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HIGHLIGHTS

e A new fluorescence biosensor based
on photoinduced-electron transfer of
AgNCs/DNA and G-quadruplex was
developed.

e The fluorescence biosensor was
designed by using unique DNA cross-
chain displacement cyclic amplifica-
tion strategy.

e The new fluorescent AgNCs/DNA
probe was synthesized based on high
affinity of Ag to cytosine (C) rich
ssDNA.

e The guanine rich ssDNA was used to
synthesize G-quadruplexes quencher
in PET process.
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ABSTRACT

In this work, a new fluorescence biosensor platform based on distance-dependent photoinduced-elec-
tron transfer (PET) coupled with target cross-chain displacement cyclic amplification strategy was
developed to detect MicroRNA. The DNA cross structure was cleverly designed to protect restriction site,
then multiple amplification reactions of target cycle and chain replacement based on DNA cross-
configuration were carried out in the presence of primer, polymerase and cutting enzyme, thus a large
number of single-stranded (ss) DNA products (S1 and S2) can be exported by inputting a small amount of
target miRNA. The fluorescent AgNCs/DNA probe was synthesized based on high affinity of Ag to cytosine
(C) rich in ssDNA acting as electron donor, and guanine (G) rich ssDNA can form G-quadruplex complex
acting as electron receptor to induce PET process. S1 and S2 hybridized with flexible single-stranded DNA
COM 1 and Com 2, forming rigid double-stranded DNA to inhibit fluorescence quenching PET process, so
the corresponding fluorescence was recovered. Thus the miRNA-induced amplified products can spe-
cifically result in fluorescence changes by PET, and the changes increase with increasing miRNA con-
centration. Therefore, the proposed fluorescent biosensor can be applied to quantitative determination of
miRNA-182-5p, which has great potential in early clinical diagnosis of miRNAs related diseases.
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1. Introduction

In recent years, the death rate from cancer is getting higher.
Therefore, exploring new cancer prevention and treatment
methods have become a priority [1]. It is well known that the
specific expression of DNA or MicroRNA (miRNA) is closely related
to the occurrence and development of tumors [2]. Non-coding
small fragments of single-stranded RNA molecules (miRNAs) are a
class of endogenous, 20 to 24 oligonucleotides. They show impor-
tant regulatory roles in a series of biological processes, including
early development, cell proliferation, apoptosis, cell death, fat
metabolism, and cell differentiation [3]. In addition, many studies
have shown that the abnormal expression of miRNAs is related to a
variety of human diseases, such as cancer, malignant tumors, car-
diovascular and cerebrovascular diseases, and neurodegeneration
[4—7]. Therefore, ultra-sensitive and selective detection of various
nucleic acid-related cancers are significant in biological research,
forensic evidence and early cancer screening. It is reported that
miR-182 is overexpressed in prostate cancer tissues and has been
identified as an oncogene, so accurate, rapid, and cost-effective
quantification of miR-182-5p is vital for its application in clinical
treatment [8].

However, it is possible that miRNA content may appear in very
small amounts during research and diagnosis. Therefore, various
circular amplification strategies must be used to determine trace
levels of specific sequences [9]. At present, target circular amplifi-
cation strategy combines different DNA structures, such as hairpin
DNA [10], Y-linked DNA [11], DNA pliers [12] etc, which are bene-
ficial to improve detection sensitivity of trace level target for bio-
sensors. However, a large amount of DNA strands generated by
these cyclic processes are wasted, resulting in low efficiency and
high cost of target detection. Therefore, DNA structure needs to be
reasonably designed to achieve target recycle amplification, avoid
excessive waste, and improve the analysis performance to meet the
development needs of biological research and clinical diagnosis.
The regeneration strategy has the advantages of multiple reuses,
saving material resources, and reducing experimental costs. It has
been widely used in biological materials, chemical absorption,
medicine and other fields. In recent years, several traditional
miRNAs detection methods based on real-time polymerase chain
reaction, Northern hybridization, microarray, bioluminescence,
electroluminescence, and electrochemistry, have been developed
[13—15]. Especially, fluorescence technology is considered to be a
promising detection method due to the advantages of simplicity,
rapid analysis, low cost and high sensitivity [16].

