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A B S T R A C T   

The common I27L mutations of the hepatocyte nuclear factor-1α (HNF1A) significantly increase the incidence of 
maturity-onset diabetes of the young (MODY). Hence, the establishment of an ultrasensitive detection strategy 
for I27L gene is crucial for the diagnosis and treatment of MODY. Herein, a signal-off electrochemiluminescence 
resonance energy transfer (ECL-RET) biosensor with effective target-induced stochastic DNA walker amplifica
tion was fabricated for I27L detection. In this biosensor, Prussian blue analogues (Ni-Co) nanocages/Au- 
supported luminol (luminol@Au/Ni-Co) were used as ECL donors and exhibited excellent luminous efficiency. 
On the other hand, Pt nanoparticles-grown on copper sulphide (Pt@CuS) were used as energy acceptors to 
quench the initial signal based on RET between luminol and CuS. Moreover, the autonomous locomotion of I27L 
assisted by Exo III is the key in this DNA walker biosensor, as it continually induces new digestion processes on 
the electrode surface and quenches signals caused by the introduction of numerous acceptors. The efficient 
donor/acceptor pairs and DNA walker amplification system of the ECL-RET allowed the proposed biosensor to 
effectively detect I27L with a wide linear range of 0.0001 to 100 nM and a limit of detection as low as 23 fM. 
Thus, the ECL-RET biosensor provides a promising sensing platform for the diagnosis and typing of diabetes.   

1. Introduction 

Maturity-onset diabetes of the young (MODY) is a clinically hetero
geneous group of monogenic and autosomal dominant disorders char
acterized by gene mutations that result in dysfunctional pancreatic islet 
β cells and subsequent insulin dysregulation [1,2]. According to the 
2020 statistics by Diabetes Gene in the UK and Standards of Medical Care 
in Diabetes of American Diabetes Association, mutations in the hepatocyte 
nuclear factor-1α (HNF1A) genes are the most common causes of MODY. 
As a result, the detection of HNF1A mutant genes is the top priority in 
the diagnosis and etiological prediction of HNF1A-MODY [3,4]. Among 
the HNF1A mutant genes, common variants of I27L (rs1169288) are 
closely associated with monogenic susceptibility to diabetes [5]. 
Furthermore, I27L gene has the ability to reflect the function status of 

pancreatic islet β cell [6], has been identified as a marker for insulin 
resistance associated with increased risk of HNF1A-MODY mutations 
with an odds ratio of 1.5 [7,8]. Hence, developing new strategies with 
high sensitivity and specificity in the detection of I27L should be a 
priority for early monitoring and diagnosis of HNF1A-MODY. 

Electrochemiluminescence resonance energy transfer (ECL-RET) is 
an important signal-off strategy that has been used in the analysis of 
trace amounts of different targets due to resonance energy transfer be
tween efficient ECL emitters [9,10] and spectrally matched energy ac
ceptors [11,12]. However, some typically ECL emitters (e.g. luminol, 
carbon dots, etc.) [13] are associated with drawbacks such as reagent 
waste, poor stability and the need for additional peroxidase [14]. These 
drawbacks can be overcome through efficient immobilization and 
effective catalysis of luminol, which would greatly improve the 
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analytical performance of the ECL-RET strategy. Prussian blue ana
logues (PBAs) are a class of metal–organic frameworks (MOFs) charac
terized by open three-dimensional frameworks [15]. PBAs can be 
represented by the general formula AII

3[BIII(CN)6]2⋅nH2O, where A and 
B refer to transition metals, such as Fe, Ni, Co, and Mn, linked by cyano 
ligands [16,17]. Additionally, the unique hollow and porous structures 
of PBAs enable the metal cations to be embedded at interstitial sites of 
the frameworks, resulting in excellent biocompatibility, selective 
adsorption properties and electrocatalytic activities. These properties 
indicate that PBAs have great potential as preeminent support matrixes 
and efficient catalysts [18,19]. Since PBAs have poor conductivity and 
rates of electron transport during the electrochemical process [20], they 
are usually combined with noble metallic nanoparticles (NPs), particu
larly Au NPs [21,22]. Based on these information, we synthesized 
luminol@Au/Ni-Co nanocages (NCs) (Scheme 1A), which could be used 
directly as ECL emitters and signal amplifiers for signal readout. More 
importantly, the addition of Ni-Co bimetallic nanozymes to 
luminol@Au/Ni-Co NCs greatly improves the luminescence efficiency of 
luminol, and ensures uniform dispersion of Au NPs that link to DNA 
strands via Au-S bonds. 

