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ABSTRACT 

The rational design of DNA tracks is an effective pathway to guide the autonomous 

movement and high-efficiency recognition in DNA walkers, showing outstanding 

advantages for the cascade signal amplification of electrochemical biosensors. However, 

the uncontrolled distance between two adjacent tracks on the electrode could increase 

the risk of derailment and interruption of the reaction. Hence, a novel four-way 

balanced cruciform-shaped DNA track (C-DNT) was designed as a structured pathway 

to improve the effectiveness and stability of the reaction in DNA walkers. In this work, 

two kinds of cruciform-shaped DNA were interconnected as a robust structure that 

could avoid the invalid movement of the designed DNA walker on the electrode. When 

hairpin H2 was introduced onto the electrode, the strand displacement reaction (SDR) 

effectively triggered movements of the DNA walker along the cruciform-shaped track 

while leaving ferrocene (Fc) on the electrode, leading to a significant enhancement of 

the electrochemical signal. This design enabled the walker to move in an excellent 

organized and controllable manner, thus enhancing the reaction speed and walking 

efficiency. Compared to other walkers moving on random tracks, the reaction time of 

the C-DNT-based DNA walker could be reduced to 20 min. Lead ion (Pb2+) was used 

as a model target to evaluate the analytical performance of this biosensor, which 

exhibited a low detection limit of 0.033 pM along with a wide detection ranging from 

0.1 pM to 500 nM. This strategy presented a novel concept for designing a high-

performance DNA walker-based sensing platform for the detection of contaminants. 
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1. Introduction 

DNA walking devices are a series of DNA molecular nanomachines self-assembled 

according to the strict Watson-Crick base pairing principle [1-3]. The well-designed 

DNA walkers can precisely regulate the mechanical motion of a nanoscale objective 

along a desirable route serving as cargo transport, target detection, and signal output [4, 

5]. Benefiting from specific structural and functional properties, DNA walkers have 

been used in the development of many analytical methods, especially showing great 

potential in electrochemical biosensors[6, 7]. Notably, DNA walker has shown 

outstanding advantages in cascade signal amplification of electrochemical sensors 

owing to the autonomous movement and high-efficiency recognition of walking strands 

and track strands.[8, 9]. It can possess the ability to autonomously traverse a 

predetermined track at the nanoscale by swinging arms using driving forces [10, 11] 

such as enzyme/DNAzyme reaction [12-14] and strand displacement reaction (SDR) 

[15, 16]. Particularly, DNA walker can release a signal molecule at each step, allowing 

for the accumulation of repetitive steps to achieve significant signal amplification [17, 

18].  

Usually, the movement of DNA walker is determined by the dynamic reaction 

between the walking strand and the designated track [19-21]. Hence, the design of DNA 

track plays a crucial role in guiding the movement of DNA walker, thus facilitating the 
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effective binding between the walking strand and the DNA substrate. However, some 

obvious deficiencies hinder the sensing performance of DNA walker-based biosensors. 

Traditional DNA tracks are generally constructed by randomly distributed single-

stranded DNA on the interface, which presents some troubles in dealing with the 

distance and uniformity of DNA substrates.[22-24]. Recently, some ordered double 

DNA tracks have been reported to improve the kinetic of the reaction effectively [25, 

26]. Although some improvement has been exhibited in reaction kinetic by 

programming DNA strands into laddered-shape double tracks, but the ununiformed 

distance between different groups of laddered tracks still had great impact on the risks 

mentioned in the single tracks. And the isometric spacing in single direction also 

reduced the walking rate and sensing efficiency in the walking process. Therefore, it is 

crucial to design an ordered and equidistant DNA track to enhance the controllability 

and accelerate reaction rates in the construction of electrochemical biosensors. 