This study is to design a fluorescent biosensing platform for
detecting miRNA-182-5P based on distance-dependent light-
induced electron transfer combined with DNA displacement and
target recycle multiple amplification. Through DNA cross-chain
design, a single target miRNA input can be converted into a large
amount of ssDNA (S1 and S2) output. A fluorescent detection probe
is uniquely designed, which includes a C-rich DNA sequence as
synthetic template of Ag nanoclusters (AgNCs), a DNA sequence
complementary (Com) with the amplification products (S1 and S2),
and a G-base-rich sequence forming G-tetramer/hemin, so the
distance-dependent photoinduced electron transfer (PET) from
DNA/AgNCs (electron donor) to G-tetramer/heme complex (elec-
tron acceptor) can be controlled by target. In the presence of target-
amplification products (ssDNA), the initial flexible single-stranded
complementary sequence (COM) in probe changes to rigid
double-stranded DNA, the distance between electron donor and
acceptor becomes longer to block PET, so the quenched fluores-
cence of DNA/AgNCs restores. Thus, a fluorescence biosensor based
on signal change of DNA/AgNCs can be developed for the detection
of target miR-182-5p assay. It is important that the nucleic acid
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products obtained by circular amplification can be fully utilized,
which avoids waste and saves experimental costs at a certain
extent.

2. Experimental section (materials and apparatus see
supporting information)

2.1. Preparation of solution

Sodium borohydride solution (0.001 M) is prepared. 0.0379 g of
NaBH; was added to 1000 mL of ultrapure water at lower
temperature.

Preparation of hemin solution (0.001 M). 0.066 g of Hemin was
dissolved in 100 mL of DMSO, heating at 37 °C in water bath, and
stored at 4 °C in dark.

2.2. Preparation of DNA/AgNCs [17]

In a 100 pL reaction system containing 78 pL of phosphate buffer
solution (PBS, pH = 7.4, 20 mM), 6.0 uL of 1 mM AgNOs5 solution and
Probe S (1 x 10~% M) were added. After reacting for 1 h at room
temperature, 6.0 uL 1 mM of NaBH4 solution was added and incu-
bated at 4 °C for 6 h under dark conditions. After reaction was
completed, it was placed in a clean brown glass bottle and stored at
4 °C until use.

2.3. Fluorescence reaction system

Target recycle amplification process based on DNA cross-chain
displacement is performed. First, 5.0 uL of longer single-stranded
DNA H1 and H2 were annealed at 90 °C for 5 min, respectively,
then slowly cooled to room temperature, and stored at 4 °C for use.
In a 20 pL reaction system containing 2.0 uL of H1 (10 uM), 2.0 pL of
H2 (10 pM), 2.0 pL of Primer1 (10 uM), 2.0 pL of Primer2 (10 pM),
and 2.0 uL of target at different concentrations (microRNA-182-5p),
1.0 pL of dNTPs (0.5 mM) was added. In the reaction system, 8.0 U of
nicking endonuclease (Nt.BbvCl), 2.0 U of Klenow fragment (2.0 U)
were added to the CutSmart buffer solution and NEBuffer 2 solu-
tion, reacting at 37 °C in constant temperature shaker for 2 h. Then
the reaction was stopped at 80 °C for 20 min. Finally, single-
stranded S1 and S2 are obtained. Then, in 100 uL detection sys-
tem containing 8.0 puL of PB solution, 5.0 uL of Probe S1
(1 x 104 M), 5.0 pL of Probe S2 (1 x 1074 M), 10 pL of 1.0 x 1074 M
Hemin, and 50 uL of KNOs (1.0 M) were added and reacted at room
temperature for 2 h, then 6.0 uL of 0.001 M AgNOs solution was
added to continue the reaction at room temperature for 1 h. Next,
6.0 pL of freshly prepared NaBH4 was added and incubated at 4 °Cin
dark for 6 h. Finally, 10 puL of the amplification reaction products
were added and reacted at room temperature for 2 h. The fluo-
rescence signal of the reaction system is then detected.

