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A novel and facile strategy for the fabrication of aptamer-based adenosine 5'-triphosphate (ATP)
biosensor was developed by a quantum dot (QD) electrochemiluminescence (ECL) technique. Different
from the existing strategies for the development of aptasensors based on electrochemical, fluorescent or
other methods, the strategy proposed here is essentially based on the aptamer—ATP specific affinity and
the rules of Watson—Crick base pairing. After the thiol modified anti-ATP probes were immobilized
onto the pretreated Au electrode, the electrode was incubated in ATP solution to form aptamer—ATP
bioaffinity complexes. The complementary DNA (cDNA) oligonucleotides were hybridized with the
free probes. As a result, the avidin-modified QDs were bound to the aptasensor through the biotin—
avidin system in the existence of biotin-modified cDNA. The ECL signal of the aptasensor was
responsive to the amount of QDs bound to the cDNA oligonucleotides, which was inversely
proportional to the combined target analyte ATP. The QDs were characterized by high resolution
transmission electron microscopy (HRTEM), ultraviolet (UV) and photoluminescence (PL) spectra.
The preparation process for the aptasensor was monitored by electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV). Possible interference, such as from the pH value of the electrolyte,
the incubation time and the concentration of coreactant K,S,0g, on the aptasensor ECL response were
investigated. The ATP concentration was measured through the decrease of ECL intensity. The ECL
intensity of the aptasensor decreased with the increase of the logarithm of the ATP concentration over
the 0.018-90.72 uM range. In addition, the aptasensor exhibited excellent selectivity responses toward
the target analyte. This study may offer a new and relatively general approach to expand the
application of QD ECL in the aptasensor field.

To transform the aptamer—target binding events into physically
detectable signals, a number of detection systems have been
developed and the majority are based on fluorescent,* electro-
chemical,® colorimetric,® chromatographic’ or piezoelectric®
mechanisms, and so on.

For example, Li et al. designed an aptamer-based fluorescent
reporter, which took advantage of fluorescence signal change to
detect ATP or thrombin.® Metal ion detection based on aptamer
conformation change has also been described.'® Electrochemical
aptamer-based sensors have already been reported to detect
thrombin or cocaine.’* In addition, Tan has developed a method
for the rapid detection of leukemia cells using aptamer func-
tionalized nanoparticles as the molecular recognition element.'?
However, efforts are still being made to develop new assay to
transduce aptamer recognition events to detectable signals,
which is the key to realize their potential in analytical applica-
tions.

As newly developed inorganic fluorescent materials, semi-
conductor nanocrystals (NCs) or quantum dots (QDs) have been
extensively studied because of their unique size-dependent elec-
tronic, magnetic, optical, and electrochemical properties.'* They
have been widely used in cell imaging, bacteria detection, and
immunoassays.'*

Introduction

Originating from their relatively easy preparation by an in vitro
evolutionary selection procedure called SELEX (systematic
evolution of ligands by exponential enrichment), since they were
first proposed in 1990' aptamers have received considerable
attention and attracted much interest in recent years. Aptamers
are single-stranded DNA, RNA or even modified nucleic acid
molecules that have the ability to form defined tertiary structures
upon binding to specific targets, including metal ions, small
molecules, metabolites and proteins.? Compared with natural
receptors such as antibodies and enzymes, aptamers possess
several unprecedented advantages that make them as the ideal
recognition probes for analyte detection.®* Aptamers could be
simply and reproducibly synthesized, easily labeled, and undergo
significant conformational changes upon target binding. What is
more, aptamers have good chemical stability, wide applicability,
readily availability, and great flexibility for biosensor design.
Because of these important features, more and more interest has
been attracted in developing an aptamer—target binding system.
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In particular, Bard’s group found that QDs could be oxidized
and reduced during potential cycling or pulsing. When electro-
generated reduced species are in collision with the oxidized
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species, efficient and stable light emission could be generated
during the annihilation process. This light emission is called
electrogenerated chemiluminescence, abbreviated ECL.*

An alternative approach to generate QD ECL is through the
use of a coreactant. After the reaction with the coreactants,
efficient and stable ECL in aqueous solution can also be obtained
by applying a cathodic potential to the QDs.'® Afterwards, highly
luminescent semiconductor QDs gained increasing attention for
the application in bioconjugates and optical biosensor."”

