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DNAzyme amplifiers have been extensively explored as a useful sensing platform, but single DNAzyme
amplifier is limited in biosensing applications by its low sensitivity. Herein, a cascade DNAzyme am-
plifier was designed by exploiting concurrent amplification cycle principles of toehold-mediated strand
displacement reaction (TSDR) and Zn?*-assisted DNAzyme cycle with lower cost and simpler procedures.
Compared with single DNAzyme amplifier, the proposed TSDR-propelled cascade DNAzyme amplifier ex-
hibited higher sensitivity by releasing more DNAzyme through TSDR to cleave substrate strand during
the DNAzyme cycle. Base on this, let-7a could be sensitively detected in the range of 5-50 nmol/L with a
detection limit of 64 pmol/L. Furthermore, the dual signal amplification strategy of the cascade DNAzyme
amplifier exhibited excellent selectivity to distinguish single-base mismatched DNA strands, which has
been successfully applied to the determination of let-7a in blood serum, showing high promise in early
cancer diagnosis.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

MicroRNA (miRNA) is a gene expression regulator, which mainly
mediates transcription and post-transcriptional control of target
gene expression [1-5]. Among them, let-7 miRNA, as a time reg-
ulator of cell development, was first discovered in caenorhabdi-
tis elegans [6,7]. It is noteworthy that let-7a is an important tu-
mor suppressor and cancer marker in the let-7 miRNA family,
which has extremely important clinical significance [8]. Recent
studies have also shown that the abnormal expression of let-7a is
closely related to cell proliferation and apoptosis [9]. Therefore, a
series of let-7a detection methods have been reported, including
surface-enhanced Raman scattering [10], electrochemistry [11,12],
colorimetry [13] and fluorescence [14,15]. Among these detection
methods, fluorescence is considered as one of the most attractive
technologies [16,17]. Furthermore, fluorescent probes based on flu-
orescence resonance energy transfer (FRET) has been widely used
in the fields of biomarkers analysis with the advantages of simple
operation, low background signal and intuitive accuracy [18-21].
However, owing to the natural characteristics of small size and low
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abundance, signal amplification is often required to effectively de-
tect let-7a with improved detection sensitivity [22].

DNAzyme, a kind of DNA strand that mimics the function of
protease, can be activated under the regulation of specific stim-
uli to exert their effects [23-25]. Comparing to protein enzymes
and RNA enzymes, DNAzyme is easier to synthesize, more stable
and less expensive [26,27]. Therefore, by taking advantage of the
catalytic properties, DNAzyme has been wildly used as a signal
amplification medium to construct DNAzyme amplifiers for vari-
ous biomarkers detection [28-30]. However, owing to the low cat-
alytic activity of DNAzyme alone on substrates, these traditional
DNAzyme amplifiers with low sensitivity were hard to fulfill the
application in biosensing and early diagnosis of cancer [31].

To further improve the sensitivity of DNAzyme amplifier, a va-
riety of cascade DNAzyme amplifiers have been assembled by ex-
ploiting concurrent amplification cycle principles of DNAzyme and
nuclease, such as exonuclease-mediated target recycling [32], nick-
ing endonuclease cleavage [33] and polymerase extension [34].
Though these methods have high sensitivity, most of them are lim-
ited by the higher testing costs and cumbersome procedures [35].
At present, DNA-based signal amplification strategies, such as loop-
mediated isothermal amplification [36], hyperbranched rolling cir-
cle amplification [37] and toehold-mediated strand displacement
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Scheme 1. Schematic diagram of the TSDR-propelled cascade DNAzyme amplifier
for let-7a detection.

reaction (TSDR) [38], have been extensively studied. Among them,
as a nonenzymatic signal amplification process that can occur at
room temperature, TSDR have been emerged as a powerful strat-
egy for biomarkers recognition with high signal gains [39,40]. More
importantly, combining TSDR with the DNAzyme amplifiers can ef-
fectively release more DNAzymes to cut more substrates during
the DNAzyme cycle, thus achieving dual signal amplification with
higher sensitivity, lower cost and simpler procedures.

Herein, a TSDR-propelled cascade DNAzyme amplifier was as-
sembled by exploiting concurrent amplification cycle principles of
TSDR and DNAzyme (Scheme 1). At the beginning, the fluores-
cence of tetramethyl rhodamine (TAMRA) in the substrate strand
could be effectively quenched by black hole quencher 2 (BHQ2)
based on FRET. Besides, DNAzyme activity is first inhibited after
the hybridization with blocker DNA, which can be competed in the
presence of target let-7a, resulting in the release of DNAzyme for
recognizing the active site of the substrate strand and cutting it.
Subsequently, the fuel strand can bind to the blocker in the dou-
ble stranded DNA (dsDNA) to cyclically release the target let-7a by
utilizing TSDR, resulting in more DNAzymes to be released to re-
alize the first amplification. Furthermore, on the basis of second
signal amplification driven by Zn?t-assisted DNAzyme amplifiers,
these released DNAzymes by TSDR can cyclically cleave the sub-
strate strand, leading to higher fluorescence recovery of TAMRA,
thus achieving dual signal amplification with lower cost and sim-
pler procedures. Based on this, the sensitivity of let-7a detection
was effectively improved by the TSDR-propelled cascade DNAzyme
amplifier compared to single DNAzyme amplifier.

