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Electrochemical glucose biosensors have been developed as the analytical devices for laboratory and 

personal use since the 1950s. Glucose oxidase is the common biorecognition part in the biosensors 

though the other recognition elements exist. New generations of the biosensors have emerged and 

various nanomaterials used for the construction of electrodes, enzyme immobilization or nanocatalyzers 

become popular. This review is focused on the development of glucose electrochemical biosensors. The 

common facts about diabetes mellitus are described and standard methods for instrumental diagnosis are 

introduced in this work. The glucose electrochemical biosensors are introduced and four generations of 

them are characterized. In the last chapter, the current experimental trends are described. In this work, 

actual literature is surveyed in the field of glucose biosensors as well.  
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1. INTRODUCTION 

Diabetes mellitus is a serious disease with growing incidence over the world. Two basic types of 

diabetes mellitus are distinguished: type 1 also known as insulin dependent diabetes mellitus and type 2 

also known as insulin independent diabetes mellitus [1-3]. Other types like the gestational diabetes 

mellitus exist as well [4,5]. Total number of people suffering from diabetes is quite high as seen from 

the epidemiological statistics. Probability of diabetes mellitus (namely the type 2) can be increased due 

to various factors like physical inactivity, smoking, obesity, age and genetic dispositions. In the United 

States, 9.4 % of adults suffer from a form of diabetes and the number is growing with the age as 

approximately 25 % of adults above 65 years are affected by diabetes [6]. In the Mexico, 20 % of 

medically preventable deaths can be attributed to the diabetes [7]. It is expected that the number of 

diabetic patients will grow four times up to 86.6 million adults by the year 2050 when compared to the 

state of year 2020 [8]. The highest number of the diabetic patients will come from the United States: 
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48.3 million in the year 2050 [9]. There is also quite high prevalence of undiagnosed and people with 

prediabetes [10-14].  

The developed diabetes mellitus can be manifested by several symptoms like increased thirst and 

urination, ketonic odor of urine, blurred vision, skin and vaginal infections and longtime healing sores 

but the unambiguous revealing of the disease has to be done by a standard laboratory diagnostical 

method. Beside the first diagnosis, the methods also serve for the control of the disease progression and 

therapy efficacy. This review is focused on a substantial part of the methods: electrochemical assays of 

glucose. The electrochemical assays became of the first type of point-of-care diagnosis of diabetes 

mellitus and they still remain crucial for screening and control of the therapy efficacy.  

 

2. STANDARD LABORATORY DIAGNOSIS OF DIABETES MELLITUS 

Glucose level is the major hallmark of diabetes mellitus and its level is directly or indirectly 

measured in laboratory diagnoses. Direct assay of glucose is made in blood (glycemia) or urine 

(glycosuria). Glycemia levels are the standard markers for the current medicine [15-20]. Fasting 

glycemia is under 5.6 mmol/l in the health people and the level higher than 5.6 mmol/l but under 6.9 

mmol/l point to prediabetes and the level 7 mmol/l means diabetes. Glycemia is also determined in the 

oral glucose tolerance test [21-23]. The oral glucose tolerance test is based on drinking of approximately 

250 ml of a syrupy containing 75 grams of glucose. After two hours, the glycemia should not exceed 7.8 

mmol/l in the health people, the higher-level means prediabetes and the level above 11.1 mmol/l 

diabetes. Nearly no glucose is presented in the urine until renal threshold for glucose is reached in the 

blood (approximately 10 mmol/l) and then the glucose is released into urine where it can be detected 

[24-27]. Various colorimetric tests for glycosuria determination exists and new types are also introduced 

[28-31].  

The increased glycemia leads to the spontaneous reaction between glucose and various 

macromolecules called advanced glycation end products. Glycated hemoglobin is probably the most 

relevant advanced glycation end product and it is common in the current diagnoses of diabetes mellitus 

as a marker. The glycated hemoglobin has quite long half-life equal to half-life of erythrocytes: 28 days 

[32]. Comparing to the glucose, the level of glycated hemoglobin cannot be significantly influenced by 

a short time lasting diet or a fast or short life style change. Int the health people, glycated hemoglobin 

represents approximately 6 % of the total hemoglobin respective 42 mmol/mol, the prediabetes is 

recognized when glycated hemoglobin forms 6.0 to 6.4 % (42 – 47 mmol/mol) of the total hemoglobin 

and diabetes is recognized when glycated hemoglobin exceeds 6.5 % (48 mmol/mol) [33,34]. 

