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The aim of this study is to fabricate an electrochemical biosensor using a decreased recombinant 

human erythropoietin (rhuEPO)/Au NPs/CNTs nanohybrid modified glassy carbon electrode (GCE) to 

measure the amount of the peptide hormone rhuEPO in a sample of cyclists' blood plasma. The GCE 

surface was modified with an Au NPs/CNTs nanohybrid structure using the electrodeposition method, 

and rhuEPO was reduced on the nanohybrid structure using chronoamperometry. Studies on the 

structural properties of electrodeposited Au NPs/CNTs revealed that these particles had a suitable 

distribution on the surface of the CNTs and could be regarded as a hybrid nanoparticle nano-disperse 

ensemble. The development of decorated Au NPs on CNTs porous structure surface facilitated the 

functionalization of the nanoparticles with rhuEPO specific antibody as well as promoted the stability 

of rhuEPO biosensors, and reduced rhuEPO promoted the selectivity of biosensors, according to 

electrochemical analyses of rhuEPO biosensors by DPV and amperometry. According to amperometric 

experiments, the linear range was 0 to 22000 ng/l, and a sensitivity value of 4.3907 µA/µgl-1 for 

reduced rhuEPO/Au NPs/CNTs/GCE toward rhuEPO was achieved. The detection threshold was set at 

1 ng/l as well. These results demonstrated the wide linear range and adequate detection limit value of 

the decreased rhuEPO/Au NPs/CNTs nanohybrid when compared to recently reported rhuEPO sensors 

and biosensors. rhuEPO was extracted using magnetic beads and reduced on Au NPs/CNTs/GCE, and 

the results showed excellent agreement and validity between amperometry and ELISA analyses. The 

applicability and validity of reduced rhuEPO/Au NPs/CNTs/GCE were investigated for the 

determination level of rhuEPO in a blood plasma sample from cyclists. Additionally, the developed 

approach can be used to determine the level of rhuEPO in clinical samples because of the appropriate 

relative standard deviation (≥4.69 %) and relative recovery (≥99.00 %) values. 
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1. INTRODUCTION 

 

Any molecule made up of two or more amino acids connected by peptide bonds is referred to 

as a peptide [1, 2]. An amino acid's general structure is R-CH(NH2)COOH [3, 4]. Each amino acid is a 

monomer that joins with other amino acids to form a peptide polymer chain when one amino acid's 

carboxyl group (-COOH) combines with another amino acid's amino group (-NH2) to create a covalent 

connection [5, 6]. Thus, peptides are amino acids that are the building blocks of certain proteins 

needed by the skin, like collagen and elastin [7, 8].  

Peptides function as enzymes, hormones, poisons, antibiotics, and structural elements of cells 

and tissues. The hormones oxytocin, glutathione (which encourages tissue growth), insulin from the 

pancreas, glucagon (a hyperglycemic factor), luteinizing hormone, steroid hormone, parathyroid 

hormone, and ghrelin are some examples of peptides [9-11]. Examples of peptide hormones that help 

the body deal with stress and control the synthesis of several tissues in the body, respectively, include 

corticotrophins and growth hormone [12-14]. 

The body naturally produces erythropoietin, a peptide hormone, primarily in the kidneys [15-

17]. Red blood cell production in the bone marrow is prompted by it. Severe anemia may develop if 

the body does not create enough erythropoietin. Patients with chronic renal disease who have 

malfunctioning kidneys frequently experience this [18-20]. Red blood cells carry oxygen to the cells, 

including muscle cells, permitting them to function more efficiently [21-23]. This is why 

erythropoietin is helpful for athletes [24, 25]. Elite cycling studies have shown that erythropoietin 

improves athletic performance and gives users an unfair advantage over rivals [26, 27]. Therefore, 

according to the WADA forbidden list, erythropoietin is never allowed in sports [28, 29]. Recombinant 

human erythropoietin (rhuEPO), a biopharmaceutical medicine given to patients who have low 

hemoglobin due to chronic renal disease, cancer, or anemia, is one example of synthetic rhuEPO 

manufactured using recombinant DNA technology [30-32]. 

Because of this, measuring rhuEPO levels is crucial. Numerous studies have been conducted to 

identify rhuEPO levels as doping agents in athlete biological samples using electrochemical sensors 

and biosensors [33-41]. To improve the selectivity and sensitivity of rhuEPO sensors, these sensors 

and biosensors must be modified with the appropriate nanostructure and nanocomosites. Therefore, the 

aim of this study is to make an electrochemical biosensor via reduced rhuEPO, Au NPs, CNTs, and 

GCE that can be used to measure the level of rhuEPO in a sample of blood plasma from cyclists. 

