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Abstract: The abnormal expression of miRNA is closely related to the occurrence of pancreatic cancer.
Herein, a programmable DNAzyme amplifier for the universal detection of pancreatic cancer-related
miRNAs was proposed based on its programmability through the rational design of sequences. The
fluorescence signal recovery of the DNAzyme amplifier showed a good linear relationship with
the concentration of miR-10b in the range of 10–60 nM, with a detection limit of 893 pM. At the
same time, this method displayed a high selectivity for miR-10b, with a remarkable discrimination
of a single nucleotide difference. Furthermore, this method was also successfully used to detect
miR-21 in the range of 10–60 nM based on the programmability of the DNA amplifier, exhibiting
the universal application feasibility of this design. Overall, the proposed programmable DNAzyme
cycle amplifier strategy shows promising potential for the simple, rapid, and universal detection
of pancreatic cancer-related miRNAs, which is significant for improving the accuracy of pancreatic
cancer diagnosis.

Keywords: DNAzyme amplifier; signal amplification; miRNA detection; pancreatic cancer

1. Introduction

Pancreatic cancer, a common cancer of the digestive tract, is one of the malignant
cancers with the worst prognosis. The vast majority of pancreatic cancer patients are
accompanied by numerous complications in the late stage, and cancer resection is hard to
perform [1,2]. Therefore, the rapid and sensitive detection of pancreatic-specific biomarkers
is helpful for its early diagnosis. As a disease biomarker, microRNAs (miRNAs) are short
RNA molecules with 19 to 25 nucleotides in size that can influence the expression of many
genes and are involved in several functional interacting pathways [3]. The abnormal
expression of miRNAs is related to the occurrence and development of various cancers in
humans. For example, previous studies have shown that several miRNAs overexpressed in
pancreatic cancer, especially miRNA-10b (miR-10b) and miRNA-21 (miR-21), are associated
with a reduction in cancer metastasis time and a decrease in survival rate [4,5]. Moreover,
it is worth noting that the simultaneous detection of multiple miRNAs is significant for the
accurate diagnosis of diseases. So, it is urgent to develop a universal detection platform for
the detection of various miRNAs in pancreatic cancer.

Conventional miRNA detection methods include quantitative real-time polymerase
chain reaction (qRT-PCR), Northern blotting, in situ hybridization, and RNA sequencing [6–9],
and so on. For instance, Mikael et al. [10] proposed a highly specific, sensitive, and cost-
effective system based on two-step RT-qPCR and SYBR Green detection chemistry, called
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“two-tailed RT-qPCR”, for quantitative miRNA expression. Even though these methods
show advantages of a high sensitivity and specificity, they are limited by the complex proce-
dures and requirements of specialized techniques in laboratory. In addition, false-positives
signal may also be generated during the amplification process. At present, more and more
current methods are used to detect miRNAs, such as electrochemical biosensors [11,12],
surface enhanced Raman scattering (SERS) [13], localized surface plasmon resonance sen-
sors (LSPRs) [14], electrochemiluminescence (ECL) [15], chemiluminescence (CL) [16], and
fluorescence (FL) assayx [17]. Most of these assays are subject to expensive equipment,
sophisticated operations, and low repeatability. Comparatively, with the significant advan-
tages of a simple operation, high sensitivity, and low cost, FL plays an important role in the
detection of miRNA and other biomarkers [18]. In previous work, our group [19] proposed
a turn-on FL assay for the specific detection of miR-141 based on a Förster resonance energy
transfer (FRET) soft nanoball (fretSNB) strategy, which used fluorescent carbon dots (CDs)
as energy donors and black hole quencher 2 (BHQ-2) dyes as energy receptors.

In order to achieve sensitive detection of miRNA, a number of strategies have been
introduced into the FL assay in order to improve the analytical performance. For example,
Kanaras et al. [20] reported the nanomaterial-based biosensors for targeted detection of mRNA
in the freshwater polyp Hydra vulgaris. Huang et al. [21] demonstrated a protease-assisted
DNA walker for signal amplification and imaging of miRNA. In the meantime, Lu et al. [22]
presented a self-assembly-based technology of nucleic acid molecules for miRNA detection
in living cells. Generally, nanomaterial-based biosensors usually involve complex synthesis
and modification steps, as well as poor sensitivity [23,24]. Protease-assisted signal amplifi-
cation is susceptible to external conditions, resulting in a poor stability, which may even
increase the risk of false positive or false negative signals [25]. In contrast, amplification
techniques based on the self-assembly of nucleic acid molecules are attractive because of its
flexible, simple, and convenient design and good stability [26].

