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A general methodology to design label-free fluorescent
functional DNA sensors using unmodified DNA via a
vacant site approach is described. By extending one end
of DNA with a loop, a vacant site that binds an extrinsic
fluorophore, 2-amino-5,6,7-trimethyl-1,8-naphthyridine
(ATMND), could be created at a selected position in the
DNA duplex region of DNAzymes or aptamers. When the
vacant site binds ATMND, ATMND’s fluorescence is
quenched. This fluorescence can be recovered when one
strand of the duplex DNA is released through either metal
ion-dependent cleavage by DNAzymes or analyte-dependent structural-switching by aptamers. Through this design,
label-free fluorescent sensors for Pb2+, UO22+, Hg2+, and
adenosine have been successfully developed. These
sensors have high selectivity and sensitivity; detection
limits as low as 3 nM, 8 nM, 30 nM, and 6 µM have
been achieved for UO22+, Pb2+, Hg2+ and adenosine,
respectively. Control experiments using vacant-site-free
DNA duplexes and inactive variants of the functional
DNAs indicate that the presence of the vacant site and
the activity of the functional DNAs are essential for the
performance of the proposed sensors. The vacant site
approach demonstrated here can be used to design
many other label-free fluorescent sensors to detect a
wide range of analytes.
Driven by their impact on human health, the detection and
quantification of metal ions and organic molecules in biological
and environmental systems has attracted intense attention
recently.1,2 Although instrumental analysis is the routine method
of probing these systems, the high cost and complicated operation
of the required instruments limit their usefulness in carrying out
on-site and real-time detection that is crucial for these systems.
To overcome these limitations, a number of highly sensitive and
selective sensors have been developed that are portable and offer
rapid quantification.3-14 While these results are promising, a more
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general platform must be developed so that one strategy can be
used to select a sensor for any of a wide range of analytes.
One general sensor platform is based on functional DNAs. These
functional DNA molecules are selected through a combinatorial
method known as in vitro selection15 or systematic evolution of
ligands by exponential enrichment (SELEX).16 The DNAzymes (also
called catalytic DNAs, deoxyribozymes, or DNA enzymes) and
aptamers selected through these methods are reported to exhibit
catalytic activity or binding affinity in the presence of a diverse
number of targets, which range from metal ions and small organic
molecules to macromolecules, and even viruses and cells.15-29 Unlike
other molecules used for sensor design, functional DNAs have
predictable secondary structures that can be easily functionalized with
fluorophores, chromophores, or electrochemical tags, making it
possible to transform the specific interactions between functional
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Scheme 1. Fluorescence Enhancement Response of the Functional DNA Sensors Specific to (a) Pb2+, (b) UO22+, (c)
adenosine, and (d) Hg2+ Using Unmodified DNA via a Vacant Site Approach
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platform, have been developed. Among them, fluorescent sensors
are particularly interesting because of their high sensitivity, simple
instrumentation, and reproducible quantification.
Most fluorescent functional DNA sensors require covalent
coupling of a fluorophore or a quencher to either the end or the
internal site of a DNA strand. The interaction between a functional
DNA and its target induces the separation of the fluorophore and
the quencher, causing an observable increase in fluorescence.48-50
However, DNA labeling can be complicated, expensive, and
intrusive. The label might interfere with a functional DNA as it
interacts with its targets.61,62 In addition, the label can make it
difficult to introduce a labeled DNA into a biological system. To
overcome these limitations, label-free fluorescent functional DNA
sensors have been developed using intercalating dyes,63-65
malachite green,66,67 and abasic sites.68-70 We have previously
reported70 that a dSpacer-DNA that was originally developed by
Teramae’s group71-73 as sensors for nucleobase recognition can
be converted into a general platform for designing label-free
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functional DNA sensors. These sensors are highly sensitive and
feature a controllable fluorophore-binding site. Teramae and coworkers have also demonstrated that a label-free approach could
be achieved by incorporating Spacer C3 into adenosine aptamers.68,69 Nevertheless, these designs still require that the DNA
be modified with dSpacer or Spacer C3, which is not only
expensive to make but also difficult to introduce into a biological
system through encoding. Developing label-free functional DNA
sensors that use unmodified DNA to achieve a controllable
fluorophore-binding site and extending this method to both
DNAzymes and aptamers remain as unmet challenges.
Here, we report a general method for designing label-free
fluorescent functional DNA sensors using unmodified DNA
containing a vacant site that strongly binds the extrinsic fluorophore 2-amino-5,6,7-trimethyl-1,8-naphthyridine (ATMND) and
application of this approach to rational design of fluorescent
sensors. To demonstrate the generality of this approach, we
choose two targets detectable by DNAzymes (Pb2+ and UO22+)
and two targets detectable by aptamers (adenosine and Hg2+).
We show that these sensors exhibit high sensitivity and
selectivity toward their targets.
MATERIALS AND METHODS
The fluorophore 2-amino-5,6,7-trimethyl-1,8-naphthyridine
(ATMND) was purchased from Ryan Scientific Inc. (Mt. Pleasant,
SC) and was used as received. Metal ion salts, nucleotides, human
serum, and other chemicals for buffers were purchased from
Sigma-Aldrich Inc. (St. Louis, MO). The drinking water used is
filtered tap water from the UIUC campus. The following oligonucleotides were purchased from Integrated DNA Technologies,
Inc. (Coralville, IA):

