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In this paper, an effective and accurate ratiometric electrochemiluminescence (ECL) system based 

on designed anti-fouling peptide was constructed for detecting carcinoembryonic antigens (CEA) 

in complex samples with high selectivity and good sensitivity.  
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Abstract 1 

In this paper, an effective and accurate ratiometric electrochemiluminescence (ECL) system based 2 

on Au-luminol and CdS quantum dots (CdS QDs) as signal probes was constructed for detecting 3 

carcinoembryonic antigen (CEA). Polyaniline (PANI) and gold nanoparticles (AuNPs) strongly 4 

enhanced the electronic transfer efficiency and the specific area of the modified sensing surface, 5 

and improved the detection sensitivity. CdS QDs functionalized DNA strands functioned as 6 

cathode ECL emitters, and the aptamer of CEA modified with Au-luminol and quencher cyanine 7 

dye (Cy5) fluorophore functioned as anode ECL emitters. After the DNA capture probe combined 8 

with CEA aptamer, the negative potential ECL response of the CdS QDs was quenched because of 9 

electrochemiluminescence resonance energy transfer (ERET) between the Cy5 fluorophore and 10 

CdS QDs. However, the positive potential ECL response of Au-luminol can still be detected. The 11 

negative potential ECL response of CdS QDs was recovered, and the positive potential ECL 12 

response of Au-luminol decreased after CEA combined with its aptamer to take Cy5 and 13 

Au-luminol off the sensing interface. Additionally, the peptide provided effective anti-fouling 14 

performance in the detection of complex samples. The ratiometric ECL sensor with anti-fouling 15 

ability can sensitively determine the concentration of CEA in human serum.  16 

Keywords: Electrogenerated Chemiluminescence (ECL), Anti-fouling Peptide, Ratiometric 17 

Biosensor, Carcinoembryonic Antigen, Au-luminol, CdS QDs 18 
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Introduction  1 

Cancer poses a serious threat to human health, second only to heart disease, and can lead to 2 

high mortality.[1,2] The early detection of cancer can prolong the lives of cancer patients.[3,4] 3 

Carcinoembryonic antigen (CEA), a glycoprotein produced by human tumor cells, is a key cancer 4 

biomarker in clinical diagnosis and treatment.[5,6] The formation of many tumors in the human 5 

body often leads to high levels of CEA expression.[7] Many reports have claimed that serum CEA 6 

levels are significantly higher in some cancer patients, such as those with colon cancer.[8] 7 

Consequently, the sensitive determination of CEA has been of high interest to scientists. Thus far, 8 

many strategies for analyzing the CEA content have been reported,[9-11] for example, fluorescence 9 

immunoassay (FIA),[12-14] inductively coupled plasma mass spectrometry (ICPMS),[15,16] 10 

photochemical (PEC) analysis,[17] chemiluminescence analysis,[18-20] enzyme-linked immunoassay 11 

(ELISA),[21-23] electrochemical analysis,[24,25] and surface-enhanced Raman scattering 12 

(SERS).[26,27] 13 

Electrochemiluminescence (ECL) is a chemiluminescence initiated by an electrochemical 14 

stimulus. Different from fluorescence, ECL does not need an external light source but instead 15 

excites the luminescent substance by applying the electrode potential to produce 16 

chemiluminescence. During ECL analysis, false positive or negative signals are inevitable due to 17 

instrumental or environmental factors for a single signal-based strategy. The dual-signal 18 

ratiometric technique can eliminate external interference and improve the reliability of detection. 19 

