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5.1 Discovery of Catalytic Nucleic Acids
The discovery that nucleic acids (NAs) can perform catalytic functions in
addition to being genetic information carriers has opened doors to a new
paradigm in chemistry and biology. While all biological enzymes had been long
regarded as being proteins, discoveries made over the last 30 years have
changed this perception. Ribozymes are RNA molecules that catalyze biological reactions and were independently discovered by Cech and Altman in the
early 1980s,1,2 for which they were awarded the Nobel Prize in 1989. This
discovery revolutionized the manner in which the roles of RNA molecules were
viewed and the hypothesis of an ‘‘RNA world’’ has since been supported.3
Catalytic DNA molecules, often called deoxyribozymes, DNA enzymes or
DNAzymes, have thus far not been isolated from any naturally occurring
biological system. Because of the absence of the 2 0 -hydroxyl group in DNA as
compared to RNA, it was thought that isolation of catalytically active DNA
molecules would pose a much greater challenge than catalytic RNA. However,
by the use of an in vitro selection technique, Joyce and Breaker demonstrated in
1994 that it was indeed possible to isolate catalytic DNA molecules in vitro.4
Widespread eﬀorts have been since made for the isolation of DNAzymes in
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laboratories, and these molecules have been engineered to perform various
functions. The repertoire of reactions catalyzed by DNAzymes is constantly
expanding and includes RNA as well as DNA cleavage and ligation,4–20 DNA
hydrolysis,21 phosphorylation,22 capping,23 cleavage of the phosphoramidite
bond,24 photocleavage of the thymine dimers,25 deglycosylation,26 RNA
branching and lariat formation,27–29 and porphyrin metalation30 in addition to
enzymatic activities as peroxidases.31 Most catalytic NAs isolated thus far
exhibit a dependence on metal ion cofactors for carrying out their desired
catalytic function and hence have been utilized for metal ion detection.

5.2 Detection of Trace Contaminants using Catalytic
Nucleic Acids as Sensing Platforms
Detection and quantiﬁcation of trace contaminants in the environment is an
important challenge in the 21st century, since many of these contaminants can
pose serious health issues and can cause signiﬁcant depletion of natural
resources. The U.S. Environmental Protection Agency (EPA) has set limits for
about 90 contaminants in soil and drinking-water that span a rather wide range
of targets, from metal ions, radionuclides, volatile organics, synthetic organics,
disinfectants, and their by-products, to viruses, bacteria, and other microbes.
Many of these contaminants are present in very low concentrations amidst
large amounts of other inorganic and organic species, thereby posing signiﬁcant
challenges in detection due to interferences. Some of the current technologies
that are used for trace contaminant detection are based on analytical instrumentation methods that include inductively coupled plasma mass spectrometry
(ICP-MS) and atomic absorption spectroscopy (AAS). Both these techniques
are very sensitive and selective, and can detect multiple analytes simultaneously. However, these methods are in general rather expensive, require the
use of skilled technicians and sample pretreatments, and have long turnaround
time, thereby making real-time and on-site detection challenging. To overcome
these drawbacks, many sensors have been developed that are both inexpensive
and portable. However, there still exists a need for the development of a general
sensing platform that can be used for the detection of a wide range and variety
of analytes in the environment.
Catalytic NAs possess several advantages as eﬀective and general sensing
platforms. Theoretically, they can be engineered toward any desired target
cofactor of choice through the combinatorial in vitro selection process, which is
described in the following section. This method provides a general platform for
the isolation and development of a broad range of environmentally relevant
targets.32 Moreover, NAs can be denatured and renatured several times without substantial loss of activity, and are therefore useful for long-term storage in
dried and denatured conditions. They can then be regenerated through rehydration in biological buﬀers prior to use. Modiﬁcation and labeling for signal
transduction is also more predictable with NAs than with proteins or organic
molecules, and is therefore useful for rational sensor design. Finally, NAs can

84

Chapter 5

be synthesized with diﬀerent chemical functionalities for relatively low costs.
Since DNA in particular is more stable than RNA toward hydrolysis, much
easier to chemically synthesize and less expensive, it is a preferred platform for
sensor development.33–36 The focus of this chapter is therefore on catalytic DNA
molecules or DNAzymes used for sensing environmentally toxic metal ions.

