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ABSTRACT 

In this work, the highly efficient target recycling-based netlike Y-shaped DNA 

(Y-DNA), which regulated the electrocatalysis of Fe3O4@CeO2-Pt nanoparticles 

(Fe3O4@CeO2-PtNPs) towards methylene blue (MB) for signal amplification, was 

developed to prepare a sensitive DNA biosensor for detecting the DNA associated 

with oral cancer. Specifically, with the help of highly efficient enzyme-assisted target 

recycling (EATR) amplification strategy, one target DNA input was converted to 

corresponding plenty of DNA strands S1-Fe3O4@CeO2-Pt and S2-MB output, which 

could be employed to interact with HP2 immobilized on electrode surface to form 

stable netlike Y-DNA without any waste of recycling products. Meanwhile, the 

formation of netlike Y-DNA could regulate electrocatalytic efficiency of 

Fe3O4@CeO2-PtNPs, inducing the proximity of Fe3O4@CeO2-PtNPs to MB and 

significantly enhancing electrochemical signal. Further, the signal could also be 

amplified by Fe3O4@CeO2-PtNPs modified on electrode surface. By virtue of this 

ingenious design, a novel netlike Y-DNA structure based on highly efficient EATR 

was simply constructed and successfully applied to an electrochemical DNA 

biosensor along with electrocatalysis of Fe3O4@CeO2-PtNPs, achieving the sensitive 

detection of target DNA ranging from 10 fM to 50 nM with a detection limit of 3.5fM. 

Impressively, the biosensor here demonstrates an admirable method for regulating the 

electrocatalysis of nanoparticles (NPs) towards substrates to enhance signal, and we 

believe that this biosensor is a potential candidate for the sensitive detection of target 

DNA or other disease-related nucleic acids.  

KEYWORDS: netlike Y-DNA, Fe3O4@CeO2-PtNPs, electrocatalysis regulation, 
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highly efficient EATR amplification, electrochemical DNA detection  
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INTRODUCTION 

DNA nanomaterials are considered as a superior biocompatible material for 

biological research and clinical diagnosis
1
 due to their remarkable properties, 

including high selectivity in molecular recognition,
2
 sequence programmability

3
 and 

Watson-Crick model.
4
 On biosensor platform, some DNA structures with unique 

structural features have been applied for accurately quantifying target molecule,
5-8

 

such as hairpin,
9
 G-quadruplexes,

10,11
 cruciform,

12
 DNA tetrahedron 

nanostructure,
13-16 

Y-shaped DNA (Y-DNA)
17,18

 and so on. Among of them, Y-DNA is 

initially synthesized by Luo′s research group
19,20 

and has been extensively used for its 

uncomplicated structural feature and high stability. For example, many biosensors 

were successfully built by simply adding two kinds of DNA strands to interact with 

target DNA for the formation of Y-DNA, achieving fast target DNA detection with 

low cost.
21-23

 Unfortunately, the lack of amplification strategies in these biosensors 

obviously limits the sensitivity. Recently, some Y-DNA-based electrochemical 

biosensors combined with diverse recycling amplification strategies are proposed to 

improve the sensitivity for target detection,
24-28

 however, some drawbacks emerge as 

follows: (1) the implementation of recycling amplification strategies requires 

additional DNA strands input, increasing the complexity and cost of the system 

undoubtedly, (2) commonly, multiple DNA strands are released from recycling 

procedure, while only one kind of them is used to construct Y-DNA and the other 

output DNA strands do not play any role, thus there is a serious waste problem of 

recycling products. In addition, the distribution of Y-DNA structures on the electrode 
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surface is random and irregular in these electrochemical biosensors, limiting the 

effective immobilization of Y-DNA. Therefore, it is highly meaningful but full of 

challenges to conquer these difficulties for constructing easier, more efficient and 

sensitive biosensors. 

