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metric detection of nucleic acids
based on entropy-driven circuit and DNAzyme-
mediated autocatalytic reactions†
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and Cuisong Zhou *a

In this work, a novel, rapid and enzyme-free colorimetric biosensor for the detection of nucleic acids has

been developed based on entropy-driven (EDC) circuit and DNAzyme-mediated autocatalytic reactions.

On sensing the target DNA, the EDC reaction could be initiated and the intact Mg2+-dependent

DNAzyme was formed in the reaction product; then, a “mimic target” DNA was generated during the

cleavage process of DNAzyme, which in turn catalyzed the EDC reaction corresponding to an

autocatalytic process. Meanwhile, numerous G-quadruplex structures were released and further

interacted with hemin to form peroxidase-mimicking DNAzyme, inducing a remarkably amplified

colorimetric signal. This autocatalytic EDC (AEDC) sensing system exhibited a linear relationship in the

range from 20 pM to 10 nM with a detection limit of 10.2 pM. More importantly, benefitting from the

Mg2+-dependent DNAzyme-mediated autocatalytic reaction, the detection time (20 min) was

significantly reduced compared to that for the reported EDC strategies. In addition, this sensing system

has been applied for the detection of target DNA in human serum samples, indicating that it is promising

for the on-site and real-time detection of nucleic acids in biomedical research and disease diagnosis.
Introduction

The development of rapid and sensitive methods for the
detection of nucleic acids is of great signicance in biological
studies, medical diagnosis, environmental monitoring and
other elds.1,2 The polymerase chain reaction (PCR) is the most
widely used amplication technology for nucleic acid ampli-
cation and detection; however, it usually needs demanding
conditions to maintain the activity of polymerase and also the
existing complexity in the primer design.3,4 To develop new
methods to substitute the PCR technique, various signal
amplication strategies, such as rolling circle amplication
(RCA),5,6 loop-mediated isothermal amplication (LAMP)7,8 and
strand displacement amplication (SDA),9,10 have been applied
for the sensitive detection of nucleic acids. However, these
amplication strategies generally require auxiliary enzymes and
complicated processes, which are both expensive and sensitive
to reaction conditions. Therefore, the exploitation of simple,
cost-effective and enzyme-free amplication schemes is urgent
to ensure universal applications for nucleic acid detection.
Recently, several toehold-aided DNA recycling amplications
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such as the hybridization chain reaction (HCR),11,12 catalytic
hairpin assembly (CHA)13,14 and entropy-driven catalytic (EDC)
reaction15,16 have been successfully used to achieve signal
amplication for nucleic acid detection. These alternative DNA
circuit systems that have the advantages of being enzyme-free
(protein-free catalysts), convenience in usage and inexpensive
exhibit steady signal output capacity and ease in building
sensor platforms, which are increasingly applied for biological
analysis. Among them, the CHA and HCR signal amplication
methods driven by the free energy of base pair formation
involve hairpin structures, which can cause difficulty in struc-
tural design and relatively high background and false-positive
signals.17–20 The entropy-driven catalytic (EDC) reaction as an
alternative enzyme-free and hairpin-free amplication strategy
can provide an applicable approach for clinical assays.21–23 In
the EDC system, target/trigger DNA catalyzed DNA circuit
through toehold-mediated strand displacement reaction, and
various single-stranded DNAmolecules released into the system
to play different roles within a network. Moreover, the total
number of base pairs does not change before and aer the
reaction. Therefore, the EDC reaction is driven forward ther-
modynamically by the increase in entropy caused by the liber-
ated molecules, which ensures the efficiency of the reaction
process. Meanwhile, this catalytic mechanism has several
benets such as modularity, and exibility of sequence design,
which make it easy to build signal amplication
platforms.15,24–28 Tan's group developed a hairpin-free
Anal. Methods
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Scheme 1 Principle of the autocatalytic EDC (AEDC) reaction. Arrows
drawn on DNA strands represent 30 termini.
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amplication strategy for nucleic acid detection based on the
EDC reaction, which exhibited excellent thermostability, high
sensitivity and high selectivity. However, the time-consuming
processes might limit the application of this method.25 Thus,
it is still a challenge to develop a rapid detection method based
on the EDC amplication strategy. DNAzymes, screened
through in vitro selection, are a class of catalytic nucleic acids
with protease-like catalytic activities.29,30 On account of simple
synthetic preparation, good stability and high catalytic
activity,31,32 the metal ion-dependent DNAzymes have attracted
considerable attention and have been applied for the detection
of metal ions,33 nucleic acids34 and proteins.35 Autocatalysis is
a process based on exponential kinetics and can produce
numerous replicas that are fed back into the system itself.13,36

