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A B S T R A C T   

α-synuclein oligomer is a marker of Parkinson’s disease. The traditional enzyme-linked immunosorbent assay for 
α-synuclein oligomer detection is not conducive to large-scale application due to its time-consuming, high cost 
and poor stability. Recently, DNA-based biosensors have been increasingly used in the detection of disease 
markers due to their high sensitivity, simplicity and low cost. In this study, based on the DNAzyme-driven DNA 
bipedal walking method, we developed a signal-on electrochemical sensor for the detection of α-syn oligomers. 
Bipedal DNA walkers have a larger walking area and faster walking kinetics, providing higher amplification 
efficiency compared to conventional DNA walkers. The DNA walker is driven via an Mg2+-dependent DNAzyme, 
and the binding-induced DNA walker will continuously clamp the MB, resulting in the proliferation of Fc 
confined near the GE surface. The linear range and limit of detection were 1 fg/mL to 10 pg/mL and 0.57 fg/mL, 
respectively. The proposed signal-on electrochemical sensing strategy is more selective. It will play a significant 
role in the sensitive and precise electrochemical analysis of other proteins.   

1. Introduction 

Parkinson’s disease and Alzheimer’s disease are prevalent neurode
generative disorders in the elderly, characterized by abnormalities in 
α-synuclein oligomers that can be detected in the cerebrospinal fluid of 
patients and plasma [1,2,3]. The detection of α-syn oligomer has the 
potential to aid in the early detection of various neurodegenerative 
disorders [4,5]. Currently, instrumental detection has been employed to 
determine the α-syn oligomer, such as capillary electrophoresis, mass 
spectrum, enzyme-linked immunosorbent assay and atomic force mi
croscopy [6–8]. However, these methods are often costly, 
time-consuming due to complex sample pretreatment requirements, and 
require skilled operators [9,10]. Therefore, it is crucial to develop 
cost-effective and user-friendly detection methods for early diagnosis of 

these diseases. 
The electrochemical approach, one of many available methods for 

the detection of α-syn oligomers, has the advantages of simplicity and 
speed as well as being a more affordable alternative method for instru
mental analysis. It is especially appropriate for the detection re
quirements of large sample series. Traditional electrochemical 
biosensors use target proteins to induce changes in the electrochemical 
signal to “turn the signal on or off” on the electrode surface [11–15]. In 
recent years, the development of electrochemical DNA sensors has 
attracted much attention. These sensors enable signal switching on and 
off by detecting hybridization-induced conformational changes by 
binding probe DNA on redox-labeled modified electrodes [16–20]. In 
contrast, "signal on" sensors can achieve better signal performance 
because the background current is reduced in the absence of the target. 
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There is no theoretical limit to the gain of this type of sensor; therefore, 
many studies based on “signal-on” E-DNA architectures have been car
ried out [21–25]. In addition, existing "signal on" sensors are less sen
sitive to the target because each target DNA molecule reacts with only 
one signal probe, which limits the overall signal gain. Our prior work has 
proved the high performance of sensing platforms based on signal-on 
detection technology. Moreover, the high accuracy of combining 
signal on detection with DNA walker-based sensing has not been re
ported because the concentrations of disease-related biomarkers are 
often found in lower concentrations [26–29]. 

As a molecular machine, DNA walkers can operate particular DNA 
(walking strands) to automatically move following the programmed 
oligonucleotide tracks [30–33]. Usually, DNA walkers are driven by 
strand displacement, protein enzymes and DNAzymes [34,35]. The 
walker’s movements have the potential to destroy the tracks and pro
duce single-stranded products for signal amplification that can be 
employed as transducers in analytical and diagnostic applications [36]. 
Currently, most DNA walkers have only one walking strand, or 
single-legged DNA walkers, which causes poor reaction kinetics and 
restricted walking area [37]. The same matrix multipedal DNA walkers 
were developed by linking many walking strands together to obtain high 
processing speed and fast response [38]. The growing number of "legs" 
has greatly increased the pace or distance of walking [39]. Based on the 
above analysis, we developed a new style of electrochemical signal-on 
immunosensor based on proximity hybridization induced bipedal DNA 
walker driven by DNAzyme. 

