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In this study, a ratiometric electrochemical aptasensor was proposed for the highly sensitive detection 

of carcinoembryonic antigen (CEA) with exonuclease I (Exo I)-assisted target recycling amplification. 

The thiolated methylene blue (MB)-labelled hairpin capture probe (MB-HP) was immobilized on the 

surface of gold nanoparticles (AuNPs) modified gold electrode (AuE) via Au-S bonding, and the 

hybridization between MB-HP and ferrocene (Fc)-labelled aptamer (Fc-Apt) formed a duplex 

structure, leading to Fc molecules approaching to the electrode surface while MB molecules were far 

away. In the presence of CEA, its specific recognition with the aptamer caused the release of Fc-Apt 

from the electrode surface and subsequently the formation of a hairpin structure for MB-HP, resulting 

in both “signal-on” of MB (IMB) and “signal-off” of Fc (IFc). To improve the sensitivity of the 

aptasensor, an Exo I-assisted target recycling amplification strategy was designed to achieve an 

amplified ratiometric signal. Under the optimal conditions, the proposed aptasensor showed a linear 

detection range from 10 pg mL-1 to 100 ng mL-1 with a detection limit of 4.1 pg mL-1. Furthermore, the 

stability, reproducibility, selectively and real sample detection ability of the aptasensor were 

investigated and satisfactory results were obtained. 
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1. INTRODUCTION 

 

Cancer is a great threat to human health worldwide. Early detection and diagnosis is the key to 

improve the survival rate of cancer patients. Tumor biomarkers are biological molecules such as DNA, 

RNA, proteins, lipids or metabolites [1]. These molecules are relevant to the occurrence and 

development of some cancers, and play vital roles in the early screening, diagnosis and prognosis of 

cancer [2]. Carcinoembryonic antigen (CEA) is a glycoprotein that was first discovered in human 
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colon cancer by Gold and Freedman in 1965 [3]. As a widely used tumor biomarker, CEA is associated 

with various types of malignant tumors, such as colorectal cancer [4], breast cancer [5], pancreatic 

cancer [6], cervical cancer [7] and lung cancer [8]. In normal humans, the serum CEA content is less 

than 5 ng mL-1, and an increase in the CEA level indicates a risk of cancer. Therefore, it is of great 

importance to develop a rapid, convenient and sensitive analytical method for CEA detection in serum. 

Various immunoassay methods based on antigen-antibody specific recognition have been 

established for the determination of CEA, including enzyme-linked immunosorbent assay (ELISA) [9], 

electrochemical [10], electrochemiluminescence (ECL) [11], colorimetric [12], photoelectrochemistry 

[13] and surface-enhanced Raman scattering (SERS) [14]. The sensitivity and selectivity of these 

immunoassay methods are highly dependent on the quality of the antibody. Meanwhile, the 

performance of antibodies is affected by a variety of factors, such as the storage temperature, pH and 

ionic strength [15]. All these conditions limit the applications of the antibody based analytical 

methods. 

 Aptamers are artificial single-stranded DNA (ssDNA) or RNA molecules screened by 

systematic evolution of ligands by exponential enrichment (SELEX) in vitro [16] that can bind to 

various targets with high affinity and specificity, such as proteins, nucleic acids or cells [17]. 

Compared with antibodies, aptamers have many advantages in terms of good stability, easy synthesis 

and convenient modification. Given these properties, aptamers have attracted researchers’ interest as 

biorecognition elements for biosensors. A variety of aptasensors have been developed for the detection 

of CEA, such as electrochemical [18], chemiluminescence [19], colorimetric [20], surface plasmon 

resonance spectroscopy (SPR) [21] and fluorescent [17] methods. Among these, electrochemical 

aptasensors have attracted researchers’ attention due to their low cost, fast response, easy operation, 

high sensitivity and suitability for miniaturization [22, 23].  

