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ARTICLE INFO ABSTRACT

This work used 3,4,9,10-perylenetetracarboxylic acid-luminol composite (PTCA-luminol) as signal tag with
improved ECL signal and applied cruciform DNA structure mediated exponential strand displacement reaction
(SDR) to construct an ultrasensitive electrochemiluminescence (ECL) biosensor for microRNA-21 (miRNA-21)
detection. The novel luminol-based signal tags was synthesized utilizing the m-x stacking interaction between
PTCA and luminol, realizing highly effective and stable immobilization of luminol and resulting in good stability
and strong ECL response. Meanwhile, target miRNA-21 triggered disaggregation of cruciform DNA structure was
used to mediate exponential SDR for target recycling amplification. Taking advantage of the novel luminol-based
signal tag and exponential SDR, the proposed ECL biosensor achieved excellent sensitivity with wide linear range
from 10 aM to 100 pM and detection limit was 2 aM. Moreover, this ECL biosensor was applied to estimate the
expression level of miRNA-21 and pharmacodynamics of matrine in human breast cancer cells (MCF-7 cells). The
proposed biosensor provided a new opportunity for the preparation of ECL nanomaterials and exhibited great
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application potential in other biomarkers detection, clinical application and pharmacodynamics evaluation.

1. Introduction

Luminol is one of the most widely used electrochemiluminescence
(ECL) luminophore in sensitive determination of various kinds of bio-
markers including proteins, DNAs, microRNAs (miRNAs), cells and so
on due to its low cost and toxic, and high light-emitting quantum yield
(Huo et al., 2018; Xu et al., 2016; Khonsari and Sun, 2017; Kitte et al.,
2017; Miao, 2008; Wu et al., 2017; Zhang et al., 2018). In universal
research works, luminol was directly added into detection solution to
achieve stable ECL signal due to its advantages of good stability and
simple operation. (Zhao et al., 2017, 2015; Zhang et al., 2015) How-
ever, the detection relied on the ECL enhancing or quenching of the
original ECL signal, which led to relatively high noise and went against
the improvement of sensitivity. To improve the sensitivity, coreaction
accelerator strategy and high-efficient immobilization strategy for lu-
minorphor are the core of research. In recent years, researchers devoted
themselves to develop luminol-based signal tag obtained by im-
mobilizing luminol via physical adsorptions and crosslinking reactions
to decrease the noise and improve sensitivity. Cui’s group used luminol
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to reduce chloroauric acid directly and produced luminol-capped gold
nanoparticles (Cui et al., 2007; Chen et al., 2014; Gu et al., 2015; Zhou
etal., 2017; Wang et al., 2016a, 2016b). This method afforded an easy-
but-reliable approach for the immobilization of luminol, while the op-
eration was relatively complicated. In our previous works, we achieved
luminol immobilization via the crosslinking amino group of luminol
and carboxyl groups of other nanomaterials with a relatively simple
operation (Wang et al.,, 2016a, 2016b; Liu et al., 2017a, 2017b).
Nevertheless, the immobilization quantity was restricted by the rela-
tively low crosslinking activity of amine group on the benzene ring.
Thus, it is important but still a challenge to develop an effective method
for luminol immobilization. Notably, the w-n stacking interaction is an
efficient and stable method to prepare nanomaterials containing delo-
calized structure, such as graphene, hemin and 3,4,9,10-perylenete-
tracarboxylic acid (PTCA) (Lee et al., 2011; Shen et al., 2012; Xue et al.,
2012). Herein, a novel luminol-based ECL signal tag was prepared by -
n stacking interaction between luminol and PTCA for efficiently im-
mobilizing luminol.

Enzyme-free amplification strategies, such as hybridization chain
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reaction (HCR) (Yin et al., 2016; Tang et al., 2017; Liu et al., 2017a,
2017b), catalyst hairpin assembly (CHA), (Jiang et al., 2013; Li et al.,
2016) and strand displacement reaction (SDR) (Wang et al., 2017;
Zhang et al., 2016) with the advantages of easy operation, broad
practicability and low cost, show promising potentials for biosensing,
for example Liao and coworkers used hybridization chain reaction
(HCR) to construct AT-rich dsDNA for the immobilization of lumino-
phore Cu NCs, achieving high luminescence intensity with the help of
coreaction accelerator. (Liao et al., 2018) Unfortunately, the sensitivity
of common enzyme-free amplification strategies was limited due to
their linear target recycling amplification from target to outputs.
Therefore, it is of great significance to develop a more efficient target
recycling amplification strategy to improve the sensitivity of bioana-
lysis. In this work, based on a novel cruciform DNA structure, an ex-
ponential SDR was firstly put forward to achieve more sensitive target
recycling amplification. With the introduction of target, the cruciform
DNA structure was disaggregated, accompanying with target and target
mimics released, which both could participate in next cycle to realize
exponential target recycling amplification.