5.3 Isolation of Catalytic Nucleic Acids Using in vitro
Selection
Catalytic NAs are isolated in the laboratory using in vitro selection (Figure 5.1,
upper panel). The starting point of this method is the use of large populations
(1014 –1015) of chemically synthesized DNA or RNA with random sequences
that are iteratively subjected to selection pressure to attain the desired catalytic
function.19–22 After every round of selection, sequences that display the desired
catalytic activity are separated from the other DNA/RNA molecules, commonly by various methods that include gel electrophoresis, column-based
separations and capillary electrophoresis. Once the desired sequences have been
identiﬁed, they are ampliﬁed using the polymerase chain reaction (PCR) so as

Figure 5.1

Scheme of the in vitro selection method used for isolation of catalytic NAs
is shown in the upper panel. The predicted secondary structure of metal
ion-dependent RNA-cleaving DNAzymes is shown in the lower panel. The
green line represents the enzyme strand, the black line represents the
substrate strand, and the RNA cleavage site is shown in red.
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Schematic representation of the 39E DNAzyme-based catalytic beacon
sensor for the UO221 ion. F, ﬂuorophore; Q quenchers.

to enrich the population of the functional pool. Iterative selection rounds followed by ampliﬁcation are subsequently carried out and the ‘‘winner’’
sequences exhibiting the highest activity are identiﬁed, sequenced and then
characterized. Stringency is introduced during the process of in vitro selection
by lowering either the concentration of the target or the incubation time.
Negative selections can also be engineered during the selection procedure to
isolate NA sequences that exhibit activity in the presence of competing metal
ions. In this case, NA sequences that bind the competing metal ions are discarded and the unbound sequences are retained and utilized for further selection rounds. Selection pressure and stringency can be systematically applied
through the in vitro selection process to further guide the selection process
toward the desired concentration of the metal ion cofactor, thereby increasing
the metal ion sensitivity of these catalytic NA molecules and making them more
amenable toward metal ion detection for practical applications.
Most of the in vitro selected DNAzymes that have been applied for metal ion
sensing are RNA-cleaving DNAzymes.33–36 They include the Pb21-speciﬁc 8–17
DNAzyme,7,11,37,38 the classical Pb21 dependent DNAzyme,4,39 the UO221speciﬁc 39E DNAzyme,19 an allosteric DNAzyme for Hg21 based on the UO221dependent 39E DNAzyme,40 and DNAzymes that are dependent on Co21 and
Zn21 (Figure 5.2, lower panel).11,41,42 However, DNA-cleaving DNAzymes
speciﬁc for Cu21,6,9 and a Cu21dependent ligase,5 have also been isolated.

5.4 Conversion of Catalytic Nucleic Acids into
Biosensors
The metal ion dependence exhibited by catalytic NAs for activity serves as the
basis for their utility as sensing molecules.43 In the absence of any modiﬁcations, these NAs do not possess a strong spectral signal that can be
conveniently detected by portable instruments or the naked eye. To transform
them into sensors, these molecules therefore have to be combined with signalproducing moieties such as ﬂuorophores, chromophores or electrochemical
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agents to convert the analyte binding and catalytic activity into detectable
signals.
Since the in vitro selection strategy involves a predeﬁned secondary structure
as the starting point the resulting DNAzymes possess very similar secondary
structures (see Figure 5.1), with the only diﬀerence being diﬀerent sequences for
diﬀerent metal ion selectivity. This common secondary structure gives the
functional NAs a unique advantage in that, once a general signal transduction
method is demonstrated, it can be applied to many other DNAzyme systems for
sensing other metal ions. Some of the methods used for the detection of metal
ion targets are discussed in the following sections.

