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HIGHLIGHTS

GRAPHICAL ABSTRACT

e We develop a universal DNAzyme-
based bioluminescent sensor for
label-free  detection of various
biomolecules.

e DNAzyme can cleave its substrate
and release AMPs for the generation
of self-illuminating light emission.

e This sensor does not require either
external labels or the reporting
reagents.

eThis sensor can generate an
enhanced bioluminescence signal
with zero background.
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We demonstrate for the first time the development of a universal DNAzyme-based bioluminescent
sensor for label-free detection of various biomolecules including DNAzyme and DNA. The presence of
DNAzyme may induce the cyclic cleavage of riboadenosine (rA)-containing substrates, and the subse-
quent digestion of the cleaved substrates by exonuclease III (Exo III) releases abundant AMPs to initiate
cyclic AMP pyrophosphorylation-ATP depyrophosphorylation for the generation of an enhanced biolu-
minescence signal. This sensor can real-time monitor the DNAzyme activity with a detection limit of
3.16 x 1072 M. Moreover, the DNAzyme may be divided into two subunits for sensitive detection of
target DNA. In the presence of target DNA, the two separated subunits may assemble into an active
DNAzyme which can catalyze the cyclic cleavage of substrates and initiate the digestion of cleaved
substrates by Exo Il for the generation of an enhanced bioluminescence signal. This sensor can sensi-
tively detect target DNA with a detection limit of 3.31 x 10~'2 M. Importantly, this bioluminescent sensor
can achieve a zero-background signal, and its output signal originates from the release of AMP for the
generation of self-illuminating light emission without the requirement of either the external labels or the
reporting reagents.
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1. Introduction

DNAzymes are sequences of DNA with catalytic activity, and
they are isolated via an in vitro selection technique [1]. DNAzymes
are capable of catalyzing a broad range of chemical reactions such
as RNA ligation, hydrolytic cleavage of DNA, phosphorylation, and
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deglycoslyation of RNA/DNA [2]. In comparison with ribozymes and
proteins, DNAzymes are less expensive, easy synthetically pre-
pared, more resistant to chemical and enzymatic degradation with
the reduced nonspecific adsorption [1—3]. Biomedical research and
clinical diagnosis call for highly sensitive bioanalytical platforms
with the integration of signal amplification strategies. The
DNAzyme-induced catalysis can be carried out with multiple
turnovers and may introduce an amplification step into the bio-
analytical platforms to achieve ultrahigh sensitivity [2—8].

DNAzyme as a biocatalyst has been used for the amplified
detection of DNAs [4,9—12], metal ions [13—15], telomerase
[16—18], and MTase activity [19,20]. Most of these DNAzyme-based
methods employ fluorescent, colorimetric and chemiluminescent
readout signals to indicate the presence of target biomolecules.
However, the fluorescent assay [4,9,12,16] suffers from the
complicated labeling of DNA probes with pair of fluorophores and
quenchers, high background signal caused by external light exci-
tation, incomplete quenching, and the intrinsic photofluorescence
of biomolecules [21]. The colorimetric assay has the advantages of
simplicity, low cost, and direct visualization with the naked eye, but
it exhibits poor sensitivity and needs to avoid the optical absorption
matrix of biological samples [10,13—15]. The peroxidase-mimicking
DNAzyme-mediated chemiluminescent assay can provide much
low intrinsic background emission, but it is time-consuming
[11,18—20,22]. In contrast, the bioluminescent assay has distinct
advantages of low background signal, high-throughput, self-illu-
mination without the requirement for excitation, and especially its
signal readout is less disturbed by autofluorescence, scattered light
and photobleaching [23—25]. In this research, we develop a uni-
versal bioluminescent sensor for label-free detection of various
biomolecules including 10—23 RNA-cleaving DNAzyme and DNA.
The RNA-cleaving DNAzymes are a class of catalytic DNA molecules
with excellent catalytic rates and turnover numbers as well as the
capability to cleave a wide range of RNA substrate sequences
[26,27]. Especially, the 10—23 RNA-cleaving DNAzymes have min-
imal size and can catalyze the cleavage of any purine-pyrimidine
(RY) junction with high activity and specificity under a variety of
conditions [28]. In this research, DNAzyme can catalyze the cleav-
age of an adenosine ribonucleotide (rA)-containing substrate,
initiating the Exo IlI-induced digestion of the cleaved substrate and
the subsequent release of AMP for the generation of an enhanced
bioluminescence signal. In the proposed method, the output signal
originates from the release of AMP for the generation of self-
illuminating light emission without the requirement of either the
external labels or the reporting reagents, and it can achieve zero-
background signal. The bioluminescent sensor can real-time
monitor the 10—23 RNA-cleaving DNAzyme activity with a detec-
tion limit of as low as 3.16 x 10~ 1% M, and it can sensitively detect
target DNA with a detection limit of as low as 3.31 x 10712 M.
Importantly, it can be further applied to detect different target
DNAs by simply changing the sensor arms of DNAzyme.