Herein, to avoid derailment risks and reaction interruption, an ordered DNA track 

with a four-way balanced cruciform-shaped structure (C-DNT) was proposed for the 

design of DNA walker in our electrochemical biosensors. Due to the advantages of 

perfectly equal track spacing and better orderliness, C-DNT could effectively improve 

the movement efficiency of the DNA walker on the electrode surface. Simultaneously, 

the cruciform DNA track was designed with optimal track spacing to prevent erratic 

movements of the walker. This strategy resulted in enhanced movement efficiency of 

the walker on the electrode surface, finally achieving a rapid and ultra-sensitive 
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detection for lead ion (Pb2+). As depicted in Scheme 1A, equal molar quantities of two 

cross DNA with different functions self-assembled to form the cruciform-shaped DNA 

track (C-DNT). As a DNA track, the obtained C-DNT was subsequently modified on 

Au electrodes through the Au-S bond, while 6-Mercaptohexanol (MCH) was used to 

block the nonspecific binding sites. The H3 was firstly attached to the C-DNT by 

complementary base pairing. After its hairpin structure was opened by a specific 

sequence region of the walker's swing arm sequence, it was served as walking pivot, 

resulting the exposure of the pre-locked toehold domains for the Fc-labeled hairpin H2. 

Then, the strand displacement reaction, initiated by the introduction of H2, triggered 

the movements of the walker on the electrode effectively. This process could facilitate 

the Ferrocene (Fc) to be brought on the electrode rapidly and efficiently, thereby 

enhancing the electrochemical signal significantly (Scheme 1). Remarkably, in contrast 

to the previous DNA tracks, this DNA track exhibited uniform and adjustable spacing, 

allowing the walker to move in an orderly and uniform stepwise manner and achieving 

the ultra-sensitive Pb2+ detection within 20 min. 
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Scheme 1. Schematic Illustration of the Proposed Electrochemical Biosensor for 

Pb2+ Detection. 

 

2. Experiment section 

2.1. Reagents and Materials 

DNA sequences were synthesized and purified by Sangon Biotechnology Company, 

Ltd. (Shanghai, China), and the corresponding base sequences are listed in Table S1. 

The solutions were prepared using TE buffer to 100 μM and stored at -20 °C. 

Tris/ethylenediaminetetraacetic acid (EDTA) (TE) buffer and Tris-HCl/magnesium 

sulfate (TM) buffer were also purchased from Shanghai Sangon Biotechnology Co. Ltd. 

(Shanghai, China). The hybridization buffer (Tris-HCl buffer, pH 7.4) was comprised 
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of 20 mM Tris, 140 mM NaCl, and 50 mM MgCl2. The TNaK buffer (40 mM Tris-HCl, 

pH 7.5, 500 mM NaCl, 10 mM KCl) was used for the preparation of GR-5 DNAzyme. 

[Fe(CN)6]
3−/4− solution was prepared by combining 5 mM K4[Fe(CN)6], 5 mM 

K3[Fe(CN)6], and 0.1 M KCl. The 6-Mercaptohexanol (MCH) was purchased from 

Meryer Chemical Technology Company, Ltd. Other chemical reagents in this work 

were of analytical grade. All aqueous solutions were prepared with ultrapure water 

(Milli-Q, 18 MΩ-1, Merck Millipore).  

2.2. Procedure for GR-5 DNAzyme-Pb2+ cleavage and H2 construction 

The substrate strand (GRS) and enzyme strand [27] at a 1:1 molar ratio were mixed 

in TNaK buffer, annealed at 95 °C for 5 min, and then slowly cooled to room 

temperature to form GR-5 DNAzyme (2 μM). Subsequently, the same volume of Pb2+ 

was added to the above product, and 50 min was spent for the cleavage of GRS at 37 °C. 

Finally, H1 was added to the above mixture to obtain H2. 

2.3. Fabrications of DNA walker and DNA track 

Four DNA strands (W1, W2, W3, W4) were added to Tris-HCl buffer to get the final 

concentration of 1 μM. The above mixture was heated for 5 min at 95 °C and gradually 

cooled down at 25 °C for 2 h to obtain the DNA walker. The fabrication process of the 

C-DNT was designed according to the previous reference[28]. For the assembly of 

cruciform DNA, T1, and T2 were respectively prepared by annealing two mixtures off 

four different single strands (2.0 μM for each one) at 95 °C for 5 min. After cooling to 

25 °C for 120 min subsequently, the as-prepared T1 (10 μL, 2.0 μM) and T2 (10μL, 1.0 
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μM) were mingled for further hybridizing at 35 °C for 120 min to yield the DNA track.  

