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ABSTRACT: The development of electrochemiluminescent (ECL) emitters with both
intense ECL and excellent film-forming properties is highly desirable for biosensing
applications. Herein, a facile one-pot preparation strategy was proposed for the synthesis
of a self-enhanced ECL emitter by co-doping Ru(bpy);** and (diethylaminomethyl)-
triethoxysilane (DEAMTES) into an in situ-produced silica nanohybrid (DEAMTES@
RuSiO,). DEAMTES@RuSiO, not only possessed improved ECL properties but also
exhibited outstanding film-forming ability, which are both critical for the construction of
ECL biosensors. By coupling branched catalytic hairpin assembly with efficient signal
amplification peculiarity, a label-free ECL biosensor was further constructed for the
convenient and highly sensitive detection of miRNA-21. The as-fabricated ECL biosensor
displayed a detection limit of 8.19 fM, much lower than those in previous reports for
miRNA-21 and showed superior reliability for detecting miRNA-21-spiked human serum
sample, demonstrating its potential for applications in miRNA-associated fundamental

With miRNA-21

research and clinical diagnosis.

Bl INTRODUCTION

MicroRNAs (miRNAs), a category of endogenous, non-
coding, and small RNA molecules (approximately 19—23
nucleotides), are involved in various biological processes and
hence closely associated with the initiation and development of
different human diseases.'”* However, the detection of
miRNA at the expression level, which is crucial for
fundamental research and disease diagnosis, has been
challenged by the essential characteristics of miRNAs,
including a small size, sequence similarity, and low
concentration.” Therefore, developing reliable and sensitive
detection strategies for miRNA is desirable for both
fundamental research and clinics.

Electrochemiluminescence (ECL), the electrochemical
redox reaction-induced emission phenomenon of lumino-
phores,”” is an emerging powerful analytical technology with
the advantages of a low background, high sensitivity, and
simple operation. The generation of ECL can occur through
either an annihilation mechanism or a coreactant route. For the
latter, ECL is usually generated from two different precursors,
e.g., luminophores and coreactants. As the most extensively
studied ECL systems and standard emitters in clinics,
tris(bipyridine )ruthenium(II) (Ru(bpy);>*) and its derivatives
demonstrate outstanding ECL properties.w’ ! Nonetheless,
their ECL efficiency is limited due to the long mass and
electron transfer distance between the emitter and the
coreactant."'™'® As a result, coreactant-embedded ECL
emitters were proposed to overcome these obstacles by
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covalently attaching the coreactant to luminophores, achieving
self-enhanced ECL emission without adding extra coreactants
to the test solution.'*™'® To further improve the ECL
efficiency, various nanomaterials such as carbon nanomaterials
or metal—organic frameworks (MOFs) have been used as
effective carriers for self-enhanced ECL emitters because of
their large surface area and microporous structure.'” "’
However, the immobilization of self-enhanced ECL emitters
on the electrode surface with sufficient stability, which relies
heavily on their physicochemical characteristics, remains a
challenge for biosensor construction. To this end, film-forming
additives such as chitosan and Nafion are usually necessary to
enhance the film stability of these nanomaterials.””*" It should
be noted that, in electrochemical (e.g, ECL) biosensing, the
participation of these additives would lead to a compromise of
both mass and electron transport, which would affect the ECL
efficiency significantly.”” Thus, developing alternative ways to
synthesize self-enhanced ECL emitters with excellent ECL
efficiency and film-forming properties is desirable but still
challenging.
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Herein, a facile one-pot strategy was proposed for the
synthesis of a self-enhanced ECL emitter with an excellent
film-forming property, which was realized by co-doping
Ru(bpy);** and (diethylaminomethyl)triethoxysilane
(DEAMTES) into in situ-produced silica nanoparticles
(DEAMTES@RuSiO,) (Figure la). As silane, DEAMTES is
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Figure 1. (a) Schematic illustration of the one-pot preparation of
DEAMTES@RuSiO,. (b) SEM and (c) TEM images of
DEAMTES@RuSiO,. The inset is the size distribution of
DEAMTES@RuSiO, from the TEM results. (d) Fluorescence spectra
(Aex = 450 nm) of Ru(bpy),** solution (blue line) and DEAMTES@
RuSiO, dispersion (red line). The concentrations of Ru(bpy);** and
DEAMTES@RuSiO, were 3.33 uM and 0.1 mg/mL, respectively.
The inset shows a photograph of the DEAMTES@RuSiO, solution
under sunlight (left) and UV light irradiation (right). (e) XPS survey
spectrum of DEAMTES@RuSiO,.