The application of QD ECL to aptamer—target recognition
may broaden the detection assay. However, except for our
communication about detecting lysozyme using QD ECL,'® there
are no other reports on the use of QD ECL for aptamer—target
detection. Herein, an adenosine 5-triphosphate (ATP) apta-
sensor using QD ECL as the detectable signal was developed.
The 5'-thiol-modified anti-ATP aptamers were first immobilized
onto the Au electrode through an Au-S bond. The aptamer—
ATP bioaffinity complexes were formed after the above electrode
was immersed into an ATP solution. The free aptamers were
hybridized with 5-biotin-modified complementary DNA
(cDNA) oligonucleotides to form double-stranded DNA (ds-
DNA) oligonucleotides. At last, through the biotin—avidin-
system, streptavidin-modified QDs (avidin-QDs) were bound to
5'-biotin-modified cDNA oligonucleotides. The ECL signal of
the biosensor was responsive to the amount of QDs bonded to
the cDNA oligonucleotides, which was indirectly inversely
proportional to the combined target ATP. Possible interferences
from the experimental conditions, such as the incubation time,
the coreactant K,S,0g concentration and the pH of the elec-
trolyte on the ECL signal responses were investigated.

Experimental
Chemicals and reagents

Labeled DNA oligonucleotides were synthesized by Shanghai
Sangon Biotechnology Co. Ltd. (Shanghai, China). The
sequences of these two oligonucleotides employed are given
below:

probe
—
probe: anti-ATP aptamer
AL

MCH: 6-mercapto-1-hexanol

ATP: ad ine 5" -triphosphat

L P

.-

cDNA: complement DNA for probe

QD: quantum dot

The 5'-thiol-modified anti-ATP probe:

5'-HS-(CH,)s-ACCTGGGGGAGTATTGCGGAG-
GAAGGT

The 5'-biotin-modified complementary DNA:

5-biotin-ACCTTCCTCCGCAATACTCCCCCAGGT

Bovine serum albumin (BSA), 6-mercapto-1-hexanol (MCH),
adenosine 5-triphosphate (ATP), cytosine 5-triphosphate
(CTP), guanosine 5'-triphosphate (GTP), uridine 5'-triphosphate
(UTP) were purchased from Sigma-Aldrich and used as received.
Avidin-QDs (CdSe/ZnS core—shell structure with a diameter
about 10 nm) were supplied by Wuhan Jiayuan Quantum Dots
Co., Ltd. (Wuhan, China) with a initial concentration of 1.10
pM. All other reagents were of analytical reagent grade and used
without further purification. The buffer solution contained 100
mM Na,HPO, + NaH,PO,, 5 mM MgCl,, pH 7.4, and abbr.
PBS*. The electrolyte for ECL measurements was 5 mL PBS*
solution containing 0.1 M K,S,0g and 0.1 M KCI. A solution
containing 0.1 M KCl and 2 mM [Fe(CN)s]* /[Fe(CN)g]*~ was used
for electrochemical characterization. Millipore ultrapure water
(resistivity = 18.2 MQ cm) was used throughout the experiment.

Apparatus and measurements

High resolution transmission electron microscopy (HRTEM)
images were taken using a JEOL 2100 microscope at an accel-
erating voltage of 200 kV. UV absorption spectra were carried
out with a Ruili 1200 photospectrometer (Beijing Analytical
Instrument Co., Beijing, China). Photoluminescence (PL)
spectra were obtained on an RF-540 spectrophotometer (Shi-
madzu). The ECL signal was measured using a model MPI-A
electrochemiluminescence analyzer (Xi’an Remex Analysis
Instrument Co., Ltd., Xi’an, China) at room temperature. The
spectral width of the photomultiplier tube (PMT) was 300-650
nm, and the voltage of the PMT was set at 600 V during the
detection process. The EIS and CV analyses were performed on
an Autolab PGSTAT12 (Ecochemie, BV, The Netherlands) and
controlled by FRA and GPES 4.9 software. The EIS
characterization was performed in the frequency range of 0.1-1.0
x 10° Hz. In all electrochemical experiments, the conventional
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Fig. 1 The whole aptasensor preparation process.
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three-electrode system was employed with a modified Au elec-
trode as the working electrode, a saturated calomel electrode
(SCE) as the reference electrode, and a Pt wire as the counter
electrode.