Herein, an ultrasensitive ECL biosensor was proposed for determi-
nation of miRNA-21 based on high-performance luminol-based signal
tag and cruciform DNA structure mediated exponential SDR. The signal
tag (Scheme 1A) achieved stable and efficient immobilization of
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luminol, which provided a novel avenue for preparing high-perfor-
mance luminol-based ECL signal tag. Moreover, the novel cruciform
DNA structure mediated exponential SDR was designed for exponential
target recycling amplification to further improve the sensitivity. As
shown in Scheme 1B, the cruciform DNA structure consisted by D1,
thiol-modified D2, D3 (target mimics) and D4. In the presence of target
miRNA-21, signal tag labeled H1 could be unfolded to expose 3’-ter-
minus of H1 for hybridization with D2 to release miRNA-21, D1, D3 and
D4. With D1 and D4 discarded, D3 and released miRNA-21 could unfold
another signal tag labeled H1 for next cycle, achieving exponential
target recycling amplification. As a result, the luminol-based signal tag
was fabricated on the electrode as H1 hybridized with D2, producing
strong ECL response. With the combination of luminol-based signal tag
and cruciform DNA structure mediated exponential SDR, the proposed
biosensor achieved good performance for detection of miRNA-21 with a
low detection limit of 2aM. Impressively, the proposed biosensor
showed good response to human breast cancer cell lines (MCF-7 cells)
with the cell numbers increased. What's more, when the MCF-7 cells
were treated by different concentration of matrine, the ECL responses
decreased with the increase of matrine concentration indicating that
matrine is available to inhibit the expression of miRNA-21 in MCF-7
cells. This method presents a new chance to prepare high-performance
ECL signal tag, which also showed great promising for other miRNAs
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Scheme 1. (A) The preparation of luminol-based signal tag and signal probe; (B) The fabrication of the ECL biosensor and cruciform DNA structure mediated

exponential SDR.
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detection, pharmacodynamic evaluation and clinical diagnosis.
2. Experimental sections

2.1. Preparation of PTCA-luminol (signal tag) and H1-PTCA-luminol
(signal probe)

At first, PTCDA was hydrolyzed by NaOH (1.0 M). And then, the pH
of the solution was regulated to 6. After centrifugation, the PTCA was
obtained (Huang et al., 2018). Then, the prepared PTCA aqueous so-
lution was added into 2 mL luminol (0.05M in 0.01 M NaOH) to stir for
24 h at 4 °C. To obtain signal tag, these precipitate were centrifuged and
washed at 12,000 rpm for six times. After that, the carboxyl groups of
signal tag were activated by EDC/NHS mixture solution at a 5:1 M
stoichiometry for 2 h. Finally, 5-amino-modified H1 was added into the
above solution to reach a final concentration 1 uM at 4 °C for 12 h with
continuous stirring. Thus, the signal probe was obtained and kept at
4°C for further use.

2.2. Fabrication of the ECL biosensor

The mixed DNAs containing 2 uM D1, 2 uM D2, 2 uM D3 and 2 uM
D4 in TE buffer were annealed at 95 °C for 5 min followed by gradient
cooling to 8°C to form the cruciform DNA structure for further use.
Meanwhile, the glassy carbon electrode (GCE) was carefully polished
according to the literature before modification (Xu et al., 2018). After
drying, the GCE was immersed into HAuCl, (w/v, 1%) and electro-de-
posited AuNPs at —0.2V for 30s. Next, 10 pL cruciform DNA structure
(see Supporting information) was incubated on the modified GCE for
15h at 4°C. Then, MCH (1 mM, 10 pL) was incubated 30 min to block
the nonspecific binding sites.

2.3. Measurements of the ECL biosensor

Before measurement, 10 pL. miRNA-21 and 10 pL signal probe were
incubated on the prepared electrode at 37 °C for 90 min. Then, the
modified electrode was put into phosphate-buffered solution (pH =
7.4) (containing 10 uM H,0,), and the ECL signals were recorded by
MPI-E ECL analyzer scanning from 0.2V to 0.8 V with scanning rate of
100 mV/s.

