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Abstract: An abasic site called dSpacer has been introduced into duplex regions of the 8-17 DNAzyme
and adenosine aptamer for label-free fluorescent detection of Pb2+ and adenosine, respectively. The dSpacer
can bind an extrinsic fluorescent compound, 2-amino-5,6,7-trimethyl-1,8-naphthyridine (ATMND), and quench
its fluorescence. Addition of Pb2+ enables the DNAzyme to cleave its substrate and release ATMND from
DNA duplex, recovering the fluorescence of ATMND. Similarly, the presence of adenosine induces structural
switching of the aptamer, resulting in the release of ATMND from the DNA duplex and a subsequent
fluorescence enhancement. Under optimized conditions, this label-free method exhibits detection limits of
4 nM for Pb2+ and 3.4 µM for adenosine, which are even lower than those of the corresponding labeled-
DNAzyme and aptamer sensors. These low detection limits have been obtained without compromising
any of the selectivity of the sensors. Finally, the dynamic range of the adenosine sensor has been tuned
by varying the number of hybridized base-pairs in the aptamer duplex. The method demonstrated here
can be applied for label-free detection and quantification of a broad range of analytes using other DNAzymes
and aptamers.

Introduction

Detection and quantification of metal ions and organic
molecules found in biological systems and in the environment
remains an active area of research, as these molecules are either
quite beneficial or toxic to human health. Instrumental analyses,
while highly sensitive, are often limited by costs and sophisti-
cated operation, making it difficult for on-site and real-time
detection. To overcome the limitation, a number of sensors that
exhibit rapid responses and are both selective and sensitive
toward a specific target have been developed.1-9 However, a
major challenge in designing sensors for metal ions and organic
molecules is the lack of a general method to obtain sensors that
can selectively bind their targets, transform the binding event
into detectable signals and further tune the sensing dynamic
range to match the concentrations of the targets in a given
sample of choice. To meet such a challenge, DNAzymes and
aptamers have been isolated and developed into sensors using

general applicable methodologies to sense a wide range of metal
ions and organic molecules.10-21

DNAzymes (also referred to as catalytic DNAs or deoxyri-
bozymes) and aptamers are functional nucleic acids that either
display catalytic activity or binding affinity toward a specific
target, respectively. Both DNAzymes and aptamers have been
obtained through in vitro selection22 or systematic evolution of
ligands by exponential enrichment (SELEX),23 which can be
tailored to allow these DNA molecules to function in the
presence of a specific target of choice. From these selection
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processes, numerous DNAzymes have been isolated to display
high specificity toward various metal ions such as Pb2+,22,24

Cu2+,25,26 Zn2+,27,28 Co2+,29,30 Mn2+,31 and UO2
2+,32 while

aptamers have been selected to exhibit specific binding toward
a broad range of molecular targets ranging from organic
molecules, proteins, to intact bacteria, viruses and cancer
cells.10,33-35

The high selectivity of DNAzymes and aptamers toward specific
targets make them ideal recognition components for sensing
applications.11,34-37 More importantly, general methods have been
developed to modify these functional DNA molecules38-41 in
order to transform them into fluorescent,42-45 colorimetric,46-53

and electrochemical54,55 sensors. Among these, fluorescent
sensors have been a focus of study because of facile operation,
high sensitivity, and easily detectable signals.

Most reported fluorescent sensors based either on DNAzymes
or aptamers require the covalent attachment of fluorophores to
either an internal site or the 3′ or 5′ ends of the DNA, and
generally two or more fluorophore and quencher labels are
needed to produce an efficient fluorescence switch upon DNA-
target interaction.42-44 This results in not only high cost of
operation, but also potentially weaker activity of DNAzymes

or aptamers in comparison with their nonmodified analogues,
because linkers used for labeling as well as DNA modifications
might interfere with the DNA-target interaction.56,57

Alternatively, label-free fluorescent methods may be cheaper,
easier to operate and would not interfere with the activity of
the DNAzyme or aptamer used, potentially increasing the overall
sensitivity of the sensor. To demonstrate this potential, several
label-free fluorescent sensors have been reported using either
fluorescent intercalating dyes,58-60 or by coupling the aptamer
used with another RNA aptamer for malachite green,61,62 the
fluorescence of which changes upon binding. Despite the
promise offered by existing label-free functional DNA-based
sensors, few can match or exceed the sensitivity of labeled
sensors. In addition, while a general method has been developed
to tune the dynamic range of DNAzyme sensors,46,48 no method
has been reported to tune the dynamic range of aptamer sensors.
Herein, we present a general method for the design of label-
free, fluorescent DNAzyme and aptamer sensors that match or
exceed the sensitivity of labeled sensors and exhibit a tunable
dynamic range through the introduction of an abasic site
(dSpacer) into the functional DNA duplexes.

