
  

Int. J. Electrochem. Sci., 17 (2022) Article Number: 220662, doi: 10.20964/2022.06.58 

 

International Journal of 

ELECTROCHEMICAL 
SCIENCE 

www.electrochemsci.org 

 

Mini  Review 

Recent Development of Electrochemical Detection of 

Neurotransmitter Dopamine Based on Molecular Imprinting 

Technique  

 
Ke Zhang1, Huaxun Wu2,* and Yiquan Zhang1,* 

1 Department of Neurosurgery, The First Affiliated Hospital of Anhui Medical University, Hefei, 

Anhui, P.R. China 
2 The Key Laboratory of Antiinflammatory and Immune Medicine, Ministry of Education, Institute of 

Clinical Pharmacology, Anhui Medical University, Hefei, Anhui, P.R. China 
*E-mail: wuhuaxun@ahmu.edu.cn; Zyq2038@126.com 
 

Received: 11 March 2022  /  Accepted: 31 March 2022  /  Published: 7 May 2022 

 

 

Dopamine is a neurotransmitter that plays a critical role. Accurate dopamine detection is required both 

clinically and in medicine. A molecular imprinting (MIP) based electrochemical sensor is an extremely 

effective approach for detecting specificity. MIP is capable of effectively avoiding interference from 

other molecules, which compensates for the limited selectivity of conventional sensors in practical 

detection. This article discusses the many types and modification approaches for electrochemical sensors 

based on MIP. Then, we summarize the electrochemical MIP sensor-based dopamine sensor. 

Additionally, we emphasize how various additives might improve the sensing capability of conventional 

imprinted films. Finally, we discussed possible future directions for this field's development. 
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1. INTRODUCTION 

 

Dopamine is a catecholamine neurotransmitter found in nerve tissue and bodily fluid that plays 

a critical role in brain function. Its distribution in certain parts of the human brain has an effect on 

pituitary endocrine function coordination and is directly tied to neural activity [1,2]. Dopamine is a 

significant cause of schizophrenia and Parkinson's disease. Additionally, dopamine stimulates the heart 

and improves blood flow to the kidneys, making it effective in the treatment of ischemic, cardiogenic, 

and septic shock [3–5]. As a result, the research of dopamine analysis methods is critical for 

neurophysiological function, disease diagnosis, and drug quality control [6].  

The technique of spectroscopy can be used to determine the quantity of trace quantities of 

dopamine in the blood. The absorbance at 520 nm was determined using a ferrous sulphate-tartrate 
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solution as chromogen [7–10]. The absorbance and concentration of dopamine hydrochloride were found 

to have a strong linear relationship in the range of 2 to 10 g/L. To minimize hypotension in certain 

patients receiving clinical hemodialysis for renal insufficiency, dopamine is continuously supplied via 

micropump, and the concentration of dopamine in the blood is within this linear range at the normal 

dosage [11–14]. This establishes a theoretical foundation for dopamine dose control in clinical 

hemodialysis. Simultaneously, the chromogenic agent tetrachlorobenzoquinone was employed, and the 

quantity of dopamine could also be measured at 480 nm [15]. 

Chemiluminescence has increased in popularity as a result of its high sensitivity, simplicity, and 

quickness, and is frequently used in analytical work. Dopamine hydrochloride strongly inhibits the 

luminol-potassium ferriccyanide chemiluminescence reaction system in alkaline media [16,17]. Thus, 

dopamine hydrochloride can be detected by suppressing reverse flow chemiluminescence. This 

technique is quick, precise, and has a large linear range [18,19]. It can be used to determine the 

concentration of dopamine hydrochloride in injections of dopamine hydrochloride. In a sulfuric acid 

environment, potassium permanganate oxidizes dopaminergic acid to generate a chemiluminescence 

system [20,21]. The luminescence intensity was linearly related to the dopamine concentration in the 

range 1.25 to 25.0 mg/L, and the detection limit of the approach was 1.00 mg/L [22]. In an acidic 

environment, potassium permanganate can oxidize formaldehyde and generate chemiluminescence. 

When dopamine was added to the system, the system's luminescence signal was greatly increased [23–

25]. 

Due to the superior fluorescence analysis properties of CdTe quantum dots, they have been 

utilized as fluorescent reagents in the labeling and very sensitive analysis of metal ions and bioactive 

compounds. Dopamine hydrochloride can be used to greatly sensitize the fluorescence intensity [26,27]. 

CdTe quantum dots can be employed as fluorescent probes to assess the dopamine hydrochloride content 

of organic drug components using this method [28]. Dopamine hydrochloride has a substantial 

quenching impact on the fluorescence system catalyzed by haemoglobin in alkaline media, necessitating 

the development of a new approach for the measurement of dopamine hydrochloride using enzyme-

catalyzed fluorescence spectrometry [29]. This method has a detection limit of 8.2 nM. The approach is 

straightforward, sensitive, and selective, and has been successfully used to quantify dopamine 

hydrochloride in pharmaceutical preparations [30–32]. 

Additionally, high performance liquid chromatography (HPLC) is a universal approach for 

detecting dopamine. HPLC has received considerable interest in the investigation of catecholamines due 

to its high separation rate [33]. HPLC-fluorescence detection is a highly successful and commonly used 

technology [34]. Catecholamines have an inherent fluorescence that can be used to detect them during 

HPLC separation. The results indicate that this procedure is straightforward, precise, and specific 

[35,36]. 

Due to the presence of two easily oxidized phenolic hydroxyl groups in the dopamine molecule, 

it exhibits electrochemical activity and may thus be detected using an electrochemical approach [37,38]. 

