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A peptide cleavage-based strategy is developed for detection of prostate specific 

antigen. 

Graphene oxide and silver nanoparticles are constructed for signal generation. 

Significant silver stripping peak is used to evaluate prostate specific antigen 

concentration. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 1

Peptide cleavage-based electrochemical biosensor 

coupling graphene oxide and silver nanoparticles 

Fanyu Menga,b,†, Haixuan Suna,†, Yue Huangc, Yuguo Tanga, Qiang Chend,*, Peng Miaoa,* 

a Suzhou Institute of Biomedical Engineering and Technology, Chinese Academy of Sciences, 

Suzhou 215163, People’s Republic of China 

b University of Science and Technology of China, Hefei 230026, People’s Republic of China 

c College of Light Industry and Food Engineering, Nanjing Forestry University, Nanjing 210037, 

People’s Republic of China 

d the Key Laboratory of Bioactive Materials, Ministry of Education, College of Life Science, 

Nankai University, Tianjin 300071, People’s Republic of China 

 
† These authors contributed equally. 

* Corresponding authors. E-mail: miaopeng@sibet.ac.cn (P. Miao); qiangchen@naikai.edu.cn 

(Q. Chen) 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 2

ABSTRACT 

Herein, a novel electrochemical biosensor for sensitive analysis of prostate specific antigen 

(PSA) is demonstrated. A specific peptide is employed on the gold electrode as a molecular 

recognition element for target induced cleavage. In the absence of PSA, graphene oxide (GO) is 

directly immobilized on the peptide modified electrode, which triggers the aggregation of silver 

ions and subsequent reduction reaction to form silver nanoparticles (AgNPs). Well defined sharp 

silver stripping peak can thus be achieved, which stands for a highly characteristic solid-state 

Ag/AgCl reaction. However, in the presence of PSA, the peptide is specifically recognized and 

cleaved. The resulted product on the electrode surface cannot aid the immobilization of GO and 

subsequent formation of AgNPs. Therefore, electrochemical response is decreased remarkably, 

which can be used to indicate the concentration of PSA. This work demonstrates that the 

combination of the transduction of peptide cleavage event with GO/AgNPs nanocomposites is a 

promising attempt for PSA analysis with high sensitivity and selectivity. 

 

KEYWORDS: prostate specific antigen; peptide; biosensor; graphene oxide; silver 

nanoparticles; linear sweep voltammetry. 
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1. Introduction 

Prostate specific antigen (PSA) is a serine protease with chymotrypsin-like enzymatic 

activity, which is secreted by both normal prostate glandular cells and prostate cancer cells [1, 2]. 

PSA has long been identified as the best available biomarker for the screen of prostate cancer [3, 

4]. Since early and precise evaluation of tumor biomarker enables improved therapeutic 

intervention, advanced methods for the analysis of PSA are in urgent need [5]. In the diagnostic 

of prostate cancer, the PSA cutoff value is up to 4.0 ng mL-1, and higher concentration is warning 

threshold of prostate cancer [6]. For the monitoring of post-surgery recurrence of prostate cancer, 

the determination of PSA in low pg mL-1 region is required [7]. Therefore, development of 

ultrasensitive methods for the detection of trace PSA is of great interest for clinical and 

biological applications. 

The determination of PSA has been routinely performed based on immunological 

recognition with techniques of colorimetry [8], fluorescence [9], surface-enhanced Raman 

scattering [10], electrochemistry [11], electrochemiluminescence [12], and so on. PSA specific 

aptamers with high binding affinity have also been applied for sensitive detection, which have 

certain merits over traditionally used antibodies like flexible design, convenient signal labeling 

and high extendibility [13]. Although these methods exhibit high sensitivity, the preparation or 

modification of these recognition elements may involve complicated processes. They may also 

be inactivated or unstable in real samples like blood. Therefore, alternative recognition elements 

should be explored and the development of novel PSA assays is still highly desired.  

Recently, specific binding peptides have emerged as a more compelling choice for target 

recognition in bioassays with the advantages like facile production, high reliability and stability 
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[14, 15]. Peptides are also more amenable at the molecular level [16]. Various peptide-based 

biosensors have been developed for explosive analysis [17], apoptotic cells assay [18], juvenile 

idiopathic arthritis diagnosis [19], and so on. Since many peptides are natural substrates of 

proteases, by monitoring the specific cleavage events, the level of proteases can be determined 

[20]. PSA is a type of protease, which is suitable to be determined by the assessment of the 

cleavage activity of certain substrate peptide. Several peptide-based methods have already been 

developed for the detection of PSA. For example, Denmeade et al. identified a highly specific 

peptide containing the amino acid sequence HSSKLQ for PSA. By employing fluorescently 

tagged substrates, the enzymatic activity of PSA in extracellular fluids is determined [21]. 