The analytical performance of the ECL-RET strategy also depends on 
the degree of overlap between the energy donor emission spectrum and 
the acceptor excitation spectrum as well as the relative orientation of the 
electric dipoles for energy transfer between the donor and acceptor 

[23,24]. However, the small molecule dyes and plasmon nanoparticles 
currently used in ECL-RET strategies as energy acceptors are charac
terized by low electrochemical stability and energy transfer efficiency 
[25]. Therefore, the exploration of efficient energy acceptors is crucial 
to broaden the application of ECL-RET in biosensing analysis. Copper 
sulphide (CuS) is an excellent semiconductor that is regarded as one of 
the most promising high-performance ECL energy acceptors [26,27]. 
This is because it has unique absorption spectra in the visible light re
gion, as well as superior electronic, physical and chemical properties 
[28]. For instance, Li et al generated CuS-reduced graphene oxide (CuS- 
rGO) on rGO in situ to detect N-terminal pro-brain natriuretic peptide 
(NT-proBNP). In this strategy, CuS was used as the energy acceptor to 
quench luminescence from luminol [29]. The ability of CuS to absorb 
light emitted by the luminol/H2O2 system at a wavelength of 425 nm, 
makes it a good quencher. We therefore synthesized CuS nanosphere- 
supported Pt NPs and single-stranded DNA bioconjugates (S3-Pt@CuS 
probes) (Scheme 1B) and used them as quenching probes to construct a 
signal-off ECL biosensing strategy. 

To detect targets of low concentration with high sensitivity, we 
employed a target cycle amplification strategy by incorporating a novel 
stochastic DNA walker on the surface of electrode. DNA walkers are 
protein mimicking motors [30,31] that move automatically and 
continuously along the predesigned DNA tracks and are propelled by 
adding fuel strands or cleaving DNA or RNA strands with an enzyme 

Scheme 1. Schematic illustration of ultrasensitive signal-off ECL biosensing using luminol@Au/Ni-Co NCs, Pt@CuS and stochastic DNA walkers for target DNA 
determination. (A) The synthesis protocol for luminol@Au/Ni-Co NCs. (B) The synthesis protocol for S3-Pt@CuS. (C) The process of movement and the mechanism of 
action of the DNA walking biosensor. 
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[32]. Currently, there are several studies on the use of hybridization 
chain reactions (HCR) [33], catalytic hairpin assembly (CHA) reaction 
[34], nicking endonuclease [35] and exonuclease III (Exo III) to fabri
cate DNA walking machines on the surface of 3D nanoparticles [36]. The 
toehold-exchange reaction has facilitated the development of hyper
specific conditional walking probes, making the amplification and 
detection of nucleic-acid or non-nucleic-acid targets in homogeneous 
solutions possible [37,38]. However, reagent waste, complex operation 
procedures and long response times still restrict their applications in 
ECL-RET immunoassays. Therefore, constructing a simple and efficient 
DNA walker that automatically moves DNA directly on the electrode 
surface is necessary. Based on the above analysis, we generated a free- 
walking single-stranded DNA target to act as a stochastic DNA walker. 
The walker was able to achieve target cycle amplification through 
repeated mechanical cycle movement along the DNA tracks composed of 
part or all of nucleic acids on the surface of electrode. Thus, the com
bination of DNA walker technology with ECL sensing can develop 
highly-efficient new biosensors. 

