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A B S T R A C T   

Herein, driven by the need of highly-efficient DNAzyme-amplified detection strategy, a novel 3D DNAzyme 
motor was designed as a biosensor platform for realizing sensitive detection of target DNA. The 3D DNAzyme 
motor was composed of target-activated DNAzyme nanowires and substrates H1-Fc that co-immobilized on 
Au@Fe3O4 nanoparticles (Au@Fe3O4NPS) surface, possessing high local concentration of DNA reactants and 
shortened distance between DNAzyme and substrates for enhancing electrochemical signal. Compared with 
traditional DNAzyme-powered machines, the target-activated DNAzyme nanowires of 3D DNAzyme motor had 
greater flexibility and more powerful cleavage capability without troublesome sequence optimization, which 
overcame the space limitation and simultaneously interacted with adjacent and distant substrates H1-Fc to 
output a large amount of cleavage products with high signal response. Therefore, on account of the above- 
mentioned merits of nanoparticles localization DNA design and DNAzyme nanowires, the reported 3D DNA
zyme motor ingeniously overcame many defects existing in traditional DNAzyme-amplified detection strategies 
such as low reactants concentration, limited flexibility of DNAzyme and small DNAzyme swing range, realizing 
the sensitive detection of target DNA with a detection limit of 1.7 fM ranging from 5 fM to 50 nM. Impressively, 
the 3D DNAzyme motor here presented a new strategy to achieve effective DNAzyme signal amplification and 
provided a reference for the assembly of various and functional 3D DNA machines in the future.   

1. Introduction 

DNA-based signal amplifying technology, including DNAzyme, hy
bridization chain reaction (HCR), catalyzed hairpin assembly (CHA), 
rolling circle amplification (RCA) [1–5], plays a powerful signal trans
duction function in biosensor platform and has been widely applied for 
sensitive analysis [6,7]. Among them, DNAzyme-amplified method is 
particularly attractive owing to the characteristics of low-cost, stability, 
cleavage specificity and adaptability [8–10]. Unfortunately, low DNA
zyme cleavage efficiency still exists in these DNAzyme-amplified reac
tion, undoubtedly hampering their further applications in practical 
testing or other fields [11–13]. In fact, the reasons may be as follows: the 
recognition and interaction between DNAzyme and the corresponding 
substrates are easily affected by diffusion effect, but low concentration 
of reactants is commonly adopted in reactions for preventing unin
tended side reactions, which inevitably restricts the effective collision of 
reactants and brings negative effects. 

Assembling DNAzyme nanowires is a common solution to improve 
DNAzyme cleavage efficiency [14–17]. In contrast to the traditional 

DNAzyme strands with only a DNAzyme functional domain, one DNA
zyme nanowire contains multiple tandem DNAzyme functional domains 
and thereby directly increases the collision probability of DNAzyme 
towards substrates, which however only increases the local concentra
tion of DNAzyme without considering local concentration of substrates. 
To be improved, researchers readily recruit DNAzyme and substrates 
simultaneously on nanoparticles surfaces to form the 3D DNAzyme 
machines with associate kinetics for accelerating the cleavage ability of 
DNAzyme [18]. Nevertheless, the freedom of DNAzyme is limited by a 
confined area, with poor mobility and small flexible swing range, 
resulting in the interaction with adjacent substrates only. Moreover, 
DNAzyme on nanoparticles surfaces always need to link with an opti
mized single-stranded spacer domain to ensure the outstanding flexi
bility and swing of strands, which is really a complex and 
time-consuming task [19–22]. Therefore, there are still some chal
lenges to improve the DNAzyme-amplified detection strategies. 

Based on the observation mentioned above, by integrating the ad
vantages of DNAzyme nanowires and traditional 3D DNAzyme machines 
in the newly proposed DNAzyme amplification strategy, a highly 
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efficient 3D DNAzyme motor was assembled and applied in a new 
biosensor for sensitively detecting target DNA that was related to oral 
cancer here. The relative design principle of 3D DNAzyme motor and the 
biosensor are illustrated in Scheme 1. First, the hairpin 1 labelled with 
ferrocene (H1-Fc) and the combination PST* probe assembled by 
primer, S1 and T* were prepared and then co-attached to Au@Fe3O4NPs 
surface. Once the target DNA was introduced, the target DNA recognized 
and captured the T* strands of PST* probe, leading the T* to release and 
triggering RCA to generate long DNAzyme strands with multiple 
repeating DNAzyme functional domains (DNAzyme nanowires). With 
the assistance of Mg2+, these DNAzyme nanowires could recognize and 
rapidly cleave substrate H1-Fc. It is worth mentioning that the long 
length of DNAzyme nanowires fully improved the mobility and swing 
range of DNAzyme, making DNAzyme to overcome the space limitation 
and then simultaneously interact with adjacent and distant H1-Fc to 
output a large amount of cleavage products (S2-Fc) for further being 
captured on electrode to generate electrochemical signal. More impor
tantly, the proposed 3D DNAzyme motor not only provides a new way to 
improve the DNAzyme-amplified detection strategy, but also further 
promotes the assembly of DNA machines with various functions and 
their development in biosensor platforms. 