Materials and Methods

The fluorophore 2-amino-5,6,7-trimethyl-1,8-naphthyridine (AT-
MND) was purchased from Ryan Scientific Inc. and was used as
received. All oligonucleotides used in this work were purchased
from Integrated DNA Technology Inc. (Coralville, IA), with the
following sequences (X represents dSpacer):

Pb2+-Dependent DNAzyme:
17Eab 5′-ACAGACATCTCTTCTCCGAGCCGGTCGAAATAGX-
GAG-3′
17EG 5′-ACAGACATCTCTTCTCCGAGCCGGTCGAAATAGG-
GAG-3′

Substrate (a DNA/RNA Chimer with a Single RNA Nucle-
otide in the Middle):
17S 3′-TGTCTGTAGAGAAGGrATATCCCTC-5′

Adenosine Aptamer:
AAP 5′-TGTCGTTGACCTGGGGGAGTATTGCGGAGGAAG-
GT-3′

ssDNAs for Hybridization with Aptamer:
L1ab 3′-AGCAACTGXACC-5′
L2ab 3′-AGCAACTGXACCC-5′
L3ab 3′-AGCAACTGXACCCC-5′
L4ab 3′-ACAGCAACTGXACCCC-5′
L2G 3′-AGCAACTGGACCC-5′

Fluorescence Measurements. For a standard Pb2+ measurement
using modified 8-17 DNAzymes, 480 µL buffer A (25 mM HEPES
pH 7.0 and 100 mM NaCl), 5 µL ATMND solution (100 µM), 5
µL substrate 17S (102 µM), and 10 µL DNAzyme 17Eab or 17EG

(107 µM) were added sequentially into a 1.5 mL microcentrifuge
tube, and upon vortexing, the tube was allowed to stand at room
temperature for 2 min. Because no obvious difference was obtained
in the results whether the mixture was annealed (by heating to
80 °C and then cooled to room temperature in 30 min) or not, the
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annealing step was skipped in all of the fluorescent measurements
described in this study for further simplification. The solution was
then transferred to a cuvette in a FluoroMax-P fluorimeter
(HORIBA Jobin Yvon Inc., Edison, NJ) with a constant temperature
control at 5 °C. After 6 min to allow the temperature to reach
equilibrium, 5 µL of Pb2+ stock solution in buffer A was added to
the cuvette and followed by vortexing, and time-dependent
fluorescent measurement at ex/em ) 358/405 nm was immediately
started. Typically, the rate of fluorescence enhancement within 3-5
min after Pb2+ addition was calculated for all the measurements.
However, when Pb2+ concentration was high (at micromolar levels),
the cleavage reaction was extremely fast, and therefore, only the
initial rates for the first 30 s were calculated.

In a standard adenosine measurement, 450 µL buffer B (10 mM
HEPES pH 7.0, 100 mM NaCl and 1 mM EDTA), 5 µL aptamer
AAP (91.8 µM), 6.25 µL ssDNA L1ab ≈ L4ab or L2G (93.7 µM),
and 50 µL ATMND solution (5 µM) were added sequentially into
a 1.5 mL microcentrifuge tube. After vortexing, the tube was
allowed to stand at room temperature for 1 min. Like in the Pb2+

measurement using DNAzyme described above, we found no
obvious difference in the results whether the mixture was annealed
or not and therefore all measurements were carried out without
annealing. A 5 µL of adenosine stock solution in buffer B was
added to the above mixture followed by vortexing and then was
allowed to stand at room temperature for 1 min. The solution was
then transferred to a cuvette in the fluorimeter with a constant
temperature control at 5 °C. After 10 min, the fluorescence intensity
at ex/em ) 358/405 nm was recorded. The sample showed a stable
intensity signal from 8-30 min upon transferring it to the
fluorimeter. A lower ATMND concentration (500 nM) was used
in the adenosine experiment than in the Pb2+ experiment (1 µM)
in order to achieve lower background fluorescence, because the
binding affinity of ATMND to the aptamer duplex is weaker than
that with the DNAzyme duplex.

