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In this work, an aptazyme-based electrochemical biosensor for the detection of adenosine is reported.
Aptazyme activity was modulated by appending an “inhibitor” oligonucleotide strand containing a 32-
base adenosine aptamer to the 8-17 DNAzyme. In the absence of adenosine, the DNAzyme could not
form appropriate catalytic structure due to the binding with the inhibitor strand. Upon adenosine bind-
ing to the aptamer, the inhibitor strand was dissociated from the DNAzyme sequence. This allowed the
DNAzyme to open and bind with the hairpin substrate, and DNAzyme activity was thereby induced, cleav-

gﬁx‘gﬁi ing the substrate at its ribonucleotide site in the presence of Pb?*. Cleavage of the substrate yields two
Aptamer single-stranded products, one of which was ferrocene-tagged and acted as the signal probe. The thiolated
Aptazyme probe modified on the gold electrode could capture the signal probe. As a result, the ferrocene (Fc) moiety

was brought in close proximity to the electrode surface and the Faradaic current was observed. This elec-
trochemical biosensor was proved to have a wide dynamic range from 5 nM to 2000 nM with a detection
limit of 5nM. The fabricated sensor is shown to exhibit high sensitivity and desirable selectivity, which
might be promising for the rational construction of aptazyme-based biosensors and the determination

Ferrocene (Fc)
Electrochemical biosensor

of adenosine in clinical examination.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

DNAzymes and DNA aptamers are functional nucleic acids
obtained through in vitro selection [1] or SELEX technique [2],
which have recently received considerable attention in biosensing
research [3-5]. Numerous DNAzymes have been isolated to display
high specificity toward a variety of metal ions [6-11] and synthe-
sized for the catalysis of diverse chemical reactions, such as the
cleavage and ligation of DNA or RNA [12-14], and stimulating the
activity of peroxidase [15]. Also, a large number of DNA aptamers
have been developed for the recognition of targets ranging from
small molecules (cocaine or adenosine) to proteins (thromin or
PDGF) and complex molecular assemblies (cells) [16-18]. Various
electrochemical [19-21] or optical [22-24] aptasensors have been
developed.

More recently, the principle of allosteric ribozymes [25,26] has
been applied to the design of allosteric DNAzymes or aptazymes, in
which a DNA aptamer is connected to a DNAzyme in such a way that
the DNAzyme can only be activated by the ligand that binds to the
aptamer [27-30]. Aptazymes are very useful as biosensing tools,
because the use of DNAzymes with high rate enhancements, high
specificity and the ability to perform multiple substrate turnovers
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[31] allows for the engineering of effective aptazymes for prac-
tical applications where rapid enzymatic action is essential. To
take advantage of the high sensitivity of DNAzymes for detection
of a broad range of analytes, aptamers have been coupled with
DNAzymes, the molecular-recognition event between an aptamer
and its specific ligand can be translated into the activity of a
DNAzyme for signal generation and amplification. For example,
a general approach [32] was described for generating versions of
ribozymes and DNAzymes whose catalytic activity could be con-
trolled by the binding of small molecule effectors. Another simple
yet general DNA aptazyme rational design strategy [33] has been
described for the design of structure-switching signaling aptamers
that change structural states from a DNA-DNA duplex to a DNA-
target complex upon target binding, which triggers the catalytic
action of the aptazyme.

To date, many aptazyme sensors for small molecules have been
successfully developed, among which the analysis based upon
optical methods has been extensively studied. For example, the
action of an RNA-cleaving allosteric DNAzyme in response to ligand
binding was coupled to arolling circle amplification process to gen-
erate long single-stranded DNA molecules for colorimetric sensing
[34]. The horseradish peroxidase (HRP)-mimicking DNAzyme was
used for amplified colorimetric readout of the formation of the
aptamer-analyte complex [35-37]. Aptazyme-directed assembly
of gold nanoparticles was also reported for colorimetric detection
of adenosine [38].
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Some of these optical methods, however, suffer from possible
drawbacks including high background absorbance that prohibits
the detection of the analytes at low concentrations [36] or rela-
tively complex handling procedures. Electrochemical methods, in
contrast, are superior because of their significant advantages such
as simplicity, high sensitivity and stability. Electrochemical sensors
that utilize oligonucleotide probes covalently linked with a redox
active reporter have become an essential technique in the biosens-
ing research [39-41]. Among them, ferrocene-based redox active
species have received much attention due to their special struc-
tural and unique electronic properties [42], making it an attractive
reporter moiety in electrochemical sensors.

