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A sensitive colorimetric aptasensor with a triple-
helix molecular switch based on peroxidase-like
activity of a DNAzyme for ATP detection
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A DNAzyme-based colorimetric aptasensor has been fabricated for fast readout and facile detection of
adenosine triphosphate (ATP). The sensor consists of an ATP-specific aptamer flanked with cytosine-rich
arms at both ends (5" & 3') and a peroxidase mimicking DNAzyme which were complexed together to
form a functional triple-helix molecular switch (THMS). The DNAzyme strand serves as a signal
transduction probe (STP) in the molecular switch. In the presence of ATP, the aptamer binds to it and
the THMS complex disassembles. Subsequently the released DNAzyme sequence can form a catalytic
G-quadruplex DNAzyme leading to obvious color change. This sensor provides an efficient and stable
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of the aptamer. The aptasensor response was linear for ATP concentration between 5 and 230 nM
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1 Introduction

Adenosine triphosphate (ATP) is one of the most important
compounds in living organisms which works as an energy
currency unit within cells." It plays a significant role in the
regulation of cellular metabolism and many enzymatic reac-
tions.? Also ATP is considered as an indicator for cell viability
and cell injury.” It has been shown that changes in the ATP level
are associated with certain diseases such as angiocardiopathy,
Parkinson's and Alzheimer's.* Besides this, ATP is used as an
index for biomass determinations in clinical microbiology and
food quality control analysis.’

Thus far, a number of methods have been developed for ATP
detection such as electrochemical luminescence,” chem-
iluminescence resonance energy transfer strategy,® fluorescence
spectrophotometry® and fluorescence resonance energy trans-
fer. Generally these methods are limited by laborious and
expensive labelling and time-consuming processes. Thus, it is
necessary to develop a new approach that could improve the
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samples with satisfactory results, which demonstrates the potential applications for real analysis.

simplicity and sensitivity of detection and also reduce the total
cost.

DNAzymes (deoxyribozymes) are enzymatically active nucleic
acids, which are identified through in vitro selection experi-
ments.'" It is well-known that DNAzymes can catalyze numerous
biochemical reactions, including the cleavage of DNA or
RNA,"™** metalation of porphyrin rings,"* DNA self-modification
and ligation."*® One of the most studied DNAzymes is the
hemin/G-quadruplex which can associate with a cofactor,
hemin, to form a catalytic DNAzyme."”” G-quadruplex-hemin
complexes with peroxidase-like catalytic activity can catalyze
H,0,-mediated oxidation of 2,2’-azinobis(3-ethylbenzthiazoline-
6-sulfonic acid) diammonium salt (ABTS-H,O, system)'*® or
3,3,5,5-tetramethylbenzidine sulfate (TMB) to produce detect-
able color change.*

DNAzymes exhibit several advantages in comparison with
protein enzymes such as high thermal stability, low cost, simple
synthesis and ease of modification.”** With these obvious
advantages, a G-quadruplex DNAzyme has been employed to
develop many colorimetric biosensors for the specific and
sensitive detection of various targets such as small mole-
cules,”*** DNAs**?*® and proteins.>”*®

Colorimetric assay is a common method in analytical
applications due to its outstanding advantages such as
simplicity, low cost, high sensitivity and easiness in signal
readout by the naked eye without requiring analytical instru-
ments. Furthermore, colorimetric detection of ATP allows us to
analyze the amount of ATP consumption and production for on-
site and real-time detection.*

This journal is © The Royal Society of Chemistry 2017
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In this study a novel colorimetric aptasensor was developed
for detection of ATP via a triple-helix molecular switch (THMS)
system. The THMS system is generally composed of a label-free
target-specific aptamer with two arm segments and a dual-
labeled oligonucleotide as a signal transduction probe (STP).*
In this work for the first time, a new label-free STP was
proposed. The G-rich sequence which is used as the STP, is
capable of forming a G-quadruplex DNAzyme in the presence of
hemin. Compared to molecular beacon-based signalling
aptamers and known double-helix DNA molecular switches, the
THMS shows distinct advantages, such as high stability and
sensitivity while preserving the affinity and specificity of the
original aptamer.

2 Materials and methods

The sequence of a DNAzyme (STP) and ATP-binding aptamer
(ATP-Apt) flanked with similar arms (CCCTCCC) at both ends
was purchased from Shanghai Generay Biotech Co (Table 1).
The stock solutions of oligonucleotide probes were prepared
with TE buffer and kept frozen until use.

Triton X-100, tetramethylbenzidine (TMB), adenosine
triphosphate (ATP), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid sodium salt (HEPES), and hemin were purchased from
Sigma-Aldrich Chemical Co. Other chemicals were of analytical
grade and were used without further purification.

