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ABSTRACT: In this study, a ternary electrochemiluminescence (ECL) sensing .
platform coupled with a multiple signal amplification strategy was proposed for \
ultrasensitive detection of miRNA-141. The initial signal amplification was \ 7
achieved via three-dimensional reduced graphene oxide (3D-rGO)@Au ?
nanoparticles (NPs) to form an excellent conductive layer. Then, AuPd NPs DNA walker recycle i
as a coreaction accelerator was introduced into the N-(4-aminobutyl)-N- . e N300
(ethylisoluminol) (ABEI)—H,O, system to facilitate the transformation from reeme :
H,0, to excess superoxide anion radicals (O,°”), which further amplified the ;
ECL emission of ABEI, leading to a significant increase of the ECL signal. Signal-on T
Meanwhile, in the presence of miRNA-141 and T7 Exonuclease (T7 Exo), the
self-assembled DNA swing arm can be driven to walk autonomously. The DNA
walker reaction could result in the release of numerous labeled luminophores,
which could react to achieve an extremely weak ECL signal. Surprisingly, the
established ECL sensor platform for the detection of miRNA-141 demonstrated excellent sensitivity with a low detection limit of
31.9 aM in the concentration range from 100 aM to 1 nM. Consequently, the designed strategy greatly improves the luminous
efficiency of the ternary ECL system and provides a special approach for the detection of nucleic acids and biomarkers in clinical and
biochemical analysis.
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1. INTRODUCTION

MicroRNAs (miRNAs) as an abundant species of single-
stranded endogenous noncoding small RNAs"” are unan-
imously regarded as significant minimally invasive bio-
markers.” > Nevertheless, the precise monitoring and
quantitative analysis of miRNAs are still full of challenges
due to their small volumes, ultralow expression performance,
and high homology. Traditional methods for miRNA
expression determination, including quantitative real-time
reverse transcription-polymerase chain reaction,””® northern
blotting,”~"" and microarray chip,'*”'* have been widely
applied. Although new technologies such as surface-enhanced
fluorescence,'> Raman spectroscopy,'®'” and electrochemis-
try'® have been developed for further detection, the
implementation of a single technique cannot substantially
meet the requirements for ultrasensitive detection of miRNAs
at low concentrations. Consequently, utilizing a multistrategy
signal amplification protocol to raise the sensitivity and
portability of miRNA detection is particularly necessary.
Among various amplification technologies, DNA
walkers'”~>* are a particular class of the molecular nano-
machines and have drawn tremendous attention due to the
cascade signal enhancement characteristics of their autono-
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mous motion.””** As for a classic DNA walker, the target can
simulate the biological protein motor to trigger a particular
DNA to move along the predesigned DNA tracks automati-
cally and continuously.””*® Nevertheless, such nanomachines
with specific foot-bonds have limited walking areas, slow
reaction dynamics, and complex strand displacement reactions.
Therefore, the unfettered DNA walkers®”?® with multiple
walking “legs” on the same substrate were developed by
researchers to achieve high-speed walking kinetics and high
progression signal processing ability. As a powerful biomagni-
fication technology, an enzyme-assisted cyclic amplification
strategy can further improve the target conversion ratio.”” ™'
Using the single-enzyme-assisted dual circulation amplification
strategy,””>’ double loop amplification was realized by
combining with the DNA walker strand-displacement reaction
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Scheme 1. Schematic Illustration of Synthetic Steps of ABEI@AuPd NPs (A); Schematic Diagram of the Biosensor Based on
DNA Nanomachines Walking Freely on Electrodes for the Detection of miRNA-141 (B); and the Possible ECL Mechanism of

ABEI@AuPd NPs (C)
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(SDR)**** and T7 Exonuclease (T7 Exo) to avoid the
interference reactions and attenuate environmental sensitivity.