As a powerful analytical technique, ECL has the advantages of controllability, low operational 20 

difficulty and low background compared with traditional analytical methods and has great 21 

development prospects in sensing analysis.[28-32] However, many biosensors will face an extremely 22 
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serious challenge in the actual detection, that is, the sensor interface in the complex matrix will 1 

greatly impair the performance of the sensor because of the nonspecific adsorption of proteins. To 2 

reduce the strong nonspecific attachment of contaminants to the sensing interface, the 3 

development of an anti-fouling sensing surface modified with anti-fouling materials, such as 4 

polyethylene glycol (PEG) polymers,[33-35] amphoteric polymers,[36-38] and peptide,[39-44] has been 5 

attempted. Recently, some strategies using nanoporous gold[45] or silica films[46] for detection in 6 

complex real samples have also been reported. Among these materials, the peptide composed of 7 

natural amino acids, which has good biocompatibility, has become a potential anti-fouling 8 

candidate material with great application potential.[47] 9 

Compared with the single signal detection method, the results of the ratio-based signal detection 10 

method in the variable complex external environment are more accurate, and the interference is 11 

eliminated by self-tuning the two emissions.[48] Over the past 20 years, Au-luminol and CdS QDs 12 

have been widely used in the field of biochemical analysis sensing because of their remarkable 13 

advantages in electrochemical reactions.[49] Our group has previously reported several works 14 

based on ratio-type signals in which the sensitivity and accuracy of detection have been greatly 15 

improved.[50-52] 16 

Based on the above research progress, this paper introduces a ratiometric ECL biosensor based 17 

on anti-fouling peptide for the ultrasensitive determination of CEA. The system uses Au-luminol 18 

for the positive potential ECL and CdS QDs for the negative potential ECL. CEA was determined 19 

according to the ratiometric ECL signal at two different excitation potentials. The ratiometric ECL 20 

biosensor is expected to provide a sensitive and reliable analytical strategy for clinical diagnosis 21 

and biosensing development in the future. 22 
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EXPERIMENTAL SECTION 1 

Reagents and Materials. Chloroauric acid (HAuCl4), chromium chloride (CdCl2), aniline, 2 

mercaptopropionic acid (MPA), thioacetamide, luminol, fetal bovine serum (FBS), bovine serum 3 

albumin (BSA), N-hydroxysulfosuccinimide sodium salt (NHS), 4 

1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC), sulfuric acid (H2SO4, 95.0-98.0%), 5 

sodium hydroxide (NaOH), hydrogen peroxide (H2O2, 30%), potassium persulfate (K2S2O8), 6 

thrombin glucose, hemoglobin, uric acid, and human alpha fetoprotein (AFP) were obtained from 7 

Sigma-Aldrich. An indium tin oxide (ITO) coated glass slide was obtained from NanoSci Inc. 8 

(China). Raw cells and HeLa cells were obtained from the KeyGEN BioTECH Co. (China). 9 

Tris(2-carboxyethyl) phosphine hydrochloride (TCEP), DNA oligonucleotides, CEA and peptide 10 

were obtained from the Sangon Biological Engineering Technology & Services Co. (Shanghai, 11 

China). The sequences of the peptide, DNA1 (complementary) and DNA2 (aptamer of CEA) 12 

strands are as follows: 13 

DKDKDKDPPPPC 14 

5’-AATTGAATAAGCACCCCCTTTTTT-(CH2)6-NH2-3’(DNA1) 15 

5’-Cy5-TATCCAGCTTATTCAATTTTTTTT-(CH2)6-SH-3’(DNA2) 16 

Apparatus. ECL emission was detected on an MPI-E multifunctional electrochemical and 17 

chemiluminescent analytical system (Xi’an Remax Electronic Science and Technology Co., Ltd., 18 

Xi’an, China). Cyclic voltammetry (CV), differential pulse voltammetry (DPV) and 19 

electrochemical impedance spectra (EIS) measurements were carried out with a CHI 660E 20 

electrochemistry workstation (Shanghai CH Instruments, China) at room temperature. The 21 

three-electrode system using an ITO electrode as the working electrode, Ag/AgCl (saturated KCl) 22 
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as the reference electrode and platinum wire as the counter electrode was used for all 1 

electrochemical tests. A scanning electron microscope (S-4800, Hitachi) was used to obtain the 2 

scanning electron micrographs (SEM). A JEOL-JEM 200 CX transmission electron microscope 3 

(Hitachi Instrument, Japan) was used to obtain the transmission electron micrographs (TEM). The 4 

confocal images were obtained by a TCS SP5 confocal laser microscope (Leica, Germany). The 5 

contact angle images were measured by a JC2000D1 static water contact angle (WCA) meter 6 