3. Results and discussion
3.1. Characteristics of PTCA and PTCA-luminol

SEM was employed to reveal surface morphology of PTCA and
PTCA-luminol. As shown in Fig. 1A, the SEM image showed that PTCA
was uniform cylindrical-like morphology, which was conformed to the
literature indicating the successful preparation of PTCA (Cang et al.,
2015). Compared with the pure PTCA cylindrical-like particles, the
morphology of PTCA-luminol (Fig. 1B) showed irregular, smaller and
spiculate cylindrical-like, indicating the successful preparation of the
PTCA-luminol.

Furthermore, the detailed elemental analysis of PTCA-luminol
composite was performed by XPS. The characteristic peaks at 285.08,
400.08 and 531.68 eV in the full region of PTCA-luminol (Fig. 1C) could
be attributed to Cls, N1s, Ols, respectively, where the N 1s core levels
only derived from luminol and the Ols core levels indicated the pre-
sence of PTCA. The enlarged curve of Cls, N1s, Ols regions displayed in
Fig. 1D. The result demonstrated that both PTCA and luminol were
involved in the composites.

FTIR spectra were recorded to investigate the interaction between
PTCA and luminol. In Fig. 1E, the 1772.71 cm ™! peak (the vibration of
C = O) was belong to carboxyl groups of PTCA (curve a). Luminol
showed absorption peak at 3455.97 cm ™! on behalf of the character-
istic of N-H bond combined with benzene structure (curve b). In PTCA-
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luminol composite (curve c), the characteristic peaks of carboxyl group
and N-H bond still existed. Compared with individual luminol and
PTCA, the characteristic peaks of carboxyl group and N-H bond in
PTCA-luminol composite shifted to 3423.47 cm ™' and 1760.57 cm ™!
respectively, indicating that the reaction between PTCA and luminol
was noncovalent reaction.

Furthermore, UV-vis absorption spectra were applied to further
study the interaction between PTCA and luminol. In Fig. 1F, PTCA in
aqueous solution displayed an optical absorption spectrum of 459 nm
because of perylene core s-t* transition (curve a). Two peaks of lu-
minol at 293 nm and 350 nm were observed (curve b). For PTCA-lu-
minol, there displayed three peaks at 292nm, 350 nm and 465nm
(curve c), intimating electron interaction in PTCA-luminol occurred.
After luminol was adsorbed on PTCA successfully, the electron inter-
action in PTCA-luminol might promote m-electron delocalization of
aromatic ring, leading to lower m-n* energy gap of PTCA and red-shift
peak, indicating that it was st-;t stacking interaction in PTCA-luminol
composite.

3.2. Investigation of ECL mechanism of PTCA-luminol

To demonstrate the luminescence mechanism of PTCA-luminol
composite, fluorescence emission spectra and ECL emission spectrum
were obtained. As exhibited in Fig. 2A, the fluorescence emission
spectra of luminol (curve a) was single characteristic maximum emis-
sion peak on 426 nm when the excitation wavelength was 350 nm. And
the PTCA-luminol (curve b) was also single characteristic maximum
emission peak at 425.4 nm during the same excitation wavelength, in-
dicating that luminol was the only luminophore in the composite. Si-
multaneously, the normalized ECL spectrum was measured by alter-
nately alter the optical filters. For the ECL emission spectrum of PTCA-
luminol (Fig. 2B), the ECL emission peak was situated at 425nm,
matching with the emission peak of traditional luminol/H,0O, ECL
system in previous literature. (Dong et al., 2014) Based on the previous
results, a schematic illustration for the probable ECL mechanism of
PTCA-luminol composite could be expounded as displayed in Scheme 2.
That showed main reactions including (1) the decomposition of H,O to
produce O, ; (2) the conversion of PTCA-luminol into PTCA-luminol ~;
(3) the oxidation of PTCA-luminol~ to PTCA-luminol™"; (4) the oxi-
dation of PTCA-luminol " to 3-aminophthalate (AP?™); (5) the pro-
duction of emit light when AP?>" was transformed to AP?". The reaction
equations are as follows (LH stands for luminol):