 

 

2. EXPERIMENT 

 

The electrodeposition method was used for modification of the GCE surface [42, 43]. Before 

the modification, the GCE surface was successively polished with alumina powder (1.0, 0.3 and 0.05 

μm, 99.99%, Sigma-Aldrich) on a buff until it got the mirror-smooth surface. After each polishing, the 

GCE surface was ultrasonically washed with a mixture of water and ethanol. For electrodeposition, 2.0 

mg CNTs (99%, Luoyang Tongrun Info Technology Co., Ltd., China) were dispersed in 30 mL of 0.1 

M KNO3 (≥99.0%, Sigma-Aldrich) solution containing 0.2 g/L HAuCl4 (99.5%,Merck, Germany). The 
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electrodeposition was performed using an electrochemical workstation potentiostat (Xiamen Tob New 

Energy Technology Co., Ltd., China) in a three-electrode electrochemical setup containing clean GCE, 

an Ag/AgCl (3 M KCl) and Pt mesh as working, reference and counter electrode, respectively. The 

electrodeposition of the CNTs was conducted at 1 V for 200 s. The electrodeposition of the Au NPs on 

the CNTs/GCE was performed at -0.24 V for 100 s. 

The antibody-conjugated magnetic beads (Ab-MB) were prepared for careful extraction from 

rhuEPO of human blood. For preparation of Ab-MB, 200 µL of a mixture of equal volume ratios of 

0.15M N-hydroxysuccinimide (NHS, 98%, Sigma-Aldrich) and 0.15M 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC, 99.0%, Sigma-Aldrich ) solution was ultrasonically added 

to amine derivatized (99%, Sigma-Aldrich). Then, 50 µL silanized iron oxide magnetic beads (size of 

3µL, Thermo Fisher Scientific, USA) were added to the obtained mixture under magnetic stirring. 

After that, 20 µL of 0.2gL-1 rhuEPO antibody (EPOGEN, Amgen, Thousand Oaks, CA, USA) were 

added to the mixture. Subsequently, for conjugation of the magnetic beads by the antibody, the 

obtained mixture was stored at 5°C for 5 hours. The resultant magnetic beads were separated from the 

solutions using a magnetic separator followed by resuspendation in 200 µL of 0.1 M phosphate buffer 

solution (PBS) with pH =7.4. Finally, the obtained Ab-MB was stored at 5°C before use. 0.1 M PBS 

contained a mixture of equivalent volume ratio of 0.1M NaH2PO4 and 0.1M Na2HPO4 (99%, Merck, 

Germany). 

The rhuEPO standard solutions were prepared in a concentration range from 1 ng/l to 1000 ng/l 

through serial dilution in 0.1 M PBS with pH =7.4.  A 12ng/l of rhuEPO was added into human blood. 

Then, 200 µL of Ab-MB was added to 200 µL of plasma. The mixture was left for 90 minutes with 

mild shaking at room temperature. The MBs were separated from the mixture using a magnetic 

separator and washed several times with 150 µL of 0.1 M PBS with pH =7.4 to remove the impurities 

and avoid the adsorption of interferants. 250 µL of 1.0 M coupling buffer of glycine/KOH with pH 

10.0 was added to the beads to release the captured rhuEPO from the magnetic beads followed by mild 

shaking for 30 minutes at room temperature. To remove the glycine buffer from the recovered 

solutions, they were loaded onto a size exclusion column and the extracted biomolecules were eluted 

using 500 μL of 0.1M PBS with pH 7.4. 

For the modification of Au NPs/CNTs/GCE, CNTs/GCE and Au NPs/GCE with rhuEPO, 10 μl 

of standard rhuEPO solution with a concentration range of 1000 ng/l was loaded on nanostructured 

surface of electrodes, and then assembled and reduced through chronoamperometry at a potential of -

1.0 V for 25min into 0.1M KOH. Finally, to electrochemically absorption the reduced protein on the 

surface of the electrode, the DPV experiment was performed at potential range from -1 V to -1.4 V at 

scan rate of 10mV/s for 15 cycles. The rhuEPO/Au NPs/CNTs/GCE, rhuEPO/CNTs/GCE and 

rhuEPO/Au NPs/GCE were stored in 4°C for electrochemical analyses. The human Erythropoietin 

Quantikine IVD ELISA Kit was also utilized for studies of rhuEPO content in human plasma. 