(Shanghai Zhongchen Instrument, China). 7 

Synthesis of Water-Soluble CdS QDs. The CdS QDs were synthesized by a strategy already 8 

reported.[53] First, a CdCl2 (20 mL, 20 mM) solution and MPA (86 μL) as a stabilizer were mixed 9 

at room temperature. After adjusting the pH of the system to 10 with 1 M NaOH, thioacetamide 10 

aqueous (20 mL, 20 mM) solution was added and stirred extensively for 30 min in air. Then, the 11 

mixture was refluxed at 80 °C for 10 h and purified overnight by dialysis in 25 °C deionized water. 12 

Finally, the resulting quantum dot solution was stored at 4 °C. 13 

Production of Au-luminol−DNA2 Probes. First, red precipitate was obtained by centrifuging 14 

the prepared Au-luminol solution (12000 rcf, 10 min). Meanwhile, the sulfhydryl groups of the 15 

CEA aptamer (35 μL, 1 μM) were activated with TCEP (15 μL, 10 mM) for 0.5 h. Next, the 16 

activated aptamer solution was mixed with the prepared Au-luminol solution and then sonicated 17 

for 12 h to bind them through the Au-S bond. Finally, the resulting mixture was purified by 18 

centrifugation (10000 rcf, 5 min) and dispersed with 200 μL of PBS (0.1 M, pH=7.4). 19 

Fabrication of the Ratiometric ECL Biosensor. All ITO electrodes (0.5 cm×3.0 cm) were 20 

ultrasonically cleaned in anhydrous acetone, ethanol and water for 20 min before use. PANI was 21 

polymerized to the ITO electrode surface by CV electropolymerization in 0.5 M H2SO4 solution 22 
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with 0.5 M aniline from - 0.2 V to + 0.8 V at 100 mV·s-1. Then, 50 μL of AuNP colloid was 1 

uniformly coated on the sensing surface for 30 min, and washed the electrode. Subsequently, the 2 

modified sensing surface was incubated in 0.1 M PBS (pH=7.4) including 2.0 mg/mL peptide 3 

and 10 mM TCEP for 12 h to attach the peptide to AuNPs via the Au-S bond. Next, the carboxy 4 

groups on CdS QDs were activated with 0.1 M EDC and 0.01 M NHS for 1 h, and then, the 5 

activated CdS QDs were coated on the modified electrode for 4 h so that they were connected to 6 

the peptide by amide bonds. Then, 50 μL of 1 μM DNA1 was dripped onto the modified 7 

electrode and connected to CdS QDs by amide bonds. Finally, 50 μL of Au-luminol-DNA2 8 

probes prepared by the above process was applied to the electrode for hybridization for 2 h. The 9 

electrodes were cleaned three times using 0.1 M PBS (pH=7.4) for subsequent detection. 10 

ECL Response of CEA. First, different amounts of CEA were dissolved into 0.1 M PBS 11 

(pH=7.4) and then used to soak the sensing interface for 4 h. Then, after washing the electrode 12 

with 0.1 M PBS (pH=7.4), the ECL response was tested in PBS (0.1 M, pH=8.0) including 0.1 M 13 

K2S2O8 and 6.5 mM H2O2. The voltage range was from -1.5 to +0.8 V, and the voltage of the 14 

photomultiplier tube (PMT) was set at 800 V. 15 

RESULTS AND DISCUSSION 16 

Principle of the Ratiometric Anti-fouling ECL Biosensor. Scheme 1 shows the stepwise 17 

process to establish this ECL biosensor. CdS QDs were used as cathode ECL emitters, and the 18 

