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Abstract
A three-dimensional (3D) micromolecule walking nanomachine propelled by strand displacement was developed to establish a
novel switching electrochemiluminescence (ECL) biosensor for ultrasensitive detection of adenosine triphosphate (ATP).
Generally, walking nanomachines reported previously were limited to DNA walkers, while the proposed 3D walking nanoma-
chine focused on the micromolecule walker. Firstly, TiO2 and silver nanoparticles (Ag NPs) functionalized N-(4-aminobutyl)-
N-(ethylisoluminol) (Ag-ABEI) were deposited onto the electrode surface to offer an enhanced ECL signal, resulting from the
double catalytic effect of TiO2 and Ag NPs for H2O2. Following, dopamine (DA)-labeled DNA duplex probes (S1/S2-DA)
immobilized onto the modified electrode cut down the original ECL signal due to the quenching of DA toward ABEI (signal-off).
Target ATP walker moved along the 3D DNA track, simultaneously releasing numerous DNA3, which was applied to displace
S2-DA, resulting in the quenched ECL intensity recovery (signal-on). As a result, the biosensor showed a low limit of detection
down to 0.5 nM (S/N = 3) and was successfully employed to determine ATP in human serum samples. Thus, the established
biosensing strategy holds great potential for biochemical studies and clinical diagnosis.
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Introduction

Adenosine triphosphate (ATP), the direct energy currency in
living species, plays crucial roles in cellular metabolic pro-
cesses and various biochemical reactions, including DNA/

RNA biosynthesis, neurotransmission, and muscle contrac-
tion [1–3]. ATP concentration in normal human serum is very
low (below 28 nM) [4]. Increasing pieces of evidence have
shown that ATP can be a marker of cell injury and viability,
and abnormal concentration is closely related to parkinsonism,
alzheimer’s, and cardiovascular diseases [5, 6]. Considering
its unique functions, accurate recognition and detection of
ATP are of indispensable significance for biochemical studies
and diagnosis of disease. Until now, many analytical strategies
for ATP detection, including mass spectrometry [7], high-
performance liquid chromatography [8], fluorescence [9],
and electrochemistry [10], have been developed. Though hav-
ing achieved sensitive detection of ATP assay, these methods
suffered from at least one disadvantage of tedious sample
preparation, expensive instruments, and high cost, which lim-
ited their wide applications [11, 12]. Thus, it is a great demand
to construct rapid, cost-effective, and ultrasensitive strategies
to detect ATP in clinical samples.

Electrochemiluminescence (ECL) strategies have been ex-
tensively constructed and applied in trace analysis, given the
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merits of high sensitivity and specificity, simplified operation,
and low cost [13–15]. As the derivative of luminol, the ABEI/
hydrogen peroxide (H2O2) system has been widely used as an
ECL reaction system owing to the nontoxicity, low oxidation,
and high luminous efficacy [16, 17]. Moreover, the ABEI is
tagged easily with another reagent for constructing an en-
hanced luminophore. For example, MoS2 nanoflowers [18],
TiO2 nanoflowers [19], and Ag nanoparticles (Ag NPs) [20]
could serve as effective co-reaction accelerators of
ABEI/H2O2 for the decomposition of H2O2 to produce
amounts of superoxide radical (O2

•-) and hydroxyl radical
(OH•), which could oxidize ABEI to obtain an amplified
ECL intensity. However, in most reported ECL biosensors,
the common methods to detect targets only depend on the
“signal-on” or “signal-off” of the ABEI, which leads to
false-positive response resulting from interfering substance
in biological fluid [21]. Recently, the “off-on” mode ensures
ECL biosensors with superior abilities of higher signal-to-
noise ratio, which offers a robust approach for ATP detection
in ABEI/H2O2 system [22, 23].