Nowadays, various DNA-based artificial amplification strategies have been developed
to further improve detection sensitivity, including hybridization chain reaction (HCR) [27],
rolling circle amplification (RCA) [28], loop-mediated isothermal amplification (LAMP) [29],
catalytic hairpin assembly (CHA) [30], and strand displacement amplification (SDA) [31].
These nucleic acid amplification strategies show great potential, owing to their excellent
information encoding ability and accurate base complementary pairing. However, the
synthesis of RCA and LAMP is time-consuming, while CHA and HCR usually require
specific hairpin DNA sequence design. In comparison, SDA is convenient and rapid, and
does not require complex operations and instruments. Furthermore, the combination of
SDA and DNAzyme is an attractive strategy for improving detection sensitivity through
cyclic amplification.

DNAzyme exhibits an excellent catalytic activity for specific substrate chains con-
taining an RNA strand (rA) as an embedded cleavage site [32]. Additionally, DNAzyme-
mediated cleavage reactions can take place at room temperature with the assistance of
different metal ions, such as Na+, Mg2+, Zn2+, Mn2+, and Cu2+ [33,34]. Because of its
cofactor specificity and cycling catalytic ability, metal ion-assisted DNAzyme amplifiers
have been successfully applied for the detection and analysis of metal ions, nucleic acids,
proteins, and small molecules. For example, Lu et al. [35] developed a signal amplification
strategy based on DNAzyme catalytic cutting and the utilization of CHA to detect low
concentrations of endogenous metal ions in cells. Furthermore, they also took advantage
of DNAzyme to establish an aptamer sensing platform based on the combination of mag-
netic beads and DNAzyme for the highly sensitive detection of small molecules such as
toxins [36,37]. Based on this, there is the potential to construct a universal DNAzyme
amplifier through integration of the programmable nature of DNA nanodevices and the
catalytic capability of DNAzyme, which can be conveniently applied for the detection of a
wide range of pancreatic cancer-related miRNAs through reasonable sequence design.

Herein, we propose a programmable DNAzyme amplifier based on the DNAzyme
cycle amplification strategy for sensitive detection of pancreatic-related miRNAs. The
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fluorescence of FAM was initially quenched effectively by BHQ1 based on fluorescence
resonance energy transfer (FRET). In addition, the activity of DNAzyme is inhibited owing
to hybridization with a blocker. In the presence of the target miRNA, DNAzyme could
be released to recognize the active site of the substrate strand and cleave it assisted by
Mn2+, resulting in the fluorescence recovery of FAM. After cutting the substrate chain,
the DNAzyme is released for combining with more substrate strands, resulting in a “one-
to-more” fluorescence recovery model. This design idea can improve the sensitivity of
miRNA detection and reduce the generation of false positive signals. Compared with other
complex amplification cycles, DNAzyme-assisted amplification, which reacts at near room
temperature, is easier to be synthesized without complex operating instruments and the
detection is fast. More importantly, by taking advantage of the programmable nature of
the DNAzyme amplifier, this design can be universally used for the detection of other
nucleic acid biomarkers through the rational design of sequences. Therefore, the proposed
DNAzyme amplifier is simple and low cost, providing a good idea for the development of
a portable detection platform.

2. Materials and Methods
2.1. Apparatus

All of the fluorescence spectra were obtained using a Hitachi F-2500 fluorescence
spectrophotometer (Tokyo, Japan). Gel electrophoresis images were performed with a
BG-gdsAUTO520 (Baygene, Beijing, China) under UV light. The temperature control
during the incubation of the samples was accomplished by an Eppende Thermal Mixer
(Eppende, Germany).

2.2. Materials

All of the oligonucleotide sequences—(list in Table S1), diethypyrocarbonate (DEPC) water,
Tris boric acid (TBE), 4S Red Plus Nucleic Acid Stain, N,N,N′,N′-Tetramethylethylenediamine
(TEMED), 40% acrylamide solution, and Tris-HCl buffer—were provided by Sangon
Biotechnology Co., Ltd. (Shanghai, China). Ammonium persulfate (APS) was purchased by
the Kelong Chemical Reagent Company (Chengdu, China). MnCl2 reagent was purchased
from the Aladdin Reagent Company (Shanghai, China). NaCl was purchased from Chuan-
dong Chemical Co., Ltd. (Chongqing, China). The ultrapure water (18.2 MΩ) used in the
experiment was prepared using the Milli-Q Ultrapure Water System (Millipore, Bedford,
MA, USA).