Various analytical methods can serve for the purpose of glucose or glycated hemoglobin assay. 

The glycated hemoglobin is typically assayed by instrumental analytical methods like liquid 

chromatography and/or mass spectrometry [35-39] respective capillary zone electrophoresis and/or mass 

spectrometry [40-43]. Immunoassays are also for option in the routine measuring of glycated 

hemoglobin [44-47].  

The glucose assay can be also based on the instrumental analyses like chromatography and or 

mass spectrometry [48-50]. However, cheaper methods like spectral or voltammetry analyses based on 

glucose specific enzymes are common in the current laboratory praxis. Combination of glucose oxidase 
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and horse radish peroxidase for glucose oxidation up to products detectable by a voltammetry or 

spectrophotometry are used in the current praxis. The principle of the voltametric methods is described 

in the next chapter. Various adaptations of spectrophotometric glucose assay exist. An applicable one is 

based on the oxidation of glucose respective glucopyranose by glucose oxidase to gluconic acid 

respective gluconolactone and hydrogen peroxide. In the next step, hydrogen peroxide reacts with 

reduced o-dianisidine in the presence of peroxidase to water and oxidized o-dianisidine. In the final step, 

sulfuric acid causes pink coloration of oxidized o-dianisidine that is measurable at 540 nm. This 

adaptation was used and is fully described in the cited papers [51-53]. Principle of the assay is given in 

the figure 1. Other spectral analyses are also applicable for praxis. Various compounds reacting with 

hydrogen peroxide (for instance 4-aminoantipyrine and phenol) can serve for the assay purpose. The 

assay can be also based on other types of enzymes. For instance, assay of glucose based on two steps 

using mixture of hexokinase, adenosine triphosphate, oxidized nicotinamide adenine dinucleotide and 

glucose-6-phosphate dehydrogenase. In the first step, phosphorylation by hexokinase in the presence of 

adenosine triphosphate get arise of glucose-6-phosphate. In the second step, glucose-6-phosphate 

dehydrogenase is converted to 6-phosphogluconate by enzyme glucose-6-phosphate dehydrogenase. 

Oxidized nicotinamide adenine dinucleotide is reduced and this redox change is measured at 340 nm.  

 

 

 

Figure 1. Principle of the spectrophotometric assay of glucose based on glucose oxidase, peroxidase and 

o-dianosidine. 

 

The wearable and point-of-care tests for diabetes mellitus undergo evolution and various sensors 

and biosensors for wide number of markers of diabetes mellitus are developed apart of the 

electrochemical methods described in this review. Especially remote assays and assays of glycated 
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hemoglobin respective glycated plasma proteins like albumin are relevant competitors to the glucose 

biosensors [54-60]. 

 

3. COMMON ELECTROCHEMICAL METHODS FOR GLUCOSE ASSAY  

The electrochemical biosensors for glucose assay are the oldest type of a biosensor even. The 

history of the glucose biosensors started with the name of Dr. Leland Clark and Cham Lyons who firstly 

constructed Clark oxygen electrode and then improved the oxygen electrode by adding enzyme glucose 

oxidase under covering membrane in the end of 1950s and early 1960s [61,62]. The biosensor composed 

from the platinum working and the Ag/AgCl reference electrodes, the outer dialysis membrane that 

covered glucose oxidase and the inner membrane permeable for oxygen. The chemical principle of the 

biosensor is based on three consequential reactions. In the first reaction, glucose (glucopyranose) is 

oxidized to gluconic acid (gluconolactone) by enzyme glucose oxidase. In the same time, enzymatic 

cofactor flavine adenine dinucleotide is reduced. In the second reaction, oxygen is reduced to hydrogen 

peroxide while flavine adenine dinucleotide is oxidized back. In the third reaction, hydrogen peroxide is 

oxidized by applied voltage to oxygen and electrical current is measured. The principle is summarized 

as figure 2. The original type of glucose biosensors based on oxygen penetration is also labeled as the 

first generation of biosensors. It became commercialized as Model 23A YSI analyzer by Yellow Springs 

Instrument Company (USA) in 1975 [63-67]. This device was intended for the use in laboratory 

conditions due to manufacturing price caused by the used massive platinum and silver wires, size and 

overall assay procedure. The first generation of glucose biosensors has the common drawbacks: 

interference of redox active substances presented in the blood (e.g. ascorbic acid, uric acid) and 

influencing of the assay when oxygen access is restricted [68]. 

