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Abstract

By employing DNAzyme as a recognition group and amplifier, and DNA-stabilized silver
nanoclusters (DNA/AgNCs) as signal reporters, we for the first time reported a label-free catalytic
and molecular beacon as an amplified biosensing platform for highly selective detection of
cofactors such as Pb2* and L-histidine.

Abstract

We developed a label-free catalytic and molecular beacon as a universal amplified biosensing
platform for highly selective detection of cofactors.
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DNAzymes are a class of functional nucleic acids, which show high protein enzyme-like
catalytic hydrolytic cleavage activities toward specific substrates by employing specific
metal ions or neutral molecules as cofactors.1-3 Compared to protein enzyme, DNAzymes
are cheaper, more stable, easier modified, and can be denatured and renatured many times
without losing catalytic activities. These unique advantages make DNAzymes particularly
suitable for developing biosensors for detecting analytes such as Pb2*, 4 Cu2*, > UQ,2*, 6
Zn2*, 7 Mg?*, 8 and neutral L-histidine® with high specificity. By combining traditional
DNAzyme with molecular beacon (MB), our group previously reported an amplified
biosensing strategy termed catalytic and molecular beacons (CAMB), which realized
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multiple turnover catalysis of DNAzyme.10 With the advantages including simple operator,
high sensitivity, high specificity and highly efficient quenching, CAMB has been used for
signal amplification to develop a series of biosensors.11-14 However, CAMB required
modifications of both fluorophore and quencher that are synthesis complicated, technically
demanding and expensive.1®, 16 Therefore, development of a simple, inexpensive and label-
free CAMB biosensor should be more attractive.

Since they were first reported by Dickson et al.,17 silver nanoclusters (AgNCs) stabilized by
oligonucleotides have attracted increasing interest due to their excellent performance
including facile synthesis, extreme brightness, photo-stability, tunable fluorescence emission
and low-toxicity. They have been employed to construct biosensors for the detection of
various analytes, such as thiol compounds,8 metal ions,19, 20 and single-nucleotide
mutation.2! Particularly, Werner et al. reported a new AgNCs-based strategy for target DNA
detection.?2 They found that after forming AgNCs on C-rich DNA sequence (DNA
template), the proximity of a guanine-rich DNA can trigger reversible transformation of NCs
between a dark species and a bright red-emitting species with a 500-fold fluorescence
enhancement.

Based on the amplified recognition of CAMB, in this work, we employed AgNCs as
fluorescent reporters to develop a label-free CAMB amplified sensing platform for the
detection of L-histidine and Pb2*. DNAzyme used in this strategy could recognize target
molecules and act as an amplifier to afford improved sensitivity by multiple enzymatic
turnovers. Such design allows the sensing platform a high sensitivity for the detection of L-
histidine and Pb2*. In addition, since various recognition units might be fused into the
sensing system, the new platform can be employed to design label-free biosensors for
detection of various targets.

The label-free CAMB biosensor is composed of two hairpin-structured molecules. As show
in Scheme 1, the first one is an unmodified G-rich hairpin structure (GHS), which together
with DNAzyme strand serve as molecular recognition unit and amplifier for design Pb2* or
L-histidine biosensors (sequences see Supporting Information). GHS contains two
components. The green portion is a hairpin-structured substrate strand of DNAzyme, and the
red portion is a G-rich sequence which extended on the terminal of the substrate strand. The
other hairpin-structure containing dark AgNCs (AgHS) is designed to be complementary to
the cleaved G-rich product of GHS (called strand 1, see Scheme 1), and such a hybridization
can form bright red-emitting AgNCs to act as signal reporter. In the absence of target, strand
1 is caged in the GHS, which make it difficult to hybridize with AgHS with no enhanced-
fluorescence, thus affording low background fluorescence. However, in the present of target,
the enzyme sequence catalyzes the cleavage of the substrate strand GHS, and liberates free
strand 1 from the GHS caged structure to hybridize with AgHS. As a consequence, G-rich
sequence was placed in proximity to the dark AgNCs, and produced an obvious increase of
the fluorescent signal. At the same time, the detached DNAzyme strand could bind another
GHS and trigger another cycle of digestion, providing more strands 1 and achieving an
amplified detection signal for the target. To obtain the best response, we found that 2 equiv
of substrates are necessary for 1 equiv of DNAzyme strand (Fig. S1) (ESIt), which make it
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possible to take advantage of DNAzymes as catalysts for amplified sensing through multiple
turnover reactions.

To verify the feasibility of our design, the fluorescence changes of AgHS under different
conditions were first investigated (Fig. S2a) (ESIT). In the absence of strand 1, AgHS
exhibited no fluorescence emission peak (curve a). After incubation of AgHS with strand 1
for 30 min, a bright redemitting fluorescence was observed (curve ¢). One could also find
that Pb2* exhibited no effect on the fluorescence of AgHS (curve b and d). These results
indicate that fluorescence of AgHS is modulated only by strand 1, demonstrating the success
of our design.

In order to achieve highest sensitivity, the length of “caged” sequence on AgHS was
optimized. The effect of the length of the caged sequence on AgHS was examined through
measuring the fluorescence intensities of AgNCs in the absence and presence of target. We
synthesized four different hairpin probes (Ag-1, Ag-2, Ag-3, and Ag-4) that included 11, 10,
9, and 8 base pairs in the stem, respectively. 10 base-pairs for the stem of AgHS were found
to exhibit a largest signal-to background ratio (SBR) (showed in Fig. S3a) (ESIt). More
caged bases could lead to more difficult strand-displacement between GHS and AgHS,
resulting in lower background signal, however, it might results in a high melting temperature
between strand 1 and AgHS and making a low fluorescence signal. But, fewer “caged” bases
may form an erratic hairpin of AgHS, increasing background fluorescence. In order to obtain
a maximum SBR, the incubation time of strand 1 with AgHS was optimized (showed in Fig.
S3b) (ESIT). The fluorescent intensity increased with increasing reaction time up to 45 min
then reaching a balance. In order to obtain a reliable result, the incubation time of 45 min
was adopted as the optimum and employed for all other investigations.

