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Abstract 1 

In this work, a novel and ultrasensitive sandwich-type electrochemical 2 

immunosensor was developed for the quantitative detection of prostate specific 3 

antigen (PSA), a well-known prostatic tumor biomarker. 3D-structured reduced 4 

graphene oxide - multiwalled carbon nanotube - palladium nanoparticles (NPs) 5 

nanocomposite (rGO-MWCNT-Pd) is prepared by a simple and environmentally way 6 

and utilized for the adsorption of the secondary antibodies (Ab2). It is used as novel 7 

enzyme-mimetic label to develop of the sandwich-type electrochemical 8 

immunosensor for signal amplification, showing better electrocatalytic activity 9 

towards the reduction of hydrogen peroxide (H2O2) than rGO-CNT or rGO-Pd due to 10 

the synergetic effect presented in rGO-MWCNT-Pd nanocomposite. Au NPs 11 

decorated amination of graphene (Au-NH2-GS) nanocomposite is used as platform for 12 

immobilization of primary antibobies (Ab1) via amide reaction between –NH2 group 13 

in Au-NH2-GS and –COOH groups in Ab1. Due to the excellent electrocatalytic 14 

activity of rGO-MWCNT-Pd towards the reduction of (H2O2), electrochemical 15 

amperometric changes to different concertrations of PSA are achieved after the 16 

immunoreaction. Under the optimum experimental conditions, the proposed 17 

electrochemical sandwich-type immunosensor exhibits a low detection limit (0.17 18 

pg/mL), a wide linear range (from 0.5 pg/mL to 15 ng/mL) for the detection of PSA.  19 

And it shows high sensitivity, good selectivity and stability, holding a great potential 20 

in clinical and diagnostic applications. 21 

 22 
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1 Introduction 1 

Prostate specific antigen (PSA) is a kind of serine protease which is produced by 2 

normal and malignant prostate epithelial cells.
1
 There will be very little PSA in the 3 

blood of a healthy man, but the levels of PSA can be increased rapidly in the blood of 4 

the patient with prostatic cancer.
2
 PSA is the best serum marker for the detection of 5 

prostatic carcinoma.
3, 4

 At present, more than 4 ng/mL of PSA in serum, people can be 6 

considered pathologic, and when it exceeds 10 ng/mL people will be recommended as 7 

a patient with prostate cancer.
5
 So it is necessary to provide a simple, reliable and 8 

robust technique for the diagnosis of prostate cancer with detecting the content of 9 

PSA. 10 

There are many immune detection methods to detect the content of PSA, such as 11 

eneyme immunoassay and chemiluminescence immunoassays.
6, 7

 Compared with 12 

those methods electrochemical immunosensors have gained great deal of attention in 13 

recent decades, especially in clinical diagnostics,
8, 9

 due to their promising properties 14 

of sensitivity, low-cost, fast analysis, inexpensive instrumentation, suitable 15 

miniaturization, specific and simple detection.
10-12

 Electrochemical immunosensors 16 

based on the specific binding of antibody-antigen are widely used to diagnose 17 

disease.
13

 And sandwich-type immunosensor is one of most important immunosensors, 18 

which is primary composed of primary antibobies (Ab1), the secondary antibodies 19 

(Ab2) and antigen.
14

 But the label-free immunoassay could not amplify the response 20 

signals and the sensitivities, detection limit of these immunosensors which need to be 21 

improved.
15

 In order to achieve the more effective immunosensors, we use Au 22 
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nanoparticles (NPs) decorated amination of graphene (Au-NH2-GS) nanocomposite as 1 

the sensor platform to combine more antibodies and 3D-structured reduced graphene 2 

oxide - multiwalled carbon nanotube - palladium nanoparticles nanocomposite 3 

(rGO-MWCNT-Pd) as the labels of Ab2 to amplify the response signals. With the 4 

Au-NH2-GS/Ab1 capturing antigen onto the antibody site by the specific bond of the 5 

antigen–antibody，the rGO-MWCNT-Pd nanocomposite which is used to label Ab2 6 

could be successively conjugated with the antigen via the immunoreacton. 7 

  8 

Graphene oxide (GO) is a kind of 2D structure material with large surface area.
16

