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A B S T R A C T   

Graphitic carbon nitride nanosheet (g-C3N4 NS) with superior photoelectronic properties was served as ECL 
emitter to in-situ generate Cu@Cu2O nanoparticles as coreaction accelerator for constructing neoteric ternary 
ECL system (g-C3N4 NS/TEA/Cu@Cu2O system). Impressively, compared to individual g-C3N4 NS, the designed 
Cu@Cu2O/g-C3N4 NS not only displayed an enhanced current intensity with advance onset potential, but also 
observed a strong ECL response, which reduced the ECL potential down to 1.3 V for beneficial construction of 
biosensor, owe to the significant role of Cu@Cu2O in accelerating the reaction between g-C3N4 NS and trime
thylamine (TEA). Notably, the enzyme-free target induced recycle amplification was performed to produce two 
different kinds of single stranded DNAs labeled with ferrocene (Fc, quencher) for the formation of G-quadruplex. 
Herein, based on the strong ECL signal deriving from the ternary ECL system as a “switch on” mode, and a weak 
ECL signal due to the co-quenching pattern of ferrocene and hemin as a “switch off” mode, an original “on-off” 
ECL biosensing platform was developed to ultrasensitively detect microRNA-21. Furthermore, the reversible 
formation and dissociation of G-quadruplex could achieve the regeneration of ECL biosensor in a rapid step with 
the aid of potassium ion (Kþ) and 18-crown-6-ether. In addition, the developed strategy exhibited a great 
sensitivity with a detection limit of 48 aM to pave a path for real applications of biomolecules detection in 
clinical diagnosis.   

1. Introduction 

Based on the electron confinement in two dimension (2D) (Geim and 
Novoselov, 2007), the ultrathin 2D nanomaterials with sheet-like 
structures possess unique and versatile properties in physical, elec
tronic, and chemical fields to achieve a variety of applications, such as 
catalysis (Deng et al., 2016; Gao et al., 2019), electronics (Wang et al., 
2012; Zhang et al., 2018a), sensors (Lu et al., 2009; Wang et al., 2019a), 
energy storage (Cao et al., 2016; Xia et al., 2018), and biomedicines (Dai 
et al., 2017; Peng et al., 2018). As the further research on ultrathin 2D 
nanomaterials, the family members are growing in number, including 
graphitic carbon nitride (Liu et al., 2019a), hexagonal boron nitride 
(hBN) (Song et al., 2018), 2D metal-organic frameworks (MOFs) (Rui 
et al., 2018), transition metal dichalcogenides (TMDs) (Ciarrocchi et al., 

2018), covalent-organic frameworks (COFs) (Zhao et al., 2018), black 
phosphorus (BP) (Zhu et al., 2018), etc. Impressively, g-C3N4 nanosheet 
(NS) with good water dispersity, and high fluorescence quantum yield, 
has been widely used in biosensing field (Zhang et al., 2012; 
V�azquez-Gonz�alez et al., 2017; Liu et al., 2019b), such as electro
chemiluminescence (ECL) biosensing platforms which exhibited 
glorious advantages of remarkable controllability, high sensitivity, and 
low background (Ji et al., 2017). Normally, the strong ECL emission of 
g-C3N4 NS stemmed from the reductive-oxidation ECL type with per
oxydisulfate (S2O8

2-) as coreactant (Lv et al., 2018). Whereas, the strong 
oxidative radical (SO4

�-) with a standard potential of E (SO4
�-/SO4

2-) ¼ 2.4 
V (vs NHE) (Rajh et al., 1992) is harmful to biological systems, therefore, 
it is crucial to explore the oxidative-reduction ECL type of g-C3N4 with 
mild reductive substances as coreactants for decreasing the damage to 
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bioassay. However, in the traditional studies on the oxidative-reduction 
ECL response of the g-C3N4, the positive ECL potential was performed to 
more than 1.6 V with a massive doses of coreactant, which might cause 
the electrolysis of aqueous solution to introduce more interference 
(Cheng et al., 2013; Wang et al., 2016). Recently, to achieve the 
enhancement of the anodic ECL intensity, the introduction of coreaction 
accelerator in the oxidative-reduction ECL system has constituted a 
ternary ECL system by effectively increasing the production of free 
radicals of coreactant to react with ECL emitter for an intense ECL signal 
(ZhangLi et al., 2019). In this work, the Cu@Cu2O nanoparticles (NPs) as 
coreaction accelerator was in-situ grew on g-C3N4 NS with triethylamine 
(TEA) as coreactant to construct an excellent ternary ECL pattern, which 
not only tremendously improved the anodic ECL signal of g-C3N4 NS for 
enhancing the detection sensitivity, but also reduced the ECL potential 
down to 1.3 V for maintaining biomolecular activity to construct a 
biofriendly biosensing platform. 