Fluorescence Experiments. For a typical Pb2+ fluorescent
sensing experiment, 480 µL of buffer A (25 mM HEPES, pH
7.0, and 100 mM NaCl), 5 µL of ATMND stock solution (75
µM), 5 µL of substrate 17Sva (100 µM), and 10 µL of DNAzyme
17Eva (100 µM) were added sequentially into a 1.5 mL
microcentrifuge tube. Upon vortexing, the tube was allowed
to stand at room temperature for 2 min. The solution was then
transferred to a cuvette and kept under a constant temperature
control at 5 °C. After 6 min to allow the temperature to reach
equilibrium, 5 µL of Pb2+ stock solution (0-200 µM) in 1 mM
HNO3 was added to the cuvette, which was then vortexed. A
time-dependent fluorescent measurement at ex/em ) 358/405
nm was immediately started.
The procedure for the UO22+ fluorescent sensing experiment
is the same as that of the Pb2+ fluorescent sensing experiment,
except that the reagents were used as follows: 470 µL of buffer
B (50 mM MES, pH 5.5, and 300 mM NaCl), 5 µL of ATMND
stock solution (100 µM), 10 µL of substrate 39Sva (100 µM),
and 15 µL of DNAzyme 39Eva (100 µM).
In the kinetic study of the above DNAzyme-based sensors, a
fluorescence decrease was observed in the first 2 min, especially
at low Pb2+ or UO22+ concentrations (Figures 1b and 3). This
decrease is due to the temperature effect of adding Pb2+ or UO22+
stock solution at room temperature to the sensor solution
equilibrated at 5 °C. As a result, a brief temperature increase
occurred at the beginning. Since the fluorescence of the
ATMND-DNA complex tends to decrease with decreasing
temperature,71 the fluorescence decrease was then observed
in the initial 2 min before the temperature equilibrated. Because
of this issue, the data between 6 and 8 min were acquired for
quantification to avoid the disturbance from the temperature
change. For samples with high concentrations of Pb2+ and
UO22+ (more than 250 nM), this temperature effect is negligible
because the fluorescence signal increase is much faster. In this
case, the initial rate for the first 30 s of fluorescence change
was recorded to avoid the effect of substrate DNA depletion
on the signal changes.
In a typical adenosine sensing experiment, 480 µL of buffer C
(10 mM HEPES, pH 7.0, 100 mM NaCl, and 1 mM EDTA), 5 µL
of aptamer AdAPva (100 µM), 10 µL of ssDNA AdL1va∼AdL3va
(100 µM), and 5 µL of ATMND stock solution (50 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. A 5 µL of adenosine stock solution (0-1 mM) in
buffer C was added to the above mixture; the solution was
vortexed, and then it was allowed to stand at room temperature
for 1 min. The solution was then transferred to a cuvette and
kept under a constant temperature control at 5 °C. After 10
min, the fluorescence intensity at ex/em ) 358/405 nm was
(68) Xu, Z.; Morita, K.; Sato, Y.; Dai, Q.; Nishizawa, S.; Teramae, N. Chem.
Commun. 2009, 6445–6447.
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recorded. The sample showed a stable intensity signal from 8
to 30 min.
The procedure for the Hg2+ fluorescent sensing experiment
