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Abstract An electrochemiluminescence (ECL) biosensor based on functional electrospun 

nanofibers for hybridization detection of specific CdkN2A/p16 anti-oncogene at trace level via 

binding luminescent composite nanoparticles for signal amplification has been developed. The 

carboxylated multiwalled carbon nanotubes (MWCNTs) doped polycaprolactam 6 (PA6) 

electrospun nanofibers (PA6-MWCNTs) was prepared via electrospinning, which served as the 

nanosized backbones for silica nanoparticles (SiO2) electrodeposition. The functional electrospun 

nanofibers (PA6-MWCNTs-SiO2) used as supporting scaffolds for single-stranded DNA1 

(ssDNA1) immobilization can dramatically increase the amount of DNA attachment and the 

sensitivity of hybridization. The sandwich construction of ssDNA1-CdkN2A/p16 anti-oncogene 

-tri(2,2'-bipyridyl)ruthenium(II) (Ru(bpy)3
2+

)/silver nanoparticles (AgNPs) doped gold (Au) 

core-shell luminescent composite nanoparticles (RuAg@AuNPs)-labeled ssDNA2 

(RuAg@Au-ssDNA2) was fabricated through a hybridization reaction. It was observed that high 

amount of doped Ru(bpy)3
2+

 in RuAg@AuNPs successfully amplify the recognition signal by 

adding tripropylamine (TPrA). The change of ECL intensity was found to have a linear 

relationship in respect to the logarithm of the CdkN2A/p16 anti-oncogene concentrations in the 

wide range of 1.010
-15

~1.010
-12 

M, with a detection limit of 0.5 fM (S/N=3) which is 
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comparable or better than that in reported anti-oncogene assays. Excellent sensitivity and 

selectivity make the developed biosensor a promising tool for the detection of tumor biomarkers. 
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1. Introduction  

The CdkN2A/p16 anti-oncogene, well known as multiple tumor suppressor 1 (MTS1) gene, is 

discovered by Kamb [1] in Cold Spring Harbor Laboratory in 1994. The Human genome 

organization (HUGO) officially named it cyclin-dependent kinase inhibitor 2A (CdkN2A). The 

overall length of CdkN2A/p16 anti-oncogene is 8.5 kb, which located and mapped on the short 

arm of chromosome 9, comprised of two introns and three exons (126bp, 307bp, 11bp, 

respectively [2]). The CdkN2A/p16 anti-oncogene, as a participant of cell cycle regulation, is 
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discovered by homozygous deletion, nonsense, missense or frame shift mutation in a large amount 

of carcinogenesis [3-5]. It is closely related to progression and malignancy of tumors. Therefore, 

special recognition and quantitative detection of CdkN2A/p16 anti-oncogene is extremely 

important in fundamental researches and clinical applications.  

To date, a variety of conventional technologies have been developed to evaluate the status of 

CdkN2A/p16 anti-oncogene, such as direct DNA sequencing technology (DS) [6], denaturing 

gradient gel electrophoresis (DGGE) [7], polymerase chain reaction-restricted fragment length 

polymorphism (PCR-RFLP) [8], single-stranded conformation polymorphism (SSCP) [9], 

immunohistochemistry (IHC) [10], etc. They have offered useful and powerful tools in 

studying/screening the phenomenon of homozygous deletions and point mutations. However, the 

present methods are still faced with common drawbacks including semiquantitative at best, 

time-consuming, low sensitivity, complex operation, high cost and so on. Biosensing technologies 

having the advantages of high-sensitivity, simplicity, fast-response, low-cost and compatibility 

with micro fabrication technologies have been widely employed to achieve the accurate 

quantitative detection of related products of the CdkN2A/p16 anti-oncogene compared to the 

conventional methods [11-13]. At present, the point mutations of the CdkN2A/p16 anti-oncogene 

have not been reported at all, and the products reported in the literature are focus on methylation 

and protein of the CdkN2A/p16 anti-oncogene. In the first case, the biosensors can translate the 

methylation genetic recognition event into a corresponding analytical signal through optical [14,15] 

and electrochemical [16, 17] methodologies. In the second case, among the great varieties of 

transduction techniques, piezoelectric [13] and electrochemical [18] methodologies have evolved 

as versatile and powerful techniques for accurate immunosensing of p16 protein. 

Electrochemiluminescence (ECL), the generation of an optical signal triggered by an 

electrochemical reaction, has outstanding advantages, such as versatility, simplified optical setup, 

very low background signal, as well as good temporal and spatial control [19]. It has become an 

excellent and valuable detection technology in biosensors during the past several decades [20]. 

However, to our best knowledge, ECL biosensor has never been applied to detect the related 

products of the CdkN2A/p16 anti-oncogene.  

As an important factor to develop a biosensor device, the amount and stability of the 
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biological recognition molecule was very vital. Although the field of ECL biosensors has grown 

considerably and a great number of different detection methods and strategies are available in the 

past decade [21-23], the researchers still think it is a big challenge that how to make the biological 

recognition molecule utmost and stability immobilizing on the supporting scaffolds [24, 25]. 

Nanofibers produced by electrospinning technology have received much attention on their unique 

physical and chemical properties [26]. Compared with the conventional planar materials, the 

nanofibers can flexibly regulate surface morphology with high porosity, uniform aspect ratio, 

mechanical strength and large surface areas [27]. Several reports have investigated the 

development of electrospun nanofiber-based biosensing platforms for biomolecular detection, 

such as glucose [28, 29], enzyme [30], nucleotide [31] and protein [32]. It is a good choice for 

highly sensitive biosensing applications to combine with electrospun nanofibers. 