On gold, platinum, or GCE electrodes, however, the dopamine overpotential was large, and the electrode 

responsiveness was sluggish [39]. Additionally, it or the reaction product rapidly adsorbs on the 

electrode surface, resulting in passivation of the electrode and diminished sensitivity. Additionally, the 

oxidation peak potentials of contemporaneous substances such as adrenaline, vitamin C, and uric acid 
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are comparable to those of dopamine in particular biological samples, resulting in considerable 

interference with dopamine detection [40–42]. As a result, the topic of selective dopamine detection has 

emerged as a hot and hard area of research in dopamine detection. Recent research has demonstrated 

that chemically modified electrodes can detect the selective enrichment and penetration of analytes 

efficiently by lowering the overpotential and enhancing the mass transfer rate of dopamine [43–46]. As 

a result, the use of chemically modified electrodes to analyze the electrochemical activity of dopamine 

has sparked considerable interest. 

 

 

 

2. MOLECULARLY IMPRINTED ELECTROCHEMICAL SENSOR 

Due to their high sensitivity, low cost, easy downsizing, and on-line detection capabilities, 

bioelectrochemical sensors are widely employed in chemistry, life science, materials research, and 

clinical medicine [47,48]. Biomolecules (such as enzymes and antibodies) have been used as particular 

recognition elements for sensors in environmental detection, biomedicine, and food analysis in recent 

decades, and their exceptional sensitivity and specificity have garnered widespread attention [49–51]. 

However, due to biomolecules' low physical and chemical stability, biosensors' practicability and 

commercialisation are severely hampered. The advantage of MIPs technology is that it has highly 

specific recognition sites and the ability to incorporate solid phase polymerization supports concurrently 

[52–55]. As a result, molecularly imprinted materials have a number of advantages over biosensitive 

materials, including high specificity, mass manufacture, resilience to biodegradation, and recurrent 

usage. As a result, MIPs as a sensitive material for sensors have emerged as a significant area of research 

in electrochemical sensing technology [56–58].  

MIPs sensor is a new biosensor based on MIPs. Sensors are composed mostly of recognition 

components and transducers. MIPs are frequently employed as the recognition element or to change the 

recognition element in molecularly imprinted sensors [59]. When the target molecule precisely binds to 

MIPS, the ensuing physical and chemical changes are translated to electrical or other signals via the 

transducer components [60–62]. The analysis and detection of the target material can be accomplished 

by establishing a quantitative relationship between the output signal and the quantity change of the target 

material [63]. 

Electrochemical sensors are classified into capacitive, piezoelectric, current, and impedance 

sensors, among others, based on the type of electrical signal detected. Among them, the capacitance type 

first appeared, and the capacitance change of MIPs material prior to and following binding to the target 

material was directly evaluated qualitatively or quantitatively [64–66]. Piezoelectric sensors are 

primarily composed of quartz crystals with piezoelectric resonance characteristics, as demonstrated by 

the molecularly imprinted quartz crystal microbalance sensor and electrochemical crystal microbalance 

sensor [67]. Impedance sensors are based on capacitive sensors. This technique is suitable for studying 

the electrode's surface process and adsorption mechanism [68,69]. The current sensor is one of the most 

frequently utilized. Current sensors can be calibrated electrochemically using a variety of techniques, 

including square wave voltammetry (SWV), differential pulse stripping voltammetry (DPV), cyclic 

voltammetry (CV), and linear sweep voltammetry (LSV). There are two primary detection methods for 
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molecularly imprinted current-type sensors: for electrically active chemicals that are suited for direct 

detection, sensors can detect them directly [70–72]. Electroactive compounds are frequently utilized as 

electrochemical probes for non-electroactive chemicals. The electrochemical probe's reaction was 

examined during the process of the target occupying and leaving the imprinted site [73,74]. Nano-

imprinted particles based on molecular imprinting technology have also been developed in recent years, 

and these nano-imprinted particles are critical in the development of biological and electrochemical 

sensors [75,76]. 

The imprinted polymer attachment on the transducer is a critical step that impacts the 

electrochemical sensor's performance [77–80]. The permanence of imprinted material on the transducer 

surface, as well as its effect on the electrode surface or substrate conductivity, will affect the transducer's 

detection performance. The following procedures are used to manufacture molecularly imprinted 

electrochemical sensors: 

(1) Drop coating method: the method is primarily concerned with selecting the proper dispersion 

system. MIPS is distributed in a dispersion fluid and then drips directly onto the electrode surface. After 

the solvent evaporates, M Stiffess S will be distributed and adhere to the electrode surface [81]. While 

the drop coating method is the easiest, the MIPS modification layer is sometimes too thick or uneven, 

impairing conductivity and reducing the effectiveness of recognition site generation. 

(2) In-situ polymerization: similar to the in-situ polymerization approach used to prepare 

chromatographic filled columns, the imprinted material is directly polymerized on the surface of the 

detection or separation unit using an initiator and crosslinking agent [82,83]. In general, imprinted 

polymer films are formed directly on the electrode surface for molecularly imprinted electrochemical 

sensors. On the surface of the transducer element, a modified layer with a broad area and adjustable 

thickness can be efficiently created [84]. However, because the redox products of template molecules in 

the system are difficult to remove, if employed on the electrode surface, the electrode renewal process 

may be troublesome. 