Here, we developed a simple, sensitive and signal-on elec-
trochemical aptazyme biosensor based on target-induced confor-
mational change for the detection of adenosine. Based on the
principle of allosteric DNAzyme technology, we simultaneously
exploited DNA aptamer and DNAzymes for the biosensing events.
A specially engineered DNA molecule contained two distinct func-
tional domains within the same molecule: a ligand-binding motif
(an adenosine aptamer) that is responsive to a specific ligand
(adenosine) and a catalytic element (an 8-17 DNAzyme) that can
induce hydrolytic reactions under appropriate conditions. This
DNAzyme-aptamer hybrid is designed in such a way that the func-
tion of its catalytic domain is dependant on the binding state of
the aptamer element. In the absence of the cognate ligand for the
aptamer, the enzymatic activity of the catalytic element cannot be
manifested due to inappropriate structural binding. The presence
of the ligand causes adaptive folding of the aptamer, which, in turn,
frees the entire sequence of the DNAzyme and leads to the correct
structural formation of the catalytic domain. Consequently, the cat-
alytic domain is activated. After the cleavage of the ribonucleotide,
one of the short fragments could be captured by the comple-
mentary thiolated probe on the electrode, using ferrocene as the
signaling moiety. The redox current of ferrocene was employed to
quantify the amount of analyte. Because DNAzyme could cleave
multiple copies of the hairpin substrate [43], the adenosine could be
detected specifically with a low detection limit and a wide dynamic
range.

2. Experimental
2.1. Materials

The DNA oligonucleotides used in this paper (sequences shown
in Table 1) were synthesized by Takara Biotechnology Co. Ltd.
(Dalian, China). N-Hydroxysulfosuccinimide (sulfo-NHS), 1-ethyl-
3-(3-dimethyl-aminopropyl) carbodiimide hydrochloride (EDC),
and ferrocenecarboxylic acid were purchased from Sigma-Aldrich
Chemical Co. All other reagents were of analytical-reagent grade.
Diethypyrocarbonate (DEPC) treated DNase/RNase-free ultrapure
water and other laboratory utensils were used for all buffers and
stock solutions of oligonucleotides throughout this work.

2.2. Instrumentation

The electrochemical experiments were performed with a model
CHI 760B electrochemical workstation (Shanghai Chenhua Equip-

Table 1
Sequence of synthesized oligonucleotides used in this work.2.

ments, China). The three electrode system consists of a KCI
saturated calomel electrode (SCE) as the reference electrode, a plat-
inum electrode as the counter electrode, and a gold electrode (2 mm
diameter) as the working electrode.

2.3. Procedures

2.3.1. Preparation of ferrocene-labeled oligonucleotides

The ferrocene label was conjugated to the 3’ NH,-moiety
substrates by the succinimide coupling (EDC-NHS) method [44].
Briefly, 100 L of 10 wM oligonucleotide was mixed with 100 L
of 10 mM PBS (pH 7.4) containing 10 mM ferrocenecarboxylic acid,
1 mM EDC and 5 mM sulfo-NHS and then incubated at 37 °C for 2 h.
The conjugate was dialyzed against 10 mM PBS (500 mL) for 24 h
to remove excessive ferrocenecarboxylic acid. Finally, the mixture
was stored at —20°C in the refrigerator.

2.3.2. Gold electrode treatment and oligonucleotide
immobilization

The gold electrodes (99.99% polycrystalline gold, ~2 mm diame-
ter, i.e., 3.14 mm? area) were polished sequentially with 0.3 um and
0.05 pm alumina power, ultrasonicated in ultrapure water, ethanol,
and ultrapure water for 5 min each, and cleaned in piranha solu-
tion (30% H,0, and 70% H,SO4 in volume) for 40 min. Then the
electrodes were rinsed thoroughly in ultrapure water and dried in
nitrogen. Afterwards, 15 pL of 1 wM thiolated oligonucleotide solu-
tion was pipetted onto the surface of gold electrode and kept 12 h
at room temperature.