Nanoparticles (NPs), useful tools, have been widely used for their unique 

electronic properties, high surface-to-volume ratio and great potential in the 

immobilization of micromolecule, protein or nucleic acid.
29

 Recently, some new 

properties of metal oxide NPs are dug up, for example, magnetite NPs (Fe3O4NPs) not 

only have been extensively applied in cell isolation, targeted drug delivery, cell 

imaging and magnetic resonance imaging
30,31

 because of their low price, operational 

stability, promising magnetic properties and magnetic reusability,
32,33

 but also have 

outstanding intrinsic electrocatalytic activity towards the electrochemical reduction of 

hydrogen peroxide (H2O2) and small dye molecules according research foundings,
34-36

 

fully refreshing the perception that Fe3O4NPs are only used for separation.
37,38

 

However, the electrocatalytic application of Fe3O4-containing nanocomposites in 

biosensors still remains severe defect in biosensors, such as, these Fe3O4-containing 

nanocomposites usually catalyze the substrate existed in solution, resulting in the 

drawback of large background signal and strong interference.
39,40

 In addition, 

Fe3O4-containing nanocomposites are mainly used for immobilizing proteins or 

nucleic acids on electrode surface, while the distance between Fe3O4-containing 

nanocomposites catalyst and substrates is often overlooked,
41,42

 leading to an 

inevitable problem about distance obstacle, and decreasing the efficiency of catalysis 
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amplification. Hence, how to remove the distance obstacle is still an urgent task. 

Inspired by these, we synthesized Fe3O4@CeO2-Pt nanoparticles 

(Fe3O4@CeO2-PtNPs) and simultaneously made magnetic cores close to the substrate 

through the assistance of DNA structures, which successfully regulated the 

electrocatalysis of magnetic cores towards substrate, and conquering the distance 

obstacle for signal enhancement. 

According to the above analysis, aiming at conquering the challenges existed in 

current Y-DNA-based biosensors as well as significantly improving the 

electrocatalysis efficiency of Fe3O4-containing nanocomposites, highly efficient target 

recycling-based netlike Y-DNA for regulation of electrocatalysis towards MB was 

established on biosensor platform for sensitive target DNA detection. The target DNA, 

called Oral Cancer Overexpressed 1, is associated to oral tumor size and can act as a 

biomarker for oral cancer. The fabrication of this electrochemical biosensor was 

illustrated in Scheme 1. Firstly, we synthesized Fe3O4@CeO2-PtNPs, and then HP1 

(labeled with MB at the 3′ terminal) was modified on the surface of 

Fe3O4@CeO2-PtNPs via Pt-S bond. Once target DNA was introduced into this system 

to hybridize with HP1 to form a double chain, the DNA nicking endonuclease 

Nt·BstNBI was triggered to cleave HP1 into two pieces (S1-Fe3O4@CeO2-Pt and 

S2-MB) and then target DNA dissociated from HP1. The liberated target DNA was 

capable of hybridizing with another un-nicked HP1 and catalyzing next recycling. 

Therefore, one target DNA input was able to convert multiple HP1 to 

S1-Fe3O4@CeO2-Pt and S2-MB output, which could be fully utilized to interact with 
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HP2 immobilized on electrode surface to form netlike Y-DNA, avoiding the waste of 

recycling products, and realizing highly efficient target recycling. At the same time, 

the formation of netlike Y-DNA could regulate the proximity of Fe3O4@CeO2-PtNPs 

to MB, improving the electrocatalysis efficiency for signal enhancement, and 

achieving sensitive target DNA detection. With such design, this developed 

electrochemical biosensor not only proposes a highly efficient target recycling 

amplification strategy for Y-DNA formation, but also paves a promising avenue to 

regulate the electrocatalysis of NPs towards substrates. 

 

Scheme 1. Scheme of this proposed biosensor for target DNA determination based on highly 

efficient target recycling to form netlike Y-DNA for regulating the electrocatalysis of 

Fe3O4@CeO2-PtNPs towards MB: (A) highly efficient EATR amplification, (B) the assembly of 

the proposed biosensor, (C) the synthesis of Fe3O4@CeO2-PtNPs.  

