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Dual-output entropy-driven catalytic amplification
coupled with G-quadruplex dimers for
ultrasensitive label-free detection of miRNA-21

i ") Check for updates ‘

Cite this: DOI: 10.1039/d5ay01060h

Chuan Long, Yao Yao,? Ziyi Gao,® Qi Liu® *? and Xiaoging Chen & 2°

The connection between aberrant expression of microRNAs (miRNAs) and tumorigenesis positions miRNAs
as promising targets for early cancer detection. However, the low abundance of miRNAs in biological fluids,
such as blood, presents significant challenges that necessitate the development of highly sensitive
detection platforms. In this study, we present a label-free fluorescent biosensor that utilizes a dual-
output entropy-driven catalytic (EDC) amplification system in conjunction with G-quadruplex (G4)
dimer-mediated signal enhancement for the ultrasensitive detection of miRNA-21. The synergistic effect
of the EDC-based signal amplification and the high fluorescence quantum yield of G4 dimers resulted in
a biosensor with outstanding sensitivity. The platform demonstrated a linear response over
a concentration range from 0.1 pM to 100 pM (R? = 0.998), with a limit of detection (LOD) calculated at
82 fM (S/N = 3). Specificity assays verified the biosensor's ability to accurately distinguish miRNA-21 from

sequences with single, two, or three nucleotide mismatches, as well as from homologous mMiRNAs,
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Accepted 4th August 2025 underscoring its robust sequence selectivity. Furthermore, the biosensor's performance was assessed in

human serum matrices, achieving recoveries between 96.2% and 104.8% and relative standard deviations

DOI: 10.1039/d52y01060h below 2.4%. These results validate the biosensor's potential for clinical diagnostics, showcasing its
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Introduction

Cancer, a life-threatening condition, has garnered extensive
global attention due to its significant impact on public health.*?
Early diagnosis of cancer is critical for timely intervention and
effective therapeutic strategies. As an important class of
biomarkers, microRNAs (miRNAs),** play essential regulatory
roles in various biological processes such as cell proliferation”®
and apoptosis.”'® During carcinogenesis, specific miRNAs often
exhibit marked upregulation or downregulation,*® facilitating
non-invasive diagnosis through the detection of changes in
miRNA concentrations in body fluids. This approach holds
considerable promise for early cancer treatment and prog-
nosis.>* However, challenges such as low miRNA abundance,
high sequence homology, and interference from complex bio-
logical matrices pose significant hurdles to reliable detection,
highlighting the urgent need for the development of sensitive
and specific biosensors.

Numerous methods have been explored for the detection of
miRNA, including microarray analysis''* and quantitative
reverse transcription polymerase chain reaction (QRT-PCR).*>*
Although qRT-PCR is regarded as the gold standard, it has some
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efficacy and reliability in a complex biological environment.

limitations such as cumbersome procedures, stringent
temperature control requirements, and insufficient sensitivity.
Therefore, it is imperative to employ signal amplification
strategies to achieve both accurate and sensitive detection of
target miRNAs.

