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A B S T R A C T   

A dual-model “on-super off” photoelectrochemical (PEC)/ratiometric electrochemical (EC) biosensor based on 
signal enhancing and quenching combining three-dimensional (3D) DNA walker strategy was designed for the 
ultrasensitive and accurate detection of microRNA-224 (miRNA-224). The “signal on” PEC state was achieved by 
methylene blue labeled hairpin DNA (MB-DNA) for sensitizing CdS QDs. Then numerous transformational 
ferrocene labeled DNAs (Fc-DNAs) converted by target-induced 3D DNA walker amplification with the help of Ag 
nanocubes (NCs) label DNA (Ag-DNA) were introduced to open hairpin MB-DNA. Such configuration change 
would relocate the sensitizer MB and the quencher Fc, whereas energy transfer placed between Ag NCs and CdS 
QDs, thereby significantly quenching the PEC signal to obtain “super off” state. Meanwhile, these changes 
resulted in a decreased oxidation peak current of MB (IMB) and an increased that of Fc (IFc). MiRNA-224 was also 
detected on basis of the dual-signaling EC ratiometric method for complementary PEC detection. Benefiting from 
different mechanisms and relatively independent signal transduction, this approach not only avoided interfer
ence from difficult assembly but also outstandingly increased sensitivity by distance-controllable signal 
enhancing and quenching strategies. As a result, the detection ranges of 0.1–1000 fM with a low detection limit 
of 0.019 fM for PEC, and 0.52 to 500 fM with a low detection limit of 0.061 fM for EC, were obtained for miRNA- 
224, which opens a new avenue for designing numerous elegant biosensors with potential utility in bioanalysis 
and early disease diagnosis.   

1. Introduction 

MicroRNAs (miRNAs) are a class of short, single-stranded, endoge
nous noncoding RNAs (ca. 18–25 nt) (Zhang et al., 2016, 2018a), which 
has been served as a promising biomarker candidates for cancer initia
tion and progression (Zhang et al., 2018b; Cao et al., 2018). However, 
because of their small size, ultra-low abundance, and sequence simi
larity, reliable and sensitive detection of miRNAs is still a rigorous 
challenging puzzle. Currently, many approaches have been reported for 
miRNAs assay, such as surface plasmon resonance (Gu et al., 2017), 
electrochemistry (Cheng et al., 2019; Zhang et al., 2017), fluorescence 
(Dong et al., 2018; Li et al., 2018), electrochemiluminescence (Gao 
et al., 2019; Ye et al., 2019). Even if these methods present many 

improvements, some disadvantages, such as miscellaneous equipment, 
large expense, and low sensitivity, have made disease diagnosis by 
miRNAs detection an enormous challenge. Therefore, it is vital to exploit 
highly sensitive, low cost, and accurate biosensing technique for miR
NAs analysis. 

Photoelectrochemical (PEC) biosensor, as a rapidly developed 
analytical technology in biomarker assay and early cancer diagnosis, 
possesses simple instrumentation, inexpensive, and highly sensitive, and 
has drawn wide research interest (Yang et al., 2018; Gao et al., 2020; Lv 
et al., 2020; Li et al., 2021). To date, various signal amplification stra
tegies have been made on constructing PEC biosensors for miRNAs assay 
to achieve high detection sensitivity (Zhu et al., 2019; Li et al., 2020a,b), 
including sensitization strategies of photoactive materials (noble 
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metal/dye-sensitized semiconductors, heterojunction semiconductors, 
etc.) and DNA amplification techniques of targets (such as DNA motor, 
DNA walker, etc.). For example, a PEC biosensor based on bipedal DNA 
walker-triggered signal quenching and enhancing was developed for 
miRNA-21 detection (Zhu et al., 2019). A novel PEC bioassay was ach
ieved for miRNA-21 detection based on direct exciton− plasmon in
teractions between CdS QDs and noble metal nanoparticles (Ma et al., 
2016). A triple-helix molecular switch PEC biosensor was reported for 
miRNA-141 assay combined with three-dimensional (3D) DNA 
walker-induced signal amplification (Yang et al., 2019b). Inspired by 
these works, an energy-transfer PEC biosensor based on methylene blue 
(MB)/ferrocene (Fc)-induced signal quenching and enhancing coupling 
3D DNA walker signal amplification is highly promising for ultrasensi
tive detection of miRNAs. 

