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ABSTRACT: Surface plasmon-enhanced electrochemiluminescence (SPEECL) with excellent sensitivity and simplicity has
attracted increasing attention. In this work, we reported a novel SPEECL with DNA templated silver nanoclusters (DNA-AgNCs)
as ECL emitters and gold nanoparticles (AuNPs) as localized surface plasmon resonance (LSPR) source. The SPEECL with DNA-
AgNCs as ECL luminophores possessed low-toxicity and avoided the labelling process, which is favorable for its further sensing
application. In addition, by investigation of the SPEECL under different distances between DNA-AgNCs and AuNPs, it was
demonstrated the SPEECL was distance dependent. Meanwhile, the SPEECL intensity changed with the sizes and inter-distance of
AuNPs under different electrodeposition time. Furthermore, by the combination of a cyclic amplification process with enzyme-free
catalytic hairpin DNA, a sensitive SPEECL biosensor was proposed for the detection of microRNA (miRNA-21) successfully with
a wide linear range from 1 aM to 10* fM and a relatively low detection limit of 0.96 aM, which was applied in the detection of
miRNA-21 in real samples with satisfying results. This novel, simple, sensitive and selective SPEECL with label-free and low-toxic
ECL emitters displayed a great potential for bioassay application.

KEYWORDS: surface plasmon-enhanced electrochemiluminescence, silver nanoclusters, gold nanoparticles, catalytic hairpin ass-
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miRNA-21

Since the nineties of the 20th century, intensive studies on
the domain of spectroscopy enhanced by plasmon are
springing up vigorously accompanying with the development
of material science and nanotechnology.!* Specially, in
localized surface plasmon resonance (LSPR), the free electron
collectively oscillate in metal nanostructures inspired by the
electromagnetic (EM) field, can induce remarkable
enhancement of the optical signals such as fluorescence,*
“electrochemiluminescence (ECL),%'? Raman scattering,'*>!'> or
infrared absorption,'® leading to a family of plasmon-enhanced
spectroscopies. Because of its intriguing optical properties, this
surface plasmon triggered photoluminescence enhancement
has increasingly been applied in enormously multidisciplinary
fields including biological analysis,'””!? catalysis,?® and
material science.’

Especially, surface plasmon-enhanced
electrochemiluminescence ~ (SPEECL)  with  excellent
sensitivity and simplicity has been developed in various
chemical and biomedical assays, because electrodes were used
as the energetic origin for emission, avoiding the requirement
of being illuminated by an exterior light resource and
favorable to assay with high throughput. Lakowicz and co-
workers firstly observed the surface plasmon coupled ECL
from [Ru(bpy);]*" on Au film electrode.?!?? Later, Xu’s group
reported the enhanced ECL of CdS : Mn nanoparticels (NPs)
induced by the excited surface plasmon resonances of AuNPs,
which was fabricated for the detection of DNA sensitively. In
addition, by comparison with resonance energy transfer (RET),
they found the SPEECL was closely related with the distance

between the surface plasmon source and ECL luminescent
luminophores. 2* Very recently, surface plasmon from Au
nanoparticles to enhance ECL intensity of Au nanoclusters
(NCs) was also disclosed and applied for the ratiometric
detection of miRNA.?* Nevertheless, up to now, despite some
SPEECL by the LSPR of noble metal nanostructures has been
investigated, most luminophores in SPEECL are limited in Ru
complex,®” AuNCs,?* quantum dots (QDs),?2® or other
semiconductor nanocrystals, which is prone to suffer from the
complex process of labelling, or the inherent toxicity, greatly
restricting  their  bio-applications.  Consequently, the
exploration of novel label-free ECL species with low or no
toxicity for SPEECL is extremely desirable.

Profiting from their particularly small size, AgNCs with
dramatically different optical, electrical, and chemical
properties. 3! have been proven to possess potential
applications in chemical sensing, optical assay and biological
imaging.3>%5 Since Ras et al. firstly discovered the ECL
features of AgNCs in 2009,¢ AgNCs have drawn gradual
interest as novel ECL luminophores. More recently, DNA-
stabilized AgNCs, integrated the features of electrochemical
generated luminescent of AgNCs and the biorecognition of
flexible DNA, possessing various fascinating properties, eg.
dispensable with labelling process, low-toxicity and extremely
stability, have been extensively utilized as ECL luminophores
in miscellanecous bioassays.’’For instance, Yuan’s group
utilized AgNCs by in-situ electrogneration as ECL
luminophores with a coreaction accelerator of
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Scheme 1. (A) Schematic Illustration of the Structure and Modification Process of the Surface Plasmon-Enhanced ECL
Electrode (B) Based on SPEECL Biosensor for miRNA-21 Detection.