 9 

In fact, most of graphene-based composites were prepared from GO.
17

 GO can be 10 

converted into conductive reduced graphene oxide (rGO). However, these advantages 11 

of rGO ,such as large specific surface area, high electrical conductivity,
 18-20

 have been 12 

partially exploited due to the agglomeration of graphene sheets.
20

 In this work, we use 13 

multiwalled carbon nanotubes (MWCNTs) to solve this problem. In the past decades, 14 

too much attention has been paid on MWCNTs,
21

 due to the exceptional mechanical 15 

properties of MWCNTs and their specific surface area.
22,23

 The specific surface of 16 

MWCNTs is several orders of magnitude larger than conventional microfillers.
24

 In 17 

the study, MWCNTs are added to inhibit the polymerization of rGO during the 18 

process of synthesizing rGO from GO. As a result, the surface area of the 3D 19 

structured rGO-MWCNT considerably larger than rGO. 20 

In recent years, noble metal NPs are widely used as electrode materials due to 21 

their superior electrocatalytic to the reduction of H2O2,
25, 26 

such as Pd, Au, Ag, Pt NPs 22 
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and their composite with metal oxide which have been extensively used in bioaffinity 1 

sensors.
27

 When the H2O2 is added into the bottom of the liquid, noble metal NPs can 2 

catalyze the hydrolysis of H2O2, accelerate the redox reaction in the electroactive 3 

substance , and enhance the electrochemical signal.
28

 In this work, Pd NPs are 4 

introduced via adding K2PdCl4 aqueous solution to the 3D-structured rGO-MWCNT 5 

nanocomposite in an ice bath.
29

 The special structure of rGO-MWCNT 6 

nanocomposite with large surface area provides more active sites for Pd NPs to 7 

catalyze the hydrolysis of H2O2. As the superior electrocatalytic to the reduction of 8 

H2O2 of Pd NPs, the electrocatalytic of the immunosensor is obviously increased. 9 

The immobilization of Ab1 is also important for the  sensitivity of the 10 

immunosensor.
30

 In this work, Au@NH2-GS with good electron transfer ability, 11 

biocompatibility and large specific surface area is used as platform for immobilization 12 

of Ab1, which enhances the loading of antiboby.  13 

2 Materials and methods 14 

2.1 Apparatus and reagents 15 

All electrochemical measurements were performed on a CHI760D 16 

electrochemical workstation (Huakeputian Technology Beijing Co., Ltd., China). 17 

Transmission electron microscope (TEM) images were obtained from a Hitachi H-600 18 

microscope (Japan). Scanning electron microscope (SEM) images and energy 19 

dispersive X-ray spectral data (EDX) were obtained using Quanta FEG250 field 20 

emission environmental SEM (FEI, United States) operated at 4KV. 21 

PSA and anti-PSA were purchased from Biocell Company (Zhengzhou, China). 22 
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Bovine serum albumin (BSA 96-99％) was purchased from Sigma. MWCNTs were 1 

purchased from Timesnano. Phosphate buffered saline (PBS) was used as an 2 

electrolyte for all electrochemistry measurement. All other reagents were of analytical 3 

grade and ultrapure water was used throughout the study. 4 

2.2 Preparation of the Au@NH2-GS 5 

In this process, GO was synthesized by the modified Hummers method.
31

 The 6 

NH2-GS was synthesized with the following method. 0.1 g of GO was dispersed to 10 7 

mL of absolute ethyl alcohol in a flask with ultrasonically stirring for 1h. After further 8 

addition of 0.2 mL of (3-Aminopropyl) triethoxysilane (99 wt%) for reaction, under 9 

