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ABSTRACT

MicroRNAs (miRNAs) are promising biomarkers for cancer, offering a minimally invasive approach for
liquid biopsy. However, their low abundance in clinical samples poses a major challenge for detection
sensitivity and analytical reliability. Herein, this study reports a fluorescence-electrochemical dual-
mode sensor that integrates multiple signal amplification strategies for the ultrasensitive detection of
miRNA-21. MXene-gold nanoparticle (AuNP) composite were first modified on the electrode surface to
enable efficient probe loading and enhanced electron transfer to amplify signal. The urchin-shaped cova-
lent organic frameworks (COFs) facilitated more efficient methylene blue loading, with the unique struc-
ture further enhancing signal response. Combined with the miRNA-21 triggered entropy-driven catalysis
(EDC)-DNA catalysis (DNAzyme) cascade amplification, the sensor realized a multi-level synergistic sig-
nal enhancement, demonstrating remarkable sensitivity. Notably, the urchin-shaped COFs served dual
roles as both fluorescent reporters and nanocarriers, facilitating dual-mode signal readout. Under opti-
mized conditions, the sensor exhibited a linear response to miRNA-21 in the range of 1-10° fmol-L™!, with
detection limits of 0.285 and 0.342 fmol-L~! for the electrochemical and fluorescence modes, respectively.
The platform enabled accurate detection of miRNA-21 in human serum and cancer cells. It provides a
viable pathway for early cancer diagnosis with sensitivity and reliability.
© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

attention. They are endogenous, non-coding RNAs approximately
19-25 nucleotides in length. miRNAs play a key role in regulating

Early diagnosis of cancer is critical for guiding effective treat-
ment and improving patient survival. Conventional invasive tech-
niques, such as biopsy and endoscopy, are widely used in clinical
practice. However, their complexity and associated risks limit their
applicability for continuous monitoring of early lesions [1]. Liquid
biopsy has emerged as a non-invasive, efficient, and real-time
alternative. It enables the capture of circulating molecular
biomarkers before visible histopathological changes occur, thereby
offering a more sensitive early warning signal [2]. Among these
biomarkers, microRNAs (miRNAs) have attracted considerable
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gene expression and are closely linked to the development of var-
ious cancers. In particular, miRNA-21 is a representative oncogenic
miRNA that is consistently overexpressed in multiple malignan-
cies. It has emerged as a reliable biomarker for early diagnosis
[3]. Therefore, developing a simple, accurate, and highly sensitive
miRNA-21 detection method is essential for advancing early diag-
nostic capabilities in cancer.

Currently, several established analytical techniques are avail-
able for detecting miRNA-21, including quantitative real-time flu-
orescent polymerase chain reaction (qRT-PCR), northern blot, and
next-generation sequencing. However, these techniques generally
involve high costs, lengthy processing times, and reliance on
specialized equipment, limiting their widespread application [4].
With the rapid progress of biosensing technologies, various new
platforms, such as electrochemical, fluorescent, and colorimetric
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sensors have emerged, accelerating the evolution of miRNA-21
detection toward faster, more portable, and more affordable
approaches. For example, Dong et al. [5] constructed fluorescent
signal probes by synthesizing gold nanoparticles (AuNPs) and sil-
ver nanoclusters, achieving femtomolar-level quantitative detec-
tion of miRNA-21. In another study, Yang et al. [6] designed a
dissipative DNA network for electrochemical detection of miRNA-
21. This design enabled self-resetting capability and significantly
improved both reusability and sensitivity. Notably, both
approaches rely on a single signal output channel. Such systems
remain vulnerable to environmental interference, which can lead
to signal error and compromised reliability [7]. To address this lim-
itation, increasing attention has been directed toward dual-mode
sensing strategies. These platforms integrate two independent
yet complementary signal transduction mechanisms [8,9]. For
example, Shi et al. [10] developed an electrochemical-colorimetric
dual-mode sensor based on DNA nanorings, AuNPs, and graph-
diyne for the specific detection of miRNA-21. Through complemen-
tary signal verification and self-calibration, this system effectively
improved interference resistance and analytical accuracy. Conse-
quently, constructing dual-mode sensing platform with self-
calibration capability has become a highly promising and neces-
sary development direction for achieving reliable and precise
miRNA detection in complex biological environments.

The extremely low abundance of miRNA-21 in body fluids poses
a major challenge for sensor sensitivity. To address this, two main
strategies are typically employed: integrating functionalized nano-
materials to enhance target capture and incorporating signal
amplification mechanisms to boost response intensity [11,12].
Among them, non-enzymatic signal amplification strategy have
attracted widespread attention due to their operational simplicity
and stability. These approaches applied the programmability of
DNA to construct isothermal amplification via strand hybridization
and displacement [13]. Representative non-enzymatic amplifica-
tion methods have been widely used for highly sensitive miRNA
detection, such as hybridization chain reaction (HCR), catalytic
hairpin assembly (CHA), DNA catalysis (DNAzyme), and entropy-
driven catalysis (EDC) [14-18]. It is worth noting that, due to the
high programmability of DNA, various multi-module cascade
amplification strategies have been developed, such as CHA-
DNAzyme, CHA-HCR, and EDC-DNAzyme. These systems employ
upstream reaction products as triggers to activate downstream
amplification modules, enabling multi-stage amplification with
markedly enhanced sensitivity [19-21]. Specifically, the EDC-
DNAzyme strategy combines the low background of EDC with
the highly efficient catalytic properties of DNAzyme, achieving effi-
cient and specific miRNA detection without reliance on proteases,
demonstrating unique application potential.

