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A novel biosensing platform based on the Ag(l) ion-enhanced or Ag
nanocluster (NC)-quenched electrochemiluminescence (ECL) of
CdSe quantum dots (QDs) was designed for versatile “on—off” assays
of thrombin (TB) and miRNA, in which bipedal molecular machine
(BMM)-triggered surface programmatic chain reaction (SPCR) coupled
with mesoporous silica nanoparticle (MSN) multiple amplification is
used to introduce plentiful QDs and Ag" ions to significantly improve
the ECL signal.

Thrombin (TB) plays a vital role in some pathological and
physiological processes, including inflammation, wound healing,
and blood coagulation.” MicroRNAs (miRNAs) play significant
functions in various biological processes, such as cell differentia-
tion, apoptosis, and cancer development.® Therefore, sensitive
and selective detection of TB and miRNAs is highly significant
for clinical diagnosis and treatment.

Recently, DNA molecular machines have attracted intense
attention because of their highly programmable nature, high
precision, and ease of preparation; they have been well developed
in the biosensing®® and intracellular molecular imaging® fields.
Of particular interest is that these molecular machines can be
cyclically reused, and have been demonstrated to be a powerful
signal amplification technique for assays of different targets.”

MSNs have attracted substantial attention due to their high
porosity, good tunability, ease of functionalization, and ordered
pore volume for a wide range of guests, from small molecules to
proteins.®? They have been widely used as efficient drug or
protein delivery carriers due to their controlled pore sizes.'>"

Electrochemiluminescence has attracted increasing attention
in various bioanalytical applications due to its simplicity, high
sensitivity, wide dynamic range, and low background.'*'* QDs
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have gradually become widely used ECL emitters due to their
stable physical and chemical properties, strong anti-interference
capacity and easy film-forming ability.""® Promotion of QDs’
ECL efficiency is of great importance for the widespread applica-
tion of ECL biosensors. The use of S,05”" to catalyze QDs’ ECL
was a classical ECL-coreactant system.'® ECL resonance energy
transfer (ECL-RET) has been extensively used for biosensing due
to its high sensitivity and wide range of analytes."”'® Yuan’s
group reported an ECL-RET system from tris(4,4’-dicarboxylic
acid-2,2/-bipyridyl) ruthenium(u) dichloride (Ru(dcbpy);*") to
CdSe@ZnS QDs for miRNA-141 detection.'® Xu et al. employed
ECL-RET of gold-nanoparticle-luminol for dual-wavelength ratio-
metric miRNA detection.>® Although these methods can change
the ECL efficiency of QDs, improvement of ECL intensities is still
necessary for sensitive ECL bioassay.

In this study, a novel molecular machine-powered chain
reaction amplification strategy was combined with Ag(1) ion-
accelerated and Ag NC-quenched QDs’ ECL to develop a highly
sensitive ECL biosensing platform for dual target assay. Large
amounts of QDs and Ag" were first assembled into an electrode
by SPCR to much improve the ECL signal. Ag(i) ions were
utilized as coreaction accelerators in the CdSe-S,05>~ system
to remarkably enhance the ECL intensity for TB detection.
CsDNA-capped MSNs were developed as nanocarriers for con-
trolled release of numerous Ag" ions to achieve amplified ECL
detection of miRNA-21 based on Ag NC quenching of QDs’ ECL.
This method can detect two targets in one ECL biosensing plat-
form, showing wide linear ranges and very low detection limits,
which is expected to be applied in early disease diagnosis.

As shown in Scheme 1, the versatile “on-off” ECL biosen-
sing platform was designed for sensitive detection of thrombin
and miRNA-21. The BMM was first formed through specific
binding of one target protein with two DNA aptamers, which
then hybridized with hairpin DNA 1 (H1) on the electrode to
open its prelocked domain and triggered subsequent hybridi-
zation chain reaction (HCR) with C-rich hairpin DNA 2 (H2) and
CdSe-labeled hairpin DNA 3 (H3-CdSe), resulting in the attach-
ment of large amounts of QDs and C-rich DNA on the electrode.
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Scheme 1 Schematic diagram of the “on-off" ECL biosensing platform
for versatile detection of thrombin and miRNA-21 based on Ag(l) ion-
accelerated and Ag NC-quenched ECL combined with molecular
machine-triggered chain reaction and MSN double amplification.