is the same as that of the adenosine sensing experiment, except
that the reagents were used as follows: 480 µL of buffer D (10
mM MOPS, pH 7.2, 100 mM NaNO3), 5 µL of aptamer HgAPva
(30 µM), 5 µL of ssDNA HgLva (35 µM), and 5 µL of ATMND
stock solution (10 µM).
Pb2+ Detection in Drinking Water. Concentrated stock
solutions of HEPES (500 mM) and NaCl (2 M) were added to
drinking water containing different amounts of Pb2+ to achieve
final concentration of HEPES and NaCl as 25 and 75 mM,
respectively. Then, 480 µL of the sample, 5 µL of ATMND stock
solution (75 µM), 5 µL of substrate 17Sva (100 µM), and 10 µL
of DNAzyme 17Eva (100 µM) were added sequentially into a
1.5 mL microcentrifuge tube. Upon vortexing, the tube was
allowed to stand at room temperature for 2 min and then
transferred to a cuvette and kept at 5 °C. After 25 min, the
fluorescence intensity at ex/em ) 358/405 nm was recorded.
Adenosine Detection in Human Serum. Human serum was
diluted 5-fold by buffer C to produce a 20% serum sample. The
detection of adenosine in this diluted serum sample is the same
as that in buffer C as shown above. The concentration of adenosine
detected in the diluted serum can be converted to the concentration in the original serum by multiplying the results by five.
RESULTS AND DISCUSSION
General Design. The success of fluorophore-labeled
DNAzymes and aptamers as fluorescent sensors for Pb2+,21,51,74-76
UO22+,27,77 adenosine,55,78-80 and Hg2+81-85 with high sensitivity
and selectivity encouraged us to transform these labeled sensors
into label-free sensors. We hypothesized that a vacant site86 could
serve as the binding site for a fluorophore in functional DNA
sensors (Scheme 1). This site’s affinity for fluorophores such as
ATMND could be enhanced via hydrogen bonds, π-π stacking,
and electrostatic interactions by positioning a cytosine opposite
to the vacant site and two flanking guanines in a DNA duplex. In
the absence of targets, the functional DNA sensors could be
designed to stabilize the vacant site to bind ATMND strongly,
allowing the duplex DNA to quench the fluorescence of ATMND.
A titration experiment carried out by adding different amounts of
DNA duplex containing a vacant site to ATMND suggested that
(74) Liu, J.; Lu, Y. J. Am. Chem. Soc. 2002, 124, 15208–15216.
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they bound with high affinity (Ka > 106 M-1), and the resulting
complex was stable in solution for at least 1 week (Figure S1,
Supporting Information). The presence of a target, on the other
hand, can cause either catalytic cleavage of substrate by a
DNAzyme or structure switching of an aptamer, resulting in
perturbation of the vacant site, which lowers its affinity for
ATMND. When ATMND is released, its fluorescence intensity
increases. By monitoring this fluorescence change, the concentrations of target analytes can be measured. To demonstrate the
generality of this vacant-site approach to functional DNA sensors,
we chose a Pb2+-dependent DNAzyme, a UO22+-dependent