Electrochemiluminescence (ECL)**™ as a signal amplifi-
cation strategy has drawn considerable focus in clinical medical
examination and drug monitoring owing to its low amplitude
limit, high sensitivity, wide linear dynamic range, and
controllable reaction process.”” Relying on the advantages
above, numerous reactants with excellent performance have
been explored gradually to increase the luminescence quantum
efficiency in unit time. N-(4-Aminobutyl)-N-(ethylisolumi-
nol)*" (ABEI) has been confirmed to be a novel derivative of
luminol, which is more reactive than the prototype and is
easier to react with coreactants, leading to stronger ECL.**~**
To further amplify a signal, a coreaction accelerator was
introduced into a luminophore/coreactant system, which could
catalyze the coreactant to increase the formation of free radical
intermediates for acquiring a higher excited state of the
luminophore.” As a result of the synergistic effect between the
alloying atoms and high refracture index surface, AuPd NPs
with extraordinary catalytic performance were selected to
construct an ECL ternary system,**™*

In this study, combined with T7 Exo-assisted DNA walker
cascade amplification and the coreaction emitter boost
mechanism, an “on—off” ternary ECL biosensor with multi-
strategy signal enhancement effect was proposed for ultra-
sensitive detection of miRNA-141. First, porous spherical

AuPd NPs were accurately synthesized and loaded with ABEI
to form ABEI@AuPd NPs (Scheme 1A). As shown in Scheme
1B, the 3D-rGO@Au NPs were synthesized and decorated on
the bare glassy carbon electrode (GCE) surface to build a high-
strength electron transmission channel. Besides, both the DNA
swing arm (consisted of DNA1 and DNA2 by complementary
chain hybridization to limit the base pairing of DNA2 and
DNA3 on the obtained electrode) and the DNA3 were
assembled on the GCE through the Au—S bond** ™' for DNA
walker amplification. Then, ABEI@AuPd NPs were labeled at
one end of DNA3, which catalyzed H,0, to produce a large
amount of O,°” to form a “signal-on” state of ECL.
Nevertheless, when the target of miRNA-141 was incubated
on the electrode, the DNA1 hybrided with the miRNA-141 to
make up a duplex structure, releasing DNA2 to integrate with
DNA3 on the decorated electrode. Meanwhile, with the
assistance of T7 Exo, DNA1 in RNA/DNA hybrids was cut
into fragments, which led to the releasing of miRNA-141 and
binding with other DNAI to realize the target recovery.
Moreover, DNA3-ABEI@AuPd NPs could also be sheared
from the electrode interface, and the DNA2 as the swing arm
was freely paired up with another DNA3 again to activate the
walking processes of the DNA nanomachine. A large number
of ABEI were discarded from the electrode surface, and the
ECL signal changed to the “signal-oft” state. Therefore, the
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Figure 1. (A, C) SEM images of 3D-rGO@Au NPs and AuPd NPs, respectively. (B, D) TEM images of 3D-rtGO@Au NPs and AuPd NPs,

respectively.

target could be quantitatively monitored through the real-time
response of the ECL signal.

2. EXPERIMENTAL SECTION

2.1. Materials and Apparatus. The materials and apparatus are
listed in the Supporting Information.

2.2. Preparation of 3D-rGO@Au NPs. To synthesize 3D-tGO@
Au NPs, 4 mg of rGO was dispersed in S0 mL of ultrapure water
under sonication and stirring for 5 min; then, 15 mg of HAuCl, was
added slowly to 3D-rGO dispersion with stirring at room temper-
ature. The prepared composite suspension was kept for 30 min to
facilitate the interaction of gold ions with the surface of wrinkled
graphite. Subsequently, S mL of sodium citrate solution (with a
sodium citrate to ultrapure water mass ratio of 0.02) was added under
magnetic stirring for 30 min. Afterward, the mixed solution was
heated to 80 °C and kept for 1 h. Finally, the solution was centrifuged
(7000 rpm) and washed with ultrapure water three times to eliminate
the unadsorbed free Au NP binding solution formed. The successfully
synthesized 3D-rGO@Au NPs were dried in a 60 °C oven for 12 h
and protected from light at 4 °C in a refrigerator before use.

2.3. Synthesis of AuPd NPs and ABEI@AuPd NPs. The porous
AuPd NPs were constructed by the traditional wet-chemical method
with minor optimization. Simply, Na,PdCl, and HAuCl, as metal
sources will undergo a violent oxidation—reduction reaction in the
presence of the reducing agent ascorbic acid (AA), and the surfactant
chlorohexadecyl pyridine (HDPC) can further enhance the
permeability and solubility of active metal ions. The specific process
can be depicted as follows: first, 0.8 mL of 10 mM Na,PdCl, and 82
uL of 1% HAuCl, were uniformly blended under magnetic stirring.
Next, 18 mg of HDPC particles was dissolved in 10 mL of ultrapure
water and added into the above solution. After evenly mixing, the
freshly made AA aqueous solution was poured into the above mixed
liquids swiftly while constantly stirring and maintaining the temper-
ature at 35 °C for 3 h. Then, the above solution was centrifuged at
10 000 rpm for 10 min and washed with ultrapure water four times to
eliminate the residuum. Finally, the synthesized AuPd NPs were
stored in a refrigerator at 4 °C.

