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Abstract

Catalytic beacon has emerged as a general platform for sensing metal ions and organic molecules.
However, few reports have taken advantage of the true potential of catalytic beacons in signal
amplification through multiple enzymatic turnovers, as existing designs require either equal
concentrations of substrate and DNAzyme or an excess of DNAzyme in order to maintain efficient
quenching, eliminating the excess of substrate necessary for multiple turnovers. Based on the large
difference in the melting temperatures between the intramolecular molecular beacon stem and
intermolecular products of identical sequences, we here report a general strategy of catalytic and
molecular beacon (CAMB) that combines the advantages of the molecular beacon for highly
efficient quenching with the catalytic beacon for amplified sensing through enzymatic turnovers.
Such a CAMB design allows detection of metal ions such as Pb2* with a high sensitivity
(LOD=600 pM). Furthermore, aptamer sequence has been introduced into DNAzyme to use the
modified CAMB for amplified sensing of adenosine with similar high sensitivity. These results
together demonstrate that CAMB provides a general platform for amplified detection of a wide
range of targets.

A current focus of research is the development of sensors for metal ions and small organic
molecules,17° as they play either beneficial or deleterious roles in biology or in the
environment. Unlike protein and nucleic acid detections, there are few methods that can be
generally applied to sensing metal ions and small organic molecules. To fill this technology
gap, catalytic DNA/RNA, aptamers and aptazymes, collectively called functional nucleic
acids, have been developed into sensors. As a result, catalytic DNA (called DNAzymes in
this work) that are highly specific for a number of metal ions such as Pb2*:6:7 Mg2*:8 Zn2+:9
Co?+ 10,11 yp,2+:12 have been isolated using in vitro selection. This high metal ion
specificity makes DNAzymes an attractive and general platform to sense metal ions.
Therefore, we and others have converted DNAzymes into highly sensitive and selective
fluorescent,”:12:13-19 colorimetric,15:20-25, electrochemical26:27 and
electrochemiluminescent?® sensors. While most of these sensors have detection limits that
are below the maximum contamination levels (MCL) in water as defined by the U. S.
Environmental Protection Agency (EPA), an even higher sensitivity is desired if these
sensors are to be used in complex cellular or environmental samples to ensure large signal to
noise ratios.
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One way to improve the sensitivity is through amplified detection. An excellent example is
the use of protein enzymes such as horseradish peroxidase for amplified electrochemical and
colorimetric detection.23-31 Recently, a DNAzyme with peroxidase activity has been used
for amplified colorimetric sensing of a number of targets.32-36 In contrast to the many
amplified electrochemical and colorimetric sensors, few amplified fluorescence sensors has
been reported. The fluorescent catalytic beacon is quite attractive in this regard as such a
sensing system could provide in situ and real-time information for a variety of applications.
7,12,13-19 | these catalytic beacon designs (Figure 1b), the DNAzyme strand acts in two
roles: catalyst and quencher. Almost all reported work so far has focused on improving
quenching efficiency to lower the background. For both the first-7 and the second-generation
catalytic beacons, 12:13:14 the main fluorescence quenching comes from an intermolecular
hybridization of a fluorophore-labeled substrate strand with a quencher-labeled DNAzyme
strand. By placing a quencher at the end of the DNAzyme strand and counting on
hybridization with the substrate strand to ensure effective quenching, it also limits the
amount of fluorophore-labeled substrate that can be used, as quenching will primarily take
place when the enzyme substrate complex is formed. With such a design it is impossible to
take advantage of DNAzymes as catalysts for amplified sensing through multiple turnover
reactions as only one equivalent or less of substrate is available. Therefore, despite
numerous reports of catalytic beacons, to our knowledge, few reports have realized the true
potential of DNAzymes as multiple turnover enzymes for signal amplification, and a new
catalytic beacon design to liberate the DNAzyme strand from the role of being a quencher
strand, while still maintaining low fluorescence background, is required.