Although the PEC biosensing platform possesses many merits, it still 
struggles to satisfy the increased analysis requirements of reliability and 
reproducibility if only the single-modality assay is employed. Thus, 
many research groups began to exploit the dual-model biosensors on 
account of different signal conversion modes and transmission mecha
nisms, whereas the two signal paths were relatively independent and 
allowed cross-check to each other (Deng et al., 2020; Kong et al., 2018; 
Ge et al., 2019). So, some interference errors caused by detection con
dition and personnel operation were corrected. Recently, the 
dual-signaling electrochemical (EC) ratiometric biosensor based on 
“signal-on” and “signal-off” strategies, has attracted growing attentions 
in DNA assay and protein detection, because of its excellent analysis 
capability, such as low background noise, wide linear range, low 
detection limit, good reliability and reproducibility (Zhu et al., 2018; 
Gai et al., 2017; Li et al., 2019a). For instance, a triple-helix molecular 
switch EC ratiometric sensor was reported for nucleic acids assay used 
MB and Fc as tags (Xiong et al., 2017). A bifunctional DNAzyme 
nanodevice-based ratiometric EC biosensor was constructed for sensitive 
and accurate mercury ion assay (Li et al., 2019b). This inspires us to 
construct a biofunctionalized nanostructures-driven dual-model 
PEC/ratiometric EC biosensor for miRNA-224 detection combining 3D 
DNA walker strategy. 

Herein, a versatile dual-model “on− super off” PEC/ratiometric EC 
biosensor was developed for highly sensitive and reliable detection of 
miRNA-224 by coupling target-induced 3D DNA walker circular 
amplification strategy with the distance-controllable signal enhancing 
and quenching. As shown in Scheme 1A, a 3D DNA walker was devel
oped for achieving the conversion and amplification of miRNA-224 
through Fe3O4@Au nanoparticles as substrate to immobilize walker 
DNA and support DNA (Fc-DNA), where walker DNA paired with pro
tecting DNA. In the presence of miRNA-224, walker DNA was released 
and then paired with Fc-DNA, resulting in the formation of recognition 
site for Nb.BbvCI nicking endonuclease. So, under the nicking of Nb. 
BbvCI, the intermediate Fc-DNA was generated along with the releasing 
of walker DNA which would match with another support DNA. In this 
way, lots of intermediate Fc-DNAs were achieved. As depicted in Scheme 
1B, CdS QDs with impressive photoelectric conversion efficiency was 
employed as a photoactive electrode material. After immobilization of 
MB labeled hairpin DNA (MB-DNA) via Cd–S bonds (Yang et al., 2019b), 
an outstanding “signal on” state was achieved on account of the excel
lent sensitizing effect from MB toward CdS, leading to a desirable initial 
amplified PEC signal. Subsequently, transformational Fc-DNA and Ag 
nanocubes (NCs) labeled auxiliary probe DNA (Ag-DNA) were intro
duced to open the hairpin MB-DNA, resulting in the form of a “Y”-shaped 
junction structure via hybridization between DNA sequences. This 
configuration change would adjust the sensitizer MB away from of CdS 
QDs, make the Fc as a quencher close enough to CdS QDs, and place Ag 
NCs at the other terminal whereas energy transfer between Ag and CdS, 
thereby significantly quenching the PEC signal to obtain “super off” 
state. Dexterously, MB and Fc have excellent electrochemical activity 
and can produce obvious electrochemical signals. As a result, the 
oxidation peak current of MB (IMB) was decreased and that of Fc (IFc) was 
increased. MiRNA-224 was detected on basis of the dual-signaling EC 
ratiometric method for complementary PEC detection. Benefiting from 
different mechanisms and relatively independent signal transduction, 
the interference between two signals in the dual-model biosensor can be 
effectively reduced, which opens a new avenue for designing numerous 
elegant biosensors with excellent property. 