Preparation of aptamer—ATP biosensor

The Au electrode was first pretreated with freshly made piranha
solution (98% H,SOy : 30% H>O, = 7 : 3, v/v) for 10 min twice
(CAUTION: piranha solution should be handled with great care
because of its strong oxidizability). Prior to use, all the oligo-
nucleotide solutions were heat-treated in 90 °C for 3 min and
then cooled in ice for 10 min. 20 pL of 5 pM aptamer solution
was spread on the pre-cleaned Au electrode surface for 12 h at 37
°C in 100% humidity, followed by immersion in 1 mM MCH for
2 h to remove the nonspecific DNA adsorption. Subsequently,
the above electrode was dunked into the ATP solution for the
formation of aptamer-ATP bioaffinity complexes. After being
washed with wash buffer (Tween-20 in PBS*) to remove the
nonspecifically bound ATP, 20 pL of the 5 uM 5'-biotin-modified
cDNA oligonucleotides solution was dropped onto the electrode
for 1 h incubation to form a double-stranded DNA (ds-DNA)
structure between the free probes and the cDNA oligonucleo-
tides. Afterwards, 20 pL of diluted avidin—QD liquid was drop-
ped onto the electrode surface for 1 h. Before use, 1 uL obtained
avidin—QD solution was dissolved in 100 plL. bovine serum
albumin (BSA) solution (I mg mL~' in PBS*) under shaking
conditions for 1 h for the purpose of blocking the active sites of
the QDs. All the above incubation steps were carried out at 37
°C. Before ECL measurement, the biosensor was washed with
wash buffer to remove the physical absorption of the QDs. The
whole preparation process is outlined in Fig. 1.

For the control experiments, electrolytes with different pH
value were adjusted with NaOH or concentrated phosphoric acid.
To test the specific response against ATP analogues, CTP, GTP
and UTP solutions with the same concentration as ATP were used
in the aptamer—analyte bioaffinity complex formation step.

Results and discussion
QDs characterization

The QDs used here were water-soluble with a CdSe/ZnS core—shell
structure. The morphology and optical properties of the QDs were
characterized by HRTEM, UV and PL spectra, respectively.
Shown in Fig. 2 the HRTEM images of the QDs, and Fig. 2B is the
magnification of Fig. 2A. The gray dots correspond to the QDs. It
could be concluded from Fig. 2A that the QDs are relatively
uniform in size and morphology. According to Fig. 2B, the
obtained QDs are about 10 nm in diameter. Fig. 3 showed the UV
and PL spectra of the QDs in 0.1 M PBS. In Fig. 3A, a maximum
UV absorption at 276 nm was observed, which could be attributed
to the existence of streptavidin. In the excitation wavelength of 360
nm, the PL emission peak appeared at 605 nm, which indicated the
consequence of quantum confinement as shown in Fig. 3B."

Electrochemical characterization of the aptasensor

Electrochemical impedance spectroscopy (EIS) has been repor-
ted as an effective assay to inspect the features of the electrode

Fig. 2 HRTEM image of QDs. B is the magnification of A.
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Fig. 3 UV (A) and PL (B) spectra of the QDs in 0.1 M PBS (pH 7.4).
The PL excitation wavelength was 360 nm.

surface, and this inspection is helpful to understand the chemical
transformations and processes associated with the conductive
electrode surface.”® The impedance spectrum contains a semi-
circle portion and a linear portion. The semicircle portion at
higher frequencies corresponds to the electron transfer limited
process, and the semicircle diameter equals the electron-transfer
resistance (R.). This resistance controls the electron-transfer
kinetics of the redox probe at the electrode interface. The linear
part at lower frequencies corresponds to the diffusion process.
On the other hand, the cyclic voltammogram (CV) of ferricya-
nide is a valuable tool to monitor the barrier of the modified
electrode, because electron transfer between the solution species
and the electrode must occur by tunneling through the barrier.
Therefore, CV was considered a useful method to investigate the
changes of the electrode behavior after each assembly step. Here,
the aptamer—ATP bioaffinity complexes and the Watson—Crick
helices were formatted in order on the Au electrode surface, so
EIS and CV were used to check up each experimental step.