The process of the synthesis of ABEI@AuPd NPs can be summed
up as follows. First, the 4 mmol/L ABEI solution was formed by

directly adding ABEI in 0.1 mol/L NaOH. After the obtained AuPd
NPs were ultrasonically dispersed for 2 h, 500 uL of the ABEI stock
solution was added and stirred for 12 h. The mixed ABEI@AuPd NPs
were presented by the interface reaction between AuPd NPs and
—NH, groups of ABEI, washed with ultrapure water to eliminate the
unlocked ABEIL Finally, the obtained ABEI@AuPd NPs were
resuspended in S mL of ultrapure water at 4 °C for the subsequent
process of the experiment.

2.4. Fabrication of the Biosensor. Prior to modification, the
GCE was disposed using 1.0 and 0.05 um of alumina slurry to a
mirrorlike burnished finish. Then, 10 uL of 3D-rGO@Au NP solution
was dripped onto the as-prepared bare GCE and dried in air.
Subsequently, the mixture of S uM DNALI oligonucleotide and 2.5
uM DNA2 oligonucleotide was doped and diluted with 92.5 uL of 1
X TE. Then, the corresponding solution was warmed to 95 °C for 5
min and annealed to room temperature. At this time, the complex
structure known as the DNA swing arm was successfully synthesized.
Then, 10 uL of the above solution and 10 yL of 100 M DNA3 were
muddled in 80 uL of Tris—HCI buffer to obtain the stock solution.
After incubation with 10 uL of the stock solution for 12 h at 4 °C, the
electrode was immersed in 10 yL of 1.0 mM 6-mercapto-1-hexanol
(MCH) for 40 min to secure the active sites. Finally, ABEI@AuPd
NPs were modified on the electrode, and the biosensor was obtained.

2.5. ECL Measurement Procedure. For ECL detection of target
miRNA, 100 U/mL T7 Exo and various concentrations of miRINA-
141 were successively assembled into an as-fabricated DNA
nanomachine for 3 h at 25 °C. After removing the unbound residues
with 1 X TE buffer solution, the assembled biosensor was monitored
in 3.0 mL of H,0, (1.0 mM) solution partially containing phosphate
buffer (PBS) (0.02 M, pH 7.4). Simultaneously, the continuous
potential scanning was carried out on the working electrode for
electrochemical measurements from —1.2 to 1.2 V with a scan rate of
200 mV/s. The ECL responses were monitored using an MPI-E
electrochemiluminescence analyzer, and the voltage of the photo-
multiplier tube (PMT) was set at 800 V.

3. RESULTS AND DISCUSSION

3.1. Characterization of 3D-rGO@Au NPs. The
morphology and structural properties of the synthesized 3D-
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Figure 2. (A) XPS analysis of 3D-rGO@Au NPs. (B) XRD analysis of 3D-rGO@Au NPs. (C, D) XPS analysis of AuPd NPs. (E) XRD and (F)

EDS analysis of AuPd NPs.
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Figure 3. ECL—potential lineament (red line) and the peak current of corresponding CV curves (blue line) of (A) ABEI and (B) ABEI@AuPd
NPs. (C) CV and (D) a different modified procedure of EIS in 5 mM [Fe(CN)4]*~/*" containing 0.1 M KCI: (a) unmodified bare GCE, (b) 3D-
rGO@Au NPs-GCE, (c) DNA swing arm/DNA3/3D-rtGO@Au NPs-GCE, (d) MCH/DNA swing arm/DNA3/3D-rGO@Au NPs-GCE, (e)
ABEI@AuPd NPs/MCH/DNA swing arm/DNA3/3D-rGO@Au NPs-GCE, and (f) miRNA-141/ABEI@AuPd NPs/MCH/DNA swing arm/

DNA3/3D-rGO@Au NPs-GCE.