Conventional signal amplification strategies for nucleic acid
assay can be categorized into enzyme-assisted"**” and enzyme-
free approaches.'®? Enzyme-free methods, which avoid the
constraints of enzymatic processes and offer cost-effectiveness,
have gained popularity for miRNA detection. Notable tech-
niques include catalytic hairpin assembly (CHA),**?" hybrid-
ization chain reaction (HCR),***° and entropy-driven catalytic
(EDC).**** While CHA and HCR involve intricate hairpin
structure designs, EDC employs single-stranded DNA compo-
nents, providing simplicity and efficient signal amplification.
However, traditional EDC systems underutilize output strands,
leading to resource inefficiency. Enhancing the utilization of
EDC output strands could enhance atomic economy and
amplification efficiency, thereby optimizing the EDC platform.
Currently, various signal output modalities are linked with EDC
amplification cycles, such as fluorescence,*** Raman,* ¢ and
electrochemical signals.*’* Among these, fluorescent biosen-
sors'®?* are particularly favored for their stable signals, making
them suitable for quantitative analysis. Fluorescent substances,
including fluorophores,* quantum dots,*** and G-quadruplex
(G4) structures, have been effectively combined with thioflavin
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T (ThT) to produce significant fluorescence while maintaining
cost-effectiveness and versatility.** G4 structures,* which are
guanine-rich DNA sequences capable of folding into specific
tertiary conformations in the presence of metal ions (e.g., Na*
and K'), exhibit strong and stable fluorescence upon binding
with ThT.**** However, using G4 and ThT alone for fluorescence
detection has limitations that hinder their broader application.
For example, while 22AG-derived G4 exhibits the highest ThT
fluorescence enhancement, it is unsuitable as a fluorescence
indicator for bioassays.*” Recent investigations have shown that
G4 dimers produce significantly enhanced fluorescence
compared to G4 monomers under identical conditions, making
them particularly advantageous for biosensor construction.*®
Motivated by these findings, we developed a novel fluores-
cent biosensor that integrates EDC dual-signal output with G4
dimers for the ultrasensitive detection of miRNA, specifically
miRNA-21, as a proof of concept. The biosensor operates via
a comprehensive DNA recycling circuit (Scheme 1) composed of
an entropy-driven amplification reaction and an encapsulated
G4 dimer (named DP). The whole mechanism diagram mainly
consists of two parts, I and II. I consist of the 1 to 4 parts of the
diagram, which represents the double-output EDC reaction.
The EDC reaction is triggered when miRNA-21 and the fuel
strand H4 are present. Through the successive strand
displacement reactions, the 1 to 4 reaction process is driven to
produce two DNA single strands H2 and H3, while miRNA-21 is
continuously involved in the next EDC reaction process. Then, II
consists of 5 and 6 parts of the scheme; 5 represents the process
of the G4 dimer being encapsulated by BP to produce a DP-BP
complex, which restricts the fluorescence signal generating
ability of the G4 dimer. 6 represents that after the interaction of
DP-BP with H2 and H3, the G4 dimer is released. In the pres-
ence of Na', the released DP folds into a specific topology and
binds to ThT, generating the desired fluorescent signal. This
strategy offers two principal advantages: (1) improved resource
utilization by fully exploiting EDC output strands and (2)
enhanced sensitivity for miRNA detection through G4 dimer-
mediated signal amplification. The proposed platform thus
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Scheme 1 Schematic diagram of dual-output EDC amplification
coupled with G-4.
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presents a simple, cost-effective, and efficient approach for
miRNA analysis, with broad applicability in clinical diagnostics.

Experimental
Reagents and apparatus

The detailed description of the reagents and instruments used
in the experimental process can be found in the SI. The nucleic
acid sequences employed are listed in Table S1.

Agarose gel electrophoresis (AGE) and polyacrylamide gel
electrophoresis (PAGE)

To assess the functionality of the designed double-output EDC
reaction, we performed AGE using a 3% gel. The gel was
prepared by dissolving 900 mg of agarose powder in 30 mL of
1x TBE buffer, followed by heating and cooling. For each lane, 5
uL of the prepared reaction mixture was combined with 1 pL of
loading buffer, yielding 6 L of this mixture for electrophoresis.
The agarose gel was run in 1x TBE buffer at a constant voltage
of 120 V on ice for 45 min and then subsequently analysed using
a gel imaging system under 365 nm UV irradiation. For
improved resolution, we used 10% PAGE to verify the entire
reaction process. To prepare 10% PAGE, 1.5 mL of a 40% acryl/
bis solution (19:1 ratio) was mixed with 4.5 mL of 1x TBE
buffer and 60 pL of APS. After thorough mixing, 5 uL of TEMED
was added, and the solution was quickly poured into a casting
mold. Polymerization was allowed to proceed for 10 min.
Sample preparation, electrophoresis, and imaging were carried
out as described for the agarose gel. The initial concentration of
the DNA chains was 1 pM.