EXPERIMENTAL SECTION 

Preparation of Fe3O4@CeO2-Pt Nanoparticles (Fe3O4@CeO2-PtNPs). The 

Fe3O4@CeO2-PtNPs used in this work were prepared in the light of the published 

literature study.
43

 In the beginning, 3.6 g NaAc, 1.0 g PEG and 1.35 g FeCl3·6H2O 
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were premixed with EG under ultrasound. And the temperature was adjusted to 200 

ºC. Then the Fe3O4 precipitate was collected by magnetic separation after 8 h. 

Secondly, 1 g Ce(NO3)3·6H2O was dissolved in 20 mL ethanol containing 1 g NaOH 

by stirring violently at 50 ºC for 24 h. Then 0.05 mL H2O2 (30%) was dropped into the 

solution. After stirring for 2 h, the precipitate was obtained followed by cleaning and 

drying. Subsequently, 1 g precipitate was dispersed in 20 mL ultrapure water under 

continuous ultrasound. The pH was then adjusted to 0.1 and kept at 40 ºC for 2 h to 

obtain the transparent light-yellow solution. Next, the Fe3O4@CeO2 microspheres 

were prepared as follows. 3 mL light-yellow solution was mixed with 0.1 g Fe3O4NPs 

and 30 mL ultrapure water. And ammonium hydroxide (NH3·H2O) was added to 

adjust pH to 6.8. After stirring at 60 ºC for 4 h, Fe3O4@CeO2 microspheres were 

collected by magnetic separation. Finally, 8.0 mL H2PtCl6 (1 %) and 0.36 mL of PVA 

(1 %) were diluted with 60 mL water, followed by the addition of 0.99 mL NaBH4 

(0.1 M). When the pH was adjusted to 1.0, 0.1 g Fe3O4@CeO2 microspheres was 

ultrasonically dispersed in the mixture. After 2 h, Fe3O4@CeO2-PtNPs were obtained 

by separating and dispersed again for future use. 

Preparation of HP1-Fe3O4@CeO2-Pt. Firstly, HP1-Fe3O4@CeO2-Pt bioconjugate 

was synthesized: 50 µL HP1 (5 µM) was incubated with Fe3O4@CeO2-PtNPs and 

stirred for 12 h at 4 °C. Next, hexanethiol (HT), one kind of short-chain alkyl 

molecule, was added to block extra active sites of Fe3O4@CeO2-PtNPs for 40 min. 

After being rinsed twice, the obtained HP1-Fe3O4@CeO2-Pt was redispersed in 100 

µL Tris-HCl. 
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Highly Efficient Enzyme-assisted Target Recycling Amplification. 30 µL 

HP1-Fe3O4@CeO2-Pt was mixed with 5 µL Nt·BstNBI (2 U µL
-1

) and 5 µL target 

DNA with different concentrations for 1.5 h. During the period, the target DNA 

hybridized with HP1 to form double-stranded structure, and then the restriction site 

(5′-GAGTC-3′) which could be specifically recognized by Nt.BstNBI was created. 

Nt.BstNBI preferentially recognized the site and selectively nicked HP1, resulting that 

HP1 was cleaved into two pieces (S1-Fe3O4@CeO2-Pt and S2-MB) and target DNA 

dissociated from HP1. The liberated target DNA was capable of interacting with 

another HP1 and catalyzed new recycling. By right of this strategy, one target DNA 

could induce the cleavage of numerous HP1 to obtain plentiful S1-Fe3O4@CeO2-Pt 

and S2-MB, significantly enhancing the sensitivity for target DNA detection. Finally, 

the temperature was adjusted to 80 ºC for 20 min to terminate the reaction. 

Fabrication of the Proposed Electrochemical Biosensor. The specific process for 

fabricating the proposed biosensor was performed as follows: Firstly, glassy carbon 

electrode (GCE) was pretreated by polishing thoroughly with alumina slurries and 

sonicating for about 5 min. L-Cys, a small amino-containing amino acid, was 

electrochemically assembled on the cleaned GCE by CV in fresh prepared PBS 

solution containing 0.02 M L-Cys and 0.1 M HCl with potential ranging from -0.5 to 

1.0 V at 100 mV s
-1

 for 15 cycles, which could provide abundant active sites for 

binding Fe3O4@CeO2-PtNPs through Pt-N bond. After that, Fe3O4@CeO2-PtNPs 

were immobilized on the surface of L-Cys/GCE electrode at 25 °C, followed by the 

incubation of 20 µL HP2 (2.5 µM) for 12 h. Next, 10 µL HT (1 mM) was added to 
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block nonspecific adsorption for 40 min. And the modified electrode was finally 

incubated with 20 µL the obtained S1-Fe3O4@CeO2-Pt and S2-MB at 37°C for 2 h. 