Recently, we designed a series of autocatalytic signal ampli-
cation systems using DNA self-replication, which signicantly
reduced the detection time.14,37,38 Taking advantage of autoca-
talysis, we developed a rapid and colorimetric method for the
detection of nucleic acids based on the EDC reaction and Mg2+-
dependent DNAzymes.

Experimental section
Materials and reagents

Hemin, 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS2�), trishydroxymethylaminomethane acetic acid,
magnesium chloride, potassium chloride and sodium
hydroxide were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Ethylene diamine tetraacetic acid was obtained from
Kelong (Chengdu, China). All other reagents were of analytical
grade and were used without further purication. All oligonu-
cleotide sequences were synthesized by Sangon Biotechnology
Co. Ltd. (Shanghai, China) and puried by high-performance
liquid chromatography (HPLC). The sequences of the oligonu-
cleotides are given in Table S1.† Ultrapure water obtained from
aMillipore water purication system ($18.2 MU) was used in all
experiments.

Instrumentation

Ultraviolet-visible light (UV-vis) measurements were performed
with a U-2900 spectrophotometer (Hitachi Co. Ltd., Japan). The
images of gel electrophoresis were scanned by the GenoSens
1800 Gel Image Analysis System (Clinx Science Instruments Co.
Ltd., China).

Native polyacrylamide gel electrophoresis (PAGE)

First, 10 mL different reaction products with loading buffer were
loaded into the lanes of the polyacrylamide gel (12%). The gel
was run with 1� TBE buffer (45 mM Tris, 1.0 mM Na2EDTA, pH
8.0) at a constant voltage of 100 V for 60 min at room temper-
ature. The gel image was taken by the gel image analysis system
aer staining with ethidium bromide (EtBr) for 40 min.

Naked-eye observations and UV-vis biosensing assays

Complex Beacon and fuel strands (F) were heated to 95 �C for
5 min and then allowed to cool to room temperature for 3 h
Anal. Methods
before the experiments. Then, different concentrations of target
DNA were mixed with Beacon (500 nM), F (500 nM) and Hp (200
nM) in 100 mL TAE/Mg2+ buffer (40 mM tris-acetic acid, 1 mM
EDTA, 12.5 mM magnesium chlorate, and 50 mM potassium
chloride, pH 8.0) and then incubated for 20 min at room
temperature to promote the EDC reaction. Subsequently, 2.5 mL
of 50 mM hemin, 7.5 mL of 50 mM ABTS2�, and 3 mL of 250 mM
H2O2 were added into the abovementioned solution and incu-
bated for another 10 min to proceed with the colorimetric
reaction. The resulting solutions were then studied by naked-
eye observations and UV-vis measurements, followed by absor-
bance measurements from 380 to 500 nm.