Herein, we combined the advantages of luminol@Au/Ni-Co NCs, 
Pt@CuS and the stochastic DNA walking strategy to develop an inno
vative signal-off DNA walker biosensor for ultrasensitive detection of 
I27L. As shown in Scheme 1C, luminol@Au/Ni-Co NCs were applied 
onto the surface of glassy carbon electrode (GCE) to act as ECL donors. 
Thereafter, a stem-loop structural hairpin DNA (S1) was linked to 
luminol@Au/Ni-Co NCs through Au-S bonds, which was later opened in 
the presence of target DNA (I27L, H) to form S1: target DNA duplex. 
Subsequently, the S1: target DNA duplex formed was cleaved using Exo 

III, resulting in the stochastic movement of target DNA. Noteworthy, Exo 
III selectively cleaved the double-stranded DNA from the 3ʹ-OH blunt or 
concave end with little effect on the single stranded DNA [39], thus 
acting as a promoter in this DNA walker system. The target DNA opened 
the hairpin structure of S1 as it moved, allowing the capture probe (S2) 
to hybridize with S1. The detection of I27L with high sensitivity and 
specificity was achieved by capturing numerous S3-Pt@CuS probes as 
ECL acceptor quenchers. 

2. Experimental section 

2.1. Synthesis of luminol@Au/Ni-Co NCs 

Ni-Co PBAs was synthesized according to a previous report with 
slight modifications [40]. Ni(CH3COO)2 (0.0745 g) and 0.132 g of so
dium citrate were dissolved in 10 mL of deionized (DI) water to form a 
light green clear solution. The solution was then added dropwise to 10 
mL of 19.98 mM K3[Co(CN)6] solution, stirred vigorously for 5 min and 
left for 24 h at room temperature. Subsequently, the mixture was 
centrifuged at 9000 rpm for 5 min to collect Ni-Co PBAs, which were 
then washed three times using ultrapure water and dried in a vacuum at 
80 ◦C overnight. Afterwards, 10 mL of H2O containing 2.5 mL of 
NH3⋅H2O was added into 5 mL of ethanol containing 10 mg of Ni-Co 
PBAs and stirred for 5 min at room temperature to obtain the Ni-Co 
NCs. The precipitate was collected by centrifugation, washed with DI 
water and ethanol, and then dried at 75 ◦C overnight. 

The synthesized Ni-Co NCs were completely dissolved in 20 mL 

Fig. 1. Schematic diagram for the fabrication of Au/Ni-Co NCs (A), SEM imagines of Ni-Co NCs (B and C), Au/Ni-Co NCs (D and E), SEM-EDS mappings of Au/Ni-Co 
NCs (F), XPS high resolution spectra of Au/Ni-Co NCs (G). 
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absolute ethanol by stirring for 10 min. Thereafter, 250 uL of 
HAuCl4⋅6H2O (1.0 wt%) was added to the Ni-Co NCs suspension and 
stirred continuously for 30 min. After that, 10 uL of fresh 1.9 M NaBH4 
was quickly added to the mixture while stirring vigorously. The 
appearance of a purplish red color in the solution was an indication that 
Au NPs had been formed. After 30 min, the resultant Au/Ni-Co NCs were 
harvested, repeatedly washed with deionized water and re-suspended in 
20 mL DI water. Luminol@Au/Ni-Co was generated by adding 1 mL of 
10 mM luminol to the Au/Ni-Co NCs solution and stirring for 6 h. 
Finally, the resultant mixture was centrifuged and washed to remove 
uncombined luminol molecules. The luminol@Au/Ni-Co NCs were re- 
suspended in 0.2 % chitosan solution and stored at 4 ◦C for later use. 

2.2. Preparation of S3-Pt@CuS bioconjugates 

CuS NPs were synthesized according to a previously published pro
tocol but with slight modifications [41]. 100 uL of 0.5 M CuCl2⋅2H2O 
was added to 25 mL DI water containing 0.24 g PVP-K30 under magnetic 
stirring at 30 ◦C. Thereafter, 25 mL NaOH solution (pH = 9.0) and 6.4 μL 
N2H4⋅H2O was added sequentially to form a bright-yellow suspension of 
Cu2O spheres, which was added with 200 μL of 1.3 M Na2S⋅9H2O 
aqueous solution after stirring for 6 min. The solution was then heated 
for 2 h at 60 ◦C. Lastly, CuS NPs were centrifuged at 12000 rpm for 10 
min, washed three times with DI water and ethanol, and resuspended in 
2 mL ethanol. 

