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ABSTRACT: Herein, we have developed an ultrasensitive self-powered biosensor for miRNA 

assay based on biofuel cells (BFCs). The system is composed of indium tin oxide cathode and 

graphene oxide/gold nanoparticles/glucose oxidase anode. Redox probe of [Fe(CN)6]3- is 

entrapped inside porous Fe3O4 nanoparticles by DNA. However, in the presence of target 

miRNA, hybridization reaction occurs between miRNA and DNA, which initiates the release of 

[Fe(CN)6]3-. Moreover, duplex specific nuclease is further employed to trigger target recycling 

amplification. As a result, much more redox probes are released and the open circuit voltage is 

significantly increased. A “signal-on” self-powered biosensor for miRNA quantification is thus 

developed. The detection range is from 10 aM to 10 fM; meanwhile, the limit of detection is as 

low as 1.4 aM, which is superior to most reported methods. Therefore, the proposed biosensor is 

expected to be a powerful point-of-care tool for miRNA diagnostics, which may have wide 

applications in the future.
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INTRODUCTION

miRNAs are a group of short non-coding small RNAs, which function as important gene 

regulators for various cellular processes. More and more researches have revealed that miRNA 

expression is closely related with many types of diseases such as neurodegeneration,1 diabetes,2 

virus caused disorders,3 and cancers.4 miRNAs are becoming novel biomarkers for disease 

diagnosis with great clinical values.5-8 However, most traditional techniques like quantitative 

reverse transcription polymerase chain reaction (qRT-PCR),9 sequencing,10 and nanostring 

technology11 are too complicated and not suitable for point-of-care testing applications. Up to 

now, miRNA biosensors have been paid more and more attention and various biosensors have 

been fabricated.12-15 For example, Congur et al. modified pencil graphite electrodes with 

graphene oxide (GO) and constructed an impedimetric sensor to monitor miR-34a.16 Lv et al. 

fabricated a facile resonance light scattering (RLS) sensor to probe miR-122 using novel CdTe 

quantum dots.17 Lee et al. synthesized self-assembling magnetic fluorescence nanoparticles 

(NPs) and developed a novel magnetic resonance imaging (MRI) method to monitor intracellular 

miR-124a.18 Liu et al. invented a flowerlike nanovector for fluorescent detection of miR-21 with 

catalytic hairpin assembly.19 Cheng et al. devised a target-triggered isothermal amplification 

strategy for miR-21 assay combining polymerase-nicking enzyme cascade and DNAzyme.20 Koo 

et al. reported an amplification-free strategy for miRNA detection based on increased affinity 

interaction between polyadenylated miRNA and bare gold electrode.21-22 However, due to the 

unique characteristics of miRNA (e.g., small size, low abundance, high homology), it still 

remains a challenge to develop novel methods for ultrasensitive miRNA profiling for practical 

use.
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Biofuel cells (BFCs) are a type of fuel cells which use enzymes or bacteria to produce 

sustainable energy under mild conditions for further applications.23-24 BFCs have now received 

tremendous attention.25-26 Generally, a BFC is an energy conversion device which functions with 

simple electrochemical principles and catalysts.27 Recent years have witnessed a great progress 

in the aspects of BFC-based self-powered biosensors, which have unique properties such as low 

cost, small size, simple construction procedure, and so on.28-29 Most importantly, due to the self-

charging power system of BFC, there is no need for external power sources.30 Therefore, BFC-

based biosensors greatly satisfy the requirements of practical point-of-care testing applications, 

which are distinct from traditional biosensors.