70 ºC and stirred for 1.5 h. Then, hydrazine hydrate (0.1 mL, 80 wt%) was added in 10 

the above solution, under 90ºC for 1 h. After that the solution was centrifuged (9000 11 

rpm for 20 min). Then NH2-GS was obtained at 40 ºC for 12 h. Au NPs were 12 

synthesized by the classical Frens method. In brief, a solution of HAuCl4 (0.01 wt%, 13 

100 mL) was heated to boiling, and then a solution of trisodium citrate (1 wt%, 2.5 14 

mL) was added. The boiling solution turned a brilliant ruby-red in around 15 min, 15 

indicating the formation of monodisperse spherical particles, and then it was cooled to 16 

room temperature. 17 

15 mg of NH2-GS was mixed with 15 mL of the prepared Au NPs solution under 18 

stirring for 12 h, and then Au@NH2-GS nanocomposite was obtained by 19 

centrifugation and dried at vacuum.  20 

2.3 Preparation of the rGO-MWCNT-Pd@Ab2 21 

30 mg of MWCNTs were mixed with 30 mL 2 mg/mL of homogeneous GO 22 
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aqueous dispersion, then the mixture was sonicated for 30 min. After that, it was 1 

sealed in a 50 mL of Teflon-lined autoclave at 180 ºC for 12 h, then cooled in room 2 

temperature. The rGO-MWCNT nanocomposite was obtained after freeze-dried 3 

overnight. Then 1 mL of K2PdCl4 (10 mM) aqueous solution and 5 mg of 4 

rGO-MWCNT nanocomposite was added into a 10 mL of aqueous solution under 5 

vigorous stirring for 30 min in an ice bath. Afterwards, the products were washed 6 

three times with ultrapure water and centrifuged to remove the remaining reagents. 7 

Then the rGO-MWCNT-Pd nanocomposite was obtained under the condition of 8 

vacuum at 40 ºC for 12 h. 9 

Fig.1 (A) shows the illustration of fabrication procedure of the 10 

rGO-MWCNT-Pd@Ab2. 2 mL of rGO-MWCNT-Pd (3 mg/mL) solution was added to 11 

100 µL Ab2 dispersion (10 µg/mL) and the mixture was tirred for 12 h at 4 ºC 12 

following centrifugation. The rGO-MWCNT-Pd@Ab2 was dispersed in 2 mL of PBS 13 

(pH=7.4) and stored at 4 ºC. 14 

 15 

Fig.1. (A) The illustration of fabrication procedure of the rGO-MWCNT -Pd@Ab2. (B) The 16 

illustration of fabrication procedure of the immunosensor. 17 
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2.4 Fabrication of the immunosensor 1 

Fig.1 (B) shows the illustration of fabrication procedure of the immunosensor. A 2 

glassy carbon electrode (GCE) was polished to a mirror-like finish with alumina 3 

powder, after cleaned before using by ultrapure water. First, 6 µL of prepared 4 

Au-NH2-GS solution was added onto the electrode surface via physical adsorption 5 

and then dried. After washing 6 µL Ab1 (10 µg/mL) was added onto the electrode 6 

surface and after dried at 4 ºC the electrode was washed carfully. Then, 3 µL of BSA 7 

(1 wt%) solution was added to eliminate nonspecific binding sites. Following that, the 8 

electrode was washed and incubated with a varying concentration of PSA at 4 ºC. 9 

Then the electrode was washed by ultrapure water to remove unbounded PSA 10 

molecules. Finally, the prepared rGO-MWCNT-Pd@Ab2 buffer solution was added 11 

onto the electrode surface at 4 ºC, and the electrode was washed thoroughly for 12 

measurement.  13 

2.5 Detection of PSA 14 

A conventional three-electrode system was used for all electrochemical 15 

measurements: a GCE with 4 mm in diameter as the working electrode, a saturated 16 

calomel electrode (SCE) as the reference electrode, and a platinum wire electrode as 17 

the counter electrode. The PBS at pH=7.4 was used for all the electrochemical 18 

measurements. When the background current was stabilized, 5 mM H2O2 was added 19 

into the PBS. A detection potential of -0.4 V was selected in amperometric i–t curve 20 

technology which was used to record the amperometric change.  21 

 22 
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3 Results and discussion  1 