rGO@Au NPs were demonstrated by various techniques. The
Au NPs were uniformly dispersed in wrinkles of 3D-rGO,
which was investigated by the scanning electron microscopy
(SEM) technique and transmission electron microscopy
(TEM) technique, as displayed in Figure 1AB. The X-ray
photoelectron spectroscopy (XPS) results (Figure 2A)
revealed a decrease of the peak intensity corresponding to
the C—O group, indicating that a portion of the oxygen
functional groups is reduced by sodium citrate and displaced
by Au NPs. As shown in Figure 2B, the structure of the
synthesized 3D-rGO@Au NPs was illustrated by X-ray
diffraction (XRD) patterns. They had remarkable peaks at 20
values of 37.8, 44.6, and 64.5°, which were assigned to the face-

25786

centered cubic (fcc) Au planes of (111), (200), and (220),
respectively. The XRD spectrograms were consistent with the
standard values of gold (JCPDS 04-0784), proving that Au
NPs have been successfully germinated on 3D-rGO in situ,
which is conducive to the subsequent stable loading of double-
stranded DNA (dsDNA) and single-stranded DNA (ssDNA)
on the GCE through the Au—S bond.

3.2. Characterization of AuPd NPs. In this work, as a
multifunctional signal regulator, AuPd NPs were characterized
by SEM (Figure 1C) and TEM (Figure 1D). The size and
structure of AuPd NPs can be determined by SEM and TEM,
which show a regular spherical shell with a solid core and many
branched nanostructures. Especially on the basis of the high-
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Figure 4. (A) Optimization of the electrical conductivity of GCE: (a) GO grows in the GCE region, (b) 3D-rGO grows in the GCE region, (c) Au
NPs grow in the GCE region, and (d) 3D-tGO@Au NPs/GCE grows in the GCE region (error bars show S.D., n = 3). (B)
Electrochemiluminescence responses of the as-synthesized biosensor with various modification concentrations of ABEI: 0.1 uM, 0.5 uM, 0.1 mM,
0.5 mM, 1 mM, and S mM, in PBS (0.1 M, pH 7.0) containing 1.0 mM H,0,. (C) ECL responses of the biosensor with various concentrations of
miRNA-141: 100 aM, 1 fM, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, and 1 nM, under the condition of PBS (0.02 M, pH 7.4) containing 1.0 mM
H,0,. (D) Curve of the ECL strength vs the logarithm of the miRNA-141 concentration (error bars show S.D., n = 3).

magnification TEM image, AuPd NPs were uniformly
dispersed on porous spherical shells with a diameter of about
60 nm. As shown by XPS analysis and elemental verification
(Figure 2C,D), not only were the characteristic peaks of the
single Au 4f spectrum completely consistent with the database
but the Pd 3d spectrum peaks also matched perfectly, which
further confirms the presence of Au and Pd. In Figure 2E, the
crystalline structure of AuPd NPs was analyzed on the pretext
of XRD, and the results demonstrated that four reflection
peaks appeared at 77.8, 64.8, 44.8, and 38.4° were evenly
distributed between Pd (reference code 00-005-0681) and Au
(reference code 00-004-0784). In addition, energy-dispersive
X-ray spectroscopy (EDS) showed two sharp emission peaks of
Au and Pd elements (Figure 2F), indicating that the elemental
type and content of AuPd NPs were confirmed, and the
composite was prepared successfully.

3.3. Performance and Mechanism of the Ternary ECL
Biosensor. The corresponding ECL signal and the peak
current of cyclic voltammetry (CV) curves of the ABEI and
ABEI@AuPd NP-modified electrode were noted, for determin-
ing the ECL enhancement mechanism of AuPd NPs to ABEL
As shown in Figure 3A, the ECL signal and CV curves of the
ABEI are demonstrated from —0.6 to 0.6 V, respectively.
Distinctly, in the presence of individual ABEI, the ECL
response showed minor fluctuations around 3552 au, which
were associated with the partially reduced H,0, at —0.26 V
low currents. Nevertheless, after the ABEI@AuPd NPs were
modified on the as-prepared electrode, the ECL response
reached a new level of 18 352 au (Figure 3B), which was nearly
6 times higher than that of the nonmodified single ABEL