 

𝑔𝑙𝑢𝑐𝑜𝑠𝑒 + 𝐺𝑂𝑥(𝐹𝐴𝐷)
  
→  𝑔𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 + 𝐺𝑂𝑥(𝐹𝐴𝐷𝐻2) 

𝐺𝑂𝑥(𝐹𝐴𝐷𝐻2) + 𝑂2
  
→  𝐺𝑂𝑥(𝐹𝐴𝐷) + 𝐻2𝑂2 

𝐻2𝑂2
  
→  𝑂2 + 2𝐻

+ + 2𝑒− 
 

Figure 2. General principle of an electrochemical glucose biosensor based on flavine adenine 

dinucleotide (FAD) dependent glucose oxidase (GOx). 

 

Further improvements of the glucose biosensors are based on the use of electron mediators 

replacing oxygen by compounds like ferrocene, ferricyanide and quinines and such biosensors typically 

exert lower sensitivity to interference by redox active compounds, the mediators are located in 

membranes that block access of possible interferents like ascorbic acid. This type of glucose biosensors 

is called the second generation [69,70]. The term third generation of glucose biosensor is also used in 

some papers and devices where direct electron transfer between enzyme and membrane/electrode 

happens are given here. The third generation biosensors typically use composite and nanomaterial 

derived parts or replaces glucose oxidase by other type of enzyme like glucose dehydrogenase that is 

more convenient for the direct electron transport [71-73]. The third generation of glucose biosensors can 

exert similar analytical properties like the second generation but the absence of the electron mediator 
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makes the fabrication process simpler and avoiding environmentally or health problematic materials. In 

some sources, the term fourth generation of glucose biosensors can be found as a further development 

of the biosensors. The fourth generation of biosensors are chemical sensors in true world because the 

enzyme (biorecogition part) of the biosensor is replaced by an artificial structure exerting similar 

catalytical properties including specificity like the original enzyme. For instance, CeO2 nanostructure on 

CuO core shell replaced glucose oxidase in an electrochemical assay presented by Dayakar and 

coworkers [74]. Other materials like mesoporous metals oxides ZrO2, SiO2 and In2O3 modified graphene 

composite are applicable for glucose assay [75]. The fourth generation has benefit in the use of chemical 

origin materials that can be better for mass production and the chemically produced recognition parts 

can exert better uniformity and reproducibility comparing to biotechnologically prepared enzymes. On 

the other hand, specificity can suffer in this type of devices. The edge between the single types of 

biosensors is not clearly defined and the division of biosensors should be taken for estimative rather than 

a normatively accurate one. The fact that the biosensor can be considered as higher generation also does 

not mean that it will exert better analytical specifications. The evaluation of new devices should be based 

on critical consideration of various facts including analytical and economical specifications. The 

overview of the generations of glucose biosensors is given as table 1. 

 

Table 1. Glucose biosensors generations  

 

Generation Description Advantage or 

drawbacks 

References 

The first generation of 

glucose biosensors 

It works on oxygen 

reduction to hydrogen 

peroxide.  

Drawback: possible 

interference of some 

compounds (e.g. 

ascorbic acid) 

presented in the blood. 

Original wire 

electrodes were 

expensive.  

[61-63] 

The second generation 

of glucose biosensors 

It uses electron 

mediators instead that 

replace oxygen in the 

reaction. Advanced 

types of membranes are 

also used.  

Advantage: the assay is 

less sensitive to 

interferents like 

ascorbic acid.  

[69,70] 

The third generation of 

glucose biosensors 

It is based on the direct 

electron transfer 

between enzyme and 

membrane/electrode – 

electron mediator can 

be replaced by 

conductive membrane; 

It exerts similar 

analytical properties 

like the second 

generation, the absence 

of electron mediator 

makes the fabrication 

process simpler and 

[71-73] 
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other types of enzymes 

can be used.  

avoiding 

environmentally or 

health problematic 

materials. 