In recent years, our group have done a lot of researches on the preparation of electrospun 

nanofibers [33-37]. We functionalized electrospun nanofibers by electropolymerization of intrinsic 

conducting polymers, such as pyrrole, thionine and aniline. The functional composite electrospun 

nanofibers with the unique 3D nanostructure, large specific surface area and good biocompatibility 

used as supporting scaffolds for biological recognition molecule immobilization can dramatically 

increase the amount of molecule attachment and the detection sensitivity. So far, we have prepared 

a variety of electrochemical biosensors based on functional composite electrospun nanofibers to 

detect tumor biomarkers, such as p53 gene [35], k-ras gene [36] and p53 protein [37]. Herein, a 

novel approach of functionalization of electrospun nanofibers has been proposed. The multiwalled 

carbon nanotubes (MWCNTs) doped polycaprolactam 6 (PA6) electrospun nanofibers 

(PA6-MWCNTs) was prepared via electrospinning. Then the PA6-MWCNTs served as the 

nanosized backbones for nano-silica particles (SiO2) electrodeposition. The functional electrospun 

nanofibers (PA6-MWCNTs-SiO2) was obtained successfully for the first time. 

The core-shell composite nanoparticles can be formed that a nanometer material covered with 

another nanometer material by chemical bonds or another affinity. Because of its unique property, 

the core-shell composite nanoparticles differ from the single substance, and are intensely studied 

in the past decades. The luminescence materials, such as tri(2,2'-bipyridyl)ruthenium(II) 

(Ru(bpy)3
2+

), luminol, etc. can be doped into the core-shell composite nanoparticles. Some 
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properties of the luminescence material can be changed through the formation of core-shell 

structure, such as luminous intensity and stability. It was not the simple component adduct 

behavior to change these properties, while it was a synergistic effect of the multi-components 

complex. Hence core-shell luminescent composite nanoparticles are ideal choices of biomolecule 

label for ECL biosensors, and a new approach to the new material design has been opened up. In 

this paper, Ru(bpy)3
2+

-silver nanoparticles (AgNPs) doped gold (Au) core-shell luminescent 

composite nanoparticles (RuAg@AuNPs) were prepared by low-temperature method.  

Herein, on the basis of the original work [35, 36], we provided another successful example to 

demonstrate that the electrospun nanofibers could be used to develop highly efficient DNA-based 

ECL biosensor for sensitive determination of CdkN2A/p16 anti-oncogene. The functional 

electrospun nanofibers (PA6-MWCNTs-SiO2) with the large specific surface area were served as 

the supporting scaffolds to carry the ssDNA1. The ECL biosensor was formed by coupling with 

the CdkN2A/p16 anti-oncogene and RuAg@AuNPs labeled ssDNA2, successively. In fact, the 

combination of functional electrospun nanofibers and core-shell luminescent composite 

nanoparticles can result in enormous signal amplification, and thereby, it makes the ECL biosensor 

achieve high sensitivity. An experimental schematic representation is illustrated in Fig. 1. In this 

paper, the characteristics of the sensing system for detection of the CdkN2A/p16 anti-oncogene 

and the analytical performance were examined. 

 

2. Experimental section   

2.1. Reagents and apparatus 

The DNA oligonucleotides as shown in Table 1 in this study were obtained from Sangon 

Biotechnology (China). Polycaprolactam 6 (PA6) (weight average molecular weight ∼20,000 

g/mol, viscosity 2.2) was purchased from Debiochem (China). Carboxylated multiwalled carbon 

nanotubes (MWCNTs), the diameter of 40-60 nm and the length of 1-10 μm, were obtained from 

Shenzhen Nanotech Port Co. Ltd. (China). Tetraethylorthosilicate (TEOS) and 

trimethoxysilylpropy-diethylenetriamine (DETA) were purchased from United Chemical 

Technologies (Bristol, PA). Ru(bpy)3
2+

 (99.95%), tripropylamine (TPrA), HAuCl4
.
3H2O were 
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purchased from Sigma (USA). Others were all analytical reagents. All of the solutions were 

prepared with ultrapure water by a Millipore Milli-Q system. 

The transmission electron microscope (TEM) images were recorded using JEM-2100F (JEOL, 

Japan). The fluorescence photographs were recorded using IX71-F22FL/PH inverted fluorescence 

microscope (Olympus, Japan). The Field Emission Scanning Electron Microscopy (FESEM) 

images were recorded using an S-4800 FESEM microscope (JEOL, Japan). ECL was measured 

with MPI-E electrochemiluminescence analyzer (Remax Electronic Science Tech. Co. Ltd., 

China), cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and differential 

pulse voltammetry (DPV) were recorded with a CHI 660D electrochemical analyzer (CHI 

instruments Inc., Chenhua Corp., China). 

2.2. Preparation of PA6-MWCNTs-SiO2 electrode 

   The preparation of the nanofibers electrode was similar to previously published protocols [38]. 