In this section, we conducted a series of characterizations for the nanocomposites 2 

of Au@NH2-GS and rGO-MWCNT. Then we optimized the experimental conditions. 3 

Under the optimal conditions, we obtained the equation of the calibration curve for 4 

detection of PSA. After all of that, the proposed immunosensor was applied to detect 5 

PSA in the serum.  6 

3.1 Characterization of the Au@NH2-GS and rGO-MWCNT-Pd 7 

Fig.2 (A) shows the SEM image of the Au@NH2-GS. There are some 8 

corrugations on the edge of the NH2-GS, which is consistent with previous work. 9 

From the image we can see a large number of Au NPs were successfully attached and 10 

well distributed onto the surface of the NH2-GS. Although the obtained Au NPs have 11 

high surface energy, they can not move free and aggregate further, by the interaction 12 

between Au NPs and -NH2. In order to better distinguish the surface structure of the 13 

MWCNTs and the rGO-MWCNT nanocomposite, the morphology of those were 14 

characterized through SEM (Fig.2 B and C). From Fig.2(B), the structure of untreated 15 

carbon nanotubes are thin long tubular, stacked between multiple tubes winding form 16 

a mesh structure without any impurities. But the external structure of the 17 

rGO-MWCNT is completely different with it. As can be seen from the picture of (C), 18 

hierarchical tortuous MWCNTs interspersed into the rGO sheets, and rGO likes a 19 

layer of gauze covering on the surface of the MWCNTs. MWCNTs can bridge the 20 

adjacent rGO sheets, prevent rGO sheets from restacking, and increase the specific 21 

surface area. The 3D structured rGO-MWCNT nanocomposite provides more active 22 
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sites for Pd NPs. As the superior electrocatalytic to the reduction of H2O2 of Pd NPs, 1 

the electrocatalytic of the immunosensor was increased obviously. Fig.2 (D) is the 2 

TEM image of rGO-MWCNT-Pd nanocomposite. Pd NPs can be seen clearly, and it 3 

can be further confirmed the special structure of rGO-MWCNT-Pd nanocomposite. 4 

Fig.2 (E) shows the EDX spectrum of the prepared rGO-MWCNT-Pd nanocomposite. 5 

Pd element in the EDX spectrum proofs that the preparation of the composite 6 

materials was very successful. 7 

 8 

Fig.2. (A) The SEM image of Au@NH2-GS; (B) MWCNTs; (C) rGO-MWCNT; (D) The TEM 9 

image of rGO-MWCNT-Pd nanocomposite; (E) EDX spectrum of rGO-MWCNT-Pd 10 

nanocomposite 11 

3.2 Optimization of experimental conditions 12 

In order to obtain the optimal electrochemical signal, we select the best 13 

experimental conditions including pH, the concentration of Au@NH2-GS and 14 

rGO-MWCNT-Pd. These conditions on the experimental are very important for the 15 

detection of PSA. The immunosensor is tested by amperometric i–t curve in the 16 

working solution of PBS. Fig.3 (A) shows the amperometric changes in different pH 17 

values of PBS. As shown, from 4.5 to 7.4 of pH the amperometric change is increased, 18 

and then from 7.4 to 9.2 it is decreased. The best amperometric change is achieved at 19 
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pH=7.4. This proves that the pH values have a significant impact on the redox 1 

procedure of H2O2. The highly acidic or alkaline surroundings would damage antigen 2 

and antibody so that the electrochemical behavior of the immunosensor will become 3 

bad. 4 

 5 

    Fig.3. (A) Amperometric changes of the immunosensor of 1 ng/mL PSA to the reduction of 5 6 

mM H2O2 in different pH values of PBS (B) Au@NH2-GS concentration and (C) 7 

rGO-MWCNT-Pd@Ab2 concentration. Error bar = RSD (n = 5) 8 

The role of Au@NH2-GS is to capture more antibodys with little resistance 9 

increasement, so the influence of Au@NH2-GS concentration can not be ignored. 10 

Fig.3 (B) shows the amperometric changes when the immunosensor is modified with 11 

different concentrations of Au@NH2-GS. The amperometric change is increased from 12 