The potential amplification mechanism is shown in Scheme
1C. H,0, was decomposed to produce a large amount of O,*”,
due to the inherent oxidase-like catalytic activity of the AuPd
NP alloy as a coreaction accelerator (reaction 1). Then, the as-

obtained O,°” radical rapidly transformed into O, and OH™
due to its instability in aqueous solution (reaction 2).
Furthermore, under alkaline conditions, the ground-state
ABEI was electrochemically reduced to negatively charged
radicals (noted as ABEI®") (reaction 3). Then, ABEI*~ was
further reacted with remaining O,°” to generate excited-state
4-aminophthalate anions (noted as ABEI**) (reaction 4).
Finally, light was emitted by ABEI** when it returned to the
ground state (reaction S). The corresponding equations are
proposed as follows

H,0, + e~ il 0,"” + OH* (1)
0,°” + H,0, - O, + OH® + OH"~ @)
ABEI + OH™ — ¢~ — ABEI'” + H,0 3)
ABEI'™ + 0,°” — ABEP™" (4)
ABEP™" — ABEP™ + hv ()

3.4. Electrochemiluminescence Characterization of
the Biosensor. To determine the performance of the as-
prepared biosensor, the electrode was progressively verified in
the buffer containing PBS (pH 7.4, 0.02 M) and 1.0 mM H,0,
and studied by CV scan curves. As depicted in Figure 3C, a
well-defined redox peak has emerged in the naked GCE
(Figure 3C, curve a). When 3D-rGO@Au NPs were decorated
on the electrode, the CV curve increased significantly (Figure
3C, curve b), which proved that 3D-rGO@Au NPs had high
surface activity and good conductivity. However, when such
nonconductive macromolecular oligonucleotides DNA swing
arms were incubated on the electrode, their aimless walking
made the rate of electron transfer on the electrode extremely
limited, resulting in a sharp decrease in the redox peak (Figure

https://doi.org/10.1021/acsami.1c05368
ACS Appl. Mater. Interfaces 2021, 13, 25783—25791


https://pubs.acs.org/doi/10.1021/acsami.1c05368?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c05368?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c05368?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c05368?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c05368?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

A
=. a: blank
&.16.0k- I b: miR-155
~ ¢: miR-210
E12.0k/ d: sRNA
@ e: mixture
5 z. f: miR-141
= 4
£ 8.0k
-l ]
@) 4.0k
=

RSD= 1.67%

0 50 100 150 200 250 300 350
Time/s

1 RSD=1.85% RSD=3.03%

I| |I| |I I| |I| |I|
1 2 3 1 2 3

Figure 5. (A) Specificity of the as-proposed ECL biosensor for various interfering substrates: (a) blank (0 nM miRNA-141), (b) miRNA-155 (100
nM), (c) miRNA-210 (100 nM), (d) sRNA (100 nM), (e) the mixture RNA (100 nM), and (f) miRNA-141 (1 nM), in PBS (0.02 M, pH 7.4)
containing 1.0 mM H,0O, (error bars show S.D., n = 3). (B) Stability of the as-proposed biosensor under consecutive cyclic potential scanning for
20 cycles and (C) for various storage conditions: (a) at room temperature, (b) in a refrigerator, and (c) in a freezer (error bars show S.D., n = 3).
(D) Reproducibility of the GCE-ECL biosensor in three parallel intra-assays and interassays (error bars show S.D., n = 3).

3C, curve c). Due to the fact that the active sites on the
electrode were accurately sealed by the organic polymer
compound MCH, the peak current decreased further (Figure
3C, curve d). Expectedly, the transfer rate of electrons was
accelerated and the peak current was significantly enhanced,
when AuPd NPs with catalytic activity were grown on the
obtained GCE (Figure 3C, curve e). Finally, in the presence of
miRNA-141, the steric hindrance of the modified electrode
increased, leading the peak value of redox current to slightly
decrease again (Figure 3C, curve f). Thus, the reasonable
variations in the CV peak current can justify the successful
assembly of the biosensor.