2.3.3. DNA hybridization

In a typical experiment, a 80 L of reaction mixture containing
buffered Tris (50 mM Tris-acetate, 0.3 M NaCl, pH 8.2) and 10 pL
1 wM aptazyme in the absence or in the presence of a given con-
centration of adenosine was incubated at 37 °C. After 1 h, cleavage
reactions were initiated by the addition of 10 WL of 5 wM ferrocene-
tagged substrate (5-fold molar excess) and 10 pL of 100 .M Pb2* to
a total volume of 100 p.L and the incubation of the system at 37°C
water bath for 1h. Then the thiolated capture probe functional-
ized electrode was incubated in the reaction mixture at 37 °C for
1h.

2.3.4. Electrochemical detection

The electrochemical sensors were measured via cyclic voltam-
metry (CV), differential pulse voltammetry (DPV) and electro-
chemical impedance spectroscopy (ESI). CV was performed in
10mM PBS (pH 7.4) containing 0.1 M NaClO4 and 0.3M NaCl
within the potential range from —0.1V to 0.5V under a scan
rate of 0.01Vs~!. DPV was recorded in 10mM PBS (pH 7.4)
containing 0.1 M NaClO4 and 0.3M NaCl within the potential
range from —0.1V to 0.5V under a modulation amplitude of
50 mV. ESI was performed in 10 mM K3Fe(CN)g solution contain-
ing 0.2 M KCI in the frequency range from 0.1 Hz to 100 kHz with
5mV as the amplitude. All the experiments were performed at
room temperature. The reported DPV curves were background-
subtracted using ORIGIN 7.0 (Microcal Software, Northampton,
MA) through extrapolation to the baseline in the regions far from
the peaks.

Oligonucleotide Sequence (5'—3')

Allosteric DNAzyme
Hairpin substrate
Capture probe

TGGAAGGAGGCGTTATGAGGGGGTCCATTCGTCTGTTTGATTCCGAGCCGGACGAATGGACCCAG
NH,-CGTCTGGGTCCATraGATCAAACAGACG
ATGGACCCAGACG-(CH)s-SH

2 Adenosine aptamer sequences (bold), inhibitory segment (underlined), ra represents an adenine ribonucleotide.
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3. Results and discussion
3.1. Scheme of the electrochemical sensor

The 8-17 DNAzyme contains three domains: one catalytic core
and two target recognition arms. The typical DNAzyme system
consists of a catalytic DNA strand and a DNA substrate strand con-
taining an adenine ribonucleotide (ra). In the presence of Pb2*, the
catalytic strand carries out catalytic reactions to hydrolytic cleav-
age of the substrate strand at the scissile ra. Then the substrate
is broken into two fragments and dissociated from the catalytic
strand. According to previous report [45], the 8-17 DNAzyme is
much more active in the presence of Pb2* than any other metal
ions. As shown in Table 1, we linked an inhibitor DNA strand
which contains a 32-base adenosine aptamer (bold) and a 5-
base inhibitory segment (underlined) to the 5’ end of the 33-base
8-17 DNAzyme sequence. The 5-base inhibitory segment could
bind to part of the catalytic core of the 8-17 DNAzyme, while
the aptamer could bind to one recognition arm of the DNAzyme,
which assembled the whole allosteric DNAzyme into the hairpin
configuration and prevented the DNAzyme from binding to and
cleaving its hairpin substrate. Thus, the engineered DNAzyme was
inactive.