In brief, the surface of glassy carbon electrode (GCE) was handled by carefully polishing with 

alumina powder with particle size of 0.3 μm, rinsing with water and ethanol in an ultrasonic bath 

briefly and drying at room temperature, successively. PA6 (31 wt%) and MWCNTs (1 wt%) were 

dissolved in a mixture of cresol and formic acid (6:4, v/v) to obtain a homogeneous solution under 

the vigorous stirring for 12 h at room temperature. Electrospinning was carried out with a 20 mL 

syringe (1.2 mm diameter spinneret) at an electrical potential of 17 kV over a 20 cm gap between 

the spinneret and the clean GCE surface at a rate of 0.1 mL/h. The ambient temperature and 

relative humidity for electrospinning were kept at 25℃ and down to 40%, respectively. It took 3 

min to deposit a nanofiber mat on the surface of the electrode that was marked as the 

PA6-MWCNTs electrode.  

Two different nano-silica particles (SiO2)-modified electrodes were prepared as follows: (1) 

The PA6-MWCNTs-SiO2 electrode. SiO2 were deposited onto the PA6-MWCNTs electrode by a 

multi-potential step electrodeposition technique in 1% fresh TEOS solution containing 5% 

MWCNTs with ultrapure water and ethanol (1:1, v/v) at room temperature. In brief, this procedure 

applied a reduction potential (-2 V) for a fixed period (40 s), followed by a relaxation potential 

(-0.4 V for 80 s) in 5 repeated cycles, initial potential 0 V, sampling interval 0.002 s and static time 

2 s. A modest stir was going on through the electrodeposition. The electrode was washed with 10 
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mM PBS (pH 7.2) thoroughly. The as-prepared electrode was denoted as PA6-MWCNTs-SiO2 

electrode. (2) The SiO2 electrode. The SiO2 was modified on the bare GCE with the same 

processes as (1). The as-prepared electrode was denoted as the SiO2 electrode. 

2.3. Preparation of RuAg@AuNPs labelled ssDNA2 probes 

   Core-shell nanoparticles composed of a core of Ag and a thin layer of Au shell (Ag@Au) 

were synthesized with a low-temperature method through minor revision of the literature [39]. 

Silver nanoparticles (AgNPs) were prepared by NaBH4 reduction of AgClO4 in the presence of 

trisodium citrate (Na3C6H5O7). In brief, 1mL of 0.01 M AgClO4 was rapidly added to 99 mL fresh 

mixed solution containing 1.0 mM NaBH4 and 0.3 mM Na3C6H5O7 in the ice-bath, with the 

violent stirring at 30 min to room temperature, gradually forming a bright yellow colloid solution. 

Adding to a certain amount of sodium dodecyl sulfate (SDS) which was made the concentration 

up to 0.3 mM for steadying colloid and preventing aggregation. The colloid was then purified by 

centrifugation and redispersed in ultrapure water.  

Two different core-shell luminescent composite nanoparticles were prepared as following: (1) 

RuAg@AuNPs. 1 mL AgNPs (The concentration of the AgNPs was calculated to be 0.7 mM using 

anodic stripping voltammetric technology at +0.35 V (vs. Ag/AgCl) with 1 μM AgNO3 as a 

standard according to the literatures [40]), 40 mM Ru(bpy)3
2+

 were dispersed evenly in 100 mL of 

0.3 mM Na3C6H5O7 solution. After that, gold shells, growing on the surface of the AgNPs, were 

simultaneously treated with 0.8 mg HAuCl4
.
3H2O and 3.7 mg NaBH4 solution via dropwise 

addition at the ice-bath and violently stirred a while. After adding 30 M SDS, the core-shell 

nanoparticles were purified by centrifugation and redispersed in ultrapure water. Then the products 

were stored in a dark glass bottle at 4℃ for further use. (2) Ru@AuNPs. The preparation 

processes of (2) and (1) are exactly the same, except that the AgNPs are not doped during the 

preparation. The Ru@AuNPs were stored in a dark glass bottle at 4℃ for further use. 

3'-SH-capped 1 M ssDNA2 was dissolved in 1 mL RuAg@AuNPs solution for 12 hours at 

4℃, which was self-assembled on the surface of RuAg@AuNPs via Au-S bond. It was washed, 

centrifuged, resuspended in 10 mM PBS (pH 7.2). The RuAg@AuNPs labelled ssDNA2 probes 

(RuAg@Au-ssDNA2) were obtained. The concentration of the RuAg@Au-ssDNA2 was 

calculated to be 0.81 M according to the value of ultraviolet (UV) absorption of the ssDNA2 at 
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260 nm. Then, RuAg@Au-ssDNA2 was stored at 4℃ for later use. 

2.4. Fabrication of dsDNA electrode 

Surface modification of PA6-MWCNTs-SiO2 and covalent conjugation of oligonucleotides 

onto the SiO2 nanoparticle surface were prepared according to the references [41,42]. In brief, the 

PA6-MWCNTs-SiO2 electrode was immersed in 5.0 mL freshly prepared solution containing 

DETA (1%) and acetic acid (1.0 mM) for 30 min at room temperature. After rinsed with ultrapure 

water, the above amino-functionalized PA6-MWCNTs-SiO2 electrode was reacted with 5.0 mL of 

glutaraldehyde (GA) solution (5%) for 2 h with shaking in a water bath of 37 ℃. After rinsed 

with ultrapure water, the above electrode was incubated with 1 M of 5'-NH2-capped ssDNA1 in 

10 mM PBS (pH 7.2) for 2 h with stirring in a water bath of 37 ℃. Then the electrode was 

washed with 10 mM PBS (pH 7.2), and the ssDNA electrode was obtained. 