2.4.Construction of the designed biosensor 

Firstly, Au electrodes with a diameter of 2 mm (CH Instruments) were cleaned 

according to the previous protocol [29, 30]. Three microliters of prepared C-DNT 

solution (1 μM) were then introduced onto the freshly cleaned Au electrode, reacting 

overnight at room temperature. The MCH (3 μL, 1 mM) was dropped onto the modified 

electrode and incubated for 30 min at 4 °C. After blocking nonspecific binding sites, 3 

μL of H3 (1.4 μM) was subsequently added dropwise onto the electrode for 100 min at 

room temperature. Ultimately, 3 μL DNA walker and H2 were incubated respectively 

for the strand displacement reaction. 

2.5. Electrochemical section 

Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and 

square wave voltammetry (SWV) measurements were performed using a CHI Model 

660E electrochemical workstation manufactured by CH Instruments, Inc. And a 

conventional three-electrode system was employed throughout all experiments, 

including an Au working electrode, an Ag/AgCl reference electrode, and a platinum 

counter electrode. The [Fe (CN)6]
3−/4− solution was utilized in both CV and EIS 

electrochemical measurements. The CV was carried out at a scan rate of 100 mV/s over 

a potential measurement range of -0.2 to 0.6 V. The EIS was recorded by a frequency 

range from 10-1 to 105 Hz with an amplitude of 5 mV. The SWV measurement was 

implemented in a PBS solution with the following parameters: a potential ranging from 
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-0.2 to 0.6 V, a potential increment of 4 mV, an amplitude width of 25 mV, and a 

frequency of 50 Hz. Each measurement was repeated at least three times. 

3. Results And Discussion 

3.1. Characterization of the Proposed Biosensor 

Firstly, the native polyacrylamide gel electrophoresis (PAGE) was employed to 

verify the formation of the hairpin H2 and the cleaving function of the DNAzyme (Fig. 

1A). In lane 3, the mixture of M1 and M2 showed a bright band with slower migration, 

implying the formation of the DNAzyme duplex. In the presence of Pb2+, there were 

two bands appeared in lane 4, which indicated the successful cleavage of DNAzyme 

and the release of single-strand S1. After the addition of the cleaved DNAzyme to H1, 

a slower band was observed in lane 6, demonstrating the desirable hybridization of H2. 

Then, the fluorescence spectra were performed to further prove the cleavage of 

DNAzyme. As shown in Fig. 1B, the fluorescence intensity of the DNAzyme duplex 

increased significantly when Pb2+ existed, proving that the DNAzyme was successfully 

cleaved by Pb2+. Moreover, the assembly of the DNA walker and C-DNT were also 

illustrated by agarose gel electrophoresis (AGE). In Fig. 1C, lane 1 to 4 and lane 6 to 9 

respectively showed the step-by-step fabrication of cruciform DNA T1 and T2. The 

mixture of two cruciform DNA showed a band with the slowest electrophoretic mobility 

in lane 10, suggesting that the C-DNT was formed successfully. Besides, the result of 

atomic force microscopy (AFM) was presented to further characterize this designed 

DNA track. As depicted in Fig. 1D, there were many evenly distributed DNA circles 
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with typical morphology of DNA strands in the AFM image, which indicated that the 

C-DNT was synthesized successfully. Finally, the AGE in Fig. S1 showed the stepwise 

fabrication of the DNA walker, in which a clear band with the slowest migration rate 

was observed in lane 4. These above results demonstrated that the proposed DNA 

walker and track were generated successfully. 

 

Fig. 1. Characterization of the proposed biosensor. (A) Diagrammatic sketch and PAGE 

characterization of the hairpin H2 and the cleaving of the Pb2+-dependent DNAzyme. 

