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Highlights 

 

 • Se doping MWCNTs-graphene hybrids are prepared and used for supporting 

substrate.  

 • Y-shaped DNA-aided target recycling signal amplification and hemin/G-quadruplex is 

used for signal amplification.  

 • The biosensor used for PDGF-BB detection shows linear range of 0.1 pM-10 nM and 

detection limit of 27 fM.  
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ABSTRACT:  

 

A highly sensitive electrochemical biosensor for detection of platelet-derived growth 

factor-BB (PDGF-BB) is developed by using Se-doped multi-walled carbon 

nanotubes (MWCNTs)-graphene hybrids as electrode supporting substrate, hemin/G-

quadruplex as trace labels and Y-shaped DNA-aided target recycling as signal 

magnifier. The aptamer-containing hairpin probes were first immobilized on the 

electrode. When target PDGF-BB was added, the aptamer binded PDGF-BB to trigger 

catalytic assembly of two other hairpins to form many G-quadruplex Y-junction DNA 

structures, which released PDGF-BB to again bind the intact aptamer to initiate 

another assembly cycle. G-quadruplex/hemin complexes were produced when hemin 

was added to generate substantially amplified current output. The developed assay 

showed a linear range toward PDGF-BB from 0.1 pM to 10 nM with a detection limit 

of 27 fM (S/N=3). The method showed excellent specificity and repeatability, and 

could be expediently applied for sensitive detection of other molecules by simply 

changing the aptamers. 

 

Keywords: Signal amplification; Hemin/G-quadruplex; Y-shaped DNA; Platelet-

derived growth factor-BB 
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1. Introduction 

Platelet derived growth factor-BB (PDGF-BB) relates to some appalling 

diseases, such as atherosclerosis, fibrosis, and many cell transformation and tumor 

growth processes [1]. Usually, its content in inchoate stage of one disease is very low 

[2], so it is necessary to develop sensitive and selective methods for its detection [3]. 

Different assays have been developed for PDGF-BB detection, such as fluorescent 

assays [4], chemiluminescence [5], colorimetric [6] and electrochemical methods [7]. 

For improving the selectivity, antibodies and aptamers have been widely used in these 

methods. However, the critical in vivo synthesis conditions of antibodies have limited 

their applications. Aptamers are DNA/RNA oligonucleotides selected from 

combinatory oligonucletide libraries by an in vitro evolution processes, which possess 

high recognition ability [8]. Furthermore, they show high binding affinity, facile 

preparation, excellent stability, simple labeling and design flexibility [9], which make 

them very suitable for PDGF-BB detection. Electrochemical assays based on aptamers 

have been widely used for protein detection due to good selectivity and high 

sensitivity [10]. 

Recently, signal amplification strategies have been widely used in 

electrochemical biosensor in order to reduce the detection limit [11], mainly including 

nanoparticle tags [4], metal ions [12], electron transfer mediator [13] and biological 

amplification techniques [14,15]. Among them, biological amplification techniques 

based on nucleic acids, such as polymerase chain reaction [16], strand displacement 

amplification (SDA) [17], exonuclease III assisted target recycling [18] and 
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hybridization chain reaction [19], have been paid great attention due to high 

selectivity and sensitivity. Recently, the secondary structures of nucleic acids 

including hairpin [20], G-quadruplex [13], hand-in-hand [21] and cruciform [22] have 

also been used in electrochemical biosensors. Thereinto, Y-DNA contains three 

single-strand DNAs which are partially complementary to each other. Owing to its 

structural flexibility and conformational stability, Y-DNA can be projected to have 

various functional groups to fabricate various aptasensors [23,24]. Furthermore, Y-

DNA has an important effect upon supramolecular nanostructures with manageable 

size, topology, and stability of its building units [25,26]. 

Hemin/G-quadruplex [27] has been employed to construct sensitive 

electrochemical biosensors. It can act as horseradish peroxidase-mimicking 

DNAzyme and therefore overcomes disadvantages of protein enzyme. Furthermore, it 

can serve as catalyst and electron transfer medium. In the hemin/G-quadruplex, hemin 

directly works as an electroactive molecule [28], which is helpful to improve the 

electrochemical performance of the biosensor due to the oxidation of Fe(II) in hemin. 