Field emission scanning electron microscopy (FESEM) and X-ray diffraction (XRD) were used 

to conduct structural and morphological analyses of the electrodeposited nanostructure. 
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3. RESULTS AND DISCUSSION 

 

Figure 1 displays SEM images of CNTs/GCE, Au NPs/GCE, and Au NPs/CNTs/GCE. High 

density CNTs electrodeposited on the surface of the GCE are visible in Figure 1a's SEM images of 

CNTs/GCE, and their diameters range from 60 to 70 nm. The electrodeposited CNTs have a large 

surface area and void spaces or gaps between them that can be thought of as macropores, and diffusion 

can occur easily through the pores [44, 45]. Figure 1b's SEM pictures of the Au NPs/CNTs/GCE 

combination demonstrate that the NPs are properly distributed over the surface of the CNTs and can be 

regarded as a nanoparticle hybrid nano-disperse ensemble [46, 47]. Moreover, there is a high aspect 

ratio interpenetrating CNTs which prevents nanoparticles aggregation [48-50], thereby enabling 

decorated Au NPs have an average diameter of 30 nm. 

 

 

 

 

Figure 1. SEMs of (a)CNTs/GCE, (b) Au NPs/CNTs/GCE 

 

 

 

Figure 2. The XRD profiles of electrodeposited CNTs, Au NPs and Au NPs/CNTs. 

 

XRD profiles of deposited CNTs, Au NPs and Au NPs/CNTs are displayed in Figure 2.  The 

XRD profile of CNTs in Figure 2a illustrates a sharp diffraction peak at 25.75° which is assigned to the 

graphitic structure of CNTs with a plane of (002) [51, 52]. The  XRD profiles of Au NPs and Au 

NPs/CNTs in Figure 2 show diffraction peaks at 37.78°, 43.91°, 64.36°  and 77.59° which are indexed 
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to the face-centered cubic (fcc) structure of metallic Au with (111), (200), (220) and (311) 

planes(JCPDS No. 04-0784) [53-55]. The XRD profile of Au NPs/CNTs exhibits an additionally 

strong peak at 25.77° which demonstrates the successful deposition of Au NPs on CNT surfaces that 

further confirmed by the SEM analysis as shown in Figure 1c. 

For erythropoietin, normal standards in healthy people are in a concentration range from 7 to 

19 ng/l [56, 57]. Therefore, the electrochemical biosensor performance should be evaluated within this 

concentration range. The obtained DPV responses of bare GCE, CNTs/GCE, Au NPs/GCE, Au 

NPs/CNTs/GCE, reduced rhuEPO/CNTs/GCE, reduced rhuEPO/ Au NPs /GCE and reduced 

rhuEPO/Au NPs/CNTs/GCE in 0.1 M PBS with pH 7.4 and 100 ng/l rhuEPO at a scanning rate of 15 

mV/s are depicted in Figure 3. It is found that bare GCE, CNTs/GCE, Au NPs/GCE and Au 

NPs/CNTs/GCE do not show any peak current at potential window of 0.0 V to 0.52 V. The observed 

peaks at 0.18 V, 0.17 V and 0.16 V are reduced rhuEPO/CNTs/GCE, reduced rhuEPO/ Au NPs /GCE 

and reduced rhuEPO/Au NPs/CNTs/GCE, respectively, indicating reduced rhuEPO important role in 

efficient reduction of the disulfide bonds in proteins and peptides [58-60].  

 

 

 

Figure 3. The obtained DPV responses of  (a) bare GCE, (b) CNTs/GCE, (c) Au NPs/GCE, (d) Au 

NPs/CNTs/GCE, (e) reduced rhuEPO/CNTs/GCE, (f) reduced rhuEPO/ Au NPs /GCE and (g) 

reduced rhuEPO/Au NPs/CNTs/GCE in 0.1 M PBS with pH 7.4 contaning 100 ng/l rhuEPO at 

a scanning rate of 15 mV/s. 

 

It can form the free sulfhydryl (thiol; -SH) groups on proteins which chemisorb preferentially 

onto the Au nanostructures of the functionalised substrate through the formation of Au-S bonds [61-63]. 

In addition, the DPV responses in Figures 3 exhibits that the peak reduced rhuEPO/Au 

NPs/CNTs/GCE reveals a peak at lower potential and a higher current than that on reduced rhuEPO 

modified CNTs/GCE and Au NPs /GCE. It is associated with a porous CNTs structure that shows 

better mechanical and chemical properties, great electrical conductivity and high cell-affinity 

improving cell attachment, proliferation and differentiation [60, 64-66]. Au NPs is chemically stable, 

biocompatible, and because of the surface chemistry of Au, the development of decorated Au NPs on 

CNTs porous structure surface facilitates the functionalization of the nanoparticles with rhuEPO 

specific antibodies as well as promotes the stability of rhuEPO biosensors [67-69]. Thus, the Au 
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NPs/CNTs hybrid shows the advantages of the CNTs with their unique electrical and enlarged active 

surface and the Au NPs with good biocompatibility, conductivity and stability for biosensors. 

Therefore, the further electrochemical studies were performed using reduced rhuEPO/Au 

NPs/CNTs/GCE. 