(B) Fluorescence assay of DNAzyme cleavage in the absence and presence of 100 nM 

Pb2+. (C) AGE characterization of the stepwise assembly of C-DNT. (D) AFM of the 

track. 
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3.2. Stepwise Modification on the Electrode 

CV and EIS measurements were performed to verify the construction of this 

electrochemical biosensor for Pb2+ detection on the electrode. As illustrated in Fig. 2A, 

curve a represented the peak current generated by the bare Au electrode in the [Fe 

(CN)6]
3−/4− solution. Then an obvious decline in current was observed after the 

modification of MCH (curve b) because the electron transfer was hindered. When the 

C-DNT, H3, DNA walker, and H2 (represented by curve c, d, e, and f) were added on 

the electrode sequentially, the corresponding electrochemical signals decreased 

accordingly along with the increasing repulsion between [Fe(CN)6]
3−/4− and the 

negatively charged DNA.  

Furthermore, EIS results were also utilized to prove the successful fabrication of this 

biosensor in Fig. 2B. The resistance of MCH/ Au (curve b ) was much bigger than that 

of bare Au electrode (curve a), which was ascribed to the increase in Ret value caused 

by MCH. Subsequently, the Ret value increased gradually with the introduction of the 

C-DNT, H3, DNA walker, and H2 (curve c, d, e, and f). These EIS results have good 

agreement with that in the CV management, suggesting the effective modification of 

the biosensor on the electrode. 
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Fig. 2. Characterization of stepwise modification on the electrode. (A) CV and (B) EIS 

response of (a) bare Au electrode, (b) C-DNT/Au, (c) MCH/C-DNT/Au, (d) 

H3/MCH/C-DNT/Au, (e) walker/H3/MCH/C-DNT/Au, and (f) 

H2/walker/H3/MCH/C-DNT/Au. 

3.3. Feasibility of the Electrochemical Biosensor  

To demonstrate the feasibility of the proposed electrochemical biosensor, SWV was 

performed for further verification. In Fig. 3, after the immobilization of C-DNT on the 

electrode through the Au−S bond, a negligible SWV signal (curve a) was observed in 

the absence of DNA walker and hairpin H2, illustrating this sensing strategy possesses 

a lower background. After adding DNA walker, the signal was almost unchanged (curve 

b). When the walker and H2 were both introduced (curve c), the peak current increased 

significantly because the signal label Fc was carried by H2, proving the successful 

moving of the DNA walker. These results indicated that the proposed biosensor was 

very suitable for Pb2+ detection.  

A B
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Fig. 3. Feasibility detection of the proposed electrochemical biosensor. SWV signals of 

(a) H3/ MCH/ C-DNT/ Au, (b) walker/ H3/ MCH/ C-DNT/ Au, (c) H2/ walker/ H3/ 

MCH/ C-DNT/ Au. 

3.4. Optimization of Reaction Conditions 

Several experimental conditions that could potentially affect the method were 

optimized to get the biosensor with a better analytical performance. Firstly, the cleavage 

time of Pb2+ to the DNAzyme is one of the most important factors influencing the 

detection sensitivity. According to Fig. S2A, the peak current increased over time and 

the maximum SWV value was gained after 50 min, then decreased gradually. Therefore, 

50 min was chosen as the optimized time for the Pb2+ cleavage. Also, the hybridization 

time between H1 and cleaved DNAzyme is associated with the number of the Fc 

modification. In Fig. S2B, the current went up with the increase of the hybridization 

time and then remained stable after 40 min. Hence, the optimized reaction time between 

H1 and cleaved DNAzyme was 40 min. For the concentration of C-DNT at the electrode 

(Fig. S2C), the SWV current maintained an increasing trend until the concentration 

exceeded 1 μM, which indicates that 1 μM was the optimal concentration of C-DNT. 
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And as shown in Fig. S2D, the concentration of H3 also followed the same trend as C-

DNT up to 1.4 μM, so a concentration of 1.4 μM was chosen for the H3. Moreover, the 

reaction time of H3 would influence the walking efficiency of DNA walker on the 

electrode, which was also indispensable to enhance the sensitivity of this sensor. As 

depicted in Fig. S2E, it can be seen that the SWV current decreased when the reaction 

time exceeded 100 min, illustrating that the most suitable reaction time of H3 was 100 

min. In addition, H2 could effectively drive the DNA walker to move through the 

toehold-mediated strand displacement reaction, bringing the labeled Fc close to the 

electrode surface and thus enhancing the SWV signal. From Fig. S2F, the current 

response increased significantly from 5 to 20 min, followed by a stable platform at 20 

min. Consequently, 20 min was deemed optimal for the H2 reaction. 