2. Materials and methods
2.1. Materials and reagents

All oligonucleotides (Table 1) were synthesized and HPLC pu-
rified by Sangon Biotechnology Co. Ltd. (Shanghai, China). The dCTP
and DNA markers were purchased from Takara Biotechnology Co.,
Ltd. (Dalian, China). The exonuclease III (Exo III), T4 polynucleotide
kinase (PNK) and 10 x Cutsmart buffer were obtained from New
England Biolabs (Beverly, MA, USA). Phospho (enol)pyruvic acid
monosodium salt hydrate (PEP), pyruvate kinase from rabbit
muscle (PK), and adenylate kinase (AK) from rabbit muscle were
purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA). The ATP

determination kit was obtained from Invitrogen (Carlsbad, CA,
USA). The 96-well white microplate and DEPC-treated water were
purchased from Thermo Fisher Scientific (Pittsburgh, PA, USA).
Ultrapure water was obtained from a Millipore filtration system.

2.2. Bioluminescent and gel electrophoresis analysis of RNA-
Cleaving DNAzyme catalysis

All oligonucleotides were diluted with DEPC-treated water to
prepare the stock solutions. The DNAzyme cleaving reaction was
performed at room temperature for 1 h in 50 pL of reaction solution
containing various-concentration 10—23 RNA-cleaving DNAzyme,
1x 1077 M substrate and 1 x Cutsmart buffer (50 mM potassium
acetate, 20 mM tris-acetate, 10 mM magnesium acetate, 100 pg/mL
BSA, pH 7.9, 25 °C). After incubation, the products were analyzed by
bioluminescence measurement. For bioluminescence measure-
ment, 50 puL of cleavage products was added into the ATP detection
system with a final volume of 60 pL containing 10 U of Exo III, 3 U of
PNK, 1 x Cutsmart buffer, 4.0 uL of AMP-to-ATP conversion buffer
(1.0 uL of 1 U/uL AK, 1.0 uL of 1 U/uL PK, 1.0 puL of 10 mM dCTP, and
1.0 uL of 4.8 mM PEP), and 6 pL of ATP detection buffer (0.5 mM D-
luciferin, 1.25 pg/mL firefly luciferase, 25 mM Tricine buffer (pH
7.8), 5mM MgS0O4, 100 uM EDTA, and 1 mM DTT). The biolumi-
nescence signal was measured with a Glomax 96-well lumin-
ometer (Promega, Madison, WI, USA) at room temperature. For gel
electrophoresis, the DNAzyme cleaving reaction was performed at
room temperature for 1h in 10 puL of reaction solution containing
1x107"M 10-23 RNA-cleaving, 1x 10®M substrate and
1 x Cutsmart buffer. Then DNAzyme cleaving products were
analyzed by 12% nondenaturating polyacrylamide gel electropho-
resis (PAGE) in 1 x TBE buffer (9 mM Tris-HCI, 9 mM boric acid,
0.2 mM EDTA, pH 7.9) at a 110V constant voltage at room tem-
perature for 40 min. The gel was stained with a silver staining kit
(Tiandz Inc., Beijing, China).

2.3. Bioluminescent, fluorescent and gel electrophoresis analysis of
target DNA

The reaction was performed at room temperature in 50 puL of
reaction solution containing 1 x 107’ M subunit (1), 1 x 107’ M
subunit (2),1 x 10~7 M substrate, various-concentration target DNA
and 1 x Cutsmart buffer (50 mM potassium acetate, 20 mM Tris-
acetate, 10 mM magnesium acetate, 100 pg/mL BSA, pH 7.9) for
1hat 25°C, followed by bioluminescence measurement and gel
electrophoresis described above. To validate the accuracy and
precision of the proposed method, the fluorescence measurements
with the labeled substrate (Table 1) were performed and compared
with the bioluminescence measurements.