In contrast to affinity ligands that rely on simultaneous recognition 
of target proteins by two DNA-bound affinity ligands or antibody-based 
proximity detection [40–47], bipedal DNA walkers are a method that 
utilizes toehold exchange reaction drive to move across functional 
electrodes of orbital chains. This procedure does not require the 
involvement of enzymes, is simple to operate, and the reaction is not 
readily influenced by the surrounding environment. The combination of 
DNAzyme signal amplification and bipedal DNA walker boosts detection 
sensitivity, fits the clinical detection needs, and has high application 
potential. This integrated approach provides new ideas for the design of 

analytical methods for electrochemical sensors. 

2. Materials and methods 

2.1. Materials 

N-succinimidyl 4-(maleimidome)cyclo-hexanecarboxylate (SMCC), 
sulfuric acid (H2SO4), hydrogen peroxide (H2O2), 2-Mercaptoethanol 
(MCH), high-density lipoprotein (HDL), potassium ferricyanide (K3Fe 
(CN)6), glucose (Glu), and magnesium chloride (MgCl2) were purchased 
from Shanghai Aladdin Biochemical Technology Co.,Ltd. amyloid-β fi
bers (AβF), amyloid-β monomer (AβM), immunoglobin G (IgG) and L- 
cysteine were obtained from Sigma-Aldrich (St. Louis, MO, U.S.A.). 
Synuclein Oligomer were purchased from Wuhan Huamei Biological Co. 
The oligonucleotides were synthesized and purified by Shanghai Sangon 
Biotech Co., LTD. The supporting data contained information about the 
DNA oligonucleotides utilized in this work. 

2.2. Probes of Ab-H2 and Ab-H1 

Prior investigations were carried out in order to synthesize the probe: 
DNA-labeled antibodies (Ab-H1 or Ab-H2). First, anti-α-syn oligomer 
antibody (3 mg mL− 1) was initially treated for 1.5 h at ambient tem
perature within PBS containing a 15-fold molar excess of N-succinimidyl 
4-(maleimidome)cyclo-hexanecarboxylate (SMCC). Simultaneous acti
vation of the mercapto-group at the end of H1 was performed by incu
bating 4 μL (150 mM) dithiothreitol (DTT) with 3 mL (150 mM) H1 in 
PBS about 1.5 h at 37 ◦C. An ultrafiltration process was performed on 
both products utilizing a Millipore membrane with a 10, 000 MW cutoff. 
After that these products were mixed well in PBS and incubated at 4 ◦C 
about 24 h, then the excess DNA was filtered out by ultrafiltration to 
obtain Ab-H1. 

2.3. Fabrication of sensors 

The polished bare gold electrode (GE) were cleaned with deionized 

Scheme 1. Principle of the electrochemical sensor based on the DNAzyme-driven bipedal DNA walker strategy for α-syn oligomer detection.  

Q. Luo et al.                                                                                                                                                                                                                                     



Talanta 271 (2024) 125720

3

water, ethanol, then deionized water in that order. Nitrogen gas was 
then used to dry them. Following that, the chips were submerged for 30 s 
in a moderate piranha solution (H2SO4/30 % H2O2 = 3:1) to eliminate 
contaminants in order to prepare it for modification. Then the polished 
GE was cleaned ultrasonically in distilled water. Following that, we 
dropped 10 μL MB3 (1 μM) to GE in the dark for 3 h. The unreacted MB3 
was filtered out by distilled water. 