The stock solution of 1 mg per mL hemin was prepared in
dimethyl sulfoxide (DMSO) and stored in darkness at —20 °C.
Hemin solutions were diluted to required concentrations in the
HEPES buffer (25 mM HEPES, 20 mM KCl, 200 mM NacCl,
0.025% (w/v) Triton X-100, 1% (v/v) DMSO and pH 7.4) prior to
use. The human serum samples were supplied by Tehran's
Imam Khomeini Hospital.

2.1 Preparation of the triple-helix molecular switch

To prepare the THMS structure, a solution of ATP-Apt and
DNAzyme in a binding buffer consisting of 10 mM sodium
hydrogen phosphate-citric acid, 300 mM NaCl, and 2.5 mM
MgCl, at pH 4.5 was used. The solution mixture was heated to
88 °C for 10 min in order to dissociate any inter or intra-
molecular interactions and then cooled naturally to room
temperature and incubated for 2 h. In order to confirm the
formation of the THMS, we read the complex absorption alone
in the presence of ATP. We also loaded 10 pL of ATP-Apt, STP
and THMS solutions in separate lines on agarose gel (3%) and
visualized under UV after staining with ethidium bromide.
Electrophoresis was performed in 1X TBE buffer at 80 V and
room temperature for 30 min.
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2.2 Optimizing STP and hemin concentrations

To obtain the optimum concentration of the STP, increasing
concentrations of the STP (0-160 nM) were added to 115 nM
ATP-Apt (final volume of reaction buffer 90 pL). Mixtures were
stored for 2 h at room temperature, and then a constant level of
the target and hemin was added to each well. After 1 h incu-
bation, TMB and H,O, were added and the absorbance value
was recorded at 450 nm by using a spectrophotometer. For
hemin optimization, a range of hemin concentrations (0-130
nM) was added to the STP with a final concentration of 80 nM.
Mixtures were incubated for 60 min at room temperature.
Absorbance was recorded after addition of TMB and H,O,.

2.3 Effect of pH on the formation of the THMS

The formation of the THMS over the range of different pH
values (2.5-8.0) in the presence of the STP (80 nM) and ATP-Apt
(115 nM) was studied. After 2 h incubation, ATP was added; the
reactions were maintained at RT. After incubation with hemin
(88 nM), the maximum absorbance of each well was recorded.

2.4 ATP assay (sensitivity and selectivity)

To evaluate the sensitivity of the DNAzyme aptasensor, different
concentrations of ATP were added to the THMS solution (0-230
nM) and incubated for 30 min. Finally hemin was added to the
reaction buffer, and mixtures were maintained at room
temperature for another 1 h, to form the hemin/G-quadruplex
DNAzyme. The peroxidation reaction was initiated by the
addition of H,0, (100 mM, 6 pL) and TMB (12.5 mM, 3 pL) to
the above solution. To stop the reaction 100 pL of 2 M H,SO,
was added to the solution after 15 min. Then absorbance at
450 nm of the solution was measured by using a Lambda 750
UV-vis spectrophotometer.

3 Results and discussion

Herein, we introduced a colorimetric aptasensor based on
a modified ATP-Apt and a peroxidase mimicking DNAzyme as
the signal transduction probe (STP). The STP sequence and two
arm segments of ATP-Apt interact together via Watson—Crick
and Hoogsteen base pairings and formed an ATP sensitive
complex (THMS). In this case, the STP strand has configured the
rigid structure and not able to form the G-quadruplex struc-
ture.*** In the presence of ATP, the aptamer part specifically
binds to it, leading to disintegration of the THMS complex. Now
the free STP in combination with hemin can form the hemin/
G4-quadruplex DNAzyme with peroxidase-like activity. STP-
hemin complexes catalyze the oxidation reaction of TMB in the

Table 1 Oligonucleotide sequences used in this work. The boldface type is the aptamer and the underlined sequences indicate the C-rich

flanked arms

Entry

Sequence

Signal transduction probe (STP)
ATP-Aptamer

This journal is © The Royal Society of Chemistry 2017

GGGTAGGGAGGGTTGGGT
CCCTCCCACCTGGGGGAGTATTGCGGAGGAAGGTCCCTCCC
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presence of H,0, which results in an obvious color change in
the reaction buffer. Scheme 1 illustrates the THMS structure
and the overall mechanism of the reaction.

Interestingly, by this method, THMS complex formation can
be indirectly determined by analyzing the amount of free STP in
the presence of target molecules (ATP). As shown in Fig. 1A, the
released STP after interaction with hemin can oxidize TMB and
enhanced the absorbance compared to blank. As another blank,
the mixture of ATP-Apt and hemin in the presence of TMB and
H,0, has an insignificant absorption below 0.1 that could be
neglected.

