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Abstract

Based on the prominent electrochemiluminescence (ECL) performances of molybdenum disulfide-graphene quantum dots
(MoS,-GQDs) nanocomposite and combined with enzyme-assisted recycling DNA walker signal amplification, an “on-off”
switch ECL biosensor was proposed for sensitive assay of specific DNA sequences. Noticeably, MoS, with two-dimensional
nanosheet structure increased the loading capacity of GQDs to support abundant hairpin DNA (H). The composites of MoS, and
GQDs facilitated the charge transfer in ECL process, which significantly improved the ECL signal to achieve an “on” state. Then,
the DNA walker cyclic amplification was performed by adding the target DNA and exonuclease I1I (Exo I1I). Finally, the DNA2-
Fc-DNA was introduced into the system as ECL signal quencher, turning the ECL signal into an “off” state. The sensitive assay
of ultra-low concentration specific DNA sequences was realized according to the variation of ECL signal strength before and
after the existence of target DNA. The proposed ECL biosensor showed a good linear relationship ranging from 1 nM to 100 aM
with a detection limit of 25.1 aM, providing a powerful strategy for biomedical research and clinical analysis.

Keywords Electrochemiluminescence biosensors - Molybdenum disulfide-graphene quantum dots - DNA walker - Signal

amplification

Introduction

The simple, rapid, and ultrasensitive assay of trace specific
DNA sequences has significant importance in many areas,
for instance, disease diagnosis, biomedical applications, and
environmental monitoring [1]. At present, various detection
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techniques including fluorescence [2], electrochemistry [3,
4], chemiluminescence [5], and electrochemiluminescence
(ECL) [6] have been applied to the assay of DNA.
Significantly, electrochemiluminescence has brought about
the widespread attention owing to its high sensitivity, perfect
selectivity, easy controllability, low cost, and broad detection
range, providing a promising strategy for specific DNA se-
quences assay [7, 8]. To further boost the sensitivity of
electrochemiluminescence biosensors and achieve the assay
of trace DNA, a series of amplification strategies have been
proposed, including polymerase chain reaction (PCR) [9],
strand displacement amplification (SDA) [10], rolling circle
amplification (RCA) [11, 12], and hybridization chain reac-
tion (HCR) [13]. However, these methods still have some
limitations, such as strict reaction conditions, high back-
ground signal, and false positive signal [14]. DNA walker is
a nanomolecular device made of highly programmable DNA
self-assembly [15], with the characteristics of high flexibility,
prominent sensitivity, and strong specificity, which provides a
new way for DNA signal amplification strategy. Pierce et al.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-021-04962-3&domain=pdf
http://orcid.org/0000-0002-0537-6491
mailto:zhaopn_1985@163.com
mailto:chm_gesg@163.com

353 Page2of9

Microchim Acta (2021) 188: 353

demonstrated a four-step DNA walking machine that shifted
by moving the hind foot forward to the leading position at
each pace, with which the real-time monitoring for walker
movement was realized by multiplexed fluorescence
quenching [16]. Wang et al. combined the enzymatic
recycling cleavage strategy and the strand displacement
cascade, and the DNA walkers were driven to move along
the track by adding target let-7a [17]. Chen et al. utilized
nicking endonucleases Nt.Alwl as the driving force
to construct a DNA walking machine and modified
electrochemiluminescence labels to achieve sensitive detec-
tion of target DNA by signal changes [18]. Therefore, design
of an effective and rapid DNA walker efficiently combined
with electrochemiluminescence biosensor has huge potential.

For the construction of efficient ECL biosensor platform,
the use of novel, nontoxic, and stable ECL luminescent mate-
rials as electrode materials was indispensable [19].
Nanocomposites have been widely employed in ECL biosen-
sors owing to their fascinating electrical conductivity, out-
standing electrocatalytic activities, satisfactory biocompatibil-
ity, and large specific surface area [20]. Graphene quantum
dots (GQDs), a novel quasi-zero-dimensional material, not
only possess excellent properties of graphene, but also exhibit
a series of new functions owing to quantum confinement and
edge effects [21, 22]. Compared with the conventional ECL
materials (organic fluorophores and semiconductor quantum
dots), GQDs have the functions of low cost, good solubility,
ease of functionalization, and excellent biocompatibility,
which has been used to establish ECL sensors [23].
Molybdenum disulfide (MoS,) is a typical layered transition
metal binary compound with Van der Waals force interacting
between layers, which has many potential applications on ac-
count of its superior electrochemical, mechanical, and optical
performance [24-26]. In addition, it has been reported that the