Afterwards, 1 mL of the CuS NPs solution prepared was mixed with 8 
mL ethanol and 0.01 g PVP-K30 under magnetic stirring for 30 min. 
Then, 9.6 mL of 0.3 mM H2PtCl6⋅6H2O aqueous solution was added to 
the mixture and stirred for an additional 10 min. Subsequently, the 
mixture was mixed with 0.5 mL of 3 mM NaBH4 aqueous solution, 

stirred for 30 min, and centrifuged at 12000 rpm for 10 min to obtain 
Pt@CuS. Next, the Pt@CuS obtained was washed three times with 
ethanol and DI water. The S3-Pt@CuS bioconjugates rely mainly on the 
platinum-ammonia bonds formed between the amino group at the 3′ end 
of S3 sequence and Pt NPs. First, 200 μL of 10 μМ S3 solution and an 
equal volume of Pt@CuS were mixed together and oscillated overnight 
at 4 ◦C, to allow the effective binding of S3 to Pt@CuS. The mixture was 
then incubated at 37 ◦C for 4 h. Finally, the solution was centrifuged 
several times in a buffer to acquire S3-Pt@CuS bioconjugates, which 
were stored at − 20 ◦C until further use. 

2.3. Electrode modification and pretreatment 

Prior to modification, the bare GCE was polished sequentially with 
0.3 μm and 0.05 μm alumina power, and then rinsed ultrasonically with 
ethanol and DI water. Subsequently, 10 µL of luminol@Au/Ni-Co was 
applied to the surface of bare GCE and dried at 37 ◦C. Then, 10 μL of S1 
(1 μM) was applied on the luminol@Au/Ni-Co NCs/GCE and incubated 
at 4 ◦C overnight. Thereafter, the luminol@Au/Ni-Co decorated elec
trode was rinsed and any remaining non-specific sites blocked by incu
bating with 4 μL of 1 mM MCH at 4 ◦C for 40 min. Before incubation, the 
S1 sequence was activated using TCEP to break the S-S bond. Lastly, the 
MCH/S1/luminol@Au/Ni-Co/GCE was thoroughly flushed with a buffer 
solution for subsequent use. 

2.4. Walking process of DNA walker and ECL detection of I27L 

The walking process of the DNA walker is shown in Scheme 1C. First, 
10 µL target DNA (H) at different concentrations were dropped into the 
luminol@Au/Ni-Co modified electrode surface and incubated for 1 h at 

Fig. 2. TEM imagines of CuS NPs (A), Pt@CuS (B and D); Size distribution of the Pt@CuS nanospheres (C); High-angle annular dark-field (HAADF)-TEM-EDS 
mappings of Pt@CuS (E-I); XRD pattern of CuS NPs and Pt@CuS (J). 
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37 ◦C. Thereafter, 10 µL of 0.8 U µL− 1 Exo III solution was dropped onto 
the H/MCH/S1/luminol@Au/Ni-Co/GCE surface and the walking pro
cess of the DNA walker allowed to take place for 50 min. After cleaning 
thoroughly, 10 µL of 1 µM S2 was placed onto the electrode surface and 
incubated for 1 h at 37 ◦C. Finally, 10 µL S3-Pt@CuS bioconjugates were 
incubated with the modified electrode for 2 h to load the Pt@CuS 
quencher on the luminol@Au/Ni-Co/GCE surface. The quenching of the 
ECL signal allowed the detection of I27L. 

3. Results and discussion 

3.1. Characterization of Ni-Co NCs and Au/Ni-Co nanocomposites 

The morphology and elemental composition of the synthesized 
nanoparticles were characterized using SEM technology and SEM-EDS 
elemental mapping. As depicted in Fig. 1B and Fig. 1C, the SEM image 
showed a hollow nanocube structure with obvious openings of about 
250 nm at each corner of Ni Co NCs. Analysis of the Au NPs-modified Ni- 
Co NCs showed that the hollow open structure allowed the homoge
neous dispersion of Au NPs on the surface of Ni-Co NCs (Fig. 1D and 
Fig. 1E). Meanwhile, SEM-EDS mapping was used to identify the cor
responding distribution of C, N, O, Ni, Co and Au elements (Fig. 1F). The 
results of the mapping revealed that Au nanoparticles were uniformly 
dispersed on the surface of the Ni-Co NCs. 