Firstly, the TSDR was verified by the native polyacrylamide gel
electrophoresis (PAGE) (Fig. 1a). Lane 1 was the DNA marker and
Lanes 2-5 were fuel strand, DNA let-7a, DNAzyme and blocker,
respectively. Compared with Lanes 4 and 5, the migration rate
of Lane 6 was slower, indicating the successful hybridization of
DNAzyme and blocker. Besides, both Lanes 7 and 8 showed a band
corresponding to Lane 4, which was the released DNAzyme. Since
blocker-target let-7a and blocker-fuel strand have similar molecular
weight, the feasibility of the TSDR was further verified by fluores-
cence spectra. The distance between TAMRA and BHQ2 modified
at both ends of the substrate strand was less than 10 nm, so that
the fluorescence of TAMRA in the substrate strand could be effec-
tively quenched by BHQ2 based on FRET. On the other hand, the
DNAzyme activity in the dsDNA formed by blocker hybridization
with DNAzyme was blocked. At this point, DNAzyme could not rec-
ognize and cut the substrate strand, thus TAMRA fluorescence was
low (Fig. 1b). Compared with the addition of let-7a alone, the fluo-
rescence recovery of TAMRA was higher after further introduction
of fuel strand. This revealed that the introduction of fuel strand
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Fig. 1. Characterization of the TSDR-propelled cascade DNAzyme amplifier. (a)
Native PAGE (12%) analysis. Lanes 1-8: DNA marker, fuel strand, DNA let-
7a, DNAzyme, blocker, DNAzyme + blocker, DNAzyme-blocker + let-7a, DNAzyme-
blocker + let-7a + fuel strand. (b) Fluorescence spectra of the TSDR-propelled cas-
cade DNAzyme amplifier. Concentrations: DNAzyme, 25 nmol/L; blocker, 30 nmol/L;
fuel strand, 50nmol/L; substrate strand, 50nmol/L; Zn?*, 1.25mmol/L; let-7a,
10nmol/L. Time: 30min. Temperature: 37°C. (c) The fluorescence response of
DNAzyme cycle. Control represented that only the substrate strand and Zn?+ were
present in the system. Zn?*(—) represented the presence of substrate strand and
DNAzyme without Zn?* in the system. Zn?>*(+) represented that substrate strand,
DNAzyme and Zn%** were all present in the system. Concentrations: DNAzyme,
25nmol/L; substrate strand, 50 nmol/L; Zn?*, 1.25 mmol/L. Time: 30 min. Temper-
ature: 37°C.

could successfully trigger TSDR, so as to cyclically release more
DNAzyme for substrate cutting, which proved that the DNA se-
quence design of TSDR was reasonable. It is worth noting that the
fluorescence of TAMRA hardly recovered when only the fuel strand
was present, indicating that the fuel strand could not replace the
DNAzyme in the dsDNA formed by blocker and DNAzyme to start
the DNAzyme cycle, thus confirming the stability of the TSDR. In
addition, when only DNAzyme and substrate strand were present,
the fluorescence of TAMRA hardly recovered in the absence of Zn%*+
compared with that in the presence of Zn2*, demonstrating that
DNAzyme cycle could run smoothly with the assistance of Zn2+
(Fig. 1c).

The dual signal amplification in let-7a detection of the cascade
DNAzyme amplifier was further explored. In the single DNAzyme
amplifier lacking fuel strand, one let-7a strand could only displace
one DNAzyme strand since the binding force between let-7a and
blocker was stronger than that between the DNAzyme and blocker,
resulting in low fluorescence recovery efficiency (Figs. 2a and b).
Nevertheless, after further introducing the fuel strand into the sys-
tem to construct TSDR-propelled cascade DNAzyme amplifier, let-
7a can be replaced from dsDNA through strand displacement re-
action, thus resulting in more DNAzyme release. These released
DNAzymes by TSDR were cyclically cleaving the substrate strand
and releasing more TAMRA, which led to higher fluorescence re-
covery (Figs. 2c and d). In addition, the fluorescence lifetime of
TAMRA recovered from 2.00 ns to 3.46 ns when let-7a was added
into the cascade DNAzyme amplifier, proving that the substrate
strand was successfully cut by the release of DNAzyme trigged by
the presence of let-7a, which further provide the potential for the
detection of let-7a by the TSDR-propelled cascade DNAzyme am-
plifier (Fig. S1 in Supporting information).