2.3. Polypropylene Gel Electrophoresis Analysis

The DNAzyme and blocker (Dzm/blocker) hybrid was heated to 95 ◦C for 5 min and
allowed to cool to room temperature for 2 h before use. Then, the mixture of substrate
(2 µM), Dzm/blocker hybrid (2.2 µM), Mn2+ (25 mM), and the same mixture solution with
target DNA (2 µM) added were separately and incubated in a reaction buffer at 37 ◦C for
1 h. After that, 12% native polyacrylamide gel was prepared by mixing ultrapure water
(4 mL), TEMED (8 µL), APS (56 µL), 40% acrylamide solution (1.6 mL, 19:1), and 2.4 mL of
5× TBE buffer (89 mM Boric Acid, 89 mM Tris, 2.0 mM EDTA, pH 8.3). The samples with
buffer were loaded into the gel and were electrophoresed for about 40 min under 120 V
voltage, then stained with 4S Red Plus Nucleic Acid Stain and imaged using a gel imager
from BG-gdsAUTO520.

2.4. Reaction Kinetics of the Substrate-Cleaving Performance of the DNAzyme Amplifier

To investigate the reaction kinetics of the DNAzyme amplifier on miR-10b detection,
the fluorescence recovery intensity of the DNAzyme amplifier in the absence and presence
of miR-10b was recorded at different intervals. Experiments were carried out with the
following four groups: (a) substrate + Mn2+; (b) substrate + DNAzyme + Mn2+; (c) substrate
+ Dzm/blocker + Mn2+; (d) substrate + Dzm/blocker + Mn2+ + miR-10b. The substrate
chain was 25 nM and the Dzm/blocker was 25 nM, while Mn2+ was 750 µM. A multi-Mode
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Microplate Reader (BioTek Instruments, Inc., Synergy H1, Winooski, VT, USA) was used to
detect the fluorescence emission spectra of all of the assays. The excitation wavelength was
set at 480 nm and the fluorescence emission intensity at 530 nm was recorded at 37 ◦C. The
fluorescence intensities ratio (F/F0) of the DNAzyme amplifier cutting the substrate chain
with (F) or without (F0) 50 nM of miR-10b were compared.

2.5. Investigation of Influencing Factors on the Performance of DNAzyme Amplifier

To evaluate the analytical performance of the DNAzyme amplifier, the fluorescence
intensities ratio (F/F0) was calculated using a fluorescence intensity of 530 nm in the ab-
sence (F0) and presence (F) of the target miR-10b under an excitation of 480 nm. Firstly,
the effect of the ratio between the DNAzyme and blocker at 1:0.8, 1:1, 1:1.2, 1:1.4, and 1:1.6
was investigated on the change of F/F0 value by regulating the inhibition degree of the
DNAzyme activity. Then, the investigation on the ratio of the substrate strand to DNAzyme
was carried out at a ratio of 1:0.1, 1:0.5, 1:1, 1:1.5, and 1:2 for studying the influence of the
cleavage ability with different DNAzymes. In addition, Mn2+ also played an important
role in the cleavage of DNAzyme, and so we studied the concentration of Mn2+ at 450 µM,
600 µM, 750 µM, and 1050 µM on the performance of the DNAzyme amplifier. Finally, the
incubation time under 15 min, 30 min, 45 min, 60 min, and 75 min and temperatures with
25 ◦C and 37 ◦C for the detection of miR-10b were investigated while keeping other con-
ditions consistent. The optimal experimental conditions were selected for the subsequent
detection of miR-10b.

2.6. Fluorescence Assay of miR-10b

The DNAzyme (25 nM) and blocker (30 nM) were mixed and then annealed in a 95 ◦C
for 5 min of incubation. After cooling to room temperature for 2 h, the Dzm/blocker hybrid
was formed. Then, substrate (25 nM) and Dzm/blocker hybrid were added to the solution,
which contained 750 µM Mn2+ and a 5 U ribonuclease inhibitor under ice bath conditions in
order to prevent miRNA degradation. After that, different concentrations of miR-10b were
added to the above solution with a reaction buffer of 25 mM Tris-HCl buffer (containing
137 mM NaCl, pH 7.0), followed by incubation at 37 ◦C. Finally, the fluorescence measure-
ments were recorded in the range of 500–700 nm under an excitation of 480 nm with a
F-2500 fluorescence spectrophotometer (slit 5 nm, voltage 700 V).

2.7. Selective Detection of miR-10b

The ability of this design to selectively detect miR-10b was investigated by comparing
the response of the target miR-10b and miRNAs with different mismatching numbers,
including single-base mismatch (mis-1), two-base mismatch (mis-2), there-base mismatch
(mis-3), and four-base mismatch (mis-4). After the preparation of the solutions as above,
50 nM of target miR-10b and other miRNAs were incubated with the above solutions at
37 ◦C under the experimental condition of 25 mM Tris HCl buffer (containing 137 mM
NaCl, pH 7.0). Subsequently, the fluorescence signal intensity of the solution was detected
directly with a F-2500 fluorescence spectrophotometer according to the above procedure.