0.5 to 1.4 mg/mL, after that it reaches a plateau. Au@NH2-GS have good electrical 13 

conductivity may be attributed to the increase of specific surface area and 14 

electroactive materials. While too much Au@NH2-GS may not be increase the 15 

electrical conductivity. In our work, we used 1.4 mg/mL of Au@NH2-GS to conduct 16 

the electrochemical tests. 17 

rGO-MWCNT-Pd is used as the lable of Ab2, so the concentration of 18 

rGO-MWCNT-Pd is also important for the electrochemical tests. When the 19 

immunosensor was modified with different concentrations of rGO-MWCNT-Pd@Ab2, 20 

the result of amperometric change is shown in Fig.3 (C). From 1.0 to 3.0 mg/mL the 21 

Page 12 of 25New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



  
13 

 

  

amperometric change is increased and then reaches a plateau. The more 1 

rGO-MWCNT-Pd, the more Ab2 would be captured. But a certain amount of 2 

Au@NH2-GS@Ab1 could only combined with a certain number of antigen, so 3 

over-much rGO-MWCNT-Pd is wasted. In our study, we used 3.0 mg/mL of 4 

rGO-MWCNT-Pd to capture Ab2 more efficient. 5 

3.3 Characterization of the immunosensor 6 

In our study, amperometric i-t curve technology is used to explore the 7 

electrocatalytic performance of rGO-MWCNT-Pd nanocomposite. The results of the 8 

study are shown in Fig.4 (A). These curves respectively represent bare GCE (a); the 9 

immunosensor for the detection of 1 ng/mL PSA modified without lables (b); with 10 

rGO-Pd@Ab2 (c) and rGO-MWCNT-Pd@Ab2(d) as lables. As seen from Fig.4 (A), 11 

the curves of (a) and (b) are almost the straigh lines, in other words, the bare GCE and 12 

the immunosensor modified without lables have no effect on the redox procedure of 13 

H2O2. Comparing with curve (a) and curve (b), curve (c) displays lager amperometric 14 

change. It indirect proof  Pd NPs have a great catalytic activity for H2O2. As 15 

expected, the immunosensor using rGO-MWCNT-Pd as label displayed the highest 16 

current change (curve d)，that is because rGO-MWCNT could combine more Pd NPs. 17 

It further evidence that the 3D structured of rGO-MWCNT nanocomposite has large 18 

surface area and it could provides more active sites for Pd NPs to catalyze the 19 

hydrolysis of H2O2. 20 
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 1 

Fig.4. (A) Amperometric changes of the immunosensor for the detection of 1 ng/mL PSA 2 

without lables (b), with rGO-Pd@Ab2 (c) and rGO-MWCNT-Pd@Ab2(d) as lables, the bare 3 

GCE (a). (B) Nyquist plots of the AC impedance for each immobilized step of bare GCE (a), 4 

Au@NH2-GS/GCE (b), Au@NH2-GS@Ab1/GCE (c) BSA/Au@NH2-GS@Ab1/GCE (d) 5 

PSA/BSA/Au@NH2-GS@Ab1/GCE (e) and rGO-MWCNT-Pd@Ab2/PSA/BSA /Au@NH2 6 

-GS@Ab1/GCE (f) in 0.1 M KCl and 2.5 mM Fe(CN)6
4-

/Fe(CN)6
4-

. 7 

 8 

In this study, the assembly process of the electrode was characterized by the AC 9 

impedance tecnology. Fig.4 (B) shows the Nyquist plots of A.C. impedance 10 

spectroscopy in the process of modifying electrode. Nyquist plots comprise; two parts 11 

the linear portion and the semicircle portion. The linear portion at low frequencies is 12 

affiliated with electrochemical behavior limited by diffusion. The semicircle portion 13 