CEA aptamers (DNA2) modified by Au-luminol and quenching agent Cy5 fluorescent groups 19 

were used as anode ECL emitters. In the absence of CEA, the ERET between the fluorophore Cy5 20 

and CdS QDs quenched the negative potential ECL response of CdS QDs, but the positive 21 

potential ECL response of Au-luminol can still be detected. Alternately, if CEA in present, it binds 22 
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to the substrate chain to detach Cy5 and Au-luminol from the sensing interface, which leads to a 1 

decrease of the positive potential ECL response and the recovery of the negative potential ECL 2 

response. According to the ratiometric ECL response under two different potentials, CEA was 3 

sensitively determined. More importantly, the introduction of anti-fouling peptide enabled the 4 

prepared biosensor to detect CEA in complex samples, such as human serum, with excellent 5 

selectivity. 6 

 7 

Scheme 1. Illustrative diagram of the anti-fouling ratiometric ECL system. 8 

Morphological Characteristics of the Sensing Interfaces Developed. The morphologies of 9 

the step-by-step electrode surface were characterized by SEM (Figure 1). Figure 1A shows the 10 

surface morphology of the bare ITO. In contrast with the bare electrode, a new reticular structure 11 

can be observed on the surface of the ITO, which indicated that PANI was successfully deposited 12 

on the ITO (Figure 1B). The AuNPs were also very evenly coated on its mesh structure surface, as 13 
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shown in Figure 1C. 1 

 2 

Figure 1. SEM characterization of the bare ITO (A), PANI/ITO (B), and AuNPs on PANI (C). 3 

Features of AuNPs, Au-luminol and CdS QDs. The preparation of AuNPs and Au-luminol is 4 

detailed in Section 1 of the Supporting Information. The measurement and appearance of the 5 

synthesized Au-luminol, AuNPs and CdS QDs were observed by TEM. It can be observed from 6 

Figure S1A that, the average particle size of the prepared AuNPs was approximately 15 nm, the 7 

particle size of the Au-luminol (Figure S1B) was approximately 14 nm, and the particle size of the 8 

CdS QDs shown in Figure S1C was approximately 6 nm. As seen from the figure, they had very 9 

uniform particle sizes and great dispersibility. 10 

The successful preparation of Au-luminol was certified by UV-vis spectra (Figure S2A). In the 11 

spectra, the characteristic absorption peaks of luminol solution were at 300 nm and 360 nm (curve 12 

a). The synthesized AuNPs showed an absorption peak at 525 nm (curve b). In contrast, the 13 

absorption peaks of Au-luminol were detected at 365 nm and 530 nm (curve c). The ECL 14 

responses and corresponding CV (inset) of CdS QDs and Au-luminol can be seen in Figure S2B. 15 

The ECL peak belonging to the CdS QDs at -1.5 V and the ECL peak belonging to the Au-luminol 16 

at 0.8 V can be observed in the figure. These results were in agreement with the conclusions 17 

already reported and demonstrated that Au-luminol and CdS QDs had been accurately 18 

synthesized. 19 
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CV and EIS of the Assembly Steps of the Developed Biosensor. The progressive construction 1 

approach of the detection platform was proven by CV and EIS. Two symmetric redox peaks can 2 

be seen (curve a) in Figure 2A due to the oxidation-reduction reaction of [Fe(CN)6]
3−/4− on the 3 

bare ITO. The current signal increased sequentially with the successive modification of the 4 

electrode by PANI (curve b) and AuNPs (curve c) because of their better conductivity and the 5 

increase of the effective area for the sensing interface. The peak current decreased sequentially 6 

(curve d, e, f) when the electrode was incubated with peptide, DNA1 and DNA2 in turn, which 7 

may be due to the insulation effect of the peptide and DNA. 8 

EIS was used to further characterize the successful assembly of this biosensor (Figure 2B). 9 

Compared with bare ITO (curve a), the impedance (curve b) of the PANI-modified electrode was 10 

reduced, indicating that PANI was beneficial for electron transfer. After PANI/ITO was modified 11 

by AuNPs, the impedance decreased (curve c), which indicated that AuNPs had been successfully 12 

coated on the surface of PANI. After the continued incubation with peptide (curve d), DNA1 13 

(curve e), and DNA2 (curve f), a continuous increase of RET was observed due to the hindrance 14 

of the electronic transmission of the signal probe. This result showed the same electron transfer 15 

trend as the CV curve, thus further proving the complete assembly of the sensing interface. 16 

