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Aptamer superstructure-based electrochemical
biosensor for sensitive detection of ATP in rat
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Highly sensitive and selective sensing of ATP in rat brain has attracted increasing interest from interdisci-
plinary fields of analytical chemistry and neuroscience owing to the importance of ATP in cellular metab-
olism and signal transduction. Herein, we demonstrated an electrochemical biosensor having an aptamer
superstructure as a recognition element for the selective and sensitive detection of ATP in rat brain. Unlike
the electrochemical aptamer-based sensors (aptasensors) built by assembling a simple DNA structure
containing only one aptamer unit onto the electrode substrate, the aptasensor described here was devel-
oped by assembling an aptamer superstructure consisting of consecutive aptamer units in DNA strands
onto the electrode substrate. Each aptamer unit in the superstructure was labelled with an electro-
chemical probe (i.e., methylene blue, MB) for signal readout. The aptamer superstructure was assembled
onto the surface of a gold electrode to form the electrochemical aptasensor. In the presence of ATP, the
strong electrochemical signals produced by multiple redox molecules labeled on the aptamer units
clearly decreased because of the disassembling of the aptamer superstructure from the electrode surface
due to strong interactions between ATP and the aptamer units. In this approach, the aptasensor was well
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responsive to the ATP concentration, and the current decrease was linearly related to the ATP concen-
tration ranging from 0.1 nM to 1 mM. Moreover, the aptasensor has high selectivity and good regenerabil-
ity. Due to these properties, the aptasensor with an aptamer superstructure can exhibit practical appli-

rsc.li/analyst cations for ATP assay in rat brain combined with in vivo microdialysis.

Up to now, some analytical approaches have been devel-
oped for the quantitative measurement of ATP, and these
In vivo detection of physiologically important molecules con- include surface enhanced Raman scattering (SERS), mass spec-
tinues to attract intense interest due to the essential roles of trometry (MS), fluorescence spectrometry, bioluminescence,

1. Introduction

neurochemicals in brain functions.'™ As one of the multifunc-
tional nucleotides, adenosine triphosphate (ATP) is known as
the primary “energy currency” for most animate beings,
playing a significant role in regulating various biological pro-
cesses such as cellular metabolism and signal transduction.®™®
Moreover, the level of ATP can be used as an indicator
for many clinical diseases including hypoglycemia, hypoxia,
ischemia, and some neurodegenerative disorders.'’™"*
Therefore, developing reliable, sensitive and selective methods
for ATP detection will certainly pave an effective way to under-
stand the neurochemical mechanisms of brain functions.
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chemiluminescence, and electrochemical analysis.'*>° Among
these methods, the commercial ATP assay system with bio-
luminescence detection kit is prevalently used for the detec-
tion of ATP with a luciferin-luciferase-based assay; however,
luciferase is unstable in solution with the loss of biological
activity.”" Although these methods have been used for ATP
sensing, it remains a great challenge to selectively and sensi-
tively detect ATP in rat brain because of the complexity of the
cerebral system and the low concentration for the basal level of
ATP. In this case, the key factors for ATP sensing in the
cerebral system should be integration of ATP recognition
elements with signal enhancement protocol.

Aptamers are single-stranded DNA or RNA molecules iso-
lated from a random sequence nucleic acid pool by an in vitro
selection technique termed as systematic evolution of ligands
by exponential enrichment (SELEX); over the past few decades,
they have received substantial attention due to the merits of
high affinity and specificity.>* > Compared with conventional
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affinity reagents such as antibodies and enzymes, aptamers
are advantageous in terms of synthesis convenience, design
flexibility, and chemical stability.””>° Owing to these unique
features, aptamers have been utilized in molecular imaging,
drug delivery, and biochemical research with a broad range of
targets including metal ions, small molecules, and even
cells.* 7 Generally, aptamer-based biosensors are primarily
based on conformational transitions induced by the targets,
where the signal can be monitored by fluorescence, colorime-
try, and electrochemical methods.*®*° For instance, aptamer-
conjugated nanoparticles can be used for the selection and
detection of cancer cells via fluorescent imaging and flow cyto-
metry. The aptamer sequence is selected using a cell-based
SELEX strategy, allowing specific recognition of the cells from
complex mixtures even for whole blood samples.*’ Among the
strategies employed for the development of aptasensors,
electrochemical methods have been primarily used because of
the operational convenience and low fabrication cost as well as
high sensitivity. Recently, a promising dual-reporter approach
was demonstrated to perform a baseline drift correction for
electrochemical aptasensors that deploy directly into flowing
whole blood, reducing the drift from up to 50% to less
than 2% under challenging conditions.*> Our group fabricated
polyimidazolium-modified micropipettes with ion current
rectification at a micrometer scale; we then further developed
this into a sensing platform for ATP based on the interaction
between aptamer and ATP.*>** Moreover, we used aptamer-
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complementary DNA oligonucleotides as the probes to
prepare electrochemical aptasensors with a ready regeneration
feature,”>*® which can be further optimized with an azo-
benzene moiety embedded into the DNA chain by UV light
irradiation for more than seven cycles.”” Nevertheless,
these strategies using single aptamer as the recognition
element still have limitations in signal gain and corresponding
sensitivity. In this context, a DNA superstructure was prepared
with one single-stranded DNA probe hybridized with
two probes through each complementary region to form
long concatamers. These concatamers containing multiple
signal probes can be used as excellent sensing units
because the superstructure can improve the sensitivity of
aptasensors.*®>