The stability effect of the DPV response of reduced rhuEPO/Au NPs/CNTs/GCE was 

investigated in 0.1 M PBS with pH 7.4 containing 100 ng/l rhuEPO at a scanning rate of 15 mV/s. 

Figure 4 depicts the 1st and 80th  DPV responses of reduced rhuEPO/Au NPs/CNTs/GCE, indicating 

that after successive 80 scans the peak current decreased 5%. It is demonstrated that the 

electrochemical response of reduced rhuEPO/Au NPs/CNTs/GCE is highly stable due to successful 

immobilization of reduced rhuEPO molecules on Au NPs/CNTs hybrid structures, resulting in good 

biocompatibility for the maintenance of reduced rhuEPO molecules' biological activity [40, 70]. 

 

 

 

Figure 4. Stability effect of DPV response of reduced rhuEPO/Au NPs/CNTs/GCE in 0.1 M PBS with 

pH 7.4 contaning 100 ng/l rhuEPO at scanning rate of 15 mV/s; (a) 1st and (b) 80th DPV scans.  

 

 

The amperometric responses and calibration graph of reduced rhuEPO/Au NPs/CNTs/GCE to 

successive additions of 1 μgl-1 rhuEPO into 0.1M PBS with a potential of 0.16 V are depicted in Figure 

5. The obtained responses for each addition 1 μg/l rhuEPO indicate to fast response of reduced 

rhuEPO/Au NPs/CNTs/GCE as rhuEPO biosensor. As observed, after each injection of rhuEPO 

solution, the amperometric current intensity increases. The depicted calibration graph in Figure 5b 

shows that the signal of amperometric responses is linearly increased with a concentration range of 0 

to 22000 ng/l, and sensitivity of reduced rhuEPO/Au NPs/CNTs/GCE toward rhuEPO is obtained of 

4.3907 µA/μg/l. Additionally, the detection limit can be determined of 1 ng/l. These finding are 

compared with recent reported rhuEPO sensors and biosensors in Table 1. It is possible to be a novelty 

of this study that the reduced rhuEPO/Au NPs/CNTs/GCE exhibits a wide linear range or appropriate 

and lower detection limit value among the reported voltammetric electrochemical sensors [35, 39, 40] 

due to Au NPs and CNTs incorporation as biocompatibile matrix for protein immobilization, adhesion 

and susceptibility to chemical modifications [71, 72]. Both Au NPs and CNTs improve the electron 

conduction path, stability, biocompatibility and electrocatalytic activity of biosensors. CNT-based 
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modified electrodes can present the excellent electron transfer capabilities for the electrochemical 

activity of biomolecules. Moreover, antibody-conjugated magnetic beads can enhance the selectivity of 

the present sensor in comparison the potentiometry, optical sensors and SERS-based sensors [34, 37, 

38, 73, 74]. 

 

 

 
Figure 5. The amperometric responses and calibration graph of reduced rhuEPO/Au NPs/CNTs/GCE 

to successive addition 1 μgl-1 rhuEPO into 0.1M PBS with potential of 0.16 V. 

 

 

Table 1. Compared the obtained sensing properties of reduced rhuEPO/Au NPs/CNTs/GCE and the 

recent reported rhuEPO sensors and biosensors 

 

Electrodes 
Sensing 

method 

Linear 

range(ng/l) 

Detectio

n 

limit(ng

/l) 

Ref. 

Reduced rhuEPO/Au NPs/CNTs/GCE Amperometr

y 

0 to 22000 1 This 

work 

rhuEPO/nanostructured Au electrode  DPV 30 to 3×104 30  [39] 

4-mercaptophenylboronic acid/biotin/AuNPs DPV 0.6 to 60 24 ×10-3 [40] 

Mercury electrodes SWV 40 to 400 17 [35] 

3-aminopropyl triethoxysilane and 

tetraethoxysilane  imprinted polymer 

Potentiomet

ry 
104 to 106 6500 [37] 

Polydopamine imprinted polymer 
Potentiomet

ry 
103 to 105 330 [34] 

BAN-Hg 
Optical 

sensor 
30 to 3×106 30 [38] 

Anti-EPO/Rod-shaped Au NPs SERS 0.1 to 103 0.1 [73] 

rHuEPO/ aptamer-functionalized/ 

nanostructured Au electrode 
SERS 0 to 300 --- [74] 

SWV: Square wave voltammetry; SERS: surface enhanced Raman spectroscopy  

 

The applicability and validity of reduced rhuEPO/Au NPs/CNTs/GCE for determining the level 

of rhuEPO in cyclists' blood plasma specimens were investigated. RhuEPO was extracted by magnetic 
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beads and reduced on a Au NPs/CNTs/GCE. The electrochemical approach for detection of rhuEPO in 

human plasma samples by selectively isolating the target rhuEPO using magnetic beads pre-

functionalized with capture probes and then directly absorbing the targets onto the nanostructured 

electrode surface. Thus, proposed rhuEPO extractor magnetic beads with activated primary amine (–