On the other hand, nanomaterials have been widely used in electrochemical 

biosensor, such as metal nanoparticles, carbon, metal sulfide and polymers. They not 

only can improve the electrochemical response, but also can enhance immobilization 

of biomolecules on the biosensor [29]. In the last decade, graphene and carbon 

nanotubes have been broadly applied for fabricating high-performance 

electrochemical biosensors due to their high surface area, superior electronic 

conductivity and excellent mechanical strength [30,31]. Se element has much higher 
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intrinsic electrical conductivity than S [32]. Au nanoparticles (AuNPs) are mostly 

used in the fabrication of electrochemical biosensor because they have good 

conductivity and can immobilize biomolecule by Au-S bond. 

In this work, a sensitive electrochemical biosensor is developed for PDGF-BB 

detection based on Se doped multi-walled carbon nanotubes (MWCNTs)-graphene 

hybrids (Se-MWCNTs-graphene), AuNPs, Y-shaped DNA-aided target recycling 

signal amplification and hemin/G-quadruplex. Aptamer was designed to contain thiol 

in its sequence. The aptamer was first immobilized on the electrode by Au-S 

interaction. When PDGF-BB was added, aptamer binded with it and triggered 

catalytic assembly of two other hairpins DNAs to form G-quadruplex Y-junction 

DNA structures, which released target PDGF-BB to again bind the intact aptamer to 

initiate another assembly cycle. After that, G-quadruplex/hemin complexes were 

produced when hemin was added to generated substantially amplified current output. 

2. Experimental  

2.1. Chemicals 

Graphite powder, 6-mercapto-hexanol (MCH), KMnO4 and diphenyl diselenide 

were obtained from Sigma Aldrich (St. Louis, MO). Thrombin (TB), immunoglobin 

G (IgG), prostate-specific antigen (PSA) were purchased from Sigma-Aldrich 

(Shanghai, China). Hemin bovine and PDGF-BB were obtained from Shanghai 

Xueman Biotechnology Co. Ltd (Shanghai, China). DNA sequences were designed 
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according to the reference [14] and prepared by Shanghai Sangon Biological 

Engineering Technology Co. Ltd (Shanghai, China). Their sequences are as follows: 

H1: 5-SH-(CH2)6-CAGGCTACGGCACGTAGAGCATCACCATGATCCTGTAGC 

CTGCCTACATCAGGATCATGGTGAATGGGTA-3 

H2: 5-TGGGTAGGGCGGGTCACCATGATCCTGATGTAGGCAGGCTATGCTC 

TACGTGCCGTAGCCTGCCTACATAGGGT-3 

H3: 5-TGGGTAGGGCGGGTATGTAGGCAGGCTACGGCACGTAGAGCACAG 

GATCATGGTGATGCTCTACGTGCCGTAGCCTG-3 

2.2. Apparatus 

The morphologies of products were observed by a scanning electron microscopy 

(SEM, JSM-6510) (JEOL Ltd., Japan) and a transmission electron microscopy (TEM, 

JEM-2100F). The energy dispersive spectrum (EDS) analysis was attached to SEM 

for exploring elementary component. An X-ray powder diffraction (X'Pert-Pro MPD) 

and a Renishaw Raman system model 1000 spectrometer (Gloucestershire, UK) were 

also applied to characterize the samples.  

2.3. Preparation of Se-doped MWCNTs-graphene hybrids 

Graphene oxide was synthesized by modified Hummer’s method [33]. MWCNTs 

were pretreated according to reference [34] in a concentrated sulfuric acid-nitric acid 

mixture (3 : 1 v/v). 5 mg MWCNTs and 5 mg GO were then dispersed in 50 mL 

ethanol. Subsequently, 5 mg diphenyl diselenide was added with 50 min ultrasonic 
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process at 100 W. The mixture was then dried at 40 °C. After that, the obtained solid 

was annealed at 900 °C under argon atmosphere. After cooled to room temperature, 

the black Se-MWCNTs-graphene was isolated and characterized with EDS and XPS.  

2.4. Fabrication of biosensor and electrochemical detection 

Glassy carbon electrode (GCE) was first treated by alumina slurry. After that, 8 

μL Se-MWCNTs-graphene suspension (1 mg mL-1) was applied on it. After washed 

with water and dried in the air, the electrode was dipped in 0.1% HAuCl4 solution 

containing 0.1 M KNO3 to perform electro-deposition of AuNPs at a constant 

potential of -0.2 V for 60 s. Then, 8 μL buffer (10 mM Tris-HCl,1 mM EDTA，10 

mM TCEP, 1 mM MgCl2, 0.1 M NaCl, pH 7.4) containing 1 μM H1 was applied on 

the electrode and incubated for 12 h. 8 μL MCH (1 mM) was then applied on 

electrode and incubated for 120 min. Afterward, the electrode was incubated in the 

solution containing PDFG-BB, H2 (1 μM) and H3 for 30 min at 37 °C. Finally, the 

resultant electrode was incubated in 10 μL of hemin (5 μM) for 30 min.  