The probes immobilized on the Au electrode were first
hybridized with ATP by immersing the electrode into ATP
solution, and then the hybridization between the free probes and
their complementary DNA oligonucleotides was accomplished.
Fig. 4A shows the EIS characterization after each experimental
step. At the bare Au electrode, the small electron-transfer resis-
tance (R.;) was recorded as shown in Fig. 4A, curve a, suggesting
a fast electron-transfer process at the bare electrode. Compared
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Fig. 4 EIS (A) and CV (B) of the electrode at different stages in 0.1 M KCI + 2 mM [Fe(CNg)]**#~. (a) bare Au electrode, (b) probe/Au electrode, (c)
ATP/probe/Au electrode, (d) cDNA/ATP/probe/Au electrode, () QDs/cDNA/ATP/probe/Au electrode. The EIS frequency range: 0.1-1.0 x 10° Hz.

The CV scan rate was 100 mV s~' and the ATP concentration 18 uM.

with the bare Au electrode, the probe-modified Au electrode
shows a larger R, (Fig. 4A, curve b). This enlargement could be
attributed to the increase of the electron-transfer distance caused
by the electrostatic repulsion between the electroactive redox
probe [Fe(CN)¢]*#~ and the negatively charged probe DNA
backbone immobilized onto the Au electrode. The resistance was
decreased after the probe-modified electrode was immersed into
the ATP solution as shown in Fig. 4A, curve c, suggesting the
formation of the bioaffinity complexes between probes and their
target analyte ATP. The conformation change of the aptamer
(compression) creates this decrease in resistance. When cDNA
solution was dropped onto the above electrode, the resistance
was enlarged again (Fig. 4A, curve d). This showed the formation
of a Watson—Crick helix of the cDNA with the free aptamer on
the electrode surface. The Watson—Crick helix on the Au elec-
trode essentially increases the negative charge on the electrode
surface and thereby further enhances the electrostatic repulsion
between the ds-DNA structure and the redox probe [Fe(CN)g]* 4.
The R resistance decreased after the modified electrode was
incubated in QD solution for 60 min (Fig. 4A, curve e), which
demonstrated that the avidin-QDs were successfully bound to
the 5'-biotin-modified cDNA oligonucleotides via the biotin—
avidin-system. The R, changes above essentially revealed the
successes of each assembly step.

Fig. 4B showed the CVs of [Fe(CN)g]**~ on the modified
electrode at different stages. As could be seen, stepwise modifi-
cations on the Au electrode were accompanied by the changes in
the amperometric response, as well as the separation between the
cathodic and anodic peak of the redox probe [Fe(CN)g]*"#~. On
the bare Au electrode, a pair of redox peaks was observed
(Fig. 4B, curve a), showing the excellent electron-transfer kinetics
of [Fe(CN)g]>"*~. After the probes were immobilized on the Au
electrode (curve b Fig. 4B, curve b), the amperometric response
decreased and the peak-to-peak separation enlarged, due to
electrostatic repulsion of probe backbone with negative charge
and the negatively charged electroactive probe. The CV response
was further decreased after the formation of a Watson—Crick
helix. The CV changes were consistent with the EIS changes, thus
each assembly step was checked again.

ECL behaviors of the aptasensor

QDs could be electrochemically reduced during the potential
scan and react with the coreactant S,Og?>~ to generate a strong
ECL signal in aqueous solution,? and the ECL intensity is

proportional to the amount of QDs. The luminescence mecha-
nism could be expressed as follows:

QD +e — QD" (1
S,05> + e — SO + SO, Q)
QD' + S0, — QD* + SO, (3)
QD* — QD + /w )

Firstly, in order to prove that the ECL signal was generated by
the QDs, the ECL intensity of the modified electrode after each
modification was examined. Shown in Fig. 5 is the ECL signal of
bare Au electrode, probe/Au electrode, ATP/probe/Au electrode,
cDNA/ATP/probe/Au electrode and QD/cDNA/ATP/probe/Au
electrode. The results showed that these signals were very low,
even negligible, before QDs were bound to the electrode. After
QDs were bound to the electrode, the ECL signal amplified
significantly. This proved that the signal was generated from
QDs, showing that QDs played a decisive role in the ECL
aptasensor.