Then, numerous Ag(1) ions were captured by C-rich DNA viga C-C
mismatches to form stable Ag(i)-embedded DNA complexes;
the Ag(1) ions as efficient coreaction accelerators can react with
S,04”" to produce massive amounts of SO, * with the recycling
of the Ag(1) and Ag(u) ions, and SO, * can react with CdSe QDs
to achieve extremely enhanced ECL for sensitive ‘“signal on”
detection of TB.

Moreover, MSNs were functionalized with poly(diallyldimethyl-
ammonium chloride) (PDDA) to carry positive charges; then
AgNO; molecules were entrapped in the pores of the MSNs and
capped by the biogate CsDNA. The presence of target miRNA-21
triggered release of AgNO; due to DNA-RNA hybridization,
which resulted in a relationship between miRNA-21 and AgNO;
concentration. The released AgNO; molecules were introduced
into the SPCR-produced C-rich DNA to form stable cytosine-Ag*-
cytosine; thus Ag NCs were in situ generated by NaBH, reduction.
Due to the ECL resonance energy transfer (RET) between Ag NC
acceptors and CdSe QD donors, the ECL signal of CdSe QDs was
quenched.”* In addition, Ag NCs competitively reacted with
S,04”" to reduce the production of ECL co-reactive free radicals
(SO4*), which further decreased the ECL signal; thus a “‘signal
off” ECL biosensor for ultrasensitive detection of miRNA-21 was
developed.

Fig. S2A (ESIY) shows a transmission electron microscopy
(TEM) image of CdSe QDs in aqueous solution; the QDs with an
average diameter of about 3 £ 0.5 nm were uniformly distributed.
The size of the QDs estimated from the absorption peak in UV-
vis spectra (Fig. S2B, ESIt) according to the empirical equation®
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Fig. 1 (A) TEMimage of Ag NCs (inset: size distribution of Ag NCs). (B) UV-
vis absorption spectrum of Ag NCs (inset: magnification of the UV-vis
absorption spectrum in the wavelength range of 300-700 nm).

(D=(1.6122 x 10 %)A* — (2.6575 x 10 )7 + (1.6242 x 107%)/* —
(0.4277)/ + 41.57 = 2.173) was consistent with that in TEM. Fig.
S2C (ESIt) displays the PL spectra of the CdSe QDs, and the
emission peak was at 526 nm.

The TEM image in Fig. 1A revealed that the Ag NCs were
monodispersed, and the average size of the Ag NCs was about
3.0 nm. Fig. 1B shows two peaks of UV-vis absorption at 390
and 550 nm, respectively, which were consistent with different
particle sizes of Ag NCs. Among them, the absorption peak at
550 nm matched the fluorescence emission peak of the CdSe
QDs, which proves that ECL resonance energy transfer between
the QDs and Ag NCs can be performed.

In order to confirm the feasibility of the proposed ECL
biosensor for TB detection based on BMM-triggered SPCR
amplification, gel electrophoresis (GE) was employed to character-
ize the process. As shown in Fig. 2, lanes m, a, b, and c show the
GE results for the marker, H1, H2, and H3, respectively. The thiol
group in H1 easily combines into a disulfide bond to increase the
molecular weight of DNA, producing two distinct bright bands
(lane a). Lane d exhibits several distinct bands of the products by
SPCR at the top of the strip, suggesting that H1, H2, and H3 were
hybridized in the presence of TB to achieve SPCR amplification.