Results and discussion
Principle of AEDC amplication

We developed a rapid and colorimetric method for the sensitive
detection of nucleic acids based on an autocatalysis-mediated
EDC reaction. The strategy is depicted in Scheme 1 and
comprises two parts: the upstream entropy-driven circuit and
downstream Mg2+-dependent DNAzyme-mediated autocatalytic
reactions. Briey, this system mainly consisted of a three-
stranded DNA duplex complex (Beacon), a fuel strand (F) and
a hairpin (Hp) as the substrate for DNAzyme. The sequence of
Hp contains the hairpin loop that includes an adenine ribo-
nucleotide (rA), which acts as the substrate for the Mg2+-
dependent DNAzyme. Moreover, the stem-loop structure region
of Hp contains the sequence of the target DNA. Beacon was rst
prepared by annealing the mixture of R, P and Q strands. The
sequence of the P strand contains the split G-quadruplex
DNAzyme. The structure of Hp remains stable if the Mg2+-
dependent DNAzyme subunits are in an inactive conguration.
In the presence of target DNA, it specically attached to the
recognition domain of Beacon, and the P strand was released;
then, the released P strand folded quickly into a G-quadruplex.
Meanwhile, the F strand bound to a newly exposed domain on
the R–Q–T complex and formed a four-stranded complex R–F–
Q–T. Finally, the R and T strands were released by the F strand
from the four-stranded complex and a double-stranded complex
F–Q was formed; then, the Mg2+-dependent DNAzyme was
constructed. The released T strand could trigger a new reaction
cycle. Thus, the upstream circuit cycle driven forward by the
This journal is © The Royal Society of Chemistry 2020
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increase in entropy was completed. For the downstream Mg2+-
dependent DNAzyme-mediated autocatalytic reaction, the formed
Mg2+-dependent DNAzyme could recognize and cyclically cleave
toward its substrate Hp and produce a free single-stranded DNA
trigger T0. Since T0 contained the same sequence of the target
DNA, it was called as a “mimic target”. Then, the produced “mimic
target” could hybridize with the toehold of Beacon as the catalyst
and trigger the AEDC reaction. As a result, a large number of G-
quadruplex structures were produced. Aer interactions with
hemin, the active hemin/G-quadruplex DNAzyme exhibited
horseradish peroxidase (HRP)-mimicking activity and could
effectively catalyze the H2O2-mediated oxidation of ABTS2� to
green-colored ABTSc�, thus providing an amplied colorimetric
signal, which could be easily read out with the naked eye. The
circular use of target DNA and its “mimic target” in the AEDC
reaction could quickly and prominently reduce the reaction time
and generate a higher signal.
Feasibility of the amplication strategy

To verify the feasibility of this amplication strategy, the
absorbance spectrum of the control group in the absence of Hp
Fig. 1 Feasibility of the DNA detection strategy. (A) Absorbance
spectra of solutions under different conditions ((a) Beacon + F, (b)
Beacon + F + T, (c) Beacon + F + Hp, (d) Beacon + F + Hp + T). (B)
Polyacrylamide gel electrophoresis images for the DNA detection
system. Lane 1: Beacon; lane 2: Beacon + F; lane 3: Beacon + T, lane 4:
Beacon + F + T; lane 5: Beacon + F + Hp; lane 6: Beacon + F + Hp + T.
The final concentrations of Beacon, F and Hp were 500 nM, 500 nM
and 200 nM, respectively. The concentration of target was 10 nM in the
absorbance experiment and 50 nM in the gel electrophoresis experi-
ment. All measurements were performed in Tris–Ac buffer solution
(40 mM, 1 mM EDTA, 12.5 mM MgCl2, 50 mM KCl, pH 8.0).

Fig. 2 Optimization of the reaction conditions for the efficient analysis o
Hp (B), and reaction time (C). Apre/Aab: the absorbance intensity at 418 nm
absorbance intensity at 418 nm of the detection system in the absence