Scheme 1 Fabrication and
detection principle of the ECL
biosensor platform

GCE

combination of other nanomaterials with this layered material
would be expected to exhibit fascinating characteristics [27,
28]. Li et al. investigated the GQDs/MoS, heterostructure for
the first time [29], which explained the interfacial charge
transfer process of carbon-based quantum dot materials and
two-dimensional materials, providing a new means for the
application of new low-dimensional heterojunction materials
in biomedical sensing, micro-nanoelectronic devices, and oth-
er fields. Since then, MoS,-GQDs have been applied to pho-
todetectors and electrochemical biosensors [30, 31]. MoS,-
GQDs hybrid nanocomposites can not only be used as carriers
of signal molecules, but also increase the interfacial electron
transfer, which has the characteristics of remarkable enhanced
ECL [32]. Therefore, it is promising to design a sensing plat-
form for DNA assay via the combination of MoS, and GQDs.

In this work, an innovative ECL biosensor for quantitative
analysis of target DNA was proposed based on the advantages
of MoS,-GQDs composites and the enzyme-assisted
recycling DNA walker amplification strategy. Scheme 1 dem-
onstrated the assembly procedure of the biosensor and the
principle of electrochemiluminescence for the assay of target
DNA. Firstly, MoS,-GQDs were immobilized onto the glassy
carbon electrode (GCE) surface to obtain a sensing interface.
After that, the amino-modified hairpin probe (H) was fixed
onto the MoS,-GQDs nanocomposites via CO-NH bond to
achieve signal “on” state. In the existence of target, the hairpin
of H was opened to form H-target DNA double strand.
Subsequently, the target DNA single strand was released from
the H-target DNA double stranded to start the next hybridiza-
tion and cleavage cycle with the aid of exonuclease III (Exo
II). Finally, the ferrocene labeled probe (DNA2-Fc-DNAT)
was introduced on the GCE to achieve the signal “off” state.
Notably, the function of DNA2 was to prevent hairpin probe
H from hybridizing with Fc-DNA1 prior to the target recycle

Lo:°°°°oo ®<>__,a TEIE . " 0

L)
\ (%) ‘ \
target DNA

L dhemalon : l o
ac \
sngnal off ,
l l l target
I o 08 recycle ;
(00— (% ¢ VCe (456%9, ) °
GCE GCE GCE

MoS2 ©GQDs (—_H

@ Springer

MEA o Exolll _=== DNA2-Fc-DNAI



Microchim Acta (2021) 188: 353

Page3of9 353

process. As expected, the prepared ECL biosensor achieved
the sensitive detection of target DNA.

Experimental section
Materials and apparatus

The materials and apparatus have been described in the
Electronic Supplementary Material (ESM).

Synthesis of MoS,

The MoS, was synthesized according to the previous literature
[33]. Briefly, 1.2 g HyyMo07NO,44H,0 and 2.3 g thiourea
were dissolved in 35 mL of ultrapure water under stirring, and
the homogeneous solution was formed by sonication.
Subsequently, the above mixture was placed into Teflon-
lined stainless-steel autoclave and reacted at 220 °C for 4 h.
After centrifugation and washing, the black precipitate was
collected and frozen overnight in refrigerator. Finally, the tar-
get product was obtained by vacuum freeze-drying for 20 h.

Fabrication of biosensor

First, 6 mg MoS, and 4 mg GQDs were dissolved in the mixed
solution of 10 mL N,N-dimethylformamide (DMF) and H,O
(V(DMF)/V(H,0) = 1:1) and ultrasonicated in ultrapure wa-
ter for 3 h to form a uniform suspension. Afterwards, 15 pL of
0.2 M 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride (EDC) and 15 pL of 0.05 M N-hydroxy
succinimide (NHS) were mixed with 100 pL of the prepared
MoS,-GQDs solution for 30 min, in which the carboxyl group
of GQDs was activated. Before modification, the bare elec-
trode was scoured by 0.3 and 0.05 um alumina powder, and
the mirror-like surface was obtained after cleaning. After that,
10 uL. MoS,-GQDs suspension solution was dropped on a
cleaned electrode surface and dried at room temperature.
Subsequently, the MoS,-GQDs/GCE was connected with
the H probe (100 uL, 0.5 uM) at 4 °C for 4 h through the
CO-NH bond. After rinsed with 0.1 M phosphate buffer (PB,
pH 7.4), 10 uL of monoethanolamine (MEA, 10 mM) was
coated on the above-modified GCE and reacted for 1 h to
block remaining nonspecific binding sites. Eventually, the
MEA/H/MoS,-GQDs/GCE was cleaned with PB (0.1 M,
pH 7.4) and preserved at 4 °C for subsequent experiments.