Fe;0,—CeO, nanocomposites to fabricate Cyclin-D1 ECL
biosensor with high sensitivity.*® In addition, with intrinsic O,
as the coreactant and AgNCs as ECL emitters, ultrasensitive
ECL detection of amyloid-p was developed.® Furthermore,
combining the ECL signals of AgNCs with signal
amplification strategy of target-cycling and rolling circle
amplification, an unltrasensitive ECL platform for miRNA
detection was fabricated.*® Specially, Zhang et al. found a
decreased ECL intensity of AgNCs took place originated from
the resonance energy transfer (RET), and further applied for
the preparation of a quenched ECL sensor of miRNA.*!
However, to the best of our knowledge, there is no report on
SPEECL emission of AgNCs and its further bioapplications.

Inspired by the above mentioned studies, in this paper, a
novel SPEECL models containing DNA-templated AgNCs as
ECL luminophores and AuNPs as surface plasmon resonance
sources was reported, and further for highly sensitive detection
of miRNA-21. It was found that the SPEECL was dependant
on the separation distance between AgNCs and gold
nanoparticles, which was exploited by conjugating with
different lengths of DNA sequences. Moreover, the
electrodeposition time of gold nanoparticles also had a vital
effect on the ECL intensity of AgNCs. Finally, by the
combination of catalytic hairpin assembly amplification
(CHA), the SPEECL of AgNCs was applied to fabricate
ultrasensitive biosensor in the detection of miRNA-21, which
displays a potential prospect of bioanalytical application.

EXPERIMENTAL SECTION

The descriptions of “Materials and Reagents”, “Apparatus”
are described in the Supporting Information.

Electrochemical Deposition of AuNPs on the Glassy
Carbon Electrode Surface. To deposit AuNPs on the glassy
carbon electrode surface, the electrochemically cleaned GCE
needs to be pretreated. First, the GCE was polished with
gradually refined sand papers and further burnished to a
mirror-like surface with alumina slurries (the mean diameters
of Al,O; particle is 0.3 and 0.05 um) on polishing chamois
leather. Then, the GCE was thoroughly rinsed with ultrapure
water and ultrasonicated in ethanol and water by turns,
followed by the drying of the cleaned electrode at room
temperature. Finally, electrodeposition was performed at a
fixed potential of -0.2 V in 0.01 wt% HAuCl, for different
periods of time including 10, 15, 30, 40, or 60 seconds,
respectively.
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Fabrication of the Surface Enhanced ECL Electrode.
Prior to modification, a AuNPs/GCE was obtained according
to the above statements, and then 8 pL. of S1 DNA with -SH
modified (5 uM) was dipped onto the AuNPs/GCE at ambient
temperature for 12 h to assemble S1 on the AuNPs/GCE
(S1/AuNPs/GCE) by the covalent bond of Au—S. Furthermore,
the S1/AuNPs/GCE was washed with washing buffer and
blocked with 8 puL of 10 mM 2-mercaptoethanol (MCH) for 1
h at room temperature to prohibit nonspecific conjugation.
After being washed thoroughly and dried in nitrogen, the
S1/AuNPs/GCE modified electrodes were dropped with 8 pL
DNA S2 (5 uM), which were partly complementary with S1 to
fabricate S2-S1/AuNPs/GCE. Furthermore, 8 pL of 30 uM
AgNO; solution was dipped onto the surface of S2-
S1/AuNPs/GCE and incubated in dark for 30 min to prepare
AgNCs followed by dipping 8 pL of 30 pM fresh NaBH,
solution carefully onto the above electrode surface and
incubating in dark at ambient temperature for 2 h. Finally, the
obtained AgNCs on S2-S1/AuNPs/GCE electrodes were
obtained (AgNCs/S2-S1/AuNPs/GCE) and washed with the
washing buffer followed by drying for electrochemical and
ECL measurements. In order to discuss the role of distance
between the AuNPs and the AgNCs on ECL emission,
different length dsDNA structures (S4-S3, S6-S5, S8-S7, S10-
S9) instead of S2-S1 was assembled, and then the obtained
modified electrode named as AgNCs/S4-S3 (S6-S5, S8-S7, or
S10-S9)/AuNPs/GCE were washed with the washing buffer
and dried for ECL measurements according to the above
statements. Control electrode of AgNCs/S2-S1/GCE was
prepared as the above steps except the deposition of AuNPs.