MicroRNAs (miRNAs), as a predominant regulator in gene expres
sion, are a series of short non-coding RNAs (20–24 nucleotides) 
(Friedman et al., 2009). Severely, the anomalous expression of miRNAs 
is closely related to several malignant diseases (such as cancer, cardio
vascular disease, etc.) (Lin and Gregory, 2015; Majd et al., 2018). 
Therefore, the sensitive detection of miRNAs as tumor biomarkers is 
expected to realize the early diagnosis of disease. Recently, ECL bio
sensing platform based on nucleic acid amplification strategy has 
attracted increasing attention to achieve ultrasensitive detection of 
biomolecules (Wang et al., 2019). Compared to the enzyme-driven DNA 
amplification strategies (rolling circle amplification (Yang et al., 2016), 

enzyme-mediated strand replacement amplification (Lei et al., 2018), 
enzyme induced cleavage reaction (Zhao et al., 2019)) with harsh re
action temperature and high detection cost, the enzyme-free target 
induced recycle amplification (ETIRA) exports mimic target in a 1:N 
ratio pattern with the participation of toehold-mediated strand 
displacement reaction (SDR) in room temperature (Zhang et al., 2018b). 
Nevertheless, the above strategy produces one mimic target resulting in 
the waste of another DNA in one circle of target recycling. Herein, two 
different kinds of single stranded DNAs originating from the ETIRA were 
applied to form G-quadruplex, which eliminated the waste of DNA and 
implemented the reversible formation and dissociation of G-quadruplex 
with the aid of potassium ion (Kþ) and 18-crown-6-ether (Hu et al., 
2014) for further construction of regeneration ECL biosensing platform. 

Inspired by the configuration transformation of G-quadruplex, a re
generated ECL biosensing platform was constructed based on the ternary 
ECL system (g-C3N4 NS/TEA/Cu@Cu2O system) and DNA amplification 
strategy (ETIRA) to achieve ultrasensitive miRNA-21 detection. Herein, 
the principle in the preparation of Cu@Cu2O/g-C3N4 NS and the con
struction of ECL biosensing platform are depicted in Scheme 1. Firstly, 
the g-C3N4 nanosheet (NS) was obtained by ultrasonic stripping of bulk 
g-C3N4 to further in situ reduce Cu@Cu2O NPs on its surface for the 
generation of Cu@Cu2O/g-C3N4 NS (PART A). Significantly, the ternary 
ECL system exhibited an intense ECL response and a lower ECL potential 
at 1.3 V, with g-C3N4 NS as ECL emitter, TEA as coreactant and 
Cu@Cu2O NPs as coreaction accelerator. Then, the capture DNA (CP) 
labeled with amino (-NH2) group was connected on the decorated glassy 
carbon electrode (GCE) via the Cu–N coordinate bond (PART B). 

Scheme 1. The schematic diagram of (A) the production of Cu@Cu2O/g-C3N4 NS; (B) the construction of ECL biosensing platform. (C) the principle of enzyme-free 
target induced recycle amplification. 
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Subsequently, the ETIRA was carried out to export plentiful of single- 
stranded DNA tagged with ferrocene (PS-Fc, AS-Fc) (the PAGE anal
ysis was shown in the Supporting information (Fig. S1)). As shown in 
Part C, initially, the TS-Au@Fe3O4 was assembled from three single 
strands DNA (SH–S, PS-Fc, AS-Fc) with Fe3O4 NPs for the three dimen
sional (3D) reactor. With the aid of target miRNA-21, the toehold- 
mediated strand displacement reaction was occurred in the presence 
of DNA fuel (FS) to release miRNA-21 for target cycle amplification, and 
PS-Fc, AS-Fc for further biosensor construction. After magnetic separa
tion, the solution containing PS-Fc, AS-Fc was incubated on the elec
trode to generate hemin/G-quadruplex with the help of Kþ and hemin, 
which exhibited the co-quenching mode of Fc and hemin/G-quadruplex 
DNAzyme to reduce ECL signal (“signal off” mode). Notably, when the 
electrode was incubated with crown ether solution, the G-quadruplex 
fell off the electrode to achieve the regeneration of the biosensing system 
due to the ion-recognition between crown ether and Kþ in a rapid way. 
In consequence, the developed ECL biosensor provided a promising 
strategy to quantify target miRNA-21 with a low detection limit of 48 
aM. Significantly, this protocol exhibits novel ideas in the construction 
of new biosensing platforms to achieve biomolecules analysis for early 
cancer diagnosis. 