With advances in nanotechnology, multifunctional materials
also play a crucial role in improving sensor performance. MXene,
a novel two-dimensional nanomaterial, is typically constructed
by selectively etching the A layer from MAX phase precursors,
which consist of the transition metal (M), the main group element
(A), and carbon and/or nitrogen (X) [22,23]. Owing to its high
metallic conductivity, large surface area, and layered structure
with abundant active sites, MXene has attracted considerable
attention in sensing platform [24,25]. To further enhance sensor
performance, noble metal nanoparticles, particularly AuNPs, have
been integrated into MXene to construct MXene-AuNPs. These
composite materials markedly enhance electrochemical respon-
siveness and target recognition, making them ideal candidates
for the development of high-performance electrochemical sensors
[26]. In parallel, covalent organic frameworks (COFs), a class of
ordered porous crystals linked by strong covalent bonds, have also
attracted significant attention due to their high surface area, tun-
able pores, and exceptional stability [27]. The unique porous struc-

256

Engineering 65 (2026) 255-268

ture not only enhances the interaction between target molecules
and probes, but also efficiently enriches electroactive molecules
through adsorption or electrostatic interactions. This significantly
enhances the local current density, providing COFs with a distinct
advantage as carrier in developing highly sensitive electrochemical
sensors [28]. Meanwhile, the programmable organic frameworks
and m-conjugated systems endow some COFs with excellent fluo-
rescence properties. By incorporating optical functional groups,
COFs can generate fluorescence changes upon target recognition,
demonstrating potential as fluorescent probes [29]. This dual func-
tionality of COFs provides new avenues for designing multi-mode
sensor platforms, further improving detection accuracy and anti-
interference capabilities.

Inspired by these advantages, this study rationally designed a
fluorescence-electrochemical dual-mode sensor with the multiple
signal amplification strategy for highly sensitive detection of
miRNA-21. First, we synthesized MXene-AuNPs composites and
modified them onto the electrode. These materials improve both
electrical conductivity and probe loading capacity, providing initial
signal amplification. Next, we constructed urchin-shaped COFs
with hierarchical porous structures. These COFs serve as an effi-
cient carrier for loading methylene blue (MB), an electrochemical
signal molecule. This design enhances the current response and
further amplifies the signal. Importantly, the urchin-shaped COFs
also exhibit intrinsic fluorescence, directly generating an optical
readout. This dual functionality establishes a solid material foun-
dation for constructing a fluorescence-electrochemical sensor. To
achieve multilevel signal amplification, we introduced an EDC-
DNAzyme cascade strategy. Even trace amounts of miRNA-21 can
trigger this cascade, producing a marked increase in fluorescence
signal along with a steep decrease in electrochemical signal.
Together, these dynamic changes not only further enhanced the
overall sensitivity of sensor, but also ensure reliable detection
through the complementarity and self-correction of fluorescence
and electrochemical signals in complex body fluid, providing pow-
erful technical support for early disease diagnosis.

2. Experimental section
2.1. Reagents and apparatus

The related information was presented in Sections S1.1 and S1.2
in Appendix A.

2.2. Synthesis of MXene and MXene-AuNPs

Based on previously reported approaches, the preparation
method for MXene-AuNPs was suitably modified [24]. First,
MXene was synthesized through chemical etching. Briefly,
500 mg of titanium aluminium carbide (TizAlC,) powder was grad-
ually added to 20 mL of 40% hydrofluoric acid (HF) and stirred at
35 °C for 36 h. The precipitate was repeatedly washed with deion-
ized water until the supernatant of the final centrifugation reached
a pH above 6, after which the solid was collected and freeze-dried.
For AuNPs loading, 40 mg of the prepared MXene was ultrasoni-
cally dispersed in 40 mL of ultrapure water to form a uniform sus-
pension. Then, 4 mL of a 1% chloroauric acid (HAuCly-3H,0)
solution was slowly introduced, followed by stirring at 35 °C for
20 min. The final product was collected by centrifugation and
freeze-dried to obtain MXene-AuNPs.

2.3. Preparation of urchin-shaped COFs

To prepare the
1,3,5-tri(4-aminophenyl)benzene

urchin-shaped COFs, 28.1 mg of
(TAPB) and 233 mg of
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2,5-dimethoxybenzene-1,4-dicarboxaldehyde (DMTA) were dis-
solved in 10 mL acetonitrile under ultrasonication until clear. Then,
2.6 mL of 12 mol-L™! acetic acid was added at 1000 r-min! and
stirred for 1 min, followed by standing at room temperature (RT)
for 48 h. The product was collected by centrifugation, washed
several times with tetrahydrofuran and ethanol, and vacuum-
dried at 60 °C for 12 h.

2.4. Preparation of DNA strand H5-functionalized COFs (H5-COFs)
probe

Prior to use, H5 (10 pmol-L™') was heated at 95 °C for 5 min and
slowly cooled to RT to promote the formation of the hairpin struc-
ture. Subsequently, 100 pL of 20 mgmL' EDC/N-
hydroxysuccinimide (NHS) and 5 mmol-L™! Tris(2-carboxyethyl)
phosphine hydrochloride were added to the H5 solution. The acti-
vated H5 was combined with 100 puL of urchin-shaped COFs solu-
tion and incubated at 37 °C for 2 h. The mixture was centrifuged at
8000 r-min~! for 10 min to remove unreacted DNA, and the precip-
itate was washed several times with phosphate-buffered saline
(PBS). The final product (H5-COFs) was dispersed in ultrapure
water and stored at 4 °C for further use.

2.5. EDC amplification system

First, DNA strands H1-H4 (1 umol-L~! each) were first heated at
95 °C for 5 min and slowly cooled to RT. H1, H2, and H3 were
mixed and incubated at 37°C for 2 h to form a stable three-
stranded complex. Subsequently, varying concentrations of
miRNA-21 were introduced to initiate the reaction. Fuel strand
H4 (5 pL) was then added and the mixture was further incubated
at 37 °C for 1 h. The final amplification system consisted of H1-
H4 complexes together with unbound H2, H3, and miRNA-21,
where miRNA-21 re-entered the cycle to continuously drive the
amplification process.