Electrochemical test was carried out on a RST5200F electrochemical workstation 

(Zhengzhou Shi Rui Si Instrument, China). A three-electrode system was used with 

platinum wire as auxiliary electrode and Ag/AgCl as reference electrode. CV and EIS 

were detected in a mixture of 1 mM potassium ferricyanide and 0.1 M potassium 

chloride. DPV was carried out in 0.1 M PBS (pH 7.4) with pulse amplitude of 0.005 

V, pulse width of 0.05 s and the pulse period of 0.2 s. 

3. Results and discussion  
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3.1. Design strategy 

Scheme 1 shows working principle of Y-shaped DNA-aided target recycling 

signal amplification strategy. Se-MWCNTs-graphene is first immobilized on the 

electrode and then AuNPs are electrodeposited upon it to act as supporting substrate. 

Aptamer is designed to contain thiol in its sequence. The aptamer-containing hairpin 

probes H1 are first immobilized on the electrode by Au-S interaction. When PDGF-

BB is added, H1 binds with PDGF-BB to produce aptamer/PDGF-BB complex and 

open its hairpin structure. Subsequently, it partly hybridizes with H2 and releases the 

assembly initiation sequence in H2 by forming partial double-strand DNA. The 

remained sequence of the unfolded H2 further hybridizes with H3 to initiate another 

strand displacement reaction to displace the target PDGF-BB and forms the DNA Y-

junction structures. The released target PDGF-BB can again bind the intact H1 to 

initiate another assembly cycle, which results in the generation of vast G-quadruplex 

Y-junction DNA structures. When hemin and K+ are added, the G-quadruplex Y-

junction brings the split G-quadruplex into proximity to produce G-quadruplex/hemin 

complexes.. 

3.2. Characterization 

The SEM images in Fig. 1A exhibits the morphologies of the Se-MWCNTs-

graphene hybrids. The graphene displays well thin-sheet structure with MWCNTs 

twining among the sheets. Fig. 1B shows the TEM image of Se-MWCNTs-graphene 
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hybrids. It can be clearly observed that the MWCNTs intersperse graphene in the 

hybrids. 

The elementary composition of Se-MWCNTs-graphene hybrids was also studied 

by EDS analysis (Fig. 1C). The spectrogram shows the presence of C, O and Se 

elements. The amount of Se in the hybrids is 11.92% (wt.%). XPS characterization was 

also applied for elemental analysis of Se-MWCNTs-graphene hybrids. As presented in 

Fig. 1D, the characteristic peaks of Se3d, O1s and C1s are clearly observed in the full 

region of Se-MWCNTs-graphene hybrids. The EDS and XPS results ascertain the 

successful preparation of Se-MWCNTs-graphene hybrids. 

The Raman spectrum of Se-MWCNTs-graphene and MWCNTs are presented in 

Fig. 2E. The D peak at 1352 cm-1 (corresponds to the presence of disorder in the 

hexagonal graphite layers) and G peak at 1591 cm-1 (in-plane bond stretch of C sp2) 

can be observed clearly. The ID/IG intensity ratio of the Se-MWCNTs-graphene (2.52) 

is higher than the corresponding value of the MWCNTs-graphene (1.22), owing to 

difference in bond length and angles. X-ray diffraction patterns of Se-MWCNTs-

graphene and MWCNTs are shown in Fig. 2F. The Se-MWCNTs-graphene exhibits a 

broad diffraction peak centering at 26.3°, which corresponds to graphitic (002) face. 

Furthermore, peak of 44.5° is ascribed to (110) peak of Fe residuals. 

3.3. Electrochemical characterization  

Different electrodes were studied by CV and EIS. Two well-defined redox 

peaks are obtained on GCE (Fig. 2A, curve a). The peak currents greatly increase 
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when Se-MWCNTs-graphene is applied on the GCE (curve b) due to it can create 

more active sites and significantly enhance the electron transfer rate. After AuNPs 

are electrodeposited on Se-MWCNTs-graphene/GCE (curve c), electrochemical 

signal further increases, because AuNPs can accelerate the electron transfer. 