Molecular machines, widespread existing in living organisms,
can perform various physiological functions in response to sur-
rounding change stimulus [24, 25]. Such natural phenomenon has
inspired enormous interests in constructing advanced
nanomachines for biosensing, such as walking nanomachines,

tweezers, and molecular gears [26–28]. Particularly, walking
nanomachines inwhichwalkersmove autonomously and sequen-
tially along the preset three-dimensional (3D) DNA tracks im-
pelled by DNAzyme, protease, and strand displacement have
been widely used to biomarker analysis [29–32]. Generally,
strand displacement is considered as a promising driver that drive
walkers’ motion without being tampered with by environmental
factors [33].Moreover, the reports aboutmolecular nanomachines
in recent years are limited to one dimensional (1D) or two dimen-
sional (2D) nanostructure, and the effects of cargoes transit are
unsatisfactory due to the inadequate ability of 1D or 2D walking
space and low fluxes of the substrate [34]. Nowadays, these 3D
nanomachines enable the rapid transduction of trace target infor-
mation into a great quantity of detectable signals owing to their
extraordinary motion efficiency, highly local concentration of
DNA track, and unique programmability [35, 36]. Nevertheless,
nearly all researched walking nanomachines are restricted to
DNA walkers [37]. Small molecules or proteins walkers have
been barely reported due to the great challenge of how to effec-
tively push their movement from one to another adjacent DNA
track.

Inspired by the concepts above, toehold strand displacement-
powered 3D micromolecule walking nanomachine was
established for the first time, which further integrated with Ag
NP-functionalized ABEI (Ag-ABEI) and TiO2-modified

Scheme 1 Principle of the ECL biosensor coupled with toehold strand
displacement-powered 3D micromolecule walking nanomachine for the
detection of ATP. A Schematics for 3D micromolecule walking

nanomachine.B The fabrication process of the developed ECL biosensor.
C The probable mechanism of the established biosensor
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electrode matrix to establish switching ECL biosensor for sensi-
tive detection of ATP assay (Scheme 1). For process A, ATP
captured by aptamer moved autonomously along the 3D DNA
track powered by strand displacement, leading to the output of the
numerous DNA3. For process B, the TiO2/Ag-ABEI was first
immobilized onto the electrode surface to produce an enhanced
ECL intensity, because of the dual decomposition of TiO2/Ag
NPs toward H2O2. Next, DNA duplex probes tagged with dopa-
mine (DA) (S1/S2-DA) were assembled on the modified elec-
trode, leading to the prominent reduction of the initial ECL re-
sponse due to the quenching effect of DA for ABEI (signal-off).
Then, S2-DA was displaced by the released DNA3, resulting in
the recovery of the ECL signal (signal-on). Therefore, the
established “off-on” ECL biosensor offered a simple strategy for
ultrasensitive ATP analysis, contributing to biochemical studies
and clinical diagnosis of diseases.

Experimental

Materials and reagents

All DNA sequences (Table S1) were synthesized and purified
by Sangon Biotechnology Co., Ltd. (Shanghai, China, http://
www.sangon.com/). The oligonucleotides were dissolved in
T E b u f f e r ( 1 0 m M T r i s - H C l , 1 m M
ethylenediaminetetraacetic acid (EDTA), pH 8.0). ATP,
cytidine triphosphate (CTP), thymine triphosphate (TTP),
and guanosine triphosphate (GTP) were purchased from
Worthington Biochemicals Co., Ltd. (Lakewood, NJ, USA,
https://worthington.guidechem.com/). Hexanethiol (HT), gold
chloride tetrahydrate (HAuCl4·4H2O), and ABEI were
obtained from Sigma-Aldrich Co., Ltd. (St. Louis, MO,
U S A , h t t p : / / w ww . s i g m a a l d r i c h . c o m / ) . N -
H y d r o x y s u c c i n i m i d e ( N H S ) a n d 1 - ( 3 -
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC) were obtained from Shanghai Medpep Co., Ltd.
(Shanghai, China, http://www.medpep.com/). Tetrabutyl
titanate (Ti(OC4H9)4) was purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China, http://en.
reagent.com.cn/). H2O2 (30%), ethanol, AgNO3, and other
reagents were purchased from Chemical Reagent Co., Ltd.
(Chongqing, China, https://chuandong.lookchem.com/). All
chemicals were of analytical grade, and all experiments were
prepared using ultrapure water obtained from a Millipore
water purification system (≥ 18.2 MΩ/cm, MA, USA, http://
www.mollipore.com/). Phosphate buffer solution (PBS, 0.1
M, containing 2 mM MgCl2 and 10 mM KCl, pH 8.0) was
used as the working buffer. Twenty millimolar mM Tris-HCl
buffer (pH 7.4) containing 1 mMMgCl2, 1 mM CaCl2, 5 mM
KCl, and 140 mM NaCl was used as the binding buffer
solution.