DNAzyme, an adenosine aptamer, and a Hg2+-binding DNA
with T-T mismatches (which may be considered to be an
aptamer for Hg2+) as models.
Performance of the Label-Free Functional DNA Sensors
with Unmodified DNA. Pb2+ Sensor Based on 8-17 DNAzyme.
The design of label-free fluorescent sensor based on Pb2+dependent 8-17 DNAzyme21 is shown in Scheme 1a. A loop was
added to the 5′-end of the substrate strand (named 17Sva) of the
DNAzyme (named 17Eva) to form a vacant site in the 17Sva/
17Eva duplex. As illustrated in Figure 1a, addition of 0.75 µM
ATMND into 1 µM 17Sva and 2 µM 17Eva resulted in ∼85%
quenching of fluorescence signal of ATMND at 405 nm
(compare Curves 1 and 2). This result suggested the strong
binding of the ATMND to the vacant site as designed.
Interestingly, addition of 1 µM Pb2+ to the above system
produced a 275% increase of fluorescent signal within 6 min,
(Curve 3), probably due to the Pb2+-induced cleavage of 17Sva
and the release of ATMND from DNA duplex. To confirm the
essential role of Pb2+ in the catalytic reaction, the above
experiment was repeated in the presence of 1 mM EDTA, a
metal ion chelator, and no fluorescent enhancement was
observed (Curve 4). The kinetics of fluorescence enhancement
were dependent on the concentration of Pb2+ (Figure 1b),
displaying an increasing rate in the presence of higher concentrations of Pb2+. Instead of fluorescent intensity, the ratio of
fluorescence enhancement rate over the fluorescence of a blank
(∆F/F0) was recorded, because the ratio is independent of
fluorescence intensity and, thus, much less vulnerable to
fluctuations in the background fluorescence. The blank fluorescence (F0) was that of ATMND/17Sva/17Eva free of Pb2+.
The ∆F/F0 exhibited an approximately linear relationship with
the concentration of Pb2+ between 0 and 2 µM, and a calibration
equation of ∆F/F0 (min-1) ) 0.494 × CPb2+ (µM) - 3.05 was
derived from 7 data points within 0-100 nM Pb2+ (Figure 2a).
A detection limit of 8 nM was obtained on the basis of the 3σb/
slope (σb, standard deviation of the blank samples) under the
optimized condition. This detection limit is well below the
maximum contamination level in drinking water (72 nM)
defined by the U.S. Environmental Protection Agency (EPA)
and is either comparable or better than those Pb2+ sensors
reported previously.21,51,74-76 This detection limit is very similar
to those of fluorophore-labeled and dSpacer label-free methods
using a Pb2+-dependent DNAzyme,20,21,70 suggesting that the
detection limit is dependent on the functional DNA used and is
not affected by the vacant sites incorporated into the DNA. Besides
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Figure 1. (a) Fluorescence spectra of (1) ATMND, (2) ATMND/17Sva/17Eva, (3) ATMND/17Sva/17Eva/Pb2+, and (4) ATMND/17Sva/17Eva/Pb2+/
EDTA. (b) Kinetics of fluorescence enhancement of ATMND/17Sva/17Eva in the presence of different amounts of Pb2+. Condition: 25 mM HEPES,
pH 7.0, and 100 mM NaCl at 5 °C. λex/λem ) 358/405 nm.