To realize the true potential of DNAzymes in the new catalytic beacon design, we turn our
attention to molecular beacons (MBs) that have been widely used in DNA/RNA detections
and some protein assays.3"~39 MBs are single-stranded oligonucleotides with a stem-loop
structure that brings the quencher and fluorophore into close proximity, thereby fluorescence
is quenched effectively (see Scheme 1a). A unique feature of MBs is that the melting
temperature of an intramolecular MB is considerably higher than that of the corresponding
intermolecular MB formed from two separate DNA molecules with identical sequences.37
However, this feature is rarely used to design other fluorogenic probe systems.4° In this
work, by taking advantage of this unique feature and the high quenching efficiency of the
MBs, and by combining catalytic beacon’s multiple enzymatic turnover properties, we
report a novel catalytic and molecular beacon (CAMB) (see Scheme 1c) for amplified
sensing of PbZ* and adenosine, with sensitivity superior to that of previously reported
sensors. The use of the molecular beacon (MB) structured substrate provides several
significant advantages over the linear substrate. First, the CAMB system has lower
background fluorescence signal, improved signal to noise ratio and thus higher sensitivity of
the sensors compared to linear substrate sensor system. Second, the efficient quenching also
enables the use of excess substrates strands over the DNAzyme strand to achieve signal
amplification by utilizing the multiple catalytic turnovers of DNAzyme. Third, the
DNAzyme strand is liberated from the role of being a quencher, and can be readily adapted
to sense a broad range of targets including metal ions, organic molecules, and DNA, as
demonstrated in this manuscript. Given the above mentioned benefits the CAMB system has
brought, this system can be used as a general platform for amplified detection of a number
of targets with higher sensitivity than previously reported methods.

The design of the new CAMB is shown in Scheme 1c. The substrate strand of the DNAzyme
can be converted into a molecular beacon by extending the original DNAzyme substrate
strand at both ends. Between the original DNAzyme substrate and the MB stem, a 10-base
spacer is inserted at each end of the original substrate to ensure sufficient conformational
flexibility in the loop for intermolecular hybridization with the DNAzyme without
disrupting the stem structure (Figure 1a). Upon the addition of the target metal ions, the
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DNAzyme will catalyze the cleavage of the MB substrate, converting the stable
intramolecularly hybridized MB stem into two much less stable intermolecularly hybridized
DNA strands. It is known that the intramolecularly hybridized MB stem is more stable than
the two intermolecularly hybridized DNA strands of the same sequence by up to 20 °C (Tm)
or 7.8 kcal/mol (AG, calculated by the Mfold program, and DINAMelt program,
respectively).! Due to this stability difference, the single-piece MB substrate that is
hybridized to the DNAzyme strand can be released from the DNAzyme strand as two
product pieces, causing the quenched MB fluorophore/quencher pair to be separated from
each other and thus a dramatic increase of the fluorescent signal in the presence of the target
metal ion. The Stojanovic group reported a catalytic molecular beacon made by linking the
10-23 DNAzyme strand with a molecular beacon, so that the activity of the DNAzyme
could be modulated by the target oligonucleotide complementary to the beacon stem loop
sequence.42 However, this design showed high background fluorescence and slow
DNAzyme cleavage rate due to incomplete hybridization between the substrate and the
DNAzyme strands. The Mao group and Wang group have reported small molecular beacons
as substrates for the DNAzyme,43+44 but the hairpin structures of their substrates were
opened before the catalytic cleavage reaction happened, resulting in high fluorescence
backgrounds. The Willner group has developed HRP-mimicking DNAzyme-containing
hairpin structures for amplified colorimetric detection of target DNA,*® adenosine
monophosphate or lysozyme.46

To demonstrate the use of CAMB, we chose the 8-17 DNAzyme (Figure 1a, 1b), as it has
been employed to design a series of Pb2* biosensors.”+13:15:20-22,26,27,28 | addition, its
catalytic reaction mechanism has been well investigated.47+48 In the absence of DNAzyme
strand, the background fluorescence of the original two-quencher catalytic beacon3 is very
high (~ 2.9x10° a.u.. Figure 2a), suggesting lack of intramolecular quenching efficiency.
Addition of increasing concentrations of the DNAzyme strand with a quencher resulted in
more efficient quenching (Figure 2a), making it difficult to take advantage of the catalytic
turnovers for signal amplification. In contrast, the background fluorescence of the new
CAMB system is dramatically lower, at about 2.6x10% a.u. (Figure 2a). More importantly
the background signal is not affected by the DNAzyme/substrate ratios, making it possible
to use excess substrate for catalytic turnovers, generating higher fluorescent signal for the
same concentration of metal ion.