However, intrinsic limitations on response sensitivity and complex synthesis and labeling 

processes prompt us to develop a more efficient peptide-based method for PSA evaluation.  

In this contribution, we have developed a novel peptide cleavage-based electrochemical PSA 

biosensor. By analysis the electrochemical response from the nanocomposites of graphene oxide 

(GO) and silver nanoparticles (AgNPs), the concentration of PSA is determined. This sensing 

platform is highly sensitive, selective and have great potential practical utility. 

2. Experimental 

2.1 Materials and reagents 

4-(2-hydroxyerhyl)piperazine-1-erhanesulfonic acid (HEPES), trisodium citrate, tris(2-

carboxyethyl)-phosphine hydrochloride (TCEP), silver nitrate (AgNO3), mercaptohexanol 

(MCH), bovine serum albumin (BSA), human alpha fetoprotein (AFP), and carcinoembryonic 

antigen (CEA) were purchased from Sigma (USA). GO was obtained from Nanjing XFNANO 

Materials Tech Co., Ltd (Nanjing, China). Peptides were synthesized and purified by China 
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Peptides Co., Ltd. (Shanghai, China). The sequence of the specific peptide was 

CGGHSSKLQFWYFWY. A random peptide sequence was also employed as a control 

(FNFRLKAGAKIRFGRGC). PSA was obtained from Shanghai Linc-Bio Science Co. LTD 

(Shanghai, China). 0.1 M phosphate buffered solution (PBS, pH 7.0) was prepared containing 

0.1 M Na2HPO4, 0.1 M KH2PO4 and 0.1 M KCl. Human serum samples were acquired from 

Suzhou Science and Technology Town Hospital (Suzhou, China). All other chemicals were of 

reagent grade and used as received. Double-distilled water used to prepare all solutions was 

purified with a Millipore system under 18 MΩ·cm resistivity. 

2.2 Peptide modified working electrode 

Prior to use, the gold electrode was soaked with a mixture solution (98% H2SO4: 30% H2O2) 

with a volume ratio of 3:1 for 5 min (Caution: Piranha solution reacts violently with organic 

matter!). Subsequently, it was washed with double-distilled water and carefully dealt with P3000 

and P5000 silicon carbide paper. The electrode was then polished to a mirror-like surface with 

alumina slurries (1, 0.3, 0.05 µm) respectively, followed by rinsing thoroughly with water. After 

that, it was ultrasonicated with both ethanol and double-distilled water for 5 min. Then, it was 

electrochemically treated with 0.5 M H2SO4 to eliminate any remaining material. Afterward, the 

electrode was allowed to dry with nitrogen and further immersed with 20 µM peptide solution 

(20 mM HEPES, 10 mM TCEP, pH 7.0) at room temperature for 16 h. Then, it was soaked in 1 

mM MCH for 30 min to resist nonspecific binding on the electrode surface. After thoroughly 

washed with double-distilled water and dried with nitrogen, the peptide modified electrode was 

prepared for the PSA experiments. 

2.3 GO/AgNPs for signal generation 
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In order to carry out excellent signal detection process, the reaction conditions for the 

formation of GO/AgNPs nanocomposites were optimized including reaction temperature and 

incubation time. Generally, 100 µL of AgNO3 (20.0 mM), 600 µL of GO suspension (1.0 mg 

mL-1) and 700 µL of ultrapure water were mixed thoroughly at an ambient condition. 

Subsequently, NaOH was added to adjust the pH value close to 8.0. The reaction temperature 

was tried from 0 ºC to 80 ºC, and reaction time was in the range from 0 min to 120 min, 

respectively. 

2.4 Fabrication of the PSA biosensor 

After modified with thiol-terminated peptide, the electrode was incubated with 200 µL of 

PSA standard solution of different concentrations for 30 min at 37 °C. In the presence of PSA, 

peptide can be specifically recognized and cleaved. Then, the electrode was washed with PBS 

solution for three times (5 min each) to remove any residual protein. The electrode was incubated 

with 1.0 mg mL-1 GO solution for 1 h at room temperature. Primary peptide was conjugated with 

GO through aromatic amino acids as a linker and GO was self-assembled onto the surface [22], 

which greatly increases the effective area and conductivity of the electrode. After the electrode 

was entirely washed with ultrapure water, silver-deposition enhancement was performed by 

reacting with AgNO3 solution (pH=8.0) at 60°C for 1 h on the electrode surface. AgNPs were 

immobilized stably through the reduction reaction between GO and Ag+. After each step, the 

modified electrode was tested by electrochemical method for the characterization of the 

fabrication process of the biosensor. 