2. Experimental section 

2.1. Preparation of AuNPs and Au@Fe3O4NPs 

The synthesis of AuNPs referred to a previous method [23,24]. First, 
2.0 mL NaBH4 (1%) was quickly dispersed into 100 mL of boiling 
HAuCl4 solution (0.01%) under stirring. After 15 min, the solution color 
turned to wine red, suggesting the successful formation of AuNPs. Next, 
the amino modified Fe3O4 nanoparticles (NH2–Fe3O4NPs) were washed 
for three times by ultrapure water, which were mixed with the synthe
sized AuNPs for dealing with sonicate (15 min) and shaking (1 h) at 4 ◦C, 
leading to the linking of AuNPs onto the surface of NH2–Fe3O4NPs by 
Au–N bonds. After magnetically separating for three times to disperse 
into the phosphate buffered saline (PBS), and then the Au@Fe3O4NPs 
were obtained. 

2.2. Assembly and cleavage amplification of the 3D DNAzyme motor 

In brief, equal molar quantities of DNA strands (primer, S1 and T*) 
were firstly mixed at a concentration of 2 μM, and then further heated to 
95 ◦C for 5 min and slowly cooled to 4 ◦C to assemble PST* probe. Then, 
5 μL PST* probe (2 μM), 100 μL annealed H1-Fc (2 μM) and 100 μL 
prepared Au@Fe3O4NPs were mixed and incubated for 12 h at room 
temperature. After magnetic separation and three times of washing, the 
obtained Au@Fe3O4-PST*-H1-Fc probe was stored in 100 μL PBS for the 
following experiments. 

Subsequently, a mixture of Au@Fe3O4-PST*-H1-Fc (70 μL), T4 ligase 
(5 μL, 1 U/μL), Phi29 DNA polymerase (phi29, 5 μL, 2 U/μL) and 
deoxyribonucleotide triphosphates (dNTPs, 10 μL, 1 mM) was prepared. 
Once target DNA (10 μL) with various concentrations was added into the 
mixture, the T* strand of PST* probe could be captured by target DNA, 
thereby triggering RCA to generate long DNA strands with repeating 
DNAzyme units (DNAzyme nanowires) within 4 h [25,26], and further 
activating 3D DNAzyme motors. With the assistance of Mg2+, DNAzyme 
nanowires of 3D DNAzyme motors thus began to recognize and cleave 
substrate H1-Fc. Importantly, with strong flexibility and large swing 
range, the DNAzyme nanowires here could interact with multiple H1-Fc 
at the same time to release numerous S2-Fc, which significantly 
enhanced the sensitivity of target analysis. 

3. Results and discussion 

3.1. Characterizations of AuNPs and Au@Fe3O4NPs 

As displayed in Fig. 1A and B, the synthesized AuNPs seemed to be 
small particles in transmission electron microscopy (TEM) character
ization, and were spherical and uniform in different sizes. In the sub
sequent Fig. 1C and D, we could see that many AuNPs attached to the 
uniform Fe3O4NPs surface with a diameter of about 100 nm. 

Besides, x-ray photoelectron spectrometer (XPS) was employed for 
elemental analysis to further confirm Au@Fe3O4NPs. As can be seen 
from Fig. 2, the typical peaks of Au 4f, Fe 2p, O 1s and C 1s were clearly 
observed in the synthetic Au@Fe3O4NPs spectrum, reflecting that the 
Au, Fe, O and C were presented in the prepared sample, respectively. 
These results all proved that the Au@Fe3O4NPs here were synthesized 

Scheme 1. Schematic diagram of the proposed biosensor for target DNA analysis based on 3D DNAzyme motor.  
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successfully. 

3.2. Polyacrylamide gel electrophoresis (PAGE) 

PAGE is an indispensable method to demonstrate the successful as
sembly of DNA structures. As illustrated in Fig. 3A, all prepared samples 
were analyzed by 16% nondenaturing polyacrylamide gels at 120 V. 

Lane 1, lane 2, lane 3, and lane 4 corresponded to target DNA, primer, S1 
and T*, respectively. After annealing the mixture of primer, S1 and T*, a 
bright band with slow migration appeared in lane 5, indicating the 
successful preparation of PST* probe. And the lane 6 matched with the 
hybridization result of PST* probe and target DNA. In detail, the target 
DNA captured the T* strand in the PST* probe, outputting products of 
primer-S1 and Target DNA-T*, thereby corresponding to the two new 

Fig. 1. TEM characterizations of AuNPs within different scales: (A) 200 nm and (B) 20 nm, TEM characterization of Au@Fe3O4NPs within different scales: (C) 200 
nm and (D) 50 nm. 