easily covalently incorporated into the SiO, matrix and is
expected to be an effective coreactant. However, it has not
been applied as a coreactant for Ru(bpy);** in ECL studies. In
this study, the as-synthesized DEAMTES @RuSiO, nanohybrid
possessed not only remarkable self-enhanced ECL emission
but also excellent film-forming properties, which are both
critical for sensor performance. Furthermore, by employing
catalytic hairpin assembly (CHA) as a molecular recognition
unit and a signal amplification strategy,”** a label-free “signal
on” ECL biosensor was constructed for miRNA-21 detection.
This work will envision more effective applications from
eliminating additional coreactants, emitter carriers, and film-
forming reagents in conventional ECL pathways.

B EXPERIMENTAL SECTION

Materials and Reagents. Tris(2,2'-bipyridyl)-
dichlororuthenium(II) hexahydrate (Ru(bpy);ClL,-6H,0), Ige-
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pal CO-520, tetraethoxysilicon (TEOS), and tripropylamine
(TPA) were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). (Diethylaminomethyl)triethoxysilane
(DEAMTES) was purchased from J&K Scientific Ltd. (Beijing,
China). All the DNA oligonucleotides listed in Table S1 are
synthesized by Sangon Biotech Co. Ltd. (Shanghai, China).

Preparation of the DEAMTES@RuSiO, Nanohybrid.
The DEAMTES and Ru(bpy),**-codoped silica nanohybrid
(DEAMTES@RuSiO,) was synthesized by using a ternary
microemulsion system.”*”° Typically, 1.92 g of Igepal CO-520
was dispersed in S mL of cyclohexane under vigorous stirring.
Then, 333 uL of 10 mM Ru(bpy);>* aqueous solution and 30
UL of NH;-H,O (28.0-30.0%) were sequentially added to the
above mixture. After continuous stirring for 30 min, 10 yL of
DEAMTES was added, and the mixture was stirred for another
1S min. Finally, by adding 82 uL of TEOS, the reaction
mixture was stirred for an additional 24 h. After breaking the
microemulsion with acetone, the resulting nanoparticles were
collected by centrifugation and washed with ethanol. The
DEAMTES@RuSiO, nanohybrid was dispersed in water and
stored at 4 °C in the dark before use.
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Figure 2. (a) CV and ECL-potential curves of DEAMTES, RuSiO,,
and DEAMTES@RuSiO, in 0.01 M PBS (pH 7.4). (b) Comparison
of ECL intensities of RuSiO,, RuSiO, + DEAMTES, RuSiO, + TPA,
and DEAMTES@RuSiO, in 0.01 M PBS (pH 7.4). (c) ECL spectra
of DEAMTES@RuSiO, in 0.01 M PBS (pH 7.4) collected at different
potentials. (d) SEM image of the DEAMTES@RuSiO, film on the
GCE. Inset: photographs of the DEAMTES@RuSiO,/GCE with
(right) and without (left) UV light irradiation. (e) ECL signals of the
DEAMTES@RuSiO,/GCE upon successive scanning for 900 s after
the pretreatment of electrochemical oxidation in 0.01 M PBS (pH
74). (f) ECL signals of the DEAMTES@RuSiO,/GCE in 0.01 M
PBS (pH 7.4) during storage of 14 days at room temperature under
darkness.
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Feasibility of CHA Amplification Systems by PAGE
Electrophoresis. For the pretreatment of hairpin probe DNA,
the DNA-dissolved buffer (50 mM Na,HPO,, 0.5 M NaCl, pH
= 6.8) was heated to 90 °C for S min and then slowly cooled to
room temperature. The feasibility of the designed CHA
amplification strategy was confirmed through PAGE electro-
phoretic analysis of the hairpin assembly products. Typically
for lane S in Figure 3b, 2 uL of reaction buffer and 2 uL of 5
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Figure 3. (a) Construction and detection procedure of the proposed
ECL biosensor. (b) Feasibility analysis of the designed CHA
amplification systems by PAGE electrophoresis. Lane 1: H1 + H2,
lane 2: H1 + H3, lane 3: H2 + H3, lane 4: H1 + H2 + H3, lane 5: H1
+ H2 + H3 + 1 yuM miRNA-21, lane 6: H1 + H2 + H3 + 0.1 uM
miRNA-21, and lane 7: H1 + H2 + H3 + 0.01 uM miRNA-21. The
final concentrations of H1, H2, and H3 used in all these experiments
were 1 yM. The concentrations of miRNA-21 used in lanes §, 6, and 7
were 1, 0.1, and 0.01 uM, respectively. (c) ECL curves of various
modified electrodes. The ECL measurements were performed in 0.01
M PBS (pH 7.4). The concentration of the target (miRNA-21) is 100
pM.