2.8. Detection of miR-10b in Human Serum Samples

All of the experiments were conducted in accordance with the relevant laws and
the institutional guidelines of the Southwest University Institutional Committee ethical
standards, and abided by the ethical standards of the institutional committee of Southwest
University (yxy2021120). Human serum samples were obtained from the Southwest Uni-
versity Hospital. The obtained serum samples were centrifuged at 3000 rpm for 10 min to
collect the condensed samples. According to the standard addition recovery method, low,
medium, and high concentrations of miR-10b were added to the serum, respectively, fol-
lowed by diluting 200 times with 25 mM Tris-HCl buffer (containing 137 mM NaCl, pH 7.0).
The final miRNA concentrations were 20, 40, and 60 nM, respectively. Subsequently, the
reaction was carried out in the incubator at 37 ◦C for 1 h, and the fluorescence emission
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intensity at 530 nm was detected under an excitation of 480 nm according to the above
method.

3. Results and Discussion
3.1. Mechanism of the DNAzyme Amplifier

In this work, a programmable DNAzyme amplifier for detecting pancreatic cancer-
related miRNAs is constructed based on the principle of FRET and the DNAzyme cyclic
amplification strategy (Scheme 1). The two ends of substrate are modified with fluorescence
dye (FAM) and quencher (BHQ1), respectively. As the distance between FAM and BHQ1
is less than 10 nm, FRET occurs, resulting in the fluorescence quenching (“FL off”). In
the absence of a target, the active site of DNAzyme is inhibited by hybridizing with the
blocker to form a Dzm/blocker hybrid; thus, it is unable to cleave the substrate chain.
In the presence of the target, DNAzyme can be released through the chain substitution
reaction, resulting in the formation of double chain hybridization between the target and
blocker (target/blocker). In this case, the DNAzyme can recognize the active site and
cleave the substrate chain into short chains with the help of Mn2+, resulting in the recycling
of DNAzyme for the generation of the “one-to-more” fluorescence recovery model (“FL
on”). Therefore, the high-sensitivity detection of the target miRNA can be achieved by
taking advantage of signal amplification through enzyme cleavage. Furthermore, according
to the sequences of other nucleic acid biomarkers, DNAzyme amplifier can be used to
detect other biomarkers by replacing the corresponding blocker and DNAzyme sequences,
which enables the DNAzyme amplifier to be programmable for more applications in
clinic diagnosis.
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Scheme 1. Schematic diagram of the universal DNAzyme amplifier supporting pancreatic cancer-
related miRNA detection.

3.2. Feasibility of the DNAzyme Amplifier

To verify the amplification feasibility of the programmable DNAzyme amplifier system
for miRNA detection, the fluorescence emission spectra were first recorded under different
conditions. As depicted in Figure 1A, compared with the single substrate chain (a) or the
substrate chain added with DNAzyme (b), the fluorescence of substrate in the presence
of both DNAzyme and Mn2+ was the highest (c), indicating that the addition of Mn2+ can
assist DNAzyme in successfully cleaving the substrate chain. In addition, the fluorescence
was significantly decreased with the addition of the blocker (d), demonstrating that the
blocker sequence can inhibit the cleavage activity of DNAzyme, which proved the rational
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design of the sequence for the DNAzyme cleavage reaction. Then, we used miR-10b as
the detection target to verify the occurrence of DNAzyme circulation. In the presence
of miR-10b, DNAzyme cycle amplification was successfully activated, resulting in the
cleavage of the substrate and in the fluorescence recovery of FAM by interpreting the FRET
process (Figure 1B).
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Figure 1. The feasibility of the detection of miR-10b with the DNAzyme amplification strategy.
(A) The relative fluorescence intensity of the solution under different conditions: (a) substrate;
(b) substrate + DNAzyme; (c) substrate + DNAzyme + Mn2+; (d) substrate + Dzm/blocker + Mn2+.
Error bars represent the standard deviation of three determinations. (B) The fluorescence emission
spectra of the DNAzyme amplifier in the absence and presence of miR-10b. Experimental conditions:
miR-10b concentration of 50 nM, substrate concentration of 25 nM, DNAzyme concentration of 25 nM,
blocker concentration of 30 nM, Mn2+ concentration of 750 µM, 25 mM Tris-HCl buffer (containing
137 mM NaCl, pH 7.0). (C) Polypropylene gel electrophoresis, lane 1: DNA marker (25–500 bp);
lane 2: substrate; lane 3: DNAzyme; lane 4: blocker; lane 5: Dzm/blocker; lane 6: DNA-10b; lane 7:
substrate + Dzm/blocker + Mn2+; lane 8: substrate + Dzm/blocker + Mn2+ + DNA-10b.