As shown in Scheme 1, when the adenosine is added to the solu-
tion, the aptamer (the light gray parts in the aptazyme sequence)
will bind to it and then gradually pulls the inhibitory DNA strand
from the part of DNAzyme domain through strand displacement
[46], which freed the DNAzyme and thus made it become active.
The sequences of the two binding arms were complementary to
the hairpin substrate, resulting in the hairpin opening and the
hybridization of the two binding arms and the substrate. In the
presence of Pb2*, the hydrolytic cleavage of the ra site in the hair-
pin substrate took place. When the substrate was cleaved into two
fragments, the short fragments would dissociate from the enzyme,
one of which was ferrocene-labeled and could be captured by the
complementary thiolated probes modified on the electrode. As a
result, the ferrocene moiety was brought close to the electrode sur-
face and a strong Faradaic current was obtained. After the cleavage
reaction, the sensing reaction was first to dissociative, where the
fragmented products left the aptazyme and thus regenerated the
active site for another substrate. Because of the lower affinity of
the cleaved substrate at a temperature of 37 °C, the DNAzyme could
bind to yet another substrate so that it could be recycled for hydrol-
ysis of multiple substrates in a manner similar to that of enzymes

Aptazyme

with their substrate target. The multiple turnover reactions gave
rise to significantly increased signal probes and thus realized the
signal enhancement.

The hairpin substrate adopted a stem-loop structure in the
buffer solution. When the modified electrode was immersed into
the solution, the capture probe could not stably hybridize with one-
half of the loop sequence of the hairpin substrate at a temperature
of 37 °C, but instead would capture the signal probe to form a more
stable duplex. Although the capture probe could not open the hair-
pin structure completely, it might slightly destabilize the stem [47],
which might contribute to one source of background signal.

Typical voltammetric characteristics of the sensor, in response
to 2000 nM adenosine, are shown in Fig. 1. Fig. 1(A) shows that in
the presence of adenosine, a couple of strong redox peaks appeared
at0.162Vand 0.273 V(versus SCE) in CVs, characteristic of the elec-
trochemistry of Fc at the electrode. In the absence of adenosine, the
couple of redox peak almost disappeared. Fig. 1(B) shows a remark-
able reduction peak at ~0.230 V (versus SCE) in the DPV curve in the
presence of adenosine, about 10 times more than the blank back-
ground. Both observations implied that the sensor was sensitively
responsive to adenosine.

3.2. Electrochemical characterization of the sensor

Impedance spectroscopy is a common and effective method
for probing the features of surface-modified electrodes. Thus,
electrochemical impedance spectroscopy (EIS) was carried out to
study the gold electrodes modified by different procedures. The
impedance plot for bare gold electrode (Fig. 2, curve a) exhibits an
almost straight line, as characteristics of an electrochemical diffu-
sional limiting process. Faraday impedance increased significantly
because of the thiolated DNA capture probe modification (Fig. 2,
curve b). Electron transfer became more difficult because of the
capture probe modification resulting in negative charge enhance-
ment on the gold electrode surface. However, hybridization with
Fc-tagged signal probe induced sharply decreased electrochemical
impedance (Fig. 2, curve c) in the presence of 1000 nM adenosine.
The above results gave the immediate evidence for surface con-
finement of the ferrocene labels that exhibited facilitated electron
transfer kinetics when the signal probe hybridized with the capture
probe.

To study the controlled factor of the electrochemical process on
the electrode surface, the effect of scan rates on the peak current
by cyclic voltammetry was investigated (Fig. 3). At scan rates rang-
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Scheme 1. Schematic representation of the biosensor and the principle of adenosine detection.
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Fig.1. Typical voltammetric characteristics of the sensor: (A) cyclic voltammograms
recorded in 10 mM PBS (pH 7.4) containing 0.1 M NaClO4 before (dotted line) and
after (solid line) the addition of 2000 nM adenosine. (B) Differential pulse voltam-
metry responses of the biosensor recorded in 10 mM PBS (pH 7.4) containing 0.1 M
NaClO4 before (dotted line) and after (solid line) the addition of 2000 nM adenosine.
Reaction conditions: 50 mM Tris-acetate (pH 8.2, 0.3 M NaCl) incubation at 37 °C for
2h. DPV: pulse amplitude, 50 mV; pulse period, 0.2s.
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Fig. 2. Nyquist plots in PBS buffer (10 mM, pH 7.4) containing 5 mM Fe(CN)s3~/4~ at
240 mV for (a) a bare gold electrode, (b) the thiolated DNA modified gold electrode,
(c) the modified electrode after hybridization with the Fc labeled signal probe in the
presence of 1000 nM adenosine. Frequency range, 0.1-100 kHz; ac amplitude, 5mV.
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Fig. 3. The effect of scan rates on the CV peak currents: cyclic voltammograms
obtained after incubation with 1000 nM adenosine at different scan rates: 20mVs-?,
40mVs-1,60mVs—',80mVs-1,100mVs!,and 120mVs-',in 10 mM PBS (pH 7.4)
containing 0.1 M NaClOy.