2.5 Electrochemical measurement  
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Electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and linear sweep 

voltammetry (LSV) measurements were realized through a CHI660D electrochemical 

workstation (Shanghai, Chnia). All electrochemical experiments were performed in a 

conventional three-electrode system that including an Ag/AgCl as the reference electrode, a 

platinum wire as the counter electrode and a bare or modified gold electrode as the working 

electrode. EIS and CV measurements were carried out in 5 mM [Fe(CN)6]
3-/4- buffer with 1 M 

KCl. The EIS parameters were 0.232V biasing potential, 5 mV amplitude, and frequency range 

of 0.1 Hz - 100 kHz. CV was measured by scanning the potential from -0.3 to +0.7 V, with the 

scan rate of 50 mV/s. The measurement of LSV was performed in 0.1 M KCl solution with the 

scanning rate of 50 mV/s. 

3. Results and discussion 

3.1 Sensing principle 

Detailed sensing principle of the peptide-cleavage based electrochemical method for the 

detection of PSA is illustrated in Scheme 1. The substrate peptide is firstly immobilized on the 

gold electrode surface via the cysteine at the N terminal [23, 24]. Graphene oxide (GO) is then 

modified on the electrode surface by the interaction with benzene ring moiety of aromatic amino 

acids of the peptide. GO possesses large surface area, excellent conductivity, and high stability, 

which is suitable for electrochemical analysis. In addition, the fascinating electrocatalytic 

activity of GO helps continuous deposition of silver. Silver ions are firstly absorbed through the 

uniform functional groups on the basal plane and edges of GO which provide multiple binding 

sites by electrostatic interactions. Further, numerus silver nanoparticles (AgNPs) are facilely 

synthesized with GO as the reducing agent and dispersant agent; meanwhile, significant silver 
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stripping current of AgNPs is obtained, which stands for a highly characteristic solid-state 

Ag/AgCl reaction [25, 26]. The nanocomposites also have good conductivity to improve the 

electronic transport efficiency, which could further enhance the final signal. For PSA analysis, 

the information of PSA concentration is firstly converted to the cleavage of substrate peptide on 

the electrode surface. Since the cracked peptide can no longer assist the immobilization of GO 

and subsequent AgNPs, the electrochemical response changes remarkably, which can be used to 

indicate initial PSA level. 

 

Scheme 1. Illustration of the peptide cleavage-based electrochemical biosensor for the detection 

of PSA. 

3.2 Characterization of GO/AgNPs 

The transmission electron microscopy (TEM) images of GO, mixture of GO and Ag+, 

GO/AgNPs are recorded, which confirm the successful synthesis of the nanocomposites. 
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Morphology of GO can be clearly observed. Ag+ cannot be reduced to AgNPs by preliminarily 

mixing GO and Ag+ (Figure 1a to c). The three nanocomposites are then characterized and 

compared by UV-vis spectra. As shown in Figure 1d, the spectrum of GO/AgNPs exhibits an 

obvious peak around 400 nm, which confirms that Ag+ has be reduced to AgNPs. The energy 

dispersive X-ray spectroscopy further illustrates the element compositions of the 

nanocomposites, in which carbon, oxygen, and silver element are found (Figure S1).  
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Figure 1. TEM images of (a) GO, (b) GO/Ag+, (c) GO/AgNPs formed after reacting at 60°C for 

1 h. (d) UV-vis absorption spectra of GO, mixture of Ag+ and GO, GO/AgNPs, respectively. 

3.3 Optimization of the synthesis conditions of GO/AgNPs 

The reaction time and temperature can significantly affect the reducibility of GO. Therefore, 

different experiments conditions are tested to obtain optimized conditions for the synthesis of 

GO/AgNPs. The UV–vis spectra of GO/AgNPs nanocomposites synthesized in alkaline solution 

with different time are compared (Figure S2a). With the increase of incubation time, the 

absorbance intensity at 400 nm increases rapidly in the first 30 min and reaches a plateau after 1 

h, indicating the reduction reaction is nearly completed (Figure S2b). The reaction temperature is 

also optimized by UV–vis spectra experiments. The absorbance intensity at 400 nm is 

continuously enhanced with the temperature from 0 to 80°C, which reveals that higher 

temperature contributes to the production of more AgNPs (Figure S2c and d). In this study, the 

reaction time and temperature are set to be 1 h and 60 °C for good yield and mild reaction 

conditions. 