2.4. Fabrication procedure of the bipedal DNA walker 

To make bipedal DNA walkers, 10 μL of varying quantities of target 
a-syn oligomers were combined with 5 μL Ab-H1/Ab-H2, 5 μL MB1, and 
5 μL MB2 for about 50 min to self-assemble the bipedal DNA walker. 
Subsequently, 5 μL of the mixture was added to the pre-treated GE, and 
to ensure that the reaction proceeded, we added tris buffer containing 
Mg2+ (2.5 mM). Under these reaction conditions, we performed a 2-h 
incubation. Then the Fc-DNA (7 μL, 1 μM) probe was applied to the 
basal surface and let stand for 30 min in 37 ◦C. The substrate was then 
rinsed with buffer and stored at 4 ◦C in the dark for later use. Then, Fc- 
DNA (7 μL, 1 μM) were placed to the surface of the substrate and 
incubated for 30 min at 37 ◦C. After that, the substrate should be rinsed 
with buffer and stored in the dark at 4 ◦C for future usage. 

2.5. Measurement procedure 

In the potential range − 560 to − 60 mV vs. Ag/AgCl, we recorded the 
differential pulse voltammetry (DPV) measurements of the electrode 
(pulse width and amplitude of 200 ms and 50 mV, respectively). 0.1 M 
KCl and 1.0 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) solution were prepared 
as the supporting electrolyte solution. Electrochemical Impedance Spec
troscopy (EIS) measurements were made at alternating current voltage 
frequencies ranging from 100 kHz to 100 mHz, with an amplitude of 5 
mV. The voltage used in this experiment was 172 mV vs. Ag/AgCl. 

3. Results and discussion 

3.1. Precess and mechanism of the analysis 

The analytic process of α-syn oligomer took were demonstrated in 
Scheme 1. The proximity α-syn oligomer-DNA complex was created as a 
result of α-syn oligomer’s partial hybridization with Ab-H1 and Ab-H2, 
which led to the unraveling of MB1’s hairpin structure and the exposure 
of its initially concealed toehold region. Due to the enthalpy-driven 
catalytic hairpin assembly (CHA), the exposed toehold region of MB1 
results in the opening of MB2 and the shedding of the “α-syn oligomer- 
DNA” complex from MB1 as the strand shift reaction proceeds. The 
detached complex is released for the succeeding cycle of reactions in 
order to maintain a consistent and spontaneous cyclical process. The 
bare toehold sequence of MB2 is hybridized with MB1 and yields the 
bipedal DNA walker (MB1-MB2). The bipedal DNA walker was then 
hybridized on the substrate with the stationary MB3, which led to the 
formation of the Mg2+-dependent DNAzyme. The walker then hybrid
izes with MB3 to produce an Mg2+-dependent DNAzyme. In the presence 
of magnesium ions, MB3 will be cleaved into two segments and the free 
end of the bipedal DNA walker is released. Following that, the bipedal 
DNA walker cleaves the spatially neighboring other MB3 and proceeds 
to hybridize with more MB3, forming a greater number of MB3 splinters. 
MB3 fragment structures assembles with the ferrocene (Fc)-labeled 
DNA. The large amount of Fc on the electrode surface results in a sub
stantial electron transfer, forming a detectable redox current. The signal- 
on electrochemical method provided precise and sensitive 
measurement. 

3.2. Characterization of the modified GE 

The assembly and operation of the sensor were measured and 

characterized by EIS. Fig. 1 depicts the impedance spectra of the altered 
substrate at various timeframes. On the initial GE, we found a very small 
semicircle domain (curve a), which indicates that GE is very clean after 
treated with piranha solution and the charged ions generated by [Fe 
(CN)6]3-/4- can be rapidly conducted to the GE surface. The Ret value 
spiked after MB3 was placed onto the substrate surface (curve b). This is 
because the electrostatic repulsion between the negatively charged [Fe 
(CN)6]3-/4- redox probe and GE interface prevents the interfacial charge 
transfer. It is noteworthy that the Ret value increases more with the 
addition of non-conductive MCH (curve c). Interfacial electron transfer 
of redox probes is gradually hindered due to the buildup of negatively 
charged phosphate skeletons on GE. After the bipedal DNA walker was 
added and bond together with MB3, the Ret value increased significantly 
(curve d). Regardless, when numerous MB3 split in the presence of 
Mg2+, the Ret value reduced (curve e). After Fc-DNA reporters were 
modified on the GE, the resistance increased (curve f), which is ascribed 
to the fact that Fc-DNA could greatly restrict the effective surface area of 
the electrode which allows the electron transfer. The above-mentioned 
test impedance data indicates that the sensor was effectively con
structed and can operate in an orderly manner as designed. 