(3) Method of self-assembly: it is based on the covalent adsorption of functional groups. It is 

typical to use sulfhydryl groups and gold, platinum, or oxide surface chemical adsorption to ensure that 

the imprinted material forms a homogeneous, stable, and ordered modification layer on the electrode 

surface [85]. While the self-assembly strategy is not constrained by the transducer components' ability 

to produce a homogeneous surface modification layer, there is a concern about the modification's 

stability against the base in certain inert conditions. 

(4) Electropolymerization: a solution including template molecules and functional monomer is 

created first, and then an electrochemical technique is utilized to directly initiate monomer 

polymerization [86]. This approach is unique in that the MIPs layer can develop directly on the electrode 

surface, with a thin, homogeneous, and adjustable thickness. In comparison to bulk polymerization, 

electropolymerization requires no initiator or crosslinking agent. It is more straightforward to manage 

the thickness of the polymer sheet, which may often reach the nanoscale scale. As a result, 

electropolymerization appears to be a promising approach for fabricating MIPs sensor-imprinted films 

[87]. 

Molecularly imprinted electrochemical sensors have demonstrated vast application prospects in 

environmental detection, food analysis, biological analysis, and clinical medicine following decades of 
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development [88]. Molecularly imprinted electrochemical sensors are being utilized to detect 

environmental contaminants, pesticides, perform drug analysis, and determine bioactive molecules. 

Tang et al. [89] used divinylbenzene as a crosslinking agent, diallyl barbiturate as a functional monomer, 

and cestrin as a template molecule to develop imprinting sensors for triazine herbicides and their 

metabolites. Sun et al. [90] employed dopamine as a functional monomer and bovine hemoglobin as a 

template to create an imprinted film on the surface of magnetic Fe3O4 nanoparticles that was effectively 

used to detect bovine hemoglobin electrochemically. Hu et al. [91] used the sol-gel process to create an 

imprinted electrode on polyaniline/multiwalled carbon nanotubes and a P-cyclodextrin substrate for L-

phenylalanine detection. Zhong et al. [92] synthesized pyrrole - phenylboric acid and used it as a 

functional monomer to create electropolymerized imprinted sensors for dopamine detection. Through 

borate ester linkages, functional monomers interact with dopamine. By immersion and cyclic 

voltammetry, the produced polymer can rapidly remove template molecules from H2SO4 solution, 

demonstrating strong selectivity and anti-interference capabilities. 

 

 

 

3. MOLECULAR IMPRINTED SENSOR FOR ELECTROCHEMICAL DETECTION OF  

DOPAMINE 

Pyrrole is the most often utilized molecularly imprinted sensor material. A MIP-based 

electrochemical sensor for the identification and detection of dopamine was successfully developed by 

electropolymerizing pyrrole–phenylboronic acid as a novel monomer [93]. When paired with the 

imprinting effect of MIP, pyrrole–phenylboronic acid may form a cyclic boronic ester bond with 

dopamine, imparting on the sensor a twofold recognition capability for dopamine. In comparison to 

sensors constructed with pyrrole or phenylboronic acid as the electropolymerized monomer, the present 

sensor exhibited an amazingly high imprinting factor for dopamine. Additionally, o-phenylenediamine 

[94], p-aminothiophenol [95] are often utilized molecularly imprinted materials. 

MIP synthesized electrochemically on a pencil graphite electrode was used to demonstrate sensor 

capabilities in the organic synthesis of a new functional thia-bilane structure [96]. Tripyrane 1 was 

converted to thia-bilane monomer by a reaction with nitrovinylthiophene 2 and molecular Iodine. The 

thia-bilane monomer was electropolymerized to add dopamine to the polymeric framework. To test the 

MIP electrode, urea, tryptophan, ascorbic acid, and glucose were introduced. Apart from its outstanding 

sensitivity and selectivity, stability, repeatability, and durability, this monomer was designed specifically 

for electrochemical molecular imprinting technology. 

Carbon material can be used to improve the detection effect of MIPs. MIP films were created by 

electropolymerizing pyrrole in the presence of dopamine after electrodeposition of carboxyl-

functionalized multi-walled carbon nanotubes onto a GCE surface. [97]. The pH, monomer 

concentration, number of electropolymerization cycles, and scan rate for sensor preparation were 

optimized. When compared to other structurally comparable compounds, the MIP-based sensor 

demonstrated superior detection capability for dopamine. The carbon aerogel was made using the sol–

gel method with ambient pressure drying [98]. For the detection of dopamine, a new electrochemical 
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sensing platform with electrocatalytic activity and molecular identification capabilities was developed 

using molecularly imprinted polypyrrole on a carbon aerogel surface. 

Along with carbon nanotubes, graphene is a popular substance. Mao et al. [99] discussed the 

development of a novel graphene sheet/Congo red-MIPs composite (GSCR-MIPs) for use as a molecular 

recognition element in the fabrication of a dopamine electrochemical sensor. Due to the template 

molecules' high affinity, they were absorbed at the GSCR surface and subsequently employed to 

copolymerize methacrylic acid and ethylene glycol dimethacrylate preferentially. Potential scanning was 

demonstrated to extract dopamine molecules from the imprinted polymers screen, enabling the removal 

of dopamine to occur quickly and completely. In compared to traditional MIPs, the GSCR-MIPs 

exhibited not only faster desorption and adsorption kinetics, but also increased dopamine selectivity and 

binding capacity. As a demonstration, a highly sensitive and selective electrochemical sensor for the 

detection of dopamine was successfully constructed using the synthesized GSCR-MIPs nanocomposites.  