ing from 20mVs~! to 160mV s~!, the reduction peak currents of
the electrochemical sensor in the presence of 1000 nM adenosine
increased linearly with the scan rate, indicating that the process
is controlled by the surface reaction. The resulting linear regres-
sion curve shows the linear relationship between the peak currents
and scan rates, with the equation y=11.414+0.9287x (R=0.998),
where y and x stand for the peak current (nA) and scan rate
(mVs~1) respectively. These observations indicated that the sen-
sor demonstrated a typical surface-bound electrochemical process
and confirmed that Fc labels were confined to the gold electrode
surface.

3.3. Optimization of Na* concentration, the incubation time and
the capturing time

The hybridization efficiencies were strongly influenced by the
ion concentration. So the effect of Na* concentration was inves-
tigated. Fig. 4(A) shows the effect of Na* concentration from 0 M
to 0.5M on the electrochemical readout of the sensor for 100 nM
adenosine detection. The signal increased significantly as the Na*
concentrationincreased up to 0.3 M, reflecting improved hybridiza-
tion performance. However, the signal was decreased after the Na*
concentration was up to 0.3 M, which indicated that a high Na*
concentration is disadvantageous for the dissociation of the two
fragmented oligos after DNAzyme cleavage. Therefore, 0.3 M was
selected as the optimum salt ion concentration throughout the
experiments.

The incubation time of the cleavage reaction also influence the
performance of the biosensor. In order to optimize the incubation
time, the cleavage reaction was allowed to proceed for differ-
ent periods of time. As shown in Fig. 4(B), the peak current rose
gradually with the increasement of the incubation time and then
tended to be constant after about 1 h. If the reaction duration were
elongated to 1.5h or longer, there would be no obvious signal
enhancement. To obtain the optimum hybridization efficiencies
and the maximum cleavage of the substrate, 1 h was selected for
the cleavage reaction.

Considering that the capture probe might destabilize the stem
of the hairpin structure and then bind with one-half of the sub-
strate sequence to generate background signal, the capturing time
was investigated. Fig. 4(C) shows the effect of capturing time from
Oh to 2h on the electrochemical readout of the biosensor for
100nM adenosine detection. The ratio of the signal to the blank
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Fig.4. Optimization of experimental conditions: (A) effect of the Na* concentration
(from OM to 0.5M) for 100 nM adenosine detection. (B) Effect of incubation time
of the cleavage reaction for 100 nM adenosine detection. (C) Effect of the capturing
time from O h to 2 h for 100 nM adenosine (solid line) detection and blank (dashed
line).
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Fig. 5. Analytical performance of the electrochemical DNA biosensor: (A) differen-
tial pulse voltammetry response curves at various adenosine concentrations, from
5nM to 2000 nM. (B) The plots of peak currents versus the adenosine concentrations.

background increased significantly as the capturing time increased
up to 1h, showing improved hybridization performance. A slight
signal enhancement could be observed after 1 h. However, the back-
ground continued to increase with the capturing time. The longer
the capturing time, the more hairpin substrates might be disturbed
and the stronger background signal was generated. In order to
obtain higher signal and lower background, 1 h was chosen as the
optimum capturing time.

3.4. Target detection of the electrochemical sensor

DPV is a pulse technique that allows much higher sensitivity
than conventional sweep techniques when detecting very low con-
centration of a redox probe. This is achieved by applying a small
voltage pulse superimposed on the linear voltage sweep and sam-
pling the differential current at a short time after the pulse. As
shown in Fig. 5(A), the DPV method was used for the target ana-
lyte with different concentrations. Fig. 5(B) shows that the peak
current increased along with the increasing target adenosine con-
centration ranging from 5nM to 2000 nM. The peak current of the
sensor exhibited a linear correlation to the logarithm of the target
concentration. The linear equationwasy = 141.7146 logx — 78.7772
(v and x stand for the peak current (nA) and the target concen-
tration (nM) respectively) with a correlation coefficient of 0.994,
and the detection limit was 5nM (S/N=3). The wide linear range
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Fig. 6. Bar chart of the differential pulse votalmmetry responses of the blank and
2000 nM adenosine, 1 mM cytosine, 1 mM guanine, 1 mM uridine.