3.5.Performance Comparison of C-DNT-based DNA Walker in This Strategy 

Comparative experiments were utilized to verify the superior performance of the C-

DNT-based DNA walker in contrast to conventional DNA walkers that depended on 

random DNA tracks. The schematic illustration of three biosensors were shown in Fig. 

4A (stochastic single track-based biosensor as type a, ordered double track-based 

biosensor as type b, and ordered cruciform DNA track as type c). Firstly, three different 

types of based biosensors were evaluated under identical reaction conditions (60 min) 

to assess the conversion efficiency of the electrochemical signal. Table 1 showed the 

results from the evaluation of three types of biosensors. It revealed that the stochastic 

single-track-based biosensor (type a) exhibited the highest background signal and the 
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lowest walking efficiency, together with a conversion efficiency of 52.1%. Following 

that, the ordered double track-based biosensor (type b, 78.4%) exhibited the second-

highest background signal and walking efficiency. Remarkably, a significant 

improvement was observed when the structural unit of the proposed biosensors 

transitioned from a disordered DNA track to an ordered cruciform DNA track (type c) 

anchored on the electrode surface. This modification highlighted the advantages of this 

strategy including a substantial decrease in the background signal and a rapid increase 

in walking efficiency (an impressive 87%). Moreover, the kinetics of the three types of 

DNA track mentioned above were compared, and the corresponding kinetic data were 

provided in Supporting Information. As depicted in Fig. 4B, the proposed type c 

(curve c) achieved saturation within 20 min whereas the time of type b to remain stable 

was 40 min. On the contrary, type a (curve a) exhibited a quite slow SWV signal change 

and could not reach a saturation platform within 2h. Finally, the relationships between 

the current intensity and reaction time of the three types were further calculated in Fig. 

4C. The results showed that the maximum rate of type c (7.85 μA/h) was at least 6-fold 

higher than that of type a (1.18 μA/h) and faster than that of type b (4.39 μA/h). As 

described in the results, the DNA walker based on a well-designed cruciform DNA track 

exhibited a significantly higher walking efficiency than that conventional DNA walkers 

relying on randomly distributed DNA tracks and double tracks. The most probable 

reason was that the ordered cruciform track had a fully controllable spacing compared 

to those two types of DNA tracks, which could address the problem of DNA walker 
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derailment and response disruption, enabling the DNA walker to move with higher 

directionality and controllability. 

 

Fig. 4. Performance comparison of three types of biosensors. (A) Schematic illustration 

of stochastic single track-based biosensor (as type a), double track-based biosensor (as 

type b), and ordered cruciform DNA track-based biosensor (type c). (B) Reaction 

kinetics of three biosensors in the presence of 100 nM Pb2+. (C) Walking rates of three 

biosensors in the presence of 100 nM Pb2+. 
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Table 1. Comparison of the walking efficiency of three biosensors under the same 

conditions 

Type I0 /μA Iν60 /μA ΔI /μA Efficiency, % 

a 0.702 1.467 1.09 52.1% 

b 0.574 2.656 2.082 78.4% 

c 0.492 3.792 3.3 87 % 

3.6. Analytical performance of the proposed biosensor 

Under the optimized parameters, the analytical performance of the proposed sensing 

platform was evaluated by SWV response with different concentrations of Pb2+. As 

shown in Fig. 5A, the SWV response of Fc increased with the concentration of Pb2+ 

increased from 0.1 pM to 500 nM. The Fig. 5B depicted a satisfactory linear 

relationship between the SWV peak current of the Fc and the logarithm of Pb2+ 

concentration. The regression equation was: I = 0.487 logc + 2.389 (R2 = 0.981) with a 

low detection limit (LOD) of 0.033 pM. Hence, this novel DNA track-based DNA 

walker showed excellent analytical performance compared with previous reports for 

Pb2+ detection (Table 2).  