Liu et al. [100] reported the development of a MIPs electrochemical sensor based on a graphene–chitosan 

composite. The MIPs-GR sensor was constructed by electrodepositing a dopamine–graphene–chitosan 

composite film on the GCE and then removing the dopamine by electrochemical induced elution. Due 

to the excellent electrical characteristics, unique two-dimensional structure, and large surface area of 

graphene, the built sensor demonstrated a very sensitive reaction to dopamine oxidation with an 

increased current signal and rapid response time. Another study suggested the creation of a composite 

of SiO2-coated graphene oxide and MIPs via a novel graphene oxide-based imprinting technique [101]. 

SiO2-coated graphene oxide sheets were synthesized through the sol–gel technique in a water–alcohol 

mixture. Prior to polymerization, the vinyl groups on the graphene oxide/silica surface were chemically 

changed with -methacryloxypropyl trimethoxysilane, enabling selective polymerization on the graphene 

oxide/silica surface. Then, by copolymerizing graphene oxide/SiO2–MIPs with functionalized graphene 

oxide/SiO2, dopamine, methacrylic acid, and ethylene glycol dimethacrylate, a novel graphene 

oxide/SiO2–MIPs composite was successfully created. The DPV current responsiveness of the graphene 

oxide/SiO2–MIPs sensor was approximately 3.2 times that of the non-imprinted polymers. 

Additionally, Nobel metal nanoparticles are frequently employed to increase MIP. For instance, 

gold nanoparticles doped MIPs were employed to produce a very sensitive biomimetic MIP sensor for 

dopamine sensing [102]. AuNPs, unique functional monomers with aniline groups on the surface, were 

produced in the presence of dopamine and p-aminophenylthiol and utilized to electropolymerize MIPs 

films on the electrodes. The sensors created on the basis of AuNPs-doped MIPs conductive sheets are 

capable of successfully removing interference from ascorbic and uric acids. In another study, the 

molecular recognition element of an electrochemical sensor for the detection of dopamine was 

constructed using a novel core-shell combination of AuNPs and SiO2 MIPs [103]. The introduction and 

mixing of AuNPs with biocompatible porous sol-gel materials is the technique's primary benefit over 

previous blot recognition technologies. Due to the template molecules' high affinity, they are initially 

adsorbed on the surface of AuNPs and subsequently joined to the polymer membrane via hydrogen 

bonds and interactions between the template molecules and the silane monomer. CV was employed to 

remove dopamine molecules from the imprinted membrane, enabling for a rapid and effective extraction 

of dopamine. In comparison to earlier interferents, the AuNPs@SiO2-MIPs sensor exhibited not only 

high selectivity for dopamine but also a large linear range over dopamine concentration. Additionally, 
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the novel electrochemical sensor was successfully employed to detect dopamine in dopamine 

hydrochloride injections and human urine samples, revealing that it was a versatile sensing instrument 

capable of detecting dopamine selectively in real-world samples. 

 

 

Table 1. Comparison of detection limit and detection linear range of MIPs based dopamine 

electrochemical sensor. 

 

Sensor Linear range LOD Reference 

Thia-bilane 0.05 μM to 250 μM 20 nM [96] 

Carbon nanotube/polypyrrole 0.625 μM to 100 μM 60 nM [97] 

Graphene/Congo red 0.1 μM to 830 μM 100 nM [99] 

MWCNT/copoly(MAA-co-TRIM 0.5 μM to 200 μM 0.5 μM [104] 

Aniline moiety 0.228 μM to 140 μM 0.228 μM [105] 

APTES 2 μM to 800 μM 2 μM [106] 

o-aminophenol 0.02 μM to 0.2 μM 1.98 nM [107] 

Graphene–chitosan 1 nM to 80 nM 0.01 nM [100] 

Pyrrole–phenylboronic acid 50 nM to 0.1 μM 33 nM [93] 

o-phenylenediamine 0.5 mg/L to 7.0 mg/L 0.11 mg/L [94] 

Graphene oxide/SiO2 50 nM to 160 μM 30 nM [101] 

Carbon nanotubes/graphene 

aerogels/polypyrrole 

5 nM to 20.0 μM 1.67 nM [108] 

Metallic microrod 0.2 pM to 80 nM 0.763 pM [109] 

CS film/ZnO NPs@C/3D-KSC 0.12 nM to152 μM 0.039 nM [110] 

ZnO nanotubes 0.02 μM to 5 μM and 

10 μM to 800 μM 

- [111] 

Poly(acrylamidophenylboronic acid) 50 nM to 2 µM 20 nM [112] 

Poly(5-amino 8-hydroxy 

quinoline)/reduced graphene oxide 

- 32.7 nM [113] 

Gold/polypyrrole 40 nM to 10 µM - [114] 

Aptamer-MIP 50 nM to 10 µM 47 nM [115] 

Graphene@carbon nanotube foam 2 fM to 1 pM 0.667 fM [116] 

Polypyrrole/carbon nanotubes 50 pM to 5 µM 10 pM [117] 

ETD 0.02 μM to 0.107 μM 4.4 nM [118] 
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4. CONCLUSION AND PERSPECTIVES 

The detection limit and detection linear range of a dopamine electrochemical sensor based on 