For the CAMB system in Figure 1b to work well, a three-step process has to take place to
generate a fluorescence signal increase: cleavage of the substrate, release of the cleaved
substrate strand from the enzyme strand and dissociation of the cleaved MB stem for signal
generation. The large difference in melting temperature between the intramolecular MBs
hybrid and identical hybrid formed from separate molecules after cleaving by the DNAzyme
forms the basis for our proposed fluorescence sensing system. An ideal substrate molecular
beacon should not only provide a low fluorescence background by forming a stable stem
duplex, but also enable the prompt dissociation of the stem duplex upon substrate cleavage.
Therefore, the appropriate stem stability is the key factor in optimal sensor design. To
optimize the sensing performance, we first investigated the effect of stem length on the
sensing results. When a substrate called MB1 containing an 8 base pair stem (6 G-C base
pairs and 2 A-T base pair, see Table S1 in Supporting Information) was used to test
fluorescence enhancement after the cleavage reaction catalyzed by the DNAzyme in the
presence of 10 uM Pb?*, the fluorescence intensity increase slowly and reached about 5 fold
enhancement after 20 min (see Figure S1 and Figure S2 in Supporting Information). As the
DNAzyme catalyzed cleavage reaction is highly efficient and normally completes in less
than 5 min 12 at Pb2* concentration higher than 2 uM, we reason that the dissociation of the
stem of the cleaved molecular beacon (i.e., step 3) might be the rate limiting step. To test
this hypothesis, we removed a G-C base pair from the MB1 and modified the stem sequence
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(designated as MB2) to lower the stem stability and facilitate stem dissociation upon
substrate cleavage. As shown in Figure S1 and Figure S2 (see Supporting Information),
MB2 showed a much improved fluorescence increase rate, reaching saturation in 5 min, and
13 fold fluorescence enhancement. Control experiments for the time-dependent fluorescence
change of MB1 and MB2 in the absence of DNAzyme were also carried out and no obvious
fluorescence change was observed, indicating little background variation for our MB
substrates (see Figure S1 in Supporting Information). Molecular beacon substrate with an
even shorter stem length was not tested as it has a calculated melting temperature less than
38.9 °C in 50 mM salt concentration buffer, which is not enough to form stable
hybridization and thus allow efficient quenching. Therefore, we chose MB2 as our
optimized substrate molecular beacon design and used it for further investigation.

To investigate the multiple turnover capability of the 8-17 DNAzyme towards MB2 and
thus signal amplification, we kept the 8-17 DNAzyme concentration at 200 nM and then
monitored the Kinetics of the fluorescence enhancement of the DNAzyme solution after
gradual addition of MB2 in 200 nM increments. As shown in Figure 2b, the fluorescence
signal increased notably with each incremental addition of MB2 substrate until the ratio of
MB2 to DNAzyme reached 5. This result indicates that the active DNAzyme molecule could
be regenerated after catalyzing the cleavage reaction so that one DNAzyme molecule could
cleave several MBs substrate molecules. To provide further support for multiple-turnover
capability in the DNAzyme system, gel electrophoresis was used to measure the cleavage
activity of 1 uM DNAzyme over 1, 3 and 6 uM of MB2 substrate in the presence of 20 uM
Pb2*. As shown in Figure S3 (see Supporting Information), most of the MB substrates were
cleaved in all the three lanes. These results indicated that the 8-17 DNAzyme performed
multiple-turnover reactions towards the MB based substrate as designed.

