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Abstract: Sensitive DNA assays are of importance in life
science and biomedical engineering, but they are heavily
dependent on thermal cycling programs or enzyme-
assisted schemes, which require the utilization of bulky
devices and costly reagents. To circumvent such require-
ments, we developed an isothermal enzyme-free DNA sen-
sing method with dual-stage signal amplification ability
based on the coupling use of catalytic hairpin assembly
(CHA) and Mg**-dependent deoxyribozyme (DNAzyme). In
this study, the sensing system involves a set of hairpin
DNA probes for CHA (ensuring the first stage of signal
amplification) as well as ribonucleobase-modified mole-
cular beacons that serve as activatable substrates for
DNAzymes (warranting the second stage of signal ampli-
fication). An experimentally determined detection limit of
about 0.5 pM is achieved with a good linear range from 0.5
to 10 pM. The results from spiked fetal bovine serum sam-
ples further confirm the reliability for practical applica-
tions. The non-thermal cycling, enzyme-free, and dual-
amplified features make it a powerful sensing tool for
effective nucleic acid assay in a variety of biomedical
applications.
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1 Introduction

The sensitive determination of DNA has a crucial role
in the diagnosis of infectious diseases, prevention of
pandemics, food control, epigenetics, and even forensic
investigations [1,2]. Toward this goal, many sensitive
methods have been developed, among which the poly-
merase chain reaction-based methods are widely used
due to their remarkable amplification efficiencies. Never-
theless, they have some drawbacks, such as the require-
ment of costly and precise thermal cycling instruments as
well as well-trained staff. Moreover, there can be false
results due to the presence of contaminants or inhibitors.
To circumvent such challenges, isothermal nucleic acid
amplification approaches emerge as promising alterna-
tives. Such isothermal strategies include helicase-depen-
dent amplification (HDA) [3], rolling circle amplification
(RCA) [4], and loop-mediated isothermal amplification
(LAMP) [5], and so forth [6]. Despite their outstanding
amplification performance, they still have limitations
that may impede their applications in molecular detec-
tions. For example, the reagents used in HDA-based
schemes are quite expensive. Moreover, the fabrication
of circular templates used in RCA-based sensing systems
requires tedious steps. Besides, four or six primers are
required in LAMP-based approaches and their design is
rather complicated.

Recently, there have been other nucleic acid ampli-
fication and quantification methods to address the afore-
mentioned challenges [7-12]. In this regard, there is a
strong need to develop simple, cost-effective, and enzyme-
free nucleic acid amplification strategies for nucleic acid
analysis. Catalytic hairpin assembly (CHA) [13,14] and hybri-
dization chain reaction (HCR) [15,16] are two robust enzyme-
free signal enhancement schemes that are widely used to
improve the detection sensitivity in nucleic acid testing [17].
Our group used to develop CHA-based methods via the use
of label-free probes [18] and dually tagged probes (molecular
beacons [MBs]) [14]. Moreover, Huang et al. also reported an
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HCR-based method for the amplified determination of the
DNA target with MoS, nanosheets acting as fluorescence
quenchers [16]. Despite their system simplicity, purely
CHA or HCR-based methods are still not sufficiently effective
to detect trace amounts of analytes. Therefore, cascade
amplification systems via the collaborative utilization of
multiple signal enhancement elements are often deployed
to overcome this deficiency [19]. Methods to integrate mul-
tiple enzyme-free DNA amplification reactions to further
improve the detection performance are still sought after.
Deoxyribozyme or catalytic DNA (DNAzyme) has been
identified as a potential biocatalyst for signal genera-
tion and amplification [20,21]. It is important to note that
DNAzyme techniques are very popular for detecting metal
ions [22-24], ATPs [25,26], and so on [27-30]. But it has
recently gained increasing research attention in biosensor
construction for nucleic acid detection [31-34]. DNAzyme
usually comprises single-stranded DNA with a unique
sequence, possessing high catalytic ability toward specific
substrates [35]. Contrary to protein enzymes, DNAzyme
does not rely on any proteins to perform any catalytic
function, but can effectively catalyze biochemical reac-
tions using specific metal ion cofactors [36] at low produc-
tion cost with high resistance to hydrolysis and good
stability [37]. Among all the divalent metal ion cofactor-
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dependent DNAzymes, Mg”**-dependent DNAzymes are
widely used in biosensing because of their robust activities
and small catalytic cores [36], in addition to their unpre-
cedented ability to circularly cleave ribonucleobase (rA)
inserted into the chimeric DNA substrate strands for releasing
accumulated signal [38]. The operation of Mg®*-dependent
DNAzyme is very flexible and can be combined with other
amplification methods to further build ultrasensitive detec-
tion systems [24]. To date, many DNAzyme systems [39-42]
have outperformed some enzyme-free (non-DNAzyme) [2,14-16]
and enzyme-assisted [13,43,44] systems with up to three
orders of magnitude performance enhancement.