2.4. Design principle of the signal probe

Due to the high affinity of Ag™ to cytosine, single-stranded DNA
sequences rich in cytosine (C) are commonly used to synthesize
fluorescent DNA/AgNCs. In this work, a new nucleic acid probe
(Probe S, Scheme 1) with three-segment DNA was designed,
including C-base-rich DNA (C, red region) as template for AgNCs
synthesis, DNA sequence complementary with ssDNA produced by
amplification reaction (Com, black region), G-base-rich DNA (G,
blue region) forming G-tetramer/Hemin complex. The potassium
ion (K*) and hemin (Hemin) induced formation of G-tetramer/he-
min complex (electron acceptor) and fluorescent DNA/AgNCs
(electron donor) were synthesized by introducing AgNOs; and
NaBHj4 to the solution. In this case, Com segment is a flexible single
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strand DNA, which results in light-induced electron transfer (PET)
from electron donors (AgNCs) to electron acceptors (G-quadruplex/
heme) due to short distance between them, so the fluorescence
quenching efficiency is relatively high. When the amplification
product (ssDNA) is added, ssDNA can hybridize with COM fragment
(black region) to form rigid dsDNA through conformational trans-
formation, the distance between electron donor (AgNCs) and
electron acceptor (G-quadruplex/heme) increases, so the photo-
electron transfer (PET) process is hindered, and the fluorescence of
AgNCs is restored.

3. Results and discussion
3.1. Characterization of DNA/AgNCs

Fig. 1A is transmission electron microscopy (TEM) image of the
fluorescent DNA/AgNCs. Ag™ is in situ reduced to AgNCs on the C-
rich sequence by NaBH4 which is evenly distributed. The
morphology and particle size of AgNCs are relatively uniform, and
the average particle size is 2 nm, which is consistent with definition
of nanoclusters (d < 2 nm) [18]. Fig. 1B is fluorescence emission
spectrum of DNA/AgNCs, showing a narrow and symmetrical
fluorescence emission peak at 560 nm. Fig. 1C is UV—vis absorption
spectra of DNA/AgNCs, a feature strong peak of Ag nanoclusters is at
428 nm, indicating the successful synthesis of Ag NCs [19]. In
addition, the characteristic peak of DNA is at 260 nm, which proved
that the DNA/AgNCs were successfully prepared.

3.2. Principle of MicroRNA Detection Based on Distance-dependent
photoinduced electron transfer coupled with cross-chain
displacement and target cyclic amplification

This work aims to design a fluorescence biosensing platform
based on distance-dependent photoinduced electron transfer
coupled with cross-chain displacement and target cyclic amplifi-
cation for MicroRNA detection (Scheme 2). Hairpin H1 and H2 are
firstly annealed together, then reacte for 2 h to form DNA cross-
configuration. After target miRNA is added, it hybridizes with H2
and the exposed fragment of H1 reacts with Primerl. With the
action of Klenow fragment DNA polymerase and dNTPs, Primer 1
can be expanded with H1 as a template until it is completely
complementary to H1, forming dsDNA 1 with Nt.BbvClI restriction
site and replaces the hybrid chain H2-target. Then, dsDNA 1 is cut
by Nt.BbvCI nicking enzyme to produce vast product chain S1.