uM H1, H2, and H3 were thoroughly mixed by pipetting, and
then 2 uL of 5 uM miRNA-21 was added and mixed. The
mixture reacted at room temperature for 2 h. After that, 5 yL
of the above sample was uploaded to a 10% native PAGE gel
for electrophoresis analysis. Finally, the PAGE gel was imaged
under UV irradiation after staining with 1% ethidium bromide
(EB) solution.

Fabrication and Sensing Procedures of the ECL
Biosensor. For the preparation of the DEAMTES@RuSiO,-
modified electrode, the glassy carbon electrode (GCE) was
polished with 0.3 gm alumina powder and successively
ultrasonically cleaned with ultrapure water and ethanol and
dried in air. Then, 5 uL of DEAMTES@RuSiO, solution was
dropped onto the GCE surface and dried overnight. After that,
the DEAMTES@RuSiO,/GCE was pre-oxidized at a constant
potential of 1.2 V for 40 s in 0.01 M PBS (pH 7.4) before ECL
measurements.”’ It was supposed that such pre-oxidation
would produce sufficient oxidized emitters and coreactants for
a stabilized ECL. To prepare the ECL biosensor, S uL of 0.2
mg/mL graphene oxide (GO) nanosheets (prepared according

8973

to a previous report’’) was dropped onto the DEAMTES@
RuSiO,/GCE and kept for 2 h at room temperature. The
modified electrode was subsequently incubated with 10 uL of a
mixture of H1-Fc, H2-Fc, and H3-Fc (1:1:1, 0.2 uM) for 2 h.
Therefore, the as-designed ECL biosensor was fabricated. For
ECL sensing, miRNA-21 samples with different concentrations
were incubated with the biosensor for 2 h at room
temperature. After rinsing with PBS to release the H1-Fc/
H2-Fc/H3-Fc DNA trimers, ECL measurements of the
biosensor were performed in 0.01 M PBS (pH 7.4) in a
range from 0.2 to 1.3 V at a scan rate of 0.1 V/s.

B RESULTS AND DISCUSSION

Characterization of the DEAMTES@RuSiO, Nano-
hybrid. The DEAMTES@RuSiO, nanohybrid was synthe-
sized by a one-pot co-condensation strategy, in which TEOS
and DEAMTES were both applied as silica sources (Figure
la). The morphology of DEAMTES@RuSiO, was charac-
terized by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). DEAMTES@RuSiO,
had a highly cross-linked quasi-spherical morphology with an
average size around at 10.7 + 1.3 nm (Figure 1b,c and the inset
in Figure 1c). As shown in Figure S1a, the UV—vis spectrum of
Ru(bpy);** shows the characteristic adsorption peaks at 243,
254, 286, 422, and 454 nm. Among them, the peaks at 243 and
254 nm are attributed to the metal-centered d—d transition of
Ru(bpy),™*, the peak at 286 nm is assigned as the ligand-
centered 7—7z* transition of Ru(bpy);>*, and peaks at 422 and
454 nm belong to the metal-to-ligand charge transfer of
Ru(bpy);2*.>”*" 1t should be noted that DEAMTES@RuSiO,
maintained the characteristic absorption from Ru(bpy),*,
verifying the successful doping of Ru(bpy);>* into the in situ-
produced silica matrix. On the other hand, the DEAMTES@
RuSiO, nanohybrid showed excellent dispersibility in an
aqueous solution and orange emission under UV light
irradiation (inset in Figure 1d). As shown in Figure 1d, the
fluorescence spectrum of DEAMTES@RuSiO, exhibited a
maximum emission at 617 nm, which was consistent with that
of Ru(bpy);**. It should be noted that the slight blue shift of
the emission could be caused by the electrostatic interaction of
Ru(bpy);** and SiO~ groups in the silica matrix.”' ™"
Moreover, the fluorescence signal of DEAMTES@RuSiO,
was almost maintained after storage for 7 months (Figure
S1b), indicative of sufficient stability of the nanohybrid for
subsequent biosensing studies.