Herein, we present a simple and robust isothermal
sensing method for the detection of target DNA with
a dual-stage amplification capability, which is realized
by the coupling use of both CHA and Mg?*-dependent
DNAzyme. The sensing system contains a functional set
of hairpin DNA probes (HP1 and HP2) as well as a smartly
designed MB. The formation of intact DNAzymes is achieved
by a regular CHA reaction between HP1 and HP2, which
contain two distinct split fragments of DNAzyme. MBs are
then continuously cleaved by DNAzymes, and a remarkably
amplified fluorescence signal is generated to report the pre-
sence of target DNA at low concentrations. It is noted that
the target regeneration in the CHA process ensures the first

Table 1: A comparison between the present method and other schemes via the coupling use of DNAzyme and CHA

Enhancement element Signal measurement Target Limit of detection (LOD) References

DNAzyme + CHA Fluorescence Na* 14.0 pM [22]
Fluorescence Pbh%* 246.0 pM [23]
Fluorescence Pb% 170.0 pM [50]
Electrochemistry Pb2* 95.0 pM [51]
Fluorescence Hg?* 4.5 pM [24]
Absorbance uo,%* 0.1pM [52]
Electrochemistry ATP 0.6 nM [25]
Electrochemistry ATP 0.5pM [26]
Electrochemistry Ampicillin 1.0 pM [27]
Absorbance Thrombin 1.0 pM [28]
Fluorescence Thrombin 23.0 fM [53]
Absorbance Telomerase — [54]
Fluorescence Telomerase — [29]
Absorbance HCV core protein 0.1fgmL™? [30]
Absorbance miRNA 0.2 pM [31]
Fluorescence miRNA 15.6 pM [32]
Fluorescence miRNA 1.0 pM [55]
Fluorescence miRNA 37.0fM [56]
Fluorescence miRNA 6.8 fM [57]
Electrochemistry miRNA 0.5fM [58]
Absorbance DNA 10.0 aM [33]
Fluorescence DNA 1.0 pM [33]
Photoelectrochemistry DNA 1.2fM [34]
Fluorescence DNA 0.5 pM This study
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layer of signal amplification, while the catalysis performed
by DNAzymes with multiple turnovers is responsible for the
second layer of signal enhancement. Moreover, the intro-
duction of self-quenched MBs further helps to suppress the
background signal and improve detection selectivity. The
specificity and sensitivity of this method have been evalu-
ated both in standard buffer and in serums with a satisfac-
tory outcome at the sub-picomolar level. Table 1 compares
the proposed strategy with the recently reported DNAzyme-
and CHA-mediated systems. Herein, the sensing system is
very simple and devoid of protein enzymes and advanced
materials with overall performance outweighing many
previously reported fluorescence assays [18,45-47]. Con-
sidering the superb sensitivity and selectivity, together
with the wash-free convenience, mix-and-measure manner,
enzyme-free nature, and isothermal features, this coupling
CHA and DNAzyme-aided strategy holds great potential for
effective nucleic acid assay in a variety of biomedical
applications.