Significant decrease in peak current appears after H1 (curve d) and MCH (curve e) 

are applied on the electrode respectively, because they obstructs the channel of 

electron transport and electron transfer becomes difficult. After H2, H3 and PDGF-

BB are further applied on the electrode, current responses greatly decrease (curve f). 

The reason is double-strand DNA has more negative charged. After the addition of 

hemin, peak current further decreases (curve g) as the non-conductive hemin 

covering the surface of electrode. These results indicates that the biosensor is 

fabricated as expected. 

Fig. 2B exhibits EIS results of various modification process of biosensor. 

Clearly, the Rct of bare GCE is very small (curve a). After Se-MWCNTs-graphene and 

AuNPs are applied on the GCE, the Rct decreases greatly (curve b and c), which 

shows almost line in EIS, suggesting good conductivity. When the thiol-modified H1 

and MCH are further applied on electrode, Rct increases obviously (curve d and e). 

Notably, the introduce of H2, H3, and PDGF-BB to the electrode causes a big Rct 

(curve f) due to the generation of many double-strand DNA. Finally, when hemin is 

added, Rct further enhances (curve g) because hydrophobic hemin blocks the active 

sites. 

For demonstrating the signal amplification of Se-MWCNTs-graphene, CVs of 
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different electrodes in 1 mM potassium ferricyanide are recorded (Fig. 2C). The Se-

MWCNTs-graphene modified GCE (curve e) displays the biggest redox peak currents 

among GCE，MWCNTs/GCE, graphene/GCE and MWCNTs-graphene/GCE (curves 

a-d), indicating its good electrochemical properties. 

3.4. Optimization 

The effect of incubation time of H2, H3 and PDFG-BB was evaluated (Fig. 

S1A). The DPV signal enhances rapidly when incubation time increases from 10 to 

120 min. The current responses keep almost unchanged in the range of 120-180 min. 

Thus,  120 min was used in the further experiments. 

The influence of H1 concentration on the DPV signal was studied. As shown in 

Fig. S1B, the current signal gradually enhances with the increase of the concentration 

of H1 from 0.1 to 1 μM and then decreases when the concentration is higher than 1 

μM. Therefore, the concentration of H1 of 1 μM was used. 

3.5. Signal amplification of the Y-shaped DNA + hemin/G-quadruplex system 

The signal-amplification effect of the Y-shaped DNA + hemin/G-quadruplex 

system was studied. As shown in Fig. 3, the pure buffer only shows a negligible DPV 

response (curve a). Similarly, the H2 + H3 system can not result in the enhancement 

of current signal (curve b). The reason is that there is no G-quadruplex/hemin 

complex in the system in the absence of PDFG-BB. Nevertheless, the biosensor 

shows a small increase in the peak current (curve c) in the presence of PDFG-BB. It 

mainly comes from the reaction of PDFG-BB and aptamer, which can fold the 

aptamer in G-quadruplex and then interacts with hemin to produce current signal. 
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When the biosensor reacts with PDFG-BB + H2, the current response further 

increases because the unfolded H1 hybridizes with H2 to produce G-

quadruplex/hemin complexes (curve d). More importantly, the coexistence of PDFG-

BB, H2 and H3 shows a great enhancement in current response (curve e) because the 

formation of the G-quadruplex Y-junction structures can bind abundant hemin 

molecules. 

3.6. Analytical performance of biosensor 

The performance of the aptasensor were studied under the optimal conditions. 

The current signal increases with the increase of PDGF-BB concentration (Fig. 4A). 

The dependence of current signal on PDGF-BB concentration is exhibited in Fig. 4B. 

A linear range of 0.0001-10 nM toward PDGF-BB was obtained with a detection limit 

of 27 fM (S/N=3). The linear regression equation was i = -4.68 log (c/M)-65.14 (R = 

0.997). The analytical performance of other PDGF-BB biosensors is listed in Table 

S1. The proposed aptasensor shows superior properties.  

3.7. Specificity, reproducibility and stability 

1 nM of TB, IgG and PSA were detected by the developed biosensor to evaluate 

its specificity. As shown in Fig. 4C, the presence of PDGF-BB induces a big current 

signal, whereas the addition of interferents has negligible effect on the current signal. 