Furthermore, the co-dopping of Ru(bpy);** and DEAMTES
in the SiO, matrix was verified by Fourier transform infrared
spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS). As shown in Figure S2a, the characteristic peaks from
the FTIR spectrum at 1073 cm™" could be assigned to the
asymmetric stretching vibration of the Si—O—Si bond. In
addition, the intensity of the shoulder band at 962 cm™ of the
Si—OH bond was depressed after the formation of
DEAMTES@RuSiO,, which may be caused by the interaction
between Ru(bpy);** and SiO~ groups.’”* Furthermore, the
characteristic peaks of DEAMTES at 1392 cm™' and
Ru(bpy);>* at 664 cm™ were observed in the FTIR spectrum
of DEAMTES@RuSiO,, verifying the co-existence of
DEAMTES and Ru(bpy),;** in this nanohybrid. Meanwhile,
the XPS survey spectrum of DEAMTES@RuSiO, in Figure le
shows the characteristic peaks of O1s, Si2s, Si2p, Cls, N1s, and
Ru3d, manifesting the successful synthesis of DEAMTES@
RuSiO,. The deconvoluted Ru3d spectrum in Figure S2b
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shows two peaks with binding energies at 280.98 and 284.28
eV, which could be ascribed to the signals of Ru3ds,, and
Ru3d,),, respectively,” indicative of the presence of Ru-
(bpy);** in the nanohybrid. Additionally, the N1s spectrum
was split into two peaks at 402.08 and 400.08 eV (Figure S2c),
corresponding to the C=N bond of the pyridine ring and the
C—N bond of tertiary amine (DEAMTES), respectively.*® All
these results demonstrated the successful preparation of
DEAMTES@RuSiO,.

ECL Performance of DEAMTES@RuSiO,. As silane,
DEAMTES could be easily covalently incorporated into the
SiO, matrix compared to others (Figure S3) and is expected to
be an effective coreactant due to the presence of the tertiary
amine group. However, it has not been applied as a coreactant
for Ru(bpy);** on the ECL studies. As shown in Figure 2a,
only a weak ECL signal was observed from RuSiO, in PBS
solution. After the addition of DEAMTES@RuSiO, to the
solution, the ECL response increased, demonstrating the
coreactant effect of DEAMTES on Ru(bpy);** in the ECL
process. Surprisingly, DEAMTES@RuSiO, exhibited a much
stronger ECL emission without adding any extra coreactant.
To improve the ECL performance, the molar ratios of
DEAMTES:TEOS and DEAMTES:Ru(bpy),** were opti-
mized during the preparation of the DEAMTES@RuSiO,
nanohybrid. Generally, increasing the molar ratio of
DEAMTES to TEOS can enhance the ECL signal by
introducing more DEAMTES, but it would lead to a decreased
pore volume of the SiO, matrix, which in turn induced a
decrease in the ECL signal due to the insufficient Ru(bpy),**
loading. As shown in Figure S4a, increasing the ratio from 0.05
to 0.1 led to an increase in the ECL intensity, and further
increasing the ratio resulted in a decrease in the ECL signal. In
addition, the molar ratio of DEAMTES and Ru(bpy);** also
plays a vital role for the ECL signal generation. As shown in
Figure S4b, the highest ECL intensity of DEAMTES@RuSiO,
was obtained at a ratio of DEAMTES:Ru(bpy),>" at 11:1. It is
supposed that the maximum ECL intensity could be achieved
when DEAMTES and Ru(bpy);>* are doped in the proper
proportion. Therefore, the molar ratios of DEAMTES:TEOS
and DEAMTES:Ru(bpy);** were optimized at 1:10 and 11:1,
respectively. As shown in Figure 2b, under these optimum
conditions, DEAMTES@RuSiO, shows a 4.3-fold higher ECL
response than Ru(bpy),”’/DEAMTES and a 3-fold higher
response than the traditional Ru(bpy);**/TPA system. The
much more intense ECL response could be attributed to the
short mass, electron transfer distance, and low energy loss. To
gain insight into the ECL mechanism, CV and ECL-potential
curves of individual DEAMTES and RuSiO, in PBS were
recorded. As shown in Figure 2a, DEAMTES and RuSiO,
displayed onset oxidization potentials at approximately 0.58
and 1.04 V, respectively, which suggested that DEAMTES
could be more easily oxidized than RuSiO,. It is worth noting
that the ECL emission of DEAMTES@RuSiO, was observed
with an onset potential at 1.03 V, which was highly consistent
with the onset potential of RuSiO, oxidation. In addition, the
ECL spectra of DEAMTES@RuSiO, collected at different
potentials displayed that the onset potential was at around 1.05
V with a peak wavelength at approximately 610 nm, assigning
to the emission of RuSiO, (Figure 2c), indicating that the ECL
signal was generated after the oxidation of both DEAMTES
and Ru(bpy);**. Thus, the ECL reaction of DEAMTES@
RuSiO, was driven by an “oxidation—reduction” coreactant
route.””” Based on above results, the possible ECL reaction
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mechanism for DEAMTES@RuSiO, is deduced in Scheme S1.
Briefly, during the anodic scanning, DEAMTES was first
electrochemically oxidized to DEAMTES™ at 0.58 V. Mean-
while, the deprotonation reaction of DEAMTES™ was
initiated, producing the reductive DEAMTES' radical. After-
ward, Ru(bpy);** was electrochemically oxidized to Ru-
(bpy);®* on the electrode surface at 1.04 V, which was then
reduced by DEAMTES to form the excited state Ru(bpy);***
intermediate. Finally, Ru(bpy);*"* returned to the ground state
and emitted light.”