Fabrication of the miRNA Biosensor. The biosensor based
on the target miRNA-21-triggered catalyzed hairpin assembly
amplification was exploited by incubating a series of
concentrations of target miRNA-21 into 16 pL Tris buffer
containing 5 pM hairpin DNA (H1) and cytosine-rich hairpin
(H2) at 37 °C for 2 h. Meanwhile, the cleaned glassy carbon
electrode was modified with Au nanoparticles in optimized
electrodeposition time, and then the AuNPs/GCE modified
electrodes were incubated with the products (HI1-H2
complexes, which were obtained through the target miRNA-
21-triggered catalytic hairpin assembly amplification) at 37 °C
for 2 h to obtain H2-H1/AuNPs/GCE following that the
electrodes were washed with washing buffer and dried.
Furthermore, the AgNCs were prepared on H2-
H1/AuNPs/GCE as the above described on S2-S1/AuNPs/GCE
to prepare AgNCs/H2-H1/AuNPs/GCE. Finally, the electrodes
were washed with the washing buffer and dried for
electrochemical and ECL measurements.

2
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Gel Electrophoresis. 10 pL of the prepared sample was put
on agarose gels (5%). The electrophoresis was carried out in

0.5 x TBE buffer with stationary potential of 120 V for 60 min.

After EB staining, the gels were scanned using the Omega 16ic
Gel imaging system (ULTRA-LUM, USA).

RESULTS AND DISCUSSION

Principle and Characterization of the SPEECL
Electrode. In order to investigate the SPEECL with DNA-
templated AgNCs as ECL luminophores and AuNPs as surface
plasmon resonance enhanced sources, we designed the
modified electrode as shown in Scheme 1A. First, AuNPs were
modified on the surface of the GCE (AuNPs/GCE) by using
electrochemical deposition. Subsequently, the single stranded
substrate DNA probe S1 was conjugated onto the AuNPs/GCE
by Au-S interaction and then the obtained electrode was
blocked with MCH to seal the nonspecific active sites.
Furthermore, by the complementary bases of S2 at 3’ end with
S1, a DNA duplex was formed on the electrode to prepare S2-
S1/AuNPs/GCE. Because bases at the 5° end of S2 were
designed with cytosine- rich sequence, after incubating the
duplex modified electrode with AgNO; and the reduction of
NaBH,, DNA-templated AgNCs were formed on the duplex
(AgNCs/S2-S1/AuNPs/GCE). The characterization of the
formed DNA-AgNCs is shown in Figure S1A with the typical
high resolution transmission electron microscopy (HRTEM)
images. As we can be seen from the HRTEM image, the
AgNCs with an average diameter about 3 nm were uniformly
distributed in the field of view. Figure S1B-D showed the
scanning electron microscopy (SEM) images and X-ray energy
dispersive spectroscopy (EDS) of different electrodes. As
shown in Figure S1B, compared with the obvious Au
nanoparticles on GCE (Figure 4), a blurred film was observed
after S1 and S2 were assembled on AuNPs/GCE, may be due
to the weak electrical conductivity of DNA. As for the
AgNCs/S2-S1/AuNPs/GCE, obviously larger AuNPs could be
seen, maybe due to the existence of AgNCs enhanced the
electrical conductivity. As shown in Figure S1D, the EDS
characteristic peaks of Au and Ag indicated that the
AgNCs/S2-S1/AuNPs/GCE was successfully fabricated.