2.6. Construction of the dual-mode sensor

The glassy carbon electrode (GCE) was polished using alumina
slurry and rinsed with ultrapure water to remove impurities. The
GCE/MXene-AuNPs were prepared by dropping 5 pL of MXene-
AuNPs solution (1 mg-mL™!) onto the electrode surface and incu-
bating at 37 °C for 45 min. Subsequently, 5 pL of H5-COFs was
immobilized onto the electrode surface via Au-S bonding to obtain
GCE/MXene-AuNPs/H5-COFs. To block nonspecific binding sites,
the electrode was treated with 0.1 mmol-L"! 6-mercapto-1-
hexanol (MCH) for 40 min. After each modification step, the elec-
trode was rinsed three times with PBS to remove unbound materi-
als. Next, 5 L of the EDC reaction product and 5 pL of 20 mmol-L™!
Pb%* were added to the electrode and incubated at 37 °C for 90 min.
Following the reaction, the cleaved H5-COFs fragments were col-
lected in 50% ethanol for fluorescence analysis. Finally, 5 uL MB
(2 mmol-L™!) was added to the electrode plate and incubate for
75 min. After rinsing, differential pulse voltammetry (DPV) was
collected to record the electrochemical signal.

2.7. Real sample analysis

HelLa (cervical cancer), MCF-7 (breast cancer), and HCT116 (col-
orectal cancer) cells were cultured in medium supplemented with
10% fetal bovine serum and penicillin-streptomycin, and were
maintained in Dulbecco’s Modified Eagle Medium (DMEM). All
cells were incubated at 37 °C in a humidified atmosphere with
5% CO,. To obtain cell lysates, cells grown to the desired density
were first rinsed with PBS and resuspended in 500 uL of lysis buf-
fer. Total RNA was then extracted from the three cell types using
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the Trizol method and stored at —80 °C until use. Finally, miRNA-
21 levels in these cells were assessed using both the constructed
sensor and qRT-PCR.

3. Results and discussion
3.1. Principle of dual-mode sensor detection for miRNA-21

Fig. 1 illustrates the principle of the fluorescence-electrochemical
dual-mode sensor based on the multi-signal amplification strategy
for miRNA-21 detection. The sensor construction began with the
preparation of layered MXene by chemical etching, followed by
the in situ reduction of HAuCl, to uniformly anchor AuNPs onto
its surface, thereby forming MXene-AuNPs nanocomposites modi-
fied on the electrode. This substrate provided both efficient elec-
tron transport and abundant active sites, establishing a platform
for subsequent electrochemical reactions, achieving preliminary
signal amplification in the sensor (Fig. 1(a)). In parallel, urchin-
shaped COFs were synthesized at RT through Schiff base condensa-
tion between TAPB and DMTA, with acetic acid content carefully
tuned to control the morphology. These COFs exhibited strong
intrinsic fluorescence and, more importantly, their porous frame-
works enabled efficient loading of the signal molecule MB. This
structural advantage further contributed to signal enhancement.
Subsequently, the COFs were covalently coupled with carboxyl-
functionalized H5 via amide reaction to form the H5-COFs probe
for the sensing platform. This design facilitated the subsequent
dual-mode output of fluorescence and electrochemical signals
(Fig. 1(b)).

In construction of the dual-mode sensor (Fig. 1(c)), MXene-
AuNPs were first immobilized onto the electrode surface. The
H5-COFs probe was then anchored through Au-S bonds formed
between its terminal thiol groups and the AuNPs. Finally, remain-
ing active sites were blocked with MCH. These H2 strands acted as
triggers for the downstream DNAzyme cycle by hybridizing with
the recognition domain of H5, which contained an rA cleavage site.
This hybridization activated the Pb?*-dependent DNAzyme,
enabling cleavage of the H5-COFs probe. Importantly, miRNA-21
was not consumed during this process but re-entered successive
cycles, continuously driving the cascade reaction. Through this cyc-
lic triggering-cascade cleavage mechanism, extensive fragmenta-
tion of the H5-COFs probe was achieved, resulting in significant
signal amplification. On the one hand, the fragmented H5-COFs
released into the ethanol solution generated an enhanced fluores-
cence signal. On the other hand, the reduced amount of H5-COFs
available on the electrode surface for MB loading led to a pro-
nounced decrease in the electrochemical signal.

This fluorescence-electrochemical sensor detects miRNA-21
with high sensitivity and accuracy. The design combines three
functional elements including MXene-AuNPs for signal transduc-
tion, urchin-shaped COFs for signal generation, and an EDC-
DNAzyme cascade for signal amplification. More importantly, the
dual-mode readout provides built-in self-calibration, ensuring reli-
able measurement of low-abundance miRNA-21 in body fluids.

3.2. Characterization of MXene-AuNPs nanocomposites

The synthesis of MXene-AuNPs was illustrated in Fig. 2(a). First,
the aluminum layer of TizAlC, was selectively etched using HF,
successfully yielding TisC,T, MXene with an expanded interlayer
spacing. Owing to the surface termination groups (-F, -0, and
-0OH) on MXene nanosheets, AuCl;~ could be directly reduced by
—-OH groups to form AuNPs anchored onto the MXene surface. To
investigate the structural characteristics, scanning electron micro-
scopy (SEM) was performed on TisAIC,, MXene, and MXene-
AuNPs, respectively. As shown in Fig. 2(b), TizAlC; (MAX phase)
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Fig. 1. Principles and construction of the dual-mode sensor based on multiple signal amplification. (a) Synthesis of MXene-AuNPs nanocomposite material. (b) Preparations
of urchin-shaped COFs and construction of H5-COFs probe. (c) Design of the fluorescence-electrochemical dual-mode sensor for miRNA-21 detection. EC: electrochemical;

FL: fluorescence.

exhibited a typical cubic block-like morphology. After the removal
of Al, MXene displayed a graphene-like, accordion-shaped multi-
layer structure, which was consistent with previous reports [30].
This unique nanostructure provided a larger surface area, substan-
tially enhancing interfacial reaction efficiency. Furthermore, after
reduction, Au>* formed uniformly distributed AuNPs on the layered
surface of MXene. Elemental mapping confirmed the uniform dis-
tribution of Au, Ti, O, and F, validating the compositional homo-
geneity and structural stability of the MXene-AuNPs. With the
superior electron transport capability of MXene and the abundant
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binding sites contributed by AuNPs, the MXene-AuNPs would
make significant contributions in advancing highly sensitive elec-
trochemical detection [31].