ECL measurement procedure

Scheme 1 presented the running process of DNA walker.
Firstly, H/MoS,-GQDs/GCE was immersed in 10 pL diverse
concentrations of target DNA solution at 37 °C for 1 h. After
rinsing, the modified GCE was incubated with 10 uL of

0.4 U uL™" Exo III solution for 50 min to digest the H-target
DNA double strand and release target DNA, thus realizing the
target recycle of DNA walker. Subsequently, the 100 uL
mixed solution containing DNA2 (0.5 uM) and Fc-DNAL1
(0.5 uM) were denatured at 95 °C for 10 min, and then cooled
down at room temperature to form the DNA2-Fc-DNA1
probe. Ultimately, the 10 pL of DNA2-Fc-DNA1 solution
was reacted with the prepared GCE for 1 h at 37 °C to hybrid-
ize with the remaining part of hairpin H and fixed on the
modified GCE surface. The modified electrode was cleaned
with PB (0.1 M, pH 7.4) to remove the physically adsorptive
species.

The ECL intensity was investigated by the MPI-E multi-
functional ECL analytical system in 0.1 M PB (pH 7.4) con-
taining 30 mM K,S,0g and 0.1 M KCI, with potential scan-
ning from —1.95 to 0 V, the scanning rate was 100 mV/s, and
the voltage of the photomultiplier tube (PMT) was set at
800 V.

Results and discussion
Choice of materials

Luminescent materials are one of the important factors affect-
ing the performance of ECL biosensors. It is very important to
use novel, nontoxic, and stable ECL luminescent materials to
build a sensing platform. Compared with other ECL materials
such as gold cluster and carbon dots, GQDs have the advan-
tages of low cost, easy functionalization, and excellent bio-
compatibility. In addition, GQDs have abundant carboxyl
groups to provide active sites, and showed strong ECL activity
with K,S,0g as coreactant. Combining nanomaterials with
GQDs has unexpected properties. MoS, has become the most
suitable material because of its unique two-dimensional (2D)
layered structure, good conductivity, and catalytic activity.
The MoS, accelerated the electron transport in the ECL pro-
cess of GQDs, causing a significant enhancement in the ECL
signal strength. Therefore, MoS,-GQDs nanocomposites
were chosen to build the sensing platform for DNA detection.

Characterizations of nanomaterials

The surface morphology of related nanomaterials was charac-
terized by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and atomic force microscopy
(AFM). The SEM images (Fig. 1a) verified the morphology
feature of the synthesized MoS,, showing the shape of the
nanosheets with the size of 200-300 nm. The corresponding
TEM images (Fig. 1b) further validated the lamellar construc-
tion of the MoS, nanosheet. The MoS, nanosheets exhibited
filmy and folded with suitable support structure. The elements
in MoS, nanosheets were further confirmed by the energy-
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Fig.1 a SEM and b TEM images
of MoS2. ¢ EDX analysis of
MoS2. Inset: SEM image and
EDX element mapping of MoS2.
d HRTEM images of GQDs.
Inset: the size distribution of
GQDs. e AFM images of GQDs

Mo Mo
Mo Mo
¥ rFrYrryrrryrryrrprrrrprr T T Tt
5 10 15 20 25 30 35 keV
Cursor=
Vert=1049 ‘Window 0.005 - 40.955= 24,327 cnt

100 nm

dispersive X-ray spectroscopy (EDX) (Fig. 1c), and the con-
tents of Mo and S were 66.89 and 33.11 wt.%, respectively
(Table S2). Furthermore, the element distribution in MoS,
nanosheets was analyzed by elemental mapping of field-
emission SEM (FE-SEM). As expected, Mo and S were ob-
served uniformly distributed in the sample (inset of Fig.
Lc). The high-resolution TEM (HRTEM) (Fig. 1d) and AFM
(Fig. 1e) images showed that the GQDs were uniformly spher-
ical. As depicted in the inset of Fig. 1d, the lateral dimensions
of GQDs were in the range of 10-15 nm and the average
diameter was 12 nm (n = 65). The SEM characterization of
electrode surface was shown in ESM Fig. S1.