Next, possible interference, such as the pH value of the elec-
trolyte, the incubation time and the coreactant K,S,Og concen-
tration, on the aptasensor ECL responses were investigated.
Fig. 6 shows the pH influence of the electrolyte on the ECL
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Fig. 5 ECL intensity of different modified electrodes. (a) bare Au elec-
trode, (b) probe/Au electrode, (c) ATP/probe/Au electrode, (d) cDNA/
ATP/probe/Au electrode, (¢) QDs/cDNA/ATP/probe/Au electrode. The
inset is the amplification of curve (a), (b), (c) and (d). The electrolyte: 5 mL
pH 7.4 PBS* solution containing 0.1 M K,S,0g and 0.1 M KCI. The
voltage of the photomultiplier tube was 600 V and the scan rate 100 mV s™'.
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Fig. 6 Effect of pH on the ECL response of the aptasensor. The elec-
trolyte: PBS™ solution containing 0.1 M K,S,0g and 0.1 M KCI with pH
value range from 6.0, 7.4, 8.0, 9.0 to 10.0. The voltage of the photo-
multiplier tube was 600 V and the scan rate 100 mV s~'.

response in the range of 6.0-10.0. The ECL intensity of the
aptasensor increased first and reached the maximum ECL
response at pH 7.4-8.0, and then decreased when pH was larger
than 8.0. This phenomenon is consistent with our previous
results.?? Because the physiological pH for the biological systems
was about 7.4, this pH was chosen for ATP detection. In ECL
measurement, the incubation time for avidin—QDs binding to 5'-
biotin cDNA was changed from 1 h, 2 h to 3 h. No obvious ECL
intensity fluctuation was observed. In the case of K,S;0g
concentration, three different concentrations of 0.05 M, 0.1 M
and 0.2 M were employed in the measurement. As the coreactant
concentration become higher, the time needed to reach the
intensity peak value was shorter, but without a change in the
value of the intensity peak. Therefore, 1 h and 0.1 M were chosen
for the incubation time and coreactant K,S,Og concentration,
respectively.

ECL detection of ATP

ATP is the main chemical energy carrier in living species. It plays
an important role in cellular metabolism and cellular physio-
logical biochemical pathways. What is more, ATP is considered
as an indicator for cell viability and injury.?® Therefore, it is very
important to detect ATP for biochemical studies and clinical
diagnoses. Besides the traditional chemo/bio-luminescence and
host—guest receptor methods,?* several novel strategies have been

developed for ATP detection based on specific aptamer—ATP
affinity.>> Most of the strategies are based on two methods:
electrochemical, such as electrochemical impedance spectroscopy
(EIS), cyclic voltammetry, square-wave voltammograms,
amperometric assays,>?¢ etc; and optical detection.*”?” Also,
other methods such as turbidimetric and colorimetric
approaches®”?® are reported for ATP detection. Here, we applied
the QD ECL to the aptamer—target analyte recognition event for
ATP detection. In this system, the ECL signal of the aptasensor
was responsive to the amount of QDs bound to the cDNA
oligonucleotides. In the absence of the target analyte, ATP, all
the anti-ATP probes immobilized on the Au electrode could be
hybridized to their cDNA oligonucleotides to form a ds-DNA
structure; a maximum amount of cDNA oligonucleotides could
be combined with the probe-modified electrode through the rules
of Watson—Crick base pairing. Correspondingly, a maximum
amount of QDs could be bound to the above electrode via the
biotin—avidin-system. This allowed the achievement of the
biggest ECL value. In order to prove that the amount of QDs
was sufficient for binding, the QD initial solution diluted by 100-
and 20-fold was used in the experiment, and the ECL intensity
remained unchanged, so the initial solution diluted 100-fold was
used in the following steps.