The analytical performance for Pb2* was then investigated under optimized conditions. Fig.
1a depicts the fluorescence-emission spectra of the sensing system upon the addition of Pb2*
at different concentrations. The addition of increasing concentrations of Pb2* could lead
more substrate strand being cleaved and liberate more strands 1 to afford a dramatic
fluorescence signal enhancement. The large fluorescence enhancement is mainly benefit
from the fact that GR-5 possesses multiple turnover catalytic activity for GHS to release
strand 1. Fig. 1b shows the relationship between the fluorescence intensity and the
concentrations of PbZ*. It shows a dynamic range from 5 nM to 3uM, and a linear
relationship range from 5 nM to 50 nM with a low detection limit of 1 nM for Pb2*.

A high specificity for target analyte is necessary for a new designed biosensor with potential
applications in complicated samples. To investigate the selectivity of the DNAzyme-AgNCs
based sensing system for Pb2*, the fluorescence responses of the sensor to various metal
ions which are potential interferences were recorded. As shown in Fig. 2, Pb2* could induce
a significant fluorescence enhancement of the sensing system, while other metal ions did not
give an obvious fluorescence change, indicating that our sensing system exhibits a high
selectivity to Pb2* over other metal ions. This result is consistent with the previously
reported GR-5 DNAzyme sensors, and could meet the selective requirements for
environmental and biomedical applications.”
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In order to evaluate the practical application of the new sensor for detection of Pb2*, the
recovery experiments with spiked Pb2* in river water samples were carried out. The river
water samples were obtained from the Xiang River (Changsha, China), which were simply
filtered and showed that no Pb2* was present. The analytical results are shown in Table S1
(ESIT). One observed that the results obtained in real water samples showed good recovery
values, which confirmed that the proposed sensor was applicable for practical Pb2* detection
in real samples with other potentially competing species coexisting.

To verify the universality of our label-free CAMB strategy, it was further adopted to
construct catalytic biosensor for L-histidine by choosing L-histidine-dependent DNAzyme
as recognition unit. As L-histidine plays a significant role in the growth and repair of tissues,
as well as controls the transmission of metal elements in biological bases.23 L-histidine itself
has not effect on the fluorescence of AgNCs (Fig. S2b) (ESIT). The procedure for detection
of L-histidine is similar to that of PbZ*. After incubating with different concentration of L-
histidine and then mixing with AgNCs, the fluorescence spectra of the sensing solution were
recorded (Fig. 3). Based on the fact that the fluorescence intensity of the biosensor is
increased with the addition of increasing concentrations of L-histidine, one can come to the
conclusion that the biosensor is feasible for turn on detection of L-histidine. The calibration
curve of the biosensor for L-histidine was shown in Fig. 3b. Due to the enhanced effect of G-
rich sequences to AgNCs, the L-histidine-dependent DNAzyme based catalytic biosensor
also exhibits a satisfactory sensitivity to L-histidine, and it exhibited a linear response
concentration range from 50 uM to 500 puM, with a LOD of 17 uM. The proposed catalytic
biosensor also shows high selectivity to L-histidine over other potential interferences. As
shown in Fig. S4 (ESIT), 1 mM of L-histidine could induce obvious fluorescence
enhancement of the biosensor, while no obvious fluorescence change were observed upon
the addition of 1 mM of other compounds.

In conclusion, we for the first time reported a label-free catalytic and molecular beacon as an
amplified biosensing platform for detection of DNAzyme cofactors such as Pb2* and L-
histidine. The introduction of target cofactor could trigger enhanced fluorescence of AgNCs
to afford a “turn-on” fluorescence response to target biomolecule. By employing the
multiple enzymatic turnover of DNAzyme for cycle amplifying, the proposed sensing
system shows highly sensitive response to target cofactor. In addition, the design is simple,
easy operation, and inexpensive. Since numerous DNAzymes have been selected to bind a
wide range of targets, the label-free catalytic and molecular beacon provides a new general
platform for sensitive detection of various targets and could find wide applications in the
environmental and biomedical fields.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig.1.

(a;;FIuorescence spectra of sensing system at various concentrations of Pb2* corresponding
to data in the graph. (b) The relationship of the fluorescence enhancement with the Pb2*
concentration. Inset shows the responses of sensing system to Pb2* at low concentration.
The error bars indicated the standard deviations of three independent experiments.
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Fig.2.

Se%ectivity of DNAzyme-AgNCs based detection system. The degree of signal enhancement
is defined as (FI-Fg)/Fq, where Fg and FI are the fluorescence intensities at 635 nm in the
absence and presence of PbZ* and other kinds of metal ions, respectively. The concentrations
for Pb2* and Cu2* ions were 1 pM, and 1 mM for other metal ions.
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Fig.3.

(a)gFIuorescence spectra of sensing systems at various concentrations of L-histidine
corresponding to data in the graph. (b) The relationship of the fluorescence enhancement
with the L-histidine concentration.Inset shows the responses of sensing system to L-histidine
at low concentration.
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Scheme 1.
Schematic illustration of the fluorescence biosensor for Pb2* and L-histidine.
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