Figure 2. (a) Fluorescence enhancement rate as a function of Pb2+ concentration (0-100 nM) for ATMND/17Sva/17Eva. Inset: 0-2 µM Pb2+
range. (b) Selectivity of ATMND/17Sva/17Eva toward Pb2+ over other divalent metal ions. Condition: 25 mM HEPES, pH 7.0, and 100 mM NaCl
at 5 °C. λex/λem ) 358/405 nm.

Figure 3. Kinetics of fluorescence enhancement of ATMND/39Sva/
39Eva in the presence of different amounts of UO22+. Condition: 50
mM MES, pH 5.5, and 300 mM NaCl at 5 °C. λex/λem ) 358/405 nm.

the high sensitivity, this vacant site approach did not sacrifice
selectivity, as the selectivity toward Pb2+ over other divalent metal
ions is similar to that reported before (Figure 2b).
UO22+ Sensor Based on 39E DNAzyme. After demonstrating
the label-free Pb2+ sensor using 8-17 DNAzyme via the vacant
site approach, we wondered if this approach could be generally
applied to other DNAzyme sensors, such as the UO22+dependent 39E DNAzyme.27,77 The sensor was designed so that
the 5′-end of the substrate (named 39Sva) was extended to form
a vacant site in the DNA duplex between the DNAzyme (named
39Eva) and 39Sva (Scheme 1b). Similar to the Pb2+ sensor
described above, a UO22+-dependent fluorescence enhancement
(Figure 3) was observed when different amounts of UO22+ were
added to the solution containing 1 µM ATMND, 2 µM 39Sva,
and 3 µM 39Eva. The rate of enhancement over the blank
increased with the concentration of UO22+. The increase of
fluorescence is attributable to the UO22+-dependent cleavage
4126
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of substrate 39Sva by enzyme 39Eva that released ATMND from
the vacant site and recovered the quenched fluorescence of
ATMND. A detection limit (defined as 3σb/slope, σb, standard
deviation of the blank samples) of 3 nM and an approximately
linear range at least within 0-1 µM UO22+ as ∆F/F0 (min-1)
) 0.302 × CUO22+ (µM) - 1.9 (calibrated from the data within
the 0-60 nM range) were obtained under the optimal condition
(Figure 4a). Although this detection limit of 3 nM is higher than
the 45 pM detection limit of the original fluorophore-labeled
design,27 because of the higher concentration of DNA used to
stabilize the vacant-site to enable efficient label-free fluorophore
binding, the sensitivity is high enough to monitor uranium in realworld samples such as drinking water, as the detection limit is
still above the U.S. EPA maximum contamination level of 126 nM
in drinking water. Similar to the original labeled design,27,77 the
label-free sensor reported here maintained the excellent selectivity
toward UO22+ over other metal ions (Figure 4b).
Adenosine Sensor Based on Adenosine Aptamer. In addition to
the DNAzymes, we further investigated the application of this
vacant site approach to the design of aptamer sensors. To
accomplish the goal, the 5′-end sequence of the adenosine
aptamer55,78-80 was extended to form a loop. In doing so, a vacant
site could also be formed in the DNA duplex between the
adenosine aptamer (named AdAPva) and its partially complementary single strand DNA (named AdL2va) (Scheme 1c).
Similar to what was observed in the DNAzyme sensors described
above, the addition of 0.5 µM ATMND to a solution containing 1
µM AdAPva and 2 µM AdL2va resulted in ∼80% quenching of
the ATMND fluorescence (Figure 5a, Curves 1 and 2). Upon
the addition of 200 µM adenosine to the above solution, the

Figure 4. (a) Fluorescence enhancement rate as a function of UO22+ concentration (0-60 nM) for ATMND/39Sva/39Eva. Inset: 0-1 µM UO22+
range. (b) Selectivity of ATMND/39Sva/39Eva toward UO22+ over other metal ions. 1-16: 500 nM UO22+, 125 nM UO22+, 2 µM Mg2+/Ca2+/Sr2+/
Ba2+, Mn2+, Fe2+, VO2+, Th4+, Tb3+, Eu3+, Co2+, Ni2+, Cu2+, Zn2+, Pb2+, Cd2+, and Hg2+. Condition: 50 mM MES, pH 5.5, and 300 mM NaCl at
5 °C. λex/λem ) 358/405 nm.