and high sensitivity could be attributed to multiple cleavages of
copies of hairpin substrate by the DNAzyme, which generated sig-
nificantly increased amount of signal probes. Compared with other
optical DNAzyme sensors for the detection of adenosine [32,34],
the proposed method was superior in sensitivity and wide linear
range.

To investigate the specificity of the aptazyme, two types of
control aptazymes were tested. The sequences of the two oligonu-
cleotides employed were: 5-TGGAAGGAGGCGTTATGAGGGGGTC-
CATTCGTCTGTTTGATTAAAAAACGGACGAATGGACCCAG-3 and 5'-
TGGATAATAACGTTATGAGGGGGTCCATTCGTCTGTTTGATTCCGAG-
CCGGACGAATGGACCCAG-3'. Key mutations (underlined) in the
catalytic core of the 8-17 DNAzyme were applied to inactivate the
DNAzyme in the first control sequence. Likewise, key mutations
(underlined) in the aptamer sequence were applied to inactivate
the aptamer in the second control sequence. The average peak
currents of the two control aptazymes after three repetitive
detections of 100nM adenosine were 16.73nA and 21.86nA,
respectively, which might be attributed to the slight nonspecific
absorption of ferrocene and other background signals. This result
indicated that the proposed sensor provided a simple yet general
approach for rationally designing aptazyme-based biosensors.

3.5. Selectivity of the electrochemical sensor

Four types of nucleotides including adenosine (A), cytosine
(C), guanine (G) and uridine (U) were chosen to study the
selectivity. Fig. 6 shows the caparison of the peak currents
of these four nucleotides and the background, with a con-
centration of 1mM for C, G, U and 2000nM for A. Among
the four types of nucleotides, the peak current of A was
401.4nA, much higher than those of other nucleotides whose
peak currents were 36.85nA (C), 22.81nA (G), and 37.91nA (U)
respectively, with the same order of magnitude to the current
of the blank background (21.63nA). A significant current dif-
ference demonstrated that the sensor was able to discriminate
adenosine as the target from its analogues with sufficient speci-
ficity.

3.6. Analysis of serum sample

To evaluate the sensor’s ability to detect small molecule in com-
plex samples, we investigated the stability of the sensing system in
the presence of human blood serum. Human blood samples were
obtained from healthy volunteers. The serum 10-fold diluted with
the buffer (50 mM Tris-acetate, 0.3 M NacCl, pH 8.2) was used to

Table 2
Recovery of the proposed biosensor (n=5).
Sample Added (nM) Found (nM) Recovery (%) RSD? (%)
1 10 9.2 91.2-94.3 3.1
2 100 106 95.2-107.1 7.5
3 1000 1080 98.7-108.2 6.2

@ Relative standard derivation.

prepare the adenosine solution and other experimental conditions
were the same as described in Section 2. The results in Table 2
indicated that the developed sensing system could be still work
in the complex serum matrix and it might be promising for the
determination of adenosine in clinical examination.

4. Conclusion

In the present work, a facile yet effective aptazyme method
for the electrochemical detection of adenosine based on target-
induced conformational change has been demonstrated. The
strategy depends on target-induced displacement of aptamer to
generate active DNAzyme structure upon the recognition of adeno-
sine. The activation of the DNAzyme, in turn, activates multiple
cleavages of copies of hairpin substrate and lots of signal probes
were generated which could hybridize with the capture probe
immobilized on the gold electrode. Using ferrocene as the signaling
moiety, aslow as 5 nM adenosine can be detected and discriminated
from its analogues, indicating high sensitivity and high selectivity.
The proposed method takes advantages of both the convenience
of homogeneous reaction and the sensitivity of electrochemical
detection, which is expected to hold potential for the construction
of aptazyme-based biosensors in the detection of various proteins
and small molecules.
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