Then the ssDNA electrode was immersed in 10 mM PBS (0.3 M NaCl, pH 7.2) containing a 

certain concentration of CdkN2A/p16 anti-oncogene and RuAg@Au-ssDNA2 with stirring 40 min 

in a water bath of 37 ℃. The as-prepared electrode was marked as dsDNA electrode.  

 2.5. ECL measurement 

The ECL determinations were performed at room temperature in a 10 mL homemade quartz 

cell. A three-electrode system was used with the dsDNA electrode as the working electrode, an 

Ag/AgCl (sat.) as the reference electrode and a platinum wire as the counter electrode. 

Cyclic voltammetry mode with continuous potential scanning from 0.0 to 1.2 V and scanning 

rate of 100 mV s
-1 

was applied to achieve ECL signal in 10 mM PBS containing 1.0 mM TPrA 

(pH 7.2). A high voltage of 800 V was supplied to the photomultiplier for luminescence intensity 

determination, unless explicitly stated, the magnification factor of the photomultiplier was set at 4. 

The ECL and CV curves were recorded simultaneously.  

3. Results and discussion 

3.1. The characterization of the core-shell luminescent composite nanoparticles 

The micromorphologies of Ru(bpy)3
2+

/AgNPs doped Au core-shell luminescent composite 

nanoparticles (RuAg@AuNPs) prepared by a low-temperature method were analyzed by 
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transmission electron microscope (TEM) and inverted fluorescence microscope. As shown in Fig. 

2A, the TEM images were composed of nanoparticles, which have well-defined shape and size, 

and slight aggregation. The RuAg@AuNPs were spherical in shape and extremely uniform in size 

of the average diameter being 70±10 nm. The results were further confirmed by fluorescence 

observations. The fluorescence photographs show that the RuAg@AuNPs emit bright orange light 

at 610 nm (as shown in the inset), which suggests that the RuAg@AuNPs maintain the optical 

property of Ru(bpy)3
2+

 ions in the
 
core-shell structure of the composite. 

The electrochemical characterizations of the RuAg@AuNPs were analyzed using DPV and 

ECL as shown in Fig. 2B. The DPV measurements were conducted for the RuAg@AuNPs (100 

L) and the Ru(bpy)3
2+

 solution (40 M) in 10 mM PBS (pH 7.2) from 0.6 to 1.2 V with pulse 

amplitude 0.05 V, pulse width 0.05 s and pulse period 0.2 s. As shown in the Fig. 2B, two 

independent DPV peaks were clearly observed at potentials of approximately +0.78 V and +1.15 

V versus Ag/AgCl (sat.) for the RuAg@AuNPs (curve a). The +0.78 V is the characteristic peak of 

Au according to the literature [43]. We found that the Ru(bpy)3
2+

 solution had an obvious peak at 

+1.15 V under the same conditions in the DPV curve (red dotted line circle, curve b). It is 

confirmed that the DPV behavior of Ru(bpy)3
2+

 had not changed, and Ru(bpy)3
2+

 was successfully 

loaded in a layer of Au shell. The ECL intensity-time curves of the RuAg@AuNPs were 

investigated and shown in the inset of the Fig. 2B. RuAg@AuNPs exhibited excellent ECL 

behaviors, including significant increase in intensity and stability. It might be attributed to the 

facts that the SDS (anionic surfaceactive agent) stabilized AgNPs carried a large amount of 

Ru(bpy)3
2+ 

via electrostatic interaction and they were doped together in the Au shell, and 

Ru(bpy)3
2+

 molecules were insulated from quenching molecules (oxygen, phenolic compounds, 

etc.) [44] in the external environment. The ECL signal increases sharply at 0.9 V and reaches its 

peak at 1.15 V (Fig. 2C, ECL intensity-potential curves), which is almost the same as that of free 

Ru(bpy)3
2+ 

under the same experimental conditions. These results are in agreement with the 

characteristics of free Ru(bpy)3
2+

 ion [45], which convinces that the RuAg@AuNPs properly 

maintain the electrical properties of the Ru(bpy)3
2+

 ions. 

In order to demonstrate the advantage of the RuAg@AuNPs in ECL amplification, we 

compared the different ECL behaviors between Ru@AuNPs and RuAg@AuNPs (The preparation 

processes of them are exactly the same, except that the AgNPs are not doped during the 
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preparation of the Ru@AuNPs) in 10 mM PBS containing 1.0 mM TPrA (pH 7.2), respectively. 

As shown in Fig. 2C, the ECL behaviors of Ru@AuNPs and RuAg@AuNPs are similar, but the 

ECL signals of the RuAg@AuNPs (curve a) were about 3.4 times higher than that of the 

Ru@AuNPs (curve b). It might be attributed to the facts that RuAg@AuNPs contained a large 

number of Ru(bpy)3
2+

 with the assistance of AgNPs, and AgNPs could be a quasi-coreactant to 

enhance the ECL when Ru(bpy)3
2+

 was used as luminescent reagent [46]. A possible mechanism 

was proposed that AgNPs could react with Ru(bpy)3
2+

 to facilitate the formation of excited state of 

Ru(bpy)3
2+*

, Ru(bpy)3
2+*

 would relax radiation to the ground state and therefore the enhanced 

luminescence was observed. The ECL reactions of RuAg@AuNPs are described in Scheme 1 

[46,47]. Thus, compared with Ru@AuNPs, the RuAg@AuNPs are more suitable as DNA labels in 

this experiment to amplify the ECL signal. 