Apparatus

Electrochemical measurement was monitored by a CHI 660E
electrochemistry workstation (Shanghai Chenhua Instruments
Co., Ltd, Shanghai, China, http://www.chinstruments.com/).
The ECL emissions were monitored with a MPI-A ECL ana-
lyzer (Xi’an Remax Electronic Science & Technology Co.,
Ltd, Xi’an, China, http://www.chinaremex.com/). The
ultraviolet-visible (UV-vis) spectrophotometer (Shimadzu,
Kyoto, Japan, http://www.shimadzu.com/), scanning
electron microscope (SEM), transmission electron
microscopy (TEM) (Hitachi, Tokyo, Japan, https://www.
hitachi.com/), and X-ray photoelectron spectroscopy (XPS)
(Thermo, Waltham, MA, USA, https://www.thermofisher.
cn/) were applied to characterize the features and
morphologies of nanomaterials.

Fabrication of 3D micromolecule walking
nanomachine

First, the AuNPs were obtained based on the previous method
with some modifications (see the Electronic Supporting
Material for details). Second, the aptamer strand (DNA1,
500 nM) and Au NPs (1% w/w) were bonded in 100 μL of
Tris-HCl buffer overnight at room temperature (RT) via an
Au-N bond to form DNA1-Au, and the mixture was “aged”
in 1 M NaCl for another 12 h. Subsequently, the solution was
centrifuged at 12,000 rpm for 10 min to remove the excess
reagents. Third, the centrifugal product was resuspended in
100 μL of Tris-HCl buffer; HT (1 mM) was used to block
the redundant binding sites. Then, a helper strand (DNA2, 500
nM) and output strand (DNA3, 500 nM) were added and
heated to 90 °C for 5 min, followed by slowly cooling down
to RT. Thus, the DNA1/DNA2/DNA3 three-strand could be
tethered to the surface of Au NPs, forming a 3D DNA track.
The unreacted DNA1, DNA2, and DNA3 were removed by
centrifugation. Finally, different concentrations of ATP and
the fuel probes (DNA4, 500 nM) were introduced to the 3D
DNA track with a reaction volume of 50 μL and incubated for
80 min at RT to perform the motion of ATP walker and
achieve the output of DNA3.

Construction of the switchable “off-on” ECL biosensor

The synthetic of TiO2 and Ag-ABEI nanoparticles was
depicted in the Electronic Supporting Material (ESM). The
S2-DA composite was firstly obtained as follows: First, 25
μL of S2 (100 μM) was added into 1 mL of PBS (0.1 M,
pH 7.4), then adding EDC (20 mM) and NHS (5mM), stirring
for 1 h at RT to activate the carboxyl of S2. Subsequently, 200
μL of DA solution (100 μM) was added into the planned S2
mixture with stirring overnight at 4 °C to obtain the S2-DA
products. Before modification, the bare GCE was polished
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with 0.3 and 0.05 μm alumina slurry, followed by sonication
with ultrapure water. Then, 10 μL of TiO2 and Ag-ABEI
nanoparticles were successively spread on the cleaned GCE
surface to form a well-dispersed nanofilm. In this case, the
TiO2/Ag-ABEI nanoparticles could doubly catalyze H2O2

by generating a lot of free radicals, which could further oxi-
dize ABEI for the enhanced ECL emission. Ten microliters of
2.5 μM S1 was immobilized onto the TiO2/Ag-ABEI
nanofilm overnight via an Ag-N bond, and the modified elec-
trode was blocked with 1.0 mMHT for 40 min. Subsequently,
10 μL of S2-DA was dropped on the electrode surface and
reacted for 2 h at RT to hybridize with S1. The unbound S2-
DA was eliminated by washing three times with ultrapure
water. Then, 10 μL of the output DNA3 released by the 3D
micromolecule walking nanomachine was incubated with the
resulting electrode for 2 h. After that, the electrode was tested
by an ECL analyzer. Ultrapure water was utilized to wash the
modified electrode after each fabrication step, and the obtain-
ed electrode was kept at 4 °C for further use. Finally, the
obtained biosensor was detected in the buffer of 2 mL PBS
(0.1 M, pH 8.0) containing H2O2 (3 mM) at room temperature
to investigate the ECL response. The ECL intensity was
gained by aMPI-A ECL analyzer with working potential from
0 V to 0.6 V (vs. Ag/AgCl) at a scan rate of 0.1 V/s and the
voltage of the photomultiplier tube (PMT) at 800 V.