Fluorescence test analysis

All DNA strands were dissolved in TE buffer (10 mM Tris-HCI,
1 mM EDTA, pH = 7.6) according to the procedure in the
instruction manual. The strands involved were heated at 95 °C
for 10 min and then cooled naturally to room temperature, after
which they were stored at 4 °C for further use. For the experi-
ments, 0.5 uM H1, H2, and H3 were mixed in a 200 pL Eppen-
dorf tube in volumes of 10 uL each, heated at 95 °C for 10 min,
and then naturally allowed to cool to form the ternary complex
H1-H2-H3. Similarly, the binary complex DP-BP was formed by
mixing 10 pL of 1 uM DP and 10 pL of 1 uM BP using the same
heating and cooling procedure. The ternary complex and binary
complex solutions were then combined and supplemented with
10 pL each of 0.5 uM H4, 100 uM ThT, and 100 nM miRNA-21.
Finally, 20 pL of reaction buffer solution (pH = 7.6, 50 mM Tris-
HCl, 500 mM NacCl) was added to reach a final volume of 100 pL.
The mixture was incubated at 35 °C for 4 h, after which fluo-
rescence was measured using a fluorometer F-7000. The
instrument was set at a voltage of 600 V, with excitation and
emission slits both at 10 nm, at an excitation wavelength of
425 nm, and at an emission spectral range of 450 to 570 nm. In
the control group, 10 pL of 100 nM miRNA-21 was substituted
with 10 pL of the reaction buffer. The change in fluorescence
intensity (AF) was defined as AF = F — F,,, where F represents the
fluorescence response in the presence of miRNA-21 and F,

This journal is © The Royal Society of Chemistry 2025
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represents the response in its absence. Other experimental
groups only need to change the corresponding DNA strands,
while keeping everything else consistent.

Detection performance analysis

Under optimized experimental conditions, 10 pL of miRNA-21
solution with varying concentrations (0.0001 nM, 0.0005 nM,
0.001 nM, 0.005 nM, 0.01 nM, 0.05 nM, and 0.1 nM) were
individually added to the reaction solution according to the
aforementioned fluorescence testing protocol. The fluorescence
values observed at these varying concentrations were then
adjusted by subtracting the control group fluorescence values
measured without miRNA-21 to yield the final fluorescence
difference AF.

Selective testing and serum sample testing

To assess the selectivity of the developed method, three mutant
miRNAs, including single-base mutation (named M1), double-
base mutation (named M2), and triple-base mutation (named
M3), and two homologous miRNAs (let-7a and let-7b) were
selected as replacements for miRNA-21. The experimental
protocol involved substituting miRNA-21 with 10 uL of 100 nM
of the respective mutant or homologous miRNAs for fluores-
cence detection. Additionally, four concentrations of miRNA-21
were spiked into 1% serum samples to evaluate recovery
through fluorescence measurements.

Results and discussion
Feasibility analysis of the biosensor

The two-dimensional structure of the experimental chain was
simulated using the NUPACK simulation software and is pre-
sented in Fig. S1. To evaluate the feasibility of the proposed
sensing system, we characterized the EDC dual signal output
coupled with G4 dimer signal amplification via AGE (Fig. 1B)
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Fig.1 Schematic diagrams (A and C) and AGE analysis of the (B) EDC
dual-signal output amplification process and (D) the entire reaction
process. All strands were at a concentration of 1 uM before mixing.
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and Fig. 1A shows the mechanism diagram of Fig. 1B. Lanes 1-5
correspond to the components miRNA-21, H1, H2, H3, and H4,
respectively. Lane 6, representing a mixture of H1, H2, and H3,
shows a single prominent band, confirming the successful
formation of the ternary complex product H1-H2-H3. However,
when H1-H2-H3 was combined with H4, lane 7 displays
a weaker band indicative of the H1-H4 complex product, sug-
gesting some background interference in the reaction. Lane 8
reveals a prominent band for the H1-H3-miRNA-21 complex
upon the addition of target miRNA-21, with nearly complete
disappearance of the ternary complex, confirming that H2 had
been effectively replaced by the target miRNA. Subsequently,
upon mixing miRNA-21, fuel chain H4, and H1-H2-H3, lane 9
reveals an intensified band for H1-H4, while the bands corre-
sponding to H1-miRNA-21-H3 and H1-H2-H3 diminished,
indicating the successful completion of the entire EDC reaction.

Besides, we employed 10% PAGE to resolve the bands better.
Fig. 1C shows the diagram of the mechanism illustrated in
Fig. 1D. As shown in Fig. 1D, lanes 1 and 2 represent the indi-
vidual bands of DP and BP, respectively. Lane 3 shows the DP-
BP complex. The addition of H2 and H3 (lane 4) produced
a band migrating higher than the DP-BP complex, along with
the presence of the BP band, suggesting that H2 and H3
displace BP by reacting with DP-BP. However, lane 5 shows no
new band when H4 was mixed with DP-BP, indicating that H4
does not interact with DP-BP. In lane 6, when the ternary
complex H1-H2-H3 was mixed with DP-BP, no H2-DP or H3-
DP band was observed, indicating a lack of reaction. Following
the introduction of miRNA-21, lane 7 exhibits a H2-DP band,
confirming the previous observations that H2, displaced by
miRNA-21, could react with DP-BP. Furthermore, lanes 8 and 9
show H1-H4, H2-DP, and H3-DP bands, along with a darker BP
band, confirming the interaction of the EDC reaction product
with DP-BP.