3.2. The characterization of the PA6-MWCNTs-SiO2 electrode 

In the paper, silica nanoparticles (SiO2) were deposited onto the PA6-MWCNTs electrode via a 

multi-potential step electrodeposition technique. Such an electrochemically triggered pH change 

inducing the nanophase transition is now a well-established process [48,49]. In brief, the method 

involved the immersion of the PA6-MWCNTs electrode into a 1% fresh TEOS (precursor) 

solution containing 5% MWCNTs and the application of a cathodic potential likely to generate the 

basic catalysts (i.e., hydroxyl groups) at the electrode/solution interface, causing thereby a local 

pH increase resulting in the precursors’ polycondensation (partially or completely) and 

concomitant growing of a nanophase materials silica. During the procedure, the normal hydrolysis 

and condensation of TEOS also took place slightly. Both steps are usually performed in “one pot”. 

The FESEM images and the diameter distribution diagrams of PA6-MWCNTs electrospun 

nanofibers and PA6-MWCNTs-SiO2 electrode were showed in Fig. 3A and Fig. 3B, respectively. 

The PA6-MWCNTs electrospun nanofibers are uniform, smooth and without branch structures. 

The nanofibers aligned in random orientation and formed a porous 3D nanofibrous membrane 

structure (the inset of the Figure. 3A). The diameters of the nanofibers range from 50 nm to 300 

nm (the inset of the Figure. 3B). The assembly of SiO2 on PA6-MWCNTs electrospun nanofibers 

electrode can be observed in Figure. 3A. A large quantity of irregular-shaped SiO2 were found to 

distribute uniformly and in high coverage density on the surface of the PA6-MWCNTs electrospun 
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nanofibers. Compared with the PA6-MWCNTs electrospun nanofibers, the diameter of the 

PA6-MWCNTs-SiO2 increased from 200 nm to 500 nm as shown in Figure. 3B. In this case, 

PA6-MWCNTs electrospun nanofibers served as the nanosized backbones for SiO2 

electrodeposition, resulting in the SiO2 covered around the PA6-MWCNTs electrospun nanofibers 

in a coarse structure. By this way, a significantly increasing of the SiO2 amount around 

PA6-MWCNTs electrospun nanofibers was generated.   

The electrochemical surface areas of various electrodes have been evaluated using 

Randles-Sevcik equation (Ip = 2.69 × 10
5
 A D

1/2
 n

3/2
 v

1/2 
C, Ip: peak current, A: electrode area, D: 

diffusion coefficient (0.76 × 10
-5

 cm
2
/s), n: electrons involved, v: sweep rate, C: concentration.) 

according to the reported protocols [50]. In brief, cyclic voltammetry mode with continuous 

potential scanning from -0.2 to 0.6 V and different scanning rate from 0.01 V/s to 0.1 V/s (the 

interval is 0.01 V / s)
 
was applied to bare GCE, SiO2 and PA6-MWCNTs-SiO2 electrodes to 

achieve Ip signals in 5 mM K4[Fe(CN)6] (probe molecule) in 0.1 M KCl, respectively. The slope of 

Ip ~ v
1/2

 was the electrochemical surface area of the electrodes. The surface area was found to be 

0.071, 0.171 and 0.684 cm
2
 for the bare GCE, SiO2 and PA6-MWCNTs-SiO2 electrodes, as shown 

in Table 2. Compared with the bare GCE, the electrochemical surface area of the SiO2 electrode 

significantly improved. It was consistent with the fact that SiO2 with 3D structure produced by 

electrodeposition could effectively increase the specific surface area. The electrochemical surface 

area of the PA6-MWCNTs-SiO2 electrode had a significant increase in contrast to the SiO2 

electrode. It was because that each PA6-MWCNTs electrospun nanofiber with a large surface area 

and conductivity which could be regarded as a quasi-independent modified electrode when the 

SiO2 electrodeposition reaction on the surface of the PA6-MWCNTs electrode. Finally, the 

PA6-MWCNTs-SiO2 electrode congregated the electrodeposition effects of a large number of 

modified electrodes and a huge electrochemical surface area was obtained.  

Herein, the sensitivity of the CdkN2A/p16 anti-oncogene ECL biosensor was investigated 

using SiO2 and PA6-MWCNTs-SiO2 electrodes as supporting scaffolds for ssDNA1 

immobilization, respectively. The fabricate process of the sandwich format of the 

ssDNA1-(CdkN2A/p16 anti-oncogene)-(RuAg@Au-ssDNA2) are exactly the same. As shown in 

the Fig. 3C, the ECL signal of the PA6-MWCNTs-SiO2 electrode (curve c) were about 3.6 times 

stronger than that of the SiO2 electrode (curve a). It might be attributed to the facts that 
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PA6-MWCNTs-SiO2 electrode with larger electrochemical surface area can dramatically increase 

the amount of DNA attachment and the sensitivity of hybridization. The result show that the 

PA6-MWCNTs-SiO2 electrode is better suited as the supporting scaffold for the ssDNA1 in this 

experiment than the SiO2 electrode. Moreover, the detection situation of the PA6-MWCNTs-SiO2 

electrodes using Ru@AuNPs and RuAg@AuNPs as DNA labels was investigated, respectively. 

The ECL signals of the RuAg@AuNPs-dsDNA electrode (curve c) were remarkably stronger than 

that obtained of the Ru@AuNPs-dsDNA electrode (curve b) as shown in the Fig. 3C. Thus, a 

higher sensitivity of the CdkN2A/p16 anti-oncogene ECL biosensor was obtained by using 

PA6-MWCNTs-SiO2 electrode as supporting scaffold and RuAg@AuNPs as DNA labels in this 

experiment.    