at high frequencies is affiliated with the electrochemical process subject to electron 14 

transfer, and the greater resistance, the greater diameter. Thus, it is an appropriate 15 

tecnology to observe the changes of resistance in the surface of the electrode. In this 16 

study, Au@NH2-GS/GCE (b), Au@NH2-GS@Ab1/GCE (c) 17 

BSA/Au@NH2-GS@Ab1/GCE (d) PSA/BSA/Au@NH2-GS@Ab1/GCE (e) and 18 

rGO-MWCNT-Pd@Ab2/PSA/BSA /Au@NH2 -GS@Ab1/GCE (f) were modified layer 19 

by layer on the bare GCE (a). The increased diameter indicated that the resistance is 20 

increasing gradually. Based on the result of this study, we conclude that the electron 21 

transfer ability of the modified electrode is determined by the conductive 22 
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nanocomposite and non-conductive bioactive substances. Clearly, the assembly of 1 

these materials and biomolecules onto the surface of the electrode was successful. 2 

In this study, the sandwich-type electrochemical immunosensor was used to 3 

detect different concentrations of PSA under the optimal experimental conditions. 4 

Fig.5 shows the amperometric changes increase linearly with the logarithmic values 5 

of the PSA concentration, within the range from 0.5 pg/mL to 15 ng/mL, and with a 6 

low limit of 0.17 pg/mL. The equation of the calibration curve is △I = 11.83 lgC + 7 

77.42, r=0.9913. The low detection limit owed to the several reasons. Firstly, 8 

Au-NH2-GS with good biocompatibility could capture more Ab1 to amplify the signal. 9 

Secondly, the 3D stctured of rGO-MWCNT-Pd nanocomposite has large specific 10 

surface area , excellent electrocatalytic activity and biocompatibility, which could 11 

greatly increasing the response to H2O2, and broaden the scope of testing and leading 12 

to higher sensitivity. 13 

 14 

Fig.5. Calibration curve of the immunosensor to logarithmic values of the PSA concentrations. 15 

Error bar = RSD (n = 5) 16 

3.4 Reproducibility, stability and selectivity of the immunosensor 17 

In this work, a series of five immunosensors were prepared for the detection of 1 18 

ng/mL PSA to testify the reproducibility of the immunosensor. Fig.6 shows that the 19 
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relative standard deviation (RSD) of the measurements is 2.51％. It can be proved 1 

that the reproducibility of the prepared immunosensor are quite good.
32

 2 

 3 

 Fig.6. Amperometric changes of biosensor to five immunosensors treated in same situation. 4 

In order to test the stability of the immunosensor, the sensor was stored at 4 ºC 5 

for two weeks, which not in use. There was not significant reduction compared with 6 

the immunosensors without being stored. This could owe to the biocompatibility of 7 

the rGO-MWCNT-Pd nanocomposite and large specific surface area Au@NH2-GS 8 

nanocomposite. 9 

To test the selectivity of the immunosensor, interferences study was performed 10 

using vitamin C, carcinoembryonic antigen (CEA), glucose and alpha fetal protein 11 

(AFP). The concentrations of the interferences were 100 ng/mL. These four 12 

substances changed the current values less than 5.0 % of that without interferences. 13 

It can be concluded that the reproducibility, stability and selectivity of the 14 

immunosensor are acceptable, and the proposed immunosensor can be used to detect 15 

the PSA. 16 

3.5 Real sample analysis 17 

From above of all, the proposed immunosensor can be used in the detection of 18 

the PSA. In order to prove this, the proposed immunosensor was used to detect the 19 
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amount of PSA in the serum, and then the recovery test was carried out to prove the 1 

results. The results of the experimental are showed in Table 1. We can see that the 2 

RSD is in the range from 3.89 % to 4.75 % and the recovery is in the range from 3 