Fig. 2. XPS spectra for the full region of (A) Au@Fe3O4, (B) Au 4f region, (C) Fe 2p region, and (D) O 1s region.  
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bands in the lane. Subsequently, with the addition of T4 ligase, phi 29 
and dNTPs, low mobility products were obtained in lane 7, in which the 
highest band demonstrated the assembling of DNAzyme nanowires. 
These results confirmed that the PST* probe synthesis was successful 
and the target DNA could trigger RCA process. 

To further characterize the cleavage capacity of DNAzyme nanowires 
obtained by RCA, a PAGE experiment was also performed. As can be 
seen from Fig. 3B, the lane1 and lane 2 represented H1 and RCA prod
ucts including DNAzyme nanowires, respectively, once H1 was mixed 
and incubated with the DNAzyme nanowires, two lower bands appeared 
in lane 3, which strongly proved that the DNAzyme nanowires were 
indeed able to recognize and cleavage H1 as we expected. 

3.3. Stepwise characterization of the modified electrode 

The modified electrode was monitored by cyclic voltammetry (CV) 
and electrochemical impedance spectroscopy (EIS), respectively. As 
shown in Fig. 4A, the characteristic peaks of [Fe(CN)6]3-/4- were ob
tained from the bare glassy carbon electrode (GCE) (curve a). While 
deposited Au (depAu) was immobilized on the bare GCE (depAu/GCE), 
the electrochemical signal increased (curve b) because of the preemi
nent conductivity of depAu. When depAu/GCE was incubated with H2, a 
decreasing electrochemical signal was obtained (curve c) due to the 
negative charge of H2 (H2/depAu/GCE). Fig. 4B was the corresponding 
EIS curves of the modified electrode. The value of electron-transfer 
resistance (Ret) of depAu/GCE significantly decreased (curve b) when 
compared with bare GCE (curve a), proving the excellent conductivity of 
depAu. And with the introduction of H2 to depAu/GCE, an increasing Ret 
response was observed (curve c). These obtained results stayed the same 

with the CV characterizations, demonstrating the successful construc
tion of the proposed electrode once again. 

3.4. Feasibility of the electrochemical biosensor 

To prove the feasibility of electrochemical biosensor, the square 
wave voltammetry (SWV) measurement was performed in PBS solution 
to monitor different modified electrodes. As displayed in Fig. 5, when 
the H2/depAu/GCE was measured, a smooth curve (curve a) was 
recorded. Once the H2/depAu/GCE was further treated with the cleav
age products of 3D DNAzyme motor, the typical oxidation peak of Fc 
presented (about 0.45 V), which obviously demonstrated that S2-Fc was 
able to be captured on the electrode surface successfully. These results 
well proved that the as-prepared biosensor could offer a new strategy to 
perform target analysis. 

3.5. Optimization of the reaction conditions 

In this work, the sensitivity of sensor is closely related to the cleavage 
reaction of 3D DNAzyme motor, and the cleavage reaction involves both 
PST* probe and H1-Fc, thus, the concentration ratio of PST* probe to 
H1-Fc were optimized. SWV was used to explore the response of 
biosensor with sever ratios (from 1:1 to 1:30). As showed in Fig. 6A, the 
electrochemical signal increased to the maximum at 1:20 when the ratio 
increasing from 1:1 to 1:30. Thus, the optimal ratio for subsequent ex
periments was chosen at 1:20. Further, the cleavage reaction of 

Fig. 3. PAGE results for different samples. (A): target DNA (lane 1), primer 
(lane 2), S1 (lane 3), T* (lane 4), the annealing result of primer, S1 and T* (lane 
5), the hybridization result of target DNA and PST* (lane 6), the rolling circle 
amplification products (lane 7). (B): H1 (lane 1), the rolling circle amplification 
products (lane 2), the reaction result between H1 and rolling circle amplifica
tion products (lane 3). 

Fig. 4. (A) CV and (B) EIS characterizations of modified electrode at different stages in 5 mM [Fe(CN)6]3-/4- solution: (a) bare GCE, (b) depAu/GCE, (c) H2/ 
depAu/GCE. 