Optical properties of the GQDs were investigated by
Raman and photoluminescence (PL) spectra. As exhibited in
Fig. 2a, the Raman spectrum of GQDs clearly revealed two
prominent Raman features G and D bands at 1592 cm ™' and
1363 cm ', respectively. Afterward, the PL spectra of GQDs
were investigated at different excitation wavelengths. As
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shown in Fig. 2b, upon the excitation wavelength of
380 nm, the GQDs have a strong peak at 434 nm. In addition,
the GQDs exhibited PL characteristics of dependent excita-
tion. With the increase of excitation wavelength, the PL emis-
sion peak showed red shift, which might be caused by differ-
ent emission sites of GQDs. Moreover, the X-ray photoelec-
tron spectroscopy (XPS) was used for elemental analysis of
the synthesized MoS,-GQDs. The results illustrated that the
prepared MoS,-GQDs incorporated C, Mo, and S elements
(Fig. 2¢). As shown in Fig. 2d, the XPS peaks in Mo 3d were
primary located at 229.5 and 232.7 eV, which were referred to
Mo 3d5/2 and Mo 3d3/2 orbitals, respectively. Apparently,
the S 2p peak in Fig. 2e expressed two peaks at 162.3 and
163.5 eV, which could be attributed 2p3/2 and 2p1/2 of S
derived from the Mo-S bonding in MoS,. The characteristic
peak of C 1S orbitals was shown in Fig. 2f. On the basis of the
elemental analysis, the formation of MoS,-GQDs was further
confirmed.
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Fig. 2 a Raman spectra of GQDs. b PL spectra of GQDs acquired using different excitation wavelengths. ¢ XPS survey spectra of MoS2-GQDs hybrid
nanocomposite. XPS spectra of the d Mo 3d, e S 2p, and f C 1 s region of M0S2-GQDs

ECL performance of MoS,-GQDs hybrid
nanocomposite

To confirm the luminescent properties of the prepared ma-
terials, we compared the ECL signals of various modified
GCE under the same conditions. As depicted in Fig. 3a,
there was no significant differences of ECL responses be-
tween bare GCE (curve a) and MoS, modified GCE (curve
b), indicating that there was no ECL enhancing effect in
MoS, alone. The ECL strength of GQDs modified GCE
was relatively high, which was caused by the ECL perfor-
mance of GQDs. More impressive, owing to the assistance
of MoS,, ECL signal of M0S,-GQDs modified GCE (curve
c¢) was greatly enhanced, which was ~8, ~105, and ~243
folds higher than that of GQDs/GCE, MoS,/GCE, and bare
GCE, respectively. Such preliminary consequence affirmed
that the MoS,-GQDs significantly enhanced the ECL

process of GQDs. Therefore, the MoS,-GQDs were select-
ed to prepare the ECL biosensor.

Moreover, the ratio of MoS,-GQDs has great influence on
ECL performance. As displayed in Fig. 3b, with the increase
of MoS,:GQDs mass ratio, the ECL signal gradually added
and attained the maximum at the ratio of 6:4 in MoS,:GQDs.
Then, the ECL signal decreased gradually, which indicated
that the ECL performance of GQDs could be improved by
appropriate doping of MoS,. Therefore, we chose to prepare
MoS,-GQDs at a mass ratio of 6:4.

Electrochemiluminescence characterization of the
biosensor

According to previous literature, cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) have been used
for the characterization of modified GCE [34]. Therefore, we used