It is worth noting that DEAMTES@RuSiO, displayed not
only enhanced ECL emission but also excellent film-forming
ability. It is well known that the immobilization of nanoma-
terials on the surface of substrates as a form of a robust film is
essential for their biosensing applications.”* ™" For this
purpose, additives such as chitosan and Nafion are usually
used as binders to enhance the adhesion of nanomaterials on
the substrate to enhance the film quality. However, for
electrochemical (e.g, ECL) biosensing, the participation of
these additives would lead to a compromise of both mass and
electron transport, which would affect the ECL efficiency
signiﬁcantly.zz’41 In this work, DEAMTES@RuSiO, could
form a robust film on the electrode surface (Figure 2d) without
any film-forming additives, thus enabling stable ECL reactions
under continuous scanning without detachment. As shown in
Figure 2e, after pretreatment of electrochemical oxidation, the
DEAMTES@RuSiO,/GCE exhibited a stable ECL signal with
a relative standard deviation (RSD) of 1.9% upon a continuous
scan for 900 s in PBS.*>” Moreover, a 97.1% initial signal of the
DEAMTES@RuSiO,/GCE was maintained after 2 weeks of
storage (Figure 2f). To get more insights for the excellent film-
forming ability of DEAMTES@RuSiO, on the GCE surface,
the RuSiO,/GCE and Ru(bpy),*"/GCE were investigated as
controls, and their film stability was evaluated. All these
modified GCEs after drying overnight were washed with H,O,
and the integrity of these films was observed under the
irradiation of UV light (Table S2). As shown in Table S2, the
RuSiO, film on the GCE was partly retained after washing,
while the whole film of Ru(bpy);** was almost detached from
the GCE surface, indicating that the RuSiO, film was more
stable than the Ru(bpy);>* film. Therefore, the participation of
SiO, was in favor of enhancing the film stability, presumably
due to the physical adsorption of SiO, on the electrode surface.
More interestingly, the DEAMTES@RuSiO, film was almost
intact after the same treatment, implying the critical role of
DEAMTES in stabilizing the film on the electrode surface,
which could be ascribed to the hydrogen-bonding interaction
between the tertiary amine groups on DEAMTES and the
hydroxyl groups on the GCE surface.*” Thus, both the physical
adsorption of SiO, on the electrode surface and the hydrogen-
bonding interaction between DEAMTES and the electrode
played crucial roles in enhancing the film-forming ability. It
should be noted that both the self-enhanced ECL and the
excellent film-forming ability are highly desirable for further
biosensor construction.