XPS was used to analyze the chemical bonding, electronic state and 

elementary composition of the Au/Ni-Co NCs surface. The XPS survey 
spectrum of Au/Ni-Co NCs shown in Fig. 1G indicates that the surface of 
the nanocages mainly contained Au, Ni, and Co. The Au 4f spectrum 
could be best fitted by Au 4f7/2 and Au 4f5/2 located at 84.2 eV and 87.9 
eV accompanied by two satellite peaks, indicating formation of Au 
nanoparticles on the surface of Ni-Co NCs [42]. The binding energies at 
854.7 and 872.2 eV corresponded to Ni3+, while the energies at 856.1 
and 873.4 eV were attributed to Ni2+. This confirmed the existence of 
Ni2+ and Ni3+ [43]. As demonstrated in the high-resolution spectra of Co 
2p, the two major peaks located at 781.3 eV and 796.6 eV corresponded 
to Co 2p3/2 and Co 2p1/2, together with two shake-up satellite peaks 
[44]. 

XRD was also used to investigate the crystal structures of Ni-Co NCs 
and Au/Ni-Co NCs. As illustrated in Fig. S1, the diffraction peaks of Au/ 
Ni-Co NCs coincided exactly with Ni-Co NCs, and all the diffraction 
peaks can be indexed to the Ni3[Co(CN)6]2⋅12H2O (PDF card: JCPDS 
89–3738) [45]. This result suggested that the nanocage still maintained 
a stable Prussian-blue-like crystal structure during the synthesis of Au/ 
Ni-Co NCs. The absence of XRD peaks from Au NPs was probably due 
to the low concentration as well as the small size of the Au NPs applied 
on the Ni-Co nanocages. 

3.2. Characterization of CuS NPs and Pt@CuS 

TEM scanning electron microscopy was used to characterize the 

Fig. 3. (A) Schematic illustration for the possible mechanisms of ECL sensing strategy; (B) Possible ECL reaction equation of luminol@Au/Ni-Co NCs system; (C) ECL 
signals emitted by luminol (a), Ni-Co NCs@luminol (b), luminol@Au/Ni-Co NCs (c), CuS NPs/luminol@Au/Ni-Co NCs (d), and Pt@CuS/luminol@Au/Ni-Co NCs (e); 
(D) ECL signals emitted by (a) luminol@Au/Ni-Co NCs/GCE, (b) luminol@Au/Ni-Co NCs/GCE incubated with strands S1, (c) MCH/S1/luminol@Au/Ni-Co NCs/GCE, 
(d) MCH/S1/luminol@Au/Ni-Co NCs/GCE incubated with 10 nM target DNA: H, (e) S2/H/MCH/S1/luminol@Au/Ni-Co NCs/GCE, (f) e incubated with S3-Pt@CuS. 
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morphology of CuS NPs and Pt@CuS. As shown in Fig. 2A, CuS NPs 
consisted of highly dispersed and uniform nanospheres with an average 
diameter of 90 nm (Fig. 2C). Analysis of the Pt-modified CuS NPs 
showed that the spherical Pt nanoparticles were uniformly deposited on 
the surface of CuS NPs to form a nanoshell morphology (Fig. 2B). The 
Pt@CuS components were further confirmed through high-angle 
annular dark-field transmission electron microscopy (HAADF-TEM) 
and EDS mapping analysis (Fig. 2E-I). From the results, there was evi
dence of the existence of Pt, Cu and S elements in Pt@CuS. This sug
gested that the Pt nanoparticles with spherical configuration were 
uniformly distributed on the surface of CuS NPs. 

XRD analysis revealed that CuS and Pt@CuS consisted of crystalline 
structures. Characterization of the XRD patterns of CuS NPs and Pt@CuS 
showed that the two nanomaterials produced a series of diffraction 
peaks located at 29.48◦, 31.99◦, 32.96◦, 48.31◦, 52.97◦, 59.72◦ and 
74.49◦ (Fig. 2J). These seven peaks corresponded to the (102), (103), 
(006), (110), (108), (116) and (208) crystalline planes of CuS (PDF 
card: JCPDS 65–3561) [46]. In addition, there was a broad peak at 
around 39.27◦ (marked with green labels) in the XRD pattern of 
Pt@CuS, which could be obviously indexed to the (111) crystal plane of 
Pt (PDF card: JCPDS 88–2343), suggesting successful assembly of Pt NPs 
on CuS nanospheres. These findings strongly demonstrated the suc
cessful synthesis of Pt@CuS composites. 