Results and Discussion

Design of Pb2+-Dependent DNAzyme Containing a dSpacer
Abasic Site. The sensor design used in the current study is based
on findings from Teramae and co-workers, who reported the
use of DNA strands containing an abasic site called dSpacer
for nucleobase recognition and target molecule binding.63-65

Given the success of dSpacer-containing DNA for nucleobase
recognition and target molecule binding, we propose to create
a dSpacer in functional DNA molecules such as DNAzymes
and aptamers for label-free sensing applications. Through
complementary hydrogen bonding toward the opposite nucleo-
base and stacking effects from flanking nucleobases, a fluoro-
phore could bind to the abasic site in dsDNA, and lead to its
fluorescence quenching. In the presence of the specific target,
the DNAzyme-target or the aptamer-target interactions would
result in the dehybridization of the DNA duplex region
containing an abasic site, thereby releasing the fluorophore into
the solution and recovering its quenched fluorescence. By fine-
tuning of the position of the abasic site for binding different
fluorophores we envision that these fluorescent sensors can be
used for detecting and quantifying a broad range of targets using
this method.

Since fluorophore-labeled 8-17 DNAzymes were successful
as highly sensitive and selective catalytic beacon sensors for

Pb2+,24,46,66-69 we first chose this DNAzyme system to dem-
onstrate label-free Pb2+ detection using an abasic site and to
compare the performance of the two systems. On the basis of
the 8-17 DNAzyme, two mutations at the 3′-end of the enzyme
strand, 17E, were introduced (Figure 1a): a T base was mutated
to an abasic site for label-free fluorophore binding, and another
T base at the 3′-end was eliminated for efficient dehybridization
of the abasic site-containing duplex region after the substrate,
17S, was cleaved. This modified enzyme strand containing the
abasic site was called 17Eab in this work. In the absence of Pb2+,
the fluorophore ATMND would bind to the abasic site in the
duplex region of the 17Eab and 17S (Figure 1a), effectively
quenching the fluorescence of ATMND. In the presence of Pb2+,
on the other hand, the substrate 17S would be cleaved, resulting
in release of the cleavage products and formation of ssDNA.
In such a case, the binding affinity of ATMND to the ssDNA
region would decrease significantly, causing ATMND released
and thus enhancing the fluorescent signal.

Formation of Duplex DNA between 17Eab and 17S. To check
whether 17Eab and 17S could form a duplex that was essential
for both ATMND binding into the abasic site as well as Pb2+-
dependent catalytic activity, the fluorescence spectra of ATMND
in the absence and in the presence of 17Eab and 17S were
collected. When alone in solution at a concentration of 1 µM,
ATMND exhibited strong blue fluorescence emission with a
band centered around 405 nm (Figure 1c, plot 1). Further
addition of either 2.14 µM 17Eab or 1.02 µM 17S resulted in
little change in the fluorescence spectra of ATMND, suggesting
that the interaction between ATMND and ssDNA of either 17Eab

or 17S was negligible. In contrast, in the presence of both 17Eab

and 17S, the fluorescence emission of ATMND was significantly
quenched by more than 90% (Figure 1c, plot 2), which is
attributable to the effective binding of ATMND to the abasic
site in DNA duplex formed by 17Eab and 17S.63 Therefore, the
hybridization of 17Eab and 17S was efficient and the duplex
DNA was conducive for the Pb2+-catalyzed reaction and sensing
applications.