5.4.1 Fluorescence Sensing
Fluorescence-based detection provides an excellent platform for the development of sensors because of the high sensitivity levels achieved using this
method. In addition, there are portable ﬂuorometers available that allow for
real-time and on-site detection, thereby adding to the ease of monitoring
environmentally relevant contaminants. To utilize these advantages, several
functional NAs have been labeled with ﬂuorophores and quenchers and converted into ﬂuorescent sensors.34,36,44–48

5.4.1.1

Solution-based Fluorescent DNAzyme Sensors

A common strategy utilized in sensing applications of RNA-cleaving DNAzymes is based on the catalytic beacon method.36,49 An example of this strategy
is the 39E DNAzyme that can speciﬁcally detect UO221.19 The sensor is
assembled by hybridizing the enzyme strand containing a single quencher on
the 3 0 end and a substrate strand containing an RNA base (that undergoes
cleavage), a ﬂuorophore on its 5 0 end and a quencher on its 3 0 end (Figure 5.2).
In the absence of the metal ion, the ﬂuorescence is quenched due to proximity
of the ﬂuorophore with the quencher. In the presence of the metal ion, however,
cleavage of the RNA base takes place, leading to the release of the substrate
arm containing the ﬂuorophore in solution and an overall increase in the
ﬂuorescence intensity (B15 times in this case). The detection limit for UO221
based on this method was found to be 45 pM, which was considerably lower
than the maximum contamination level (MCL) of 130 nM deﬁned by the U.S.
Environmental Protection Agency (EPA), and a dynamic range up to 400 nM.
In addition, this sensor also demonstrated more than 1 million-fold selectivity
over the other metal ions tested. Finally, when the sensor was used to test
contaminated soil samples, the concentrations of UO221 obtained were comparable to those obtained using ICP, thereby demonstrating the use of these
sensors in practical applications. Previously, a catalytic beacon sensor based on the
8–17 DNAzyme was also shown to be useful for detection of Pb21 in water samples
and the detection limit achieved in this case was 10 nM, lower than the U.S. EPA
threshold for Pb21 in water which is 72 nM.50,51 The sensor demonstrated a
dynamic range from 10 nM to 4 mM in solution and was also shown to quantify
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Pb levels in Lake Michigan water samples spiked with Pb . Through the
introduction of mismatches on the enzyme strand of the 17E DNAzyme, it was also
shown to detect Pb21 independent of temperature from 4 1C to 30 1C.52
The strength of the catalytic beacon sensor method is the generality of the
design for application to diﬀerent DNAzyme systems for the detection of
various environmental contaminants. For example, ﬂuorescent sensors for
Cu21 and an allosteric sensor for Hg21 have also been demonstrated using this
catalytic beacon sensor approach.40,53 Fluorophore and quencher labels can be
positioned at the ends of the substrate and enzyme strand respectively as discussed or can also be incorporated adjacent to the cleavage site directly during
the beginning of the in vitro selection process, as demonstrated by Li and
coworkers.14,54 These ﬂuorescently labeled DNA molecules can be directly used
for sensing applications at the end of the in vitro selection process.34,55
A novel method of increasing the sensitivity and signal ampliﬁcation of the
ﬂuorescence detection technique has been achieved through a combination of
the catalytic beacon and molecular beacon sensor (CAMB).56 In this study, the
substrate strand of the 8–17 DNAzyme was incorporated into the molecular
beacon loop, the ends of which were labeled with a ﬂuorophore and a quencher,
and the enzyme strand was added to this complex. Addition of Pb21 caused a
cleavage of the substrate leading a release of the molecular beacon arms. In the
presence of excess molecular beacon substrate, each DNAzyme strand could
catalyze multiple cleavage reactions, leading to a signiﬁcant ampliﬁcation of the
signal. The detection limit of Pb21 achieved using this CAMB system was found
to be 600 pM, which was signiﬁcantly lower than other catalytic beacon methods.
The CAMB system was further extended for the detection of adenosine through
the incorporation of its respective aptamer sequence into the Mg21-speciﬁc 10–23
DNAzyme, to create an allosteric aptazyme system56 as discussed in section 5.5.
A label-free method based on ﬂuorescence detection has also been recently
demonstrated by Lu and coworkers for the detection of Pb21 based on the 8–17
DNAzyme.57 Label-free sensors generally cost less than labeled methods and
cause less interference to the DNAzyme activity in the absence of covalent
labeling. In this instance, an abasic site called the dSpacer was introduced
on the base-paired binding arms of the enzyme strand, and this site could
bind a ﬂuorescent molecule called 2-amino-5,6,7-trimethyl-1,8-naphthyridine
(ATMND) in the absence of Pb21 and thereby quench its ﬂuorescence. Upon
addition of Pb21, the single RNA base was cleaved, thereby leading to a release
of the substrate arm from the enzyme strand as well as the release of the
ﬂuorescent molecule. The overall ﬂuorescent intensity was signiﬁcantly
enhanced and the detection limit obtained using this method was found to be
4 nM, which was lower than the labeled sensor, however, the selectivity of the
8–17 DNAzyme was retained. Even though the use of an abasic site is labelfree, it still requires a modiﬁed nucleotide which is relatively more expensive
than its unmodiﬁed counterpart. To overcome this limitation, unmodiﬁed
DNAzymes with a vacant site have been used to demonstrate binding to an
extrinsic ﬂuorophore selectively and speciﬁcally in the presence of their
respective metal ion cofactors.58
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Fluorescent DNAzyme Sensors on Solid Supports