3.3. Possible mechanisms underlying the ECL sensing strategy 

In Fig. 3A, we illustrate our proposed strategy for signal enhance
ment and quenching mechanism of the fabricated ECL biosensor. First, 
luminol was oxidized to luminol anion (eq (1) in Fig. 3B) under the scan 
of a positive potential on the surface of electrode. Thereafter, Au/Ni-Co 
NCs catalyzed the reduction of H2O2 to O2

•− on the surface of the 
electrode (eq (2) in Fig. 3B). Further on, the luminol anion reacted with 
O2

•− to produce a luminol anion in the excited state (eq (3) in Fig. 3B), 
which returned to the ground-state luminol anion after emitting light (eq 
(4) in Fig. 3B). Additionally, ECL curves of various materials were 
recorded in PBS (0.1 M, pH 8.0) containing 10 mM H2O2 to make our 
report explicit. As exhibited in Fig. 3C, the presence of luminol/GCE in 
H2O2 generated a distinct ECL signal with an intensity of about 6000 a.u. 
(Fig. 3C, curve a). This was indication that H2O2 could react with 
luminol to amplify the ECL signal. The application of Ni-Co NCs to GCE 
surface increased the ECL intensity when compared with luminol/GCE 
(6000 to 14,000 a.u.) (Fig. 3C, curve b). The addition of Au NPs to Ni-Co 
NCs@luminol to form luminol@Au/Ni-Co NCs/GCE, further increased 
the signal from 14,000 to 17,000 a.u. (Fig. 3C, curve c). This suggested 
that the synthesized luminol@Au/Ni-Co NCs had superior catalytic 

activity. Importantly, the addition of CuS NPs to luminol@Au/Ni-Co 
NCs/GCE system caused a significant decrease in the ECL signal (from 
17,000 to 2000 a.u.) (Fig. 3C, curve d). This demonstrated that CuS NPs 
can act as energy acceptors to quench the excited states of ECL emitters. 
Additionally, there was no significant difference in ECL intensities be
tween Pt@CuS/luminol@Au/Ni-Co NCs/GCE (Fig. 3C, curve e) and 
CuS/luminol@Au/Ni-Co NCs/GCE, suggesting that Pt NPs had little 
effect on the quenching activity of CuS NPs. 

The UV–Vis absorbance spectra of S3 sequence, CuS NPs, Pt@CuS 
and S3-Pt@CuS were monitored to determine if the S3 sequence had 
been successfully assembled on the Pt@CuS composite surface (Fig. S2). 
An absorption peak at 260 nm, characteristic of nucleotides (S3 strands), 
was observed in the UV–Vis absorption spectra of S3-Pt@CuS bio
conjugates, indicating successful preparation of S3-Pt@CuS bio
conjugates. Meanwhile, we also analyzed the ECL signals during the 
stepwise electrode modification process Fig. 3D. The application of 
luminol@Au/Ni-Co NCs on the surface of GCE generated a significant 
signal at the beginning of the process (Fig. 3D, curve a), suggesting that 
Au/Ni-Co NCs accelerated H2O2 decomposition to enhance ECL in
tensity. Subsequent immobilization of S1 (Fig. 3D, curve b), MCH 
(Fig. 3D, curve c), target DNA (Fig. 3D, curve d), and S2 (Fig. 3D, curve 
e) on the surface of luminol@Au/Ni-Co NCs modified electrode slightly 
decreased the ECL signal. This was because the insulating nucleotide 
impeded electron transfer between luminophore and H2O2. Moreover, it 
is worth mentioning that ECL intensity decreased remarkably from 
12,000 to 2000 a.u. (Fig. 3D, curve f) when S3-Pt@CuS bioconjugates 
were applied on GCE. Based on the mechanism we had proposed earlier, 
we speculated that the amplified ECL signal was effectively quenched 
through RET between an efficient ECL emitter and a spectrally matched 
energy acceptor (Pt@CuS). These results demonstrated that the assem
bled DNA walker moved successfully on the electrode surface. 