Result and discussion

Principle of the biosensor

The detection principle of the biosensor based on toehold
strand displacement-powered 3D walking nanomachine for
detection of ATP in an “off-on” manner is illustrated in
Scheme 1. As illustrated in Scheme 1A, the designed 3D mi-
cromolecule walking nanomachine consisted of three aspects:
target ATP as a walker, three-strand DNA complex
(DNA1/DNA2/DNA3) immobilized on the same Au NPs as
walking 3D DNA track, and DNA4 as drive chain. DNA1
(pink color) contained an aptamer sequence that was used to
capture the target ATP. DNA2 (blue color) and DNA3 (green
color) were initially hybridized with DNA1 to block the toe-
hold region, and DNA3 acted as the output strand. In the
presence of the target ATP, which bound to the DNA1 and
changed its conformation, triggering the release of DNA2 and
the exposure of a 4 nt toehold domain (Fig. S1). Then, DNA4
hybridized with DNA1 beginning from the exposed toehold
domain and simultaneously displaced ATP and DNA3, and
the freed ATP again bound to the next adjacent track. In a
manner, the ATP walker moved autonomously along the
engineered 3D track, leading to the release of many DNA3.
As showed in Scheme 1B, the treated GCE was deposited
with TiO2/Ag-ABEI nanoparticles, followed by the assembly

of a DNA sequence (S1). Next, HT is used to block the non-
specific binding sites, followed by the hybridization of S2-DA
and S1. Therefore, the ECL intensity was decreased because
of the quenching effect of DA toward ABEI (signal-off).
Furthermore, the released DNA3 was immersed onto the
pretreated electrode to displace S2-DA (signal-on). The ECL
mechanism was depicted in Scheme 1C; TiO2/Ag NPs could
exhibit the double catalytic effect toward H2O2 to generate a
good deal of ROSs (O2

•- and OH•), which improved the ECL
reaction rate of ABEI with high intensity. In general, combin-
ing the 3D micromolecule walking nanomachine with TiO2/
Ag-ABEI-coated electrode, an “off-on” ECL biosensor has
been successfully developed, which offers a novel and effec-
tive tool for ultrasensitive detection of ATP.

Characterization of the Au NPs and TiO2 nanoflowers

To confirm the homogeneous and spherical structure of the
synthesized Au NPs with an average size of 13 ± 2 nm, the
TEM image of the Au NPs was displayed in Fig. 1A.
Subsequently, XPS characterization was performed to verify
the integrated preparation of DNA1-Au NP composites via
elemental analysis. As shown in Fig. 1B, the peaks at 532,
399, and 285 eV belonged to O1s, N1s, and C1s, respectively.
Additionally, the doublets at 88 and 84 eV were assigned to
Au 4f. In Fig. 1C, the binding energies for Au 4f7/2 and Au
4f5/2 located at 83.7 and 87.4 eV, respectively, which proved
the presence of an Au-N bond. Moreover, the UV-vis absorp-
tion spectra of the Au NPs-DNA1 conjugates were shown in
Fig.1D. AuNPs exhibited an absorption peak at 520 nm (curve
a), while the UV-vis absorption spectra of AuNPs-DNA1
were redshifted to 525 nm (curve b). The insets of Fig. 1D
showed the corresponding photographs, which were in accor-
dance with results obtained by UV-vis absorption spectra.
These results demonstrated that the loading of DNA1 on
AuNPs was successfully achieved.

Furthermore, the SEM image of the synthesized TiO2

nanoflowers was shown in Fig. 1E. It demonstrated that the
TiO2 nanoflowers had a flower-like structure with an average
diameter of 2.0 ± 0.5 μm. In Fig. 1F, the UV-vis absorption
spectra were performed to confirm the synthesis of Ag-ABEI
nanoparticles. ABEI had a characteristic absorption peak at
292 nm; the Ag-ABEI nanoparticles showed a new absorption
band around 442 nm when associated with the Ag NPs (393
nM). These results indicated that TiO2 nanoflowers and Ag-
ABEI nanoparticles were successfully synthesized.