Usually, most of the developed electrochemical aptasensors have only a single signal, and they 

can be divided into “signal-on” or “signal-off” modes by designing target-induced conformational 

changes on the electrode surface. Recently, the ratiometric electrochemical method combined with 

“signal-on” and “signal-off” strategies, has been developed owing to its high reproducibility, better 

selectivity, lower detection limit and wider linear range [24]. Li et al. [25] reported a sensitivity 

programmable ratiometric electrochemical aptasensor for the detection of aflatoxin B1 in peanut using 

thionine (THI) and ferrocene (Fc) as redox tags. Zhu et al. [26] developed a ratiometric 

electrochemical aptasensor for the ultrasensitive detection of ochratoxin A, which has great 

significance for mycotoxins monitoring in agricultural products and foods. To improve the sensitivity 

of detection, various signal amplification strategies have been developed, including hybridization chain 

reaction (HCR) [27, 28], rolling circle amplification (RCA) [29, 30], DNA walking machines [31, 32] 

and exonuclease (Exo)-assisted target recycling [33, 34]. Among them, Exo-assisted target recycling 

has been widely applied in the fabrication of electrochemical aptasensors due to the simplicity of 

equipment and ease of operation. Compared with nicking endonuclease, exonuclease does not require 

any specific recognition sequence [35] and thus has received increasing attention in target 

amplification detection. For example, Exo I is a sequence-independent enzyme that can catalyze the 

stepwise removal of mononucleotides from the 3’ to 5’ ends of ssDNA. Wen et al. [36] developed a 

sensitive exonuclease-assisted amplification electrochemical aptasensor for the detection of mucin 1, 
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and Exo I-assisted target recycling significantly amplified the electrochemical signal. Lin et al. [37] 

developed a sensitive and homogeneous electrochemical aptasensor for mucin 1 detection, and the 

usage of Exo I realized target recycling and caused amplification of the electrochemical signal.  

Herein, we developed a CEA ratiometric aptasensor based on Exo I-assisted target recycling. 

The presence of CEA led to the dissociation of Fc modified aptamer DNA (Fc-Apt) from the electrode 

surface, and subsequently the formation of a hairpin structure of methylene blue (MB)-labelled capture 

DNA. Then, Exo I-assisted target recycling was triggered for CEA recycling. As a result, the 

electrochemical peak currents of MB (IMB) and Fc (IFc) were dramatically increased and decreased with 

increasing of CEA concentrations,  and the detection of CEA could be realized by monitoring the ratio 

of IMB/IFc. 

 

 

2. EXPERIMENTAL SECTION 

2.1. Reagents 

Hydrogen tetrachloroauratetrihydrate (HAuCl4·3H2O), Tris (2-carboxyethyl) phosphine 

(TCEP) and 6-mercapto-1-hexanol (MCH) were purchased from Shanghai Aladdin Biochemical 

Technology Co., Ltd (Shanghai, China). CEA, alpha-fetoprotein (AFP) antigen, human prostate 

specific antigen (PSA) and human serum albumin (HSA) were obtained from Shanghai Linc-Bio 

Science Co., Ltd. (Shanghai, China). Exo Ⅰ and 10 × NEBuffer 3.1 were acquired from New England 

Biolabs Ltd. (Beijing, China).  Ultrapure water (18.2 MΩ·cm) was used throughout the experiment. 

All oligonucleotides with HPLC purification were obtained from Sangon Biological 

Engineering Technology & Co. Ltd. (Shanghai, China). The sequences are listed as follows:  

MB-labelled hairpin capture probe (MB-HP):  

5’-MB-AATTGAATAAGCTGGTATTTTTTTTTTTGGATTCAATT-(HS-SH)-3’ 

Fc modified aptamer DNA (Fc-Apt):  

5’-Fc-ATACCAGCTTATTCAATT-3’ 

 

2.2. Fabrication of the electrochemical aptasensor 

The pretreatment of AuE and the electrodeposition of gold nanoparticles (AuNPs) on AuE were 

prepared according to our reported methods [38, 39]. First, 5 μL of MB-HP solution (10 μM) and 5 μL 

of TCEP (1 mM) were mixed for 1 h to allow the reduction of disulphide bonds. The mixture was 

diluted to 50 μL with I-buffer (10 mM Tris-HCl containing 1 mM EDTA, 100 mM NaCl and 10 mM 

TCEP, pH 7.4). Then, 5 μL of reduced MB-HP solution was added to the surface of AuNPs modified 

AuE at 4 C for 12 h and rinsed with 10 mM Tris-HCl (pH 7.4). The electrode was then blocked with 

MCH (1 mM) for 1 h and washed. Next, the above electrode was incubated with Fc-Apt solution (1 