The composition and crystal structure of the material were fur-
ther confirmed by X-ray diffraction (XRD) in Fig. 2(c). The charac-
teristic peaks of TizAlC; matched well with the standard reference
(PDF#52-0875). After etching, the (104) peak of TisAlC, disap-
peared, while the distinct peaks of MXene at (004), (006), (103),
(105), and (110) emerged, indicating complete removal of alu-
minum and the successful synthesis of multilayer MXene [32].
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After in situ reduction of HAuCl,, additional peaks appeared at
38.7°, 45.0°, and 65.2°, corresponding to the (111), (200), and
(220) planes of face-centered cubic Au. These results collectively
confirmed the successful formation of MXene-AuNPs [33]. X-ray
photoelectron spectroscopy (XPS) technique was employed to
investigate the electronic states and chemical composition. The full
XPS spectra (Fig. 2(d)) revealed the presence of F, O, Ti, C, and Au,
confirming the successful formation of MXene-AuNPs. As shown in
Fig. 2(e), the Au 4f spectrum displayed two peaks at 83.95 and
87.7 eV, corresponding to Au 4f;, and Au 4fs,, respectively. The
binding energy gap between these two peaks was 3.75 eV, indicat-
ing the successful reduction of Au to Au (0) [34]. In C 1s spectrum,
four characteristic peaks were observed at 281.85, 284.6, 286.3,
and 288.6 eV, corresponding respectively to the C-Ti-O, C-C,
C-0H, and O-C=0 groups. The Ti 2p spectrum revealed three char-
acteristic Ti chemical states within MXene-AuNPs, namely Ti-O,
Ti-C, and Ti-F, with corresponding binding energies of
459.2/464.01 eV, 455.2/461.8 eV, and 456.34 eV. In addition, the
O 1s spectrum could be deconvoluted into four peaks at 529.59,
530.7, 532.1, and 533.6 eV. The first three peaks were attributed
to O-Ti, C-Ti-0, and C-Ti-OH, respectively, while the 533.6 eV
peak corresponded to physically or chemically adsorbed water
[35].

3.3. Characterization of the signal probe H5-COFs

The preparation method of the signal probe H5-COFs is shown
in Fig. 3(a). Unlike conventional solvothermal synthesis, in this
work, TAPB and DMTA were employed as reacting monomers,
yielding the uniform COFs through 48 h at RT [36]. Given that
the concentration of reducing agent (acetic acid) significantly influ-
ences the morphology of COFs, this study successfully synthesized
urchin-shaped COFs with stronger adsorption capacity and larger
specific surface area [37]. In addition, the abundant amino groups
on the urchin-shaped COFs surface allowed H5 to be stably immo-
bilized through the condensation reaction between amino and car-
boxyl groups, thereby constructing the signal probe [38]. The SEM
image reveals that the COFs adopt a distinct urchin-shaped mor-
phology with uniformly protruding surfaces (Fig. 3(b)). Transmis-
sion electron microscopy (TEM) image further highlights that its
interior exhibits a regular radial branching architecture. This radial
structure provides abundant micropores and interconnected chan-
nels, facilitating rapid molecular diffusion into the framework and
markedly enhancing adsorption performance (Fig. 3(c)). Subse-
quently, the synthesis of the H5-COFs probe was investigated by
energy-dispersive spectroscopy (EDS). The results revealed that
the surface of H5-COFs contained four elements, namely C, N, O,
and P (Fig. 3(d)). In contrast, the EDS imaging of urchin-shaped
COFs displayed only C, N, and O elements (Fig. S1 in Appendix
A). This indicated that the single-stranded H5 had successfully
attached to the COF surface [39]. Then, the structure of COFs was
examined using Fourier transform infrared (FT-IR). As shown in
Fig. 3(e), a distinct band at 1592 cm™' corresponding to C=N
stretching confirmed the formation of imine linkages through the
Schiff-base reaction between the amine groups of TAPB and the
aldehyde groups of DMTA. Concurrently, the disappearance of
the amino group stretching vibration peaks of TAPB at 3212 and
3355 cm™!, along with the characteristic aldehyde peak of DMTA
at 1676 cm™!, further corroborated the formation of imine bonds
within the urchin-shaped COFs [40]. Importantly, the crystallinity
of the COFs was verified by powder XRD (PXRD). As shown in
Fig. 3(f), the urchin-shaped COFs exhibited a strong diffraction
peak at 20 = 2.78°, accompanied by a series of weaker peaks at
20 = 4.78°, 5.56°, 7.36°, 9.66°, and 25.22°. These corresponded to
the (100), (110), (200), (210), (220), and (001) crystal planes, indi-
cating the material possessed excellent crystallinity [41]. Interest-
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ingly, theoretical modeling using Materials Studio revealed that
the experimental PXRD pattern closely matched the simulated pat-
tern based on the AA stacking model, with fitting parameters of
profile residual (R;) 3.36% and weighted profile residual
(Rwp) = 4.87%. The COFs crystallized in the P6/M space group with
lattice parameters a = b = 38.05 A, ¢ = 3.85 A, o = g = 90°, and
Y 120° [42]. Accordingly, the calculated pore diameter of
3.3 nm provided sufficient space to facilitate the diffusion and
encapsulation of small dye molecules such as MB (14.5 A x 9.5 A
x 4.2 A) within the channels (Fig. 3(g)) [43].