3.3. CV and EIS behaviors of different modified electrodes  

The fabrication processes of the electrochemiluminescence biosensor were characterized by 

CV and EIS using [Fe(CN)6]
3-/4-

. The corresponding CV curves of the electrodes were used for 

recording each immobilization step as shown in Fig. 4A. A pair of well-defined 

reduction/oxidation peaks was obtained by a bare GCE (curve a). Compared with the former, the 

voltammogram was observed at the PA6-MWCNTs electrode (curve c) which declined a slightly 

in the redox current. It is consistent with the fact that tiny MWCNTs produced the effect on the 

conductivity of the PA6, moreover MWCNTs could improve the mechanical stability and prolong 

the durability of nanofibers under operating conditions [51]. An increase was presented in the 

redox current for PA6-MWCNTs-SiO2 electrode (curve b). The SiO2 nanoparticles were densely 

formed around the PA6-MWCNTs electrospun nanofibers. It might be attributed to the fact that 

the facilitation in charge-transport characteristics of SiO2 nanoparticles (which created because of 

conductivity effect and abundancy of MWCNTs attached/doped to SiO2 nanoparticles) could 

greatly promote electron-transfer reactions of the electrode surface and led to the increase in the 

redox current. Once the ssDNA1 was adsorbed onto the PA6-MWCNTs-SiO2 electrode by 

covalent binding, asymmetric and irreversible waves accompanied by a decline in the redox 

current were obtained for the ssDNA electrode (curve d). The ssDNA1 which had a single-strand 

nucleic acid with negative charges on its phosphate backbone, making an electrostatic repulsive 

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

to hinder the electron transfer, implying that ssDNA1 was successfully 
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immobilized onto the PA6-MWCNTs-SiO2 electrode surface. After hybridization, the peak current 

was further decreased (curve e) because of the increasing in the number of nucleic acids.  

EIS is a well-established technique in investigating the feature of the surface-modified 

electrodes. For EIS measurements, [Fe(CN)6]
3−/4−

 was utilized as the redox probe and Nyquist 

plots were used to evaluate the Ret for modified electrodes. As shown in Fig. 4B, a smaller Ret 

displayed on the bare GCE (curve a). When the PA6-MWCNTs electrospun nanofibers were 

deposited on the surface of the electrode, the Ret was increased (curve b). Owing to the 

conductivity of SiO2 nanoparticles, the semicircle diameter of the PA6-MWCNTs-SiO2 electrode 

was decreased (curve c). Once the ssDNA1 was adsorbed onto the PA6-MWCNTs-SiO2 electrode, 

the Ret was significantly increased (curve d). After hybridization, the Ret was continued to increase 

(curve e). It was consistent with the fact that the layer of nucleic acid molecules can insulate and 

perturb the interfacial electron transfer between the electrode and the electroactive species 

([Fe(CN)6]
3−/4−

) in solution. As a result, we can conclude that the proposed DNA biosensor was 

fabricated successfully. The change in the CV and EIS curves of the electrodes illustrated the 

successful modification of the PA6-MWCNTs-SiO2 onto GCE. It also indicated that the 

interactions between the ssDNA (1 and 2) and the CdkN2A/p16 anti-oncogene arose successively. 

3.4. The characterization of the electrochemiluminescence biosensors 

The performance of the electrochemiluminescence biosensors was related to the stability of 

the ssDNA electrode. After 7 days of storage at 4 ℃, the ssDNA electrode was investigated by 

doing a consecutive cycles of cyclic potential measurement in [Fe(CN)6]
3-/4- 

solution. As shown in 

Fig. 5A, after 20 cycles, rather small changes (<2 %) in the current responses were observed for 

the given ssDNA electrode. The result indicated that the ssDNA electrode was a stable sensing 

platform. At the same time, it also suggested that the ssDNA sequence was firmly immobilized on 

the PA6-MWCNTs-SiO2 electrode surface due to covalent linkage. The freshly prepared ssDNA 

electrode (Fig. 5B, group curves a) and the above ssDNA electrode (7 days of storage at 4 ℃, Fig. 

5B, group curves b) used to hybridize with the target CdkN2A/p16 anti-oncogene, respectively. 

Then 97.1% of the initial ECL signal was remained. After 3 weeks, the response of ECL signal 

decreased gradually and maintained about 90.3 % of the initial value. According to the obtained 

results, 4 ℃ was suitable condition for storage of the ssDNA electrode and the stability of this 
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fabricated CdkN2A/p16 anti-oncogene biosensor is appropriate. 

Herein, the binding specificity of the ECL biosensor to DNA sequence was investigated by 

the control hybridization experiments for complementary DNA (CdkN2A/p16 anti-oncogene), 

one-base mismatched DNA, three-base mismatched DNA, noncomplementary DNA and the blank. 

As shown in Fig. 6, the ECL intensity of the blank and noncomplementary sequence of the 

CdkN2A/p16 anti-oncogene were almost negligible (Fig. 6a and e). When the ssDNA electrode 

was hybridized with the three-base mismatched sequence of the CdkN2A/p16 anti-oncogene (Fig. 