μM) for 1 h at 37 C. After rinsing with 10 mM Tris-HCl (pH 7.4), the resulting electrode was further 

incubated with different concentrations of CEA containing 10 U Exo Ⅰ at 37 C for 1 h. The electrode 

was rinsed and used for electrochemical measurements. 
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2.3. Measurement procedure 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were performed 

on an Autolab PGSTAT 128N station (Metrohm Autolab, The Netherlands). Square-wave 

voltammetry (SWV) was carried out on a CHI840D electrochemical workstation (Chenhua 

Instruments Co., Shanghai, China). All electrochemical experiments were performed in a conventional 

three-electrode system. A modified gold electrode (AuE) was used as the working electrode. The 

Ag/AgCl electrode and the platinum wire were used as the reference electrode and the counter 

electrode, respectively. EIS and CV were performed in aqueous solution containing 5.0 mM 

[Fe(CN)6]
3-/4- and 0.1 M KCl. SWV was operated in E buffer in the potential range from - 0.4 to 0.6 V 

at a frequency of 25 Hz and a step potential of 4 mV.  

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Working principle of the aptasensor 

The principle of the proposed ratiometric electrochemical aptasensor for CEA detection was 

based on Exo Ⅰ-assisted target recycling. As illustrated in Figure 1, a thiolated MB-labelled hairpin 

capture probe (MB-HP) was immobilized on the AuNPs modified AuE surface through typical Au-S 

bonds. After blocking the nonspecific binding sites with MCH, Fc-Apt was added and the hairpin 

structure of MB-HP was opened to form the MB-HP/Fc-Apt duplex. As a result, Fc was close to the 

electrode surface, whereas MB was away from the electrode surface.  

 
 

Figure 1. Schematic illustration of the ratiometric electrochemical aptasensor for highly sensitive 

detection of CEA with an Exo I-assisted target recycling amplification strategy. 

 

In the presence of CEA, the binding ability of Fc-Apt to CEA was greater than that to MB-HP 

[40], which led to the disassociation of Fc-Apt from the MB-HP/Fc-Apt duplex, resulting in a decrease 

in the Fc signal. At the same time, MB-HP was transformed into a hairpin structure, and the MB signal 

increased. Exo I could digest Fc-Apt which made CEA participate in the next cycle, leading to the 

amplification of signals. In this way, the electrochemical peak currents of MB (IMB) and Fc (IFc) were 

significantly increased and decreased, respectively. As a result, “signal-on” and “signal-off” elements 
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for dual-signal electrochemical ratiometric readout were achieved, and CEA concentrations could be 

monitored by measuring the change in IMB/IFc. 

 

3.2. Feasibility of the aptasensor 

To demonstrate the feasibility of the developed aptasensor, SWV responses of the aptasensor 

under various conditions were investigated. As shown in Figure 2, two peaks at 0.392 V and - 0.260 V 

were observed without the addition of Exo I and CEA (curve a), which were assigned to the oxidation 

of Fc and MB, respectively. When only Exo I was present (curve b), the peak currents of Fc and MB 

were almost the same as curve a, indicating that Fc-Apt could not be digested by Exo I. When only 

CEA was present (curve c), the oxidation peak current of Fc decreased and that of MB increased. Such 

changes were due to the binding between Fc-Apt and CEA leading to the disassociation of Fc-Apt 

from the Fc-Apt/MB-HP duplex. When both CEA and Exo I were present in the system, the oxidation 

peak current of Fc decreased and that of MB increased obviously (curve d), which was ascribed to Exo 

I-assisted target recycling leading to a cascade amplification of electrochemical signals [41, 42]. These 

results demonstrated that the fabricated aptasensor could be used for the ratiometric detection of CEA. 

 

 
 

Figure 2. SWV responses of the constructed aptasensor under different conditions: (a) no CEA, no 

Exo I; (b) 10 U Exo I only; (c) 10 ng mL-1 CEA only; (d) 10 ng mL-1 CEA, 10 U Exo I.  

 

3.3. Characterization of the developed aptasensor 

EIS was employed to characterize the stepwise modification procedure. As shown in Figure 

3A, the bare AuE (curve a) showed a small electron transfer resistance (Ret). The Ret of AuNPs/AuE 

significantly decreased, indicating that the AuNPs could improve the conductivity and electron transfer 

ability of the electrode interface. When MB-HP (curve c), MCH (curve d) and Fc-Apt (curve e) were 

modified on the electrode stepwise, the Ret value successively increased due to the obstruction of 

MCH, and these modifications could hinder the electron transfer process. However, the Ret value 

decreased after incubation with CEA (curve f), indicating that Fc-Apt was bound with CEA to release 

Fc-Apt from the electrode surface. The Ret value further decreased after coincubation with CEA and 

Exo Ⅰ (curve g), probably because the Fc-Apt-CEA complex could be cleaved by Exo I and CEA was 
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detached and reused to react with Fc-Apt on the electrode. These results confirmed the successful 

construction of the aptasensor. 