In this contribution, we have developed a novel self-powered biosensor for the detection of 

miRNA. Different nanomaterials have been applied to construct cathode and anode, including 

gold nanoparticles (AuNPs), magnetic NPs and GO. Porous magnetic materials are introduced in 

the BFC-based biosensing system for the first time. They are facilely synthesized with 

appropriate pore size to load electrochemical species, which are sealed by complementary DNA 

(cDNA) responding to target miRNA. The applied Fe3O4 NPs are not only uniform but also 

possess magnetic property for a convenient separation purpose, which show significant 

superiority over other porous materials like widely used mesoporous silica NPs. In addition, 

current BFC-based biosensors or electrochemical biosensors always involve the immobilization 

process of recognition probes or signal probes on the electrodes, which may require complicated 

experimental steps and lead to unsatisfactory reproducibility.31-32 In this work, the fabricated 

porous Fe3O4 NPs integrate the recognition probe and signal probe, which benefit the 

homogeneous electrochemical assay of targets without any immobilization procedures. 

Furthermore, duplex specific nuclease (DSN)-catalyzed reaction is designed and employed for 
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target recycling amplification. Ultrahigh sensitivity for miRNA assay is thus promised. This 

proposed method integrates merits of BFC-self powered system, porous magnetic NPs, and 

enzyme-catalyzed amplification, which holds great potential as a powerful tool for miRNA 

diagnostics.

EXPERIMENTAL SECTION

Materials and Instruments. Iron (III) chloride hexahydrate (FeCl3·6H2O), urea, 

polyacrylamide, poly(diallyldimethylammonium chloride) (PDDA), diethypyrocarbonate 

(DEPC), 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC), N-

hydroxyosuccinimide (NHS), and glucose oxidase from Aspergillus niger (100 – 250 units mg-1) 

were purchased from Sigma (USA). Chloroauric acid (HAuCl4) and trisodium citrate were 

purchased from Shanghai Jiushan Chemicals Co., Ltd. (Shanghai, China). DSN was supplied by 

Genomax Technologies Pte Ltd. (Singapore). GO was obtained from Nanjing XFNANO 

Materials Tech Co., Ltd (Nanjing, China). Other reagents were of analytical grade and used 

without further treatment. Quant One Step qRT-PCR Kit was purchased from Tiangen Biotech 

Co., Ltd. (Beijing, China). Magnetic glassy carbon electrode was purchased from Tianjin Incole 

Union Technology Co., Ltd. (Tianjin, China). All oligonucleotides were obtained from Takara 

Biotechnology Co., Ltd. (Dalian, China). The sequences of DNA and RNA were shown in Table 

S1. Double-distilled water was purified with a Millipore system under 18 MΩ cm resistivity, 

which was treated with DEPC (0.1%) before use.

Electrochemical experiments were carried out on a CHI 660D electrochemical workstation 

(CH instruments, China). A three-electrode system was applied, which included an Ag/AgCl 

reference electrode, a platinum wire counter electrode and the fabricated anode or cathode 

Page 5 of 34

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



6

working electrode. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

experiments were conducted in 5 mM [Fe(CN)6]3-/4- with 1 M KNO3. The scan range was from 

+0.6 to -0.2 V and the scan rate of CV was 50 mV s-1. The frequency range of EIS was from 0.1 

to 100000 Hz. The open circuit voltage EOCV of BFC was measured by connecting the anode and 

the cathode placed in the electrolytic cell. To demonstrate successful DNA modification, 

chronocoulometry (CC) is conducted in 10 mM Tris–HCl with 50 μM [Ru(NH3)6]3+ (pH 7.4) 

with the working electrode of a magnetic glassy carbon electrode. Agrose gel electrophoresis 

was photographed under UV light by Gel Doc™ XR+ System (Bio-Rad, USA). qRT-PCR 

experiments were performed on an ABI 7500 Real-Time PCR System (ABI Life Technologies, 

USA). Transmission electron microscopic (TEM) images were acquired from a FEI Tecnai G20 

transmission electron microscopy (FEI, USA). Magnetization curve was recorded by a vibrating 

sample magnetometer (Toei Industry Co., Ltd.). N2 adsorption-desorption isotherm was 

characterized by a Micromeritics TriStar 3020 analyser (Micromeritics Instrument Corporation, 

USA). Zeta potential distribution was recorded by a Zetasizer (Malvern Instruments, Zetasizer 

Nano ZS90, UK).