At this time, the hybrid portion of target-H2 is separated from
the original cross configuration, and the exposed single-stranded
fragment can also be complementary to Primer2. In the presence
of dNTPs and Klenow polymerase, Primer2 runs along H2 and
extend until it is completely complementary to H2 to form dsDNA
2, while target miRNA is replaced into next cycle. The formed
dsDNA 2 also has Nt.BbvCl cleavage site, and the cutting dsDNA 2
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Scheme 1. Design principle of probe.

can also polymerize to result in accumulation of single-chain S2.
Through such cycling amplification, single target miRNA can be
converted into a large amount of output ssDNA, which significantly
enhances the sensitivity of miRNA detection. Probel and Probe 2
with C-base-rich fragments capture Ag* and was in situ reduced to
AgNCs by NaBH4, and G-base-rich DNA form G-quadruplex/heme
complex in the presence of Hemin and KNOs. Since the flexible
single-stranded COM region cannot be supported, the electron
donor (AgNCs) and electron acceptor (G-quadruplex/Hemin) un-
dergo light-induced electron transfer reactions at close range,
resulting in fluorescence quenching of AgNCs. After the cycling
amplification products (S1and S2) hybridize with COM region of
the probe, forming rigid double-stranded DNA to increase the
distance between G-quadruplex/hemin) and AgNCs. As a result, the
light-induced electron transfer reaction is hindered, and the fluo-
rescent signal of AgNCs is restored.

3.3. Gel electrophoresis characterization of cyclic amplification
strategy based on target cross-chain displacement

Polyacrylamide gel electrophoresis was used to analyze the cy-
clic amplification strategy of target cross-chain displacement. As
shown in Fig. 2, lanes A and B are single-chain H1 and single-chain
H2, respectively. Lane C contains H1 and H2 at the same concen-
tration, they hybridized with each other to form cross-chain
structure, so H1 and H2 bands are weaker than those in lanes A
and B, and a band with larger molecular weight appears in lane 3,
indicating the hybridization of H1 and H2 is successful. Lane D is

560 nm
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540 560
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8% 000 620 o0 200 300 400 500 600 700 800
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Fig. 1. (A) TEM image of DNA/AgNCs, (B) Fluorescence spectrum of DNA/AgNCs. (C) UV—vis absorption spectrum of DNA/AgNCs.
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Scheme 2. Principle of MicroRNA detection based on distance-dependent photoinduced electron transfer coupled with cross-chain displacement and target cyclic amplification.

the mixture of H1+H2+Target, and distinct new band appears,
indicating that target hybrids with H2 successfully. Lane E is the
mixture of H1+H2+Target + Primer1+Primer2, a new Primer band
at lower position was observed, but no product bands are produced
in the absence of the enzyme. When Klenow fragment DNA poly-
merase and Nt.BbvCl nicking endonuclease were further added,

Fig. 2. Gel electrophoresis analysis of the target-induced DNA-cross configuration
strand displacement cycling amplification process. A: 10 uL 1.0 x 10~% M H1, B: 10 pL
1.0 x 107% M H2, C: the same concentration of H1+H2, D: mixture of H1-+H2+Target,
E: mixture of H1+H2+Target + Primerl+Primer2 without enzyme, F: mixture of
H1+H2+Target + Primer1+Primer2 with enzyme.

two product chains (S1, S2) are obtained at the bottom in line F,
indicating that the cycle reaction has been successfully performed
and generated ssDNA.

3.4. Feasibility study of the fluorescence biosensing platform

In order to verify the feasibility of the fluorescence biosensing
platform, the performance of the fluorescence probes were firstly
explored. The probe contains a base C-rich fragment, a base G-rich
fragment, and a complementary fragment COM. Using cytosine-
rich single-stranded DNA (5’-CCCCACCCCACCCCA-3/, named C) as
a template and NaBH4 as a reducing agent, DNA/AgNCs with
obvious fluorescence signals were successfully synthesized (Fig. 3A,
curve c). Conversely, under the same conditions, when G-rich DNA
and COM fragment are selected as template, the DNA/AgNCs cannot
be obtained, so fluorescence signal is low (curves a, d). In addition,
the designed probes (including C, COM and G parts) were used as
templates to prepare DNA/AgNCs, the fluorescence signal is higher
than that of C, as the purine sequence (G) can greatly enhance the
fluorescence signal of DNA/AgNCs synthesized with cytosine-rich
sequences (curve b).