After cleaning, the finished electrode could be used for measurements. 

Electrochemical Measurements. The EIS and CV electrochemical measurements 

were carried out in PBS solution (pH 7.4) comprising 5 mM [Fe(CN)6]
4-/3-

. EIS was 

measured in the ac frequency ranging from 10
-1

 to 10
5
 Hz with an excitation signal of 

5 mV and formal potential of 220 mV. CV signal was recorded in potential ranging 

from -0.2 to 0.6 V at 100 mV s
-1

 scan rate. The DPV response was obtained in PBS 

solution (0.1 M, pH 7.0) with potential rang of 0.1 V to -0.6 V (vs. SCE), which was 

used to evaluate the electrochemical performance of the developed biosensor in the 

most appropriate experimental environment.  

RESULTS AND DISCUSSION 

Characterization of Fe3O4@CeO2-PtNPs. As Figure 1A and B displayed, the black 

part in Fe3O4@CeO2-Pt microspheres performed typical TEM image of Fe3O4NPs. 

The bright tiny particles distributed on spheres surface confirmed the successful 

assemblage of PtNPs, while the rest part of spheres between Fe3O4NPs and PtNPs 

demonstrated the presence of CeO2. Thus the TEM images fully indicated the 

successful preparation of Fe3O4@CeO2-PtNPs. Moreover, X-ray photoelectron 

spectroscopy (XPS) was also utilized to analyze elements for further confirming 

Fe3O4@CeO2-PtNPs. As shown in Figure 1C, the characteristic peaks for Ce3d, Fe2p, 

O1s, C1s and Pt4f could be clearly observed in the obtained Fe3O4@CeO2-PtNPs 

spectrum, which revealed the presence of cerium, iron, oxygen, carbon and platinum 

Page 10 of 25

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11 

 

in the sample. The peaks of O1s and C1s could be attributed to the polyvinyl alcohol 

(PVA) capped on PtNPs. The separate regions of Fe2p and Pt4f were also shown in 

Figure 1C. The peaks at 711.3 eV and 723.8 eV of Fe2p could be assigned to Fe 2p1/2 

and Fe 2p3/2, suggesting the existence of Fe3O4. And the Pt4f5/2 and Pt4f7/2 peaks 

occurred at the binding energy of 71.2 eV and 74.2 eV, indicating that the Pt (0) was 

stable as metallic state. These results all proved that the Fe3O4@CeO2-PtNPs here 

were successful synthesized. 

 

Figure 1. TEM images of Fe3O4@CeO2-PtNPs with (A) 100 nm and (B) 50nm. (C) XPS spectra 

for the full region of Fe3O4@CeO2-PtNPs, Fe2p region and Pt4f region.  

Electrochemical Characterization of the Electrochemical Biosensor. CV and EIS 
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were utilized to characterize the modification process of the biosensor in 5 mM 

[Fe(CN)6]
3-/4-

 solution, respectively. As we can see from Figure 2A and B, the bare 

GCE (curve a) was electrochemically assembled in the PBS solution containing 

L-Cys, resulting in decreasing of CV current and increasing of EIS signal (Ret) (curve 

b). Then, Fe3O4@CeO2-PtNPs were introduced onto the surface of L-Cys/GCE to 

obtain obviously increase of CV and decrease of Ret response (curve c) respectively, 

attributing to the fact that good conductivity of Fe3O4@CeO2-PtNPs could accelerate 

electron transfer efficiently. When Fe3O4@CeO2-PtNPs/L-Cys/GCE was modified 

with HP2, a decrease of CV current and an increase of Ret response were acquired 

(curve d) due to the negative charge of HP2. And an obvious decrease of CV current 

and increase of Ret were still be obtained after blocking the electrode surface with HT 

(curve e), demonstrating that HT greatly blocked electron transfer. All the results 

showed clearly the successful preparation of the biosensor. 