Immobilization of ﬂuorescent DNAzyme sensors on solid supports provides an
alternate method of sensor design and greater ease of use for real-time detection. Artifacts observed during solution-phase ﬂuorescent studies such as
background ﬂuorescence due to excess unhybridized substrate strands can be
conveniently eliminated through multiple washing and rinsing steps and the
sensors developed can be regenerated and stored over long periods.
The Pb21-speciﬁc 8–17 DNAzyme and the UO221-speciﬁc 39E DNAzyme
have been covalently linked to diﬀerent surfaces including gold,59 as well as the
pores of gold-coated nanocapillary membranes (NCAMs)60,61, in colloidal
assemblies62 and in hybrids with carbon nanotubes.63 The immobilized ﬂuorescent DNAzyme sensor on the gold surface yielded a detection limit of 1 nM
for Pb21 due to the signiﬁcantly lowered background, which was accomplished
by rinsing away the excess substrate strand. To further increase the surface
coverage of the sensor, the DNAzyme sensors were immobilized on the pores of
the NCAMs in place of the planar gold.61 The detection limit achieved in this
instance was 17 nM; however, the sensor materials could be regenerated four
times with just the addition of new substrate strands and could also be stored at
room temperature for about 1 month.
Ye and coworkers have also recently developed a microarray method for the
multiplex determination of Cu21 as well as Pb21, based on their respective
DNA-cleaving and RNA-cleaving DNAzymes.64 The substrate strands in this
instance were initially immobilized on aldehyde-coated glass slides using Schiﬀbase chemistry followed by hybridization with the enzyme strand. A Cy-3
ﬂuorophore labeled probe was used to monitor the activity of the sensor in this
instance while a Cy-5 labeled probe was used as a reference to normalize the
background of the microarray data. In the absence of the metal ion, the
ﬂuorescence of the Cy-3 ﬂuorophore was observed since there was no cleavage
and the probe remained hybridized to the substrate, however, in the presence of
the metal ions (either Pb21 or Cu21) cleavage of the substrate strand took
place, resulting in its dissociation into two fragments, thereby leading to the
dissociation of the Cy-3 labeled probe strand as well. The sensitivity achieved
using this method was approximately 10 nM, the dynamic range was 10 nM–
100 mM and considerable selectivity over other metal ions was also observed.
This method was also used to test river water samples spiked with two diﬀerent
concentrations of metal ions and showed good recovery in comparison with a
cyclic voltammetry (CV) technique.