In order to further study the feasibility of the fluorescence
biosensor, two comparative experiments were performed. Single-
stranded DNA complementary with COM region in probe could
not be generated without target, so light-induced electron transfer
between AgNCs and G-quadruplex/heme cannot be prevented, the
fluorescence signal is low (Fig. 3B, curve a). In the presence of
target, the resulting single-stranded DNA hybridized with COM to
form rigid double-stranded DNA, which effectively prevented
electron transfer, leading to fluorescence recovery (Fig. 3B, curve b).
These results prove that the fluorescence biosensor has good
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Fig. 3. (A) Fluorescence emission spectra of DNA/AgNCs obtained using some fragments of ProbeS. (a) Rich-G, (b) ProbesS, (c) rich-C, (d) COM, (B) Fluorescence emission spectra of

ProbeS (a) in the absence of target, (b) in presence of target (0.5 nM).

feasibility for target assay.

3.5. Fluorescence of DNA/AgNCs/probes under different conditions

In the presence of Kt and Hemin, guanine (G)-rich single-
stranded DNA sequence can be folded into G-quadruplex struc-
ture, and then G-quadruplex/hemin complex is formed. DNA/
AgNCs in ProbeS generated strong fluorescence signal (Fig. 4, curve
a), and the signal did not change significantly when only K* was
added (Fig. 4, curve b). However, when K* and hemin were present
simultaneously, the signal of DNA/AgNCs decreased significantly
(Fig. 4, curve c), indicating that only the preformed G-quadruplex/
hemin complex can cause fluorescence quenching, which may be
related to the shortened distance between hemin and DNA/AgNCs.
When the amplification product (ssDNA) was added, the fluores-
cence signal increased, indicating that the distance between hemin
and DNA/AgNCs increase after ssDNA hybridized with COM region
in probe to form rigid dsDNA.

3.6. Optimization of experimental conditions

In order to apply this fluorescence biosensing platform for

40

30
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Fig. 4. Fluorescence emission spectra of DNA/AgNCs/ProbeS under different condi-
tions. (a) ProbeS, (b) ProbeS + K%, (c) ProbeS + Hemin + K% (d)
ProbeS + Hemin + K" + cycling products. The fluorescence emission and excitation
peaks are at 560 nm and 428 nm, respectively.

miRNA assay and obtain best detection results, the experimental
conditions were optimized. The incubation time and temperature
are critical for efficient hybridization of nucleic acid sequences, thus
they are optimized. The temperature optimization experiments for
nucleic acid hybridization were performed (Figure S1A), and it was
clear that the highest hybridization efficiency is at 37 °C by FL signal
comparison, indicating that the optimized temperature is 37 °C.

Moreover, the incubation time for nucleic acid hybridization at
37 °C was optimized, the fluorescence signal gradually increases
with the increase of incubation time, and the FL signal is no longer
changes until 2 h, so the best hybridization time is 2 h.

As we all know, the salt concentration is important for nucleic
acid hybridization, so we mainly optimized the concentration of PB
solution and K in Figure S1C and Figure S1 D. It is found that when
the concentration of salt ion was very low, nucleic acid hybridiza-
tion efficiency was bad, so the fluorescence recovery signal was
small. With the increasing of salt ion concentration, the nucleic acid
hybridization rate increased, and the fluorescence recovery signal
was enhanced until saturation, so the optimized concentration of
PB solution and K for nucleic acid hybridization are 20 mM and
0.5 M.