 17 
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Figure 2. CV (A) and EIS (B) responses in 0.1 M PBS including 5.0 mM [Fe(CN)6]
3−/4− of the 1 

electrode construction process: (a) bare ITO, (b) PANI/ITO, (c) AuNPs/PANI/ITO, (d) 2 

peptide/AuNPs/PANI/ITO, (e) DNA1/peptide/AuNPs/PANI/ITO, and (f) 3 

Au-luminol-DNA2-Cy5/DNA1/peptide/AuNPs/PANI/ITO. 4 

Anti-fouling Performance of the Modified Electrode. The basic requirements for anti-fouling 5 

performance are high hydrophilicity and electrical neutrality. It can be seen from Figure S3 that 6 

the Zeta potential of the peptide solution was almost 0.0 mV, which indicated that it was 7 

electrically neutral. The hydrophilicity of the peptide-modified biosensor interface was evaluated 8 

by the static water contact angle method (Figure S4 and Table S1). Compared with the bare ITO, 9 

the water contact angle of the sensing interface decreased gradually with the gradual assembly of 10 

PANI, AuNPs and peptide and decreased significantly after peptide modification. 11 

After incubation of the sensor in different concentrations of FBS (V/V) for 30 min, the 12 

anti-fouling capability of the constructed sensing surface was further evaluated by comparing the 13 

changes in its DPV response (Figure 3). It can be seen that, even in 100% FBS, the DPV signal of 14 

the sensing interface with peptide incubation fluctuated only 14.3%. The experimental results 15 

show that the peptide-modified biosensor interface had good anti-fouling performance. The results 16 

were further verified by laser confocal imaging of fluorescein diacetate (FDA)-labeled cells 17 

(Figure S5). It can be seen that, compared with the electrodes modified with PANI and AuNPs, 18 

there are very few cells labeled with FDA on the peptide-modified interface, which further proves 19 

the anti-fouling performance of the sensor. 20 

 21 
Figure 3. DPV characterizations of the biosensor modified without peptide (A) and with peptide 22 

(B) in different concentrations of FBS (0%, 10%, 20%, 50%, and 100%). (C) Anti-fouling 23 

characteristics of the biosensor modified without peptide (blue) and with peptide (green) in 24 

different concentrations of FBS. 25 
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Optimization of the Constructed Biosensor. The ECL signals from CdS QDs and Au-luminol 1 

in the constructed biosensor were affected by the amount of DNA1. This is because too much 2 

DNA1 could hinder the ECL signal response of CdS QDs, while too low an amount could limit 3 

the amount of Au-luminol-DNA2 probe and thus reduce the signal response of Au-luminol. The 4 

dose of DNA1 was optimized to make the two ECL signal molecules respond evenly (Figure S6). 5 

ECL Performance of the Biosensor for CEA. Sensitive detection of different concentrations 6 

of CEA was achieved by an effective dual-wavelength ratiometric ECL system between CdS QDs 7 

and Au-luminol. As shown in Figure 4A, the negative potential ECL response from CdS QDs 8 

increased with rising concentrations of CEA, while the positive potential ECL response from 9 

Au-luminol decreased accordingly. Figure 4B shows that both the negative potential ECL response 10 

and positive potential ECL response were linearly correlated with the logarithm of CCEA. To 11 

improve the accuracy of the detection, we determined the concentration of CEA by calculating the 12 

ratio of ECLCdS to ECLAu-luminol and obtained a good linear correlation (Figure 4C). The regression 13 

equation can be represented as lg(ECLCdS/ECLAu-luminol) =0.23 lgCCEA (ng/mL)-0.3571 (R2=0.993). 14 

The correlation coefficient of the ratiometric system is higher than that of single ECL probe 15 

systems, which indicates that the accuracy of detection is improved by using the ratio type signal. 16 

The detection limit (LOD) of the system was estimated to be 0.13 pg/mL (S/N=3). Compared with 17 

previously reported detection methods for CEA detection, our strategy exhibits a lower LOD 18 