Synthesis of PDDA-Capped Porous Fe3O4 NPs. Pristine porous Fe3O4 NPs were 

synthesized by means of a hydrothermal method according to a previous report with slight 

modifications.33 Briefly, 0.5 g of ferric chloride, 1.5 g of sodium citrate dihydrate and 0.5 g of 

urea were dissolved in 40 mL of distilled water and the solution was stirred for 10 min. Next, 0.5 

g of polyacrylamide dissolved in 40 mL of distilled water was added slowly with vigorous 

stirring. The mixture was then transferred into a 100 mL Teflon-lined autoclave and heated to 

200°C for 12 h. Subsequently, the product was collected by magnetic separation and washed 

with absolute distilled water and ethanol for three times. The synthesized pristine NPs were dried 
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at 60 °C. After that, 10 mg of as-synthesized porous Fe3O4 NPs was added into 5 mL of PDDA 

solution (4.0 mg mL-1, 0.05 M NaCl), which was then ultrasonicated for 1 h, generating a 

homogeneous suspension of positively charged NPs. Finally, the product was magnetically 

separated, washed, and dried.

[Fe(CN)6]3- Loading and DNA Functionalization. 4 mg of PDDA-capped Fe3O4 NPs was 

dissolved into 1 mL of [Fe(CN)6]3- solution with the concentration of 80 mM, which was then 

gently shaken at room temperature for 8 h. During this period, [Fe(CN)6]3- entered the pores of 

the porous Fe3O4 NPs through diffusion process. Afterward, 1 μL of cDNA (10 μM) was added 

to the above solution. The mixture was gently shaken again at room temperature for 8 h. 

Subsequently, the nanocomposites was magnetically separated, washed, and resuspended in 1 

mL of Tris-HCl buffer (pH 7.4) containing 0.1 M NaCl.

Preparation of GO/AuNPs/Glucose Oxidase Anode. AuNPs were synthesized by the 

citrate reduction of HAuCl4 according to a previous report.34 10 mg of GO was added into 5 mL 

of PDDA solution (4.0 mg mL-1, 0.05 M NaCl), which was then ultrasonicated for 1 h to form a 

homogeneous suspension of positively charged GO. After purified by centrifugation, GO was 

blended with 1 mL of AuNPs and the mixture was gently shaken for 8 h. The formed GO/AuNPs 

composites were also purified by centrifugation. Next, 100 μL of GO/AuNPs (1 mg mL-1) was 

casted on the surface of indium tin oxide (ITO) substrate electrode at 37°C for 2 h. Then, the 

electrode was treated with EDC (200 mM) and NHS (50 mM) for 30 min in order to activate 

carboxyl groups. After careful rinsing, the electrode was incubated with 100 μL of glucose 

oxidase with the concentration of 10 mg mL-1 at 4°C for 16 h. Finally, the electrode was rinsed 

by pure water and then stored in phosphate buffer saline (pH 7.4) until use.
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Electrochemical Measurement. A novel BFC was fabricated based on the modified anode 

and cathode with the electrolyte of Tris-HCl (100 mM, 5 mM glucose, pH 7.4). In the absence of 

miRNA, 40 μL of cDNA functionalized nanocomposites was spiked into 5 mL of supporting 

electrolyte. The measured open circuit voltage of BFC was defined as E0
OCV. Next, 5 μL of 

miRNA sample with different concentrations, 40 μL of cDNA functionalized nanocomposites, 

and 5 μL of Tris-HCl (100 mM, 0.5 U DSN, 50 mM MgCl2, 10 mM DTT, pH 8.0) were mixed 

and incubated at 50 °C for 2 h. Afterward, the solution was added to 5 mL of supporting 

electrolyte for the measurement of EOCV.

RESULTS AND DISCUSSION

Sensing Principle. Scheme 1 illustrates detailed principle of the sensing strategy. The BFC-

based self-powered biosensor is consisted of nanomaterials modified cathode and anode. 