The synthesized DNA/Ag NCs is essential to fluorescence signal,
so a series of optimizations were performed. As shown in
Figure S2A, the concentration of AgNO3 was first optimized, the FL
signal gradually increases and does not change after 1 mM, indi-
cating that 1 mM AgNOs is the saturation concentration for C-base
rich DNA. In addition, the incubation temperature of C-base rich
DNA and AgNOs3 was also optimized, as sodium borohydride is
more stable at low temperature, so the best temperature is 4 °C.

The pH of phosphate buffer solution can directly affect the ac-
tivity of DNA and enzymes, thus affecting the change of fluores-
cence signal. As shown in Figure S3, the fluorescence intensity of
the solution decreases with increasing pH, while the relative value
of fluorescence intensity increases with increasing pH, suggesting
the fluorescence recovery efficiency increases with increasing pH.
At the same time, when the pH value is higher than 7.4, the fluo-
rescence intensity is too weak, which is not suitable for high sen-
sitive detection of the fluorescence biosensor. Therefore, when a
relatively neutral pH of 7.4 is chosen, the fluorescence intensity and
recovery are relatively high, so the optimal buffer pH is 7.4.

The concentration of hemin is important for the formation of G-
tetramer/heme complex (electron acceptor), which in turn affects
the efficiency of PET and FL signal. So hemin concentration in the
absence and presence of target is optimized (Figure S4A). The
relationship between fluorescence recovery efficiency and hemin
concentration were also studied. With the increase of hemin con-
centration, the fluorescence recovery efficiency firstly increases and
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then gradually decreases, and reaches highest in 10 pM
(Figure S4B), suggesting that the optimal concentration of hemin is
10 uM.

There are two other important parameters in the fluorescence
sensing system, the concentration of Klenow fragment DNA poly-
merase and Nt.BbvCI nicking endonuclease, both of which have
effects on target recycle and sensitivity of the sensing system. The
optimal amount of the two enzymes were optimized by fixing one
value and changing the other to study the change trend of the PL
signal. As shown in Fig. 5A, the effect of polymerase on the sensing
system was studied. When the concentration of Nt.BbvCl was
maintained at 0.3 U/uL, the fluorescence signal increases with
increasing polymerase concentration until 0.2 U/uL, then it no
longer increases, suggesting that the optimal concentration of
Klenow fragment DNA polymerase is 0.2 U/uL. Similarly, the con-
centration of Klenow fragment DNA polymerase was kept at 0.2 U/
uL, the fluorescence signal increases as the concentration of nicking
enzyme increases, then it will hardly change until 0.4 U/uL.
Therefore, the optimal concentration of Nt.BbvCI nicking endonu-
clease is 0.4 U/uL.

We determine the amount of the two enzymes by controlling a
single variable, and find that when the dosage of the two enzymes
increase, the working efficiency per unit time would increase, and
the generated fluorescence signal become larger. When the amount
of the enzyme increases to a certain amount, the signal finally tend
to be stable, so as to determine the optimal amount.

As for signal change trends induced by Klenow fragmen and Nt.
BbvClI nicking endonuclease, the amount of amplification product
chain S1 and S2 increase in the first period of time with increase of
enzyme dosage, thus the amounts of rigid double chains obtained
by hybridization of S1 and S2 with the corresponding comple-
mentary flexible single DNA increase, then the distance between
the AgNCs as electron donor and the G4-chain-Hemin compound as
electron acceptor increase, and electron transfer effect is hindered,
so the fluorescence signal restore to higher value. However, the
amount of S1 and S2 is ultimately determined by the amount of H1
and H2 in the hairpin chain, so the fluorescence recovery signal will
reach its maximum value, and the signal will not change when the
amount of enzyme increases from this time.