To prove the stepwise assembled processes of the above
modified electrode, the surface process of the electrodes was
characterized by the cyclic voltammograms (CVs) and
electrochemical impedance (EIS) spectra in the solution
containing [Fe(CN)s]*/* probes. As shown in Figure 1A, a
well-defined redox peak of [Fe(CN)¢]** appeared on the bare
GCE (curve a) and the same redox peak current on
AuNPs/GCE increased obviously because the conductivity of
AuNPs is favorable for the improvement of the electron
transportation (curve b). With the immobilization of S1 and
MCH in turns, the peak currents decreased gradually (curves c
and d), which was due to that S1 and MCH blocked the contact
of the redox probe with the electrode surface. When S2 was
conjugated with S1, the duplex was assembled and further
AgNCs were formed on the modified electrode. The redox
currents decreased because the existence of the dsDNA on the
electrode surface with more negative charges resulting in the
electrostatic repulsive-force towards [Fe(CN)y]** (curve e). It
demonstrated that the modified electrode was successfully
fabricated. The electrode modified steps were further
characterized by electrochemical impedance spectra. The
classical impedance spectrum contains a semicircular region at
high frequencies whose diameter equals to the electron
transportation resistance, Ret. As shown in Figure 1B, a small
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semicircle appeared on the bare GCE (curve a) and the Ret
lowered on the AuNPs/GCE (curve b), implying the good
conductivity of AuNPs. After the assembly of S1 and MCH,
the electron transfer resistance increased (curves ¢ and d)
attributed to that the phosphoric acid backbone of
oligonucleotides with negative charge inhibited the
approaching of the same charged [Fe(CN)¢]¥*. After the
duplex (S1-S2) formed on the modified electrode and the
assembling of AgNCs (curve e), the Ret increased further,
possibly due to that the duplex hindered the electron transfer,
in accgrdance with the results from CVs.
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Figure 1. CVs (A) and EIS (B) of the stepwise

modifications of electrodes tested in 5.0 mM [Fe(CN)y]>*
containing 0.1 M KCI (scan rate: 100 mV/s). (a) bare GCE, (b)
AuNPs/GCE, (c) S1/AuNPs/GCE, (d) MCH/S1/AuNPs/GCE,
(e) AgNCs/S2-S1/AuNPs/GCE.

Mechanism of the proposed SPEECL. Furthermore, to
investigate the ECL enhancement of AgNCs by AuNPs, ECL
experiment with different modified electrodes in the PBS
containing 0.05 M K,S,05 and 0.1 M KCl was carried out in
the potential window of 0 to -1.6 V. Figure 2A showed that the
background ECL on the bare GCE was small (curve a). As the
the modification of AuNPs, the ECL signal improved (curve b).
Furthermore, compared with the ECL response of AgNCs/S2-
S1/GCE (curve c), the AgNCs/S2-S1/AuNPs/GCE (curve d)
displayed enhanced ECL responses. In the course, the
luminescent AgNCs and coreactant S,Og> in the ECL system
were first reduced to form AgNCs™ and SO4~. And then, the
AgNCs™ could be oxidized by SO, to AgNCs*. It could emit
the light from excited to ground state and consequently the
ECL intensity could be obtained. The whole ECL process
could be described as follows:

AgNCs + e — AgNCs™ )
Szng' +e — SO42 T+ SO47' (2)
AgNCs™ + SO~ — AgNCs* + SO,2~ 3)
AgNCs* — AgNCs + hv @)

However, as expected, the ECL intensity of AgNCs/S2-
S1/AuNPs/GCE was much (about 8.5 times) higher than that
of AgNCs/S2-S1/GCE. We suggest the enhanced ECL is
originated from two possible sources. First, the
“nanoelectrode’ effect may improve the ECL signal because
the electrode modified with AuNPs may enlarge the surface
area and load more DNA and further AgNCs. However,
according to the CVs response of AgNCs/S2-S1/AuNPs/GCE
and AgNCs/S2-S1/GCE (control electrode) in 0.1 M PBS
solution containing 0.05 M K,S,0g and 0.1 M KCI, the
electrodes with and without modification of AuNPs showed
almost the same profile (Figure S2), implying the ECL signal
enhancement by “nanoelectrode” effect could be ignored. In
consequence, the LSPR of AuNPs should mostly attribute to
the great enhancement of ECL. Furthermore, the emission
spectrum of AgNCs and UV-vis absorption spectrum of
AuNPs were examined to investigate whether the emission
spectrum of the donor could rightly match the absorption
spectrum of the acceptor to confirm the principle of LSPR