NH2) HN2 groups on the surface of the beads have been conjugated by EDC coupling reaction which 

added to the amino groups of the amino functional silane [75, 76]. EDC specifically binds to carboxyl 

(–COOH) groups of protein, and it can react accurately with NHS to crosslink proteins, which can 

reduce the occurrence of irregular binding in the system [77, 78]. When NHS reacts with EDC, its 

form becomes active to bind specific HN2 functional proteins. Therefore, regular binding from C-

terminal to N-terminal on the surface can be assured [77, 79]. Therefore, the antibody-functionalized 

magnetic beads can specifically bind with rhuEPO and extract rhuEPO from blood plasma. Table 2 

exhibits the determination results by amperometry and ELISA analyses which demonstrated the 

average level of rhuEPO in the cyclists' blood plasma samples were 11.66 ng/l and 11.32 ng/l by 

amperometry and ELISA analyses, respectively, illustrating the great agreement and validity between 

amperometry and ELISA analyses. Additionally, the findings of analytical studies obtained from 

amperometry analysis by the standard addition method are exhibited in Table 2. As seen, the acceptable 

relative standard deviation (≥4.69%) and relative recovery (≥99.00%) values indcated that the 

developed method can be utilized for the determination level of rhuEPO in clinical samples. 

 

 

Table 2. Findings of analytical studies obtained from amperometry and ELISA analysis for 

determination of rhuEPO in real sample prepared from cyclists's blood plasma. 

 

Amperometry ELISA 

Content in 

cyclists's 

blood plasma 

sample (ng/l) 

Spiked 

(ng/l) 

detected 

(ng/l) 

Recovery 

(%) 

RSD (%) Content in 

cyclists's blood 

plasma sample 

(ng/l) 

RSD (%) 

11.66    3.61 11.32 3.29 

 2.00 1.94 97.00 3.82   

 3.00 2.97 99.00 4.69   

 4.00 3.90 97.50 4.11   

 5.00 4.95 99.00 3.08   

 

 

4. CONCULUSION   

In short, the aim of this study was to make an electrochemical biosensor by reducing 

rhuEPO/Au NPs/CNTs nanohybrid modified GCE for rhuEPO content as a peptide hormone detection 

in cyclists' blood plasma samples. The GCE surface was modified with an Au NPs/CNTs nanohybrid 

structure using the electrodeposition method, and rhuEPO was reduced on the nanohybrid structure 

using chronoamperometry. According to the findings of structural studies, Au NPs were properly 

distributed on the surface of CNTs and can be regarded as a nanoparticle hybrid nano-disperse 
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ensemble. Electrochemical investigations revealed that the signal of amperometric responses grew 

linearly over the concentration range of 0 to 22000ng/l, and a sensitivity of 4.3907 µA/µgl-1 was 

achieved for reduced rhuEPO/Au NPs/CNTs/GCE toward rhuEPO. The detection threshold was set at 

1 ng/l as well. These results demonstrated a wide linear range and an appropriate detection limit value 

when compared to recently published rhuEPO sensors and biosensors. This was made possible by the 

incorporation of Au NPs and CNTs as biocompatible matrixs for protein immobilization, adhesion, and 

chemical modification susceptibility. rhuEPO was extracted using magnetic beads and reduced on Au 

NPs/CNTs/GCE, and the results showed excellent agreement and validity between amperometry and 

ELISA analyses. The applicability and validity of reduced rhuEPO/Au NPs/CNTs/GCE were 

investigated for the determination level of rhuEPO in a cyclists' blood plasma sample. The developed 

approach can be used to determine the level of rhuEPO in clinical samples thanks to the acceptable 

relative standard deviation and relative recovery values. 

 

 

References 

 

1. C. Bolm and J.G. Hernández, ChemSusChem, 11 (2018) 1410. 

2. Z. Zhuo, Y. Wan, D. Guan, S. Ni, L. Wang, Z. Zhang, J. Liu, C. Liang, Y. Yu and A. Lu, 

Advanced Science, 7 (2020) 1903451. 

3. V.G. Tacias-Pascacio, R. Morellon-Sterling, E.-H. Siar, O. Tavano, A. Berenguer-Murcia and 

R. Fernandez-Lafuente, International journal of biological macromolecules, 165 (2020) 2143. 

4. H. Karimi-Maleh, H. Beitollahi, P.S. Kumar, S. Tajik, P.M. Jahani, F. Karimi, C. Karaman, Y. 

Vasseghian, M. Baghayeri and J. Rouhi, Food and Chemical Toxicology, (2022) 112961. 