These findings confirmed the effective design of the EDC
dual-output reaction in synergy with the G4 dimer. To further
validate this system for miRNA-21 detection, we tested the
signal amplification capabilities of single-output and dual-
output EDC reactions. H1-nH2-H3 represents the construct
lacking the H2 signal output, H1-H2-nH3 represents the
construct lacking the H3 chain signal output, and H1-H2-H3
represents the construct with both H2 and H3 signal outputs.
We then recorded fluorescence spectra for these three groups
under identical conditions, both with and without the target. As
shown in Fig. 2A and B, a distinct difference in fluorescence
signals was observed depending on the presence of miRNA-21,
with the target triggering the EDC reaction and facilitating the
release of the G4 dimer, which in turn generated the fluores-
cence signal. Additionally, the fluorescence signal difference
observed with H1-H2-H3 was greater than that observed with
either H1-nH2-H3 or H1-H2-nH3, indicating that the dual-
output EDC reaction provides higher signal amplification
than the single-output EDC reactions. Collectively, the results
from AGE and fluorescence spectroscopy demonstrate the
feasibility of this biosensing approach.
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Fig. 2 (A) Fluorescence spectra to validate the binding strategy of the
EDC double output reaction with G4 dimers and (B) its graph
histogram.

The circular dichroism of DP

In order to verify the successful formation of the G4 dimer and
its effective interaction with ThT, we recorded the circular
dichroism (CD) spectra of G4 dimer/ThT in the presence of
500 mM Na'. As shown in Fig. 3, the CD spectra of the G4 dimer
presented strong analytical peaks, with a negative peak at
260 nm and a positive peak at 290 nm, indicative of the dimer
adopting an antiparallel topology.*” As reported, for the binding
mode of G4 dimers with ThT, positive CD bands above 350 nm
indicate a groove-binding mode, while negative CD bands above
350 nm indicate an insertion-binding mode.** These observa-
tions confirmed the successful formation of the G4 dimer and
its effective interaction with ThT.

Performance testing of the constructed strategy

Before conducting performance testing, experimental condi-
tions were optimized to ensure that subsequent experiments
were carried out under optimal conditions. The concrete anal-
ysis is detailed in Fig. S2. The optimized conditions obtained
were as follows: an NaCl concentration of 500 mM, a reaction
time of 4 hours, a reaction temperature of 35 °C, and a ratio of
H1-H2-H3 to H4 of 1:1. Under the aforementioned optimized
experimental conditions, the performance of the constructed
strategy was analysed. Fig. 4A shows a mechanistic diagram of
the fluorescence change of the strategy at different concentra-
tions of miRNA-21. As shown in Fig. 4B, the fluorescence signal
of the reaction increased progressively with higher concentra-
tions of miRNA-21, ranging from 0.0001 nM to 0.1 nM. Fig. 4C
illustrates a strong correlation between AF and the

D 8
)
©
| g6 290
Na* £ 465
o £ 4
5, 350
r 8
- 8o
&
=7 37 260 N
- H 430
Q-4

250 300 350 400 450 500
Wavelength (nm)

Fig. 3 CD spectrum of DP. Experimental conditions: 5 uM DP, 20 uM
ThT.
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Fig.4 (A) lllustration depicting the fluorescence produced by different
miRNA-21 concentrations in the constructed strategy. (B) Fluores-
cence emission spectra of this sensor when varying miRNA-21
concentrations are present (0.0001 nM, 0.0005 nM, 0.001 nM,
0.005 nM, 0.01 nM, 0.05 nM, and 0.1 nM). (C) Variation in AF in the
presence of varying miRNA-21 concentrations. (D) The calibration
curve of AF versus the logarithms of miRNA-21 concentrations.

concentration change of miRNA-21. As seen in Fig. 4D, the AF
exhibited a linear relationship with the logarithm of the miRNA-
21 concentrations ranging from 0.0001 nM to 0.1 nM, expressed
using the linear equation AF = 128.01lgC + 557.51, with
a correlation coefficient (R*) of 0.9974. The limit of detection
was calculated to be 82 fM (S/N = 3). In comparison to other
methodologies, as summarized in Table 1, our approach
demonstrates superior sensitivity for miRNA-21 detection.