3



oNOYTULT D WN =

ACS Sensors

enhancement.*?As Figure 2B displayed, the ECL emission
peak of AgNCs was at 552 nm (curve b), well overlapped with
the plasmon absorption band of AuNPs centered at 522 nm
(curve a), implying a feasible LSPR-ECL couple. In general,
the LSPR of AuNPs was first excited with the enhanced
electromagnetic near-field which coupled back into the
emissil(()n of AgNCs* resulting in the SPEECL.
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Figure 2. (A) ECL on bare GCE (a, green line), AuNPs/GCE
(b, bule line), AgNCs/S2-S1/GCE (c, black line) and
AgNCs/S2-S1/AuNPs/GCE (d, red line) in 0.1 M PBS (pH 7.4)
containing with 0.05 M K,S,05 and 0.1 M KCI (Scan rate: 100
mV/s, inset: ECL intensity-potential curve of bare GCE and
AuNPs/GCE). (B) UV-vis absorption spectrum of AuNPs (a,
red line) and ECL emission spectrum of AgNCs (b, blue line).

Influence of Separation Distance Between AgNCs and
AuNPs for SPEECL. Since the distance between the
Iuminophores and surface plasmon resonance sources acts as a
two-edged sword to the ECL emission as reported, the
optimization of the inter-distances between AgNCs and
AuNPs to achieve optimal ECL enhancement was exploited. A
series of duplex (S6-S5, S4-S3, S2-S1, S8-S7, S10-S9)
containing various complementary bases pairs of 18, 27, 36, 45
and 54 bp with different lengths (1 nm for 3-base) was
assembled on the AuNPs/GCE. Because of the —SH at 5’ end
of S1 (S3, S5, S7, or S9), they could be assembled on the
AuNPs/GCE and formed the duplex on the electrode by the
hybridization with their complementary strands (S2, S4, S6, S8,
or S10). Since the complementary strands containing the
cytosine- rich base at 5’ end, it would result in different
separation distances between the AgNCs on the end of the
duplex and AuNPs on the surface of GCE. As shown in Figure
3, when the number of complementary bases was 18 bp, the
ECL signal was weak (curve a). It suggested the close distance
between the AgNCs and AuNPs may result in the generation
of ECL resonance energy transfer (ECL-RET) processes from
the AgNCs towards the Au nanoparticles to decrease ECL
intensity. With the numbers of complementary bases increased
to 27 and 36 bp, the ECL intensities were dramatically
enhanced by 3.6-fold and 7.8-fold (curves b and c). As
reported in experiment and theory, the distance between
luminophores and AuNPs is key to the occurrence of ECL-
RET and LSPR enhancement.** Because the ECL-RET
usually appears in a short distance, and it decreased with the
distance enlarged more seriously than the enhanced SPR field,
the effect of LSPR is the main sources of the ECL
enhancement and the ECL-RET could be ignored in this case.
After further increasing the numbers of complementary bases
to 45 and 54 bp, the enhanced efficiencies decreased to 5.2-
fold and 2.8-fold (curves d and e). It was suggested that the
SPR field are dumping exponentially with the increasing
distance. Consequently, the ECL intensity decayed when the
distance between AgNCs and AuNPs increased furthermore.
Therefore, the maximum ECL intensity was observed when
the complementary bases were 36 bp with about 12 nm of the
separation distance. The above phenomenon confirmed the
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effect of inter-distance on the LSPR between AgNCs and
AuNPs.

Figure 3. The ECL intensity affected by the separation
distance between AgNCs and AuNPs through controlling
numbers of base pairs in the duplex: 18 (a), 27 (b), 36 (c), 45
(d), and 54 (e) bp.