Generally, anode is ITO electrode modified with GO/AuNPs/glucose oxidase. Cathode is 

associated with DNA functionalized Fe3O4 NPs. The porous Fe3O4 NPs are firstly capped with 

positive PDDA, which then encapsulate redox probes of [Fe(CN)6]3- through the pores. Next, 

cDNA is employed to block the pores by electrostatic interaction. Since [Fe(CN)6]3- is effectively 

encapsulated in the NPs, a low open circuit voltage (EOCV) is obtained. However, in the presence 

of miRNA, cDNA hybridizes with miRNA to form rigid DNA/RNA duplex and the pore is 

opened. In addition, DSN is applied which specially digest DNA strand in DNA/RNA duplex 

(inset in Figure S1); meanwhile, miRNA is released to hybridize additional cDNA around NPs 

for next cycles of digestion. Finally, trace miRNA can be used to open multiple pores for 

controlled release of [Fe(CN)6]3-. The Zeta potentials during each steps are recorded, which 

confirm the hypothesis about construction of DNA functionalized NPs and DSN-catalyzed 

digestion (Figure S1). After capped with PDDA, the NPs show a highly positive Zeta potential 
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benefited from the adsorption of the positively charged layer. A reversal is observed after further 

functionalization of DNA with negative phosphate backbone. In the absence of target miRNA, 

DSN cannot be used to digest the cDNA, thus, the Zeta potential barely changes. However, the 

coexistence of miRNA and DSN initiate cycling digestion of cDNA. As a result, significantly 

reduced Zeta potential is achieved. On the other hand, with effective glucose oxidation on the 

anode, electrons produced by the anode could be transferred to cathode, resulting in the reduction 

of [Fe(CN)6]3-. Therefore, EOCV is increased remarkably, which could be used to indicate initial 

concentration of target miRNA.
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Scheme 1. (A) Preparation process of DNA functionalized porous Fe3O4 NPs. (B) Schematic 

illustration of the working principle of the self-powered biosensor with DSN-assisted 

amplification.

Characterization of BFC Cathode and Anode. Figure 1A is a typical TEM image of the 

synthesized bare Fe3O4 NPs. Spherical nanoparticles are observed with an average diameter of 

250 nm, which have light and dark regions. The contrast suggests hollow structures of the 

spheres. The magnetic property of the NPs are important, which facilitates multiple modification 

and separation steps. Therefore, magnetization curve is recorded which reveals excellent 

paramagnetic property as well as high separation efficiency (Figure 1B). In order to evaluate 

porosity of the NPs, N2 adsorption-desorption isotherm and pore size distribution curve are 

depicted (Figure 1C and D). Well-defined pore size is about 6.5 nm, thus efficient loading of 

redox probes is guaranteed. To demonstrate the successful modification of DNA onto the surface 

of NPs, PDDA modified Fe3O4 NPs before and after DNA treatment are immobilized on the 

surface of the magnetic glassy carbon electrode for CC characterizations. The curve 

corresponding to DNA functionalized Fe3O4 NPs is much higher than that of pristine PDDA 

modified NPs. This is due to the higher charge density of [Ru(NH3)6]3+ molecules which are 

specially  absorbed on the phosphate backbone of the modified DNA (Figure S2).
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Figure 1. (A) TEM images of the porous Fe3O4 NPs. (B) Magnetization curve of the porous 

Fe3O4 NPs. (C) N2 adsorption-desorption isotherms of the porous Fe3O4 NPs. (D) Pore size 

distribution plot.

BFC anode is an important component for the generation of electrons. To achieve efficient 

immobilization of glucose oxidase, GO/AuNPs are used as the matrix, which have excellent 

biocompatibility and good electrical conductivity. The morphologies of GO and GO/AuNPs are 

also characterized by TEM (Figure 2A and B). AuNPs are well dispersed with the diameter of 13 

nm and decorated on the surface of GO. The nanocomposites are suitable for subsequent 
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immobilization of multiple glucose oxidase. Each modification step of anode is studied by EIS. 

