solutions and stored at —20 °C. They were diluted with
10.0 mM TE buffer solution to suitable concentrations prior to use.
Thiol-modified probes were treated with 0.05M DTT at room
temperature overnight in dark to reduce the S-S bonds prior to use.

The buffer for TPFpya assembly was 20.0 mM TE (pH 8.0),
50.0 mM MgCl, and 0.5 M NaCl. The DNA immobilization buffer
was 10.0 mM TE (pH 7.4) containing 0.5 M NaCl. The washing

buffer was 10.0 mM PB buffer containing 0.1 M NaCl (pH 7.4).
Diluent was 0.1 M PBS (pH 7.2). All solutions were prepared with
ultrapure water ( > 18 MQ c¢cm) obtained from a Millipore Milli-Q
water purification system.

Transmission electron microscopic (TEM) images were acquired
with a JEOL JEM-3010 high-resolution transmission electron micro-
scope using an accelerating voltage of 200 kV. Electrochemical
experiments were performed with a CHI 660D Electrochemical
Workstation (CH Instruments, Shanghai, China). A three-electrode
electrochemical cell was used. Au electrode (z=2.0 mm, CH Instru-
ments, Shanghai, China) was used as the working electrode.
Platinum wire and saturated calomel electrode (SCE) were used as
counter and reference electrodes, respectively.

2.2. Formation of TPFpna and its assembling on Au electrode

The mixture of five oligonucleotides (P1, P2, P3, P4 and P5) in
equimolar quantities in TM buffer (20.0 mM TE, 50 mM MgCl, and
0.5 M NaCl, pH 8.0), was heated to 95 °C for 2 min and then cooled
to4°Cin 30s.

The Au electrodes were first polished with aqueous slurries of
0.3 um and 0.05 pm a-Al,O3 powders on a polishing microcloth.
Then, the Au electrodes were cleaned in “piranha” solution
consisting of a 3:1 ratio of H,SO4 and H,0; (caution: this mixture
reacts violently with organic materials and must be handled with
extreme care), then thoroughly washed with ethanol and ultra-
pure H,O, and dried under nitrogen. The obtained clean Au
electrodes were then immersed in different concentrations of
TPFpna solutions and incubated for different times (from 0.5 to
10 h) in dark at 4 °C. Following the incubation, the electrodes were
rinsed with washing buffer. Thus, the capture TPFpya modified Au
electrodes were used for the following experiment.

2.3. Cocaine assays

The obtained TPFpna modified Au electrode was transferred to
a different concentration of cocaine solution and incubated for
30 min. Then, the electrode was extensively rinsed and subjected
to electrochemical measurements. Faradaic impedance spectra
(FIS) were performed in 1.0 mM Fe(CN)g>~/4~ (1:1) containing
0.1 M NaCl. The impedance measurements were recorded at a bias
potential of +179 mV (vs. SCE) within the frequency range from
10 mHz to 10 kHz.

The sensor was regenerated by soaking the electrode in 5.0 uM
P5 solution for 3 h at room temperature to ensure the entire ETpna
nanostructure changed to TPFpna.