MIPs are compared in Table 1. Due to the numerous benefits of MIP hybridization, there is an increasing 

trend toward using MIP composites rather than MIP alone. Additionally, creating a composite material 

with acceptable qualities necessitates extreme caution. The use of diverse nanostructures into sensor 

design is critical since it can result in high sensitivity when combined with MIPs. However, synthesizing 

suitable nanomaterials with the desired morphology and size is extremely difficult, as various studies 

have demonstrated that a threshold size for nanomaterials, particularly nanoparticles, must be created in 

order to attain exceptional performance. Due to the MIPs' high selectivity, interference with the 

dopamine sensor is also decreased. Numerous manufactured sensors demonstrated intuitive operation, 

good reusability, and low cost. The issue of decreased sensitivity due to the MIP layer's non-conductivity 

was also addressed in the majority of research, and by utilizing various types of conductive signaling 

substrates, ultrasensitive electroanalytical detection in the nanomolar range was achieved. Additionally 

to these studies, the performance of certain techniques for dopamine detection, such as the low detection 

limits of sensor responses in the pico-molecular range, demonstrates the method's promise. Only a few 

MIP-based sensors have been validated in clinical samples, and in the majority of cases, these sensors 

have not been validated using established procedures. However, with the exception of a few research, 

the analytical applicability of these sensors for dopamine detection in real-time trials has not been 

examined, which may shed information on the accuracy of the dopamine sensors or methodologies 

established. To optimize their benefits and develop marketable dopamine sensors, researchers must 

conduct real-time studies of their sensors' effectiveness. Despite great interest and extensive study into 

the development of dopamine sensors/methods, very few commercial products are available in this field. 

Their commercialization is complicated by a lack of cost-effective bioreceptors, the utilization of 

ecologically friendly functional monomers, and storage stability. This issue becomes considerably more 

critical when developing medical diagnostic gadgets. Numerous steps remain to be taken to complete 

the development and commercialization of MIP-based dopamine sensor systems, as their application in 

clinical settings is still in its infancy. As a result, a new generation of diagnostic devices based on sensor 

technology is urgently needed that can integrate sampling, processing, and analysis to handle the most 

prevalent diagnostic difficulties. 

 

 

ACKNOWLEDGMENTS 

This work was supported by The Open Fund of Key Laboratory of Antiinflammatory and Immune 

Medicine, Ministry of Education, P.R. China (Anhui Medical University; No: KFJJ-2021-12). 

 

References 

1. R. Ramachandran, X. Leng, C. Zhao, Z.-X. Xu, F. Wang, Appl. Mater. Today, 18 (2020) 100477. 

2. F. Sun, J. Zeng, M. Jing, J. Zhou, J. Feng, S.F. Owen, Y. Luo, F. Li, H. Wang, T. Yamaguchi, Z. 

Yong, Y. Gao, W. Peng, L. Wang, S. Zhang, J. Du, D. Lin, M. Xu, A.C. Kreitzer, G. Cui, Y. Li, 

Cell, 174 (2018) 481-496.e19. 

3. J. Cheng, X. Wang, T. Nie, L. Yin, S. Wang, Y. Zhao, H. Wu, H. Mei, Anal. Bioanal. Chem., 412 

(2020) 2433. 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220662 

  

9 

4. Y. Wang, K. Kang, S. Wang, W. Kang, C. Cheng, L.M. Niu, Z. Guo, Sens. Actuators B Chem., 

305 (2020) 127348. 

5. H. Li, K. Zhou, J. Cao, Q. Wei, C.-T. Lin, S.E. Pei, L. Ma, N. Hu, Y. Guo, Z. Deng, Z. Yu, S. 

Zeng, W. Yang, L. Meng, Carbon, 171 (2021) 16. 

6. X. Wei, Z. Zhang, Z. Wang, Microchem. J., 145 (2019) 55. 

7. X. Liu, J. Liu, VIEW, 2 (2021) 20200102. 

8. P. Puthongkham, C. Yang, B.J. Venton, Electroanalysis, 30 (2018) 1073. 

9. Y. Zheng, D. Wang, X. Li, Z. Wang, Q. Zhou, L. Fu, Y. Yin, D. Creech, Biosensors, 11 (2021) 

403. 

10. D. Wang, D. Li, L. Fu, Y. Zheng, Y. Gu, F. Chen, S. Zhao, Sensors, 21 (2021) 8216. 

11. C. Yang, K. Hu, D. Wang, Y. Zubi, S.T. Lee, P. Puthongkham, M.V. Mirkin, B.J. Venton, Anal. 

Chem., 91 (2019) 4618. 

12. M. Sajid, N. Baig, K. Alhooshani, TrAC Trends Anal. Chem., 118 (2019) 368. 

13. H. Karimi-Maleh, Y. Orooji, F. Karimi, M. Alizadeh, M. Baghayeri, J. Rouhi, S. Tajik, H. 

Beitollahi, S. Agarwal, V.K. Gupta, Biosens. Bioelectron. (2021) 113252. 

14. H. Karimi-Maleh, A. Khataee, F. Karimi, M. Baghayeri, L. Fu, J. Rouhi, C. Karaman, O. 

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

15. Y. Lan, F. Yuan, T.H. Fereja, C. Wang, B. Lou, J. Li, G. Xu, Anal. Chem., 91 (2018) 2135. 

16. H.J. Kwon, E.C. Rivera, M.R.C. Neto, D. Marsh, J.J. Swerdlow, R.L. Summerscales, P.P. Tadi 

Uppala, Results Chem., 2 (2020) 100029. 

17. B.J. Venton, Q. Cao, Analyst, 145 (2020) 1158. 

18. L. Wang, J. Jana, J.S. Chung, S.H. Hur, Dyes Pigments, 186 (2021) 109028. 

19. D. Bharathi, B. Siddlingeshwar, R.H. Krishna, V. Singh, N. Kottam, D.D. Divakar, A.A. 

Alkheraif, J. Fluoresc., 28 (2018) 573. 