6d), the IECL was a bit raising. The one-base mismatched DNA (C/A mismatched) gives about 58 % 

signal compared to the complementary DNA (Fig. 6c). The largest ECL intensity was achieved by 

detecting CdkN2A/p16 anti-oncogene for the ssDNA electrode (Fig. 6b), indicating that the 

dsDNA had been successfully formed. The relative standard deviation (RSD) of the IECL of 

CdkN2A/p16 anti-oncogene (1 nM) by 6 times repeated measurements was 2.43%, displaying the 

good reproducibility of this method. The experiment was repeated three times to observe its 

reproducibility. It also explained that the ssDNA1, CdkN2A/p16 anti-oncogene and 

RuAg@AuNPs modified ssDNA2 maintained their activity and unique structure on the 

PA6-MWCNTs-SiO2 electrode in the present protocol. In summary, the ECL biosensor 

demonstrated good performance, including higher stability, specificity and reproducibility. 

3.5. Optimization of experimental conditions 

In order to maximize the detection sensitivity of the proposed ECL biosensor, various 

conditions were optimized by single factor experiments. The depositing time of the 

PA6-MWCNTs electrospun nanofibers on the surface of the GCE was manipulated according to 

the previously published protocols [34]. The efficiency of the hybridization is in correlation with 

the ionic strength of the hybridization buffer, hybridization time and hybridization temperature. 

The ECL signal of RuAg@Au at +1.17 V versus Ag/AgCl (sat.) increased with the increase of the 

NaCl concentration and the hybridization time. It reached plateau regions at the NaCl 

concentration of 0.3 M and the hybridization time of 40 min. Thus, the optimal NaCl 

concentration and hybridization time were chosen at 0.3 M and 40 min. The curve that the ECL 

intensity varied with the hybridization temperature from 5 to 50 ℃ with an increment of 5 ℃ 

was like a parabola and its peak was about at 37 ℃. So, 37 ℃ was chosen as the optimal 
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hybridization temperature.  

The detecting buffer solution has great impact on ECL signal of the RuAg@Au. In order to 

obtain the optimal ECL response, the effects of concentration of TPrA (ECL coreactant) and the 

pH of the buffer solution on ECL intensity were investigated. The ECL intensity varied with the 

concentration of the TPrA from 0 to 2.0 mM with an increment of 0.5 mM was like a parabola and 

its peak was at 1.0 mM. So, 1.0 mM was chosen as the concentration of the TPrA. The pH values 

of PBS solution in the range from 5.0 to 9.0 were considered in the study. The ECL intensity 

increased with the increase of pH values from 5.0 to 7.0 and then decreased in the range of 7.5 to 

9.0, with a plateau in the range of 7.0 to 7.5. To generate an ECL signal at high efficiency, strong 

reducing species TPrA• plays an important role in the ECL mechanism of the Ru(bpy)3
2+

/TPrA 

system according to the literature [52]. It was consistent with the fact that the short-lived TPrA 

radical cation (TPrA•
+
) is believed to lose a proton from the R-carbon to form the TPrA• in the 

partial alkaline condition [52]. Considering the survival condition of ssDNA and CdkN2A/p16 

anti-oncogene, pH 7.2 was selected as the optimized pH value of PBS at the following experiment. 

3.6. The calibration curve of CdkN2A/p16 anti-oncogene detection 

The sensitivity of the ECL biosensor was investigated. ECL responses for various dsDNA 

electrodes are shown in Fig. 7. The ECL intensity difference [ΔIECL, ΔIECL =IECL – I
0
ECL(blank)] of 

the dsDNA electrodes grew when the CdkN2A/p16 anti-oncogene concentration increased, and 

the ΔIECL was found to be linear with the logarithm of CdkN2A/p16 anti-oncogene concentration 

in the range from 1 fM to 1 pM (as shown in the inset). The equation for the resulting calibration 

plot was y =191.8 x + 431.3 (x was the log concentration of CdkN2A/p16 anti-oncogene in log fM, 

y was the ΔIECL), the correlation coefficient was 0.9993, and a detection limit of 0.5 fM was 

estimated by using 3σ (where σ is the relative standard deviation of a blank solution, n=11). The 

consistent data was obtained as shown in the error bar in the inset of the Fig. 7 when the 

experiment was repeated three times. 
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4. Conclusions 

   In summary, an ECL biosensor based on functional electrospun nanofibers for sensitive 

detection of CdkN2A/p16 anti-oncogene via binding luminescent composite nanoparticles for 

signal amplification has been designed. The PA6-MWCNTs-SiO2 electrode with unique 3D 

nanostructure, large specific surface area and good biocompatibility (amino-functionalized) served 

as the supporting scaffold, which could not only firmly immobilize the ssDNA sequence via 

covalent linkage, but also significantly increase the amount of the ssDNA. RuAg@AuNPs 

exhibited excellent ECL behaviors on GCE with assistance of AgNPs, and are good DNA label. In 

fact, the combination of functional electrospun nanofibers and core-shell luminescent composite 

nanoparticles can result in enormous signal amplification, and thereby, it makes the ECL biosensor 

achieve high sensitivity. The biosensor displayed wide linear range, high sensitivity and good 

stability. The assay allows detection limit as low as 0.5 fM of CdkN2A/p16 anti-oncogene, which 

is comparable or better than that in reported anti-oncogene assays. The excellent analytical 

performances make the developed ECL biosensor a promising tool for the detection of many kinds 

of biomolecules at trace level, such as DNA, RNA and protein, etc. 
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Table 1. Oligonucleotide sequences used in the experiment. 

Table 2. The electrochemical surface areas of various electrodes.  

Fig. 1. Schematic representation of the preparation of the ECL biosensor. 