The Effect of Electrochemical Deposition Time of Gold
Nanoparticles on SPEECL. Furthermore, the
electrodeposition time of AuNPs on GCE on the intensity of
SPEECL was investigated. A series of electrodepostion time
from 10 to 60 seconds was used to deposit AuNPs on the
cleaned GCE and then the assembly of AgNPs/S2-
S1/AuNPs/GCE was fabricated with the same steps. The ECL
of these AgNCs/S2-S1/AuNPs/GCE  electrodes  was
investigated. The typical SEM images were shown in Figure
4A-E, it could find that the quasi-spherical AuNPs have been
successfully immobilized on the electrode with a quite
symmetric distribution. With the time increased from 10 to 30
seconds, the sizes of nanoparticles were found to be enlarged.
For example, the average size of AuNPs is approximately 20
nm for an electrodeposition time of 10s (Figure 4A), while it is
approximately 50 nm for 30 seconds (Figure 4C) under the
same electrodeposition conditions. The average size of AuNPs
increased from about 50 nm to 80 nm (Figure 4E) when the
time of electrodeposition was increased from 30 to 60 seconds.
We note that the increased size of AuNPs and the decreased
inter-distance of AuNPs mostly depends on the elongation of
electrodeposition time. In addition, with the inter-distance of
AuNPs becoming smaller, the SPEECL was affected maybe
due to the inhibited growth of gold nanoparticles.*> Figure 4F
showed the relationship between the corresponding SPEECL
signals and electrodeposition time of AuNPs. When the
electrodeposition time was 10 seconds, the ECL signal was
slight (curve a). With the electrodeposition time increased to
15 seconds, the ECL intensities were significantly enhanced by
5.8-fold (curve b). Best ECL enhancement was observed with
electrodeposition time of 30 seconds (curve c). However,
continuously extending the deposition time, the ECL intensity
decreased gradually. After further increasing the deposition
time to 40 and 60 seconds, the enhanced efficiencies decreased
to 3.1-fold and 1.7- fold (curves d and e). Thus, the
electrodeposition time affecting the size and inter-distance of
AuNPs has an obvious effect on the SPEECL.

Fabrication of AgNCs Based miRNA-21 SPEECL
Biosensor. Based on the LSPR of AuNPs enhanced ECL
emission of AgNCs, furthermore, a novel detection strategy
with target-triggered enzyme-free catalytic hairpin assembly
was developed for highly sensitive detection of miRNA-21. As
shown in Scheme 1B, two DNA hairpins (Hl and H2) were

4



Page 50f 9

oNOYTULT D WN =

ACS Sensors

designed for the CHA reaction. In the presence of target
miRNA-21, the hairpin DNA H1 with 5’-thiol modified is

opened by hybridizing with target throu,
L = = . ’ f =

-‘i‘,. . » 3

sequences. Then, by hybridization of H1 with another hairpin
generating

DNA H2 H1-H2 duplex

% 0

Figure 4. SEM images (A-E) and the corresponding ECL intensity (F) under different electrodeposition time of AuNPs: 10 (A, a),

15 (B, b), 30 (C, c), 40 (D, d) and 60 seconds (E, ¢)

complex, the target could be released from the H1-H2 duplex
and initiated many cycles for the generation of large amounts
of H1-H2 duplex contributing to signal amplification. After
that, by the covalent bond of Au—S, these H1-H2 duplexes
were assembled onto the AuNPs modified electrode. By the
same reduction method as Scheme 1A described, a large
amount of AgNCs were grown on the HI-H2 duplexes and
achieved the strong electrochemiluminescence signals. The
corresponding electrochemical characterization of the AgNCs
based miRNA biosensor was shown in Figure S3.

Meanwhile, gel electrophoresis assays were carried out to
demonstrate the amplification strategy of CHA. As show in
Figure 5, distinctly single band from miRNA-21, H1, and
H2 in lanes 1, 2, and 3 was observed, respectively. Lanes 4
and 5 were corresponding to the bands of a mixture of
H1/H2 and the hybridization of miRNA-21/H1/H2
template. Moreover, the HI1/H2 mixture showed the
original bands of H1 and H2 monomers, implying that if
without the target, the CHA amplification was blocked.
However, as with the target of miRNA-21, a slower
electrophoretic mobility can be investigated (lane 5),
demonstrated the feasibility of CHA strategy.
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Figure 5. Gel electrophoresis assay: lane 1, miRNA-21; lane
2, H1; lane 3, H2; lane 4, mixture of H1 and H2; lane 5,
mixture of H1, H2, and miRNA-21.

Assay Performance of AgNCs Based SPEECL Biosensor
for miRNA-21 Detection. Under the optimal experimental
conditions (Supporting Information), the assay performance of
the present miRNA-21 SPEECL biosensor was investigated.
As shown in Figure 6A, the ECL responses towards different
concentrations of miRNA-21 were recorded. It was obvious
that the ECL intensity enlarged with the increase of miRNA-
21 concentrations (curves a—h). As shown in Figure 6B, ECL
signal was linearly related with the logarithm of miRNA-21
concentrations in the range of 1 aM to 10* fM with a
regression equation of [=4415.81+1041.15logc (I: ECL
intensity, c: the concentration of miRNA-21) and a linear
correlation coefficient of 0.9933. Additionally, an estimated
detection limit of 0.96 aM (S/N=3) could be obtained.
Compared with other miRNA-21 biosensors, the present
SPEECL biosensor displayed superior sensitivity and detection
limit (Table S2).