2. Results and discussion 

2.1. Morphology characterizations of Cu@Cu2O/g-C3N4 NS 

Herein, scanning electron microscope (SEM) and transmission elec
tron microscopy (TEM) were applied to verify the formations of the g- 
C3N4 nanosheets (NS) and Cu@Cu2O/g-C3N4 NS. Fig. 1A depicted the 
SEM image of bulk g-C3N4, exhibiting a massive multilayer structure 
with a rough size of 2 μm. After exfoliating the bulk g-C3N4 by ultra
sound, the lamellar fold g-C3N4 NS was obtained with wavy sheet, as 
shown in Fig. 1B. When the Cu@Cu2O was in-situ reduced on the g-C3N4 
NS, the HRTEM picture of Cu@Cu2O/g-C3N4 NS showed that small 
spheres with homogeneous diameter of about 5 nm were distributed 
uniformly on the g-C3N4 NS (Fig. 1C). Furthermore, the amplified 
HRTEM image of Cu@Cu2O presented the crystal information. As shown 

in Fig. 1D, the lattice spacing with 0.25 nm belongs to (111) plane of 
Cu2O, while the lattice fringes with spacing of 0.21 nm could be indexed 
to the lattice facets of Cu (111). Besides, X-ray photoelectron spectros
copy (XPS) was further executed to investigate elemental analysis of the 
Cu@Cu2O/g-C3N4 NS in the Supporting information (Fig. S2). Accord
ing to Fig. S2A, the XPS spectra of full range clearly exhibited the 
characteristic peaks of C 1s, N 1s, O 1s, Cu 2p, CuLM2 regions. 
Furthermore, the characteristic peaks of the Cu 2p (Fig. S2C) at 932.6 eV 
(Cu 2p3/2) and 952.8 eV (Cu 2p1/2) were manifested the generation of 
Cu2O particles. Meanwhile, the Cu LM2 peaks at 568.1 and 571.5 eV 
(Fig. S2D) were observed to distinguish the Cu0 and Cu2O, which 
demonstrated the successful generation of Cu@Cu2O on the g-C3N4 NS. 

2.2. Optical characterizations of Cu@Cu2O/g-C3N4 NS 

The optical properties of the Cu@Cu2O/g-C3N4 NS were character
ized by the UV–vis diffuse reflection, fluorescence (FL) and ECL spectra, 
respectively. As profiled in Fig. 2A, the individual g-C3N4 NS depicted an 
absorption edge at about 450 nm (curve a). Compared to the absorption 
of individual g-C3N4, the absorptions of Cu@Cu2O/g-C3N4 NS (curve b) 
on the visible region increased distinctly with a slight red shift (10 nm), 
after the Cu@Cu2O was in-situ reduced on the g-C3N4 NS. In addition, 
the g-C3N4 NS showed almost pale ivory under visible light while 
emitted light blue fluorescence with excited irradiation of 365 nm by a 
UV lamp (the inset of Fig. 2A). Fig. 2B displayed the maximum FL 
emission wavelength of the Cu@Cu2O/g-C3N4 NS at 438 nm (curve a). 
Interestingly, the maximum emission wavelength on ECL spectra of 
Cu@Cu2O/g-C3N4 NS with TEA as coreactant exhibited a large red- 
shifted (172 nm) than that of the FL emission of the Cu@Cu2O/g-C3N4 
NS, which attributed to the surface state transition of the Cu@Cu2O/g- 
C3N4 NS (Liu et al., 2019c). In addition, as depicted in the ECL 3D color 
map surface (Fig. 2C), the ECL emission evolution process was traced 
with the cyclic voltage scanning from 0 V to 1.3 V and back to 0 V. 
Furthermore, the ECL heat map image (Fig. 2D) exhibited a wide 
emission range from 500 to 750 nm with a maximum ECL emission 
wavelength at 610 nm. 