To achieve suitable analytical performance, the key conditions
of the cascade DNAzyme amplifier such as the ratio of DNAzyme
to blocker, the length and concentration of fuel strand, the ratio of
DNAzyme to substrate strand were optimized. The fluorescence re-
covery efficiency of (F— Fy)/Fy was calculated to evaluate the opti-
mal conditions, where F and F; represented the fluorescence inten-
sities of TAMRA at 585 nm with and without let-7a, respectively.
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Fig. 2. Comparison of the single DNAzyme amplifier and cascade DNAzyme ampli-
fier in let-7a detection. (a, b) Schematic diagram and fluorescence response for the
detection of let-7a by the single DNAzyme amplifier. (c, d) Schematic diagram and
fluorescence response for the detection of let-7a by the cascade DNAzyme ampli-
fier. let 7a (+) and let 7a (—) represented the presence and absence of let-7a in the
system, respectively. Concentrations: DNAzyme, 25 nmol/L; blocker, 30 nmol/L; fuel
strand, 50 nmol/L; substrate strand, 50 nmol/L; Zn?*, 1.25 mmol/L; let-7a, 40 nmol/L;
time: 30 min; temperature: 37°C. Each measurement was performed in triplicate
(error bars indicate standard deviation).
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Fig. 3. Experimental conditions optimization for the detection of let-7a. (a) The ra-
tio of DNAzyme to blocker, (b) the length of fuel strand, (c) fuel strand concentra-
tion and (d) the ratio of DNAzyme to substrate strand on the let-7a detection. Con-
centrations: DNAzyme, 25 nmol/L; blocker, 30 nmol/L; fuel strand, 50 nmol/L; sub-
strate strand, 50 nmol/L; Zn?*, 1.25 mmol/L; let-7a, 10 nmol/L; time: 30 min; tem-
perature: 37°C. Each measurement was performed in triplicate (error bars indicate
standard deviation).

Firstly, the ratio of DNAzyme to blocker determines the degree of
blocking of DNAzyme activity. When the amount of DNAzyme in
the solution was more than that of blocker, free DNAzyme can
cleave the substrate without the presence of let-7a, which caused
the background signal too high. Nevertheless, when the amount
of blocker in the solution was too large, free blocker can prefer-
entially compete for let-7a, resulting in low detection sensitivity.
When the ratio of DNAzyme and blocker was 1:1.2, the signal re-
covery reached the maximum value (Fig. 3a). Then, the length and
concentration of fuel strand played an important role on trigger-
ing the release of target let-7a by TSDR. It was found that when
the fuel strand was too short, it cannot compete with let-7a for
the blocker. If the fuel strand was too long, it would bind to the
blocker and release DNAzyme even if there was no let-7a. There-
fore, a fuel strand with a length of 21 bases was selected for sub-
sequent experiments (Fig. 3b). And the concentration of the fuel
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strand was chosen as 50 nmol/L to obtain an obvious change in the
fluorescent signal (Fig. 3c). In addition, DNAzyme was selected to
cut the substrate strand to generate the signal and the relationship
between the number of DNAzyme and the substrate strand played
an important role in the fluorescent signal recovery. Based on this,
we found when the ratio between the DNAzyme and the substrate
strand reached 0.5:1, the signal recovery value was the highest
(Fig. 3d). At last, effects of the experimental conditions including
Zn?* concentration, incubation temperature and time on detection
let-7a were also explored. The assistance of Zn2* is very impor-
tant to DNAzyme for recognizing the active site of substrate strand
and cutting it. In the case of Zn?* concentration of 1.25 mmol/L,
DNAzyme had a better cutting effect on the substrate, resulting in
a higher fluorescence recovery (Fig. S2a in Supporting information).
Besides, the reaction conditions were optimized as incubation with
let-7a at 37°C for 30 min before fluorescence measurement (Figs.
S2b and c in Supporting information).