In a typical impedance spectrum, semicircle portion is related to the electron transfer limited 

process. As shown in Figure 2C, after the modification of GO/AuNPs, the semicircle decreases, 

which is due to the excellent electrical conductivity of the matrix. However, after further loading 

of glucose oxidase, a much larger semicircle is observed which demonstrates the large 

impedance caused by the modified glucose oxidase. CV is then applied to investigate the 

cathodic signals. As shown in Figure 2D, in the absence of miRNA, due to the block of the redox 

probes, a pair of small peaks are observed (curve a). After the employment of miRNA, which 

hybridizes with cDNA, the released of cDNA leads to the leakage of redox probes. Therefore, 

the peak intensities increase (curve b). Moreover, after further employment of DSN digestion, 

which triggers target recycling amplification, the peak intensities become even larger with more 

leaked redox probes (curve c). These results have successfully demonstrated the feasibility of the 

BFC-based self-powered biosensor.
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Figure 2. TEM images of (A) GO, (B) GO/AuNPs. (C) Nyquist plots corresponding to (a) bare 

ITO electrode, (b) GO/AuNPs modified ITO electrode, and (c) GO/AuNPs/glucose oxidase 

modified ITO electrode. (D) Cyclic voltammograms of [Fe(CN)6]3- at the cathode in the (a) 

absence and presence of miRNA (b) without and (c) with DSN-assisted amplification.

Optimization Experiments. To ensure high performance of this self-powered biosensing 

system, a series of experimental conditions are optimized using the technique of cyclic 

voltammetry. Typically, the signal intensity relies on the amount of [Fe(CN)6]3- loaded 

inside Fe3O4 NPs. The loading density is dependent on the concentration of environmental 

[Fe(CN)6]3- during the encapsulating step, which diffuses into the pores of the NPs. With the 
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increase of the environmental [Fe(CN)6]3- level, more redox probes are supposed to be 

encapsulated with a dynamic equilibrium. We have tested different levels of environmental 

[Fe(CN)6]3- and CV peak currents are recorded for comparison. An optimized concentration of 

80 mM is chosen for subsequent experiments (Figure S3A). Similarly, we have studied the 

effect of Fe3O4 NPs concentration. The CV peak current increases with more Fe3O4 NPs 

(Figure S3B). The peak reaches a plateau when the concentrations is up to 4 mg mL-1, 

which is then used as the optimized value. The effect of cDNA concentration used to 

block the pores of Fe3O4 NPs is also investigated. Initially, less cDNA cannot completely 

block the release of [Fe(CN)6]3- from Fe3O4 NPs. The final amount of the redox probes 

inside the NPs is limited after magnetic separation. With the increase of cDNA, more 

redox probes are sealed, which are available for subsequent electrochemical biosensing. 

Consequently, the peak current increases (Figure S3C). After the cDNA concentration is 

increased to 10 nM, the peak intensity reaches the saturation. Therefore, 10 nM is chosen 

as the optimized concentration. Since the hybridization reaction, DSN-catalyzed digestion 

and redox probe release are implemented simultaneously, we have studied the effect of 

reaction time on the recorded electrochemical signal. Maximum CV peak current is 

achieved after 120 min, the time of which is applied in the following experiments (Figure 

S3D).

Quantitative Analysis of miRNA. Under optimized experimental conditions, quantitative 

detection of miRNA is investigated by comparing the increased values of the open circuit 

voltages of BFC biosensor after miRNA-triggered recycling release of [Fe(CN)6]3-. As shown in 

Figure 3A, without miRNA, the EOCV is as low as 0.405 V, which is due to the fact that nearly no 

[Fe(CN)6]3- exists as the electron acceptor. However, in the presence of miRNA, DNA/RNA 
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duplex forms by cDNA and miRNA. [Fe(CN)6]3- can then be released from the opened pores and 

increased EOCV is achieved, which is closely related to the concentration of introduced miRNA. 