3.3. Verification of the manufacturing process of the sensor 

The effectiveness of our method for detecting human α-syn oligomers 
was shown by detecting the electrochemical response of the sensor de
vice. When exposed to human α-syn oligomer, the sensor’s electro
chemical intensity reactions are shown in Fig. 2A. Through a number of 
experiments including controls, the reaction was found. Indicating the 
development of bipedal DNA walkers, the electrochemical curve from 
the positive sample (0.1 pg/mL α-syn oligomer containing Ab-H1, Ab- 
H2, MB1, MB2) displayed an apparent significant electrochemical signal 
(curve a), commencing with the splitting of MB3 and synthesis of many 
Fc localized around the GE surface. The combination’s electrochemical 
intensity (curve b) was comparable to a blank (curve c), demonstrating 
the lack of the target human α-syn oligomer and demonstrating the 
absence of a DNAzyme-driven molecular machine. Additional control 
trials were also conducted for the proof-of-concept analysis. When we 
cultivated 0.1 pg/mL of α-syn oligomer in the reaction solution without 
the presence of Ab-H1 and Ab-H2, no signal was visible (curve d). The 
process of walker self-assemblage required the Ab-H1-syn oligomer-Ab- 
H2-molecule, and this work demonstrated that MB1 and MB2 exhibit 

Fig. 1. (A) EIS characterization for the preparation of the electrochemical 
sensor at various phases: (a) Bare GE; (b) MB3/GE; (c) MCH/MB3/GE; (d) 
bipedal DNA walker/MCH/MB3/GE; (e) Mg2+/bipedal DNA walker/MCH/ 
MB3/GE; (f) Fc-DNA/Mg2+/bipedal DNA walker/MCH/MB3/GE; Inset: the 
magnification of curve a and standard Randles circuit. 
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Fig. 2. (A) The DPV response of the sensor obtained by analyzing α-syn oligomers (a); curves b-e were for the control experiments carried out (b) without α-syn 
oligomers; (c) α-syn oligomers without MB0; (d) α-syn oligomers without MB1; (e) α-syn oligomers without MB2; (B) Electrochemical responses of the bipedal DNA 
walker, and bipedal walker (α-syn oligomers concentration: 0.1 pg/mL). 

Fig. 3. Effect of (A) the time of DNA bipedal walker formation, (B) the time of DNAzyme reaction, (C) the amount of Fc-DNA, and (D) the amount of Mg2+ incubation 
on the performance of the electrochemical sensor. 
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exceptional robustness in the assay. A significantly higher electro
chemical signal (curve e) was discovered when 0.1 pg/mL of α-syn 
oligomer was incubated in the reaction without the addition of MB2. 
This showed that the bipedal DNA walker was moving faster than the 

single-legged DNA walker. The results show that the two-legged DNA 
walker is more effective than the single-legged one, but less effective 
than the bipedal one. Inferring that the efficiency of walking increased 
as the number of legs increased. Fig. 2B displays the findings of the 
comparison. In 100 min, the bipedal DNA walker achieved equilibrium. 
Compared with the single-leg walker, the multi-leg DNA walker can 
shorten the running time and amplify the output signal because of its 
higher space efficiency and better dynamic parameters. Therefore, the 
biped sensor has a high sensitivity and can be used to quantify α-syn 
oligomers. 

3.4. The optimization process of experimental parameters 

There are four factors that affected detection were the bipedal 
walker’s evolution (the DNAzyme reaction, the amount of Fc-DNA 
present, and the Fc-DNA’s incubation time). In order to obtain the 
best sensing performance, the effect of reaction kinetics under different 
experimental parameters was investigated. The current increased with 
the hybridization reaction time and then leveled off at 50 min (Fig. 3A). 