Scheme 1. Schematic diagram of the dual-model PEC and EC biosensor for miRNA-224 detection.  
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2. Experimental section 

2.1. Preparation of Ag NCs and signal probe 

The preparation of Ag NCs was similar to that before with slight 
modifications (Tao et al., 2006). Briefly, CuCl2 (7 μL, 0.047 mol/L) was 
added into 2 mL of 1,5-pentanediol solution containing AgNO3 (0.165 
mol/L) as solution 1. PVP (40 mg) was dissolved into 2 mL of 1,5-penta
nediol as solution 2. 1,5-pentanediol (5 mL) was heated to 190 ◦C at 
reflux for 2 min, to which was added alternately two precursor solutions 
at different rates: 125 μL of solution 1 every minute and 80 μL of solution 
2 every 30 s. After repeating this addition for eight times, the reaction 
was continued for 2 min and quenched by transferring the solution into 
an ice-cold water bath. The product was collected by centrifugation and 
successively washed with acetone and water. The resulting Ag NCs were 
re-dispersed into 100 mL of water for further use. For the preparation of 
signal probe, 50 μL of 10 μM DNA were separately incubated with 1 mL 
of Ag NCs under gentle shaking for 12 h to achieve Ag-DNA. 

2.2. Preparation of transformational Fc-DNAs 

First, walker DNA (10 μM, 20 μL) and protecting DNA (10 μM, 40 μL) 
were heated at 95 ◦C for 5 min, and subsequently naturally cooled to 
form (double-stranded DNAs) dsDNAs (Zhu et al., 2019; Gao et al., 2019; 
Xu et al., 2019). Afterward, dsDNAs (20 μL) and support DNA (50 μM, 
20 μL) were added in PBS (40 μL, 10 mM TCEP, pH 7.4) for 60 min to 
reduce disulfide bonds, followed by the addition of the Fe3O4@Au NPs 
(15 mg mL− 1, 20 μL, the synthesis and characterization of Fe3O4@Au 
NPs was provided in the Supporting Information). Then the mixture was 
slightly shaken for 16 h at 4 ◦C. Afterward, using BSA to block the 
nonspecific adsorption sites, the Fe3O4@Au-dsDNAs were achieved by 
magnetic separation and washing. When different-concentration 
miRNA-224 (50 μL) existed, walker DNA was released and then hy
bridized with support DNA for 1 h at 37 ◦C. After that, 10 U Nb.BbvCI 
was appended and maintained 2 h at 37 ◦C to nick the specific recog
nition site and generated transformational Fc-DNAs. At last, abundant 
transformational Fc-DNAs were achieved through magnetic separation. 

2.3. Fabrication of the dual-model PEC and EC biosensor 

Before use, ITO electrodes were sequentially ultrasonically treated 
with acetone, NaOH (1 M), and H2O. Subsequently, 25 μL CdS QDs so
lution (the preparation of CdS QDs was provided in the Supporting In
formation) was drop-cast onto the surface of the cleaned ITO electrode 
and dried in air, labeled as ITO/CdS electrode. Prior to modification on 
the ITO/CdS electrode, MB-DNA was dissolved in 20 mM PBS (pH 7.4, 
10 mM TCEP, 2.5 mM MgCl2, 50 mM NaCl) under darkness for 1 h to 
eliminate disulfide bonds, then adding 20 μL of 1 μM MB-DNA onto the 
ITO/CdS electrode at 4 ◦C for 12 h. To block the nonspecific sites of ITO/ 
CdS/MB-DNA electrode, 2 mM MCH was added and incubated for 1 h. 

Afterward, 20 μL solution containing Ag-DNA and the above interme
diate Fc-DNA which linearly correlated with target miRNA-224, was 
dipped onto the resulting ITO/CdS/MB-DNA/MCH electrode for 2 h at 
37 ◦C. Finally, PEC measurement of the designed biosensor was carried 
out in Tris–HCl solution (0.1 M, pH 7.4) containing AA (0.1 M) at 0 V, 
and the electrochemical capability of the resulting electrode was char
acterized using square wave voltammetry (SWV) with a step potential of 
4 mV, a frequency of 25 Hz, and an amplitude of 25 mV in the potential 
range between − 0.5 and 0.6 V. 