When the probe-modified electrode was immersed into the
ATP solution, a part of the probes were combined with ATP to
form aptamer—ATP bioaffinity complexes. This induced the
conformational change of these combined probes. After 5'-
biotin-modified cDNA oligonucleotides were dropped onto this
electrode, only the free probes, which were not combined with
ATP, could be hybridized with their cDNA oligonucleotides to
form the ds-DNA structure via the rules of Watson—Crick base
pairing. Avidin-QDs could only bind to the biotin-modified
cDNA oligonucleotides via the biotin—avidin-system. In other
words, the specific binding of ATP with aptamer inhibited the
cDNA to form the ds-DNA structure with probe, reduced the
amount of QDs bound to the aptasensor, and ultimately
decreased the ECL intensity. Fig. 7A showed the ECL intensity
of the aptasensor in the absence of ATP (curve a) and presence of
ATP (curve b—i) with different concentrations, the ECL signals
were decreased in the presence of different concentrations of
ATP analytes. Fig. 7B is the plot of ECL intensity versus the
logarithm of the ATP concentration. It could be seen from
Fig. 7B that the ECL signal linearly decreased with the increase
of the logarithm of the ATP concentration over the range
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Fig. 7 (A) The ECL intensity of the aptasensor with different ATP concentrations (uM). Curve a: ECL signal of the QDs/cDNA/probe modified Au
electrode in the absence of ATP. Curve b-i: the ECL signal of aptasensor incubated with different concentrations of ATP (from top to down, 0.018, 0.18,
1.8, 18.0, 36.0, 90.0, 180.0 and 360 uM ATP, respectively). (B) The ECL intensity—concentration curve. The electrolyte was a 5 mL PBS* solution
containing 0.1 M K,S,0g4 and 0.1 M KCI. The voltage of the photomultiplier tube was 600 V and the scan rate 100 mV s~".
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mL~' ATP, CTP, GTP or UTP solution respectively for ECL detection. (B) ECL-time curve of QDs/cDNA/probe/Au electrode under continuous cyclic
voltammetry scan. The electrolyte was 5 mL PBS* solution containing 0.1 M K,S,0g and 0.1 M KCI. The voltage of the photomultiplier tube was 600 V

and the scan rate 100 mV s™'.

0.018-90.72 uM, and the limit of detection was around 6 nM.
This result is better than electrochemical detection.?* When the
concentration exceeds 90.72 uM, the ECL signal changes were
very small. This shows the saturation of bioaffinity between the
probes and the target analyte ATP.

Aptasensor selectivity

The selectivity of the aptasensor for ATP was tested via
comparing the ECL signal changes brought by ATP and its three
analogues CTP, GTP and UTP. Fig. 8A compares the ECL
intensity responses of the aptasensors after incubation in ATP,
CTP, GTP and UTP solutions under the same experimental
conditions and the same concentration of 50 pg mL~'. When
CTP, GTP and UTP solutions were used for incubation, the ECL
intensities of the aptasensors were about 18,000, while the incu-
bation of the aptasensor into the same concentration of ATP, the
intensity decreased to 4500, a clear decrease. This comparison
essentially suggests that the in vitro selected 27-base anti-ATP
aptamer possesses a high specific affinity for ATP determination.
Shown in Fig. 8B is the ECL signal-time curve under continuous
potential scanning for 22 cycles. The stable and high ECL signals
suggested that this aptasensor possessed good potential cycling
stability.

Conclusions

In summary, we have demonstrated a new approach to prepare
an ECL aptasensor for ATP detection. Through the aptamer—
ATP specific affinity and the rules of Watson—Crick base pairing,
ATP and complementary DNA oligonucleotides are hybridized
with probes in sequence, and then QDs were bound to the
aptasensor through the biotin—avidin system. The ECL intensity,
as the readout signal for the aptasensor, paves a relatively general
and cost-effective way to an ECL aptasensor with a good
response as well as a high specificity toward the target analyte
ATP. These properties of the prepared ECL aptasensor with the
QD ECL as the recognition element substantially expand
applications in other fields, such as other aptamer-based protein
detection, DNA sequence detection, ezc.
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