ECL characterization of the biosensor

To demonstrate the process of electrode modification, ECL
signals were monitored. As shown in Fig. 2A, the bare GCE
and the TiO2 nanoflower-modified electrode obtained an ig-
norable ECL signal corresponding to curve a and b,
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respectively. Furthermore, when the Ag-ABEI nanoparticles
were deposited onto the surface of the electrode, a strong ECL
signal was obtained (curve c), while the ECL response re-
duced continually upon the binding of the S1 probe (curve
d) and HT (curve e) to the electrode. Subsequently, the intro-
duction of S2-DA led to extremely weak ECL emission owing
to the quenching of DA toward the ECL signal of ABEI (curve
f). However, the ECL signal obviously improved after DNA3
displaced S2-DA (curve g). These results demonstrated that
the switching biosensor was feasible.

In addition, the dual-catalytic effect of TiO2 and Ag NPs
toward H2O2 was evaluated. As shown in Fig. 2B, the ECL
responses produced by different metal nanostructures follow-
ed the order of TiO2/Ag-ABEI > TiO2-ABEI > Ag-ABEI >

ABEI. Specifically, the ABEI-deposited GCE produced about
2255 a.u. (curve a), the Ag-ABEI-coated GCE generated
about 4708 a.u. (curve b), and the TiO2-ABEI-coated GCE
obtained about 7821 a.u. (curve c), but the TiO2/Ag-ABEI-
assembled GCE showed a tremendous increase of ECL inten-
sity about 12563 a.u. (curve d). The results indicated that
TiO2/Ag NPs could exhibit the double catalytic effect toward
H2O2 to generate a good deal of ROSs (O2

•- and OH•), which
improved the ECL reaction rate of ABEI with high intensity.

Cyclic voltammetric (CV) and electrochemical impedance
spectroscopy (EIS) were used to characterize the stepwise
modification process of the electrode; the results indicated that
the biosensor was successfully constructed (Fig. S2 in the
ESM).

Fig. 1 A TEM image of Au NPs. Scale bar, 100 nm. B XPS analysis for
the full region of XPS for NH2-DNA1 functionalized Au NPs. C XPS
spectra of Au 4f region. D UV-vis absorption spectra of (a) bare Au NPs,
(b) NH2-DNA1 functionalized Au NPs after addition of 1 M NaCl, (c)

bare Au NPs after addition of 1 M NaCl (insets: the corresponding pho-
tographs). E SEM image of TiO2 nanoflowers. Scale bar, 5.0 μm. F UV-
vis absorption spectra of ABEI, Ag NPs, and Ag-ABEI

Fig. 2 A ECL intensity for each
modified step: (a) bare GCE, (b)
GCE/TiO2, (c) GCE/TiO2/Ag-
ABEI, (d) S1 immobilized on
GCE/TiO2/Ag-ABEI, (e) HT
blocking, (f) incubated with S2-
DA, (g) DNA3 replacing S2-DA.
B ECL signal responding to (a)
ABEI, (b) Ag-ABEI, (c) TiO2-
ABEI, (d) TiO2/Ag-ABEI. The
tests were performed in 2mL PBS
(pH 8.0) containing 3 mM H2O2
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Optimization of conditions

To gain a high-performance biosensor, experimental condi-
tions including the concentration of H2O2 and the incubation
time of output DNA3 and S1/S2-DA were investigated.
Owing to the great influence of H2O2 as a co-reactant of
ABEI on the ECL efficiency, the optimal concentration of
H2O2 was first investigated. As shown in Fig. 3A, the ECL
signal consecutively increased with the increase of H2O2 con-
centration and reached a peak value at 3 mM. Therefore, the
concentration of H2O2 was fixed at 3 mM. Then, the incuba-
tion time of output DNA3 and S1/S2-DA was optimized to
evaluate effective assay time. As shown in Fig. 3B, ECL in-
tensity experienced an upward trend with the increase of the
incubation time from 30 to 120 min. However, the ECL signal
increased slowly when the reaction time exceeded 120 min,
suggesting the hybridization reaction had saturated.
Therefore, 120 min was chosen as the optimum hybridization
time.