5. M. Richmond, Bacteriological reviews, 26 (1962) 398. 

6. X. Tang, J. Wu, W. Wu, Z. Zhang, W. Zhang, Q. Zhang, W. Zhang, X. Chen and P. Li, 

Analytical chemistry, 92 (2020) 3563. 

7. T. Katoh, T. Sengoku, K. Hirata, K. Ogata and H. Suga, Nature Chemistry, 12 (2020) 1081. 

8. L. Su, W. Shi, X. Chen, L. Meng, L. Yuan, X. Chen and G. Huang, Food Chemistry, 338 

(2021) 127797. 

9. S. Stucker, J. De Angelis and A.P. Kusumbe, Frontiers in Physiology, 12 (2021) 624928. 

10. G. Luo, J. Xie, J. Liu, Q. Zhang, Y. Luo, M. Li, W. Zhou, K. Chen, Z. Li and P. Yang, 

Chemical Engineering Journal, 451 (2022) 138549. 

11. J. Zheng, X. Long, H. Chen, Z. Ji, B. Shu, R. Yue, Y. Liao, S. Ma, K. Qiao and Y. Liu, 

Frontiers in molecular biosciences, 9 (2022) 845179. 

12. A.E. Morrison, S. Fleming and M.J. Levy, Clinical Endocrinology, 95 (2021) 229. 

13. Z. Liu, W. Su, J. Ao, M. Wang, Q. Jiang, J. He, H. Gao, S. Lei, J. Nie and X. Yan, Nature 

communications, 13 (2022) 1. 

14. M. Yang, C. Li, Y. Zhang, D. Jia, X. Zhang, Y. Hou, R. Li and J. Wang, International Journal 

of Machine Tools and Manufacture, 122 (2017) 55. 

15. I. Gheith and A. El-Mahmoudy, Bioscience Reports, 39 (2019) 1. 

16. K. Jin, Y. Yan, M. Chen, J. Wang, X. Pan, X. Liu, M. Liu, L. Lou, Y. Wang and J. Ye, Acta 

Ophthalmologica, 100 (2022) e512. 

17. X. Cui, C. Li, Y. Zhang, Z. Said, S. Debnath, S. Sharma, H.M. Ali, M. Yang, T. Gao and R. Li, 

Journal of Manufacturing Processes, 80 (2022) 273. 

18. W. Yang, W. Liu, X. Li, J. Yan and W. He, Journal of Advanced Research, (2022) 1. 

19. Y. Wang, C. Li, Y. Zhang, M. Yang, B. Li, L. Dong and J. Wang, International Journal of 

Precision Engineering and Manufacturing-Green Technology, 5 (2018) 327. 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221127 

  

10 

20. T. Gao, Y. Zhang, C. Li, Y. Wang, Y. Chen, Q. An, S. Zhang, H.N. Li, H. Cao and H.M. Ali, 

Frontiers of Mechanical Engineering, 17 (2022) 1. 

21. M. Shalaby, M.M.A. Sakoury, S.M. Harthi, F.M. Alshalawi, M.M. Alhajji, Z.H. Alshaikh and 

A.H. Aljaber, Systematic Reviews in Pharmacy, 11 (2020) 851. 

22. H. Li, H. Zhu and R. Zhao, New Journal of Chemistry, 46 (2022) 11035. 

23. H. Karimi-Maleh, C. Karaman, O. Karaman, F. Karimi, Y. Vasseghian, L. Fu, M. Baghayeri, J. 

Rouhi, P. Senthil Kumar and P.-L. Show, Journal of Nanostructure in Chemistry, (2022) 1. 

24. Z. Li, M. Teng, Y. Jiang, L. Zhang, X. Luo, Y. Liao and B. Yang, Frontiers in Immunology, 13 

(2022) 857727. 

25. J. Li, Y. Ma, T. Zhang, K.K. Shung and B. Zhu, BME Frontiers, 2022 (2022) 1. 

26. T. Li, D. Shang, S. Gao, B. Wang, H. Kong, G. Yang, W. Shu, P. Xu and G. Wei, Biosensors, 

12 (2022) 314. 

27. J. Zhang, C. Li, Y. Zhang, M. Yang, D. Jia, G. Liu, Y. Hou, R. Li, N. Zhang and Q. Wu, 

Journal of cleaner production, 193 (2018) 236. 

28. B. Li, C. Li, Y. Zhang, Y. Wang, D. Jia and M. Yang, Chinese Journal of Aeronautics, 29 

(2016) 1084. 

29. X. Wang, C. Li, Y. Zhang, H.M. Ali, S. Sharma, R. Li, M. Yang, Z. Said and X. Liu, Tribology 

International, 174 (2022) 107766. 