3. Results and discussion 

3.1. Materials characterization 

The morphology and microstructure of the as-synthesized materials 
were surveyed by TEM and the high-resolution TEM (HRTEM). From 
Fig. 1A, CdS QDs exhibited an average sizes of 8 nm, and lattice fringes 
with a distance of 0.289 nm corresponding to the (200) crystalline plane 
of CdS (Yang et al., 2019a). The resulting Ag NCs had uniform mor
phologies with an average side length of ~100 nm (Fig. 1B), and char
acteristic absorption peaks (Fig. 1C, curve a) (Tao et al., 2006; Xue et al., 
2018). After DNA sequence was modified onto the surface of Ag NCs, the 
curve c appeared a new absorbance peak at about 260 nm corresponding 
to the typical peak of oligonucleotides, demonstrating the successful 
preparation of Ag-DNA (Ma et al., 2016). Particularly, a large spectral 
overlap was observed between the plasmon band of Ag NCs and the 
absorption spectrum of the CdS QDs, which makes for occurring of 
efficient energy transfer (curve d). 

3.2. The feasibility and signal amplification mechanism of dual-model 
biosensor 

To confirm the feasibility of dual-model biosensor, the 3D DNA 
walker-induce the conversion and amplification of miRNA-224 were 
performed by 13% PAGE image. From Fig. S2, a single distinct band of 
walker DNA was observed (lane 1). As walker DNA firstly paired with 
protecting DNA, two separate bands could be seen (lane 3), where the 
top band was corresponded to the hybridized dsDNA of walker- 
protecting DNA, and the bottom band was Fc-DNA. In the presence of 
target miRNA-224, new separate bands appeared (lane 2). Because 
miRNA-224 was added to pair with protecting DNA (the top band) for 
releasing of walker DNA which further paired with Fc-DNA (the bottom 
band). Besides, the middle band was the remained walker DNA. Then 10 
U Nb.BbvCI was added into the mixture of walker DNA and Fc-DNA, 
resulting in the appearance of new bands (lane 4). The band at the 
low position corresponded to the intermediate Fc-DNA released from the 
walker-support dsDNA. Besides, the band at the high position was 
similar to walker DNA, indicating the successful releasing of walker 
DNA. These results confirm the potential of 3D DNA walker for 
achieving the conversion and amplification of miRNA-224. 

Fig. 1. TEM images of (A) CdS QDs (insert: HRTEM image of CdS QDs) and (B) Ag NCs, (C) UV–vis spectra of (a) Ag, (b) DNA, (c) Ag-DNA and (d) CdS QDs.  
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To explore the signal amplification mechanism of biosensor, the 
photocurrent of different assembled electrodes were characterized. As 
described in Fig. 2, the ITO/CdS electrode produced a suitable initial 
photocurrent of ~53.47 μA (Fig. 2A), whereas a photocurrent of ~83.99 
μA appeared after the introduction of MB onto the electrode surface 
(Fig. 2B), observing a nearly 1.6-fold increase in the photocurrent 
response compared with that of pure CdS QDs, due to the possible fact 
that MB was served as an enhancer for high-efficiency increasing the 
photocurrent of CdS (Long et al., 2019). However, once numerous 
transformational Fc-DNAs generated from miRNA-224-induced 3D DNA 
walker amplification with the help of free-label DNA were modified onto 
the surface of ITO/CdS/MB-DNA electrode, a dramatically decreased 
photocurrent was observed, due to the “Y”-shaped ternary conjugate 
triggering the approach of quencher Fc and the departure of sensitizer 
MB to CdS, the photocurrent significantly decreased to ~47.06 μA 
(Fig. 2C) (Zhu et al., 2019). Furthermore, the transformational Fc-DNA 
and Ag-DNA were assembled on the same ITO/CdS/MB-DNA electrode 
surface, the photocurrent further decreased (29.18 μA, Fig. 2D), due to 
except the approach of quencher Fc and the departure of sensitizer MB 
toward CdS, the energy transfer between CdS and Ag could effectively 
weaken the PEC response (Zhu et al., 2019; Ma et al., 2016). These re
sults indicate that the multiple signal amplification effect of substrate 
CdS is suitable for constructing the PEC biosensor for highly sensitive 

detection of miRNA-224. 
Also, to understand the PEC signal quenching and enhancing on 