As a common method of electrode process dynamics
calculation, electrochemical impedance spectroscopy (EIS)
has made a great contribution to checking the manufacturing
procedure of the biosensor. Figure 3D shows the charge-
transfer resistance (R,,) of different preparation steps, and the
illustration is the relevant equivalent circuit. In the high-
frequency field, a semicircle with a larger radius of the bare
GCE was detected (Figure 3D, curved a). For 3D-tGO@Au
NPs/GCE, a comparatively small semicircle was exhibited in
the impedance spectrum (Figure 3D, curve b), which testified
that 3D-rGO@Au NPs had favorable electric conductivity.
Nevertheless, when the DNA swing arm was incubated with
the 3D-rGO@Au NPs/GCE, it could be inferred that the R
increased due to the insulativity of the nucleic acids (Figure
3D, curve c). After being modified by MCH, the R, was
significantly increased again (Figure 3D, curve d) on account
of the nonconductivity of the organic molecule further
hindered the current in the high-frequency region. Never-
theless, under the influence of the superior electrical
conductivity and high-speed charge-transfer of AuPd NPs,
the R, would be drastically reduced in the presence of ABEI@
AuPd NPs (Figure 3D, curve e). Furthermore, after incubation
with miRNA-141, the ABEI@AuPd NPs-DNA3 slips away
gradually under the degradation of T7 Exo, which led to the
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sharp increase of the R, again, and thus reaching the maximum
(Figure 3D, curve f).

3.5. Detection of miRNA-141. The electrode material and
luminescent substance concentration were optimized (Figure
4A,B). Under the optimal conditions (see the Supporting
Information for further details), the ECL response was
detected by changing the concentration of miRNA-141. As
depicted in Figure 4C, with the increase of the miRNA-141
concentration, more ABEI@AuPd NPs left the electrode
interface, resulting in the disappearance of the redox reaction
effect and the weakening of the ECL signal response. In Figure
4D, the ECL signal response appeared linearly decreased, with
an increase in the logarithm concentration of miRNA-141 in
the range from 100 aM to 1 nM. The regression equation was I
= —2076.9391g cupna — 15540.536 (R = 0.996), and the limit
of detection was evaluated to be 31.9 aM at a signal-to-noise
ratio of 3, which confirmed the biosensor has the advantages of
wide linear detection range and low detection limit in this
work. The reason for the low detection limit was the intensive
loading capacity of ABEI and the violently catalytic perform-
ance effect of AuPd NPs (performance of miRNA detection
contrasted with other works, see Supporting Information Table
S1).

3.6. Selectivity, Stability, and Reproducibility of the
ECL Biosensor. To demonstrate the selectivity of the ECL
biosensor toward miRNA-141, different ECL signal responses
of the biosensor with various RNA sequences including
miRNA-141, miRNA-155, miRNA-210, and sRNA were
performed under the same conditions. As depicted in Figure
SA, the results of miRNA-155 and miRNA-210 were almost
unchanged, while the results of miRNA-141 significantly
decreased. As for sRNA, although the ECL response also
decreased, it was much lower than that of miRNA-141. These
comparison results convincingly demonstrated that the as-
prepared ECL biosensor was highly selective.
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Under 20 consecutive cyclic potential scanning cycles, the
ECL intensity of the biosensor showed no significant
fluctuation (relative standard deviation (RSD) = 1.67%) in
the presence of 100 pM miRNA-141 (Figure SB). As depicted
in Figure 5C, when the biosensor was kept at 4 °C, it
maintained 98.65% in the first 5 days, then reduced by 3.8% in
the next 10 days, and maintained 94.85% of the initial reaction
after 15 days, indicating that the ECL intensity had excellent
stability for the detection of miRNA-141.

Moreover, the reproducibility of the ECL biosensor was
evaluated by intra-assay and interassay differences, and the
corresponding RSDs (S/N = 3) were determined as 1.85 and
3.03%, respectively (Figure SD). Therefore, the reproducibility
of the proposed biosensor was satisfactory.

4. CONCLUSIONS

In summary, a ternary ECL biosensor based on DNA walkers
was successfully developed for the ultrasensitive determination
of miRNA-141 with a 3D-rGO@Au NP platform and AuPd
NPs as a coreaction accelerator. We prepared 3D-rGO as the
electrode material, which vigorously multiplied the proto-
typical specific surface area and provided convenience for the
in situ growth of Au NPs, thus double promoting the electron
transfer rate. AuPd NPs as a coreaction accelerator
tremendously boosted the catalytic efficiency of H,0,, causing
an enormous amplified ECL signal. Moreover, with DNA
walker amplification, the proposed biosensor can achieve the
circulation of the target and the accumulation of the signal
simultaneously. Imitating the originality of nature, changing
from an ordinary single-mechanism-driven biosensor to a
multiple-mechanism-driven one would open up a promising
route toward the clinical detection of different biomolecules.
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