H,0, —» H' + HOO~ » OH ++0,H — 05" + H™ (¢))
PTCA-LH - e — PTCA — LH' - PTCA — L~ + H* (2)
PTCA — L~ + O; — PTCA — LO3~ 3)
PTCA — LO%™ — PTCA — AP>* + N, 4)
PTCA — AP?>* - PTCA — AP?> + v %)

3.3. Detection performance of the biosensor

To estimate biosensors’ performance, the ECL signals with different
concentration of miRNA-21 were measured in the optimized condition
(Fig. S-3 listed in Supporting information). As displayed in Fig. 3A, a
gradual increase of ECL intensity occurred with increasing miRNA-21
concentration. A good linear range from 10aM to 100 pM with the
detection limit down to 2aM (S/N = 3) was obtained in Fig. 3B. And
the linear equation was I = 21,956.4 + 1079.8 1gc (where I stands for
the ECL intensity, c¢ strands for miRNA-21 concentration) with a cor-
relation coefficient of 0.9943, which was more sensitive than other
previously reported method for miRNA-21 detection (Table 1). The
reason can be ascribed as follows: first, the luminol based high-per-
formance ECL signal tag achieved nondestructive and efficient
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Fig. 1. The SEM characterization for PTCA (A) and PTCA-luminol (B); the XPS analysis for PTCA-luminol (C) and enlarged curves of Cls, N1s and Ols (D), and the
FTIR spectra (E) and UV-vis absorption spectra (F) characterization of PTCA (a), luminol (b) and PTCA-luminol (c).

immobilization of luminol. Moreover, the cruciform DNA structure
mediated exponential SDR presented high amplification efficiency with
significantly improved sensitivity of the biosensor.

3.4. Application of the biosensor for miRNA-21 monitor

To test feasibility of this biosensor in tumor cells, a series of de-
termination experiments was constructed in different cell numbers of
MCF-7 cell lines and Hela cell lines, respectively. Besides, MCF-7 cell
lines were treated with different concentrations of matrine (0 pL/mL,
20 uL/mL, 40 pL/mL and 60 pL/mL) to evaluate pharmacodynamics of
matrine. As displayed in Fig. 4A, the experiments were completed by

ten times increasing MCF-7 and Hela cell numbers from 10 to 10,000
cells without matrine. It could be found that the ECL intensity both
increased accordingly to the MCF-7 and Hela cell numbers from 10 to
10,000 cells without matrine, which matched with the previous lit-
eratures (Si et al., 2007; Ye et al., 2017), indicating that the proposed
ECL biosensor could be used for quantitative miRNA-21 detection.
What's more, as shown in Fig. 4B, the higher matrine concentration
decreased ECL signals indicating the decreased quantity of miRNA-21.
That demonstrated matrine could inhibit the expression of miRNA-21 in
MCF-7 cells. (Li et al., 2012)
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Fig. 2. (A) The fluorescence emission spectra of luminol (a) and PTCA-luminol (b). (B) The normalized ECL emission spectrum of PTCA-luminol.
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Fig. 3. (A) ECL signals in the presence of different concentration of miRNA-21 from a to h: (a) 10 aM, (b) 100 aM, (c) 1 fM, (d) 10 fM, (e) 100 M, (f) 1 pM, (g) 10 pM
and (h) 100 pM (B) The calibration plot of ECL intensities vs the logarithm of miRNA-21 concentration. Error bars: standard deviation (SD), n = 4.

4. Conclusions

Table 1
Comparison of Different Methods for MicroRNA-21 Detection. In summary, we constructed an ultrasensitive ECL biosensor for
Detection method  Linear range Detection limit  Ref. miRNA-21 determination with the combination of high-performance
luminol-based signal tag and cruciform DNA structure mediated ex-
DPV 100aM to 1 nM 78aM (Tian et al., 2018) ponential SDR. This method opened up new trails for the immobiliza-
FL LM to 50 pM 0.27M (vin et al,, 2017) tion of luminol and showed great potential for other high-performance
SERS 100aM to 100pM  70.2aM (He et al., 2017) ECL sienal . Besid h " DNA
ECL 1M to 1nM 33aM (Feng et al., 2016) signa tag prfaparatlon. esides, the cruciform : .structure
ECL 10aM to 100pM  2aM This work mediated exponential SDR presented high amplification efficiency and

improved the sensitivity of the biosensor, holding great promise for
applications in sensitive biomarker detection for clinical diagnostics.
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