3.4. Characterization of the prepared DNA walking biosensor 

Electrochemical impedance spectroscopy (EIS) and cyclic voltam
metry (CV) experiment are extensive and powerful tools for character
izing the changes in the sensor interface during the modification and 
assembly of the electrodes. As displayed in Fig. 4A, the bare GCE 
exhibited a relatively minor semicircle diameter of EIS Nyquist plot 
(curve a), demonstrating faster electron transfer on the electrode sur
face. The application of luminol@Au/Ni-Co NCs on the surface of the 
electrodes caused a slight increase in the diameter of the semicircle 
(curve b) due to low conductivity of chitosan and Ni-Co NCs. Further, 
immobilization of S1 strands caused significant increase in the diameter 
of the semicircle due to the increased distance for electron transfer 

Fig. 4. (A) EIS and (B) CV curves during the stepwise modification process measured in 5.0 mM [Fe(CN)6]3-/4- solution containing 0.1 M KCl.  
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caused by negatively charged phosphate groups in the oligonucleotides 
(curve c). The successive introduction of MCH (curve d), target DNA: H 
(curve e), and S2 (curve f) resulted in further increase in resistance, 
which was attributed to the electrostatic repulsion between abundant 
negative charges of DNA sequence and electroactive [Fe(CN)6]3–/4–. 
Furthermore, when S3-Pt@CuS bioconjugates were attached to the 
modified electrode, the resistance value greatly increased (curve g) 
because the deposited insulator hindered electron transfer. These results 
were validated using a CV experiment (Fig. 4B), suggesting the suc
cessful fabrication of a DNA walking biosensor. 

3.5. Analytical performance of ECL biosensor towards I27L 

The DNA walking biosensor generated was used to detect different 
concentrations of I27L ranging from 0.0001 nM to 100 nM (curve a-g in 
Fig. 5A) under optimal conditions (Supporting Information). As shown in 
the calibration plots of Fig. 5B, the ECL intensity was logarithmically 

related to the concentrations of I27L ranging from 0.0001 nM to 100 nM. 
The linear regression equation was expressed as I = -1567.46 lg c +
4555.12 with a correlation coefficient of R2 = 0.9981. The limit of 
detection (LOD) was calculated to be 23 fM according to the interna
tional union of pure and applied chemistry (IUPAC). Our stochastic DNA 
walker ECL biosensor exhibited a wider dynamic detection range and 
lower detection limit for the target DNA assay compared to other DNA 
sensors that have been reported (Table 1), which ascribed the efficient 
quenching advantages of abundant S3-Pt@CuS probes driven by sto
chastic DNA walker recycling. The excellent electrocatalytic perfor
mance of Au/Ni-Co NCs combined with the high signal quenching 
ability of Pt@CuS probes, generated a biosensor able to effectively 
detect target DNA and with promising application in clinical settings. 

3.6. Stability, reproducibility and specificity of the biosensor 

The stability of the biosensor and the synthesized luminophore 
nanomaterials was one of the major concerns in evaluating whether the 
biosensor can be applied in practice. As shown in Fig. 5C, 10 nM target 
DNA was able to generate a steady ECL signal under 13 cycles of 
continuous scans with an average relative standard deviation (RSD) of 
2.37%. Meanwhile, luminol@Au/Ni-Co NCs composites also generated 
stable ECL signals with a RSD of 1.41% in Fig. S4. Additionally, the DNA 
walking biosensor was monitored by recording ECL response during 
storing at 4 ◦C. The initial signal response remained 92.46% after 12 
days (Fig.S5), indicating acceptable stability of the biosensor. 

We also assessed the reproducibility of the biosensor by analyzing six 
identical electrodes under the same reaction condition. In this assay, 10 
nM target DNA was used as the model target and the average coefficient 
of variation (CV) among the six electrodes was 1.81 (Fig. 5D). These 
results indicated that the ECL strategy for target DNA detection 
exhibited acceptable reproducibility. 

Fig. 5. (A) ECL intensity-time curves of the fabricated ECL biosensor with different concentrations of target DNA (from a to g: 0.0001, 0.001, 0.01, 0.1, 1, 10, 100 
nM); (B) The linear relationship between ECL intensities and the logarithms of target DNA concentrations; (C) Stability of the biosensor in detecting 10 nM target 
DNA; (D) Reproducibility of the biosensor in detecting 10 nM target DNA in six individual tests; (E) Selectivity of the biosensor against oligonucleotides of different 
sequences. The concentrations of TBM, 5ʹ-SBM, NSBM, 3ʹ-SBM, and I27L are 10 nM. (F) Comparison of target DNA detection in buffer and 10% serum samples by the 
proposed DNA walking biosensor (Error bars, SD, n = 3). 