substrate CdS, the possible photocurrent generating mechanism was 
discussed. As described in Fig. 2F, under excitation light source, for CdS/ 
MB sensitized structure, electrons of CdS transferred from VB to CB, and 
electrons of MB transferred to LUMO from HOMO, respectively. After
ward, the photo-generated electrons on LUMO of MB migrated to the CB 
of CdS and then moved to the bare ITO electrode, thus achieving an 
enhanced photocurrent response (Zhu et al., 2019). At the same time, 
AA was served as electron donor to promote charge separation and 
restrain the recombination of electron/hole pairs, so acquiring a strong 
photocurrent. Unfortunately, for CdS/Fc/Ag structure (Fig. 2G), parts of 
the photo-generated electrons on the CB of CdS competitively trans
ferred to the LUMO of Fc, resulting in reduced electrons on the CB of CdS 
move to the bare ITO electrode (Zhu et al., 2019). In addition, the 
plasmon band of Ag NCs possessed great overlap with that of CdS QDs, 
which made possible an energy transfer process between the CdS QDs 
and Ag NCs, leading to a further decreased photocurrent (Ma et al., 
2016). 

On the other hand, a SWV characterization was performed to affirm 
the feasibility of the developed EC biosensor. From Fig. 2H, in the 
absence of miRNA-224, the EC signals were negligible because of the 
non electrochemical activity of CdS (curve a), which only acted as a 

Fig. 2. Photocurrent signals of (A) ITO/CdS, (B) ITO/CdS/MB-DNA, (C) ITO/CdS/MB-DNA/MCH electrode after incubation with transformational Fc-DNA and DNA, 
and (D) ITO/CdS/MB-DNA/MCH electrode after incubation with transformational Fc-DNA and Ag-DNA. The possible photocurrent mechanism of (E) CdS, (F) CdS/ 
MB and (G) CdS/Fc/Ag system. (H) EC responses of (a) ITO/CdS, (b) ITO/CdS/MB-DNA, and (c) ITO/CdS/MB-DNA/MCH after incubation with transformational Fc- 
DNA and Ag-DNA. 

Fig. 3. (A) Photocurrent responses and (B) EIS results of the different electrodes (a) ITO, (b) ITO/CdS, (c) ITO/CdS/MB-DNA, (d) ITO/CdS/MB-DNA/MCH, (e) ITO/ 
CdS/MB-DNA/MCH electrode after incubation with transformational Fc-DNA and Ag-DNA. 
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carrier to improve the modified electrode surface area. After stepwise 
modifying with MB-DNA, a remarkable oxidation peak of MB at about 
− 0.25 V was received because of its high-efficiency electron transfer 
(curve b) (Zhu et al., 2018). However, when the modified electrode was 
incubated with miRNA-224-induced Fc-DNA and Ag-DNA (curve c), an 
outstanding oxidation peak of Fc (about 0.35 V) and a decreased that of 
MB were achieved (Xiong et al., 2017). Based on these results from Fig. 2 
and Fig. S2, it is noted that the developed dual-model “on-super off” 
PEC/dual-signaling EC ratiometric biosensor can be adopted for 
miRNA-224 assay. 

3.3. Fabrication characterization of the dual-model biosensor 

To investigate the fabrication process of the biosensor, the PEC re
sponses of the stepwise-modified procedure were carried out (Fig. 3A). 
After CdS QDs coated on the bare ITO electrode (curve a), a significantly 
enhanced photocurrent response was observed (curve b), because of the 
outstanding photoelectric property of CdS QDs. When MB-DNA is 

assembled onto the modified electrode surface, the photocurrent 
response further increased (curve c). Usually, the introduction of DNA 
sequences onto the surface of electrode would weaken the photocurrent 
(Wen and Ju, 2016; Zang et al., 2016). The wondrous enhanced result 
should be contributed to the dye-sensization effect of MB toward CdS 
(Zhu et al., 2019; Ma et al., 2016). The followed modification with MCH 
led to a decreased photocurrent (curve d). However, the photocurrent 
decreased dramatically after the ITO/CdS/MB-DNA1/MCH electrode 
subjecting to the mixture of transformational Fc-DNA and Ag-DNA 
(curve e), which was attributed to the dramatical quenching effect of 
Fc, the weak sensization effect of MB and energy transfer effect between 
CdS QDs and Ag NCs. 