3. Results and discussion

3.1. Principle of bioluminescence monitoring of RNA-cleaving
DNAzyme activity

The principle of bioluminescence monitoring of 10—23 RNA-
cleaving DNAzyme activity is illustrated in Scheme 1. The typical
DNAzyme system consists of an enzyme strand and a substrate
strand. Both the DNAzyme strand and the substrate strand are
modified with phosphorothioate at 3’ end to prevent the nonspe-
cific digestion of exonuclease III (Exo III) [29,30]. The DNA substrate
strand is 22 nt and it contains a cleavage site with an adenosine
ribonucleotide (rA) followed by an uracil ribonucleotide (rU). The
10—23 RNA-cleaving DNAzyme contains a catalytic core flanked by
two substrate-recognition binding arms (10 nt left and 11 nt right)
that can bind to the substrate specifically, and the catalytic core of
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Table 1
Sequences of oligonucleotides *
Note sequence (5'—3')
substrate AAG GTT TCC TCrA rUCC CTG GGC AT*T* T*

labeled substrate
10-23 DNAzyme
subunits (1)
subunits (2)
target DNA

AAG GTT T(F)CC TCrA rUCC CT(Q)G GGC AT*T* T*

TGC CCA GGG AGG CTA GCT ACA ACG AGA GGA AAC C*T*T*
TGC CCA GGG AGG CTA GCT TAG TAC ATC TAA TAT ACT* G*G*
AAA ATG AAG ACA GGT CTT TGA CAA CGA GAG GAA ACC'T*T*
CCA GTA TAT TAG ATG TAC TAC AAA GAC CTG TCT TCA

2 The asterisks indicate the phosphorothioate modification. The rA and rU in the substrate denote adenosine
ribonucleotide and uracil ribonucleotide. The F and Q in the T bases of the labeled substrate denote the label of

FAM and BHQ, respectively.
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Scheme 1. Schematic illustration of bioluminescence monitoring of RNA-cleaving
DNAzyme activity.

DNAzyme can cleave the scissile dinucleotide junction. In the
presence of metal-ion cofactor (Mg?*), the binding of the substrate
to the 10—23 DNAzyme induces the hydrolytic cleavage of substrate
at the scissile rArU dinucleotide junction. It should be noted that
the 10—23 DNAzyme cleaves the RNA phosphodiester bond to yield
a fragment with the 2/, 3’ cyclic phosphate group at the 3' end,
which prevents the generation of AMP induced by Exo III digestion
[31-33]. To solve this issue, T4 polynucleotide kinase (PNK) is
introduced to remove the 2/, 3’ cyclic phosphate group, forming 2’
and 3’-hydroxyl termini [32]. Subsequently, the cleaved substrate
with rA may be specifically degraded from its 3’-hydroxyl termini
by Exo Il to release a large number of deoxyribonucleotide
monophosphates (including dAMP, dCMP, dGMP and dTMP),
riboadenosine monophosphate (AMP) and DNAzyme strand. The
reserved DNAzymes can further hybridize with new DNA sub-
strates to initiate new cycles of cleavage-degradation-
hybridization, generating abundant AMPs. The released AMP may
be converted to ATP through the combination of the enzymatic
reactions of adenylate kinase (AK) and pyruvate kinase (PK) in the
presence of PEP and dCTP, and the subsequent conversion of ATP to
AMP produces a distinct bioluminescence signal with the assis-
tance of firefly luciferase and luciferin [34—36], enabling the real-
time bioluminescence monitoring of RNA-cleaving DNAzyme ac-
tivity. Notably, the released AMP may induce the cyclic AMP
pyrophosphorylation-ATP depyrophosphorylation, generating an
enhanced bioluminescence signal [37]. Unlike the fluorescent
assay, the bioluminescent assay does not require an excitation light
source to produce light emission, resulting in a near-zero back-
ground signal and consequently high sensitivity [23—25].