Pb2+-Catalyzed Cleavage of 17S in the 17Eab-17S Duplex.
To find out the effect of the abasic site on the Pb2+-dependent
activity, we first performed enzymatic activity assay using
PAGE and found that, in the absence of ATMND, the abasic
site within the DNAzyme binding arm weakened the substrate/
DNAzyme binding interaction, resulting in reduced activity.
However, addition of ATMND restored the substrate/DNAzyme
binding affinity and rendered similar activity compared to
unmodified enzyme (Figure S1, Supporting Information). To
confirm addition of Pb2+ could result in the cleavage of the
17S and release of ATMND, 1 µM of Pb2+ was added to a
solution containing 1 µM ATMND, 2.17 µM 17Eab and 1.02
µM 17S and more than a 7-fold fluorescence enhancement was
observed after 15 min (Figure 1c, plot 3). To ensure that the
fluorescence increase was due to the presence of Pb2+, 1 mM
EDTA was added to the above solution as a control before Pb2+

addition. Little change in fluorescence spectra could be observed
under the same conditions (Figure 1c, plot 4), suggesting the
essential role of Pb2+ for the catalytic reaction. When the
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essential G•T wobble pair in the 8-17 DNAzyme (Figure 1a)
was replaced with a G-C Watson-Crick base pair, the DNAzyme
exhibited no Pb2+-dependent activity (Figure S2, Supporting
Information), similar to that of original 8-17 DNAzyme. These
results suggested that the new label-free DNAzyme sensor
construct did not perturb the original activity of the 8-17
DNAzyme, which was crucial for the fluorescence enhancement.

A kinetics study was carried out to monitor the time-
dependent emission of ATMND at 405 nm after the reaction
was initiated through the addition of various amounts of Pb2+

(Figure 2a; for lower Pb2+ concentration range, Figure S3,
Supporting Information). The rate of fluorescence enhancement
ratio (∆F/F0 per minute) showed an approximately linear
relationship with Pb2+ concentration (CPb

2+) at least in 0-1 µM

Figure 1. Schematic illustration of label-free fluorescent detection of (a) Pb2+ and (b) adenosine, and the fluorescence emission spectra of ATMND in the
absence and presence of (c) 17Eab-17S and (d) APP-L1ab for Pb2+ and adenosine detection, respectively. The fluorescent spectra in (c) were collected in
buffer A (25 mM HEPES pH 7.0 and 100 mM NaCl). 1, ATMND (1 µM); 2, ATMND (1 µM), 17Eab (2.14 µM) and 17S (1.02 µM); 3, ATMND (1 µM),
17Eab (2.14 µM), 17S (1.02 µM) and Pb2+ (1 µM) after 15 min reaction; 4, ATMND (1 µM), 17Eab (2.14 µM), 17S (1.02 µM), Pb2+ (1 µM) and EDTA (1
mM) after 15 min reaction. The fluorescent spectra in (d) were collected in buffer B (10 mM HEPES pH 7.0, 100 mM NaCl, 1 mM EDTA). 1, ATMND
(500 nM); 2, ATMND (500 nM), AAP (918 nM) and L1ab (1.17 µM); 3, ATMND (500 nM), AAP (918 nM), S1 (1.17 µM) and adenosine (100 µM). The
excitation wavelength was 358 nm. All spectra were recorded at 5 °C.

Figure 2. (a) Kinetics of fluorescence enhancement by Pb2+-catalyzed cleavage, and (b) relationship between fluorescence enhancement rate and Pb2+

concentrations. Fluorescence enhancement rate was calculated within 3-5 min after Pb2+ addition. λex/λem ) 358/405 nm. Condition: 1 µM ATMND, 2.14
µM 17Eab, 1.02 µM 17S in 25 mM HEPES pH 7.0, 100 mM NaCl at 5 °C.
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range as ∆F/F0 (min-1) ) 1.697 × CPb
2+ (µM) (Figure 2b).

For Pb2+ measurements, the rate (∆F/F0 per minute) within 3-5
min after Pb2+ addition was recorded rather than fluorescence
intensity at a specific time point, because the rate measurement
was much less vulnerable to fluctuations in the background
fluorescence of the samples. This new method was very sensitive
to the concentration of Pb2+, with a detection limit measured
by 3σb/slope (σb, standard deviation of the blank samples) of 4
nM, which was even lower than previously reported labeled
fluorescent methods.24,46,70 In addition, this method maintained
excellent selectivity over other divalent metal ions, such as
Mg2+, Ca2+, Sr2+, Ba2+, Mn2+, Fe2+, Co2+, Zn2+, Ni2+, Hg2+,
Cd2+ (Figure 3).