Meanwhile, XPS was further employed to examine the chemical
composition and elemental states of the COFs. In the full spectrum,
signals at 285, 399, and 534 eV were assigned to C 1s, N 1s, and O
1s, respectively (Fig. 3(h)) [44]. The chemical composition and
bonding states of the COFs were further confirmed by deconvolu-
tion of the respective elemental peaks (Fig. S2 in Appendix A). In
the C 1s region, peaks at 284.8 and 286.5 eV were attributed to
C-C and C-0O bonds. The N 1s spectrum showed peaks at 398.9
and 399.7 eV, corresponding to C=N and C-N bonds, while the O
1s spectrum exhibited two peaks at 531.8 and 533.6 eV, indicating
the presence of C-0 and C=0 groups within the framework. Fur-
thermore, the fluorescence property of the COFs was investigated,
revealing optimal excitation and emission wavelengths of 402 and
515 nm, respectively. In aqueous solution, they appeared pale yel-
low under natural light, while exhibiting a bright green emission
under ultraviolet irradiation (Fig. 3(i)). More significantly, the fluo-
rescence intensity of the COFs remained virtually unchanged over
extended storage periods, retaining 96.9% of their initial fluores-
cence level after ten days (Fig. S3 in Appendix A). In addition, the
thermal stability of the urchin-shaped COFs was evaluated using
thermogravimetric analysis (TGA) under the N, atmosphere. As
depicted in the TGA results, they exhibited excellent thermal sta-
bility prior to 400 °C, with approximately 3.5% weight loss, primar-
ily attributed to the evaporation of residual water and organic
solvents (Fig. S4 in Appendix A) [45]. These findings collectively
demonstrated that the urchin-shaped COFs could serve as effective
carriers and stable luminescent element for sensor applications.
Notably, after modification with DNA, the zeta potential shifted
from -28.29 to —40.96 mV (Fig. 3(j)) [46]. This result was consis-
tent with the EDS results, both confirming the effective construc-
tion of the H5-COFs probe.

3.4. Construction of fluorescence-electrochemical dual-mode sensor

To validate the successful construction of the dual-mode sensor
based on multiple signal amplification, the stepwise assembly of
the electrode was first systematically examined using electro-
chemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV). In the Nyquist plots from EIS, the electron transfer resistance
(Ret) is reflected by the diameter of the semicircle. As shown in
Fig. 4(a), the Ret value of the polished bare GCE was 176.59 Q
(curve i), attributed to the relatively facile electron transfer of
[Fe(CN)g]*~*~ on the unmodified electrode. Following modification
with MXene-AuNPs, the resistance decreased to 128.95 Q owing
to the excellent conductivity of the nanocomposite (curve ii). Fur-
thermore, when the H5-COFs probe was anchored to the electrode
surface through Au-S bonds, the Ret rose sharply to 474.76 Q
(curve iii). This increase was attributed to the negatively charged
phosphate backbone of H5, which repelled the negatively charged
[Fe(CN)s]>~/*~ in solution, along with additional steric hindrance
from the COFs framework [47]. Subsequently, blocking the remain-
ing active sites with MCH caused a further increase in resistance to
557.74 Q (curve iv). Notably, when MB molecules were absorbed
into the stem-loop structure of H5 and confined within the pores
of urchin-shaped COFs, the Ret reached its maximum value of
938.56 Q due to the poor conductivity of MB (curve v). Finally,
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Fig. 3. Construction of H5-COFs signal probe based on urchin-shaped COFs. (a) Synthesis route for H5-COFs signal probe with dual functions as illuminator and carrier.
(b) SEM images of the urchin-shaped COFs. (¢) TEM images of the H5-COFs. (d) The corresponding EDS elemental mapping images of H5-COFs. (e) FT-IR spectrum of TAPB,
DMTA, and the urchin-shaped COFs. (f) PXRD pattern. (g) Eclipsed stacking. (h) High-resolution XPS spectra of urchin-shaped COFs. (i) Excitation and emission spectra of
urchin-shaped COFs. The inset shows the photos of the COFs under daylight (left) and ultraviolet light (right). (j) Zeta potential measurements of COFs and H5-COFs.

H2 containing the DNAzyme sequence and the catalyst Pb?" were
simultaneously introduced onto the electrode surface, causing
the Ret value to decrease to 570.1 Q (curve vi). This decrease
was caused by the Pb*-activated cleavage of the
DNAzyme substrate embedded in H5, which disrupted the stem-
loop configuration and released the MB-loaded COFs probes from
the electrode surface. The resulting reduction in steric hindrance
created more favorable conditions for electron transfer [48,49].
Correspondingly, the CV curves in Fig. 4(b) clearly tracked the same

261

progressive assembly process. The consistency between EIS and CV
confirmed the successful construction of the electrochemical sen-
sor. Furthermore, to clarify the origin of signals on the electrodes,
different functional materials were individually modified onto
the electrode surfaces, and their electrochemical responses were
systematically evaluated via DPV (Fig. S5 in Appendix A). As a
result, when the electrode was immobilized solely with H5 or
H5-COFs, negligible current signals were observed due to the
absence of electroactive molecules. In contrast, upon introducing
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Fig. 4. Construction of the dual-mode sensor for miRNA-21 detection. (a) EIS and (b) CV characterization of electrodes at various steps of modification in a 5 mmol-L™!
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GCE/MXene-AuNPs/H5-COFs/MCH/MB/H2/Pb?*, the higher right inset was Randles equivalent circuit for EIS. (c) DPV signals obtained by modifying electrodes by AuNPs and
MXene-AuNPs, respectively. (d) DPV signals of the sensor with spherical COFs and urchin-shaped COFs as MB carriers, respectively. (e) Nitrogen adsorption-desorption
isotherms of urchin-shaped COFs and spherical COFs before and after loading with MB. (f) Polyacrylamide gel electrophoresis image of the EDC cycle. (g) The fluorescence
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MB onto H5, the double-stranded DNA formed by the H5 stem-
loop structure engaged in strong m-7 stacking interactions with
MB, thereby intercalating into the grooves of the DNA double helix
and enhancing the current response [50]. Notably, when MB was
loaded onto the H5-COFs modified electrode, a strong synergistic
effect was observed. The porous channels of the COFs served as
efficient loading sites, and the duplex structure of H5 further
enhanced MB enrichment. As a result, the DPV signal was markedly
amplified, indicating the potential of this platform for sensitive
electrochemical sensing.