In addition, we have also recorded EOCV values when DSN is employed to initiate target 

recycling amplification (Figure 3B). Theoretically, less miRNA is required to liberate equal 

amount of cDNA assisted by DSN. We have compared the relationships between miRNA 

concentration and ΔEOCV in the absence and presence of DSN in Figure 3C, the results of which 

have confirmed our hypothesis. With DSN digestion, a wide linear range is obtained from 10-17 

to 10-14 M with the following equation:

y = 0.6937 + 0.0393 log x (R2 = 0.9954, n = 3)

in which, y stands for ΔEOCV, x is the logarithmic miRNA concentration (Figure 3D). The 

limit of detection (LOD) as low as 1.4 aM is calculated (signal-to-noise ratio of 3). The ultrahigh 

sensitivity is attributed to two reasons. First, the porous Fe3O4 nanoparticles provide a huge 

physical 3D space for the loading of redox probe of [Fe(CN)6]3-. Second, DSN is able to digest 

DNA from the hybridized DNA/RNA duplex formed by target miRNA and cDNA. The 

recycling digestion reaction consumes a large number of cDNA, and the pores on Fe3O4 

nanoparticles can be opened to release [Fe(CN)6]3-. We have compared the analytical 

performances with recently developed miRNA biosensors with different detection techniques in 

Table 1. Most of current analytical methods involve single or no amplification process, while the 

proposed method is enhanced by DSN-catalyzed digestion cycle and porous Fe3O4 NPs-aided 

signal enrichment. Inspiringly, LOD of our method is the lowest, demonstrating the ultrahigh 

sensitivity of this method. The dynamic concentration range of 3 orders of magnitude is quite 

wide. To study the stability of this BFC-based self-powered biosensor, the cathode and anode are 

prepared and then stored at 4°C. After 1 month, the biosensing system is constructed. The 
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electrochemical responses are recorded and compared with freshly prepared cathode and anode. 

Over 94% of original signal intensity is obtained, which demonstrates the high stability of the 

developed biosensor. 

Figure 3. (A) EOCV of the self-powered biosensor for the detection of miRNA without DSN: (a to 

i), 0, 10-16, 5×10-15, 10-15, 5×10-14, 10-14, 10-13, 10-12, 10-11 M. (B) EOCV of the self-powered 

biosensor for the detection of miRNA with DSN-assisted amplification: (a to k), 0, 10-17, 5×10-16, 

10-16, 5×10-15, 10-15, 5×10-14, 10-14, 10-13, 10-12, 10-11 M. (C) The calibration curves of increased 

EOCV values versus logarithmic miRNA concentrations in the absence and presence of DSN-
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assisted amplification. (D) shows the curve reflecting the linear relationship between ΔEOCV and 

logarithmic miRNA concentration in the presence of DSN. Error bars represent standard 

deviation of three independent measurements.

Table 1. Comparison of analytical performances of the proposed method with recently 

developed miRNA biosensors.

Technique Strategy Linear range (M) LOD (M) Ref

Fluorescence
DNA circuit-assisted GO enhanced 

system
0 to 1.6×10-8 4.7×10-11 35

Fluorescence
two stages DSN-assisted target 

recycling
10-12 to 10-5 1.03×10-12 36

CC
gold-loaded nanoporous 

superparamagnetic nanocubes
10-13 to 10-6 10-13 37

Gel assay catalytic hairpin assembly 10-13 to 10-9 10-14 38

colorimetry
pH-responsive isothermal 

amplified system
2×10-14 to 2×10-8 9.3×10-15 39

electrophoresis
separation-assisted double cycling 

signal amplification
2×10-14 to 2×10-11 8×10-15 40

CC
Au-loaded nanoporous ferric oxide 

nanocubes
10-16 to 10-9 10-16 41

SPR Au@Ag nanorods etching 5×10-17 to 10-11 5×10-17 42

PEC target recycling by T7 exonuclease 8×10-17 to ×10-11 2.7×10-17 43

CC bridge DNA−AuNPs and DSN 10-17 to 10-11 6.8×10-18 44
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SWV
cascade strand displacement

polymerization
10-17 to 5×10-15 3.2×10-18 45

BFC
DNA functionalized porous Fe3O4 

NPs and DSN
10-17 to 10-14 1.4×10-18

this 

method

SPR: surface plasmon resonance, PEC: photoelectrochemistry; CC: chronocoulometry; SWV: 

square wave voltammetry;