Also, for additional validation of THMS complex formation,
the interaction of ATP-Apt and STP strands was studied by
electrophoresis analysis. ATP-Apt, STP and THMS solution were
loaded on the agarose gel (3%) and visualized under UV after
staining with ethidium bromide. Fig. 1B shows the migration
pattern of the ATP-Apt, STP and THMS complex on the agarose
gel in the separate lanes. As can be seen in Fig. 1b, the THMS
complex appeared as a single bright band which was slightly
slower than that of the ATP-Apt strand. These results indicated
that the interaction between ATP-Apt and STP was specifically
occurred.

3.1 Optimization of THMS complex formation

To achieve the best sensing performance, the concentration of
the DNAzyme, hemin, pH and incubation time was optimized.
Several different DNAzyme concentrations were added to the
constant concentration of ATP-Apt. The main goal of DNAzyme
optimization was to find a desirable concentration of the
DNAzyme at which complex formation was fully completed and
the level of free DNAzyme (noise signal) was reduced as low as
possible. As is shown in Fig. 2a, the absorbance of the system
increased significantly with increasing DNAzyme concentration
but when the final concentration of DNAzyme reached 80 nM,
the system exhibited the best sensing performance. At higher
concentrations of the DNAzyme, increasing the amount of free
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Fig. 1 (A) Absorbance of the THMS complex formed by 80 nM
DNAzyme + 115 nM ATP-Apt + 88 nM hemin (orange), THMS complex
(DNAzyme + ATP-Apt) + hemin (88 nM) + 130 nM ATP (blue)
(Amax = 450 nm). (B) The migration pattern of the ATP—Apt, STP and
THMS complex on the agarose gel in the separate lanes.

enzyme in an environment can interfere with turnover of the
aptasensor and lead to a decrease in efficiency of sensors.
Therefore, the concentration of the DNAzyme at 80 nM was
chosen for further ATP sensing experiments.

The objective of hemin optimization was to determine
a concentration of hemin that could give us the highest
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Scheme 1 Schematic description of ATP detection with the DNAzyme based aptasensor.
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Fig.2 (A) Histogram of the absorbance value at 450 nm for the THMS complex in the presence of different concentrations of the DNAzyme (0, 8,

40, 80, 110, and 160 nM), ATP-Apt (115 nM) and constant concentration of hemin, (B) hemin optimization; absorbance of the DNAzyme in the
presence of various concentrations of hemin (0, 22, 44, 66, 88, 110, and 130 nM), (C) relative absorbance of the DNAzyme as a signal transduction

probe of the THMS in the binding buffer with different pH values (2.5—

complex.

difference in absorption between hemin and hemin-DNAzyme
complexes. To obtain the optimum concentration of hemin,
we investigated the peroxidase-like activity of a DNAzyme in
response to different hemin concentrations (0-130 nM) in the
binding buffer. Based on these results the final concentration of
88 nM hemin was the reasonable and optimized concentration
for our work, because the maximum absorbance was observed
at this point and the higher concentrations couldn't make
significant change (Fig. 2b).

The function and formation of the THMS were also studied
at different pH values (2.5-8.0). It was found that maximum
formation of the THMS was achieved at pH 4.5, which showed
detectable and significant difference between the blank and the
target (Fig. 2c¢). It has been reported that the formation of
Hoogsteen base pairing, formation of C-G-G' triplets, and
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Fig. 3 (A) Relative absorbance of the THMS complex formed by the

ATP-Apt (115 nM), DNAzyme (80 nM), and hemin (88 nM), in the
presence of different ATP concentrations. The inset shows the loga-
rithmic plot of fluorescence intensity versus target RNA concentration.
(B) Color change in different concentrations of ATP.
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8.0), and (D) effect of incubation time on the absorbance of the THMS

efficient interaction between the DNAzyme and the modified
ATP-Apt are due to protonation of cytosine residues under weak
acidic conditions.** Furthermore, acidic pH improves the
formation and function of the hemin/G-quadruplex DNAzyme?*?
and it is also reported that TMB oxidation products are more
stable at acidic pH.**

Finally, the effect of ATP-Apt and DNAzyme incubation time
on the sensor performance was investigated through the time
dependency experiment. For this, ATP (40 nM) was added to the
THMS complex in the reaction buffer and the absorbance was
monitored at the certain time intervals. As shown in Fig. 2d, the
absorbance of the DNAzyme was gradually increased and after
a certain amount of time it reached a plateau. It means that the

07

06

Absorbance
o S
w >

S
)

o
o

Control GTP UTP CTP ATP mixture

Fig. 4 Selectivity of the aptasensor by using 100 nM CTP, GTP, UTP
and ATP.