3.4 Characterization of the electrode 

To efficiently characterize the interface properties of the modified electrode, the assembly 

processes have been monitored by EIS measurement in which [Fe(CN)6]
3−/4− is used as the 

electroactive probe. For a typical Nyquist plot, the equivalent circuit model of the working 

electrode is applied and the semicircle diameter of impedance increases with the constant 

blocking by the transfer of redox probe. As is shown in Figure 2, the curve of bare gold electrode 

is almost a straight line without obvious semicircular domain, indicating that surface electrons 

transfer directly. When the sulfhydryl-terminal peptide is immobilized on the electrode, the 
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impedance increases due to the attenuation of electron transfer by peptide. Since aromatic amino 

acids of the peptide could interact with benzene rings of GO, the negatively charged 2-D 

nanosheets could be easily assembled on the electrode, which leads to further increase of the 

impedance caused by the significant repellent between GO and [Fe(CN)6]
3−/4−. However, after 

subsequent formation of AgNPs, the impendence value is decreased sharply, which is due to the 

fact that the formed AgNPs could effectively promote electron transfer. Therefore, the stepwise 

variation of impedance value confirms the successful fabrication of the biosensor. 

 

Figure 2. Nyquist diagrams of (a) bare gold electrode, (b) after modified with peptide, (c) after 

GO assembly and (d) further silver deposition. 

3.5 Optimization of the experimental conditions 

In order to demonstrate the appropriate concentration of the immobilized peptide, CV 

measurements are performed. A pair of well-defined redox peaks of [Fe(CN)6]
3−/4− is obtained at 
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a bare gold electrode. After disparate levels of peptide are modified on the electrode, the peak 

current decreases gradually with the increase of peptide (Figure S3a and b). After reaching 20 

µM, the peak tends to be stable. Thus, 20 µM peptide is selected for the further experiments. 

PSA cleavage time is another important parameter affecting the analytical performance of the 

biosensor, the effect of which is also investigated by CV. The peak current corresponding to PSA 

(1 ng mL−1) cleavage increases consistently with the reaction time up to 30 min, which reveals 

the reaction is nearly finished (Figure S3c and d).  

3.6 Analytical performance of the PSA biosensor. 

GO with huge surface area facilitates the loading of numerous AgNPs, which may provide 

significant electrochemical responses. LSV is applied to evaluate silver stripping peaks after 

treated with different amount of target PSA. As shown in Figure 3, under optimum conditions, 

the peak current decreases with the increasing concentration of PSA. The corresponding 

calibration curve shows a good linear relationship between the peak current and the logarithm of 

the PSA concentration ranging from 5 pg·mL−1 to 20 ng·mL−1. The fitting equation is  

y = −0.6595 log x + 3.4154 (n = 3, R2 = 0.993) 

in which, x is the concentration of PSA (pg·mL−1), y stands for the peak current (10-4A). The 

limit of detection (LOD) for PSA analysis is calculated to be 0.33 pg mL−1 at 3σ, which is quite 

low. The wide linear range and high sensitivity provides powerful evidences of the proposed 

strategy for highly sensitive and effective detection of PSA. The analytical performances are 

excellent compared with currently developed methods for PSA assay (Table 1). 
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Figure 3. Linear sweep voltammograms for the detection of PSA with the concentrations of (a-i) 

5 pg mL-1, 20 pg mL-1, 100 pg mL-1, 500 pg mL-1, 1 ng mL-1, 2 ng mL-1, 5 ng mL-1, 10 ng mL-1, 

20 ng mL-1. Inset shows the calibration curve reflecting the linear relationship between 

logarithmic concentration of PSA and peak current. 

Table 1. Analytical performance comparison of this work with other reported PSA assays. 

Technique Strategy 
Detection range 

(pg mL−1) 

LOD (pg 

mL−1) 
Ref 

cyclic 

voltammetry 
epitope binning assay - 5×105 [27] 

reflectance 

spectroscopy 

white light reflectance 

spectroscopy biosensing system 
5×102 to 5×105 500 [28] 

particle microwell-based microbead 1.25×102 to 125 [29] 
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analysis 

system 

aggregation assay 2.5×105 

SWV aptamer based biosensor 80 to 105 80 [30] 

velocimetry 
bead-based immunosensing with 

nanofluidic preconcentration 
0 to 3.2×106 50 [31] 

DPV 

hemin functionalized graphene-

conjugated palladium 

nanocomposites 

25 to 2.05×105 8 [32] 

SWV 

biotinylated-

antibody/cyclodextrin inclusion 

complex 

10 to 2.5×104 6.7 [33] 