5.4.1.3

Fluorescent DNAzyme based Micro- and Nanoﬂuidic
Devices

To extend the applicability of the DNAzyme platforms for sensing applications, they have also been incorporated into the design of micro- and nanoﬂuidic devices. This signiﬁcantly reduces the usage of the detection reagents
and exhibits capabilities for automatic regeneration through computer
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programming, thereby enabling unattended and long-term monitoring and
reducing user risks. The real-time detection of Pb21 based on the ﬂuorescent 8–
17 DNAzyme has been successfully demonstrated in microﬂuidic systems65
through their immobilization on gold-coated nanocapillary array membranes
(NCAM)66 and on polymethylmethacylate (PMMA) microchannel walls.67 The
sample volumes of the DNAzyme used for Pb21 sensing in these cases was less
than 1 nL and a detection limit of 11 nM was achieved with NCAM while the
PMMA method yielded a detection limit of 17 nM.66,67

5.4.2 Colorimetric Sensors
The advantages oﬀered by ﬂuorescent sensors are signiﬁcant in terms of sensitivity and quantiﬁcation; however, colorimetric sensors can minimize or even
eliminate the need for analytical instrumentation, thereby providing greater
ease of use for on-site applications. Since NAs do not exhibit any absorption in
the visible region, they are often combined with noble metal nanoparticles such
as gold nanoparticles (AuNPs) that exhibit high extinction coeﬃcients (B2–3
orders of magnitude higher than organic dyes) and optical properties such as
color, which are distance-dependent.68,69
DNA-functionalized nanoparticles have therefore been used to demonstrate
the sensing of both Pb21 and UO221, based on the 8–17 DNAzyme and the 39E
DNAzyme respectively.70–73 Sensing is based on the color change exhibited by
the AuNPs, which are blue or purple when aggregated and red when dispersed
due to the surface plasmon eﬀect. Moreover, functionalization of AuNPs with
DNA can be conveniently obtained or carried out through chemically modiﬁed
thiol groups. For instance, a colorimetric sensor speciﬁc for the detection of
Pb21 was carried out based on the functionalization of AuNPs with the 8–17
DNAzyme (Figure 5.3).70,74 In this case, the substrate strand was extended on
either side to facilitate binding to the DNA functionalized on the AuNPs,
which was complementary to the former. In the absence of Pb21, a blue color
was therefore observed, owing to the aggregation of the AuNPs upon annealing
with the DNAzyme. Each of these aggregates contained thousands of AuNPs
linked to the DNAzyme. Upon addition of Pb21, cleavage at the RNA base
occurred, leading to the dissociation of the substrate strand into two fragments
and subsequent disruption of the blue AuNP aggregates into its dispersed state,
which changes from blue to red with increased concentrations of Pb21. This
color change was signiﬁcant only in the presence of Pb21 in comparison with
the other metal ions tested, and a detection limit of 100 nM was achieved.
Colorimetric sensors based on this design were, in fact, used to detect Pb21
extracted from paint samples.69 The dynamic range of this sensor was tuned
through the introduction of an inactive 8–17 DNAzyme (containing a G-C base
pair in place of a G  T wobble pair) which was still capable of assembling the
AuNPs with eﬃciency almost similar to the original DNAzyme.71 The response
of this sensor system then moved to a higher order of magnitude, simply
through the introduction of about 95% inactive DNAzyme. Diﬀerent ratios of
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Schematic representation of the labeled 8–17 DNAzyme-based colorimetric sensor for Pb21 detection. In the absence of Pb21, the DNAfunctionalized AuNPs are assembled on the substrate to form blue
aggregates. When Pb21 is present, the substrate is cleaved and the
aggregate is disassembled to yield red colored dispersed AuNPs. Adapted
with permission from J. Liu and Y. Lu, J. Am. Chem. Soc., 2003, 125,
6642. Copyright 2010 American Chemical Society