Selectivity, Stability, Reproducibility and Real Sample
Analysis of the miRNA Based SPEECL Biosensor. The
selectivity of the sensing system is another important
parameter for a biosensor. In order to explore the selectivity of
the present SPEECL biosensor, the response towards 10 pM of
miRNA-101, miRNA-155, and single-base mismatched
miRNA-21 (SM miRNA-21) comparing with that of 1 fM of
miRNA-21 was assayed by the present biosensor. As shown in
Figure 6C, there is no obvious ECL signal towards miRNA-
155, miRNA-101 or SM miRNA-21. Meanwhile, compared
with miRNA-21 (1 fM), the SPEECL biosensor has no distinct
difference towards its mixture containing 10 pM unspecific
miRNA. The obvious higher response towards miRNA-21
implied other similar miRNA didn’t interfere on miRNA-21.
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Therefore, the designed SPEECL biosensor exhibited
satisfying selectivity towards miRNA-21.

Stability is a vital parameter to evaluate the behaviour of the
biosensor. For the purpose to judge whether the present
SPEECL biosensor could satisfy the requirement of long-term
cyclic use, the AgNCs/H2-H1/AuNPs/GCE in the presence of
1 fM of miRNA-21 was continuously scanned and recorded.
As Figure 6D displayed, the ECL signal remained almost no
obvious decay (RSD = 1.61%) after continuously scanning for
15 cycles, suggesting the favorable stability of the present
SPEECL biosensor. Following that, the reproducibility of the
AgNCs/H2-H1/AuNPs/GCE was tested by assaying miRNA-
21 (1 fM) for 8 times repeatedly in the intra- and inter-assay.
The RSD values were 3.8% and 4.6% (Figure S5), respectively,
demonstrating that the acceptable reproducibility of the present
miRNA-21 SPEECL biosensor.

Finally, the practical utility of the present miRNA-21
SPEECL biosensor was investigated by the assay in real
samples. The samples were prepared by the spiked addition of
miRNA-21 solution into 10% diluted normal human serum. As
shown in Table 1, the results displayed favorable recoveries
from 96% to 106% and RSDs from 3.4% to 5.3%, suggesting
that the developed method is promising to determine miRNA-

21 in clinical analysis.
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Figure 6. (A) ECL of the proposed SPEECL sensor with
different concentrations of miRNA-21: (a) 1073, (b) 102, (c) 10
L@ 1, (e) 10, (f) 10% (g) 10° and (h) 10* fM. (B) Linear
relationship between the ECL intensities and the logarithm of
miRNA-21 concentrations. (C) ECL of the present SPEECL
biosensor in blank (a) or with 10 pM miRNA-155 (b),
miRNA-101 (c¢), SM miRNA-21 (d), 1 fM miRNA-21 (e) or
their mixtures (f); (D) ECL response of AgNCs/H2-
H1/AuNPs/GCE after scanned for 15 cycles continuously.

Table 1. Recovery Tests for miRNA-21 in Spiked Human
Serum Samples (n = 3)

samples added/fM found/fM RSD/% recovery(%)
1 1 1.03 4.7 103

2 10 9.6 53 96

3 102 101 4.5 101

4 103 9700 3.6 97

5 10* 10600 34 106
CONCLUSION

In summary, SPEECL with DNA templated AgNCs as ECL
Iuminophores and the LSPR enhanced sources of AuNPs was
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explored and designed for the fabrication of miRNA-21
biosensor with high sensitivity and selectivity. In addition, it
has demonstrated that the separation distance between AgNCs
and AuNPs and the electrodeposition time of AuNPs are key to
obtain optimal SPEECL. Based on the LSPR of AuNPs
enhanced AgNCs ECL emission, a target miRNA-21-triggered
catalyzed hairpin assembly with the enzyme-free recycling
amplification strategy was developed to detect miRNA-21
with high sensitivity and selectivity, which provide a potential
tool for the determination of miRNA in real applications.
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