The effectiveness of multiple amplification strategy in sensor
was systematically validated. Firstly, the enhancement effect of
MXene-AuNPs on electrode performance was investigated. As
shown in Fig. 4(c), the DPV signal of the electrode modified with
MXene-AuNPs was 1.40 times stronger than that only modified
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with AuNPs. The large surface area of MXene provided additional
attachment sites for the probe to improve electrode conductivity
and achieve preliminary signal amplification.

Next, we evaluated the loading capacity of COFs, which serve as
carriers for the signal molecule MB. Since acetic acid concentration
during synthesis affects COFs morphology, we prepared regular
spherical COFs for comparison with the urchin-shaped COFs
(Fig. S6 in Appendix A). Fig. 4(d) illustrates the DVP responses of
sensor employing these two COFs as MB carriers respectively.
Result demonstrated that signal probe constructed from urchin-
shaped COFs exhibited markedly superior DVP signals compared
to spherical COFs. To further investigate the underlying mecha-
nism, nitrogen adsorption-desorption isotherm at 77 K was
employed to determine the surface areas of COFs with different
morphologies before and after loading MB (Fig. 4(e)). Based on
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the Brunauer-Emmett-Teller (BET) model, the surface area of the
urchin-shaped COFs was calculated to be 1502.8 m?-g™!, signifi-
cantly higher than that of the spherical COFs (899.79 m?-g™!). Fol-
lowing loading with MB, the area of the urchin-shaped COFs
markedly decreased to 1015.9 m?-g~!, whereas that of the spherical
COFs only slightly decreased to 871.28 m?-g~!. This obvious dis-
tinction revealed that MB molecules could fully loaded within
the pore channels and micropore framework of the urchin-
shaped COFs. By occupying the accessible pore volume, MB
restricted the penetration of N, during adsorption measurements,
which in turn led to a noticeable reduction in the measured surface
area [51]. Pore size distribution analysis in Fig. S7 in Appendix A
further showed that the urchin-shaped COFs exhibited a hierarchi-
cal structure combining both micropores and mesopores, with an
average pore size of 3.28 nm, closely matching the theoretical cal-
culations. Following MB loading, the average pore size decreased to
3.04 nm, a reduction comparable to the dimensions of MB (approx-
imately 14.5 A x 9.5 A x 4.2 A), directly demonstrating that MB
molecules had entered the internal channels [43]. Collectively,
these findings demonstrated that the unique hierarchical porous
structure of the urchin-shaped COFs not only exhibited powerful
molecular loading capacity but also effectively maintained the
stable embedding of molecules. This provided a robust structural
foundation for efficient electrochemical signal transmission within
dual-mode sensor, thereby enabling further amplification of sensor
signal.

Finally, the feasibility of EDC signal amplification was validated
through native polyacrylamide gel electrophoresis (PAGE). Fig. 4(f)
reveals that single-stranded DNA H1 (lane 1), H2 (lane 2), and H3
(lane 3) each produced sharp, well-defined bands at their expected
positions. In contrast, when H1, H2, and H3 were mixed in equimo-
lar amounts, lane 4 displayed a bright band with slower migration,
clearly indicating the successful assembly of a stable H1-H2-H3
three-strand complex. Upon introduction of the auxiliary strand
H4, a weaker new band corresponding to the H1-H4 duplex
appeared, while the strong band of the triplex complex remained
unchanged, suggesting that only a small fraction of H1 was seques-
tered by H4. With the introduction of a small amount of target
miRNA-21, lane 6 exhibited significant alterations. Specifically,
the triplex band disappeared completely, replaced by a dominant
H1-H4 duplex band, and the intensity of the H2 band significantly
increased. This marked change demonstrated that even extremely
low concentrations of the target could effectively trigger the
upstream EDC cycle, rapidly releasing large quantities of free H2
to sufficiently fuel the downstream DNAzyme reaction [52]. In
summary, we developed a multi-amplification strategy for highly
sensitive miRNA-21 detection. The design applied MXene-AuNPs
to enhance probe loading and conductivity, urchin-shaped COFs
to maximize signal molecule enrichment, and an EDC-driven
DNAzyme cascade for robust signal amplification.

Building on this signal amplification strategy, DPV and fluores-
cence signals jointly evaluated the practical application efficacy of
this dual-mode sensor for miRNA-21 detection. As depicted in
Fig. 4(g), the presence of miRNA-21 initiated an EDC-driven cyclic
amplification, which released large amounts of H2 to activate the
downstream DNAzyme reaction. Under the action of Pb*, the sub-
strate strand H5 was cleaved at the rA site, causing substantial
release of H5-COFs probe from the electrode. Owing to the intrin-
sic fluorescence of COFs, these detached probes were readily col-
lected and produced the strong fluorescence response. At the
same time, DNAzyme-mediated cleavage reduced the number of
MB-loaded probes retained on the electrode surface and thereby
leading to a marked decrease in DPV signal (Fig. 4(h)). These results
clearly demonstrated that the dual-mode sensor provided efficient
and sensitive detection of miRNA-21, while the complementary
and self-correcting features of the electrochemical and fluores-
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cence signals effectively minimized false positives and substan-
tially enhanced detection reliability.