Herein, we demonstrated an electrochemical aptasensor for
the selective detection of ATP in the cerebral system based on
signal amplification with aptamer superstructures (Scheme 1).
In the absence of ATP, the electrode modified with a long
aptamer superstructure showed a strong electrochemical
signal because of the presence of multiple redox molecules on
the sequence (A). In the presence of ATP, the aptamer super-
structure disassembled through aptamer-target interactions,
resulting in decrease in the electrochemical signal (B). This
resulted in the sensing mechanism for the aptamer super-
structure-based aptasensor. The aptasensor was responsive to
ATP with high selectivity and directly detected ATP in the rat
brain when combined with in vivo microdialysis.

Potential

MCHS  ATP ©

3’-MB-GCCGTGGAAGGAGGCGTTATGAGGGGGTCCACGGC-5' (P1)
5’-TACTCCCCCAGGTGCCGACGGCACCTTCCTCCGCA-3' (P2)

3'-MB-GCCGTGGAAGGAGGCGTTATGAGGGGGTCCACGGC-5’ (P1)
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Scheme 1 Schematic illustration of the detection of ATP in rat brain microdialysate with the aptasensor based on the aptamer superstructure. The

marked sequences in probe 1 (P1) are the aptamer sequences for ATP.
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2. Experimental
2.1. Reagents and solution

DNA oligonucleotides were synthesized and purified with
HPLC by Takara Biotechnology (Dalian, China). Adenosine 5'-
triphosphate (ATP) disodium salt hydrate, adenosine 5’-dipho-
sphate (ADP) disodium salt, adenosine 5-monophosphate
(AMP) disodium salt, thymidine 5-triphosphate (TTP) sodium
salt, uridine 5-triphosphate (UTP) trisodium salt dihydrate,
guanosine 5'-triphosphate (GTP) sodium salt hydrate, cytidine
5'-triphosphate (CTP) disodium salt, ATP hydrolase (Apyrase),
mercaptohexanol (MCH), tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP), and tris(hydroxymethyl)Jaminomethane (Tris)
were all purchased from Sigma-Aldrich. Potassium ferricyanide
(K3Fe(CN)s) was obtained from Beijing Chemical Company
(Beijing, China). Artificial cerebrospinal fluid (aCSF, pH 7.4)
was prepared by mixing NaCl (126 mM), KCl (2.4 mM),
KH,PO, (0.5 mM), MgCl, (0.85 mM), NaHCO; (27.5 mM),
Na,SO, (0.5 mM), and CaCl, (1.1 mM) in water, which was
used as the perfusion solution for in vivo microdialysis. All
other reagents were of at least analytical grade and used as
received without further purification. All solutions were pre-
pared with ultrapure water (18.2 MQ cm) from a Milli-Q
system.

2.2. Apparatus and electrochemical measurements

Electrochemical measurements were performed with a compu-
ter-controlled CHI 730D electrochemical workstation
(Shanghai, China) at room temperature. A conventional three-
electrode electrochemical cell was used with functionalized
gold electrodes (Au, 2 mm in diameter) as the working elec-
trode, a platinum wire as the counter electrode, and an Ag/
AgCl electrode (KCl-saturated) as the reference electrode.
Cyclic voltammetry (CV) was performed within a potential
range from —0.2 to 0.6 V at a scan rate of 100 mV s '
Electrochemical impedance spectra (EIS) were obtained in
Tris-HCl buffer (10 mM, pH 7.4) containing 0.1 M KCI and
5.0 mM [Fe(CN)s*™*~ (1:1) mixture as the redox probe in a
frequency range from 0.1 Hz to 10 kHz with 5 mV as the ampli-
tude. Alternating current voltammetry (ACV) was carried out in
Tris-HCl buffer (10 mM, pH 7.4) containing 0.1 M NaCl
and 1 mM MgCl, in a potential range from —0.15 to —0.4 V
(vs. Ag/AgCl), potential step of 0.001 V, amplitude of 0.05 V
and frequency of 60 Hz. The ACV shown was baseline sub-
tracted by setting all curves to 0 at —0.15 V, which is distant
from the redox peak of MB.>*