(Table S2). 19 

 20 
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 1 
Figure 4. (A) ECL responses of this system for CEA standards with various concentrations: 0, 2 

0.001, 0.01, 0.1, 1, 10, and 100 ng/mL (from a to g) in 0.1 M PBS with 0.1 M K2S2O8 and 6.5 mM 3 

H2O2 at a pH of 8.0. (B) Calibration plot of ECLAu-luminol and the logarithmic value of CCEA (red) 4 

and, ECLCdS QDs and the logarithmic value of CCEA (black). (C) Calibration plot of the logarithmic 5 

value of ECLAu-luminol/ECLCdS QDs and the logarithmic value of CCEA. 6 

Specificity and Stability of the System. To explore the specificity of the ECL detection 7 

platform for the target analyte, the responses of nontarget substances on the sensing platform were 8 

investigated. The biosensor was incubated with thrombin, AFP, hemoglobin, BSA, glucose, uric 9 

acid, Na+, K+, Cl-, CEA and mixtures under the same conditions. As shown in Figure 5B, 10 

compared with interfering substances, the ECL response of CEA was significantly larger, while 11 

the ECL signal changes of other tested substances were very small. This result showed that the 12 

sensor has high selectivity to CEA. Next, the biosensor was subjected to CV scans to explore the 13 

stability of the constructed biosensor. It can be observed that the CV signal remains essentially 14 

unchanged after 25 cycles (Figure 5A). These results indicated that the constructed biosensor has 15 

satisfactory specificity and good stability. 16 
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 1 

Figure 5. (A) Stability of the prepared biosensor in PBS (0.1 M, pH=7.4). (B) Selection 2 

performance of biosensors constructed after incubation with 1.0 ng/mL of CEA and 10.0 ng/mL of 3 

the following nontarget substances: thrombin, AFP, hemoglobin, BSA, glucose, uric acid, Na+, K+, 4 

and Cl-. 5 

Determination of CEA in Clinical Samples. To explore the practical potential of the 6 

immunosensor in complex matrices, human serum samples (from the Affiliated Hospital of Heze 7 

Medical College) containing three different concentrations of CEA were tested. As seen from the 8 

test results in Table 1, the relative error of this method is less than 5.6%. The results show that the 9 

constructed biosensor has the potential for practical application. 10 

Table 1. Test Results for Actual Samples. 11 

Sample CEA detection of our 

strategy (ng/mL)a 

CEA detection of the 

ECL method in the 

hospital (ng/mL) 

Relative error (%) 

1 3.93± 0.02 3.72 5.6 

2 6.11±0.11 6.24 -2.1 

3 16.15±0.05 16.03 0.7 

a Average values of three measurements. 12 

CONCLUSIONS 13 

A ratiometric ECL sensor with anti-fouling ability based on ERET and anti-fouling peptide was 14 
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constructed. In this system, the negative potential ECL response of CdS QDs was quenched due to 1 

the ERET between the fluorescent group Cy5 and CdS QDs. After the target CEA combined with 2 

its aptamer and removed it from the sensing surface, the negative potential ECL response of CdS 3 

QDs recovered, and the positive potential ECL response of Au-luminol decreased. According to 4 

the analysis strategy of the ratiometric ECL signal under two different excitation potentials, the 5 

reliability and accuracy of the measured results were improved. The introduction of anti-fouling 6 

peptide caused the designed sensing interface to have good anti-fouling ability and provides a very 7 

attractive means for clinical diagnosis. The construction strategy of this biosensor is also expected 8 

to be extended to other accurate and anti-fouling biosensor designs. 9 
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1. Electrochemiluminescence resonance energy transfer (ERET) was used to construct the 

ratiometric ECL biosensor. 

2. Ratiometric signal used in the ECL biosensor improved the accuracy of carcinoembryonic 

antigen detection. 

3. Conductive polyaniline and gold nanoparticles enhanced the sensitivity of the modified 

electrode. 

4. Antifouling peptide enabled this sensor to detect carcinoembryonic antigen in complex 

sample such as human serum. 
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