2 Experimental section

2.1 Chemicals and materials

1x PBS buffer (pH = 7.4) was purchased from Gibco Life Techno-
logies (New York, United States, https://www.thermofisher.com),
while MgCl, was ordered from Sigma-Aldrich Co. (China,
www.sigmaaldrich.com). The MBs, hairpin probes (HP1
and HP2), target DNA (T), DNAzyme, and mismatched
targets (M1, M3, and M8) were synthesized by Takara
Bio Inc. (Dalian, China; www.bio-stationhk.net). The MBs
were labeled with a fluorophore dye, fluorescein amidite

Table 2: Oligonucleotides used in the experiments
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(FAM), and a fluorescence quencher (dabcyl) at the 5
and 3’ ends, respectively. They were purified with
high-performance liquid chromatography, while the
other oligos were purified with polyacrylamide gel
electrophoresis (PAGE). Part of the sequences of HP1
is complementary to the target DNA while the remaining
part is complementary to HP2. All the probes used are
illustrated in detail in Table 2. The target DNA and mis-
matched targets are 23nt in length. Oligos M1, M3, and
M8 contain one, three, and eight mismatched base pairs,
respectively, as indicated by the underlined letters in
Table 2. All samples were prepared using ultra-pure water
(resistivity >18.2MQ-cm) obtained from a Milli-Q water
purification system, and the other reagents were of ana-
Iytical grade and used without further purification or
modification. Fach sample was of 200 pL. and Mg>* was
kept at 10 mM for all the experiments. All the experiments
were conducted at 24°C.

The PAGE experiments were performed using an
electrophoresis analyzer and images were obtained on a
Bio-Rad ChemiDoc XRS system, while the fluorescence
measurements were performed using a FlexStation 3
Multi-Mode Microplate Reader.

2.2 Detection procedure

The lyophilized DNA was dissolved in ultra-pure water to
obtain a stock solution of 100 uM and stored at —20°C.
Before the experiments, the stock solution concentration
was further reduced to 5pM using a PBS buffer to serve
as working solutions. Thereafter, the solution consisting
of HP1, HP2, and MB was annealed separately at 95°C
in a water bath for 5min and then allowed to cool

Name Sequence (5'-3')*

Target DNA CGA CAT CTA ACC TAG CAA GAT CG

M1 CGA CAT CTA TCC TAG CAA GAT CG

M3 CGT CAT CTA TCC TAG CAA GIT CG

M8 CGT CTT CTITCC TIG CTIT GTIT CG

HP1 CCGAT ATC AGC GAT CTT GCT AGG TTA GAT GTC GAA GCA CCC ATG TTA CTC TCG ACA TCT AAC CTA GC
HP2 AGA TGT CGA GAG TAA CAT GGG TGC TTC GAC ATC TAA CCT AGC AAG CAC CCA TGT TAC TCT CGA

MB (FAM)-G CGG GAT GGG AAT TTC GAG AGT ATrA GGA TAT CGG CGT GGG TTC CCG C-(DABCYL)

DNAzyme CCGAT ATC AGC GAT TAACGCTTATTTTAAGCGTTA CAC CCA TGTTAC TCT CGA

*The underlined bases are the mismatched sequences.

**The purple color in HP1, DNAzyme, and MB indicates a complementary sequence, while the red color in HP2, MB, and DNAzyme also
shows a complementary sequence. The blue color in HP1 and HP2 indicates the DNAzyme sequence after hybridization with MB, and the

same applies to the DNAzyme strand.
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down to room temperature for at least 2 h. For detection
experiments, various concentrations of target DNA were
mixed with HP1 and HP2 (150nM each), and subse-
quently, MB (50 nM) was introduced into the reaction
buffer containing 1x PBS buffer (pH = 7.4) and 10 mM
Mg?*. The mixture was placed in a Microplate Reader
and kinetically scanned to obtain fluorescence intensi-
ties. The detection performance was further validated,
including the serum sample analysis whose outcomes
are presented under Section 3.

2.3 Native gel electrophoresis

The annealed samples of HP1, HP2, and MB along with
the target DNA were of 1uM for gel electrophoresis.
Around 10 pL of different combinations of the reaction
mixtures were incubated at 24°C for at least 3h before
being loaded into lanes of 3% agarose gel. The gel was
allowed to run at 100 V for 40 min under room temperature
in a standard TAE buffer purchased from Thermo-Fisher
(https://www.thermofisher.com/order/catalog/product/
B49), and thereafter photographed using a Bio-Rad digital
imaging system after being stained in a SYBR Gold solu-
tion for 20 min.