3.7. Relationship between fluorescence recovery efficiency and
space length of DNA/AgNCs and G-tetramer/hemin

Studies have shown that photoinduced-electron transfer (PET)
effect decreases with increasing distance between electron donor
and electron acceptor. However, previous reports have only studied
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cases where the length is less than or equal to 15 bp, which is too
short and cannot be applied to detection of small oligonucleotide,
such as miRNAs with a length of 20—24 bp. In order to further
explore the distance dependence of photoelectron induced effect,
we designed a series of biological probes with different lengths
(15—26 bp) of complementary fragments (COM) and target RNA
(15—26 bp) correspondingly, the distance between donor and
acceptor during PET process can be adjusted. Fig. 6A shows the
fluorescence recovery efficiency with different space length. When
the complementary region is 15 bp, the length of double-stranded
DNA is about 5.2 nm, and (F—Fp)/Fg is almost zero at this short
distance. With increased distance, the fluorescence recovery effi-
ciency increases and can reach more than 1 at 22 bp (about 7.5 nm),
suggesting that increasing distance can inhibit the PET process at
varying degrees. The results further confirmed that the distance-
dependent PET mechanism is feasible for our biosensor in
MicroRNA-182-5p detection. More importantly, the platform can be
used for detection of longer RNA or DNA only by adjusting the
length and sequence of COM.

3.8. Fluorescence biosensing platform for MicroRNA Detection
Based on Distance-dependent photo-induced electron transfer
coupled with target cross-chain displacement cyclic amplification

Under the optimal experimental conditions, the fluorescence
biosensor was used to detect microRNA-182-5p concentration. As
shown in Fig. 6B, as the concentration of target MicroRNA-182-5p
increases, the fluorescence signals continues to increase, indi-
cating that target can trigger the cycling amplification reaction, and
the products can hybridize with complementary fragments (COM)
to hinder the quenching reaction to AgNCs fluorescence during PET
process, so the DNA/AgNCs fluorescence can recovered.

Fig. 7 shows the relationship between fluorescence signal and
concentration of MicroRNA-182-5p. It can be seen that the fluo-
rescence signal has a good linear relationship with MicroRNA-182-
5p concentration in the range from 1.0 pM to 100 nM, and the
detection limit is 0.6 pM. Compared with other reported methods
for miRNA sensing (Table S2), our method is more sensitive for
miRNA detection. Under the same experimental conditions, the
fluorescence signal of 5.0 pM target was subjected to five consec-
utive parallel detection with the biosensor, the relative standard
deviation (RSD) was calculated to be 5.1%, indicating that the
fluorescence biosensing platform based on distance-dependent
light-induced electron transfer and target cross-chain displace-
ment cyclic amplification has good reproducibility for detection of
MicroRNA'’s.
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Fig. 5. Influence of enzyme concentration on fluorescence intensity. (A) Klenow fragment DNA polymerase; (B) Nt.BbvCI nicking endonuclease (error bars show mean standard

deviations of three determinations).



Q. Cai, H. Li, W. Cao et al.

(F-Fy)/Fy
o TR B M

o

05

15 bp 18 bp 21bp 22bp 26 bp

FL intensity/a.u.

Analytica Chimica Acta 1148 (2021) 238169

80

60

40

20

L 1
520 560 600 640

Wavelength/nm

Fig. 6. (A) Relationship of fluorescence recovery efficiency and space length of DNA/AgNCs and G-quadruplex/hemin (error bars show mean standard deviations of three de-
terminations); (B) Fluorescence responses of the biosensing platform to different microRNA-182-5p concentrations. (a) 0.0 pM, (b) 1.0 pM, (c) 10.0 pM, (d) 100 pM, (e) 1.0 nM, (f)

10.0 nM, (g)100 nM.
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Fig. 7. The relationship between FL signal and MicroRNA-182-5p concentration (1.0
pM—100 nM). (insert: The logarithmic calibration plot for MicroRNA-182-5p detection)
(error bars show mean standard deviations of three determinations).