Construction and Characterization of the ECL
Biosensor. By taking miRNA-21 as a model analyte, a label-
free ECL biosensor was constructed by using DEAMTES@
RuSiO; as a self-enhanced emitter (Figure 3a). Since CHA, an
excellent signal amplification technique, could remarkably
improve the analytical performance of ECL biosensors,™ in the
present work, a CHA signal amplification strategy was
introduced to the ECL biosensor. The feasibility of the CHA
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amplification strategy was verified via PAGE electrophoresis.
As shown in Figure 3b, only one diffuse band was observed in
the mixtures of any two hairpin DNA probes from H1, H2, and
H3 (lanes 1, 2, and 3), indicating that they cannot interact with
each other. A new weak band was observed in the mixture of
three hairpin DNA probes of H1, H2, and H3 (lane 4),
indicative of spontaneous hairpin assembly with an extremely
low yield in the absence of miRNA-21. In contrast, in the
presence of miRNA-21, the band of the assembled hairpin
trimer was remarkably enhanced and the band of hairpin probe
DNA almost disappeared, indicating that the CHA reaction
was dramatically accelerated by miRNA-21 and that all hairpin
DNA probes were consumed entirely for the assembly (lane
5). Therefore, the designed CHA strategy can specifically
recognize miRNA-21. To confirm the amplification capacity of
this CHA system, miRNA-21 at different concentrations was
applied as an initiator for the CHA reaction. As shown in
Figure 3b (lanes 6 and 7), in the presence of 0.1 and 0.01 uM
miRNA-21, the yields for the hairpin assemblies of H1, H2,
and H3 were 101.8 and 58.5% (compared to lane S; estimated
by Image] software), respectively. Therefore, considering that
every CHA assembled product contains three copies of ECL
signal-related Fc, the amplification factor of the as-designed
CHA strategy is approximately 175.5-fold for the ECL signal,
which is considerably effective for improving the sensing
performance of biosensors.

The fabrication procedure of the proposed ECL biosensor is
shown in Figure 3a. The hairpin DNA probes H1-Fc, H2-Fc,
and H3-Fc could spontaneously absorb onto the two-
dimensional planar structure of GO (TEM characterization
of GO is shown in Figure SSa) on the modified GCE via 7—7-
stacking interactions, resulting in quenching of the ECL
signal of DEAMTES@RuSiO, due to the shortened distance of
ferrocene on DNA probes and emitters. In the presence of
miRNA-21, CHA reactions were initiated, eventually generat-
ing the Y-shaped hairpin trimer. The double-stranded H1-Fc/
H2-Fc/H3-Fc trimer was removed from the modified GCE by
washing due to the poor interaction between double-stranded
DNA and GO, which caused a significant recovery of the
ECL emission of DEAMTES@RuSiO,. Thus, the increased
ECL signal could be used for sensitive detection of miRNA-21.

For the characterization of stepwise fabrications of the
proposed biosensor, the electrochemical impedance spectros-
copy (EIS) and ECL curves of various modified electrodes
were recorded. As shown in Figure SSb and Table S3, the
charge transfer resistance (R.) increased gradually when
DEAMTES@RuSiO, and GO were coated onto the GCE,
implying poor conductivity of DEAMTES@RuSiO, and GO.
After the modification of H1-Fc, H2-F¢, and H3-Fc, R, further
increased due to the electronic repulsion between [Fe-
(CN)¢]*~ and the negatively charged DNA probe. When
miRNA-21 was introduced, the probe DNA was released from
the electrode surface caused by the CHA reaction, leading to
an obvious decrease in R.. The above EIS results confirmed
the successful fabrication of the proposed ECL biosensor.

Furthermore, the ECL response of various modified
electrodes was also recorded to monitor the stepwise
fabrication process of the biosensor. As shown in Figure 3c,
the ECL response of the bare GCE was not detected and
increased significantly after modification with DEAMTES@
RuSiO,, indicating its excellent ECL property. After the
modification of GO, the ECL intensity was slightly decreased.
The ECL intensity was dramatically reduced after the DNA
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probes H1-Fc, H2-Fc, and H3-Fc were introduced because the
ferrocene-capped probe DNA could quench the ECL of
DEAMTES@RuSiO, by hindering the charge transfer between
the emitter and coreactant. Excitingly, after incubation with
miRNA-21, the ECL signal was recovered because the triploid
probe DNA leaves from the surface of the modified electrode,
which further demonstrated that the biosensor was successfully
fabricated and could be used for quantitative miRNA-21
sensing.