30. W.A. Birkhoff, J.A. Heuberger, T.E. Post, P. Gal, F.E. Stuurman, J. Burggraaf and A.F. Cohen, 

Physiological Reports, 6 (2018) e13924. 

31. J. Yan, Y. Yao, S. Yan, R. Gao, W. Lu and W. He, Nano Letters, 20 (2020) 5844. 

32. D. Jia, Y. Zhang, C. Li, M. Yang, T. Gao, Z. Said and S. Sharma, Tribology International, 169 

(2022) 107461. 

33. R. Shen, L. Guo, Z. Zhang, Q. Meng and J. Xie, Journal of Chromatography A, 1217 (2010) 

5635. 

34. A.H. Nadim, M.A. Abd El-Aal, M.A. Al-Ghobashy and Y.S. El-Saharty, Microchemical 

Journal, 167 (2021) 106333. 

35. P. Hernandez, O. Nieto and L. Hernandez, Analytica chimica acta, 305 (1995) 1. 

36. L. Zhang, Y. Wang, J. Wang, J. Shi, K. Deng and W. Fu, Biosensors and Bioelectronics, 50 

(2013) 217. 

37. A.H. Nadim, M.A. Abd El-Aal, M.A. Al-Ghobashy and Y.S. El-Saharty, Analytical and 

Bioanalytical Chemistry, 413 (2021) 3611. 

38. M.D. Gholami, F. Theiss, P. Sonar, G.A. Ayoko and E.L. Izake, Analyst, 145 (2020) 5508. 

39. W.A. Hassanain, A. Sivanesan, E.L. Izake and G.A. Ayoko, Talanta, 189 (2018) 636. 

40. L. Liu, Y. Xing, H. Zhang, R. Liu, H. Liu and N. Xia, International Journal of Nanomedicine, 

9 (2014) 2619. 

41. H. Karimi-Maleh, R. Darabi, M. Shabani-Nooshabadi, M. Baghayeri, F. Karimi, J. Rouhi, M. 

Alizadeh, O. Karaman, Y. Vasseghian and C. Karaman, Food and Chemical Toxicology, 162 

(2022) 112907. 

42. Y. Guo, S. Guo, Y. Fang and S. Dong, Electrochimica Acta, 55 (2010) 3927. 

43. N. Bardi, T. Giannakopoulou, A. Vavouliotis and C. Trapalis, ACS Applied Nano Materials, 3 

(2020) 10003. 

44. Z.S. Iro, C. Subramani and S. Dash, International Journal of Electrochemical Science, 11 

(2016) 10628. 

45. F. Chahshouri, H. Savaloni, E. Khani and R. Savari, Journal of Micromechanics and 

Microengineering, 30 (2020) 075001. 

46. T.-W. Chen, X.-N. Yu and S.-J. Li, International Journal of Electrochemical Science, 14 

(2019) 7037. 

47. X. Zhang, L. Liu, W.C. Chen, F. Wang, Y.R. Cheng, Y.M. Liu, Y.F. Lai, R.J. Zhang, Y.N. 

Qiao and Y.Y. Yuan, Advanced Science, 9 (2022) 2201034. 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221127 

  

11 

48. A. Farahani and H. Sereshti, International Journal of Electrochemical Science 14 (2019) 6195. 

49. K. Cai, F. Wang, J.-Q. Lu, A.-N. Shen, S.-M. Zhao, W.-D. Zang, Y.-H. Gui and J.-Y. Zhao, 

Basic to Translational Science, 7 (2022) 348. 

50. L. Tang, Y. Zhang, C. Li, Z. Zhou, X. Nie, Y. Chen, H. Cao, B. Liu, N. Zhang and Z. Said, 

Chinese Journal of Mechanical Engineering, 35 (2022) 1. 

51. A. Cao, C. Xu, J. Liang, D. Wu and B. Wei, Chemical Physics Letters, 344 (2001) 13. 

52. X.-H. Wang, S. Xu, X.-Y. Zhou, R. Zhao, Y. Lin, J. Cao, W.-D. Zang, H. Tao, W. Xu and M.-

Q. Li, Nature Communications, 12 (2021) 1. 

53. X. Zhang, Y.-Y. Qu, L. Liu, Y.-N. Qiao, H.-R. Geng, Y. Lin, W. Xu, J. Cao and J.-Y. Zhao, 

Cell Reports, 37 (2021) 109821. 

54. C. Duan, H. Deng, S. Xiao, J. Xie, H. Li, X. Zhao, D. Han, X. Sun, X. Lou and C. Ye, 

European radiology, 32 (2022) 702. 

55. C. Xin, L. Changhe, D. Wenfeng, C. Yun, M. Cong, X. Xuefeng, L. Bo, W. Dazhong, H.N. Li 

and Y. Zhang, Chinese Journal of Aeronautics, (2021) 1. 