Having demonstrated the superior performance of CAMB over a catalytic beacon alone, we
then explored the application of the system toward PbZ* detection. To achieve the best
sensing performance, the arm lengths of the DNAzyme strand was first optimized. An
increase of the arm length of the DNAzyme from 7 bases on each site of the cleavage site to
8 and then to 9, resulted in faster increase of fluorescence signal (see Figure S4), suggesting
that the longer arm length could facilitate the hybridization of the substrate with the
DNAzyme and enhance the enzyme catalyzed cleavage reaction. However, if the arm length
is too long, it provides overly strong hybridization between the DNAzyme and cleaved
product, resulting in slow product releasing kinetics and affecting sensing performance. The
optimal length was determined to be 9 bases on each side of the cleavage site (17E-2(9+9)).
In addition, fluorescence kinetic rates increased when the buffer pH was increased from 6.0
to 8.0, while the end-point fluorescence enhancement ratio increased when buffer pH was
increased from 6.0 to 7.0 and then decreased when pH is 7.5 or 8.0. Since it is known that
fluorescence intensity of FAM increases significantly with increasing pH, resulting in a
higher fluorescence background and thus decreased relative ratio of fluorescence
enhancement, the decrease of end-point fluorescence enhancement ratio at 7.5 and 8.0 might
be due to the high pH dependence of the FAM fluorophore (see Figure S5). Finally, sensing
performance increased when the salt concentration was increased from 50 mM to 100 mM,
but then decreased when the salt concentration increased to 150 mM (see Figure S6). Based
on these results, a DNAzyme with 9 bases on each arm (17E-2(9+9)) in a pH 7.0 buffer
solution containing 100 mM NaCl was chosen for further Ph2* sensing experiments.

Under such conditions, a 13-fold fluorescence enhancement was observed when the Pb2*
concentration reached 5 pM (Figure 3a), which is much higher than the 4-fold enhancement
of the first generation catalytic beacon with a single quencher design  or the 6-fold increase
of the second generation catalytic beacon with a dual quencher design.13 The large
fluorescence enhancement together with the multiple turnover capability of the 8-17
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DNAzyme of the new CAMB system could improve the sensitivity of the catalytic beacon.
Figure 3b shows the calibration curve of the MB DNAzyme sensor and it has a dynamic
range from 3 nM to 5 uM and a linear range until 200 nM. This new system was very
sensitive to Pb2*, with a detection limit of 600 pM determined by 3oy,/slope (op, standard
deviation of the blank samples),, which is at least 10 times lower than the reported
DNAzyme based lead sensors.” As the maximum contamination level of Pb2* in drinking
water was defined by the U.S. Environmental Protection Agency (EPA) to be 15 ppb or 72
nM, this sensor is fully applicable for lead detection in drinking water.

This ultrahigh sensitivity exemplifies the significant improvement over both catalytic
beacon and molecular beacon systems reported previously. In comparison with molecular
beacon, the CAMB retains the catalytic beacon’s ability to sense a much broader range of
targets beyond nucleic acids and to use catalytic turnover for signal amplification. In
comparison with catalytic beacons, the stable MB substrate allows much more efficient
intramolecular quenching of the fluorophore in the absence of the target, making it possible
to lower the background fluorescence signals, improve signal to noise ratio, and thus
sensitivity of the sensor. The efficient quenching also allows the use of much more excess
substrate strand over the DNAzyme strand, taking full advantage of the catalytic turnover
for signal amplification, like protein enzymes.

Besides sensitivity, selectivity is another important issue to assess the performance of a
sensor. The original 8-17 DNAzyme-based catalytic beacon shows a good selectivity
towards Pb2* over other divalent metal ions. To investigate the effect of the MB structured
substrate on the specificity of the new sensing system, its selectivity for Pb2* over other
divalent metal ions was tested by recording the sensor response to 11 competing metal ions
at concentrations of 0.5, 2 and 5 uM. As shown in Figure 4, the new CAMB sensor shows
good selectivity, which is consistent with the selectivity of the original 8-17 DNAzyme
sensor.