To confirm the essential role of the abasic site in this method,
a control DNAzyme 17EG of the same DNA sequence with
17Eab, except that the abasic site was replaced by a G, was also
investigated under the same conditions. Little fluorescence
quenching of ATMND was observed when the fluorophore was
added to a solution containing 17EG and 17S, and subsequent
addition of Pb2+ to the solution yielded negligible fluorescence
enhancement (Figure 4a). These results suggested that there was
barely any binding of ATMND to the completely complemen-
tary 17EG-17S duplex, and the Pb2+-dependent catalytic cleavage
of 17S by 17EG could not be transformed into a fluorescence
signal change in the absence of the abasic site.

Design of Adenosine-Dependent Aptamer Containing a
dSpacer Abasic Site. Encouraged by the above DNAzyme-based
sensing results, we would like to explore whether the same
concept could be extended to aptamers so that the same method
could be used to sense even a wider range of analytes beyond
metal ions. To achieve this goal, we decided to use the adenosine
aptamer53,71 as a model system for demonstration. The challenge
was to transform the structural switching43,72,73 of the aptamer
upon target-binding into fluorescence enhancement. Because the
location of ATMND on the DNA was controllable in this label-
free method, an abasic site-containing ssDNA linker (called
L1ab) was designed to hybridize to the adenosine aptamer DNA
(called AAP, see Figure 1b). In the absence of the target
adenosine, ATMND bound strongly to the abasic site in the
duplex region, resulting in suppression of its fluorescent signal.
In the presence of adenosine, the aptamer bound adenosine
strongly, thereby releasing the abasic-site containing the ssDNA
and ATMND from the duplex DNA into solution and recovering
the quenched fluorescence of ATMND. Consequently, adenosine

could be effectively detected through the fluorescence enhance-
ment response.

Performance of Label-Free Fluorescent Adenosine Detection.
To check the binding of the fluorophore to the AAP-L1ab duplex,
ATMND was added to a solution containing AAP and L1ab.
ATMND underwent fluorescence quenching upon binding to
the AAP-L1ab duplex (Figure 1d, plot 1 and 2), similar to that
of the 17Eab-17S system. Next, addition of adenosine to the
solution resulted in recovering some of the quenched fluores-
cence of ATMND (Figure 1d, plot 3), probably through
structural switching of AAP that allows single strand DNA
formation and release of ATMND from DNA duplex into
solution. The kinetics of the binding and subsequent switching
was fast, and a stable signal over at least 30 min could be
obtained, making it possible to record fluorescence spectra 10
min after adenosine addition, at which point the equilibrium
was established. The emission intensity at 405 nm was found
to rise with increasing concentration of adenosine in solution,
with a linear response in the range of 0-25 µM and a detection
limit (3Sb/slope, σb, standard deviation of the blank samples)
of 3.4 µM (Figure 5), which is lower than some reported sensors
for adenosine.53,71,74 This relatively low detection limit may be
ascribed to the short duplex region of AAP-L1ab, which
facilitated the binding of adenosine and release of L1ab. The
selectivity of this method toward adenosine over two other
nucleotides, uridine and cytidine, was very high, with little
fluorescence enhancement observed for them even in concentra-
tions at the millimolar level (Figure 5). Guanosine was not tested
because it is not soluble in aqueous solutions at the millimolar
concentration range. In addition, five mutants of AAP were also
investigated under the same conditions. These mutants could
only induce little or no fluorescence enhancement response
toward adenosine compared to APP (Figure S4, Supporting
Information), suggesting that the activity of the aptamer was
crucial for the fluorescence enhancement.