Fig. 3 a ECL response curves of 20.0k e 20.0k
(a) bare GCE, (b) MoS2/GCE, (¢) = a HE /b . b
GQDs/GCE, and (d) MoS2- < g f 1 < |
GQDS/GCEin0.1 MPB (pH74) ~ 190k} ot fal —~ 160k
containing 30 mM K2S208. b %‘ ST VPRI FINTOY é‘
Thfe effect of MOSZ/GQDS mass g 10.0k F RN EL g 12.0k |
ratio on the ECL intensity (error k3 / 9
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these techniques to analyze the assembly process of biosensors
step by step. As exhibited in Fig. 4a, the bare electrode showed
the redox peak of [F e(CN)s> ™ (curve a). After the electrode was
modified with MoS,-GQDs, the peak current increased on account
of the acceleration of electron transfer of MoS,-GQDs, indicating
that the nanocomposites were successfully immobilized on the
electrode (curve b). When H was incubated onto the MoS,-
GQDs/GCE, the peak current obviously decreased owing to the
electron repelling between the negative charges of DNA back-
bones and electroactive [Fe(CN)s]> "+ (curve c). After blocking
with the MEA, the current response dropped further (curve d).
Then, on the account of introducing more negative charges on
GCE, the addition of target DNA led to the decrease of signal
response (curve e). However, after treatment of Exo III, the CV
current response increased, which was attributed to the continuous
cracking process of double strand and the formation of H short
products (curve f). After being immersed in the solution of DNA2-
Fc-DNAL, the remainder of H could capture Fc-DNA1 through
hybridization; thus, the CV peak decreased significantly (curve g).
Moreover, the EIS results of ECL biosensor demonstrated in Fig.
4b also confirmed the successful modification of the electrode. In
contrast with the bare GCE (curve a), the MoS,-GQDs/GCE
charge-transfer resistance decreased (curve b). However, the con-
tinuous introduction of negatively charged H (curve c) and non-
conductive MEA (curve d) would cause the charge transfer resis-
tance (R,,) to continuously increase. And after incubation with the
target DNA, the R,, further increased (curve e). Then, the Exo III
was added, the R,; decreased remarkably (curve f). Finally, when
the DNA2-Fc-DNA1 was fixed on the electrode surface, the semi-
circle diameter raised markedly (curve g). The combined results of
CV and EIS characterization measurements confirmed successful
fabrication of the proposed ECL biosensor.

Optimization of method

The following parameters were optimized: (a) concentration
of GQDs; (b) concentration of Exo III; (¢) cleaving time of

—_ N
oS O

Current / pA

0.2 0.4

0.0
Potential / V

0.6

Fig.4 a CV curves and b EIS plots of different modified electrodes in PB
(0.1 M, pH 7.4) including 5.0 mM [Fe(CN)6]3—/4—: (a) bare GCE; (b)
MoS2-GQDs/GCE; (c) H/Mo0S2-GQDs/GCE; (d) MEA/H/M0S2-GQDs/
GCE; (e) target DNA/MEA/H/Mo0S2-GQDs/GCE; (f) Exo Ill/target

@ Springer

-Z" / ohm

Exo III; (d) concentration of DNA2-Fc-DNA1;(e) hybridiza-
tion time between H and DNA2-Fc-DNA1. Respective texts
and figures on optimizations were given in the ESM. In short,
the following experimental conditions were found to give best
results: (a) best concentration of GQDs: 0.4 mg mL " (b) best
concentration of Exo I1I: 0.4 U puL™"; (c) best cleaving time of
Exo III: 50 min; (d) best concentration of DNA2-Fc-DNA1:
0.5 uM; and (e) best hybridization time between H and
DNA2-Fc-DNAT1: 60 min.

Performance of the proposed biosensor

To further investigate the analysis properties of the prepared
biosensor, the target DNA concentration was determined
using the “on-off” mode. As exhibited in Fig. 5a, under the
optimal experimental conditions, the ECL signal gradually
decreased with the increasing of the target DNA concentration
(curves a to h). Obviously, there was a significant linear rela-
tionship between the ECL intensity and the logarithmic values
of the target DNA concentration from 1 nM to 100 aM, and
the regression equation was / = —14,205.75-1871.23logc (R’
= 0.9973, inset of Fig. 5a). With a signal-to-noise ratio (S/N)
of 3, the limit of detection (LOD) was evaluated to be 25.1 aM
(the calculation process of LOD was shown in ESM).
Therefore, the prepared biosensor for the assay of target
DNA owned high sensitivity and low detective limit. (The
comparison with other DNA detection schemes was shown
in ESM Table S3.)