To evaluate the selectivity of the biosensor, 10 different metal ions were used under 

the optimized experimental conditions, including Cu2+, Hg2+, Mn2+, Fe2+, Fe3+, Ca2+, 

Cd2+, Co2+, Ba2+, and Ni2+. As depicted in Fig. 6A, the SWV current peak of the target 

Pb2+ exhibited a substantial increase compared to that of interfering ions. Furthermore, 

the difference in the current peaks between Pb2+ and the mixture of all ions was almost 
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negligible, emphasizing that this developed biosensor possessed an exceptional 

selectivity and anti-interference capability for the accurate detection of Pb2+. 

Furthermore, the stability of the detection platform was continuously monitored by 

storing the biosensor at 4°C and conducting the same test every five days. As shown in 

Fig. 6B, the electrochemical signal in the last day could be maintained at 97% of the 

initial value, showing an acceptable stability of the sensing platform. From Fig. 6C and 

6D, the reproducibility of this biosensor was assessed through repetitive measurements. 

Under the same experimental condition, the relative standard deviation (RSD) of the 

same batch (intra-assays) was 2.53% and that of six different batches (inter-assays) of 

biosensors was tested at 4.32%, demonstrating the good reproducibility of this 

biosensor.  

 

Fig. 5. (A) SWV responses of constructed DNA biosensor to different concentrations 

of Pb2+ (from a to i: 0, 0.1 pM, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, 100 nM, and 500 

nM). (B) Calibration plot of SWV peak current versus the logarithm of Pb2+ 

concentration. 

A B
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Fig. 6. (A) Specificity and (B) stability of the designed biosensor. Reproducibility of 

the biosensor (C) in the same batch (intra-assays) and (D) in six different batches (inter-

assays). 
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Table 2. Comparison of the proposed DNA walker-based Biosensor with Previous 

Reports for Pb2+ Detection 

Detection 

method 
Linear range 

Detection 

limit 
Refs 

Colorimetric 2.0 to 10.0 μM 0.2 μM [31] 

Colorimetric 0.8 nM to 2500 nM 0.54 nM [32] 

Colorimetric 10 nM to 1.0 μM 4.3 nM [33] 

Fluorescence 50 to 600 pM 31 pM [34] 

Fluorescence 5 nM to 25 μM 5 nM [35] 

Fluorescence 1 pM to 100 nM 0.2 pM [36] 

ACV 0.2 pM to 100 nM 0.048 pM [37] 

SWASV 0.48 nM to 0.97 μM 0.0145 nM [38] 

DPV 1.0 pM to 2.0 nM 0.98 pM [39] 

DPV 0.1 to 80 ng mL-1 0.05 ng mL-1 [40] 

DPV 1 pM to 100 nM 0.34 pM [41] 

SWV 50 pM to 5 μM 5 pM [42] 

SWV 0.1 pM to 500 nM 0.033 pM This work 

3.7. Detection of Pb2+ in real samples 

To assess the practicability of this proposed electrochemical biosensor in real 

applications, recovery experiments were carried out through standard addition methods. 

Various concentrations of Pb2+ (0.5, 50, 100, and 250 nM) were introduced into real 

samples (tap water and river water), and the corresponding results were shown in Table 

S3. The recoveries ranged from 97.8% to 104.7% respectively, demonstrating that the 

method could be utilized for Pb2+ detection accurately and reliably. 

4. Conclusion 

In summary, a quadrivalent cruciform DNA track (C-DNT) was developed to 

facilitate the orderly movement of the q-walker, ensuring high walking efficiency for 

rapid and sensitive Pb2+ detection. The better orderliness and equidistance of the 
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quadrivalent cruciform DNA track enabled the DNA walker to move with high 

directionality and controllability, while reducing the risk of DNA walker derailment and 

further enhancing walking efficiency. This biosensor had a satisfactory detection range 

from 0.1 pM to 500 nM with a detection limit (LOD) of 0.033 pM. At the same time, 

good selectivity, repeatability, and stability were performed for the detection of the 

target Pb2+. In conclusion, a novel approach for enhancing DNA walking efficiency and 

DNA track design was introduced to set a new reference in the relevant field. Moreover, 

the proposed strategy had significant potential for applications in contaminant detection. 
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