Photoelectroch

emical assay 

Carbon Dots/g-C3N4 

nanoheterostructures and copper 

nanoclusters 

20 to 105 5 [34] 

LSV peptide and GO/AgNPs 5 to 2×104 0.33 
this 

work 

 

3.7 Selectivity investigation  

The specificity of the electrochemical biosensor is due to the peptide sequence, which can 

be cleaved only in the presence of PSA. We have introduced a random peptide sequence to 

investigate the effect of peptide sequence. The random peptide modified electrode does not 

respond to target PSA (5 pg mL-1), while in the case of specific peptide, the peak intensity 

decreases significantly, which is due to the specific recognition of PSA and the subsequent 
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cleavage (Figure S4). To evaluate the selectivity of the electrochemical biosensor, it has been 

challenged with other possible interferences such as CEA, AFP, and BSA in the same conditions. 

The obtained results are exhibited in Figure 4. When the biosensor is incubated with the 

interfering proteins with relatively higher concentrations, no apparent changes of the current are 

observed compared to the blank test, which demonstrate that the designed peptide cannot be 

cleaved by these proteins. Only in the presence of PSA, specific cleavage reaction occurs, which 

inhibits the subsequent GO immobilization of silver deposition. The finally obtained peak 

currents are remarkably decreased. All these results confirms the proposed biosensor has a good 

specificity for PSA analysis. 

 

Figure 4. Selectivity investigation of the proposed PSA (PSA1: 100 pg mL-1; PSA2: 1 ng mL-1) 

assay against other interfering proteins (1 ng mL-1). 

3.8 Analysis of clinical serum specimens  
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We have further evaluated the recoveries of standard PSA spiked in independent healthy 

human serum samples by the proposed method. The results are listed in Table 2. The detected 

values are similar with initially added values. The recoveries are in the range from 83.4% to 

106.7%, which are quite satisfactory. Therefore, this method may have a promising potential 

application for the detection of PSA in clinical analysis. 

Table 2. Analytical results of PSA in clinical serum samples. 

Sample Spiked (ng mL-1) Detected (ng mL-1) Recovery (%) 

Serum 1 
2.0 1.995 99.8% 

5.0 4.365 87.3% 

Serum 2 
2.0 2.037 101.9% 

5.0 4.168 83.4% 

Serum 3 
2.0 2.133 106.7% 

5.0 4.265 85.3% 

 

CONCLUSIONS 

In summary, with target-induced cleavage of peptide, a novel electrochemical biosensor for 

sensitive detection of PSA has been successfully constructed. By employing GO/AgNPs 

nanocomposites, wide liner range and low detection limit are achieved. The excellent 

performances of the proposed biosensor should be attributed to the following reasons. First, a 

short peptide is used to replace traditional antibodies for PSA recognition due to its good 

stability, reaction efficiency, and the ability to accommodate different environments; Second, 

GO/AgNPs enhancement improves the precision and sensitivity of the detection. In view of the 
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above advantages, we anticipate that this highly sensitive and selective method has great 

potential to be applied in clinical applications. 
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Table 1. Analytical performance comparison of this work with other reported PSA assays. 

Technique Strategy 
Detection range 

(pg mL−1) 

LOD (pg 

mL−1) 
Ref 

cyclic 

voltammetry 
epitope binning assay - 5×105 [27] 

reflectance 

spectroscopy 

white light reflectance spectroscopy 

biosensing system 
5×102 to 5×105 500 [28] 

particle analysis 

system 

microwell-based microbead 

aggregation assay 

1.25×102 to 

2.5×105 
125 [29] 

SWV aptamer based biosensor 80 to 105 80 [30] 

velocimetry 
bead-based immunosensing with 

nanofluidic preconcentration 
0 to 3.2×106 50 [31] 

DPV 

hemin functionalized 

graphene-conjugated palladium 

nanocomposites 

25 to 2.05×105 8 [32] 

SWV 
biotinylated-antibody/cyclodextrin 

inclusion complex 
10 to 2.5×104 6.7 [33] 

Photoelectroche

mical assay 

Carbon Dots/g-C3N4 

nanoheterostructures and copper 

nanoclusters 

20 to 105 5 [34] 

LSV peptide and GO/AgNPs 5 to 2×104 0.33 
this 

work 
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Table 2. Analytical results of PSA in clinical serum samples. 

Sample Spiked (ng mL-1) Detected (ng mL-1) Recovery (%) 

Serum 1 
2.0 1.995 99.8% 

5.0 4.365 87.3% 

Serum 2 
2.0 2.037 101.9% 

5.0 4.168 83.4% 

Serum 3 
2.0 2.133 106.7% 

5.0 4.265 85.3% 
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