3.5. Optimization of experimental conditions

To ensure the optimum performance of the dual-mode sensor in
miRNA-21 detection, nine key experimental parameters were sys-
tematically optimized. Fig. 5(a) indicates that the ideal concentra-
tion of COFs was 1.00 mg-mL™!, which provided sufficient coupling
with H5 and ensured probe stability. The ratio of H1:H2:H3 at
1:1.25:1.25 produced the most stable ternary complex (H1-H2-
H3), significantly enhancing EDC amplification efficiency (Fig.
5(b)). Moreover, the cofactor H4 was found to be fully sufficient
for cyclic amplification at 450 pmol-L™!. Lower concentrations
resulted in insufficient amplification, while higher concentrations
readily induced non-specific side reactions, diminishing the selec-
tivity of detection (Fig. 5(c)). As shown in Fig. 5(d), 1.0 mg-mL™! of
MXene-AuNPs achieved a uniform surface distribution and facili-
tated faster electron transfer, thereby reducing interfacial resis-
tance at the electrode interface. Simultaneously, the optimal
concentration of Pb?* was illustrated in Fig. 5(e), and 20 mmol-L™!
Pb2" ensured efficient substrate cleavage and stronger signal out-
put. As the key sensing module, the influence of COFs on fluores-
cence signals under different solvent conditions was first
investigated (Fig. 5(f)). Ethanol at a concentration of 50% was
demonstrated to significantly enhance the luminescence intensity
of the COFs. This was resulted from ethanol molecules modulating
the microenvironment of the COFs, reducing non-radiative energy
loss and avoiding fluorescence quenching effects caused by exces-
sive solvent polarity. For electrochemical signal, 2 mmol-L™! of MB
was identified as the optimal loading concentration. This moderate
concentration ensured efficient MB enrichment within the H5-
COFs structure while avoiding excessive accumulation that could
cause signal quenching or reduced conductivity (Fig. 5(g)). Finally,
in reaction kinetics, the optimal catalysis time for the DNAzyme
was determined to be 90 min, allowing for complete cleavage
without introducing background signal accumulation (Fig. 5(h)).
Simultaneously, the optimal incubation time for MB with urchin-
shaped COFs was established at 75 min. This duration ensured suf-
ficient MB enrichment within the pore structure while effectively
preventing non-specific adsorption caused by prolonged incuba-
tion (Fig. 5(i)). Under these optimized conditions, each signal path-
way was significantly enhanced. More importantly, the
electrochemical and fluorescence channels worked synergistically,
delivering high sensitivity, excellent specificity, and reliable per-
formance. Detailed optimization procedures are provided in Sec-
tion S1.3 in Appendix A.

3.6. The analytical performance of dual-mode sensor

Under the optimized experimental conditions, the performance
of the dual-mode sensor was evaluated by detecting varying con-
centrations of miRNA-21. As illustrated in Fig. 6(a), the electro-
chemical current decreased with increasing miRNA-21
concentration. This trend aligns with the proposed mechanism that
higher miRNA-21 levels trigger more EDC-driven cycles, releasing
additional H2 strands. These H2 strands then promote cleavage
of the H5 substrate, reducing the amount of MB-loaded probes
retained on the electrode surface and consequently diminishing
the DPV signal. Quantitative analysis revealed a strong linear rela-
tionship between DPV current and the logarithm of miRNA-21 con-
centration from 1 to 10° fmol-L™!, with a regression equation of

= -1.391gCmirna21 + 10.32 (R? = 0.997) and the detection limit
(LOD) of 0.285 fmol-L™! (Fig. 6(b)). Similarly, in fluorescence mode,
higher concentrations of miRNA-21 led to greater release of H5-
COFs probe, yielding enhanced fluorescence signal in 50% ethanol
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Fig. 5. Optimization of experimental conditions for dual-mode sensor. The parameters optimized were (a) the coupling concentration of the urchin-shaped COFs and (b) the
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solution (Fig. 6(c)). Furthermore, as demonstrated in Fig. S8 in
Appendix A, under ultraviolet illumination, the fluorescence inten-
sity of this sensor exhibited a marked increase with rising concen-
trations of miRNA-21, clearly reflecting its outstanding
concentration dependence. Quantitative analysis revealed that
the fluorescence intensity also displayed a robust linear depen-
dence on the logarithm of miRNA-21 concentration within the
range of 1-10° fmol-L™! (Fig. 6(d)). The calibration equation was
F = 449.661gCnirna-21 + 966.51 (R? = 0.997), with the LOD of
0.342 fmol-L™". The electrochemical mode demonstrated slightly
higher sensitivity than the fluorescence mode, likely due to the
greater precision of electron transfer compared with fluorescence
processes. Notably, compared to other sensors, this dual-mode
platform showed superior sensitivity in the detection of miRNA-
21 (Table S2 in Appendix A). Such performance enhancement can
be attributed primarily to the synergistic effects of the highly con-
ductive MXene-AuNPs interface, the high loading capacity of the
urchin-shaped COFs, and the cascade amplification strategy. Nota-
bly, the synergistic effect of this platform follows a stepwise mech-
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anism, with each functional module promoting subsequent signal
amplification and transduction. The MXene-AuNPs interface
enhanced electron transfer efficiency and provided a foundation
for the high-density assembly of urchin-shaped COFs, thereby
maximizing probe loading capacity. This structural advantage fur-
ther amplifies the efficiency of the EDC-driven cyclic cleavage reac-
tion, enabling the miRNA-21-triggered sensing process to
significantly reduce probe density at the electrode interface while
simultaneously increasing the release of fluorescent probes into
solution. Consequently, pronounced variations in both electro-
chemical and fluorescence signals were generated. Importantly,
the two signal modes move in opposite directions yet remain
mechanistically coupled. This opposing correlation provides the
system with intrinsic self-calibration, significantly improving the
reliability and robustness of the analytical performance.