Specificity analysis of the constructed strategy

To assess specificity, we also tested two miRNA-21 homologous
related miRNAs, including let-7a and let-7b, and mutants M1,
M2, and M3. The results in Fig. 5D reveal a marked difference in
the intensity of the fluorescent signals generated by miRNA-21
compared to these interferents, indicating that our strategy
exhibits excellent specificity for miRNA-21.

Application of biosensors in human serum analysis

To explore the practical applications of the developed
biosensor, we conducted standard addition tests with 1%
human serum samples. Four concentrations of miRNA-21 (1, 5,
10, and 50 pM) were evaluated, with each concentration assayed
in triplicate. The results, shown in Table 2, revealed recoveries
ranging from 92.4% to 100%, with relative standard deviations
(RSDs) between 1.6% and 2.4%. These findings indicate that the
constructed sensor is capable of effectively detecting miRNA-21
in real serum samples.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Comparison of different enzyme-free methods for miRNA determination

Method Signal Linear range LOD Ref.

EDC FL 0.5 to 200 nM 1.86 pM 33
EDC FL 0.1to 1 nM 12 pM 8
EDC FL 0 to 10 nM 10 pM 49
EDC + DNAzyme FL 0.1 to 100 nM 17 pM 50
EDC + DNAzyme FL 0.05 to 2 nM 21 pM 32
EDC FL 0.2 to 2 nM 100 pM 34
DNAnanosphere + CHA FL 0.05 to 3.5 nM 2 pM 51
HCR + SDA FL 100 fM to 50 nM 92.7 ftM 52
CHA + HCR uv 0.010 to 1.0 nM 2.8 pM 53

EDC + G4-dimer FL 0.1 to 100 pM 82 fM This work

1200 simplifying the process and reducing costs, while maintaining

Name Sequence (5'-3) . [P . - . . . .
1000 ] high specificity for discriminating single-/multi-nucleotide
miRNA-21 UAGCUUAUCAGACUGAUGUUGA c . ;

3 w0 M1 UAGCUUAUCAGACUGALIGUUGA mismatches and homologous miRNAs. The modular design of

$ o T G SR the sensor facilitates its adaptation to detect other miRNA

< » M3  UAGCUUUUCAGACAGAUCUUGA targets by simply reconfiguring the sequence of the EDC output

let-7a UGAGGUAGUAGGUUGUAUAGUU strands. Successful validation in human serum samples yielded

0 let-7b  UGAGGUAGUAGGUUGUGUGGUU recovery rates ranging from 96.2 to 104.8% (RSD < 5.2%),
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Fig. 5 Specificity analysis of the strategy.

Table 2 Recovery experiments for miRNA-21in 1% real human serum

Found Recovery RSD
Sample Added (pM) (pM) (%, n =3) (%, n=3)
1% Serum 1.00 0.92 92.4 2.4
5.00 5.03 100 1.7
10.00 9.88 98.8 1.6
50.00 48.03 96.0 2.0

Conclusions

In conclusion, this study presents a novel fluorescent biosensor
aimed at achieving ultrasensitive detection of miRNA-21. By
integrating a dual-output EDC amplification system with G4
dimer-mediated fluorescence enhancement, we have intro-
duced several key innovations and advantages: (1) enhanced
amplification efficiency. The dual-output configuration
surpasses that of conventional single-output EDC systems,
maximizing strand utilization and significantly improving
amplification efficiency. This advancement enables a remark-
able detection limit of 82 fM (S/N = 3) within a linear range of
0.1-100 pM (R* = 0.998); (2) superior fluorescence response.
Thanks to the high quantum yield of G4 dimers and their facile
activation by EDC output strands, our biosensor achieves
substantial fluorescence enhancement, allowing for enhanced
signal-to-noise discrimination; (3) label-free and cost-effective
platform. The enzyme-free operation eliminates the need for
DNA chemical modification or exogenous enzymes, thus

This journal is © The Royal Society of Chemistry 2025

highlighting its clinical potential. This work lays the foundation
for a versatile, cost-effective, and scalable platform for nucleic
acid detection, offering significant promise for early cancer
diagnostics.
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