the active and the inactive DNAzyme could then be used, particularly for
instances when higher detection ranges were needed, thereby tuning the overall
response of the sensor (Figure 5.3).
To improve the reaction rate, the diameter of the AuNPs was increased from
13 nm to 42 nm leading to a distinct color change in about 5 min, and in
addition, small invasive DNAs were also designed and introduced to improve
sensing.71,74,75 Colorimetric sensors for UO221 have also been developed based
on this design and the color change from blue to red has been observed in the
presence of this radionuclide, while such a change has not been observed with
the other metal ions tested. The detection limit achieved in this case was 50 nM
with a detection range from 50 to 2 mM.76
Label-free colorimetric sensors for both Pb21 and UO221 have also been
designed.76,77 The basis of sensing in these cases is the diﬀerence in adsorption
of single-stranded (ss) DNA versus that of double-stranded (ds) DNA on bare
AuNP surfaces, leading to a change in the stability of the nanoparticles in the
presence of NaCl. In the absence of the metal ion the dsDNA cannot adsorb
onto the surface of the AuNPs, and at a certain concentration of NaCl they
aggregate together, leading to a blue solution. In the presence of the metal ion,
cleavage at the RNA base takes place leading to the release of the ssDNA
fragment that is adsorbed onto the surface of the AuNPs, thereby preventing
their aggregation. The color of the solution then is red, owing to the dispersed
particles. The detection limit achieved in this case was found to be 3 nM for
Pb21,77 and 1 nM for UO221.76
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Colorimetric sensing of Pb and UO2 based on both the labeled and
label-free methods has been demonstrated and a detailed comparison of the
two designs has been previously discussed.76,77 Brieﬂy, the labeled sensor
required longer preparation times and showed a higher detection limit for
UO221; however, the ease of use of operation was signiﬁcantly higher than for
the label-free system, which was relatively easy to prepare and use and also
showed higher sensitivity toward UO221. Nonetheless, the label-free method
was more vulnerable to external variables as well as the ionic strength. A highly
sensitive ligation-based colorimetric sensor for Cu21 using a ligation DNAzyme has also been demonstrated, and this system has been shown to be sensitive enough to detect Cu21 in drinking water without the need for analytical
instrumentation.78 Since the DNAzyme used in this case was based on a ligation reaction rather than a cleavage reaction, it had an intrinsically lowered
background, thereby leading to higher sensitivity.

5.4.3 Dipstick Tests based on AuNP-DNAzyme Conjugates
While the use of colorimetric sensors have shown to minimize or even eliminate
the need for analytical instrumentation and thereby facilitate on-site detection,
laboratory operations such as the precise transfer and mixing of microliter
quantities of solutions are still essential. Moreover, the distinction of color
upon increasing the metal ion concentration, going from the blue and purple
aggregates to the red dispersed solution, is incremental and can be rather difﬁcult to distinguish by the naked eye. Storage of the colorimetric sensors over
long periods of time is also diﬃcult because AuNPs aggregate in solution.
Therefore, to further facilitate the ease of use of these sensor materials for
nontechnical users, lateral ﬂow devices based on the 8–17 DNAzyme for Pb21
detection have been recently developed,79 following successful demonstration
of dipstick tests for adenosine and cocaine.80
The 8–17 DNAzyme used for Pb21 detection (Figure 5.4a) was modiﬁed for
optimal activity on the dipstick (Figure 5.4b).79 It was biotinylated on the 3 0
end and was extended and thiolated on the 5 0 end of the substrate arm to
facilitate functionalization onto the surface of a AuNP. The lateral ﬂow device
was composed of four regions, consisting of four overlapping pads, namely an
absorption pad, a membrane pad, a conjugation pad and a wicking pad (Figure
5.4c). The membrane pad consisted of two zones, a control zone on which
streptavidin was spotted and a test zone on which capture DNA, complementary to the cleaved substrate DNA fragment was spotted. The modiﬁed
8–17 DNAzyme construct was then spotted onto the conjugation pad and
allowed to dry for about 8 h. Upon dipping the wicking pad into a ﬂow buﬀer
solution, the liquid moved up, rehydrating the sensor functionalized on the
AuNPs. In the absence of Pb21, no cleavage of the substrate was observed and
the complex migrated till the control zone wherein the biotinylated DNA was
captured by the streptavidin, which was indicated by the appearance of a single
red line (Figure 5.4d). When the same test was carried out in the presence of
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Pb in the ﬂow buﬀer, cleavage of the substrate took place, leading to the
appearance of the ﬁrst red line at the capture zone corresponding to the capture
of the biotinylated DNA, and a second red line, corresponding to the capture of
the cleaved DNA fragment by its complementary DNA or the capture DNA at
the test zone (Figure 5.4e). The detection limit achieved by this method was
approximately 5 mM and the reaction time was about 10 min. The detection
limit achieved by this method was lowered further to 0.5 mM by performing the
cleavage reaction in solution in the presence of Pb21 followed by dipping in the
ﬂow buﬀer. The practical applicability of this test was also determined by