20. Q. Yuan, Y. Liu, C. Ye, H. Sun, D. Dai, Q. Wei, G. Lai, T. Wu, A. Yu, L. Fu, K.W.A. Chee, C.-T. 

Lin, Biosens. Bioelectron., 111 (2018) 117. 

21. J. Zhu, X. Peng, W. Nie, Y. Wang, J. Gao, W. Wen, J.N. Selvaraj, X. Zhang, S. Wang, Biosens. 

Bioelectron., 141 (2019) 111450. 

22. A. Thamilselvan, P. Manivel, V. Rajagopal, N. Nesakumar, V. Suryanarayanan, Colloids Surf. B 

Biointerfaces, 180 (2019) 1. 

23. H. Karimi-Maleh, F. Karimi, L. Fu, A.L. Sanati, M. Alizadeh, C. Karaman, Y. Orooji, J. Hazard. 

Mater., 423 (2022) 127058. 

24. Y. Shu, Z. Li, Y. Yang, J. Tan, Z. Liu, Y. Shi, C. Ye, Q. Gao, ACS Appl. Nano Mater., 4 (2021) 

7954. 

25. S. Dalirirad, A.J. Steckl, Anal. Biochem., 596 (2020) 113637. 

26. X. Mei, Q. Wei, H. Long, Z. Yu, Z. Deng, L. Meng, J. Wang, J. Luo, C.-T. Lin, L. Ma, K. Zheng, 

N. Hu, Electrochimica Acta, 271 (2018) 84. 

27. M.A. Kafi, A. Paul, A. Vilouras, R. Dahiya, Biosens. Bioelectron., 147 (2020) 111781. 

28. M. Senel, E. Dervisevic, S. Alhassen, M. Dervisevic, A. Alachkar, V.J. Cadarso, N.H. Voelcker, 

Anal. Chem., 92 (2020) 12347. 

29. H. Karimi-Maleh, M. Alizadeh, Y. Orooji, F. Karimi, M. Baghayeri, J. Rouhi, S. Tajik, H. 

Beitollahi, S. Agarwal, V.K. Gupta, S. Rajendran, S. Rostamnia, L. Fu, F. Saberi-Movahed, S. 

Malekmohammadi, Ind. Eng. Chem. Res., 60 (2021) 816. 

30. H. Karimi-Maleh, A. Ayati, S. Ghanbari, Y. Orooji, B. Tanhaei, F. Karimi, M. Alizadeh, J. Rouhi, 

L. Fu, M. Sillanpää, J. Mol. Liq., 329 (2021) 115062. 

31. J. Wang, J. Dai, Y. Xu, X. Dai, Y. Zhang, W. Shi, B. Sellergren, G. Pan, Small, 15 (2019) 

1803913. 

32. J. Yang, Y. Hu, Y. Li, Biosens. Bioelectron., 135 (2019) 224. 

33. P.K. Pandey, Preeti, K. Rawat, T. Prasad, H.B. Bohidar, J. Mater. Chem. B, 8 (2020) 1277. 

34. H. Karimi-Maleh, A. Ayati, R. Davoodi, B. Tanhaei, F. Karimi, S. Malekmohammadi, Y. Orooji, 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220662 

  

10 

L. Fu, M. Sillanpää, J. Clean. Prod., 291 (2021) 125880. 

35. Q. He, J. Liu, X. Liu, G. Li, P. Deng, J. Liang, Sensors, 18 (2018) 199. 

36. M.N. Ivanova, E.D. Grayfer, E.E. Plotnikova, L.S. Kibis, G. Darabdhara, P.K. Boruah, M.R. Das, 

V.E. Fedorov, ACS Appl. Mater. Interfaces, 11 (2019) 22102. 

37. S. Demuru, L. Nela, N. Marchack, S.J. Holmes, D.B. Farmer, G.S. Tulevski, Q. Lin, H. 

Deligianni, ACS Sens., 3 (2018) 799. 

38. A. Manbohi, S.H. Ahmadi, Sens. Bio-Sens. Res., 23 (2019) 100270. 

39. Md. Mahbubur Rahman, J.-J. Lee, Electrochem. Commun., 125 (2021) 107005. 

40. F.B. Kamal Eddin, Y.W. Fen, Molecules, 25 (2020) 2769. 

41. T. Kajisa, W. Li, T. Michinobu, T. Sakata, Biosens. Bioelectron., 117 (2018) 810. 

42. J. Jana, J.S. Chung, S.H. Hur, ACS Omega, 4 (2019) 17031. 

43. J. Zhou, Y. Zheng, J. Zhang, H. Karimi-Maleh, Y. Xu, Q. Zhou, L. Fu, W. Wu, Anal. Lett., 53 

(2020) 2517. 

44. L. Fu, A. Yu, G. Lai, Chemosensors, 9 (2021) 282. 

45. C. Pelin Böke, O. Karaman, H. Medetalibeyoglu, C. Karaman, N. Atar, M. Lütfi Yola, 

Microchem. J., 157 (2020) 105012. 

46. G. Mo, X. He, C. Zhou, D. Ya, J. Feng, C. Yu, B. Deng, Biosens. Bioelectron., 126 (2019) 558. 

47. J. Sun, Y. He, S. He, D. Liu, K. Lu, W. Yao, N. Jia, Biosens. Bioelectron., 204 (2022) 114056. 

48. L. Mao, X. Wang, Y. Guo, L. Yao, X. Xue, H.-X. Wang, C. Xiong, W. Wen, X. Zhang, S. Wang, 

Nanoscale, 11 (2019) 7885. 