2.4 Fluorescence measurements

The fluorescence data were obtained by using a FlexStation
3 Multi-Mode Microplate Reader with the temperature fixed
at 24°C. According to the fluorescence emission properties
of FAM-labeled on MB, the excitation and emission wave-
lengths were set at 490 and 520 nm, respectively. Flat
bottom, TC-treated, 96-well plate (black) obtained from
Genetimes ExCell International Holdings Limited (Hong
Kong) was used to contain the reaction solution. The max-
imum fluorescence intensity after 1 h was used for detection
analysis.

3 Results and discussion

3.1 Working mechanism

The CHA-DNAzyme-mediated dual-mode amplification
sensing scheme is illustrated in Figure 1. The sensing
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system comprises two structurally designed hairpin probes
(HP1 and HP2) and an MB. The two hairpin probes are
intentionally designed to incorporate two separate subu-
nits of spatially split Mg”*-dependent DNAzyme frag-
ments, which are presented in an inactive state, except
otherwise triggered and assembled as a functionally inte-
grated DNAzyme. The MB is a chimeric DNA probe that
contains an rA and serves as a DNAzyme substrate. The 5
and 3’ ends are labeled with a fluorophore (FAM) and
quencher (dabcyl), which is termed as a fluorescence reso-
nance energy transfer (FRET) pair. The close proximity of
the FRET pair leads to a greatly suppressed background
signal, while the separation of the FRET pair results in
evident signal recovery. The stem-loop domain of HP1 is
complementary with the toehold-stem domain of HP2, but
the stable hairpin structure of HP1 and HP2 prevents them
from hybridizing with each other and thus preserves the
hairpins in a double-stranded hybrid state. Similarly, part
of the loop domain sequence of the MB is complementary
to a section of the toehold of HP1 and the caged bases
in the stem fragment of HP2. Interestingly, in the absence
of the target DNA, HP1, HP2, and MB could coexist in
the solution assuming highly stable hairpin conformations
according to the hairpin design principles [48]. Upon
introduction of the target DNA into the solution, the
target-triggered CHA reaction is initiated (Cycle 1 in
Figure 1), and facilitates the binding of HP2 to HP1 while
the target DNA is continuously recycled. Thereafter, the
exposed toeholds of HP1 and HP2 form a DNAzyme con-
figuration, and the remaining parts are available to bind
with the loop domain of the MB (Cycle 2 in Figure 1). In the
presence of Mg>" ions, the MB is cyclically cleaved at the
rA phosphodiester bond to separate the FAM and dabcyl at
the MB strands, generating a strong fluorescence signal.
After the cleavage, the HP1-HP2 complex is continuously
recycled and becomes available to bind with another MB to
continue the reaction cycle. Therefore, the dual cycling
reaction process remarkably amplifies the fluorescence
intensity and thereby enhances detection sensitivity.

3.2 Feasibility testing

In order to validate the feasibility of the sensing system,
different samples were first analyzed by comparing the
fluorescence signals of various combinations. Figure 2a
illustrates the fluorescence emission intensities of various
sensing systems without the target DNA (MB; MB + HP1;
MB -+ HP2; MB + HP1 + HP2; MB + HP1 + Mg?*; MB + HP2 + Mg?";
MB + HP1 + HP2 + Mg?"), the proposed sensing system
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Figure 1: Schematic of the CHA-DNAzyme-assisted dual-mode amplification system for fluorescent detection of target DNA.

(MB + HP1 + HP2 + T + Mg?"); the proposed sensing system
without Mg?" (MB + HP1 + HP2 + T), the traditional DNAzyme
system (MB + Mg?* + DNAzyme), and the DNAzyme system
without Mg?* (MB + DNAzyme). The samples containing
(MB + HP1)/(MB + HP2)/(MB + HP1 + HP2) reported similar
response signals as that of the background signal from
the sample with only MB involved. However, the signal
was further reduced when Mg>* was added into the relevant
samples, including samples consisting of (MB + HP1 + Mg**),
(MB + HP2 + Mg*"), and (MB + HP1 + HP2 + Mg?"). This is
because the DNA duplexes were further strengthened
due to the introduced salt, preventing the undesired
occurrence of non-specific hybridization events between