CV measurements were also performed to further confirm the process of electrode 

modification. As shown in Figure 3B, the peak current of AuNPs modified AuE (curve b) was 

obviously higher than that of bare AuE (curve a), which was ascribed to the well conductivity of 

AuNPs. After the immobilization of MB-HP, MCH and Fc-Apt, an obviously decreased current 

intensity was obtained (curves c, d and e, respectively). However, the current intensity increased after 

incubation with CEA (curve f) and further significantly increased when incubated with both CEA and 

Exo Ⅰ (curve g). These results were consistent with the EIS characterization. All these results 

demonstrated the successful fabrication of the aptasensor. 

 

 
 

Figure 3. EIS (A) and CV (B) of the different modified electrodes in 0.1 M KCl solution containing 5 

mM [Fe(CN)6]
3-/4-: bare Au (a); AuE/Au (b); MB-HP/AuE/Au (c); MCH/Fc-HP2/AuE/Au (d);  

Fc-Apt/MCH/MB-HP/AuE/Au (e); Fc-Apt/MCH/MB-HP/AuE/Au incubated with 1 ng mL-1 

CEA (f); Fc-Apt/MCH/MB-HP/AuE/Au incubated with 1 ng mL-1 CEA and 10 U Exo I (g). 

 

3.4. Optimization of the experimental conditions  

To achieve excellent performance, some experimental conditions, including the concentration 

of MB-HP, dosage of Exo I and incubation time of Exo I were optimized. 

The concentration of MB-HP immobilized on the electrode could intensely influence the 

analytical performance of the developed ratiometric aptasensor. A lower concentration would reduce 

the detection sensitivity, while a higher concentration may cause steric hindrance and electrostatic 

repulsion, reducing the ability of MB-HP to form hairpin structures on the electrode. As shown in 

Figure 4A, the value of IMB/IFc increased with increasing MB-HP concentrations from 0.2 to 1.0 μM 

and then slightly decreased. Therefore, 1.0 μM MB-HP was selected as the optimized concentration. 

The effect of Exo I dosage was also assessed. As shown in Figure 4B, the value of IMB/IFc 

increased with increasing Exo I dosage from 0 to 10 U and reached a plateau at 10 U. Therefore, 10 U 

was selected as the optimal reaction dosage in the subsequent assays. 

The incubation time of Exo I was also an important parameter for the performance of the 

aptasensor. As shown in Figure 4C, the value of IMB/IFc increased with increasing incubation time and 
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became stable at 60 min, indicating the completion of the digestion process. Thus, 60 min was chosen 

as the optimal incubation time in this work. 

 

 
 

Figure 4. Optimization of the assay conditions: (A) the concentration of MB-HP, (B) dosage of Exo I 

and (C) incubation time of Exo I. The error bars represent the standard deviation of three 

measurements.   

 

3.5. Determination of CEA 

Under the optimal experimental conditions, SWV was used to detect different concentrations of 

CEA. As presented in Figure 5A, with increasing CEA concentration, IMB gradually increased and IFc 

gradually decreased. A linear relationship between the value of IMB/IFc and the logarithmic 

concentration of CEA in the range from 10 pg mL-1 to 100 ng mL-1 is plotted in Figure 5B. The linear 

regression equation was IMB/IFc = 1.6099 + 0.2371 log C (ng mL-1) with a linear regression coefficient 

of 0.9975, and the detection limit was calculated to be 4.1 pg mL-1 [43]. A comparison between our 

proposed method and other reported aptasensors [44-49] for CEA detection is listed in Table 1. 

Compared with these methods, our strategy had an improved or comparable detection limit and linear 

range. The excellent performance of the aptasensor was attributed to the following aspects. First, the 

electrodeposition of AuNPs on the AuE surface could provide a larger electroactive surface area and 

showed better electroconductivity [50]. Second, the dual-signal design increased the detection 

sensitivity and accuracy. Third, the Exo I-assisted target recycling strategy could amplify the detection 

signal.  
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Figure 5. (A) SWV responses of different CEA concentrations (from curve a-j: 0, 10 pg mL-1, 50 pg 

mL-1, 100 pg mL-1, 500 pg mL-1, 1 ng mL-1, 5 ng mL-1, 10 ng mL-1, 50 ng mL-1, 100 ng mL-1). 