3. Results and discussion
3.1. Feasibility study

To determine TPFpna formation after annealing, high-resolution
TEM was performed. As shown in Fig. S1 of Supplementary
information, equilateral triangle shape of DNA with an edge length
of ~6.0 nm was observed. As expected, the high-resolution TEM of
TPFpna shows a triangular pyramid frustum shape with the edge
length and height of ~6.0 nm. These values are almost consistent
with the expected length of DNA in Scheme 1, assuming 0.34 nm per
base pair (Ke et al,, 2012). The above results suggest that tiling and
edge-to-edge connections of DNA sequences could be a powerful
method to form the 3D DNA nanostructure. The successful assem-
bling of TPFpna on Au electrode surface was also confirmed by AFM
analysis (Fig. S2 in Supplementary information), and the results fit
well with the theoretical size value and high-resolution TEM result of
the TPFpna.
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Fig. 1 shows the cyclic voltammograms (CVs) and FIS of the
TPFpna modified Au electrode before and after incubation with
cocaine. For comparison, CV and FIS of bare Au electrode were also
presented. For bare Au electrode, a pair of well-defined and
reversible redox peak with the reduction and oxidation peak
potentials at 0.144 V and 0.215V (vs. SCE) was observed (Fig. 1A,
curve a). After assembling TPFpna on Au electrode, the redox peaks
became absolutely irreversible with the reduction and oxidation
peak potentials at —0.109V and 0.418 V (vs. SCE), respectively,
accompanied with the obvious decrease of peak currents (Fig. 1A,
curve b). When the TPFpns modified electrode was further
incubated in cocaine solution, the redox peaks of the modified
electrode became a little irreversible with the reduction and
oxidation peak potentials at 0.101 V and 0.248 V (vs. SCE), respec-
tively, accompanied with the increase of peak currents (Fig. 1A,
curve c). Based on the Laviron theory (Laviron, 1979), the electron
transfer rate constant (ks) of Fe(CN)g>~/4~ at the TPFpna modified
Au electrodes before and after interaction with cocaine was
calculated to be 0.0094+0.0008s~! and 0.653 +0.052s7!,
respectively. This revealed that the ks value for the TPFpna
modified Au electrodes was approximately 70 times lower than
that was interacted with cocaine. Thus, FIS can be used as an
effective method for probing the features of interfacial electron-
transfer resistance during the sensing process. Fig. 1B shows the
FIS (Nyquist plots) at bare Au (curve a) and TPFpya modified Au
electrodes before (curve b) and after (curve c) the electrode
treatment with cocaine. By increasing cocaine concentration, the
interfacial electron resistance decreased dramatically, coinciding
with the CV results. Thus, cocaine addition would result in the
activation of the DNA nanostructure from “Close” to “Open” and
accordingly generate the interfacial electron resistance (Re¢) cor-
responding to the status of the DNA nanostructure. Unlike those
previous strategies for signal “On/Off” and reversible sensing, the
stability and regeneration ability for multi-regeneration perfor-
mance were not satisfied, due to the instability of the redox labels
or single thiolated probes (Yang and Lai, 2012). The proposed 3D
DNA nanostructure system was stable enough to operate for
several cycles without significant decay, and multiple resets upon
washing the electrode and addition of new chemical inputs were
possible (Fig. S3 in Supplementary information).

3.2. Optimization

In order to obtain satisfied assay result, some factors are
investigated in detail. It has been proved that the conformational
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effects are sensitively dependent on the surface densities of the
assembled sensing units. The surface density of TPFpna on the Au
electrode is a crucial parameter contributing to signal gain, which
can be controlled by varying the probe concentration during sensor
fabrication. To optimize the signal gain, the performance of the
sensors fabricated with different concentrations of TPFpna (0.1-
5.0 pM) was studied under the same concentration of 100 nM target
cocaine. The change of AR, (ARetzRgt—Ret) is used to characterize
the change of electrode surface. It was clearly observed that the AR
increased with the increase of surface density when the concentra-
tion of TPFpna was 1.0 uM. The surface density of the TPFpna surface
was calculated to be 3.2 x 10'2 probe/cm?. Hence, 1.0 uM TPFpna is
chosen as the optimized concentration for the following experi-
ment. Next, the assembling time of TPFpnya on Au electrode surface
and incubation time of TPFpna With cocaine were checked. It was
found that the AR, signals initially increased rapidly over time for
assembling and incubation, then became saturated until 30 min and
20 min. Thus, 30 min assembling time and 20 min incubation time
were used in the standard procedures.