Similarly, a mixed sample (1 nM PDGF-BB coexisting with 1 nM interfering 

components (TB, IgG and PSA)) does not result in obvious change in peak current 

compared to pure PDGF-BB, indicating good specificity of the proposed biosensor. 
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The reproducibility of the proposed biosensor was evaluated. Six proposed 

biosensors were prepared and used to detect 1.5 pM PDGF-BB. 4.5% of RSD was 

obtained, indicating good reproducibility. Moreover, the stability of developed 

biosensor was studied by keeping it under 4 ◦C for 4 weeks and then tested the 

electrochemical signal of 1.5 pM PDGF-BB. 92.8% initial current signal was 

obtained, indicating good stability. The good performance was due to large specific 

surface area of Se-doped MWCNTs-graphene hybrids and the stable hemin/G-

quadruplex structure. 

3.8. Serum samples analysis 

To evaluate its application, the proposed aptasensor was used to detect PDGF-

BB in the human serum. Six serum samples, three from healthy individuals and three 

from patients with hepatic fibrosis, were obtained from the affiliated hospital of 

Xinyang Normal University. The samples were detected by the proposed 

electrochemical aptasensor with one human EIA Kit as reference. Relative low errors 

(3.9-6.0%) between the developed biosensor and ELISA method indicates good 

accuracy of the aptasensor (Table S2). Therefore, this proposed biosensor can be 

applied to detect PDGF-BB in real samples. 

4. Conclusions 

In conclusion, a sensitive electrochemical aptasensor for selective determination 

of PDGF-BB is developed by using Se-doped MWCNTs-graphene hybrids, hemin/G-

quadruplex and Y-shaped DNA probe target-triggered amplification strategy. The Se-

doped MWCNTs-graphene hybrids harbor a high capacity of loading DNA probe and 
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can be used for signal development in aptasensor. In addition, the presence of PDGF-

BB can trigger catalytic assembly formation of many G-quadruplex-containing Y-

junction structures on the surface of the sensor electrode. The G-quadruplex captures 

hemin to produce greatly improved current signal to obtain completely label-free and 

sensitive detection of PDGF-BB down to 27 fM. Strikingly, the proposed assay can be 

easily operated and the matrix separated from the complex real sample containing 

another proteins that act as interference. All these results display an excellent 

specificity and high sensitivity in actual samples. Moreover, the biosensor can be 

employed to detect different targetss by changing the appropriate aptamers. 
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Scheme 1 Preparation of aptasensor. 
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Fig. 1. SEM image (A), TEM image (B), EDXS (C) and XPS survey spectra of Se-

MWCNTs-graphene (D); Raman spectrum (E) and XRD patterns (F) of MWCNTs-

graphene and Se-MWCNTs-graphene. ACCEPTED M
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T
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Fig. 2. (A) CV and (B) EIS of bare GCE (a), Se-MWCNTs-graphene/GCE (b), Au/Se-

MWCNTs-graphene/GCE (c), H1/Au/Se-MWCNTs-graphene/GCE (d), MCH/Au/Se-

MWCNTs-graphene/GCE (e), H2, H3, and PDGF-BB/MCH/Au/Se-MWCNTs-

graphene/GCE (f), hemin/H2, H3, and PDGF-BB/MCH/Au/Se-MWCNTs-

graphene/GCE (g); (C) CV of GCE (a), MWCNTs/GCE (b), graphene/GCE (c), 

MWCNTs-graphene/GCE (d), Se-MWCNTs-graphene/GCE (e). 
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Fig. 3. DPV of buffer (a), H2 + H3 (b), PDGF-BB (c), PDGF-BB + H2 (d), PDGF-BB 

+ H2 + H3 (e). The concentration of PDGF-BB is 1 nM, and those of H1, H2 and H3 

are 1 μM. 
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Fig. 4. (A) DPV of various PDFG-BB concentrations (from a to i): 0; 1×10-13; 2×10-

13; 1×10-12; 1×10-11; 1×10-10; 5×10-10; 1×10-9; 1×10-8 M, respectively; (B) calibration 

plot of the DPV current versus the logarithm concentration of PDFG-BB. Error bar 

shows the standard deviation (SD) of measurement taken from three independent 

experiments; (C) Anti-interference investigation of the proposed aptasensor for the 

target PDGF-BB (1 nM) against other control proteins of TB (1 nM), IgG (1 nM), 

PSA (1 nM) and the mixture (1 nM PDGF-BB, 1 nM TB, 1 nM IgG, 1 nM PSA). 
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