To demonstrate that the MSNs can load AgNO; molecules to
quantify target miRNA using the biogate, the morphological
properties of MSNs, CsDNA capped PMSNs, and PMSN-CsDNA
in the presence of miRNA-21 were characterized with TEM
images. As shown in Fig. 3A-C, the average diameter of the
spherical MSNs was about 90 nm, and the CsDNA-capped
PMSNs showed a much rougher surface and fewer pores (B)
than MSNs (A), indicating that CsDNA successfully adhered

Fig. 2 Polyacrylamide gel electrophoretogram (PAGE) analysis of SPCR:
(m) marker, (a) H1, (b) H2, (c) H3, and (d) product of SPCR.
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Fig. 3 TEM images of MSNs (A), CsDNA-capped PMSNs (B), and CsDNA-
capped PMSNs in the presence of miRNA-21 (C); (D) pore size distribution
(inset: size distribution of MSNs) and N, adsorption—desorption isotherm
of MSNs (E); and (F) zeta potentials of MSNs (a), PMSNs (b), CsDNA-capped
PMSNs (c), and CsDNA capped PMSNs incubated with miRNA-21 (d).

onto the PMSNs. After being incubated with the target miRNA,
the pore outlines of MSNs became clearer because the rigid
CsDNA-RNA duplex structure left the surface of the PMSN and
the AgNO; molecules were released (C). Fig. 3D also shows that
the average diameter of the MSNs is about 90 nm, while the
pore size with narrow distribution is about 2.44 nm, which
guaranteed efficient loading of AgNO; molecules.>® As shown in
Fig. 3E, the MSN samples displayed an excellent N, adsorption—
desorption isotherm curve with a sharp increase in adsorbed
volume between 0.4 and 0.5 of P/P,, which is characteristic of a
well defined mesopore structure.

Moreover, the analysis process for miRNA using PMSN-
AgNO;/CsDNA was characterized in terms of the zeta potential.
As shown in Fig. 3F, after the positively charged PDDA was
attached on MSNs, the zeta potential changed from —8.26 mV
(MSNs, column a) to +44.98 mV (PMSNSs, column b). Further-
more, as the DNA phosphate backbone has negative charge, the
zeta potential of CsDNA-capped PMSNs decreased to +30.72 mV
(column c). After further reacting with the miRNA, PMSNs
showed a slight increase in potential (+37.37 mV, column d),
so the results verified the successful fabrication and ability of
the CsDNA-PMSNs for miRNA detection.

The atomic force microscopy (AFM) technique was also employed
to confirm the fabrication process of the biosensor. Fig. S3A and
B (ESIt) show the images of Au NPs on the electrode, which
possessed a uniformly distributed surface structure. The thick-
ness of the pure gold film was ~15 nm, and the gold NPs can
also be observed. After the CdSe QDs were immobilized on the
Au NP-electrode (Fig. S3C, ESIt), the surface became more dense
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due to more nanoparticles. After the Ag NCs were in situ generated
on the C-rich ssDNA via reduction on the electrode (Fig. S3D,
ESIt), the surface was covered with abundant smaller nano-
particles in appearance, suggesting that the biosensor based on
CdSe QDs and Ag NCs was successfully fabricated for dual target
detection.

In order to confirm the feasibility analysis of the ECL bio-
sensor for TB and miRNA-21 detection based on the Ag(1) ion
enhanced or Ag NC quenched ECL of the CdSe-S,05>~ system.
The ECL signals under different conditions were employed to
characterize the process. As shown in Fig. S5A (ESIT), almost no
ECL was observed on the bare electrode (curve a). In the absence
of TB, the ECL signal is similar to that of the bare electrode
(curve b). When TB was present, an evident ECL peak with high
intensity (curve ¢, 6798 a.u.) was observed, as the TB-aptamer
complex first opened H1 and then initiated HCR to assemble
numerous H3-CdSe QDs onto the electrode. Moreover, the HCR
introduced abundant C-rich hairpin DNA 2 (H2) to capture large
amounts of Ag(1) ions on the electrode, the Ag(1) ions as coreac-
tion accelerators can react with S,05>~ to supply more SO, * to
significantly increase the ECL intensity, the improved ECL signal
is about 2.56 times (17 448 a.u., curve d) that of curve c, so the
“signal on” ECL biosensor was developed for sensitive TB
detection. The possible ECL mechanism is as follows:**

Ag(n) + H,O0 — Ag(l) + AgO" + 2H" 1)
AgO' + H,0 — Ag(i) + H,0, 2)
H,0, +e~ —» OH + OH"® (3)