49. X. Liu, T. Wang, W. Wang, Z. Zhou, Y. Yan, J. Ind. Eng. Chem., 72 (2019) 100. 

50. Q. Yang, J. Li, X. Wang, H. Peng, H. Xiong, L. Chen, Sens. Actuators B Chem., 284 (2019) 428. 

51. D.-N. Pei, A.-Y. Zhang, X.-Q. Pan, Y. Si, H.-Q. Yu, Anal. Chem., 90 (2018) 3165. 

52. L. Fu, Y. Zheng, A. Wang, P. Zhang, S. Ding, W. Wu, Q. Zhou, F. Chen, S. Zhao, J. Herb. Med., 

30 (2021) 100512. 

53. Y. Xu, Y. Lu, P. Zhang, Y. Wang, Y. Zheng, L. Fu, H. Zhang, C.-T. Lin, A. Yu, 

Bioelectrochemistry, 133 (2020) 107455. 

54. D. Capoferri, R. Álvarez-Diduk, M. Del Carlo, D. Compagnone, A. Merkoçi, Anal. Chem., 90 

(2018) 5850. 

55. X. Ma, X. Tu, F. Gao, Y. Xie, X. Huang, C. Fernandez, F. Qu, G. Liu, L. Lu, Y. Yu, Sens. 

Actuators B Chem., 309 (2020) 127815. 

56. L. Fu, S. Mao, F. Chen, S. Zhao, W. Su, G. Lai, A. Yu, C.-T. Lin, Chemosphere, 297 (2022) 

134127. 

57. P. Gao, H. Wang, P. Li, W. Gao, Y. Zhang, J. Chen, N. Jia, Biosens. Bioelectron., 121 (2018) 104. 

58. X. Hu, C. Wang, M. Zhang, F. Zhao, B. Zeng, Talanta, 217 (2020) 121032. 

59. A.M. El-Kosasy, A.H. Kamel, L.A. Hussin, M.F. Ayad, N.V. Fares, Food Chem., 250 (2018) 188. 

60. X. Wang, S. Yu, W. Liu, L. Fu, Y. Wang, J. Li, L. Chen, ACS Sens., 3 (2018) 378. 

61. Z. Zhang, Y. Li, X. Liu, Y. Zhang, D. Wang, Int. J. Electrochem. Sci., 13 (2018) 2986. 

62. Y. Lai, Y. Deng, G. Yang, S. Li, C. Zhang, X. Liu, J. Biomed. Nanotechnol., 14 (2018) 1688. 

63. M. Jia, Z. Zhang, J. Li, X. Ma, L. Chen, X. Yang, TrAC Trends Anal. Chem., 106 (2018) 190–201. 

64. X. Guo, J. Li, M. Arabi, X. Wang, Y. Wang, L. Chen, ACS Sens., 5 (2020) 601. 

65. Y. Saylan, S. Akgönüllü, H. Yavuz, S. Ünal, A. Denizli, Sensors, 19 (2019) 1279. 

66. O.S. Ahmad, T.S. Bedwell, C. Esen, A. Garcia-Cruz, S.A. Piletsky, Trends Biotechnol., 37 (2019) 

294. 

67. R. Abdelghani, H. Shokry Hassan, I. Morsi, A.B. Kashyout, Sens. Actuators B Chem., 297 (2019) 

126668. 

68. V. Baldoneschi, P. Palladino, M. Banchini, M. Minunni, S. Scarano, Biosens. Bioelectron., 157 

(2020) 112161. 

69. O. Cakir, M. Bakhshpour, F. Yilmaz, Z. Baysal, Mater. Sci. Eng. C, 102 (2019) 483. 

70. Q. Yang, C. Li, J. Li, X. Wang, M. Arabi, H. Peng, H. Xiong, L. Chen, Nanoscale, 12 (2020) 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220662 

  

11 

6529. 

71. J. Huang, Y. Wu, J. Cong, J. Luo, X. Liu, Sens. Actuators B Chem., 259 (2018) 1. 

72. J. Drzazgowska, B. Schmid, R.D. Süssmuth, Z. Altintas, Anal. Chem., 92 (2020) 4798. 

73. Q. Yang, J. Li, X. Wang, H. Xiong, L. Chen, Anal. Chem., 91 (2019) 6561. 

74. M. Sobiech, P. Bujak, P. Luliński, A. Pron, Nanoscale, 11 (2019) 12030. 

75. Q. Wang, R. Xue, H. Guo, Y. Wei, W. Yang, J. Electroanal. Chem., 817 (2018) 184. 

76. J. Cai, T. Chen, Y. Xu, S. Wei, W. Huang, R. Liu, J. Liu, Biosens. Bioelectron., 124–125 (2019) 

15. 

77. H. Shi, L. Fu, F. Chen, S. Zhao, G. Lai, Environ. Res., 209 (2022) 112747. 

78. L. Fu, X. Zhang, S. Ding, F. Chen, Y. Lv, H. Zhang, S. Zhao, Curr. Pharm. Anal., 18 (2022) 4. 

79. Q. He, T. Guan, Y. He, B. Lu, D. Li, X. Chen, G. Feng, S. Liu, Y. Ji, M. Xin, Sens. Actuators B 

Chem., 271 (2018) 367. 

80. Z. Li, H. Xu, D. Wu, J. Zhang, X. Liu, S. Gao, Y. Kong, ACS Appl. Mater. Interfaces, 11 (2018) 

2840. 