Analytical Performance of the ECL Biosensor. Under
the optimum conditions (Figure S6), the analytical perform-
ance of the proposed biosensor was assessed by monitoring the
ECL response with different concentrations of miRNA-21. As
shown in Figure 4a, a gradual increase in the ECL signal was
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Figure 4. (a) ECL response of the biosensor toward different
concentrations of miRNA-21 from 0.01 to 1000 pM. (b)
Corresponding calibration curve of ECL intensity against the
miRNA-21 concentration.

observed with the increase in the miRNA-21 concentration.
Figure 4b shows an excellent linear relationship between the
ECL intensity (I) and the logarithm of miRNA-21
concentration (lg Crnaa1), Where the linear equation can
be expressed as I = 1016.53lg Cpirnaar + 3147.81 (R® =
0.994). The proposed ECL biosensor shows a wide linear
range of 0.01—1000 pM with a limit of detection (LOD) of
8.19 fM (details of LOD calculation are shown in the
Supporting Information). Moreover, the analytical perform-
ance of the established biosensor was superior to those in
previous reports (Table 1), highlighting its advantages for
miRNA-21 detection.

Table 1. Comparison of the Sensing Performance of
Available Biosensors for miRNA-21 Detection

linear range detection limit

method (pM) (pM) ref
fluorescence 50 —1 x 10* 1 46
fluorescence 0.1 -1 x 10* 0.032 47
electrochemistry 1-1x10° 1 48
electrochemistry 0.1-1000 0.03 49
photoelectrochemistry 0.1 -1 x 10* 36 S0
ECL 1-1x10° 0.12 51
ECL 0.01-1000 8.19 x 1073 this work

To assess the specificity, the ECL response of the proposed
biosensor against several common interfering miRNAs,
including miRNA-16, miRNA-141, and miRNA-15S5, was
recorded. As shown in Figure Sa, compared with those of
miRNA-21 and the mixture, the ECL response of the biosensor
to the interfering miRNAs was much lower, indicating
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Figure 5. (a) Selectivity of the proposed biosensor toward various
miRNAs with a concentration of 100 pM. (b) Signal stability of the
proposed biosensor incubated with 100 pM miRNA-21 under
consecutive scans for 20 cycles. (c) Storage stability of the biosensor.
The ECL testing was performed in 0.01 M PBS (pH 7.4).

excellent selectivity of this biosensor. In addition, the proposed
biosensor showed a stable ECL signal with an RSD of 0.80%
upon successive scanning for 20 cycles (Figure Sb). To further
evaluate the stability, the biosensor was stored at 4 °C in the
dark. As shown in Figure Sc, 89.4% of the initial ECL signal
was retained after storage for 14 days, demonstrating
satisfactory stability of the proposed biosensor.

Preliminary Analysis of miRNA-21 in Real Samples.
The practical feasibility and reliability of the proposed sensing
systems were estimated via a recovery experiment by spiking
different amounts of miRNA into 1% diluted human serum.
Five spiked samples with different concentrations of miRNA-
21 (0.01, 1, and 1000 pM) were measured, and the
concentrations were calculated, according to the calibration
curve in Figure 4b. As shown in Table S4, the recoveries of
miRNA-21 ranged from 93.2 to 108.31%, with an RSD less
than 9.06%, exhibiting the high reliability of the established

biosensor for practical sensing of miRNA-21.

B CONCLUSIONS

In summary, we developed a facile and convenient strategy for
the one-pot preparation of a DEAMTES@RuSiO, nanohybrid
with both enhanced ECL and film-forming properties by
encapsulating the coreactant DEAMTES and emitter Ru-
(bpy);** into in situ-produced SiO,. DEAMTES@RuSiO,
showed a 4.3- and 3-fold higher ECL efficiency than the
traditional ECL systems of Ru(bpy),*"/TPA and Ru(bpy);**/
DEAMTES, respectively. Moreover, by coupling the CHA
signal amplification technique, a sensitive and selective label-
free ECL biosensor for detecting miRNA-21 was constructed.
The proposed ECL biosensor exhibited promising sensing
performance for spiked serum samples. This work would
provide a new avenue for preparing self-enhanced ECL
emitters and designing sensing systems for miRNA detection
in biosensing and clinical fields.
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