This journal is © The Royal Society of Chemistry 2020
was also measured for comparison (Fig. 1A). Aer the addition
of target DNA, both the absorbance signals increased. However,
compared with the observation for the simple EDC reaction
(curves a and b), an obvious signal enhancement could be
observed due to the introduction of Hp (curves c and d). The
maximum absorption value was obtained at 20 min. These
results strongly indicate that this new signal amplication
strategy is efficient for the amplied detection of target DNA.
Evidently, this rapid signal amplication was achieved by the
“mimic target”, which was obtained by the catalytic cleavage of
the Mg2+-dependent DNAzyme toward its substrate. Further-
more, polyacrylamide gel electrophoresis (PAGE) analysis was
also implemented to verify the feasibility of the AEDC reaction
system. As shown in Fig. 1B, when Beacon and the F strand were
applied, only a weak band of the F–Q complex was observed,
which could be attributed to the intrinsic leakage reactions
(lane 2). The weak bands of the F–Q complex and P strand (G-
quadruplex DNAzyme sequence) could be observed with the
addition of the target DNA (lane 4), indicating that the EDC
reaction was triggered. In the presence of Hp, the color of the
bands of the F–Q complex and P strand became darker (lane 6),
indicating that the Mg2+-dependent DNAzyme-mediated auto-
catalytic reaction truly occurred. These results were quite
consistent with the absorbance spectral data.
Optimization of the experimental conditions

In order to obtain the best sensing performance of this
proposed strategy, several experimental conditions including
the concentration ratio of Beacon to F, the concentration of Hp,
and reaction time were optimized. The signal-to-noise ratio Apre/
Aab (the absorbance intensity at 418 nm of the detection system
in the presence of 10 nM target DNA versus the absorbance
intensity at 418 nm of the detection system in the absence of
target DNA) was used to evaluate the performance of this
system. As shown in Fig. 2A and B, with the increase in the
molar ratio of Beacon to F and the concentration of Hp, Apre/Aab
reached the maximum value at 1 : 1 of Beacon/F and 200 nM
Hp. With the further increase in the molar ratio of Beacon and
the concentration of Hp, the Apre/Aab value decreased due to the
enhancement in the background. The Apre/Aab value of the
AEDC reaction system increased much faster than that of the
f DNA: the concentration ratio of Beacon to F (A), the concentration of
of the detection system in the presence of 10 nM target DNA versus the
of target DNA.

Anal. Methods
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system without Hp and reached maximum at around 20 min
(Fig. 2C). Furthermore, the ratio of the absolute absorption
intensity (AAEDC � AAEDC0)/(AEDC � AEDC0) was used as
another method to verify that the Mg2+-dependent DNAzyme-
mediated autocatalytic reaction signicantly reduced the
detection time; here, AAEDC0 and AAEDC are the absorbance
intensities of the AEDC system in the absence and presence of
target DNA, respectively, and AEDC0 and AEDC are the absor-
bance intensities of the EDC system in the absence and pres-
ence of target DNA, respectively. The ratio of the absolute
absorbance intensity between the AEDC and EDC systems at
20 min was calculated to be around 3.0 (Fig. S1†). This rapid
signal response could be attributed to the Mg2+-dependent
DNAzyme-mediated autocatalytic reaction. It should be noted
that in the absence of target DNA, the background signal of the
AEDC system increased with the increase in the reaction time,
which could be ascribed to the uncatalyzed (leakage) reaction.
This is a slight amount of leakage reaction when both the
Beacon complex and fuel strand are present.15,16,25,39 Therefore,
in accordance with these results, the above-mentioned
optimum experimental conditions were adopted for the subse-
quent experiments.
Analytical performance of the AEDC reaction strategy for DNA
detection

Under the optimized experimental conditions, the detection
performance of this proposed amplication strategy towards
target DNA was investigated. As shown in Fig. 3, a series of
samples containing different concentrations of target DNA have
been tested. The image of sample solutions aer the addition of
target DNA with concentrations ranging from 0 to 10 nM is
shown in Fig. 3A. From the image, we can see that the color
Fig. 3 (A) Photograph of the colorimetric detection system in the
presence of target DNA at different concentrations. Concentrations of
Beacon, F and Hp: 500 nM, 500 nM and 200 nM. (B) Absorption
spectra corresponding to the analysis of target DNA at different
concentrations (from bottom to top: 0 pM, 20 pM, 50 pM, 100 pM, 200
pM, 300 pM and 500 pM and 1 nM, 5 nM and 10 nM). (C) Relationship
between the intensity change in absorbance and target DNA
concentrations. Inset shows the linear relations between the absorp-
tion intensity and the concentrations of target DNA from 20 to 500 pM.
The error bars represent the standard deviations of three parallel tests.