It was known that selectivity was a critical factor in
assessing the biosensor. Therefore, the specificity was evalu-
ated by introducing three-base mismatched DNA (T1), non-
terminal one-base mismatched DNA (T2), 5’ end one-base
mismatched DNA (T3), 3’ end one-base mismatched DNA
(T4), target DNA, and mixed sample as the contrast objects.
As exhibited in Fig. 5b, the ECL signal of T1 (1 nM) was alike
to that of blank (absence of target DNA), indicating that there
was no quenching reaction. While the signal intensity of the
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T2 (1 nM) was relatively reduced. Significantly, when the
biosensor reacted with target DNA, its ECL signal decreased
greatly. Furthermore, the determination results of T3 (1 nM)
and T4 (1 nM) showed that the ECL signal did not decrease
significantly when there was single base mismatched at the 5’
end. Nevertheless, when the single base mismatched hap-
pened to the 3" end, the ECL intensity was not apparently
different from that of the target DNA. Therefore, in order to
avoid the influences of the above situation on the detection
results of target DNA, the five bases (TAACT) of target DNA
3" end were not complemented to H, which were not partici-
pated in hybridization process. Consequently, the above inter-
ference signals were negligible. After mixing the T1 (1 nM),
T2 (1 nM), T3 (1 nM), and T4 (1 nM) with the target DNA
(1 nM), the ECL response showed a great ECL decrease, for
which there was no remarkable difference from that of 1 nM
target DNA only. The consequences proved that the biosensor
performed high specificity.

Moreover, sustained and stable ECL signals were impor-
tant for target DNA assay. As indicated from Fig. 5c, the ECL
intensity of electrode incubated with 100 pM of target DNA
was measured in 24 cycles of consecutive cyclic potential
scanning. It could be revealed from the results that the obtain-
ed biosensor possessed excellent detection effect on target
DNA, and the relative standard deviation (RSD) was 1.39%.

Furthermore, the reproducibility of the biosensor was
equally vital for target DNA determination. Under identical
experimental conditions, five parallel intra-assays and inter-

assays were carried out to detect 100 pM of target DNA, and
the corresponding RSD was 2.66% and 4.82%, respectively
(Fig. 5d). Therefore, the detection method had acceptable re-
producibility and precision.

In addition, the anti-interference capability of the ECL bio-
sensor was studied using 10% normal human serum as the
simulated matrix, and the corresponding texts and figures
were given in ESM. The results showed that the ECL signal
has good consistency between complex serum matrices and
the PB (0.1 M, pH 7.4), reflecting that the proposed biosensor
features an acceptable anti-interference capability.

Real sample analysis in human serum

To evaluate the application potential of the designed ECL
biosensor in real sample analysis, three serum samples con-
taining target DNA provided by Shandong Tumor Hospital
were tested. The detection results were compared with the
reference values, and Table S4 showed an acceptable consis-
tency, with a relative deviation of less than 4.08%.
Furthermore, the accuracy of the biosensor was further eval-
uated by standard addition method (ESM Table S4). Different
concentrations (1, 10, and 100 fM) of target DNA standards
were added into the corresponding initial human serum sam-
ples. The recoveries were 93.0%, 96.7%, and 105.3%, respec-
tively, reflecting that the proposed ECL biosensor has more
effective and reliable application prospect in clinic analysis.

Fig. 5 a The ECL response a b
curves of the biosensors with . 16.0k F a5 181 2loge o
various concentrations of target i pr 16.0k b : '_;lla"k
DNA (a-h: 100 aM-1 nM) in y y
0.1 M PB (pH 7.4) containing >, 12.0k > 2.0k §
30 mM K2S208. Inset: Linear = LSS ] I~ e T4
calibration between the ECL g 8.0k} 108C,rge s M 8 f target DNA
intensity and the logarithm of +— < 8.0kf g mixture
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Conclusion

An innovative “on-off” signal switch electrochemiluminescence
biosensor based on the excellent luminescent properties of
MoS,-GQDs and enzyme-assisted recycling DNA walker am-
plification strategy was prepared for sensitive assay of target
DNA. The proposed strategy owned various advantages: First,
the two-dimensional nanosheet structure of MoS, effectively
supported the abundant quantum dots and provided more active
sites for DNA strands. Second, the prepared nanocomposite
(MoS,-GQDs) accelerated the electron transport in the ECL pro-
cess and significantly enhanced ECL signal strength. Third, on
the basis of enzyme-assisted recycling, DNA walking system
strategy realized the further amplification of ECL signal.
Further, the developed DNA walker signal amplification ECL
biosensor possesses high sensitivity and selectivity for the spe-
cific DNA sequence test, which could be applied to clinical anal-
ysis and biomedical research.
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