81. F.-R. Wang, G.-J. Lee, N. Haridharan, J.J. Wu, Electrocatalysis, 9 (2018) 1. 

82. Z. Zhang, J. Liu, Small, 15 (2019) 1805246. 

83. M. Komiyama, T. Mori, K. Ariga, Bull. Chem. Soc. Jpn., 91 (2018) 1075. 

84. N. Tarannum, S. Khatoon, B.B. Dzantiev, Food Control, 118 (2020) 107381. 

85. D. Refaat, M.G. Aggour, A.A. Farghali, R. Mahajan, J.G. Wiklander, I.A. Nicholls, S.A. Piletsky, 

Int. J. Mol. Sci., 20 (2019) 6304. 

86. S.A. Zaidi, Sens. Actuators B Chem., 265 (2018) 488. 

87. K. Tang, S. Chen, X. Gu, H. Wang, J. Dai, J. Tang, Anal. Chim. Acta, 614 (2008) 112. 

88. S. Sun, L. Chen, H. Shi, Y. Li, X. He, J. Electroanal. Chem., 734 (2014) 18. 

89. Y. Hu, Z. Zhang, H. Zhang, L. Luo, S. Yao, Talanta, 84 (2011) 305. 

90. M. Zhong, Y. Teng, S. Pang, L. Yan, X. Kan, Biosens. Bioelectron., 64 (2015) 212. 

91. M. Zhong, Y. Teng, S. Pang, L. Yan, X. Kan, Biosens. Bioelectron., 64 (2015) 212. 

92. D. Wu, H. Li, X. Xue, H. Fan, Q. Xin, Q. Wei, Anal. Methods, 5 (2013) 1469–1473. 

93. N. Ermiş, N. Tinkiliç, Electroanalysis, 33 (2021) 1491. 

94. H.K. Kaya, S. Cinar, G. Altundal, Y. Bayramlı, C. Unaleroglu, F. Kuralay, Sens. Actuators B 

Chem., 346 (2021) 130425. 

95. X. Kan, H. Zhou, C. Li, A. Zhu, Z. Xing, Z. Zhao, Electrochimica Acta, 63 (2012) 69. 

96. Z. Yang, X. Liu, Y. Wu, C. Zhang, Sens. Actuators B Chem., 212 (2015) 457. 

97. Y. Mao, Y. Bao, S. Gan, F. Li, L. Niu, Biosens. Bioelectron., 28 (2011) 291. 

98. B. Liu, H.T. Lian, J.F. Yin, X.Y. Sun, Electrochimica Acta, 75 (2012) 108. 

99. Y. Zeng, Y. Zhou, L. Kong, T. Zhou, G. Shi, Biosens. Bioelectron., 45 (2013) 25. 

100. C. Xue, Q. Han, Y. Wang, J. Wu, T. Wen, R. Wang, J. Hong, X. Zhou, H. Jiang, Biosens. 

Bioelectron., 49 (2013) 199. 

101. D. Yu, Y. Zeng, Y. Qi, T. Zhou, G. Shi, Biosens. Bioelectron., 38 (2012) 270. 

102. X. Kan, Y. Zhao, Z. Geng, Z. Wang, J.-J. Zhu, J. Phys. Chem. C, 112 (2008) 4849. 

103. D. Lakshmi, A. Bossi, M.J. Whitcombe, I. Chianella, S.A. Fowler, S. Subrahmanyam, E.V. 

Piletska, S.A. Piletsky, Anal. Chem., 81 (2009) 3576. 

104. N. Gao, Z. Xu, F. Wang, S. Dong, Electroanalysis, 19 (2007) 1655. 

105. J. Li, J. Zhao, X. Wei, Sens. Actuators B Chem., 140 (2009) 663. 

106. X. Ma, F. Gao, R. Dai, G. Liu, Y. Zhang, L. Lu, Y. Yu, Anal. Methods, 12 (2020) 1845. 

107. Y. Li, H. Song, L. Zhang, P. Zuo, B. Ye, J. Yao, W. Chen, Biosens. Bioelectron., 78 (2016) 308. 

108. Y. Song, J. Han, L. Xu, L. Miao, C. Peng, L. Wang, Sens. Actuators B Chem., 298 (2019) 126949. 

109. H.-H. Wang, X.-J. Chen, W.-T. Li, W.-H. Zhou, X.-C. Guo, W.-Y. Kang, D.-X. Kou, Z.-J. Zhou, 

Y.-N. Meng, Q.-W. Tian, S.-X. Wu, Talanta, 176 (2018) 573. 

110. S. Hong, L.Y.S. Lee, M.-H. So, K.-Y. Wong, Electroanalysis, 25 (2013) 1085. 

111. V.M.A. Mohanan, A.K. Kunnummal, V.M.N. Biju, J. Mater. Sci., 53 (2018) 10627. 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220662 

  

12 

112. W.-R. Huang, Y.-L. Chen, C.-Y. Lee, H.-T. Chiu, RSC Adv., 4 (2014) 62393. 

113. M. Shen, X. Kan, Electrochimica Acta, 367 (2021) 137433. 

114. Y. Li, J. Liu, M. Liu, F. Yu, L. Zhang, H. Tang, B.-C. Ye, L. Lai, Electrochem. Commun., 64 

(2016) 42. 

115. T. Qian, C. Yu, X. Zhou, P. Ma, S. Wu, L. Xu, J. Shen, Biosens. Bioelectron., 58 (2014) 237. 

116. L. Kiss, V. David, I.G. David, P. Lazăr, C. Mihailciuc, I. Stamatin, A. Ciobanu, C.D. Ştefănescu, 

L. Nagy, G. Nagy, A.A. Ciucu, Talanta, 160 (2016) 489. 

 

© 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/