We evaluated the specificity of the dual-mode sensor by intro-
ducing several potential interferents including let-7a, miRNA-155,
single-base mismatched miRNA-21 (smRNA), and double-base
mismatched miRNA-21 (tmRNA). As shown in Fig. 7(a), the sensor
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Fig. 6. (a) DPV response curves for miRNA-21 at different concentrations (i-ix: 1, 10, 50, 100, 500, 1000, 10000, 50000, and 100000 fmol-L™!) using the electrochemical
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(d) Corresponding calibration curve derived from (c). The error bars represent the standard deviations of repeated measurements from six experiments.

presented a pronounced electrochemical decrease and the fluores-
cence enhancement only in response to miRNA-21, while interfer-
ence from the other sequences was negligible. More importantly,
in mixed solutions containing both interferents and miRNA-21,
the sensor response closely matched that observed with miRNA-
21 alone. These results confirmed its high selectivity and strong
anti-interference capability. Furthermore, to evaluate the repro-
ducibility of this dual-mode sensor, electrochemical detection
was conducted on nine electrodes prepared under identical condi-
tions, with the collected solutions subsequently subjected to fluo-
rescence analysis. As shown in Fig. 7(b), the electrochemical
signals displayed minimal variation, with a relative standard devi-
ation (RSD) of 1.40%. Similarly, the fluorescence signals were
equally consistent, with an RSD of 0.87%, fully demonstrating the
excellent repeatability of this platform. To examine storage stabil-
ity, the DPV and fluorescence intensity were measured after stor-
age at 4 °C for 0, 12, 24, 36, and 48 h. Even after 48 h, the
electrochemical response retained 94.98% of its initial value, while
the fluorescence intensity maintained 98.22% of its baseline bene-
fiting from the intrinsic stability of the COFs (Fig. 7(c)). These
results highlighted the stability of the dual-mode sensor under
storage conditions, indicating its potential for long-term use in
complex body fluid samples.
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3.7. Real sample analysis

Before real sample analysis, the pH stability of the sensor was
evaluated to ensure reliable performance in biological samples
such as serum and cancer cell. miRNA-21 standard solutions
(1000 fmol-L™!) with pH values ranging from 6.0 to 8.0 were tested
under identical conditions. Fig. S9 in Appendix A indicates that pH
variations within the physiologically relevant range have negligible
effects on both electrochemical and fluorescence responses. Subse-
quently, to evaluate the practical applicability of the dual-mode
sensor, recovery tests were conducted by spiking varying concen-
trations of miRNA-21 into serum diluted twenty-fold (Table 1). In
the electrochemical mode, recovery rates ranged from 102.13% to
104.58% with low RSDs of 1.37%-4.89%. Similarly, the fluorescence
mode delivered satisfactory recovery rates of 105.96%-108.96%,
with all RSDs below 5%. These findings indicated that the sensor
could achieve accurate and reliable detection of miRNA-21 even
in complex matrices. Beyond simulated samples, we further exam-
ined its applicability in real biological systems. The levels of
miRNA-21 were measured in cervical cancer cells (HeLa), breast
cancer cells (MCF-7), and colorectal cancer cells (HCT116)
using the dual-mode sensor, with comparison to qRT-PCR. As
shown in Fig. 7(d), the detection results under electrochemical
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Table 1

The detection of miRNA-21 in human serum samples.
Sample Detected (fmol-L™") Added (fmol-L™") Found (fmol-L™") RSD (n = 6) Recovery
Electrochemical mode Not detected

1 100 104.33 4.89% 104.33%

2 1000 1045.82 1.37% 104.58%

3 10000 10212.56 4.59% 102.13%

Fluorescent mode Not detected

1 100 106.29 4.88% 106.29%

2 1000 1059.60 3.71% 105.96%

3 10000 10895.58 4.96% 108.96%
and fluorescence modes were highly consistent. miRNA-21 expres- PCR results [53,54]. The results conclusively demonstrated the reli-
sion was highest in breast cancer cells, followed by cervical cancer, able performance of the fluorescence-electrochemical dual-mode
and lowest in colorectal cancer. This trend closely aligned with sensor for miRNA-21 in clinical samples. Notably, the platform
previously reported expression patterns and matched the gRT- requires no large-scale instrumentation or specialized training.
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The multi-signal amplification strategy provides high sensitivity,
while the self-calibrating dual-output feature minimizes the risk
of false positives associated with low miRNA-21 abundance. These
advantages position the sensor as a promising tool for clinical diag-
nostics and early disease screening (Fig. 7(e)).

4. Conclusions

In this study, we developed a multiple amplified dual-mode
sensor based on urchin-shaped COFs for the ultrasensitive detec-
tion of cancer biomarker miRNA-21. Benefiting from the large sur-
face area and superior conductivity of the MXene-AuNPs, the
electrochemical response was significantly enhanced, achieving
approximately 1.4 times increase compared to AuNPs alone. The
unique hierarchical porous structure of the urchin-shaped COFs
facilitated more efficient MB loading, providing a robust structural
basis for signal amplification. Furthermore, the low-cost, enzyme-
free EDC-DNAzyme cascade amplification strategy activated by
miRNA-21 markedly boosted the sensitivity of the dual-mode sen-
sor. Importantly, the urchin-shaped COFs served simultaneously as
fluorescent element and carrier, enabling the sensor with dual-
mode analysis capabilities to effectively correct systematic errors
and achieve signal self-calibration.

With these synergistic advantages, the sensor achieved detec-
tion limits of 0.285 fmol-L™! in electrochemical mode and
0.342 fmol-L™! in fluorescence mode. It also demonstrated excel-
lent selectivity, repeatability, and stability. In complex samples,
its performance closely matched qRT-PCR results, highlighting
strong potential for bioanalysis.

Building upon these results, future efforts may focus on opti-
mizing the stability of the sensing platform in complex biological
samples. In addition, extending this strategy to enable simultane-
ous detection of multiple miRNAs and integration with portable
devices holds promise for real-time and point-of-care monitoring.
Such developments will further promote the translation of this
non-invasive sensing approach into clinical practice and broaden
its applicability to other low-abundance disease-related
biomarkers.
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