3.9. Selectivity of fluorescent biosensor

To further explore selectivity of the fluorescence biosensor,
miRNA-21, miRNA-141, and miRNA-155 were selected as interfering
agents, and blank samples were used as contrasts. As shown in

FL intensityyy y,

Fig. 8A, only target miRNA-182-5p has a distinct fluorescence
signal, while miRNA-155, miRNA-141, miRNA-21 all have no
obvious fluorescence signal. Whatsmore, as for the detection of
every miRNA, three sets of parallel experiments (orange, purple
and pink columns) were done, and these FL signals are very stable,
indicating that the method has good selectivity for miRNA detec-
tion. In addition, the experiments for different isomiRs of the target
microRNA were also studied (Fig. 8B). Single-base mismatched
target (T1), two-base mismatched target (T2), three-base mis-
matched target (T3), and random sequence (R) were chosen for
detection. The FL signal of target is obviously higher than those of
the other mismatched targets. Compared with the signal of target
(100%), the signals of single-base mismatched target, two-base
mismatched target, three-base mismatched target, and random
sequence reached 69.7%, 42.7%, 21.9% and 2.4%, respectively, these
results demonstrated the high specificity of the FL biosensor.

3.10. Anti-interference detection

The detection of MiRNA is generally performed in complex
systems, which is required to have strong anti-interference ability.
Therefore, the anti-interference ability of the method in complex
system is tested. In a 10 pL reaction system containing 40 ng
humans lung cancer cell A549 total RNA, target miRNA-182-5p at
different concentrations was detected. As can be seen from
Figure S5, with the reduction of miRNA concentration (from 10 pM
to 0.1 pM), the fluorescence signals decreased, and showed obvious
contrast with that of blank group (0 pM). Furthermore, the signals
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Fig. 8. (A) Specificity of the fluorescence biosensor for detecting different miRNAs, three sets of parallel experiments for 1 (orange), 2 (purple) and 3 (pink) columns. (B) Specificity
of the fluorescence biosensor for different isomiRs of the target microRNA. Target microRNA (T), single-base mismatched target (T1), two-base mismatched target (T2), three-base
mismatched target (T3), and random sequence (R).
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obtained from target in complex sample matrix and those in ideal
sample matrix at the same concentrations were compared. Obvi-
ously, the difference between the two sets of signals is very small,
indicating that the method has good anti-interference ability and
shows application potential for target detection in practical com-
plex systems.

4. Conclusions

In this study, a novel fluorescence biosensing platform based on
unique target cross-chain displacement circular amplification
strategy coupled with distance-dependent light-induced electron
transfer was designed for detection of MicroRNA. The platform has
several advantages. 1) Firstly, the DNA cross structure is cleverly
designed to protect the restriction sites, then the primers, poly-
merase, and nicking enzymes catalyzed DNA cross-based target
cycling and strand displacement reaction amplification reactions.
After target miRNA is amplified by cycling, a large number of
products ssDNA (S1 and S2) are output, which can greatly amplified
the target concentration and much improved the detection sensi-
tivity. 2) Based on high affinity of Ag+ and base cytosine (C), single-
stranded DNA sequences rich in cytosine (C) were used to syn-
thesize fluorescent DNA/AgNCs probe, and single-stranded DNA
sequences rich in guanine (G) were synthesized G-quadruplexes
quencher, which were used as electron donors and acceptors in
subsequent PET processes, respectively. The amplified products S1
and S2 can hybridize with the flexible COM1 and COM2, respec-
tively, forming a rigid double-stranded DNA to suppress the cor-
responding quenching of the PET process, thus the fluorescence is
restored. The ingenious design for the signal and quenching probes
into a system can make the biosensing detection more simple and
fast. 3) The amplified product based on miRNA-182-5p can specif-
ically restore fluorescence, and the recovered fluorescence signal
increases with increasing concentration, achieving much amplified
and selective target detection. Therefore, the proposed fluores-
cence biosensor can be applied to the quantification of miRNA-182-
5p. The sensing system has great potential for early clinical diag-
nosis of miRNAs-related diseases.
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