Since our CAMB-based design can liberate the DNAzyme strand from serving the quencher
role and allow true multiple turnovers, this new system could also be applied as an amplified
fluorescence sensor for many other targets. However, DNAzymes are mostly known to
recognize metal ions specifically. To adapt the CAMB for amplified sensing of molecules
beyond metal ions, aptamers that have been shown to recognize a broad range of targets
including small molecules, metal ions, proteins, virus and even cells, must be incorporated
into the CAMB system.

Figure 5a and Figure 5b depict the inhibiting strategy using an allosteric DNAzymel? for
amplified fluorescent sensing of adenosine. We chose the Mg2*-dependent 10-23
DNAzyme because the sequence of the hairpin structure in its catalytic core is unimportant
for its catalytic activity, and therefore can be modified without losing DNAzyme activity.
Domain | corresponds to the nucleic acid sequence of the anti-adenosine aptamer,*° and
domain 11 is the modified Mg2*-dependent DNAzyme. The sequence of the whole DNA
strand was designed to avoid formation of the active secondary structure in the catalytic
cores (sequences shown in Figure 5a).*! In the absence of target adenosine, the DNAzyme
domain alone could not form a stable and active structure to catalyze the cleavage of the
hairpin structured substrate even in the presence of Mg2*. Upon addition of adenosine,
however, the aptamer region could bind to adenosine and form a compact structure, which
will activate the DNAzyme by restoring the stem-loop structure of the DNAzyme. The
activated DNAzyme can then catalyze the hydrolysis reaction of the MB structured substrate
in the presence of Mg2* as a cofactor, and thereby release the fluorophore-labeled DNA
strand and generate a fluorescence signal enhancement.
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As shown in Figure 63, in the absence of adenosine, little fluorescence enhancement was
observed, indicating that the DNAzyme is inactive. In the presence of adenosine, however, a
clear fluorescence increase was observed in 20 min, suggesting that the DNAzyme was
activated upon the binding of adenosine. Our design affords a low background signal by
effectively inhibiting the activity of the Mg2*-dependent DNAzyme in the absence of
adenosine and therefore, offers a high sensitivity for the detection of adenosine. The low
background of our new CAMB design at room temperature is due to the MB-based design
with the substrate separated from the DNAzyme. In addition, in our design, several stable
secondary structures could form (predicted by the Mfold program, see Figure S7 in
Supporting Information), which could inhibit the formation of the active DNAzyme. As
shown in Figure 6a, the rate of fluorescence enhancement increased with increasing
adenosine concentration and reached a plateau at ~3 mM adenosine. Figure 6b depicts the
calibration curve of the sensor and a linear relationship was observed until the adenosine
concentration reached 40 uM (Figure 6b Inset). A low detection limit of 500 nM (35/slope)
was obtained, which is lower than those of reported fluorescent adenosine sensors, 19 and
amplified sensing methods based on a DNAzyme with peroxidase activity.34 To
demonstrate the selectivity of the sensor toward adenosine, an adenosine analog, guanosine
was added to the system instead. Results show that addition of 500 pM guanosine yields
only minimal fluorescence changes, indicating that the sensor has good selectivity. All these
experimental results indicate that the amplifying effect of the proposed fluorescence sensing
system on the recognition of adenosine is realized.