Simultaneously, EIS was investigated to further evidence stepwise 
assembly of the dual-model biosensor. From Fig. 3B, the bare ITO 
electrode exhibited a small semicircle diameter (curve a) because of the 
fast charge-transfer process (Rct). After the modification with semi
conductor CdS QDs, the Rct value increased (curve b). Then, the Rct value 
successively increased with the in turn modification of negatively- 

Fig. 4. (A) Photocurrent signals of the proposed PEC biosensor for miRNA-224 concentration from (a) to (i): 0.1, 0.2, 1, 2, 10, 20, 100, 200 and 1000 fM. (B) The 
corresponding linear curve. (C) SWV responses of the proposed EC biosensor for miRNA-224 concentration from (a) to (g): 0.5, 2, 10, 20, 100, 200, and 500 fM. 
Dependence of (D) IMB, (E) IFc, (F) IMB/IFc on the logarithm of miRNA-224 concentration. Three independent experiments for the average and standard deviation. 
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charged DNA (curve c) and poor-conductive MCH (curve d). When the 
obtained electrode was reacted with intermediated Fc-DNA and Ag- 
DNA, the hybridization was performed in MB-DNA, Fc-DNA and Ag- 
DNA, resulting in an enhanced Rct value (curve e), indicating the suc
cessful formation of the “Y”-shaped conformation. The obtained results 
indicate the successful preparation of dual-model biosensor for miRNA- 
224 detection (Scheme 1). 

3.4. Dual-model biosensor for miRNA-224 detection 

To investigate analysis capability of the proposed dual-model 
biosensor, PEC responses were first carried out toward a series of 
miRNA-224 concentrations under optimal experimental conditions 
(Figs. S3A–B). From Fig. 4A, the photocurrent responses decreased with 
the increased concentrations of miRNA-224 from 0.1 to 1000 fM. Fig. 4B 
illustrated the corresponding linear response curve between the values 
of photocurrent responses and the logarithm of miRNA-224 concentra
tions. The linear regression equation was I = − 14.5231 logCmiRNA-224 +

55.5461 (R2 = 0.9941), and a detection limit of 0.019 fM (3σ) was 
calculated. 

Meanwhile, a dual-signaling electrochemical ratiometric biosensor 
was investigated by SWV measurements. From Fig. 4C, the oxidation 
peak current of MB decreased and that of Fc increased with miRNA-224 
concentrations increasing from 0.5 to 500 fM. The calibration curves of 
the EC biosensing system through individual MB or Fc as signal for 
miRNA-224 assay were illustrated in Fig. 4D and E. Both of them 
exhibited a satisfactory linear relationship between the logarithm of 
miRNA-224 concentrations from 0.5 to 500 fM and the SWV responses, 
with detection limit of 0.14 (MB signal, R2 = 0.9901) and 0.23 fM (Fc 
signal, R2 = 0.9900), respectively. Moreover, Fig. 4F revealed the cali
bration plot of the EC ratiometric detection of miRNA-224 by depen
dence of IMB/IFc on the logarithm of miRNA-224 concentrations, and a 
linear regression equation was IMB/IFc = − 2.6255 logCmiRNA-224 +

7.2839, (R2 = 0.9982) with a detection limit of 0.061 fM (3σ). It was 
noted that the limit of detection ‘‘IMB/IFc’’ used as signal was much lower 
than that of IMB or IFc. 

Additionally, to our best knowledge, the detection limit of our pro
posed dual-mode biosensor is much lower than that of most other bio
sensors for miRNAs detection reported previously (Table S2), which 
indicates that the established biosensor has an improved sensitivity due 
to the 3D DNA walker circular amplification strategy and the distance- 
controllable signal enhancing and quenching. 