Fig. 1. The SEM images of (A) bulk g-C3N4 and (B) g-C3N4 NS. (C) HRTEM image of Cu@Cu2O/g-C3N4 NS, and (D) the amplified HRTEM image of Cu@Cu2O.  
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2.3. ECL emission and quenching mechanism of Cu@Cu2O/g-C3N4 NS 

The ECL luminescence mechanism of diverse luminescent g-C3N4 
nanomaterials was demonstrated by executing relative ECL and differ
ential pulse voltammetry (DPV) experiments. As depicted in Fig. 3A, 
compared to the ECL signal (207 a.u.) of bulk g-C3N4/GCE in PBS so
lution (curve a’), the g-C3N4 NS/GCE exhibited the ECL intensity of 1103 
a.u. (curve a), which is 5-fold higher than the ECL signal of bulk g-C3N4 
because of the large specific surface of thin layer g-C3N4 enhancing 
electronic transmission performance. When the Cu@Cu2O was in-situ 
reduced on the g-C3N4 NS, the individual Cu@Cu2O/g-C3N4 NS 
exhibited the ECL signal of 1527 a.u. (curve c), which was more intense 
than that of g-C3N4 NS. Simultaneously, compared to the DPV curve of g- 
C3N4 NS with unconspicuous redox peak (curve a, Fig. 3B), the 
Cu@Cu2O/g-C3N4 NS showed stronger current intensity (curve b), 
attributing to the good electrical conductivity of Cu@Cu2O for 
enhancement of electron transmission. Specifically, after the g-C3N4 NS/ 

GCE was scanned in PBS solution with 18 mM trimethylamine (TEA) to 
form a traditional binary g-C3N4/TEA ECL system, the ECL intensity 
reached to 7639 a.u. (curve c). Meanwhile, the oxidation current (curve 
c, Fig. 3B) dramatically increased when the onset potential was about 
0.7 V due to the oxidation of TEA to produce TEA radical cation (TEA�þ) 
and further dehydrogenate to form strong reductant TEA�. Obviously, 
after the introduction of Cu@Cu2O into the g-C3N4/TEA system, the ECL 
signal of Cu@Cu2O/g-C3N4 NS zoomed to 17080 a.u. (curve d, Fig. 3A). 
To further explore the possible ECL enhancement mechanism of 
Cu@Cu2O/g-C3N4 NS, the DPV measurement was executed. As depicted 
in the curve d of Fig. 3B, the onset potential of the increased oxidation 
current located at around 0.65 V, which was 0.05 V ahead than that of 
the g-C3N4 NS/GCE scanning in PBS solution with 18 mM TEA. Simul
taneously, the current intensity of Cu@Cu2O/g-C3N4 NS was quite 
stronger than that of g-C3N4 NS, which ascribed to the generation of 
more active radical TEA� from the reaction between the Cu@Cu2O and 
TEA to react with g-C3N4

�þ for abundant g-C3N4* in the ternary ECL 

Fig. 2. (A) UV–vis diffuse reflectance spectra of the individual g-C3N4 NS (a), and the Cu@Cu2O/g-C3N4 NS (b). (B) FL spectra of Cu@Cu2O/g-C3N4 NS (a), ECL 
spectra of Cu@Cu2O/g-C3N4 NS in PBS containing 18 mM TEA (b). The ECL 3D color map (C) and the ECL heat map (D) of Cu@Cu2O/g-C3N4 NS in PBS containing 
18 mM TEA. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. (A) The ECL intensity curves and (B) DPA curves of (a) g-C3N4 NS/GCE in PBS solution, (a’) bulk g-C3N4/GCE in PBS solution, (b) Cu@Cu2O/g-C3N4 NS/GCE 
in PBS solution, (c) g-C3N4 NS/GCE in PBS solution containing 18 mM TEA, (d) Cu@Cu2O/g-C3N4 NS/GCE in PBS solution containing 18 mM TEA. and (e) the 
proposed biosensor incubated with sample solution (containing 1 pM miRNA-21) in PBS solution containing 18 mM TEA. (C) ECL intensities of the developed 
biosensor in (a) PBS solution þ 18 mM TEA, (b) PBS solution þ 18 mM TEA þ sample solution (containing 1 pM miRNA-21), (c) PBS solution þ 18 mM TEA þ sample 
solution (containing 1 pM miRNA-21 and 0.5 μM hemin). 
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system with g-C3N4 NS as luminophore, TEA as coreactant and 
Cu@Cu2O as coreaction accelerator. The possible ECL mechanism of the 
ternary ECL system of Cu@Cu2O/g-C3N4 NS/TEA was listed in eq 1 - eq 
5 of the Supporting information (Fig. S3). 