3.2. Feasibility of the DNAzyme-catalyzed substrate cleavage assay

To verify the DNAzyme-catalyzed cleavage of substrate, we used
the denaturing polyacrylamide gel electrophoresis (PAGE) to

analyze the cleavage products. In the presence of both DNAzyme
and substrate, a new band of cleavage products is observed as a
result of cleavage reaction. However, the band of the cleaved DNA is
not observed in the presence of either substrate (Fig. 1A, lane 1) or
10—23 DNAzyme (Fig. 1A, lane 2), suggesting no occurrence of
cleavage event. We further performed bioluminescence measure-
ment to monitor the cleavage byproduct AMP induced by Exo III
digestion. A near-zero background signal is observed in the pres-
ence of either DNAzyme (Fig. 1B, blue line) or the substrate (Fig. 1B,
black line). In contrast, an enhanced bioluminescence signal is
observed in the presence of both DNAzyme and substrate (Fig. 1B,
red line), indicating that only the hydrolytic cleavage of substrate
by DNAzyme can induce the Exo IIl digestion-mediated release of
AMP for the production of a distinct bioluminescence signal
through the enzymatic conversion of AMP to ATP.

3.3. Optimization of experimental conditions

Exo IIl is a double-stranded DNA (dsDNA)-specific nuclease and
it can also digest the 3’-end of single-stranded DNA (ssDNA) as well
[29,38]. Moreover, Exo III can efficiently degrade the RNA strand in
DNA-RNA hybrids to release 5'-AMP [35,39]. To obtain the best
performance, we performed the bioluminescent monitoring of the
degradation of the cleaved substrate by Exo Il and Exo IIl + PNK,
respectively. As shown in Fig. 2A, in the presence of only Exo III, no
significant bioluminescence signal is observed because 2/, 3’ cyclic
phosphate group at the 3’ end after the cleavage of DNA substrate
blocks the generation of AMP through the Exo Il digestion [31—33].
In contrast, a high bioluminescence signal is observed in the
presence of both Exo Il + PNK, suggesting that the PNK can convert
the 2/, 3’ cyclic phosphate group to 2’ and 3’-hydroxyl termini [32]
and then Exo Il can degrade the cleaved substrate to release 5'-
AMP. Therefore, Exo IIl + PNK were used in subsequent experi-
ments. In this assay, the bioluminescence signal relies on the
digestion of Exo IlI, and thus the amount of Exo IIl should be
optimized. We investigated the influence of Exo III upon the
bioluminescence signal with a fixed amount of PNK (3 U). As shown
in Fig. 2B, the bioluminescence signal enhances with the increasing
amount of Exo Il and reaches a plateau beyond the amount of 10 U.
Therefore, 10 U of Exo Il is used in the subsequent research.

3.4. Real-time bioluminescent monitoring of RNA-cleaving
DNAzyme activity

Under the optimal conditions, we monitored the variance of
bioluminescence in response to different-concentration RNA-
cleaving DNAzyme in a real time. As shown in Fig. 3, the biolumi-
nescence signal increases in both time-dependent and
concentration-dependent manners. The higher the concentration
of RNA-cleaving DNAzyme, the more the substrates being cleaved,
consequently the more the released AMPs induced by Exo III
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Fig. 1. (A) Gel electrophoresis analysis of RNA-cleaving DNAzyme. Lane M, DNA marker; lane 1,1 x 10~% M substrate; lane 2,1 x 10~7 M 10—23 DNAzyme; lane 3,1 x 1077 M 1023
DNAzyme +1 x 1076 substrate. (B) Bioluminescence monitoring the byproduct AMP of DNAzyme-catalyzed cleavage reaction in the presence of 4x 10" M 10-23
DNAzyme + 1 x 10~ M substrate (red line), 1 x 10~ M substrate (black line), and 4 x 10~'" M 10—23 DNAzyme (blue line). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (A) Bioluminescent monitoring of DNAzyme-catalyzed cleavage of substrate in response to different nucleases. The amount of Exo IIl is 10 U, and the amount of PNK is 3 U. (B)
Bioluminescent monitoring of DNAzyme-catalyzed cleavage of substrate in response to different amount of Exo III at a fixed amount of PNK (3 U). Error bars show the standard

deviations of three independent experiments.

digestion, and the higher the bioluminescence signal. In logarith-
mic scale, the bioluminescence intensity exhibits a linear correla-
tion with the concentration of DNAzyme in a dynamic range of 3
orders of magnitude from 4 x 1072 to 1 x 10~° M (inset of Fig. 3).
The regression equation is B 109781.18 + 9507.80
logio C(R% = 0.9962), where B is the bioluminescence intensity and
Cis the concentration of DNAzyme (M), respectively. The detection
limit is calculated to be 3.16 x 102 M on the basis of the average
signal of blank plus 3 times standard deviation. The improved
sensitivity can be attributed to efficient signal amplification
induced by 10—23 RNA-cleaving DNAzyme-catalyzed multiple
turnover reactions and the recycling utilization of AMP. These re-
sults clearly demonstrate that bioluminescence monitoring of the
released AMP can be used for RNA-cleaving DNAzyme assay.