hairpin probes [48]. In the event of the proposed sen-
sing system, a significant signal gain was achieved,
indicating that the CHA-DNAzyme system was successfully
triggered. To further verify the detection scheme, a DNAzyme
strand possessing the same DNA sequences as those of
HP1 and HP2 was designed and challenged with the MB
(MB + Mg>" + DNAzyme). The signal gain was comparable to
the proposed sensing system. It is worth noting that the signal
ratio of the proposed system with/without Mg?" is similar to
the signal ratio of the DNAzyme system with/without Mg?*,
which strongly agrees with the design concept (Figure 2a).
To further validate the formation of CHA and DNAzyme
hybrid complexes, PAGE analysis was carried out, whose
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Figure 2: Validation of the detection system. (a) Fluorescence intensities of the sensing system under different conditions. The error bars
represent the standard error of three independent measurements. (b) PAGE image of the sensing system. Lane 1: HP1; Lane 2: HP2;
Lane 3: MB; Lane 4: HP1 + HP2; Lane 5: MB + HP1; Lane 6: MB + HP2; Lane 7: MB + HP1 + HP2; Lane 8: HP1 + T; Lane 9: HP2 + T; Lane 10:
HP1 + HP2 + T; Lane 11: MB + HP1 + HP2 + T. The concentrations of target DNA (T), HP1, HP2, and MB were 1 M.
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results are detailed in Figure 2b. The mixture samples were
in the following sequence: Lane 1: HP1; Lane 2: HP2; Lane 3:
MB; Lane 4: HP1 + HP2; Lane 5: MB + HP1; Lane 6: MB + HP2;
Lane 7: MB + HP1 + HP2; Lane 8: HP1 + T; Lane 9: HP2 + T;
Lane 10: HP1 + HP2 + T; and Lane 11: MB + HP1 + HP2 + T.
Lanes 1-3 depict only single species (HP1, HP2, and MB)
without self-hybridization, and Lanes 4-7 show a stable co-
existence of the mixture of two different species (HP1 + HP2,
MB + HP1, and MB + HP2) since there are no visual bands
present. In Lane 8, although the introduced target DNA binds
with HP1and forms a 1:1 complex, a visible band could not be
observed and the mixture of the target DNA with HP2in Lane

1.2 — 1+ T T T T T T T T 1
r(a)

08 F —
06 F 4

04 -

Normalized signal

0.0 IR N RN R S R
0 50 100 150 200 250 300
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100
80 -
60

40
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0 50 100 150 200 250
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Figure 3: Condition optimization. (a) Normalized signal at various
DNAzyme concentrations. The error bars represent the standard
error of three independent measurements. (b) Time variation of
fluorescence intensity.
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9 could not yield any band due to the mismatch between the
two species. Lane 10 is a CHA-mediated assay, which is in
line with the literature [19], and Lane 11 presents the
proposed CHA-DNAzyme-assisted dual-mode amplification
scheme with a clear gel band. Compared to Lane 10, the
lower band in Lane 11 gradually faded away (red box in
Figure 2b) under the influence of the MB, showing faster
electrophoretic mobility. This clearly verified the feasibility
of the proposed sensing scheme.

3.3 Experimental condition optimization

The experimental results are affected by many condi-
tions, and in order to obtain the best analytical perfor-
mance, the effect of reaction time, HP1, and HP2 was
studied in detail, whereas other parameters such as
Mg** and MB were fixed based on the previous work of
Qi et al. [37] and Iwe et al. [1], respectively.

While studying and changing the parameters of
interest, HP1 and HP2 were optimized using the intact
DNAzyme strand (sequence in Table 2). Figure 2a
clearly shows that the signal ratio of the proposed
system with/without Mg?* is similar to the signal ratio
of the DNAzyme system with/without Mg>", thereby enabl-
ing the choice of selecting the DNAzyme strand to further
the HP1 and HP2 optimizations. Figure 3a shows the con-
centration effect of the DNAzyme strand. The fluorescence
signal became stable when the DNAzyme concentration
reached about 150 nM, which was chosen as the optimized
concentration and used to denote the optimum concentra-
tion of HP1 and HP2 for the rest of the experiments. The
reaction time was monitored in real-time starting from O
to about 240 min, as presented in Figure 3b. The fluores-
cence signal began to level off after about 200 min.