 

Figure 2. CV (A) and EIS (B) characterizations of the modified electrode at different stages in 5.0 

mM [Fe(CN)6]
3-/4-

 solution: (a) bare GCE, (b) L-Cys/GCE, (c) Fe3O4@CeO2-PtNPs/L-Cys/GCE, 

(d) HP2/Fe3O4@CeO2-PtNPs/L-Cys/GCE, (e) HT/HP2/Fe3O4@CeO2-PtNPs/L-Cys/GCE. 

Optimization of the Reaction Conditions. The nicking reaction of Nt.BstNBI was a 
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key step for target recycling amplification, thus the effect of Nt.BstNBI nicking 

reaction time (30 min, 45 min, 60 min, 90 min, 120 min) on the electrode was 

investigated for 100 pM target DNA. As shown in Figure 3A, with the extension of 

Nt.BstNBI nicking reaction time, the DPV response increased gradually and reached a 

plateau after 90 min. Therefore, 90 min was employed as the optimum time of 

Nt.BstNBI nicking reaction. Furthermore, the incubation time of S1-Fe3O4@CeO2-Pt 

and S2-MB would affect the formation of netlike Y-DNA, which may cause great 

influence to the biosensor. Thus, investigating the incubation time of 

S1-Fe3O4@CeO2-Pt and S2-MB was indispensable. As presented in Figure 3B, the 

electrochemical signal increased over time and reached its maximum after 120 min. 

Therefore, 120 min was proved to be the optimum incubation time for preparing 

biosensor. The error bars presented the standard deviations (SD) of three times 

parallel tests.  

 

Figure 3. (A) Effect of Nt.BstNBI nicking reaction time on electrode response; (B) optimum 

incubation time of S1-Fe3O4@CeO2-Pt and S2-MB. The electrochemical signals were obtained 

with 100 pM target DNA in 0.1 M PBS solution (pH 7.0). Error bars: SD, n = 3. 

Comparison of Electrocatalysis Amplification Capability of the Biosensor. To 
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clarify excellent electrocatalysis of Fe3O4@CeO2-PtNPs, control experiment was 

conducted to construct two different biosensor platforms B and C.  Compared with 

the proposed biosensor (A) in this work, the only difference of B was that there was 

no Fe3O4@CeO2-PtNPs involved in target recycling process, while 

Fe3O4@CeO2-PtNPs were only used as electrode material. C was further to replace 

electrode material with Au. Under the same and optimal conditions, the DPV 

responses of the biosensor platforms (A, B, and C) were obtained by using 100 pM 

target DNA. It was obvious that there was sharp decrease in current responses from A, 

B to C in Figure 4, which might be ascribed to the following concerns: 1. large 

surface area exhibited by Fe3O4@CeO2-PtNPs was desired for immobilizing DNA. 2. 

Fe3O4@CeO2-PtNPs performed more effective signal amplification than Au. 3. Signal 

amplification was more remarkable when Fe3O4@CeO2-PtNPs were close to MB. In a 

word, Fe3O4@CeO2-PtNPs in this work had effectively increased the sensitivity of the 

biosensor.  

 

Figure 4. The DPV responses of different biosensor platforms A, B and C. 

Analytical Performance of the Proposed Electrochemical Biosensor. Herein, the 
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analytical performance of the biosensor was demonstrated under optimal reaction 

conditions by measuring the corresponding DPV responses of different concentrations 

target DNA in 0.1 M PBS solution (pH 7.0), and all results were displayed in Figure 

5A and B. Obviously, the electrochemical signal increased gradually with the 

increasing concentration of target from 10 fM to 50 nM and possessed a desirable 

linear relationship with the logarithm of concentration of target DNA. The 

corresponding linear regression equation was I = -0.1359 logc - 2.007 (r = 0.994), and 

the limit of detection (LOD) was calculated to be 3.5 fM according to the 

recommended method of LOD = 3Sb/m (where Sb represents the standard deviation 

of the blank signals and m is the slope of the calibration curve). Furthermore, this 

proposed biosensor was compared with previous reports for nucleic acid detection in 

Table S2. It can be seen from the Table S2, although the proposed biosensor had no 

prominent advantage in detection time, it is worth noting that it presented outstanding 

performance with wider response range and lower detection limit, which may be 

attributed to the highly efficient EATR and Fe3O4@CeO2-PtNPs amplification 

strategy.  