Reproducibility and Selectivity Investigation. Reproducibility of this method is studied 

by repeated detection of miRNA using different sets of DNA functionalized porous Fe3O4 

NPs. Since the synthesis of Fe3O4 NPs is a one-pot process, and the magnetic separation 

is quite efficient, the properties of the products are quite consistent between different sets, 

which are superior to other nanomaterials with complicated preparation processes. 

Therefore, the finally obtained open circuit voltages are nearly the same, which guarantees 

excellent reproducibility (Figure S4). In addition, we have employed random DNA (rDNA) to 

block the porous Fe3O4 NPs. Since its sequence is not complementary with target miRNA. 

Hybridization reaction does not occur and the [Fe(CN)6]3- is not released since rDNA still 

seals the pores. Therefore, the open circuit voltages barely change even with high concentrations 

of miRNA, which are distinctive from the results of cDNA functionalized porous NPs (Figure 

4A). To check the specificity of this miRNA biosensor, five interfering homologous miRNAs are 

challenged. Due to the small size of miRNAs, the interfering miRNAs with single or double 

mismatched sites cannot completely hybridize with cDNA, which are different from long RNA 

strands. On the other hand, DSN is a type of nuclease which specially hydrolyzes DNA strand in 

the DNA/RNA heteroduplex. Therefore, single-stranded cDNA cannot be digested unless target 
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miRNA-assisted complete hybridization. As shown in Figure 4B, negligible ΔEOCV values are 

detected using interfering miRNAs in contrast to the high response in the presence of target 

miRNA. The results have indicated excellent specificity and selectivity of this biosensor.

Figure 4. (A) ΔEOCV of the self-powered biosensor constructed with cDNA and rDNA for the 

detection of different amount of target miRNA. (B) Selectivity investigation of the self-powered 

biosensor for the analysis of different miRNAs.

Verification of Practical Utility. After establishing the sensitivity and specificity, we have 

performed clinical validation of this biosensor by analyzing miRNA levels in human serum 

samples, which are firstly diluted for 10 times with PBS. Standard addition method is applied. 

Detection of miRNA in serum samples can be achieved without any pretreatments like 

separation or enrichment. As shown in Table 2, the obtained results are in good accordance with 

those of standard qRT-PCR Kit, demonstrating the effectiveness of this miRNA assay. 

Recoveries are from 98.60% to 104.00% and Relative errors are less than 4%. These results 

clearly suggest that the proposed self-powered biosensor has great potential applications for 

clinical miRNA diagnostics.
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Table 2. Measurements of miR-141 in human serum samples.

Sample Added (fM)
Determined 

(fM)

qRT-PCR 

results (fM)
Recovery (%)

Relative error 

(%)

1.00 1.01 0.98 101.00 3.06
1

10.00 10.40 10.19 104.00 2.06

1.00 0.97 0.99 97.00 2.02
2

10.00 9.86 10.08 98.60 2.18

CONCLUSIONS

In summary, we have developed a novel BFC-based biosensor for ultrasensitive detection of 

miRNA coupling DNA functionalized porous Fe3O4 nanoparticles and DSN-mediated recycling 

amplification. The porous Fe3O4 nanoparticles not only assist the loading of numerous redox 

probes, but also facilitate the preparation of functionalized nanomaterials with magnetic 

separation. Target miRNA triggers cDNA liberation and the subsequent release of [Fe(CN)6]3- 

enables self-powered electrochemical biosensing. In addition, DSN-catalyzed reactions 

significantly enhance the signals, thus ultrahigh sensitivity is achieved with a LOD as low as 1.4 

aM. Excellent selectivity is shown to distinguish similar miRNAs. The proposed biosensor is 

also much easy to be extended to detect other targets of interest in practical applications.
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