Anal. Methods
transition is gradually intensied with the increase in the
amount of the added target DNA. Furthermore, when the target
DNA concentration was as low as 50 pM, an obvious color
transition could be observed by the naked eye without using any
complex instruments. Fig. 3B exhibits the UV-vis absorption
spectra of the amplication system toward target DNA stan-
dards with different concentrations. With the addition of target
DNA concentrations, the absorbance at 418 nm gradually
increased. Accordingly, the absorbance intensity at 418 nm was
employed to quantitatively scale the target DNA concentration.
A curve was obtained between the absorption intensity and the
concentration of target DNA from 20 pM to 10 nM (Fig. 3C). In
the range from 20 pM to 500 pM of the target DNA concentra-
tion, we found an excellent linear correlation between the
absorbance and the target DNA concentration at 418 nm (inset
of Fig. 3C). The detection limit was calculated to be 10.2 pM
based on the mean response of the blank tests (n ¼ 11) plus 3
times the standard deviation (3s), which was comparable to or
better than those for previous colorimetric DNA detection
systems. This proposed strategy needs a much shorter time (20
min) than that of previous assays, especially other EDC-based
signal amplication assays (Table S2†).40–46
Specicity of the proposed amplication strategy for target
DNA detection

To further investigate the selectivity of the detection system, the
absorbance of four kinds of DNA sequences, namely, deleted,
inserted, mismatched, and perfectly matched target DNA was
tested under the same experimental conditions. The experi-
mental results are shown in Fig. 4. We found that the perfectly
matched target DNA could result in obviously increased absor-
bance, but the other three DNA sequences only showed lower
absorbance. Importantly, this selectivity could be visualized
Fig. 4 Specificity of this strategy for target DNA detection. Histogram
of absorbance signals for deleted target (DT), inserted target (IT),
mismatched target (MT) and perfectly matched target (PT). The
concentrations of Beacon, F and Hp were 500 nM, 500 nM and
200 nM, respectively; MT, DT, IT, and PT: 10 nM. Inset: Photographs of
the reaction solutions in the presence of various target DNA strands.
The error bars represent the standard deviations of three parallel tests.

This journal is © The Royal Society of Chemistry 2020

https://doi.org/10.1039/d0ay00341g


Table 1 Recovery analysis of target DNA in human serum samples

Sample Added (pM)
Detected (pM)
(n ¼ 3)

Recovery
(%)

RSD (%)
(n ¼ 3)

1 200 197.6 98.8 3.1
2 300 310.3 103.4 4.6
3 400 376.9 94.2 3.3
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with the naked eye. This result demonstrates that the detection
system is highly selective toward its completely complementary
DNA. This can be ascribed to the fact that only the target DNA
can trigger the AEDC reaction process to generate abundant G-
quadruplex DNAzymes for the signal output.

Detection of target DNA in human serum samples

To investigate the practicality of the proposed strategy for DNA
detection in real biological samples, three samples containing
200 pM, 300 pM and 400 pM target DNA were added to 100-fold-
diluted human real serum samples. The results are listed in
Table 1. The recovery of target DNA ranged from 94.2 to 103.4%
and the RSDs ranged from 3.1 to 4.6%, which suggested that the
AEDC strategy could become a practical tool for DNA assays in
real biological samples.

Conclusions

In summary, we have successfully developed a rapid, enzyme-
free and colorimetric sensing system for the sensitive detec-
tion of nucleic acids based on entropy-driven circuit and
DNAzyme-mediated autocatalytic reactions. Compared with
previously reported methods, the sensing system demonstrated
considerable advantages, such as being enzyme-free and label-
free and a shorter reaction time. The novel detection system
could be sensitively identied with the naked eye. In addition,
due to the exibility of the sequence design, we only need to
modify the recognition domains of the sensing system to detect
various analytes. Therefore, we believe that the proposed
strategy holds great potential in practical applications and
future point-of-care clinical diagnosis.
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