2.3. Gel electrophoresis

Gel electrophoresis was performed by placing the samples on
2% agarose gels containing 0.1 pL Gel-Red dye per milliliter of
gel volume in 1x TAE buffer (40 mM Tris acetate, 1 mM EDTA,
pH 8.3). The samples were prepared and kept for 12 hours at
room temperature. The gel was run at a constant voltage of 90
V for 40 minutes followed by imaging using a Gel-Pro ZF-288
system (Shanghai, China).

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

2.4. Preparation of electrochemical aptasensor

Au electrodes were first polished with alumina powders (0.3
and 0.05 pm in diameter) on microcloth sequentially, followed
by ultrasonic cleaning in ethanol and ultrapure water each for
5 minutes to remove residual Al,O;. The electrodes were then
electrochemically cleaned by potential scanning from —0.2 to
1.6 Vat 0.1 V s for 20 cycles in 0.5 M H,SO, solution. After
that, the electrodes were rinsed with water and dried with
nitrogen. Prior to immobilization onto the gold electrode
surface, the capture probe (CP, structure shown in Scheme 1)
was dissolved in Tris-HCI buffer (10 mM, pH 7.4, containing
0.1 M NaCl and 1 mM MgCl,) with 10 mM TCEP and incu-
bated in the dark for 1 h to reduce disulfide bonds. Then, the
CP solution (1 uM) was dropped onto the cleaned Au electrode
surface for 10 h to form Au-S bonds in a humidified
chamber. The electrode was further immersed in 2 mM MCH
solution to modify the uncovered gold electrode surface.
To prepare the aptamer superstructure, probe 1 (P1) and probe
2 (P2) (1 pM) solutions were dropped onto the electrode
surface with CP grafted for 10 h. For the detection of ATP, the
aptamer superstructure-modified electrode was incubated in
equal volumes of different concentrations of target ATP or
non-target molecule solutions for 10 minutes at room
temperature. After each step, the electrode was washed with
Tris-HCI buffer and dried under nitrogen gas. Before the
electrochemical measurements, the electrodes were incubated
in Tris-HCl solution.>">°

2.5. In vivo microdialysis and microdialysate ATP sensing

In vivo microdialysis was performed using a previously
reported process, and all animal procedures were performed
in accordance with the Guidelines for Care and Use of
Laboratory Animals of National Center for Nanoscience and
Technology of China and approved by the Animal Ethics
Committee of National Center for Nanoscience and
Technology of China.'®** Briefly, adult male Sprague-Dawley
rats (250-300 g) were housed with food and water ad libitum
according to a 12:12 h light-dark schedule. Through the
standard stereotaxic system, a microdialysis guide cannula
(BAS/MD-2250, Indiana, America) was implanted into the
brain cortex (AP = 0 mm, L = 2.58 mm from bregma, V =
0.25 mm from dura). The guide cannula was fixed with
three skull screws and dental cement. After the insertion of
the microdialysis probe, stainless steel dummy blockers were
inserted into the guide cannula and fixed. The animals’
body temperature was kept at 37 °C using a heating pad
throughout the surgery. The rats were allowed to recover for
at least 24 h; then, a microdialysis probe (BAS) with
dialysis length of 4 mm, diameter of 0.24 mm, and cutoff
of 20 kDa was implanted into the rat cortex. Before the
microdialysate was collected for analysis, the probe was con-
tinuously perfused with artificial cerebrospinal fluid (aCSF)
at 1 pL min~™' for at least 90 min to reach equilibration.
The rat cortex microdialysate was then used for ATP
sensing.

Analyst


http://dx.doi.org/10.1039/c8an02077a

Published on 03 January 2019. Downloaded by |owa State University on 1/20/2019 10:30:01 PM.