Figure 5. (a) Fluorescence spectra of (1) ATMND, (2) ATMND/AdAPva/AdL2va, (3) ATMND/AdAPva/AdL2va/adenosoine, and (4) ATMND/AdAPva/
AdL2va/cytidine. (b) Adenosine-dependent fluorescence enhancement of ATMND/AdAPva/AdL1va. Condition: 10 mM HEPES, pH 7.0, 100 mM
NaCl, and 1 mM EDTA at 5 °C. λex/λem ) 358/405 nm.

fluorescence was increased by 200% (Curve 3), suggesting that
the structure switching48,78,87 of the aptamer caused the release
of both AdL2va and ATMND and recovered the fluorescence of
ATMND. In contrast, cytidine could not recover any of the
fluorescence (Curve 4), indicating the essential role of adenosine as a specific target to the aptamer AdAPva.
The fluorescence enhancement of ATMND was indeed dependent on the concentration of adenosine in the solution
containing ATMND/AdAPva/AdL1va (Figure 5b). A 100% increase
of fluorescence intensity was observed when the first 60 µM
adenosine was added, while the fluorescence approached its
maximum upon subsequent addition of adenosine up to 250 µM.
A detection limit of 6 µM was obtained by the definition of 3σb/
slope (σb, standard deviation of the blank samples) when
ATMND/AdAPva/AdL1va was used for adenosine quantification
under the optimized condition. This detection limit is similar
to that of the original labeled aptamer sensor,78 suggesting that
the activity of the aptamer was not affected by the incorporation
of a vacant site. The selectivity of the aptamer to adenosine
over cytidine and uridine was also well preserved in this vacantsite-based sensor, because only adenosine could produce a
fluorescence enhancement response among the three nucleotides in Figure 5b. (Guanosine was not tested here due to
solubility issue that hindered preparation of a stock solution.)
More interestingly, using ssDNAs (AdL1va∼AdL3va) that were
complementary to AdAPva with a different number of base pairs,
the dynamic range of the sensor system could be tuned to 6-60
(87) Nutiu, R.; Li, Y. Angew. Chem., Int. Ed. 2005, 44, 1061–1065.

µM, 12-200 µM, or 32-1000 µM, respectively (Figure 6).52,58,70,88
This tunable dynamic range makes it possible to apply this sensor
system to samples containing different levels of analyte with a
sensitive response.
Hg2+ Sensor Based on T-T Mismatch. Since the above sections
show that the vacant site approach can be applied to both
DNAzyme and aptamer sensor design, we wish to further expand
the approach to Hg2+ sensing based on T-T mismatch. T-T
mismatches have been reported to be a very efficient binding
site for Hg2+ in aqueous solution.81-83,85 It has been the basis
of several Hg2+ sensors.81-85 Here, a loop was linked to the 5′end of the DNA containing T-T mismatches (named HgAPva) to
build a vacant site with the single strand DNA (HgLva) that
was partially complementary to HgAPva (Scheme 1d). Similar
to the DNAzyme and aptamer systems described above, the
fluorescence of 0.1 µM ATMND was quenched upon binding to
0.3 µM HgAPva and 0.35 µM HgLva. The subsequent addition
of Hg2+ caused the fluorescence enhancement of ATMND,
probably by releasing HgLva and ATMND from the DNA duplex
via the Hg2+-induced structure switching.48,78,84,87 The fluorescence intensity of the solution was found to be proportional to
the concentration of Hg2+ (Figure 7a), with a detection limit of
about 30 nM (defined as 3σb/slope, σb, standard deviation of
the blank samples) and a linear range at least within 0-1000
nM Hg2+. The moderate sensitivity of our sensor compared to
labeled sensors84 was possibly due to the fact that the vacant
site approach requires a larger amount of HgAPva loading (300
(88) Vallee-Belisle, A.; Ricci, F.; Plaxco, K. W. Proc. Nat. Acad. Sci. U.S.A. 2009,
106, 13802–13807.
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Figure 6. (a) Tuning the dynamic range of adenosine detection for ATMND/AdAPva/AdL1va∼AdL3va. (b) Figure with normalized fluorescence
change. Condition: 10 mM HEPES, pH 7.0, 100 mM NaCl, and 1 mM EDTA at 5 °C. λex/λem ) 358/405 nm.