Table 1 
Comparison of linear ranges and detection limits of the different electrochemical 
DNA sensors.  

Modified 
electrodes 

Detection 
technique 

Linear range 
(nM) 

Detection 
limit (fM) 

References 

ZrO2/Au/GCE DPV 0.225–22.5 1 × 105 [47] 
Au–MPA–Zr 

(IV) 
EIS 0.1–1000 8.5 × 104 [48] 

CeO2/CHIT/ 
GC 

DPV 0.0159–116 1 × 104 [49] 

acpcPNA/PAD EIS 2–200 1.24 × 106 [50] 
4-ATP/NG/Au DPV 0.014–2 9.5 × 103 [51] 
Au/Ni-Co NCs/ 

GCE 
ECL 0.0001–100 23 This work  
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To investigate the specificity of the proposed ECL biosensor, we 
analyzed the ECL signals generated by high concentrations (10 nM) of 
five oligonucleotides with different sequences. The oligonucleotides 
included target DNA (I27L), non-terminal single-base mismatch 
(NSBM), 5ʹ end single-base mismatch (5ʹ-SBM), 3ʹ end single-base 
mismatch (3ʹ-SBM) and three-bases mismatch (TBM) (Fig. 5E). There 
were very few changes in signal observed in the blank solution and TBM 
sequences, while a relatively small change in ΔECL intensity was 
observed in NSBM sequences. Additionally, we observed the effect of a 
single-base mismatch at the 5ʹ and 3ʹ ends of the DNA. The single-base 
mismatch at the 5ʹ end slowed the DNA walking process due to the 
difficulty in opening hairpin chain S1, resulting in a weak ΔECL signal 
change. However, the effect of single-base mismatch at 3ʹ end on ECL 
signal was insignificant as the supernumerary bases at the 3ʹ end of 
target DNA were not involved in the hybridization reaction with S1. 
These findings were a reflection of the excellent selectivity of our ECL 
biosensor. 

3.7. Detection of I27L in human serum samples 

In order to assess the applicability and reliability of the DNA walking 
biosensor, we used the standard spike-and-recovery method to detect 
I27L in diluted human serum samples. Human serum was first diluted 10 
times with PBS (0.01 M, pH 7.4) buffer to obtain a 10% serum solution, 
which was then used as a buffer to detect target DNA. As illustrated in 
Fig. 5F, the ECL signal measured in the 10% serum samples was nearly 
the same as that in the buffer. The recoveries were between 98.91% and 
101.74% with RSD ranging from 4.98% to 6.77% (Table 2). This 
demonstrated the potential of the DNA walking biosensor in the analysis 
of DNA in complex clinical samples. 

4. Conclusion 

In this research, a signal-off ECL biosensing strategy was fabricated 
using luminol@Au/Ni-Co NCs as the ECL donors and Pt@CuS as the 
synergistic energy acceptor. Target DNA-induced stochastic DNA walker 
recycling was used for signal amplification for ultrasensitive detection of 
I27L gene. The fabricated luminol@Au/Ni-Co NCs had multiple func
tions such as mimicking peroxidase, and acting as nanocarriers as well as 
ECL donors. This greatly boosted the luminous performance and pro
vided more active sites for binding DNA strands. Meanwhile, signal 
amplification was achieved by using target DNA as stochastic walkers to 
develop Exo III-assisted DNA walking system. This enabled effective 
quenching of the initial amplified signal by Pt@CuS acceptor through 
the ECL-RET strategy. The ECL biosensor was not only precise in 
quantitative analysis of the I27L gene, but it also provided a general 
platform for the detection of other DNA or RNA molecules. In our future 
work, we will focus on simplifying the procedures for synthetizing 
luminol@Au/Ni-Co NCs and exploring more ECL donors and acceptors. 
In conclusion, this signal-off ECL biosensing strategy offers a sensing 
interface to achieve efficient signal amplification and a platform for 
nucleic acid detection in clinical settings. 
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