Paper

3. Results and discussion

3.1. Design and construction of the aptasensor for ATP
sensing

Scheme 1 illustrates the mechanism of the ATP aptasensor
based on signal amplification with DNA superstructures. To
prepare the aptasensor, a thiolated capture probe (CP) was
initially confined onto the Au electrode surface through the
formation of Au-S bonds. Then, MCH was modified onto the
uncovered gold electrode surface. To construct the aptamer
superstructure, sSDNA probes P1 and P2 were added to the
environmental solution. Starting from the modified CP on the
electrode surface, multiple concatenated units of P1 (35-mer)
and P2 (35-mer) containing partially complementary
sequences (17-mer) were hybridized with CP. Then, the con-
secutive DNA-hybridized assemblies were created on the elec-
trode surface with repeating units of P1 and P2. The DNA
modification and assembly strategy was similar to a previously
reported process.>"*” In this system, P1 was labeled with MB,
which exhibited good electrochemical properties and pro-
duced strong electrochemical signals. P1 contained the
aptamer sequence of ATP in the sequence-designed DNA
assemblies. In the presence of ATP, the DNA superstructure
gradually disassembled due to the strong binding between
ATP and its aptamer, leading to the dissociation of P1 from
the electrode surface and thus to the reduction in MB signals.
The fabrication procedures for the ATP aptasensor were
characterized by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS), which are effective tools to
obtain information about the interface properties of surface-
modified electrodes.’® Fig. 1 shows the cyclic voltammograms
(Cvs) of the sensors prepared with different stages with
[Fe(CN)e]>"*~ as the redox probe. For bare Au electrode, we
observed a couple of reversible redox peaks of [Fe(CN)g]>™*".
The immobilization of the capture probe (CP) and surface-
blocking molecules of MCH effectively decreased the current
responses of [Fe(CN)e]*”*~ on the modified electrode due to
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the negative charges on the DNA backbone and MCH. After CP
hybridized with P1 and P2 to form the DNA superstructure,
the current further decreased because more negative charges
were created by the dsDNA polymers on the electrode surface.
In the presence of ATP molecules, the binding of ATP to
P1 melted the DNA concatamers and restored the peak current
to the initial value obtained for the CP/MCH-modified
electrode.

In the Nyquist plot of EIS, the diameter of the semicircle at
high frequencies corresponds to the interfacial electron trans-
fer resistance (R.), and the change in the diameter reflects the
change in R, with different modified electrodes. As shown in
Fig. 1B, a small semicircle domain (black squares) was
observed for the bare Au electrode, suggesting a fast electron
transfer process of [Fe(CN)¢]>”*~. A significant semicircle
(red circles) with enhanced electron transfer resistance was
observed after the immobilization of CP and MCH on the elec-
trode surface. R.. continued to increase when the DNA super-
structure was formed with repetitive units of P1 and P2.
However, R, decreased significantly after ATP treatment
because of the disassembly of the DNA superstructure. The EIS
results were consistent with the CV observations, and both
experiments revealed that the aptasensor was successfully
fabricated with the DNA superstructure.

3.2. Linearity, selectivity and regeneration ability of the
aptasensor

To quantitatively investigate ATP concentrations based on the
effect of ATP molecules and DNA superstructure, ACV
responses were used to record the reduction current of MB in
the sensing system, where the initial current value without ATP
was defined as I,. As shown in Fig. 2A, the peak current (I) of
MB decreased significantly with increasing ATP concentration
(from 0.1 nM to 10 mM). Through the analysis of the corre-
lation between the current signal change (AS = 1 — I/I;) and
the concentration of ATP, a linear relationship was obtained
with the logarithm of ATP concentrations from 0.1 nM to
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=50 o "
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Fig. 1 (A) Typical CVs recorded with Au electrodes before (black curve) and after the electrodes were modified with CP (1 pM) and MCH (2 mM) (red
curve), aptamer superstructure (1 uM) (blue curve). The dark green curve represents CV recorded with the aptasensor after the aptasensor was
treated in ATP solution (1 mM). Electrolyte, Tris-HCl buffer (10 mM, pH 7.4) containing 0.1 M KCl and 5.0 mM [Fe(CN)g]®>~/4~. Scan rate, 0.1 V s, (B)
EIS recorded with the same electrodes as those used in (A) under the same experimental conditions. The frequency range was 0.1 Hz to 10 kHz with

5 mV as the amplitude.
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Fig. 2 (A) Alternating current voltammograms (ACVs) recorded with the aptasensors in Tris-HCI buffer (10 mM, pH 7.4) containing 0.1 M NaCl and
1 mM MgCl; after the sensors were incubated for 10 minutes in ATP solutions with different concentrations (0 (black), 0.1 nM (red), 1 nM (blue), 10
nM (dark green), 100 nM (magenta), 1 pM (dark yellow), 10 uM (navy), 100 pM (wine), 1 mM (pink), 10 mM (olive)). (B) Plots of the peak current signal
change (AS = 1 — I/l) versus ATP concentration. The dashed line indicates a linear relationship between the peak current change and the logarithm
of the ATP concentration. The error bars represent the standard deviation from three independent measurements.
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tration of ATP used for the disassembly of the aptamer superstructure
responses remained almost unchanged after the aptasensors
were treated with ATP analogues even though the concen-
trations of the ATP analogues (1 mM) were higher than that of
ATP (1 pM) (inset, Fig. 3B). These results demonstrated