3.5. Principle of target-triggered DNAzyme assembly-mediated
DNA substrate cleavage for DNA detection

We further demonstrate the bioluminescence detection of
target DNA based on target-triggered 10—23 RNA-cleaving DNA-
zyme assembly-mediated cyclic DNA substrate cleavage in combi-
nation with Exo Ill-assisted digestion of the cleaved substrate
(Scheme 2). The 10—23 RNA-cleaving DNAzyme is split into

subunits (1) and (2). The DNAzyme subunits (1) and (2) have
multiple domains including substrate arms (domains A and A’) that
bind to the substrate, partial catalytic core sequences (domains B
and B’) that combine to provide a complete catalytic core upon
assembly, and sensor arms (domains C and C’) that bind to target
DNA. Both the subunits (1) and (2) are modified with phosphor-
othioate at the 3’ end to prevent the nonspecific digestion of Exo III
[29,30]. The presence of target DNA and substrate initiates the
cooperative assembly of active DNAzyme structure and subse-
quently the cleavage of substrate in the presence of Mg?* ions to
yield a fragment with the 2/, 3’ cyclic phosphate group at the 3’ end
[31—-33]. After the removal of 2/, 3 cyclic phosphate group by PNK,
the cleaved substrate fragment with free 3’ end can be specifically
degraded by Exo III to release a large number of AMPs [32]. Notably,
the assembled DNAzyme induced by target DNA can further hy-
bridize with new DNA substrate to initiate new cycles of cleavage-
degradation-hybridization, generating abundant AMPs and conse-
quently an enhanced bioluminescence signal.

3.6. Feasibility of target-triggered DNAzyme assembly-mediated
cyclic DNA substrate cleavage assay

To verify whether the target DNA-triggered DNAzyme can
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Scheme 2. Schematic illustration of DNA detection on the basis of target-triggered
RNA-cleaving DNAzyme assembly-mediated cyclic DNA substrate cleavage.

cleave the substrate with similar fashion as the original DNAzyme,
we performed the nondenaturating PAGE to analyze the reaction
products. When the subunits (1) and (2) of DNAzyme, substrate and
target DNA are present, a new band of the cleaved substrate frag-
ment is observed (Fig. 4A, lane 7). In contrast, no cleaved substrate
fragment is detected in the presence of substrate and the subunits
(1) and (2) of DNAzyme without target DNA (Fig. 4A, lane 5). These
results indicate that the binding of target DNA to the subunits (1)
and (2) of DNAzyme can form an active DNAzyme structure to
catalyze the substrate cleavage. We further performed the biolu-
minescence measurement to verify that target DNA can induce the
formation of an active DNAzyme structure to catalyze the substrate
cleavage. An enhanced bioluminescence signal is observed in the
presence of subunits (1) and (2), target DNA and substrate (Fig. 4B,
red line), with same bioluminescence enhancement being observed

in response to the original DNAzyme (Fig. 1B, red line). While in the
absence of subunits (1) and (2) (Fig. 4B, black line), target DNA
(Fig. 4B, wine line), and substrate (Fig. 4B, blue line), no biolumi-
nescence enhancement is observed with near-zero background
signal (Fig. 4B). These results clearly demonstrate that target DNA
can induce the formation of an active DNAzyme that can cleave the
substrate to initiate Exo Ill-mediated digestion of the cleaved sub-
strate for the generation of an enhanced bioluminescence signal.