Then, polypropylene gel electrophoresis was applied to further verify the target
activated DNAzyme cycle (Figure 1C). As miR-10b is unstable and easy to degrade at room
temperature, we used DNA-10b instead of miR-10b for polypropylene gel electrophoresis
verification. Compared with the free DNAzyme (lane 3) or blocker (lane 4), a band with
slower mobility was observed for the Dzm/blocker hybrid (lane 5), demonstrating the
high binding affinity between the DNAzyme and blocker. Then, the addition of a substrate
did not cause an obvious change of the band (lane 7), because the activity of DNAzyme
was inhibited by the blocker in the absence of DNA-10b. Comparatively, in the presence
of DNA-10b, the band of DNAzyme was restored with the appearance of a new product
band of the DNA-10b/blocker hybrid and cleaved short substrate sequence (FAM-DNA)
with a higher electrophoretic mobility (lane 8). This revealed that DNAzyme amplification
was accomplished by the target mediated target/blocker hybridization and the subsequent
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release of DNAzyme for substrate cleavage. Therefore, the sensitive detection of miR-10b
is feasible with a DNAzyme amplifier through simple biocatalysis for interruption of the
FRET process.

3.3. Reaction Kinetics of the Substrate-Cleaving Performance of the DNAzyme Amplifier

To further demonstrate how the presence of miR-10b can successfully activate DNAzyme
cycle amplification, the fluorescence recovery intensity of the DNAzyme amplifier cycle
was compared with that of single DNAzyme catalysis. Changes in the time-dependent
fluorescence signal of the developed DNAzyme amplifier were monitored using a time
interval of 5 min. The fluorescence signal of the substrate changed negligibly in 120 min in
the absence of the DNAzyme, demonstrating that it was stable in the buffer (Figure 2A,
curve a). The presence of DNAzyme can indeed cleave the substrate chain into short
chains with the help of Mn2+, resulting in slight fluorescence recovery (Figure 2A, curve b).
This cleavage reaction could not happen once the DNAzyme activity was inhibited in the
presence of the blocker sequence (Figure 2A, curve c). Only in the presence of miR-10b could
the DNAzyme cycle amplification be activated by releasing the DNAzyme for recycling;
thus, it achieved the highest fluorescence recovery signal in a short time (15 min) and
remained stable for 120 min (Figure 2A, curve d). This result showed that the DNAzyme
amplifer with miR-10b can perform a faster and more efficient cleaving cycle reaction than
the single DNAzyme catalysis substrate. Moreover, the comparison of the fluorescence
signal ratio (F/F0) in Figure 2B further demonstrates that DNAzyme cycle amplifier had a
higher substrate-cleaving efficiency than the single DNAzyme cleaving.
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Figure 2. Reaction kinetics of the substrate-cleaving performance of DNAzyme amplifier. (A) Time-
dependent fluorescence signal changes of different reaction systems: (a) substrate + Mn2+; (b) substrate
+ DNAzyme + Mn2+; (c) substrate + Dzm/blocker + Mn2+; (d) substrate + Dzm/blocker + Mn2+

+ miR-10b. (B) F/F0 signal changes of different reaction systems. (a) Single DNAzyme catalysis
cleaving performance with DNAzyme. (b) DNAzyme cycle amplifier cleaving performance with
miR-10b. F0 and F represent the fluorescence intensity in the absence and presence of target miR-10b,
respectively. Error bars represent the standard deviation of three determinations. Experimental con-
ditions: substrate concentration of 25 nM, DNAzyme concentration of 25 nM, blocker concentration
of 30 nM, Mn2+ concentration of 750 µM, miR-10b concentration of 50 nM, 25 mM Tris-HCl buffer
(containing 137 mM NaCl, pH 7.0).

3.4. Effects on the Performance of DNAzyme Amplifier

The performance of the cyclic amplification of the DNAzyme amplifier was determined
through various factors, including the ratio of DNAzyme to blocker, ratio of substrate chain
to DNAzyme, Mn2+ concentration, and temperature. Hence, we investigated the effects of
these different experimental conditions on the performance of this DNAzyme amplifier.
The F/F0 was adapted to evaluate the analytical performance of DNAzyme amplifier, where
F0 and F represent the fluorescence intensity in the absence and presence of target miR-10b,
respectively. First, the ratio of the DNAzyme and blocker was investigated because the
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efficient analyte regeneration required an appropriate proportion of the DNAzyme and
blocker. On the one hand, when the DNAzyme was in excess in the solution, the free
DNAzyme could cleave the substrate chain even when in the absence of a target, resulting
in a high background signal. On the other hand, the excess blocker in the solution would
give priority to hybridize with the target miR-10b, resulting in a lower detection sensitivity.