Fig. 2. (A) TEM image of RuAg@AuNPs, Inset: the fluorescence photograph of RuAg@AuNPs. 

(B) The DPV curves for the RuAg@AuNPs (100 L, curve a) and the Ru(bpy)3
2+

 solution (40 M, 

curve b) in 10 mM PBS (pH 7.2). Scan range: 0.6~1.2 V (vs. Ag/AgCl), pulse amplitude: 0.05 V, 

pulse width: 0.05 s and pulse period: 0.2 s. Inset: The ECL intensity-time curves of the 

RuAg@AuNPs in 10 mM PBS containing 1.0 mM TPrA (pH 7.2). (C) The ECL 

intensity-potential curves of RuAg@AuNPs (a) and Ru@AuNPs (b) in 10 mM PBS containing 

1.0 mM TPrA (pH 7.2). 

Fig. 3. (A) FESEM image of the PA6-MWCNTs-SiO2 electrode, Inset: FESEM image of the 

PA6-MWCNTs electrospun nanofibers. (B) The diameter distribution of the PA6-MWCNTs-SiO2 

functional electrospun nanofibers, Inset: the diameter distribution of the PA6-MWCNTs 

electrospun nanofibers. (C) The ECL intensity-time curves of the electrodes in 10 mM PBS 

containing 1.0 mM TPrA (pH 7.2), RuAg@Au-dsDNA/ SiO2 electrode (a), 

Ru@Au-dsDNA/PA6-MWCNTs-SiO2 electrode (b) and RuAg@Au-dsDNA/ PA6-MWCNTs-SiO2 

electrode (c). 

Fig. 4. (A) CV curves in 1 mM [Fe(CN)6]
3-/4-

 solution of the bare GCE (a), PA6-MWCNTs-SiO2 

electrode (b), PA6-MWCNTs electrode (c), ssDNA electrode (d) and dsDNA electrode (e). Scan 

rate: 0.05 V/s, scan range: -0.2 to 0.6 V. (B) Nyquist plots for the impedance measurement in 10 

mM [Fe(CN)6]
3−/4−

 solution for the bare GCE (a), PA6-MWCNTs electrode (b), 

PA6-MWCNTs-SiO2 electrode (c), ssDNA electrode (d), dsDNA electrode (e).  

Fig. 5. (A) Repetitive CV curves of the ssDNA electrode in 1 mM [Fe(CN)6]
3-/4-

 solution with 20 

continuous cyclic scans. Scan rate: 0.05 V/s, scan range: -0.2 to 0.6 V. Inset: the partial 

enlargement graph. (B) ECL responses for various dsDNA electrodes. The ssDNA electrodes were 

freshly prepared (a), after 7 days of storage at 4 ℃ (b), and the concentrations of CdkN2A/p16 

anti-oncogene were 100 pM. 

Fig. 6. ECL responses for various dsDNA electrodes: blank (a), 1 nM CdkN2A/p16 anti-oncogene 

(b), 1 nM one-base mismatched sequence (C/A mismatched) (c), 1 nM three-base mismatched 
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sequence (G/T, C/A, G/A mismatched) (d), and 1 nM non-complementation sequence (e).  

Fig. 7. ECL responses for various dsDNA electrodes. The concentrations of CdkN2A/p16 

anti-oncogene were 0 M (a), 1 fM (b), 10 fM (c), 100 fM (d), 1 pM (e), 10 pM (f), 100 pM (g), 1 

nM (h) and 10 nM (i). Inset: Related calibration plot versus CdkN2A/p16 anti-oncogene 

concentrations in a range from 1 fM to 1 pM. 

Scheme 1. Schematic illustration of the ECL mechanisms of the RuAg@AuNPs system.  

Note: We hope that all Figures will appear in color on the Web and submit to the reviewers, but in 

black and white in the printed version. 
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Fig. 2. 

 

 

 



 

 27 

 

 

 

 



 

 28 

 

Fig. 3. 
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Fig. 4. 
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Fig. 5. 
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Fig. 6. 

 

 

Fig. 7. 
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Table 1. Oligonucleotide sequences used in the experiment. 

Primer Sequence 5'-3' 

CdkN2A/p16 anti-oncogene ATTTAGGTAGCGGGCGGCTAG 

ssDNA1 H2N-CTAGCCGCCCGC 

ssDNA2 TACCTAAAT-SH 

a 
one-base mismatch ATTTAGGTAGAGGGCGGCTAG 

a
 three-base mismatch ATTTATGTAGAGGGCGACTAG 

non-complementation CCCTTCACGTATTTAAAGCCA 

a
 The underlined red bases are mismatched ones. 

 

 

Table 2 The electrochemical surface areas of various electrodes. 

Parameter     bare GCE     SiO2/GCE    PA6-MWCNTs-SiO2/GCE 

A(cm
2
)        0.071          0.171               0.684 
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Highlights: 

 The functional electrospun nanofibers (PA6-MWCNTs-SiO2) were first 

fabricated by electrospinning/electrodeposition technique. 

 It is the first ECL biosensor based on PA6-MWCNTs-SiO2 to detect the 

CdkN2A/p16 anti-oncogene at trace level. 

 The core-shell luminescent composite nanoparticles (RuAg@AuNPs) as DNA 

label can dramatically amplify the ECL signal and enhance the sensitivity of 

detection.  

 The detection limit for p16 is 0.5 fM, which is comparable or better than that 

in reported anti-oncogene assays. 