(B) Calibration plot between IMB/IFc and the concentrations of CEA. Inset: linear relationship 

between IMB/IFc and the logarithm of CEA concentrations. The error bars represent the standard 

deviation of three measurements. 

 

 

Table 1. Comparison between our strategy and other aptasensors for CEA detection. 

 

Analytical method Linear range Detection limit References 

Colorimetric 1 ng mL-1 to 50 ng mL-1 1 ng mL-1 [44] 

Fluorescence  0.05 ng mL-1 to 20 ng mL-1 6.7 pg mL-1 [45] 

Fluorescence 0.03 ng mL-1 to 6 ng mL-1 7.9 pg mL-1 [46] 

Chemiluminescence 65.4 pg mL-1 to 6.54 ng mL-1 4.8 pg mL-1 [47] 

Electrochemical 10 pg mL-1 to 40 ng mL-1 3.6 pg mL-1 [48] 

Electrochemical 10 pg mL-1 to 5 ng mL-1 4.8 pg mL-1 [49] 

Electrochemical 10 pg mL-1 to 100 ng mL-1 4.1 pg mL-1 This work 

 

3.6. Selectivity, reproducibility and stability of the aptasensor 

To assess the selectivity of the ratiometric electrochemical aptasensor, three interferences PSA, 

HSA and AFP, with concentrations 10-fold higher than that of CEA (1 ng mL-1) were detected along 

with CEA. As shown in Figure 6, the value of IMB/IFc in the presence of CEA was obviously higher 

than that in the presence of interferences. In addition, when the aptasensor was incubated with 1 ng 

mL-1 CEA and 10 ng mL-1 of the three interferents, the value of IMB/IFc showed no obvious change in 

comparison with that of only CEA. These results indicated the high selectivity of the aptasensor for 

CEA detection. 

The reproducibility of the developed aptasensor was evaluated by measuring six parallels of the 

aptasensors in the presence of 1 ng mL-1 CEA. The relative standard deviation (RSD) was 2.90%, 

showing the good reproducibility of the aptasensor. Moreover, the stability of the aptasensor was 

demonstrated by storing the aptasensor at 4 C for two weeks, 87.8% of the initial current response 

was obtained, indicating its good stability. 
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Figure 6. The selectivity of the aptasensor for various interferences. The error bars represent the 

standard deviation of three measurements. 

 

3.7. Clinical serum sample analysis 

The practical application of the aptasensor was determined by recovery experiments. The 

human serum samples (supported by the volunteers from Henan University of Science and Technology 

Hospital, diluted 10-fold with 20 mM PBS before use) were spiked with CEA at different 

concentrations. As shown in Table 2, the recoveries of the spiked samples were 96.0-102.8%, and the 

RSDs ranged from 1.89% to 4.26%, implying that the proposed aptasensor has great potential for the 

analysis of CEA in clinical samples. 

 

 

Table 2. Application of the proposed aptasensor for CEA detection in diluted human serum samples. 

 

Sample 
Added CEA 

(ng mL-1) 

Detected CEA 

(ng mL-1) 

Recovery 

(%) 
RSD (%) 

1 10.00 10.28 102.8 2.81 

2 5.00 5.11 102.2 1.89 

3 1.00 0.96 96.0 4.26 

 

4. CONCLUSIONS 

In summary, we developed a novel ratiometric electrochemical aptasensor for CEA detection 

with an Exo I-assisted target recycling amplification strategy. The specific binding between CEA and 

the aptamer resulted in a “signal-on” and “signal-off” change for the dual-signal electrochemical 

ratiometric readout, and an Exo I-assisted target recycling amplification strategy was designed to 

improve the detection sensitivity of the aptasensor. The proposed aptasensor was systematically 

optimized with the concentration of MB-HP, dosage of Exo I and incubation time of Exo I. As a result, 

a linear detection range from 10 pg mL-1 to 100 ng mL-1 and a detection limit of 4.1 pg mL-1 was 
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achieved. The aptasensor has been applied to detect CEA in human serum samples and obtained 

satisfactory results. In addition, the developed aptasensor possessed high sensitivity, good selectivity 

and stability, and could be adopted to detect various targets by changing the aptamer sequences. 
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