3.7. Detection of target DNA

To investigate the sensitivity of the proposed method, we
monitored the variance of bioluminescence signal in response to
different-concentration target DNA. As shown in Fig. 5, the biolu-
minescence signal enhances with the increasing concentration of
target DNA in a time-dependent manner. Moreover, the biolumi-
nescence intensity exhibits a linear correlation with the logarithm
of target DNA concentration in the range from 4 x 10712 to
1x10°8M (inset of Fig. 5). The regression equation is
B = 71944.65 + 6236.96 logig C with a correlation coefficient of
0.983, where B is the bioluminescence intensity and C is the con-
centration of target DNA (M). The detection limit is evaluated to be
3.31 x 10712 M based on 3 times standard deviation over the blank
response. The sensitivity of the proposed method has improved by
1 order of magnitude as compared with those of nicking
endonuclease-assisted colorimetric assay (5 x 10~ M) [40] and
DNAzyme-gold nanoparticle-based colorimetric assay
(5% 10~ M) [10], and is comparable to that of DNAzyme-based
fluorescent assay (1 x 10712M) [4]. The improved sensitivity can
be attributed to (1) the target DNA-triggered RNA-cleaving DNA-
zyme assembly-mediated cyclic DNA substrate cleavage, (2) the
recycling utilization of AMP for the generation of an enhanced
bioluminescence signal, and (3) the near-zero background signal
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resulting from the self-illuminating light emission [23—25].

3.8. Real sample analysis

To demonstrate the feasibility of the proposed method for real
sample analysis, we measured the target DNA spiked in fetal bovine
serum (FBS). As shown in Fig. 6A, the bioluminescence signal en-
hances in a time-dependent manner in response to 1 x 1071° M
target DNA (Fig. 6A, red line) and 1 x 107 '°M target DNA in FBS
(Fig. 6A, magenta line), while no significant bioluminescence
enhancement is observed in the control groups with only pure

buffer (Fig. 6A, black line) and FBS (Fig. 6A, blue line). The biolu-
minescence intensity in response to target DNA (Fig. 6B, red col-
umn) and target DNA in FBS (Fig. 6B, magenta column) are much
higher than those obtained in the control groups with only FBS
(Fig. 6B, blue column) and pure buffer (Fig. 6B, black column).
Notably, a higher background signal is observed in response to FBS
(Fig. 6B, blue column) than that in response to pure buffer (Fig. 6B,
black column) due to the presence of a small amount of AMP, ADP,
and ATP in FBS. The absolute concentration of target DNA in FBS is
quantified to be 1.09 x 10~'° M with a recovery rate of 109%. These
results demonstrate the high accuracy and good reproducibility of
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(black line). (B) Measurement of bioluminescence intensity in response to target DNA + FBS (magenta column), target DNA (red column), FBS (blue column), and the control group
with only pure buffer (black column). The bioluminescence intensities in part B were obtained at 60 min. The target DNA concentration is 1 x 10~'° M. Error bars represent the
standard deviation of three independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the proposed method for real sample analysis. To further validate
the accuracy of the proposed method, we compared our results
with those obtained by the fluorescent measurement. Both the
linear regression analysis and Bland—Altman analysis indicate no
significant difference between our method and the fluorescent
method (Fig. S1, see Supplementary Information). In addition, the
coefficient of variation is 3.66% for the proposed method and 3.30%
for the fluorescent method, indicating the good precision of the
proposed method.

4. Conclusions

In summary, we have developed a universal bioluminescent
sensor for label-free detection of various biomolecules including
10—23 RNA-cleaving DNAzyme and DNA. The 10—23 RNA cleaving
DNAzyme can cleave a riboadenosine (rA)-containing substrate and
initiate the Exo Ill-induced digestion of the cleaved substrate and
the subsequent release of AMP for the generation of an enhanced
bioluminescence signal. In comparison with the fluorescent assay
[4,9,12,16], the output signal of the proposed method originates
from the release of AMP for the generation of self-illuminating light
emission without the requirement of either the external labels or
the reporting reagents, and it can achieve a zero-background signal.
Moreover, DNAzymes are less expensive, easy synthetically pre-
pared, more resistant to chemical and enzymatic degradation with
the reduced nonspecific adsorption. The DNAzyme may induce
multiple turnovers catalysis of DNA substrate, and the released
AMP can initiate cyclic AMP pyrophosphorylation-ATP depyr-
ophosphorylation for the generation of an enhanced biolumines-
cence signal. This bioluminescent sensor can real-time monitor the
10—23 RNA-cleaving DNAzyme activity with a detection limit of
3.16 x 1072 M, and it can sensitively detect target DNA with a
detection limit of 3.31 x 10712 M. Importantly, it can be further
applied to detect different target DNAs by simply changing the
sensor arms of DNAzyme.
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