Analytical performance

To evaluate the sensitivity of the biosensor, different concen-
trations of ATP were tested under the optimal reaction condi-
tions. Figure 4A depicted the good linear relationship between
the ECL signal and ATP concentrations in the range of 1.0 nM

to 78.1 μM. As shown in Fig. 4B, a regression equation be-
tween the ECL intensity and the logarithm (lg) of the ATP
concentration was expressed as I = 1374.0 lgc + 1766.4 (R =
0.9988), in which I stands for ECL intensity, c represents ATP
concentration. The limit of detection (LOD) was estimated to
be 0.5 nM at a signal-to-noise of 3. Compared with the previ-
ously reported methods for ATP (Table S2), the biosensor
showed a lower LOD, which was attributed to superior “off-
on” reaction mode, effective micromolecule walking nanoma-
chine, and excellent TiO2/Ag-ABEI luminophore.
Meanwhile, these results demonstrated that the “off-on” sys-
tem possessed the merits of obvious signal-to-noise ratio, high
sensitivity, and wide range of detection. Therefore, the bio-
sensor was a potential tool for highly sensitive ATP analysis.

Reproducibility, stability, and selectivity of the
biosensor

First, the reproducibility of the biosensor was evaluated using
the relative standard deviations (RSD) of the ECL signal for
three concentrations (15 nM, 125 nM, and 1 μM) of ATP in
various batches. The RSD were successively calculated to be
0.55%, 1.38%, and 3.27% (n = 3). Therefore, the developed
biosensor had the desired reproducibility. Second, the stability
of the biosensor was studied at different concentrations of
ATP. As depicted in Fig. 5A, the ECL curves retained

Fig. 3 A The effect of the
concentration of H2O2 on the
biosensor. B Influence of the
incubation time of DNA3 and S1/
S2-DA

Fig. 4 Evaluation of the analytic
property of the proposed ECL
biosensor. A ECL intensity
responding to different
concentrations of ATP. B The
calibration plots for ATP
detection. The error bars were the
standard deviation of three
repetitive experiments. All the
ECL tests were performed in 2
mL of PBS (pH 8.0) containing
3 mM H2O2
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relatively stable at each concentration of ATP. This indicated
that the biosensor held good stability. Subsequently, to esti-
mate the selectivity of the biosensor, CTP (100 μM), GTP
(100 μM), and TTP (100 μM) were chosen as interfering
substances. As shown in Fig. 5B, a relatively low ECL inten-
sity of the CTP, GTP, and TTP was observed, while the ECL
intensity of ATP (20μM) improved observably.What’s more,
the ECL signal of the mixture comprising the above
interferents and ATP was almost consistent with that of the
ATP. These results indicated that the biosensor possessed ex-
cellent performance for ATP detection.

Application of the biosensor

To assess the application of the biosensor for ATP detection in
real samples, recovery tests were performed. A series of ATP
concentration was added to 10-fold diluted human serums,
and then, the added ATP was tested. The serums were obtain-
ed from healthy people. From Table 1, the biosensor showed
good recoveries ranging from 91.5 to 106.0 %with acceptable
RSD from 1.0 to 9.7%. This result indicated that the biosensor
could be applied to analyze ATP in serum samples.

Conclusion

We have successfully constructed a novel switched ECL bio-
sensor for sensitive detection of ATP assay using the 3D mi-
cromolecule walking nanomachine as excellent signal ampli-
fication and TiO2/Ag-ABEI nanoparticles as prominent

luminophores. The designedmicromolecule walking nanoma-
chine instead of a conventional DNAwalker enabled the ATP
walker to motion along the preset track, achieving the efficient
conversion of an ATP molecule to plentiful output DNA.
Moreover, the dual-catalytic effect of TiO2/Ag NPs toward
H2O2 is prominently improving the ECL intensity of ABEI.
Unlike most of the reported ECL biosensors based on the
ABEI/H2O2 system, the developed “off-on” ECL biosensor
possessed an obvious signal-to-noise ratio as well as higher
sensitivity and specificity. And, the biosensor was demon-
strated to be successfully applied in detecting ATP in human
serums. Significantly, this study offered a novel concept for
further expansion of walking nanomachine from DNA
walkers to small molecules or proteins walkers.
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