Figure 5.4

Scheme showing the lateral ﬂow device for detection of Pb21, adapted
from Mazumdar et al.79 (a) 8–17 DNAzyme reaction: In the presence of
Pb21, the 17E enzyme (green line) catalyzes the cleavage of the substrate,
17S (black line) at the sigle ribo-linkage (shown in red) to give two product
strands. (b) Modiﬁed 8–17 construct used for the dipstick tests. The
substrate is functionalized on the gold nanoparticles and contains a biotin
moiety, indicated by the pink square on its 3 0 end. (c) Assembled lateral
ﬂow device: Streptavidin and capture DNA are applied to the control and
test zone of the membrane respectively and the Enz-SubAuNP is placed
on the conjugation pad. (d) Negative test producing a single red line at
the control zone due to accumulation of nanoparticles. (e) Positive test
producing two red lines at the control and test zones.
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detecting the amount of Pb in paints which were previously spiked with
diﬀerent amounts of Pb21. EDTA, a good chelator of Pb21 was also added to
tune the dynamic range of the sensor leading to an approximately ﬁvefold
increase of the detection limit and elimination of any nonspeciﬁc background
cleavage. (Figure 5.4).

5.4.4 Electrochemical Sensors
Electrochemical methods for the detection of metal ions based on catalytic NAs
have also been developed as alternative approaches to the optical detection
methods. These sensors are particularly attractive in terms of their practical
applications since they do not suﬀer from background interference or false
signals and can also be easily converted into miniature versions in terms of their
size and power. These devices are also reliable and provide consistent results
with high reproducibility, sensitivity and fast response times. Plaxco and
coworkers have demonstrated the electrochemical method of sensing Pb21 by
immobilizing the enzyme strand of the 8–17 DNAzyme onto a gold electrode
through its 5 0 end and using a methylene blue (MB) reporter group on the 3 0
end, which is hybridized to a complementary substrate strand containing the
single RNA cleavage site.81 The MB reporter is designed to be at a distance
from the electrode surface due to the rigidity of the enzyme–substrate complex
in the absence of the metal ion, therefore leading to a low electron transfer rate.
In the presence of Pb21, however, the cleavage of the substrate followed by its
dissociation into two fragments took place leading to a greater ﬂexibility of the
enzyme containing the MB complex, thereby promoting electron transfer. High
selectivity for Pb21 was obtained and a detection limit of 300 nM was achieved.
The ability of this sensor to detect Pb21 in soil samples spiked with the metal
ion was also demonstrated. Shao and coworkers have combined the electrochemical detection of Pb21 based on the 8–17 DNAzyme using a Ru(NH3)621
reporter molecule, with gold bio-barcodes, which are short oligonucleotides
functionalized on a 13 nm AuNP that are complementary to the extended
substrate strand.82 The use of these bio-barcodes signiﬁcantly ampliﬁed the
signal leading to the enhancement of the sensitivity of the method, and a
detection limit of 1 nM was achieved. An electrochemiluminescent sensor for
Pb21 based on the 8–17 DNAzyme and Ru(bpy)321 has also been recently
developed by Chen and coworkers and the lowest detection limit based on the
8–17 DNAzyme of 0.1 nM has been reported.83