As shown in Figure 3A, F/F0 was increased gradually when the ratio of DNAzyme
and blocker changed from 1:0.8 to 1:1.2. Hence, the ratio of 1:1.2 for the DNAzyme and
blocker was applied in the subsequent experiments. Then, the ratio of the substrate and
DNAzyme was investigated because the DNAzyme acted as the “pioneer” of the cutting
substrate chain to generate the fluorescence signal. Clearly, F/F0 gradually increased and
then decreased with the increasing ratio of substrate and DNAzyme from 1:0.1 to 1:2, which
gave the maximum F/F0 readout when the ratio reached 1:1 (Figure 3B). Therefore, the
ratio of the substrate and DNAzyme at 1:1 was best for the performance of the DNAzyme
amplifier. Next, as the whole cleavage process depended on the assistance of Mn2+, the
concentration of Mn2+ was also investigated. The F/F0 value gradually increased and
reached a maximum when the concentration of Mn2+ was 750 µM. Thus, this concentration
was used for the subsequent experiments (Figure 3C). Similarly, the enzymatic temperature
was also explored, and the optimized temperature was chosen as 37 ◦C (Figure 3D). Thus,
through the exploration of the experimental conditions, a remarkably powerful DNAzyme
amplifier was successfully constructed for the miR-10b assay.
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Figure 3. Optimization of experimental conditions for DNAzyme amplifier performance. (A) Op-
timization of the ratio between the DNAzyme and blocker. (B) Optimization of the ratio between
the substrate and DNAzyme. (C) Optimization of the Mn2+ concentration. (D) Optimization of
temperature in miR-10b detection. Error bars represented the standard deviation of three determina-
tions. Experimental conditions: substrate concentration of 25 nM, DNAzyme concentration of 25 nM,
blocker concentration of 30 nM, Mn2+ concentration of 750 µM, 25 mM Tris-HCl buffer (containing
137 mM NaCl, pH 7.0).

3.5. Detection Capability of MiR-10b by the DNAzyme Amplifier

To further evaluate the detection capability of the DNAzyme amplifier, the fluorescence
response of the amplifier was acquired through incubation with varied concentrations
of miR-10b, from 10 nM to 60 nM, under optimal experimental conditions (Figure 4A).
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The fluorescence was enhanced gradually with the increasing miR-10b concentration,
confirming that miR-10b activated the Mn2+ assisted DNAzyme circle for cleaving the
labeled substrate chain. The fluorescence recovery displayed a linear relationship with an
miR-10b concentration ranging from 10 to 60 nM, and the regression equation was found to
be F/F0 = 0.00848 cmiR-10b + 1.07 with a correlation coefficient of R2 = 0.998 (Figure 4B). In
addition, the detection limit (3σ/K) was found to be 893 pM with the DNAzyme amplifier,
demonstrating the powerful DNAzyme biocatalytic circular reaction.
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Figure 4. (A) Fluorescence emission spectra of the DNAzyme amplifier in the presence of different
concentrations of miR-10b, from bottom to top: 0 nM, 10 nM, 20 nM, 30 nM, 40 nM, 50 nM, and 60 nM.
(B) The linear relationship between F/F0 and the concentration of miR-10b. (C) Fluorescence emission
spectra of the DNAzyme amplifier in the presence of miR-10b and homologous miRNAs sequences
with different mismatch bases. (D) Selectivity for the detection of miR-10b. Error bars represented
the standard deviation of three determinations. Experimental conditions: substrate concentration of
25 nM, DNAzyme concentration of 25 nM, blocker concentration of 30 nM, Mn2+ concentration of
750 µM, 25 mM Tris-HCl buffer (containing 137 mM NaCl, pH 7.0).