3.5. Selectivity and stability of the proposed biosensor 

To evaluate the selectivity of the fabricated biosensing platform for 

miRNA-224 detection, some interferences miRNAs including miRNA-21, 
miRNA-141, miRNA-155, single-base mismatched miRNA-224 (Sm- 
miRNA-224), double-base mismatched miRNA-224 (Dm-miRNA-224), 
three-base mismatched miRNA-224 (Tm-miRNA-224), and the mixture 
were employed as models. As illustrated in Fig. 5A, compared with the 
blank solution, no obvious change of photocurrent responses could be 
observed after the biosensor incubated with the interferences miRNAs. 
However, the photocurrent for miRNA-155 seemed like similar to 0.1 fM 
of miRNA-224. Six additional experiments were made carefully for them 
to distinguish the photocurrents, respectively. As shown in Table S3, 
statistical significance analysis of them was characterized by using a t- 
test method (Qiu et al., 2018; Ding et al., 2020), and the photocurrent 
responses for miRNA-155 were higher than those from 0.1 fM of 
miRNA-224 (t = 5.777, P < 0.001), demonstrating that the developed 
biosensor could clearly distinguish the photocurrents between 
miRNA-155 and 0.1 fM of miRNA-224. On the contrary, the photocur
rent response showed significant decrease in the present of target 
miRNA-224 or mixture, revealing the superior selectivity of the designed 
biosensing strategy. 

The stability of the developed sensor was also characterized. From 
Fig. 5B, it was clear that the photocurrent responses of ITO/CdS/MB- 
DNA electrode (curve a) or ITO/CdS/MB-DNA/MCH/Fc-DNA + Ag- 
DNA electrode corresponding to 20 fM miRNA-224 (curve b) after 
consecutive 27 cycles with “off-on-off” light illumination exhibited 
negligible changes, respectively. On the other hand, the storing stability 
of the biosensor was investigated by at 4 ◦C in refrigerator with 15 days, 
the photocurrent of the responses could maintain about 96.4% of its 
initial photocurrent toward miRNA-224. The results reveal that the 
biosensing platform possesses satisfactory stability. 

3.6. Recovery test 

To evaluate the feasibility and application potential of the developed 
biosensing platform in complex biological system, the standard addition 
method was performed by PEC characterization to supervise miRNA- 
224 levels in a real human serum sample (collected from the First 
Affiliated Hospital of Zhengzhou University, China). The real sample 
was diluted to 10− fold by 10 mM PBS (pH 7.4) and poured in 0.1, 1, 10, 
100, and 1000 fM miRNA-224 standards. Table S4 showed the obtained 
average and standard deviation of found photocurrents or concentra
tions (n = 3). The recoveries of the added miRNA-224 were 101.3%, 
105.3%, 106.5%, 97.5% and 96.6%, respectively. The above results 
suggest that the proposed biosensor has potential application in miRNA- 
224 assay in actual sample monitoring. 

Fig. 5. Photocurrent responses of (A) the fabricated biosensor toward miRNA-224 (100 fM) and various interferences (5000 fM) and (B) the biosensing platform with 
continuous 27 cycles for (a) ITO/CdS/MB-DNA electrode (b) ITO/CdS/MB-DNA/MCH/Fc-DNA + Ag-DNA electrode toward 20 fM miRNA-224. Three independent 
experiments for the average and standard deviation. 
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4. Conclusions 

Based on biofunctionalized nanostructures-driven signal enhancing 
and quenching strategies combined with 3D DNA walker strategy, a 
dual-mode “on-super off” PEC/ratiometric EC biosensor was success
fully designed for the reliable and ultrasensitive detection of miRNA- 
224. Firstly, the MB-DNA sensitized CdS QDs as superior substrate 
exhibited outstanding photoelectric performance. Then the introduction 
of target-induced 3D DNA walker producing Fc-DNA and Ag-DNA 
resulted in a significantly decreased photocurrent response, due to the 
sensitizer MB diffuse away from the ITO electrode while the quencher Fc 
affixed close to it, accompanying with energy transfer process both CdS 
QDs and Ag NCs. As a result, miRNA-224 could be detected based on the 
dual-signaling EC ratiometric method for complementary PEC detection. 
Benefiting from different mechanisms and relatively independent signal 
transduction, the developed dual-mode biosensor possessed high sensi
tivity, good selectivity, satisfactory stability, and great practical appli
cations in bioanalysis and early disease diagnosis. 
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