56. F. Tamion, L. Cam-Duchez, J.-F. Menard, C. Girault, A. Coquerel and G. Bonmarchand, 

Critical Care, 8 (2004) 1. 

57. K. Song and D. Wu, World Journal of Gastroenterology, 28 (2022) 3092. 

58. A. Kraj, H.-J. Brouwer, N. Reinhoud and J.-P. Chervet, Analytical and bioanalytical chemistry, 

405 (2013) 9311. 

59. S. Elliott, D. Chang, E. Delorme, C. Dunn, J. Egrie, J. Giffin, T. Lorenzini, C. Talbot and L. 

Hesterberg, Blood, 87 (1996) 2714. 

60. R. Savari, J. Rouhi, O. Fakhar, S. Kakooei, D. Pourzadeh, O. Jahanbakhsh and S. Shojaei, 

Ceramics International, 47 (2021) 31927. 

61. M.D. Gholami, P. Sonar, G.A. Ayoko and E.L. Izake, Sensors and Actuators B: Chemical, 310 

(2020) 127867. 

62. H. Li, X. Zhao, Y. Wang, X. Lou, S. Chen, H. Deng, L. Shi, J. Xie, D. Tang and J. Zhao, 

Science advances, 7 (2021) eabc8180. 

63. H. Maleh, M. Alizadeh, F. Karimi, M. Baghayeri, L. Fu, J. Rouhi, C. Karaman, O. Karaman 

and R. Boukherroub, Chemosphere, (2021) 132928. 

64. W. Wang, B. Huang, J.J. Byun and P. Bártolo, Journal of the Mechanical Behavior of 

Biomedical Materials, 93 (2019) 52. 

65. B. Gorain, H. Choudhury, M. Pandey, P. Kesharwani, M.M. Abeer, R.K. Tekade and Z. 

Hussain, Biomedicine & Pharmacotherapy, 104 (2018) 496. 

66. Z. Savari, S. Soltanian, A. Noorbakhsh, A. Salimi, M. Najafi and P. Servati, Sensors and 

Actuators B: Chemical, 176 (2013) 335. 

67. R. Agoston, E.L. Izake, A. Sivanesan, W.B. Lott, M. Sillence and R. Steel, Nanomedicine: 

Nanotechnology, Biology and Medicine, 12 (2016) 633. 

68. Q. Zeng, B. Bie, Q. Guo, Y. Yuan, Q. Han, X. Han, M. Chen, X. Zhang, Y. Yang and M. Liu, 

Proceedings of the National Academy of Sciences, 117 (2020) 17558. 

69. X. Wu, C. Li, Z. Zhou, X. Nie, Y. Chen, Y. Zhang, H. Cao, B. Liu, N. Zhang and Z. Said, The 

International Journal of Advanced Manufacturing Technology, 117 (2021) 2565. 

70. X. He, Y. Zhu, L. Yang, Z. Wang, Z. Wang, J. Feng, X. Wen, L. Cheng and R. Zhu, Advanced 

Science, 8 (2021) 2003535. 

71. A.I. Gopalan, K.-P. Lee and D. Ragupathy, Biosensors and Bioelectronics, 24 (2009) 2211. 

72. Q. Liu, H. Peng and Z.-A. Wang, Journal of Differential Equations, 314 (2022) 251. 

73. Y.S. Selbes, M.G. Caglayan, M. Eryilmaz, I.H. Boyaci, N. Saglam, A.A. Basaran and U. 

Tamer, Analytical and bioanalytical chemistry, 408 (2016) 8447. 

74. A. Sivanesan, E.L. Izake, R. Agoston, G.A. Ayoko and M. Sillence, Journal of 

Nanobiotechnology, 13 (2015) 43. 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221127 

  

12 

75. H. Modh, M. Witt, K. Urmann, A. Lavrentieva, E. Segal, T. Scheper and J.-G. Walter, Talanta, 

172 (2017) 199. 

76. X. Xiao, B. Mu, G. Cao, Y. Yang and M. Wang, Journal of Science: Advanced Materials and 

Devices, 7 (2022) 100430. 

77. S. Udomsom, U. Mankong, P. Paengnakorn and N. Theera-Umpon, Coatings, 11 (2021) 595. 

78. H.-Y. Jin, Z.-A. Wang and L. Wu, Journal of Differential Equations, 333 (2022) 144. 

79. T. Gao, C. Li, Y. Wang, X. Liu, Q. An, H.N. Li, Y. Zhang, H. Cao, B. Liu and D. Wang, 

Composite Structures, 286 (2022) 115232. 

 

 

 

© 2022 The Authors. Published by ESG (www.electrochemsci.org). This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/).   

http://www.electrochemsci.org/