3.4 Sensitivity investigation

The sensitivity of the sensing system was evaluated under
real-time conditions. Figure 4a shows the fluorescence
increment in response to different target DNA concentra-
tions within the range of 0-100 nM. In Figure 4a, it is
observed that as the target DNA concentrations gradually
increased, the corresponding fluorescence intensity also
increased. The detection limit was experimentally found
to be about 0.5 pM. Figure 4b illustrates the results at
100 min for target DNA concentration from 0 to 100 nM
with the inset showing the calibration plot from O to
10 pM. The linear fit in the inset gives rise to the theore-
tical detection limit: 2 pM, which is calculated from three
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Figure 4: Sensitivity analysis. (a) Fluorescence intensity under
various target concentrations. (b) Fluorescence responses after
100 min for different target DNA concentrations. The inset shows a
linear relationship at a low concentration regime from 0 to 10 pM.
The error bars represent the standard error of three independent
measurements.

times the standard deviation of blank fluorescence signal
divided by the slope of the regression equation. The sensi-
tivity results have shown significant improvements when
compared to the previously reported DNAzyme schemes
(reviewed in ref. [36]) due to the coupling effect of CHA.
Many enzyme-free [2,14-16] and enzyme-assisted [13,43,44]
systems could not also measure up with the performance of
the proposed sensing scheme. Table 1 presents a broader
comparison of our solution to other past sensing methods.

3.5 Specificity examination

Besides the detection sensitivity, specificity is another
important factor to evaluate the performance of a sensing
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Figure 5: Selectivity examination of the DNAzyme—-CHA-based
system against different DNA mismatched species. The error bars
represent the standard error of three independent measurements.

system. To assess the selectivity of the proposed method,
experiments were conducted by using 1, 3, and 8 base-
mismatched DNA species designated as M1, M3, and M8,
respectively. The response signals at 520 nm emission
wavelength were discriminated toward a perfectly matched
DNA target (Figure 5). The signal comparison clearly shows
that the sensing scheme has a high selectivity against mis-
matched targets and has the potential to be applied in early-
stage disease diagnosis and screening.

3.6 Serum sample analysis

To test the practical application of the proposed detection
method, further detection was carried out in fetal bovine
serum (FBS), which served as a complex biological envir-
onment. The FBS was kept at 5% due to the inherent
fluctuation of fluorescence signals at increasing concen-
trations, and the exposure time was kept the same as
those with the buffer, to maintain similar experimental
conditions. Repetitive and independent measurements
were performed with 1, 5, and 10 pM targets, respectively,

Table 3: Target DNA recovery tests with FBS

Sample Added target (pM) Found (pM) Recovery (%)
1 1.0 0.95 + 0.06 94.6
2 5.0 5.98 + 0.39 119.6
3 10.0 11.59 + 0.93 115.9
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with a recovery rate ranging from 94.6% to 119.6% as
presented in Table 3. The results from the FBS indicated
that the proposed sensing strategy is capable of ana-
lyzing complex biomatrices.

4 Conclusion

A CHA-DNAzyme sensing system for target DNA ampli-
fication has been proposed. The system takes advantage
of the Mg®*-dependent DNAzyme methods and CHA tech-
niques and integrates them to develop an isothermal,
enzyme-free, robust, and reliable target DNA detection
system without incorporating any protein enzymes or
precise temperature controllers. The dual-mode amplifi-
cation strategy enhances the signal gain, thus leading to
a highly sensitive system with a detection limit down to
0.5 pM. Compared to enzyme-based methods, the pro-
posed CHA-DNAzyme-enhanced system, which is an
enzyme-free detection scheme, has demonstrated signif-
icant detection improvement with LOD at 0.5 pM against
some enzyme-driven systems with LOD beyond 1pM
(13,44,49]. The detection method is simple, sensitive,
and specific compared to the many reported DNAzyme-
or CHA-assisted strategies. However, the detection time is
longer than 1h, which might pose some detection chal-
lenges. Other than this, the proposed amplification method
is capable of being used to detect different nucleic acid
species in complex biomatrices. Therefore, this CHA-DNAzyme
may offer insights into the construction of enzyme-free
and signal-amplifiable biosensors.
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