OH® + $,04>” — SO,*” + HSO, + O, (4)
0,+H,0+e — OH + H,0, (5)

ECL emission:

CdSe + e~ — CdSe*” (6)
CdSe*™ +S0,*~ — CdSe* + SO,>~ )
CdSe* — CdSe + hv (8)

To investigate the performance of the proposed ECL biosensor,
ECL responses to TB with various concentrations were recorded
under optimal conditions. Fig. 4A displays the ECL intensity-time
curves, wherein the ECL response signals increase gradually with
the increasing concentration of TB from 0 to 1000 pM. The
relationship between AECL and the TB concentration is shown
in Fig. 4B. It can be found that the AECL is logarithmically related
to the concentration of TB in the range from 0.001 to 1000 pM
(R* = 0.995), and the detection limit is 0.165 fM (S/N =3). A
comparison of the reported TB detection methods indicated that
the prepared biosensor exhibited better sensitivity (Table S1, ESIT).

Under optimal conditions, the proposed biosensor was
successively used to detect target miRNA-21. As exhibited in
Fig. 5A, the ECL intensity decreased upon increasing the
concentration of miRNA-21 from 0 to 10> pM (curves a-k),
and an excellent linear relationship between AECL and the
logarithm of the miRNA-21 concentration (10 °-10° pM) is

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (A) ECL responses of the biosensor for different concentrations of
TB (pM): (a) O, (b) 0.0005, (c) 0.001, (d) 0.01, (e) 0.1, () 1, ()10, (h) 100, (i)
1000, and (j) 10000. (B) Relationship between ECL response changes
(AECL) and the concentration of TB (0.001-1000 pM), inset: the logarith-
mic calibration curve for TB detection (PMT = —800).
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Fig. 5 (A) ECL responses of the biosensor for different concentrations of
target miRNA-21 (pM): (a) 0, (b) 5 x 107°, (c) 107>, (d) 107% (e) 1073,
() 1072, (g) 107%, (h) 1, () 10, (j) 102 and (k) 10°. (B) Relationship between
ECL responses and the concentration of miRNA-21 (107°-10° pM), inset:
the logarithmic calibration curve for target miRNA-21 detection (PTM =
—900V, in 0.1 M PBS containing 50 mM $,0g2~, pH 7.4).

shown in Fig. 5B (inset, R* = 0.996). Moreover, the detection
limit was calculated to be 4.97 aM (S/N = 3). By comparison, the
prepared biosensor exhibited better performance and higher
sensitivity than the other analysis methods for miRNA detec-
tion (Table S2, ESI¥).

The selectivity of the proposed sensor for TB detection was
verified; AFP, CEA, PSA, TB and a mixture of them were detected,
respectively. The results are shown in Fig. S9A (ESIt). No remark-
able changes in the ECL signals were observed for detecting the
interferents compared with that of TB (10> pM) and its mixture,
indicating the excellent selectivity of the proposed ECL biosensor
for TB assay.

In conclusion, based on a novel molecular machine-powered
chain reaction amplification strategy combined with the Ag(i)
ion-accelerated and Ag NC-quenched ECL of the CdSe-S,05>~
system, a highly sensitive ECL-biosensing platform was
designed for versatile “on-off” detection of dual targets. Target
TB-aptamer binding first initiated SPCR not only to bring a large
number of QD signal probes on the electrode, but also to
generate abundant C-rich DNA chains. The C-rich DNA was fully
utilized to capture large amounts of Ag(i) ions for enhancement
of QD ECL to develop a novel “signal on” ECL biosensor for
sensitive TB assay, and also in situ electrochemically generate
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massive amounts of Ag NCs for ECL quenching to achieve
“signal off” ECL detection of miRNA-21. It is for the first time
that the molecular machine powered-SPCR amplification was
combined with Ag*-induced “on off” ECL in the same biosensing
system for versatile assays of dual targets. The proposed sensing
platform showed very wide linear ranges and lower detection
limits compared to previously reported methods. The biosensor
can be applied to human serum samples with good precision,
which has promising applications in bioanalysis and clinical
diagnosis.
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