Obviously, when the proposed ECL biosensor was incubated with 
sample solution containing 1 pM miRNA-21, the ECL signal was 
extremely decreased to 4458 a.u. (curve e, Fig. 3A). Furthermore, the 
characteristic peak of Fc was appeared at around 0.3 V, due to the 
oxidation of Fc (II) to Fc (III) upon the anode scanning (eq 6). Subse
quently, Fc (III) could react with TEA� (eq 7) to consume the active 
radical for the significant reduction of the oxidation current (curve e, 
Fig. 3B). Meanwhile, the amount of excited state g-C3N4 * was further 
decreased by the co-quenching pattern in the presence of Fc (III) and 
Hemin (Fe III)/DNAzyme (eq 8 and eq 9), which caused the quenching of 
ECL response (eq 6 - eq 9 were listed in Fig. S3 of Supporting 
information). 

Furthermore, to explore the function of hemin/G-quadruplex DNA
zyme in the ECL biosensing platform, the ECL responses of proposed ECL 
biosensor incubating with different sample solutions were measured 
under the same conditions with 1 pM miRNA-21. As shown in Fig. 3C, 
the proposed biosensor without sample solution exhibited an intense 
ECL response of 14357 a.u. (curve a), attributing to the ternary ECL 
system (g-C3N4 NS/TEA/Cu@Cu2O system). When the modified GCE 
was incubated with sample solution (no hemin) to generate G-quad
ruplex labeled with Fc, the ECL response of the biosensor dropped to 
8902 a.u. (curve b) because of the quenching effect of Fc. However, after 
hemin was introduced to the G-quadruplex for the development of 
hemin/G-quadruplex DNAzyme, the ECL intensity decreased much more 
obviously (4458 a.u., curve c), because of co-quenching mode of Fc and 
hemin/DNAzyme. 

2.4. Electrochemical performance of the ECL biosensor 

The assembly courses of the proposed ECL biosensor were evaluated 
by cyclic voltammetry (CV) and EIS characterization in 5.0 mM [Fe 
(CN)6]3-/4- solution with 0.1 M KCl. As depicted in Fig. S4A, compared to 
the redox current of the bare GCE (curve a), the current signal (curve b) 
of electrode modified with Cu@Cu2O/g-C3N4 enhanced observably, due 
to the excellent electron transfer capacity of the Cu@Cu2O. After the 
assembly of capture DNA (CP) on the modified GCE, the redox peak 
currents exhibited significant decrease (curve c), ascribing to the elec
tron hindrance of DNA with negative charge. When the modified GCE 
was blocked with HT, the CV current sequentially decreased (curve d) 
because the HT impeded the electron transfer. Ultimately, after the 
introduction of PS-Fc, AS-Fc on the electrode to form the G-quadruplex, 
the CV current further reduced on account of the obstruction of DNA 
monolayer. 

To further demonstrate the stepwise assembly of the electrode, the 
EIS characterization was executed with [Fe(CN)6]3-/4- as redox probe. As 
profiled in curve a of Figs. S4B and a small semicircle domain of bare 
GCE was obtained on account of the relatively low electron transfer 
resistance (Ret) of smooth surface. After the GCE was modified with 
Cu@Cu2O/g-C3N4, the Ret decreased slightly (curve b), attributing to the 
acceleration of electron transfer on the Cu@Cu2O/g-C3N4 surface. When 
the CP was covalently bound on the surface of modified GCE, the 
diameter of semicircle increased (curve c) due to the insulation of 
negatively charged DNA backbones. After decoration with HT, the Ret of 
electrode continually increased (curve d), which attributed to the 
obstruction of HT. As expected, the resistance further enhanced (curve 
e) after the PS-Fc and AS-Fc were incubated on the modified GCE on 
account of the impediment of G-quadruplex. 