3.3. Cocaine detection

Under the optimized condition, the relationship between Re¢
value and the concentrations of synthetic cocaine sample is
studied (Fig. 2A). AR/R% (defined as (R% —R.()/RS) is used for
evaluating the concentrations of target cocaine. As shown in
Fig. 2B, there is a linearity relationship between AR/RSt and the
function of the logarithm of the concentration of cocaine over a
wide concentration range from 1.0 nM to 2.0 pM (R*=0.993). The
linear response obtained with the sensor covers the lethal blood
levels for a range of 0.33-69.0 nM cocaine (Mittleman and Wetli,
1984), indicating that the sensor could be possibly used in the
analysis of real samples. The limit of detection (LOD) of this
method was calculated following IUPAC recommendations (3Sy/b,
where S, is the standard deviation (n=11) of the blanks, and b is
the slope value of the respective calibration graph) at a concen-
tration level of 0.21 nM. Comparing with the results reported by
some literatures (Table S2 in Supplementary information), this
value is superior to most available cocaine aptasensors. Moreover,
the sensitivity for cocaine detection calculated from the slope of
the respective calibration graph was 26.2 kQ/log([cocaine]/(nM)),
which is over six-fold enhancement over an impedimetric biosen-
sor based on supramolecular aptamer fragments/target complex
(Zhang et al., 2012), indicating the high sensitivity of the proposed
sensing system.
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Fig. 1. CVs (A) and FISs (B) of the (a) bare and (b) and (c) DNA nanostructure modified electrodes in a 1.0 mM Fe(CN)g> /4~ (containing 0.1 M NaCl) solution. Here, (b) was
the “Close” state of TPFpna and (c) was the TPFpna modified electrode after interaction with cocaine. Scan rate: 50 mV s~ . Applied potential: +0.179 V (vs. SCE). Frequency

range: 10 mHz to 10 kHz. Amplitude: 5 mV.
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Fig. 2. (A) FIS curves of the “Close” state of TPFpya modified Au electrodes in a 1.0 mM Fe(CN)s> /4~ (containing 0.1 M NaCl) solution corresponding to different
concentration of cocaine. (a) 0, (b) 1.0 nM, (c) 5.0 nM, (d) 50.0 nM, (e) 0.2 uM, (f) 1.0 pM and (g) 2.0 uM. (B) The corresponding calibration plot of AR/RSt vs. different

concentrations of cocaine.

3.4. Detection in real-life samples

To assess the 3D DNA based sensor's ability to detect small
molecules in complex, we tested the ability to detect cocaine in
the presence of other contaminants and in biological fluids.
Cocaine metabolites, BE and EME were chosen as negative con-
trols. The results were shown in Fig. S4(A) of Supplementary
information. There were only weak AR/RSt changes after addition
of BE and EME (each 1.0 uM) into the TPFpna sensing system,
indicating that the sensing platform has excellent selectivity.

The sensor was used to detect cocaine in 20% and 50% human
serum (Fig. S4(B)) diluted with buffer in comparison with those in
blank buffer. Studies showed that the R, signal decreased by 84.5%
and 82.6%, respectively, when 1.0 pM of cocaine was added in 20%
and 50% human serum. Moreover, the detection limits were close to
those obtained in blank buffer, suggesting that the other compo-
nents of the serum did not interfere significantly with sensor
performance. Analysis of cocaine in 1% and 10% human urine
samples was also conducted. As shown in Fig. S4, the R, signal
decreased by 85.0% and 84.2%, respectively. Thus, the successful
detection of cocaine in serum and urine as demonstrated here may
be straightforward when testing for cocaine clinically.

4. Conclusions

In summary, an ultrasensitive electrochemical cocaine biosen-
sor based on the structure conversion of 3D DNA nanostructure
was presented. The prepared biosensor exhibited stable, regener-
able, and sensitive functions for cocaine determination. Addition-
ally, we may except that coupling the 3D DNA nanostructure
conversion with unique signaling and/or structural features, the
performances of the biosensor will be further improved. The
principle of the 3D DNA nanostructure conversion strategy could
potentially be used to construct nanoswitches, nanoreactors, and
biosensors, even pointing to future applications in clinical settings
for biological fluids.
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