Figure 7. (a) Hg2+-dependent fluorescence enhancement of ATMND/HgAPva/HgLva. (b) Selectivity of ATMND/HgAPva/HgLva toward Hg2+ over
other divalent metal ions. 1-10: 1 µM Hg2+, 2 µM Mg2+, Ca2+, Cu2+, Zn2+, Mn2+, Co2+, Cd2+, Ni2+, and Pb2+. Condition: 10 mM MOPS buffer,
pH 7.2,and 100 mM NaNO3 at 5 °C. λex/λem ) 358/405 nm.

nM) to stabilize the vacant site and that each DNA strand might
need several Hg2+ ions to induce structure switching. Nevertheless, the selectivity of the sensor here toward Hg2+ over
other divalent metal ions was as good as the reported Hg2+
sensors81,84 using the T-T mismatch design (Figure 7b).
Effects of pH and Salt Concentration. The pH and salt
concentration are important for the performance of the functional
DNA sensors described in this work, because both the hybridization of DNA and the activity of the functional DNAs may be
affected by the conditions. As shown in Figure S2 (Supporting
Information), when the pH was maintained at 7.0, 5.5, 7.0, and
7.2 for Pb2+,21,75 UO22+,27,77 adenosine,55,78 and Hg2+ sensors,84
respectively, as those conditions used in the published reports,
100 mM sodium salt was found to be the optimal salt
concentration to yield the highest signal response. The performance of the UO22+ sensor is similar in the presence of
either 100 or 300 mM NaCl. By fixing the salt concentration
at 100 mM for the Pb2+, adenosine, and Hg2+sensors, and at
300 mM for the UO22+ sensor, the effect of pH was investigated
(Figure S3, Supporting Information). For the Pb2+ and UO22+
sensors, the optimal pHs of 7.0 and 5.5, respectively, were found
to be similar to the optimal pHs reported in the previous
studies.21,27,77 Even though the Pb2+ sensor exhibited a faster
rate of fluorescence enhancement at pH 7.75 than at pH 7.0, a
higher background fluorescence increase was also observed
(Figure S2a, Supporting Information). For the adenosine and
Hg2+ sensors, a neutral pH was found to be optimal (Figure
S3, Supporting Information).
Effects of Vacant Site and DNA Sequences. To further
confirm that the observed fluorescence enhancement of ATMND
was induced by the weakened binding of the vacant site to
ATMND via the interaction between a functional DNA and its
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target, two control experiments were conducted using Pb2+dependent DNAzyme and adenosine aptamer as models.
First, to confirm the role of the vacant site in the sensing, the
vacant site in the loop of the 8-17 DNAzyme in Scheme 1a was
“filled” by incorporating an additional G nucleotide to the 5′-end
of substrate strand (named 17SvaG) to eliminate the binding site
of fluorophore. In contrast to the vacant site-containing system’s
200% increase of fluorescent signal in the presence of Pb2+ as
shown in Scheme 1a (17Sva/17Eva), this vacant-site-free control
showed little fluorescence change (Figure S4a, Supporting
Information). Moreover, the background fluorescence in the
absence of Pb2+ for the vacant-site-free design was much higher
than that of the vacant site-containing design, probably because
ATMND hardly bound to the DNA duplex without a vacant
site (Figure S4a, Supporting Information). Similar results were
also observed when the vacant site in the loop of the adenosine
aptamer (AdAPva) in Scheme 1c was filled by an incorporated G
nucleotide (Figure S4b, Supporting Information). These results
suggested that the vacant site, which served as binding site of
fluorophore, was essential for the performance of these label-free
fluorescent functional DNA sensors composed of unmodified
DNA.
Next, to confirm the role of the functional DNA sequences in
the sensing, an inactive mutant of the Pb2+-dependent 8-17
DNAzyme20,21,75 (named 17EvaMut) was investigated under the
same conditions as a control of its active analogue (17Eva) in
Scheme 1a. As shown in Figure S5a (Supporting Information),
the inactive DNAzyme could quench the fluorescence of ATMND
as efficiently as active 17Eva in the presence of 17Sva because a
vacant site was formed within the DNA duplex in both cases.
However, the addition of Pb2+ could result in the recovery of
ATMND’s fluorescence only for 17Eva but not for 17EvaMut,