Furthermore, the selectivity of the DNAzyme amplifier was also estimated by com-
paring the fluorescence recovery in the presence of miR-10b and other four different
oligonucleotides with a high homology (Figure 4C). Specifically, different mismatched
bases, including mis-1, mis-2, mis-3, and mis-4, were detected under the same optimal
experiment conditions as miR-10b. Compared with these homologous sequences, miR-10b
showed a remarkably distinguishable response of F/F0 (Figure 4D). This can be attributed
to the fact that when mismatched bases were present in the miRNA sequence, it was
difficult to trigger the strand displacement reaction, thus exhibiting an admirable speci-
ficity of the amplifier for miR-10b detection. The above results suggest that the proposed
DNAzyme amplifier shows an admirable sensitivity and selectivity to detect miR-10b
in vitro. Simultaneously, the results are comparable with the previous detection results
(Table S2). More importantly, this DNAzyme amplifier is simple, economical, and with
an obviously shorter detection time (15 min) for miR-10b detection, which provided the
potential for the application of DNAzyme amplifier in clinic diagnosis.
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3.6. Practical Detectability of the DNAzyme Amplifier

The sensitivity and selectivity of the proposed strategy implied that it may be capable
of high-confidence miRNA detection in real samples. To investigate the feasibility of this
platform, different concentrations of miR-10b were added to the serum according to the
spike-recovery method. Measurements were carried out by adding 20, 40, and 60 nM of
miR-10b to the serum, and the results are shown in Table 1. It could be noted that the
recovery was from 94.12% to 106.73% and the relative standard deviation (RSD) was less
than 3.3%. Therefore, the serum miRNA concentration measured by this method was
very close to the added amount in the complicated sample, indicating that the DNAzyme
amplifier had great potential to specifically detect the target miR-10b in real samples. The
above results prove that this detection platform provides a new alternative method for the
detection of tumor markers in clinical application.

Table 1. Human serum recovery test for miR-10b detection.

Sample Add/nM Found/nM Mean a ± SD b Recovery/% (n = 3) RSD/% (n = 3)

1 20 19 ± 0.43 94.12 2.3
2 40 43 ± 1.39 106.73 3.3
3 60 62 ± 0.86 103.63 1.4

a The mean of three determinations. b SD = standard deviation. Experimental conditions: substrate concentration
of 25 nM, DNAzyme concentration of 25 nM, blocker concentration of 30 nM, Mn2+ concentration of 750 µM,
25 mM Tris-HCl buffer (containing 137 mM NaCl, pH 7.0).

3.7. Universal Detection of the DNAzyme Amplifier for miR-21

Because the sequence design of DNAzyme is flexible, the programmable DNAzyme
amplification represents a general signal transduction module and thus can be easily
replaced with other DNAzyme sequences to detect other miRNAs in pancreatic cancer. For
instance, miR-21 is also a biomarker of pancreatic cancer, which is closely related to the
low survival rate of patients. Therefore, its detection is also very important in order to
prevent pancreatic cancer. The fluorescent DNAzyme amplifier could also be developed
for detecting miR-21 by substituting the DNAzyme sequence with the specifically sequence
of miR-21 detection (called DNAzyme-21 in Table S1). In the absence of miR-21, DNAzyme
could not be released out to cleave the substrate chain (called substrate-21 in Table S1) as
the cleavage activity was inhibited by the blocker (called blocker-21 in Table S1), resulting
in a lower fluorescence intensity (Figure 5A). It is clear that the fluorescence intensity of the
amplifier was significantly recovered in the presence of miR-21. Therefore, the proposed
DNAzyme amplifier can also be used for the assay of miR-21.

The experimental conditions for the detection of miR-21 were also optimized in the
same way as the assay of miR-10b (Figure S1). It was found that when the ratio between
the DNAzyme and blocker was 1:1.2, the ratio between the substrate DNA and DNAzyme
was 1:1, the Mn2+ concentration was 750 µM, and the F/F0 value achieved maximum for
the detection of miR-21. Therefore, under the above optimized biocatalytic conditions
for the DNAzyme amplifier, the detection of miR-21 was carried out. The fluorescence
intensity was increased gradually as the concentrations of miR-21 increased from 10 nM
to 60 nM (Figure 5B) and the corresponding linear regression equation was found to be
F/F0 = 0.235 cmiR-21 + 1.27 with a correlation coefficient of 0.998 (Figure 5C). Similarly,
under optimal conditions, the selectivity of miR-21 with the proposed DNAzyme amplifier
was also acquired (Figure 5D). Compared with the other four mismatched bases, it showed
good selectivity for miR-21, demonstrating the universal application of the programmable
DNAzyme amplifier for miRNA detection with a high specificity.



Chemosensors 2022, 10, 276 11 of 13Chemosensors 2022, 10, x FOR PEER REVIEW 11 of 13 
 

 

 

Figure 5. (A) The feasibility for the detection of miR-21 with the DNAzyme amplification strategy. 