5.5 Expanding the Scope of the Sensing Targets of
Catalytic Nucleic Acids by Employing Aptazymes
The repertoire of reactions catalyzed by NA enzymes has been extended to
recognition of molecular targets through their combination with aptamers, and
these combined functional NAs have been referred to as allosteric RNA/
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DNAzymes or aptazymes. The aptamer module serves as an allosteric
regulator of the catalytic activity of the DNAzyme module, analogous to the
regulation of protein enzymes. While allosteric DNAzymes have thus far been
obtained through the deliberate combination of known aptamers and catalytic
NAs, allosteric ribozymes have been isolated through in vitro selection as well.84
An aptazyme based on the 8–17 DNAzyme and the adenosine aptamer,
wherein the aptamer strand was introduced into one of the substrate binding
arms of the DNAzyme, was utilized for the colorimetric detection of adenosine
through the functionalization of AuNPs with a modiﬁed 8–17 aptazyme.85 In
the absence of the adenosine, there was no substrate cleavage in the presence of
Pb21 and a blue color owing to the aggregation of AuNPs was observed.
However, in the presence of adenosine, the catalytic conformation of the 8–17
DNAzyme was restored, leading to a cleavage of the substrate in the presence
of Pb21 and a color change from blue to red. This color change was not
observed in the presence of other nucleotides studied. The use of ﬂuorescent
signaling aptazymes has also been demonstrated by Li and coworkers. The
catalytic cleavage of the DNAzyme module is controlled by competition
between an external antisense oligonucleotide and the molecular aptamer target, namely ATP.86 Interestingly, aptamers for ATP have also been shown to
regulate the inhibition of catalytic activity of aptazymes.87 The CAMB system
has also been used to demonstrate the detection of adenosine through the
fusion of the adenosine aptamer with the 10–23 DNAzyme which is added to
the molecular beacon containing the corresponding substrate.56 The absence of
adenosine leads to an inhibition of the core structure of the DNAzyme essential
for catalytic activity. In the presence of adenosine, however, the core is structured, leading to an activation of the DNAzyme and catalysis in the presence of
Mg21 with a detection limit of 500 nM for adenosine, which is the lowest
reported for a ﬂuorescence-based adenosine sensing system. Signal ampliﬁcation can also be achieved through the introduction of excess substrate to
achieve multiple turnovers.56 Aptazyme-based sensing using the 8–17 DNAzyme in combination with the adenosine aptamer has also been reported using
an electrochemical method.88
A recent study has also demonstrated the use of a DNAzyme in place of an
aptamer to create an allosteric dual-DNAzyme system for the detection of
Cu21 in drinking-water.89 In this instance, a DNA-cleaving DNAzyme containing the substrate strand was fused with an HRP-mimicking DNAzyme. In
the presence of Cu21 cleavage at the substrate strand was achieved, which in
turn activated the HRP-mimicking DNAzyme to elicit a colorimetric signal
with hemin. Detection limits in the ppb range for Cu21 were achieved using this
method.89 Colorimetric sensing has also been achieved through the coupling of
an allosteric RNA-cleaving DNAzyme with the rolling circle ampliﬁcation
(RCA) technique to generate long single strands of DNA which can further
hybridize with complementary PNA strands in the presence of a chromophoric
duplex-DNA binding dye which changes color from blue to purple upon
binding.90
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5.6 Summary and Future Perspectives
Since their discovery, catalytic NAs have attracted considerable attention
because of their capability of catalyzing a wide variety of reactions. Moreover,
since the catalytic function of most known DNAzymes are metal-ion dependent, they have also gained attention as practical alternatives for the detection
of metal ions—in particular, environmentally relevant metal ions. DNAzymes
for any environmentally relevant metal ion can theoretically be obtained using
the in vitro selection method. Sensitivity and selectivity can also be ﬁne-tuned
through the variation of selection conditions to detect even minute concentrations
of these metal ions in the environment. Upon combination of these DNAzymes
with suitable signal transduction methods such as ﬂuorescence, colorimetric
methods based on AuNPs and electrochemical methods described here, metal ionspeciﬁc sensors can be developed as practical alternatives for real-time and on-site
detection, almost all of which have detection limits much lower than the MCL
deﬁned by the U.S. EPA. In fact, sensors for the detection of heavy metal ions such
as Pb21 and UO221 are now commercially available (http://www.andalyze.com/)
less than 10 years since the ﬁrst report of the DNAzyme-based metal ion sensor.50
Despite the advances in the development of catalytic NA sensors, a major
challenge lies in expanding the current range of metal ions to other environmentally relevant ionic targets that are negatively charged, such as the perchlorate and nitrate anions. In addition, there is signiﬁcant room for
improvement of the in vitro selection method. Eﬀorts toward automating the
selection process have been reported to improve its speed and eﬃciency.91,92
Sensor array development for simultaneous detection of multiple analytes is
also an important step in furthering the practical applicability of these catalytic
DNA molecules.
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