96.0 % to 98.0%. So the proposed immunosensor can be used to detect the PSA in 4 

human serum.   5 

Table 1 6 

Determination of PSA in human serum sample 7 

 8 

 Initial PSA       Added PSA        Measured      Average value   RSD    Recovery 9 

 concentration in   concentration   concentration after     (ng/mL)    (%,n =5） (%, n = 5) 10 

 sample (ng/mL)    (ng/mL)       addition (ng/mL) 11 

 12 

                    1         1.86, 1.92, 2.05，        1.96        3.89      98.0 13 

      0.98                       1.97，2.02 14 

                    2          2.81, 2.95, 3.11,         2.90        4.75      96.0 15 

                                 2.76, 2.86    16 

                    3          4.12, 3.81, 3.76,         3.91        4.30      97.7 17 

                                 3.79, 4.05 18 

 19 

 20 

4 Conclusion 21 

In this work, a sandwich-type immunosensor based on 3D-structured reduced 22 

graphene oxide - multiwalled carbon nanotube - palladium nanoparticles 23 

nanocomposite as labels for the quantitative detection of prostate specific antigen is 24 

development. The existence of multiwalled carbon nanotubes inhibit the 25 

polymerization of rGO during the process of synthesizing rGO from GO. They also 26 

increase the surface area of the nanocomposite and provide more active sites for Pd 27 

nanoparticles to catalyze the hydrolysis of H2O2. As a result, the electrocatalytic of the 28 

immunosensor is obviously increased. The 3D sandwich-type immunosensor is 29 

successfully developed within a wide range (0.5 pg/mL~15 ng/mL) and a low 30 

detection limit (0.17 pg/mL`). This result is better than many other electrochemical 31 
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methods, as shown in Table 2.
33-36

 Besides, the proposed immunosensor also showed 1 

good reproducibility, high selectivity and acceptable stability. Generally speaking, the 2 

3D-structured immunosensor can provide wide potential applications for the detection 3 

of PSA in clinical diagnosis. 4 

Table 2  5 

Comparing with other immunoassay biosensing system 6 

Detection 

methods 

Biomarker 

protein 

Linear range 

(ng/mL) 

Detection limit  

(pg/mL) 

References 

 

electrochemical 

 

PSA 

 

0.005-10 

 

2 

 

33 

 

electrochemical 

 

PSA 

 

0.01-40 

 

2 

 

34 

 

electrochemical 

 

PSA  

 

0.0048-0.1168 

 

0.0016 

 

35 

 

electrochemical 

 

PSA 

 

0.01-10 

 

2 

 

36 

 

electrochemical 

 

PSA 

 

0.0005-15 

 

0.0017 

 

Proposed method 

 7 
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Graphical Abstract 

 

The signal amplification sandwich-stype immunosensor with wide 

linear range and low detection limit in clinical and diagnostic 

applications. 
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Table 1  

Determination of PSA in human serum sample 

 

 Initial PSA       Added PSA        Measured      Average value   RSD    Recovery 

 concentration in   concentration   concentration after     (ng/mL)    (%,n =5） (%, n = 5) 
 sample (ng/mL)    (ng/mL)       addition (ng/mL) 

 

                    1         1.86, 1.92, 2.05，        1.96        3.89      98.0 

      0.98                       1.97，2.02 
                    2          2.81, 2.95, 3.11,         2.90        4.75      96.0 

                                 2.76, 2.86    

                    3          4.12, 3.81, 3.76,         3.91        4.30      97.7 

                                 3.79, 4.05 
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Table 2  

Comparing with other immunoassay biosensing system 

Detection 

methods 

Biomarker 

protein 

Linear range 

(ng/mL) 

Detection limit  

(pg/mL) 

References 

 

electrochemical 

 

PSA 

 

0.005-10 

 

2 

 

33 

 

electrochemical 

 

PSA 

 

0.01-40 

 

2 

 

34 

 

electrochemical 

 

PSA  

 

0.0048-0.1168 

 

0.0016 

 

35 

 

electrochemical 

 

PSA 

 

0.01-10 

 

2 

 

36 

 

electrochemical 

 

PSA 

 

0.0005-15 

 

0.0017 

 

Proposed 

method 
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