Tuning of Dynamic Range. Most analytes of interest have
varied concentration ranges in different compartments of cells
or at different locations in the environment. A practical sensor
needs to have a tunable dynamic range that matches the
concentration ranges for the different locations; too strong a
binding by the sensor can perturb the equilibrium of the sensing
environment while too weak a binding by the sensor may not
allow detection. Previously we have shown that DNAzyme-
based sensors can be designed to have a tunable dynamic
range.46,48 However, the same strategy cannot be applied to
aptamers because catalytic cleavage and turnovers were required
in tuning the dynamic range of the DNAzyme sensors. Here
we explore a new strategy of tuning the dynamic range of
aptamers by varying the length of the abasic site-containing
ssDNA, L1ab ∼ L4ab, which hybridize to AAP. As shown in
Figure 6, with increasing length of L1ab to L2ab ∼ L4ab by more
complementary base pairs to AAP, the dynamic range of the
sensor can be tuned to be 3.4-200 µM, 25-400 µM, 100 µM-4
mM, and 200 µM-4 mM, respectively. These results can be
attributed to the fact that, with increasing number of base pairs
in the duplex region formed by AAP with ssDNA from L1ab to
L4ab, the duplex becomes more stable, making it more difficult
to carry out the structural switching that leads to fluorescence
enhancement under the same experimental conditions. To
achieve the same effects, more adenosine is needed. Therefore,
by designing appropriate number of base pairs in the ssDNA/(70) Liu, J.; Lu, Y. J. Am. Chem. Soc. 2005, 127, 12677–12683.

(71) Liu, J.; Lu, Y. Nat. Protoc. 2006, 1, 246–252.
(72) Nutiu, R.; Li, Y. Angew. Chem., Int. Ed. 2005, 44, 1061–1065.
(73) Nutiu, R.; Li, Y. J. Am. Chem. Soc. 2003, 125, 4771–4778. (74) Liu, J.; Lu, Y. Anal. Chem. 2003, 75, 6666–6672.

Figure 3. Selectivity of ATMND-17Eab-17S system for Pb2+ detection over
other divalent metal ions. 1, 500 nM Pb; 2, Mg2+; 3, Mn2+; 4, Fe2+; 5,
Co2+; 6, Zn2+; 7, Ni2+; 8, Hg2+; 9, Cd2+.
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aptamer duplex region that is critical to the adenosine-induced
APP structural switching, the dynamic range of this label-free
fluorescent method can be controlled, facilitating adenosine
detection over broad concentration ranges.

To make sure that the effects observed were due to the abasic
site, a control ssDNA L2G, which is the same with L2ab except
that the abasic site is replaced by a G base, was used in the

experiment under identical conditions. Such a control showed
neither fluorescence quenching of ATMND with L2G-AAP in
the absence of adenosine nor subsequent recovery of quenching
in the presence of adenosine (Figure 4b), suggesting the essential
role of the abasic site.

Conclusion

By incorporating an abasic site of dSpacer into the duplexes
of either DNAzymes or aptamers, the label-free fluorescent
detection of Pb2+ and adenosine with a fluorescent signal
enhancement response was achieved using ATMND as an
extrinsic fluorophore. Detection limits as low as 4 nM for Pb2+

and 3.4 µM for adenosine were obtained for this label-free
method, which also showed good selectivity toward Pb2+ and
adenosine over other divalent metal ions and nucleotides,
respectively. The effect of the hybridized base-pair number on
the efficiency of structural switching upon target binding with
the adenosine aptamer provided the opportunity to tune the
dynamic range of adenosine detection from the micromolar to
the millimolar range. Since DNAzymes and aptamers specific
for many other metal ions and organic molecules can be obtained
through in vitro selection, and the described method is inde-
pendent of exact sequences used, and the location of fluorophore
binding in the DNA can be controlled through the creation of
abasic sites, this label-free approach can be further extended to
other DNA-based systems for detecting and quantifying a broad
range of analytes.
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Figure 4. Effect of abasic site on the fluorescence response of (a) DNAzyme to Pb2+ and (b) aptamer to adenosine in this label-free method. For (a), in the
absence (-) and presence (+) of 1 µM Pb2+; for (b), in the absence (-) and presence (+) of 1 mM adenosine.

Figure 5. Fluorescence intensity of ATMND-AAP-L1ab in the presence
of different concentrations of adenosine, uridine and cytidine. (Inset)
Adenosine in 0-25 µM range. λex/λem ) 358/405 nm. Condition: 500 nM
ATMND, 918 nM AAP, 1.17 µM L1ab in 10 mM HEPES pH 7.0, 100 mM
NaCl, 1 mM EDTA at 5 °C.

Figure 6. Fine-tuning of the dynamic range of adenosine detection using
different lengths of abasic site-containing ssDNA.
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