was 1 pM, and that for the hybridized P1 and P2 was 1 uM for each cycle.
The ACV conditions were the same as those in Fig. 2A. The error bars
represent the standard deviation from three independent
measurements.
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Fig. 3 (A) Gel electrophoresis results of the superstructures before (lane 4) and after separate treatments with ATP (lane 5), ADP (lane 6), AMP (lane
7), TTP (lane 9), GTP (lane 10), CTP (lane 11) and UTP (lane 12). The DNA superstructure almost disappeared when it was treated with ATP (lane 5).
The other lanes are biomarkers (lane 1 and 8), probe 1 (lane 2) and probe 2 (lane3). (B) Histogram of electrochemical signal changes toward different
target treatments under the same conditions. Inset: ACVs recorded with the aptasensors before and after the aptasensors were treated with
different targets. ACV conditions were the same as those in Fig. 2A. The aptasensors were separately treated with ADP (1 mM), AMP (1 mM), NTPs
(concentration for each NTP was 1 mM) and ATP (1 pM) for 10 minutes. The error bars represent the standard deviation from three independent
measurements.
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Fig. 5 (A) Typical ACVs obtained with the aptamer superstructure-based aptasensor before (black curve) and after (red curve) the aptasensor was
treated with brain microdialysate from rat brain cortex for 10 minutes. (B) ACVs recorded for the aptasensor before (black curve) and after (red curve)
the aptasensor was treated with Apyrase-treated microdialysate. The brain microdialysate (200 pl) was treated with Apyrase (1 U, one unit of Apyrase
consumes 1.0 pmol of inorganic phosphate from ATP to ADP per minute at pH 6.5 at 30 °C) for 30 minutes.

that the aptasensor exhibited high selectivity for ATP
detection.

Meanwhile, the regenerability of the aptasensor is another
important issue for practical application. Owing to the strong
chemisorbed effect between CP and the electrode surface, the
sensor was allowed to regenerate after ATP treatment. The sub-
sequent assembly probes maintained almost the same ability
to form long DNA concatamers. Therefore, the electrochemical
signal was readily regenerated by incubating the electrodes
with P1 and P2 for 10 h after the electrodes were treated with
1 uM ATP, as shown in Fig. 4. After being challenged with ATP
and regenerated, the aptasensor signal recovered almost to the
original value, demonstrating that the fabricated electro-
chemical aptasensor is regenerable for practical applications.

3.3. ATP assay in rat brain

Fig. 5 depicts typical ACVs obtained with the aptasensor in
Tris-HCI buffer before (black curve) and after (red curve) incu-
bating the aptasensors with microdialysates from rat brain
cortex. The reduction current decreased after the aptasensor
was directly treated with the brain microdialysates for
10 minutes, as shown in Fig. 5A. The basal level of ATP from
the cortex microdialysate was determined to be 12.0 + 5.0 nM
(n = 3), which was consistent with the reported values.'® Due
to the chemical complexity of the rat brain, we further con-
ducted the selectivity test in brain microdialysate to
validate the aptasensor’s applicability for in vivo analysis. In
this case, Apyrase was used because it selectively catalyzes the
decomposition of ATP into ADP and AMP. The rat brain cortex
microdialysate was primarily pretreated by Apyrase for
30 minutes. Fig. 5B shows the ACV results before (black curve)
and after (red curve) the aptasensor was treated with Apyrase-
treated brain microdialysate. No significant signal change
was observed after the aptasensor was treated with Apyrase-
treated brain microdialysate, again demonstrating that the
aptasensor was selective for ATP detection in brain
microdialysate.

Analyst

4. Conclusions

In summary, we demonstrated that an aptamer superstructure-
based electrochemical sensor can be used for highly sensitive
and selective detection of ATP in the rat brain. Strong electro-
chemical signals were generated from the multiple redox mole-
cules (MB) labeled on the aptamer units in the superstructure.
In the presence of ATP, considerable signal decrease could be
observed owing to the disassembling of the aptamer super-
structure from the electrode surface resulting from the strong
interaction between ATP and the aptamer units. These merits
of aptamer superstructures endow the aptasensor with good
sensitivity and high specificity for ATP detection as well as
regenerability. The strategy demonstrated here is expected to
be versatile for in vivo analysis of other physiologically impor-
tant species in the central nervous system.
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