Fig. 5. SWV responses of (a) H2/depAu/GCE and (b) H2/depAu/GCE after 
treating with the cleavage products of 3D DNAzyme motor (0.1 nmol/L 
target DNA). 
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DNAzyme nanowires of 3D DNAzyme motor toward H1-Fc was signifi
cantly step to improve the biosensor performance, therefore the cleav
age time (15 min, 30 min, 45 min, 60 min, 75 min, 90 min) of 3D 
DNAzyme motor on electrode was also studied. As can be seen from that 
the electrochemical signal greatly rose with the increasing cleavage time 
till 60 min, proving the adequate cleavage reaction could be selected as 
60 min (Fig. 6B). Furthermore, the immobilization time of cleavage 
products of 3D DNAzyme motor (S2-Fc) on H2/depAu/GCE would affect 
the capture of H2, further leading to influence the biosensor perfor
mance. Thus, we also estimated the immobilization time of S2-Fc. As can 
be seen from Fig. 6C, the current value rose with the increasing time and 
arrived at its maximum at 45 min. Thus, 45 min was regarded as the 
optimum immobilization time of S2-Fc and used in the subsequent 
experiments. 

3.6. Electrochemical assay of target DNA 

Target DNA with different concentrations was measured to estimate 
the analysis ability of the proposed electrochemical biosensor under 
optimal experimental conditions. As shown in Fig. 7A, the 

electrochemical response of peak current increased with the increase of 
target DNA concentration. Concurrently, by adopting the logarithm of 
target DNA concentration as abscissa and the IFc as ordinate, the cali
bration curve was also established, proving a good linear relationship 
between IFc and the logarithm of target DNA concentration ranging from 
5 fM to 50 nM (Fig. 7B). And the corresponding linear regression 
equation was I = 0.3712 lgc + 2.621 (r = 0.9965) with the detection 
limit of 1.7 fM (S/N = 3), demonstrating that the proposed 3D DNAzyme 
motor here showed excellent DNAzyme cleavage capacity. Thus, the 3D 
DNAzyme molecular motor had the potential to be used as a novel and 
powerful DNAzyme amplification detection tool in the detection of other 
nucleic acids. 

3.7. Selectivity, reproducibility and stability of the biosensor 

For investigating the selectivity of biosensor, interference tests were 
conducted to analyze various interfering species (miR-21, miR-141, 
miR-155, HIV, AD-DNA, and the mixture). As illustrated in Fig. 8A, 
when these interferences were respectively tested, the current values 
were almost negligible despite the concentrations of interferences as 

Fig. 6. (A) Influence of the concentration ratios between PST* and H1-Fc toward SWV response (1:1, 1:5, 1:10, 1:15, 1:20, 1:25, 1:30). (B) Effect of cleavage time of 
3D DNAzyme motor on electrode response. (C) Optimum incubation time of S2-Fc. The current values were obtained with 10 pM target DNA in PBS solution. Error 
bars: SD, n = 3. 

Fig. 7. (A) SWV responses of proposed biosensor incubated with various target DNA concentrations (from a to i): 5 fM, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, 
10 nM and 50 nM in PBS. (B) Calibration plot of peak current vs the logarithm of target DNA concentration. Error bars: SD, n = 3. 
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high as 1 nM. When the mixture of all interferes and target DNA was 
tested, the IFc value with a sharp increase was obtained as same as the 
only presence of target DNA. It can be concluded that once a small 
amount of target DNA (10 pM) were measured, the IFc values rapidly 
raised and higher than that of interference tremendously, proving that 
the fabricated biosensor presented high selectivity for target DNA 
against other interferes. Next, we prepared five biosensors in the same 
batch and five different batches of biosensors, for studying the intra- 
batch and inter-batch reproducibility. As shown in Fig. 8B, the 
response signals of these different biosensors were roughly same and the 
relative standard deviation (RSD) were 4.4% and 5.3% respectively, 
proving a good reproducibility of the biosensor. 

Moreover, by storing the as-prepared biosensor at 4 ◦C and 
measuring intermittently (every 5 days), the stability of biosensor was 
analyzed. After 20 days, the electrochemical signal of the biosensor was 
still kept at 89.3% of its initial value, demonstrating that the as-prepared 
biosensor possessed good stability (Fig. 8C). 

4. Conclusion 

In general, a novel 3D DNAzyme motor was designed in this work 
and applied to electrochemical sensing platform for sensitive target DNA 
detection. The assembly of DNAzyme molecular motors here combined 
the merits of DNAzyme nanowires and traditional DNAzyme machines, 
considering that these two methods could draw on each other’s 
strengths to offset weaknesses and complement each other, which 
showed many laudable features as follows: First, both DNAzyme nano
wires and substrates (H1-Fc) had high local effective concentration, 
enhancing detection sensitivity. Second, due to their length and flexi
bility, the DNAzyme nanowires in the motor could recognize and cleave 
adjacent and distant H1-Fc at the same time without being constrained 
by space, thus solving many problems existing in the traditional DNA
zyme motor including limited mobility of DNAzyme, small swing range, 
and troublesome sequence optimization. Third, the 3D DNAzyme motor 
of not only realized the DNAzyme-amplified target detection and pro
moted the development of DNA nanomachines in the biosensor 

platform, but also provided a reference for the future assembly of DNA 
machines with various functions. 
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