Fig. 4. (A) DPV responses and (B) standard calibration curve of the sensor after incubation with target α-syn oligomers ranging from 10− 16 to 10− 10 g/mL (curves 
(a)–(f)). 

Table 1 
Comparison of the proposed electrochemical sensor with previous works.  

Detection methods Linear range Detection limit Reference 

Electrochemical 0.0526 pM–105.06 
pM 

0.0457 pM 48 

Electrochemical 60 pM–150000 pM 10 pM 49 
Electrochemical 60 pM - 150 nM 10 pM 50 
Organic Field-Effect 

Transistor 
0.25 pM–25 nM 0.25 pM 51 

Surface plasmon 
resonance 

70 nM–0.7 μM 70 nM 52 

Electrochemical 10− 4~8 ng/mL 3.5 × 10− 5 ng/ 
mL 

53 

Electrochemical 4~2000 pg/mL 0.135 pg/mL 54 
Electrochemical 1 fg/mL ~0.1 ng/mL 0.57 fg/mL This work  

Fig. 5. (A) Histogram of the selectivity of the sensor evaluated through following samples: (a) 0.1 pg/mL α-syn oligomer; (b) blank; (c) 1 pg/mL AβO; (d) 1 pg/mL 
AβF; (e) 1 pg/mL AβM; (f) 1 pg/mL lgG and (g) 1 pg/mL BSA. (B) Histogram of interfering effects of different sample matrixes (a) blank; (b) 0.1 pg/mL α-syn 
oligomer; (c) 1 pg/mL potassium; (d) 1 pg/mL potassium + 0.1 pg/mL α-syn oligomer; (e) 1 pg/mL chloride; (f) 1 pg/mL chloride + 0.1 pg/mL α-syn oligomer; (g) 1 
pg/mL glucose; (h) 1 pg/mL glucose + 0.1 pg/mL α-syn oligomer; (i) 1 pg/mL uric acid; (j) 1 pg/mL uric acid + 0.1 pg/mL α-syn oligomer; (k) 1 pg/mL dopamine and 
(l) 1 pg/mL dopamine + 0.1 pg/mL α-syn oligomer; (m) 1 pg/mL calcium ions; (n) 1 pg/mL calcium ions + 0.1 pg/mL α-syn oligomer. 

Q. Luo et al.                                                                                                                                                                                                                                     



Talanta 271 (2024) 125720

6

It was shown that the optimal assembly time of DNA bipedal walkers 
was 50 min. As the response time lengthened in Fig. 3B, the current shot 
up quickly before leveling out at balance. Therefore, the proper time for 
the DNAzyme reaction was 100 min. To investigate the optimal dose of 
Fc-DNA, we used different concentrations of Fc-DNA for incubation GE. 
The current gradually increased with the aid of Fc-DNA, and 7 μL was 
found to be the suitable dose of Fc-DNA (Fig. 3C). In Fig. 3D, according 
to the same principle, the appropriate Mg2+ concentration is 2.5 mM. 

3.5. Performance of the sensor 

Under optimal conditions, the sensors were incubated with varying 
concentrations of α-syn oligomer, and their electrochemical responses 
were recorded. It was shown in Fig. 4A that electrochemical signal rose 
as α-syn oligomer concentrations rose. The typical calibration curve was 
displayed in Fig. 4B. From 1 fg/mL to 0.1 ng/mL, the dosage response 
curve showed a strong linear relationship. The linear equation was I =
1.39 + 0.09 log c (where c stood for α-syn oligomer concentrations and I 
for the current) and had a correlation coefficient of 0.9832. Nonspecific 
emission could be decreased in comparison to other sensor approaches 
(Table 1), and this detection method did not necessitate the develop
ment of a nanocomposite probe. The successful construction and good 
performance of sensors may be attributed to two fold signal amplifica
tion, which rendered it easier to foster Fc proliferation on the GE surface. 