Under the above optimal conditions, the capability of the cas-
cade DNAzyme amplifier for the detection of let-7a was identi-
fied by comparing the single signal amplification and dual signal
amplification strategies. As the concentration of let-7a increased,
the fluorescence of TAMRA gradually increased when there was
no fuel strand in the system (Fig. 4a). The (F—Fy)/Fy value
and let-7a concentration showed a good linear relationship with
the linear regression equation of (F— Fy)/Fy=0.0131c}e.7, +0.184
(R2=0.984). The linear range of the single DNAzyme amplifier
driven by DNAzyme was 10-80nmol/L and the detection limit
was 794 pmol/L (Fig. 4b). In contrast, in the dual signal amplifi-
cation system of TSDR and DNAzyme cycle, as let-7a concentra-
tion gradually increased from 5nmol/L to 50 nmol/L, the fluores-
cence signal was gradually increasing (Fig. 4c). The (F — Fy)/Fo value
and let-7a concentration showed a good linear relationship and
the linear regression equation was (F — Fy)/Fp = 0.0238¢e;_7, + 0.256
(R? =0.988), with the detection limit of 64 pmol/L (Fig. 4d), which
was reduced about 12 times comparing to the single signal ampli-
fication strategy. Furthermore, compared with other miRNA let-7a
detection methods, the sensitivity and the detection time of the
cascade DNAzyme amplifier were also comparable to that in previ-
ous works (Table S1 in Supporting information).

Then the selectivity of the cascade DNAzyme amplifier for
let-7a detection was evaluated by discrimination with other four
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Fig. 4. Fluorescence spectra of the detection of let-7a by the single DNAzyme
amplifier (a, b) and by the cascade DNAzyme amplifier (c, d). Concentrations:
DNAzyme, 25nmol/L; blocker, 30 nmol/L; fuel strand, 50 nmol/L; substrate strand,
50 nmol/L; Zn?*, 1.25 mmol/L. Time: 30 min. Temperature: 37 °C. Each measurement
was performed in triplicate (error bars indicate standard deviation).
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Fig. 5. Specificity of let-7a detection. (a) Fluorescence spectra of specificity de-
tection of let-7a. (b) (F—Fo)/Fy histogram of specificity detection of let-7a. Con-
centrations: DNAzyme, 25 nmol/L; blocker, 30 nmol/L; fuel strand, 50 nmol/L; sub-
strate strand, 50nmol/L; Zn?*, 1.25mmol/L; let-7a and other four mismatched
miRNA,10 nmol/L. Time: 30 min. Temperature: 37°C. Each measurement was per-
formed in triplicate (error bars indicate standard deviation).

Table 1

Detection of let-7a in the serum samples. Concentrations: DNAzyme, 25 nmol/L;
blocker, 30nmol/L; fuel strand, 50nmol/L; substrate strand, 50nmol/L; Zn?*,
1.25 mmol/L; let-7a, 10, 20, 40 nmol/L. Time: 30 min. Temperature: 37 °C.

Added Found (nmol/L) Recovery RSD (%)
Sample (nmol/L) Mean? + SDP (%) (n=3) (n=3)
1 10 10.0+£0.56 100.1 7.0

20 19.1+0.19 95.8 13

40 38.3+0.27 95.7 0.89
2 10 9.59+0.35 95.9 3.6

20 19.2+0.38 96.0 2.0

40 38.2+0.44 94.6 1.2

2 The mean of three determinations.
b Sp = standard deviation.

mismatched miRNA sequences with high homology at the same
concentrations. Compared with the target let-7a, the changes
of fluorescence signal triggered by one-base-mismatched (mis-1),
two-base-mismatched (mis-2), three-base-mismatched (mis-3) and
four-base-mismatched (mis-4) were much lower than those trig-
gered by let-7a (Figs. 5a and b), which could be attributed to the
high stability of the TSDR, indicating the excellent selectivity of the
cascade DNAzyme amplifier even to single-base mismatched DNA
strands.

To verify the application potentiality of the cascade DNAzyme
amplifier in clinical diagnosis, the approach was used to detect let-
7a in human serum samples (Table 1). The let-7a concentrations
measured in the spiked serum samples were statistically close
to the added let-7a concentrations with recoveries from 94.6%
to 100.1% and the relative standard deviation (RSD) was between
0.89% and 7.0%. A comparison of miRNA detection in real samples
between this assay and previous work was displayed (Table S2 in
Supporting information), showing that the proposed method could
achieve sensitive and rapid detection of miRNA in blood serum.
The results indicated that this approach was potential to be em-
ployed for the detection of let-7a in human serum samples, which
provided new strategies for the early cancer diagnosis that was re-
lated to let-7a level.

In summary, a TSDR-propelled cascade DNAzyme amplification
strategy was proposed by exploiting concurrent amplification cy-
cle principles, which displays high sensitivity, low cost and sim-
ple procedures with the detection limit reduced about 12 times
comparing to the single DNAzyme amplifier. Furthermore, the dual
signal amplification strategy exhibits excellent selectivity to distin-
guish single-base mismatched DNA strands and satisfied recovery
in complex biological samples. This combination design of target-
trigged strand displacement reaction and Zn?*-assisted DNAzyme
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cycle can further realize the universal amplification of detection
signal only by changing the corresponding base sequence, which
shows high promise for expanding the application of DNAzyme in
low abundance biomarker detection for early cancer diagnosis.
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