(B) Fluorescence emission spectra of DNAzyme amplifier in the presence of different concentrations 

of miR-21 (from bottom to top: 0 nM, 10 nM, 20 nM, 30 nM, 40 nM, 50 nM, and 60 nM). (C) The 

linear relationship between F/F0 and the concentration of miR-21. (D) Selectivity for the detection of 

miR-21. Error bars represented the standard deviation of three determinations. Experimental con-

ditions: substrate concentration of 25 nM, DNAzyme concentration of 25 nM, blocker concentration 

of 30 nM, Mn2+ concentration of 750 μM, 25 mM Tris-HCl buffer (containing 137 mM NaCl, pH 7.0). 

4. Conclusions 

In summary, a programmable, universal DNAzyme amplifier was constructed for 

pancreatic cancer-related miRNAs detection based on the rational design of sequences. 

The DNAzyme amplifier is simple to build, consisting of only the DNAzyme, metal ions, 

the blocker, and specific substrate chains. With the circular reaction of the DNAzyme am-

plifier, more substrate chains can be cleaved for the generation of “one-to-more” fluores-

cence recovery model, thus significantly improving the sensitivity of the detection. The 

DNAzyme amplifier was successfully used for the detection of miR-10b and miR-21 with 

a high specificity and rapid fluorescence response. Furthermore, through this simple de-

sign, more and more miRNA can be generally detected in vitro only by changing the bases 

matched with the programmable, universal DNAzyme amplifier, which provides a uni-

versal detection platform for future disease diagnosis. In future work, according to the 

programmable characteristics of the DNAzyme amplifier, it can be rationally designed to 

combine with nano materials or other signal amplification methods such as CHA, HCR, 

or RCA to further amplify the detection signal and achieve higher sensitive detection of 

biomarkers. Therefore, the proposed programmable, universal DNAzyme amplifier is sig-

nificant for the application of clinic testing and point of care testing (POCT). 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1. Table S1: The DNA/RNA sequences information (Note: _represents mis-

match bases). Table S2: Comparison of miR-10b detection between this work and other strategies. 

Figure S1: Optimization of experimental conditions for miR-21 detection. (A) Optimization of the 

ratio between DNAzyme and blocker. (B) Optimization of the ratio between substrate DNA and 

Figure 5. (A) The feasibility for the detection of miR-21 with the DNAzyme amplification strategy.
(B) Fluorescence emission spectra of DNAzyme amplifier in the presence of different concentrations
of miR-21 (from bottom to top: 0 nM, 10 nM, 20 nM, 30 nM, 40 nM, 50 nM, and 60 nM). (C) The linear
relationship between F/F0 and the concentration of miR-21. (D) Selectivity for the detection of miR-21.
Error bars represented the standard deviation of three determinations. Experimental conditions:
substrate concentration of 25 nM, DNAzyme concentration of 25 nM, blocker concentration of 30 nM,
Mn2+ concentration of 750 µM, 25 mM Tris-HCl buffer (containing 137 mM NaCl, pH 7.0).

4. Conclusions

In summary, a programmable, universal DNAzyme amplifier was constructed for
pancreatic cancer-related miRNAs detection based on the rational design of sequences.
The DNAzyme amplifier is simple to build, consisting of only the DNAzyme, metal ions,
the blocker, and specific substrate chains. With the circular reaction of the DNAzyme
amplifier, more substrate chains can be cleaved for the generation of “one-to-more” flu-
orescence recovery model, thus significantly improving the sensitivity of the detection.
The DNAzyme amplifier was successfully used for the detection of miR-10b and miR-21
with a high specificity and rapid fluorescence response. Furthermore, through this simple
design, more and more miRNA can be generally detected in vitro only by changing the
bases matched with the programmable, universal DNAzyme amplifier, which provides a
universal detection platform for future disease diagnosis. In future work, according to the
programmable characteristics of the DNAzyme amplifier, it can be rationally designed to
combine with nano materials or other signal amplification methods such as CHA, HCR,
or RCA to further amplify the detection signal and achieve higher sensitive detection of
biomarkers. Therefore, the proposed programmable, universal DNAzyme amplifier is
significant for the application of clinic testing and point of care testing (POCT).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors10070276/s1. Table S1: The DNA/RNA sequences
information (Note: _represents mismatch bases). Table S2: Comparison of miR-10b detection be-
tween this work and other strategies. Figure S1: Optimization of experimental conditions for
miR-21 detection. (A) Optimization of the ratio between DNAzyme and blocker. (B) Optimiza-
tion of the ratio between substrate DNA and DNAzyme. (C) Optimization of Mn2+ concentration.

https://www.mdpi.com/article/10.3390/chemosensors10070276/s1
https://www.mdpi.com/article/10.3390/chemosensors10070276/s1
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(D) Optimization of temperature for miR-21 detection. Error bars represented the standard deviation
of three determinations.
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