3.6. Specificity of the sensor 

It is crucial to examine how the probes respond to a number of 
similar interfering or coexisting substances in order to evaluate the 
developed sensor’s selectivity for detecting α-syn oligomers in a 
complicated biological environment. To conduct the experiment utiliz
ing the biosensor under the same conditions, we selected amyloid-β 
oligomers (AβO), amyloid-β fibers (AβF), amyloid-β monomer (AβM), 
immunoglobin G (IgG), L-cysteine, and bovine serum albumin (BSA). In 
Fig. 5A, the addition of α-syn oligomers led to a strong current response, 
but other compounds, even at high concentrations, virtually had no ef
fect on the current response. According to the results above, the α-syn 
oligomer had a better affinity and selectivity for conjugating to its 
antibody than other non-specific molecules. 

The response of our created sensor method was examined in the 
presence of a number of sample matrix components, including K+, Cl− , 
Glu, UA, and DA. These components were all probable interfering 
components in the normal human blood sample. Instead of using serum 
blood samples directly, we used individual interfering component to 
examine its impact on the detection of α-syn oligomers. The low con
centration of target α-syn oligomers and the high concentration of 
interfering components were evaluated in the comparison investigation 
in line with the current shift in the absence and presence of interfering 
reagents. The current intensities determined from K+, Cl− , Glu, UA, and 
DA alone were almost equal to the background signal, as shown in 
Fig. 5B. In addition, in contrast to the pure target analytes, the elec
trochemical signals were not significantly increased when interfering 
reagents were combined with α-syn oligomers. Based on these experi
mental findings, it was possible to draw the conclusion that the serum 
sample matrix components did not significantly affect the detection 

Table 2 
Detection of α-Syn oligomers in human serum sample using the developed 
sensor.  

Added amounts Found amounts Recovery (%) RSD 

1 fg/mL 1.042 fg/mL 104.2 3.54 
10 fg/mL 10.52 fg/mL 105.2 3.21 
100 fg/mL 103.8 fg/mL 103.8 2.65 
1 pg/mL 0.973 pg/mL 97.3 4.21 
10 pg/mL 10.29 pg/mL 102.9 3.18  
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process’s ability to quantify α-syn oligomers. Excellent selectivity and 
anti-interference characteristics of the electrochemical sensor for α-syn 
oligomer detection point to its enormous potential for practical use in 
challenging biological contexts. 

3.7. Application in detection of clinical serum samples 

The assay was performed on serum samples with known α-syn olig
omer concentrations to evaluate the practical clinical potential. Relative 
standard deviations (RSDs) ranged between 2.65 % and 4.21 %, and it 
was observed that recoveries fluctuated between 97.3 and 105.2 % 
(Table 2). These findings suggested that the electrochemical sensor may 
identify α-syn oligomer in actual samples. 

3.8. Reproducibility and stability of the sensor 

If the sensor might be employed in clinical practice, it would depend 
on its reproducibility and stability over time. Two weeks had been spent 
testing the stability of the suggested procedure. Following every mea
surement, the sensor was kept in a buffer solution (Tris-HCl) at 4 ◦C. For 
a period of around 2 weeks, the value of IFc was monitored intermittently 
by measuring it every 2 days. The sensor remained able to sustain no less 
than 96 % of the initial response, as shown in Fig. 6, demonstrating that 
the manufactured sensors had developed a level of stability appropriate 
for α-syn oligomer detection. According to aforementioned findings, this 
sensor demonstrated high repeatability. 

4. Conclusion 

In summary, we have created an electrochemical biosensor for the 
detection of α-syn oligomers based on proximity hybridization trig
gering DNAzyme driven. The proposed method displayed great sensi
bility, and its detection limit was 0.57 fg/mL due to the effective dual 
signal amplification methodology used by bipedal DNA walker and 
DNAzyme. Furthermore, the serum α-syn oligomer sensor could be uti
lized in clinical serum samples with potential for clinical translation. 
This strategy can also be used to construct diverse bipedal DNA walkers 
by adjusting the appropriate DNA ligand sequence, demonstrating its 
important application prospects for the identification of a range of 
targets. 
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