indicating that the fluorescence enhancement was indeed the
result of catalytic cleavage of substrate by DNAzyme. Similarly,
two inactive adenosine aptamers55,89 (named AdAPvaM1 and
AdAPvaM2) could partially quench the fluorescence of ATMND
when they formed vacant sites with AdL1va (Figure S5b,
Supporting Information) as AdAPva. However, no fluorescence
change could be observed even when a high concentration of
adenosine was present. These results suggested that the
activity of a DNAzyme or the binding of an aptamer, and the
subsequent perturbation of the vacant site and release of
ATMND, were the origin of fluorescence enhancement.
Performance of the Sensors in a Complex Sample Media
and the Application of the Sensors in Real-World Samples.
After demonstrating the good sensitivity and selectivity of the
sensors in simple buffered solutions, we further investigated the
sensors’ performance in a more complex sample matrix. As shown
in Figure S6 (Supporting Information), both the Pb2+ and UO22+
sensors displayed a specific response to the corresponding
metal ion at low nanomolar concentrations in samples containing 1 µM Cd2+, Fe2+, Ni2+, Co2+, Ca2+, and Mg2+, and the
responses were similar to those obtained in the absence of
these competing metal ions. The adenosine sensor was also
tested in the presence of an additional 0.5 mM cytidine and
uridine, with results consistent with those obtained in the
absence of these competing nucleotides (Figure S6, Supporting
Information).
To explore their potential applications in real sample analysis,
the Pb2+ sensor and adenosine sensors designed here were
used to quantify Pb2+ in drinking water and adenosine in 20%
human serum, respectively. First, calibration curves were
obtained using drinking water and serum containing different
amounts of analyte (Figure S7, Supporting Information). Then,
blind tests were conducted using the calibration curves to evaluate
the reliability of the method. As shown in Table 1, the results
suggest that the sensors were successful in detecting their
respective targets in the real-world samples.

Table 1. Detection of Pb2+ and Adenosine in Drinking
Water and Human Serum
added
2+

Pb in drinking
water

found

recovery (%) SD (%), n ) 4

60.0 nM 57.8 nM

96.3

6.9

250 nM 262 nM
adenosine in 20% 32.0 µM 30.6 µM
human serum
125 µM 121 µM

104.8
95.6

4.3
4.8

96.8

5.5

label-free fluorescent sensors based on functional DNA molecules
such as DNAzymes and aptamers. It was accomplished by
extending these DNA molecules with a loop to form a vacant site
in the DNA duplex for the controllable binding of a fluorophore,
resulting in functional DNA sensors for Pb2+, UO22+, Hg2+, and
adenosine. These sensors are highly selective to their targets
over other similar metal ions or nucleotides and are very
sensitive, with detection limits of 3nM 8 nM, 30 nM, and 6 µM
for UO22+, Pb2+, Hg2+, and adenosine, respectively. Control
experiments with functional DNAs free of vacant site or of
mutated inactive sequences reveal that the vacant site and the
activity of the DNAzyme or aptamer are crucial for the sensors
to exhibit a fluorescence enhancement response in the presence of their targets. This vacant site approach could further
facilitate the design of other label-free fluorescent sensors for
a wide range of analytes.
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CONCLUSIONS
In summary, we have demonstrated a general vacant site
approach that makes it possible to use unmodified DNA to design
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