In summary, we have developed a novel CAMB system by integrating a molecular beacon
with a DNAzyme catalytic beacon, resulting in ultrahigh sensitivity. This performance
exemplifies the significant improvement over both catalytic beacon and molecular beacon
systems reported previously. In comparison with molecular beacon, the CAMB retains the
catalytic beacon’s ability to sense a much broader range of targets beyond nucleic acids and
to use catalytic turnover for signal amplification. In comparison with the previously reported
catalytic beacon systems, this new catalytic molecular beacon system has several unique
features and advantages. First, by taking advantage of the high intramolecular quenching
efficiency of the molecular beacons, the MB based substrate provided a low background
fluorescence, little background variation, and thereby, a large signal-to-background ratio. In
addition, the ratio of the DNAzyme strand and the substrate strand is not limited to 1:1, and
the signal could be amplified by cycling and regeneration of the DNAzyme, thus realizing
the true potential of catalytic beacons for the first time. This large signal-to-background
ratio, combined with the signal amplification effect, significantly improves the sensitivity of
current DNAzyme-based sensors, resulting in a CAMB sensor for Pb2* with a detect limit of
600 pM, much lower than those of other catalytic beacon Pb2* sensors. By introducing
aptamer into DNAzyme through an inhibition strategy, the CAMB system has been
extended to sensing adenosine. Since numerous DNAzymes and aptamers have been
selected to bind a wide range of targets, the CAMB system provides a new platform for
sensitive detection of various targets including metal ions, small molecules and other targets,
and could find wide applications in environmental and biomedical fields.
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Figure 1.
(a) Secondary structure of the CAMB on the 8-17 DNAzyme; (b) Schematic of the CAMB
system for lead detection.
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(a) Comparison of fluorescence backgrounds of the original catalytic beacon system (17DS-
FD and 17E-Dy) and CAMB at varying ratios of DNAzyme to substrate (MB2): (filled
triangles) original 8-17 DNAzyme catalytic beacon system; (filled circles) new designed
catalytic and molecular beacon system. The substrate concentration was fixed at 200 nM. (b)
Multiple-turnover catalytic activity of CAMB system by using the 8-17 DNAzyme and MB
substrate (MB2). The kinetics of fluorescence enhancement were recorded in a 200 nM of
8-17 DNAzyme solution in the presence of 10 uM Pb2* as a cofactor. The buffer contained
25 mM HEPES (pH 7.0) and 50 mM NaCl.
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Figure 3.

Sensitivity of the CAMB sensing system for Pb2* detection. (a) Time-dependent
fluorescence response over background fluorescence with varying concentrations of Pb2*,
The concentration of DNAzyme and substrate was 200 nM, and 300 nM, respectively. The
buffer contained 25 mM HEPES (pH 7.0) and 100 mM NaCl. Inset; Responses at low PbZ*
concentrations. (b) Calibration curve of the CAMB Ph2* sensor. The curve was plotted with
the initial rate of fluorescence enhancement vs. Ph2* concentration. Inset shows the linear
responses at low Pb2* concentrations.
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Figure 4.

Selectivity of CAMB sensor for Pb2* over other competing divalent metal ions. The initial
rate of fluorescence enhancement of the sensing system induced by different metal ions at
three concentrations (0.5, 2 and 5 uM) are shown. The concentration for DNAzyme and
substrate was 200 nM and 300 nM, respectively. The buffer solution contained 25 mM
HEPES (pH 7.0) and 100 mM NacCl.
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Figure 5.

a) Secondary structure of the activated CAMB sensing system for adenosine. (b) Schematic
of a fluorescence sensing CAMB system for adenosine by using CAMB as a signal
amplifying label through an inhibiting strategy.
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Figure 6.
Sensitivity of the fluorescent CAMB system for adenosine detection. (a) Time-dependent

fluorescence enhancement of the sensing system in the presence of different concentrations
of adenosine with 10 mM Mg?* as a cofactor. The concentration of substrate and the
aptamer-appended DNAzyme was 300 nM and 200 nM, respectively, and the buffer solution
contained 25 mM HEPES (pH 7.2) and 100 mM NaCl. (b) Calibration curve of the
fluorescent CAMB sensor for adenosine. Inset shows the linear responses of sensing system
to adenosine at low concentration.
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Scheme 1.

Design strategy of the catalytic and molecular beacon (CAMB). (a) Schematic of the
molecular beacon (MB) design. (b) Schematic of the catalytic beacon design. (¢) Schematic
of the CAMB. The DNAzyme substrate strand is incorporated in the loop of the MB, which
binds to the enzyme strand to form a complex structure. Addition of metal ions cleaves the
substrate and cuts the molecular beacon into two pieces, resulting in stem dehybridization
and enhanced fluorescence signal. In the presence of excess MB substrate, one DNAzyme
can catalyze the cleavage of multiple MB substrates and achieve an amplified fluorescence
signal.
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