Table 2 Recovery and relative standard deviation (RSD) of ATP in
human serum samples

Serum Added Detected Recovery RSD,
samples (nM) (nM) (%) n=>5(%)
1 50 47.0 94.0 3.4

2 100 103.0 103.0 4.0

3 150 156.0 104.0 5.4

4 200 195.4 97.8 6.0

Anal Methods, 2017, 9, 4726-4731 | 4729
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Table 3 Comparisons of other reported techniques for ATP detection

Methods LOD Linear range Refs
Binding-induced collapse of DNA nano-assembly with plasmonic gold nanoparticles 24 M — 35
Utilizing a split aptamer target binding strategy and superior catalytic activity of 0.2 nM 0-100 nM 36
graphene oxide-platinum/gold nanoparticles

Target recycling amplification based on un-modified aptamers and DNAzymes 0.33 nM 1-100 nM 37
A gold nanoparticle-based aptamer target binding readout for ATP assay 0.6 yM 4.4-32.7 yM 38
A sensitive colorimetric and fluorescent probe based on a polythiophene derivative 10 nM 10°%to 5 x 107* M 39
Detection based on cyclic enzymatic signal amplification and a hairpin aptamer probe 25 nM 50 nM to 10 pM 40
Design an activatable hairpin probe based on a DNAzyme 67 nM 100 nM to 3 mM 41
Applying two layers of sol-gel coating binding to the end of an optical fiber probe as a sensor 1puM 1 pM to 1.5 mM 42
Present study 2.4 nM 5-230 nM

responsiveness and functionality of the structure of the target
increased until 2 h. Thus this time was chosen as an optimized
incubation time.

3.2 Sensitivity of ATP detection

To evaluate the sensitivity of the designed label-free DNAzyme
aptasensor, the assay was practiced at different amounts of ATP.
As shown in Fig. 3, the absorbance of the aptasensor increased
significantly with increasing amount of ATP. The relationship
between absorption and ATP concentration in the range of
5-230 nM is shown in the inset. The regression equation is
A = 0.0042 C + 0.46 in which A is the absorbance and C is the
concentration of ATP in nanomolar with a correlation coeffi-
cient of 0.9854. The detection limit (defined as 3a/slope) was
determined to be 2.4 nM (where ¢ is the standard deviation of
the blank solution) and a linear range from 5 to 230 nM under
optimal conditions.

3.3 Selectivity

One of the most important characteristics of a practical sensor
is selectivity. To investigate the selectivity of the designed
aptasensor, effects of some ATP analogues (CTP, GTP and UTP)
were analyzed under the optimal conditions. As expected, the
absorbance signal upon the addition of ATP or the mixture of
ATP is much higher than that of ATP analogues (Fig. 4). It was
clearly shown that GTP, CTP, and UTP could not combine with
the ATP-Aptamer to form the triplex and this system could not
be broken and therefore, the DNAzyme could not be released
and the absorbance values of the solution were not affected.

3.4 ATP detection in biological samples

In order to examine the performance of our ATP assay in real
samples, the recovery test in spiked human serum was con-
ducted. To remove macromolecules, HSA and other abundant
proteins from serum, the samples were first filtered by using
centrifugal filtration devices (30 K) and then diluted at different
dilutions with the buffer. The results showed that the apta-
sensor worked well when challenged in 1% human serum.
Then, in order to verify the performance of the method, certain
amounts of ATP were spiked in 1% serum. As listed in Table 2,
the recoveries in human serum samples were from 94.0% to

4730 | Anal. Methods, 2017, 9, 4726-4731

104.0% with the relative standard deviation of 3.4% to 6.0%.
The results indicate that the presence of ATP in serum can be
precisely detected, demonstrating the applicability of this
method in complex biological samples.

The analytical performance of the proposed aptasensor was
compared with other colorimetric methods reported previously
in the literature, as shown in Table 3. According to Table 3, the
proposed apta-sensor exhibits a wide dynamic range with a low
detection limit which is better than some earlier reported
methods. Therefore, the proposed aptasensor has great poten-
tial for the determination of ATP.

4 Conclusions

Herein, we proposed a new colorimetric aptasensor based on
the complex of an ATP-Aptamer and a peroxidase-like DNA-
zyme. This fabrication is based on the principle of DNA triplex
formation which was autonomously conducted via Watson-
Crick and Hoogsteen base pairings under optimal conditions.
By this simple approach the need for molecular labeling or
other bioconjugation processes was diminished and a colori-
metric signal discernible with the naked eye was produced. The
high sensitivity and selectivity of the aptamer towards the ATP
analyte and the accurate action of the DNAzyme part as
a colorimetric reporter allowed us to develop a fast, simple and
cheap method for ATP detection. More intriguingly, the possi-
bility of replacement of an aptamer site with other sequences
related to different targets such as miRNAs and antigens indi-
cates the versatility of this approach and would be a fruitful area
for further studies.
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