2.5. ECL response of the developed biosensor 

To investigate the sensitivity of the developed biosensor, the quan
titative measurements with different concentration of microRNA-21 

(miRNA-21) were performed in PBS (pH 7.4) involving 18 mM TEA. 
As depicted in Fig. 4A, with the increment of miRNA-21 from 100 aM to 
100 pM, the ECL intensities gradually decreased. Furthermore, the 
calibration plot (Fig. 4B) showed a good linear relationship between the 
changes of ECL response (ΔIECL) and the logarithm of miRNA-21 with the 
regression equation ΔIECL ¼ 2009.94 lgc þ 9058.41. Simultaneously, the 
limit of detection (LOD) was calculated as 48 aM (S/N ¼ 3). In addition, 
the proposed biosensors showed good sensitivity for the determination 
of miRNA-21 compared to other assays listed in Table S2, and the 
applicability of the proposed biosensor was evaluated in the lysates of 
cells (the result was shown in the Supporting information). 

2.6. Selectivity, stability and regenerability of the ECL biosensing platform 

To evaluate the ECL properties of the proposed biosensor, selectivity 
and stability were investigated consecutively. Therefore, the interfer
ence experiments were executed on the ECL biosensor to study the 
selectivity by incubating with interfering microRNAs (including miRNA- 
141, miRNA-155, miRNA-199a). As shown in Fig. 5A, 100 pM of 
miRNA-141, miRNA-155 and miRNA-199a were used to substitute the 
target miRNA-21 (1 pM), respectively, which caused a slight ECL 
decrease compared to that of the blank sample (without target). How
ever, the ECL response of the as-prepared ECL biosensor incubating with 
the mixture solution (1 pM miRNA-21 and 100 pM interfering micro
RNAs) approximated to the ECL signal with 1 pM miRNA-21, which 
certified that the miRNA-141, miRNA-155, miRNA-199a exhibited no 
significant effect with miRNA-21, suggesting a good specificity and 
selectivity of the proposed ECL biosensor. Subsequently, the ECL in
tensity of the developed biosensor was measured by consecutive ECL 
scans of 13 cycles with 1 fM miRNA-21 to assess the stability. As profiled 
in Fig. 5B, the ECL intensities of the proposed biosensor showed slight 
changes and the relative standard deviation (RSD%) of 1.57%, demon
strating admirable stability of the developed biosensor. Furthermore, 
the regenerability of the proposed biosensor for the detection of miRNA- 
21 was explored as depicted in Fig. 5C. The first intense ECL signal on 
the top denoted the “signal-on” state of the proposed biosensor as blank 
ECL response. When the ECL biosensor was incubated with sample so
lution containing 1 pM miRNA-21, the ECL response declined rapidly for 
a “signal-off” state, due to the co-quenching mode of Fc and hemin/G- 
quadruplex DNAzyme. After incubated with 18-crown-6-ether, the G- 
quadruplex dissociated to recover an intense ECL signal (97% of the 
blank ECL intensity) attributing to the ion recognition between Kþ and 
18-crown-6-ether. Furthermore, the proposed “on-off” mode ECL 
biosensor was switched sensitively to monitor miRNA-21 over 3 cycles, 
which indicated a satisfactory regeneration ability for miRNA-21 
detection. 

3. Conclusions 

In this protocol, we have developed a regenerable ECL biosensing 
platform based on the ternary ECL system (g-C3N4 NS/TEA/Cu@Cu2O) 
and enzyme-free target induced recycle amplification (ETIRA) for ul
trasensitive microRNA-21 (miRNA-21) detection. Significantly, the 
Cu@Cu2O nanoparticles as coreaction accelerator dramatically 
improved the reaction rate of the g-C3N4 NS and TEA to obtain an 
intense ECL signal for “signal-on” state. With the aid of target miRNA- 
21, two different kinds of single stranded DNAs labeled with ferrocene 
(Fc) were outputted from the ETIRA for the generation of G-quadruplex 
in the aid of potassium ion (Kþ). Remarkably, the co-quenching pattern 
of Fc and hemin/DNAzyme caused a declined ECL intensity as a “signal- 
off” state. On basis of the ion-recognition between Kþ and 18-crown-6- 
ether, the designed G-quadruplex could be rapidly reverse for the 
regenerable ECL biosensing platform. In view of these advantages, the 
proposed strategy exhibits an efficient scheme for the ultrasensitive 
detection of biomolecules in clinical diagnosis. 
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