 

Figure 5. (A) DPV responses of proposed biosensor incubated with various target DNA 
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concentrations: 0.00001, 0.0001, 0.001, 0.1, 1, 10, and 50 nM in PBS solution (pH 7.0). (B) The 

calibration plot of peak current versus the logarithm of target DNA concentration. Error bars: SD, 

n = 3.  

Selectivity, Reproducibility and Stability of the Biosensor. In order to assess the 

selectivity of the proposed electrochemical biosensor, miRNA-21, miRNA-141 and 

the DNA correlated with Alzheimer’s disease (AD-DNA) were chosen as the 

interference substrates to study the selectivity. As can be seen from Figure 6, the DPV 

current responses of miRNA-21 (10 nM), miRNA-141 (10 nM) and AD-DNA (10 nM) 

were almost negligible in comparison with the target DNA (1 nM). Conversely, a high 

DPV current response could be observed when constructed  the biosensor with the 

mixture (comprising 1 nM target DNA, 10 nM miRNA-21, 10 nM miRNA-141 and 

10 nM AD-DNA), and the value is the same as that with only 1 nM target DNA. All 

above the results demonstrated the excellent selectivity of the biosensors, which was 

attributed to the extremely specific recognition of Nt·BstNBI. Next, five different 

batches of the biosensors were prepared under the same conditions to detect 1 nM 

target DNA respectively for evaluating the reproducibility and precision of the 

biosensor. As shown in Figure S4, it was found that the electrodes performed similar 

DPV responses and the batch-to-batch relative standard deviation (RSD) was 5.4%. 

The results indicated acceptable reproducibility of the biosensor. Moreover, the 

proposed biosensor was stored at 4 °C and measured every 4 days to monitor the 

stability. As shown in Figure S4, the electrochemical signal of the biosensor could still 

maintain 88.4% of the corresponding original response after 20 days, demonstrating 
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long-term stability of the prepared biosensor.  

 

Figure 6. Specificity of the electrochemical biosensor towards target DNA (1 nM) against other 

nucleic acid: miRNA-21, miRNA-141 and AD-DNA at 10 nM. Error bars: SD, n = 3. 

CONCLUSION 

In conclusion, we proposed an admirable and economical strategy for the 

formation of netlike Y-DNA on electrochemical platform to sensitively detect target 

DNA on the basis of highly effective EATR and Fe3O4@CeO2-PtNPs electrocatalysis 

amplification. Firstly, stable netlike Y-DNA was constructed by taking the highly 

effective EATR strategy, realizing full utilization of recycling products. Meanwhile, 

netlike Y-DNA was also served as a tool to regulate electrocatalysis of 

Fe3O4@CeO2-PtNPs, resulting in that magnetic cores were close to MB for strong 

catalysis, significantly enhancing the sensitivity of the biosensor and achieving 

sensitive target DNA detection. Meaningfully, the biosensor demonstrates a highly 

effective target recycling amplification strategy for netlike Y-DNA formation, paves a 

promising path to regulate catalysis of NPs towards substrates, and has admirable 

universal applicability for the determination of other disaster-related nucleic acids. 
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Supporting Information 

Reagents, apparatus, polyacrylamide gel electrophoresis, the X-ray diffraction (XRD) 

characterization of Fe3O4@CeO2-PtNPs, interference study, the reproducibility and 

stability of the electrochemical biosensor (Figure S4), the DPV responses of the blank 

control without target DNA and comparison of this work with other reports for 

nucleic acid detection (Table S2) were supplied in Supporting Information. 
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