The fourth generation 

of glucose biosensors 

Enzyme in the 

biosensor is replaced by 

an artificial structure 

exerting similar 

catalytical properties 

including specificity 

like the original 

enzyme. 

Advantage: easier mass 

production, better 

uniformity and 

reproducibility. On the 

other hand, specificity 

should be verified.  

[74] 

 

 

In the current market, glucose biosensors of the second and third generation represent a 

substantial part of the commercialized biosensors and similar devices [76-79]. Self monitoring and 

wearable devices are currently an object of commercial interest [80]. The contemporary glucose 

biosensors fill the requirements given for the point-of-care tests [81-86]. They are generally affordable 

and easy to use for the determination of glucose in the capillary blood. Though the current glucose 

biosensors are marketed and applicable, further improvements like better accuracy and lower sensitivity 

to interferences are desired.  

 

4. THE PROGRESSION IN THE GLUCOSE BISENSORS  

The discoveries of new materials, immobilization of enzymes on nanoparticles, improved 

manufacturing processes of electrodes and replacing of expensive materials for biosensors construction 

by the cheaper one makes gradually the biosensors not only more affordable but also suitable for point-

of-care tests and suitable for application as a wearable technology. The discoveries published on the 

glucose biosensors in the last years are given in the next paragraphs. Survey of the important 

electrochemical glucose biosensors is given in table 2. 

An enzyme free photoelectrochemical biosensor based on gold nanoparticles with BiVO4 and 

indium tin oxide modified photoelectrode was prepared by Chen and coworkers [87]. The biosensor 

worked on the principle of glucose oxidation by the photoelectrode to the gluconic acid. Oxygen was 

contemporary reduced to hydrogen peroxide. The principle is close to the first generation of glucose 

biosensors but the replacement of the enzyme by nanoparticles based electrode was the main 

improvement of the assay. The biosensor exerted extensive linear range 1 nmol/l to 1 mmol/l and limit 

of detection equal to 260 pmol/l. The proved limit of detection was deeply under expected physiological 

concentration of glucose. The aforementioned biosensor of the fourth generation is another device 

developed on the basis of artificial catalyzer [74]. This worked with nanoparticles based on CuO core 
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shell nanostructure with CeO2 that replaced glucose oxidase. The nanoparticles were placed on screen 

printed electrodes and standard voltammetry was performed. The assay run at potential +0.4 V against 

Ag/AgCl reference electrode and it exerted limit of detection for glucose equal to 0.019 µmol/l. The both 

copper and cerium participated in the electrochemical glucose oxidation but the authors proposed 

chemical mechanism that is based on CuO oxidation to CuOOH followed by a fast reduction combined 

with oxidation glucose Chemical principle of the assay is depicted as figure 3. 

 

 

𝐶𝑢𝑂 + 𝑂𝐻−
  
→  𝐶𝑢𝑂𝑂𝐻 + 𝑒− 

𝑔𝑙𝑢𝑐𝑜𝑠𝑒 + 𝐶𝑢𝑂𝑂𝐻 + 𝑒−
  
→  𝑔𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 + 𝐶𝑢𝑂 + 𝑂𝐻− 

 
 

Figure 3. Principle of the glucose oxidation by CuO core shell nanostructure with CeO2 as described in 

the work by Daykar and coworkers [74]. 

 

The biosensors having immobilized glucose oxidase become advanced by use of new types of 

materials and immobilization procedures that make the assay more sensitive and are promising for 

further miniaturization and reduction of fabrication costs by save of the used material. Glucose oxidase 

immobilized on graphene oxide laminated glassy carbon electrode provided huge density of enzyme 

activity combined with a good electron transfer [88]. Such biosensor had sensitivity to glucose 46.7 

µA/mmol/l/cm-2. In another work, Ti3C2 nanosheets modified with poly-L-lysine and then glucose 

oxidase were invented by Wu and coworkers [89]. The glucose oxidase was cross linked with and the 

finalized electrode good analytical properties due to the improved conductivity of the electrode. Limit 

of detection for glucose equal to 2.6 µmol/l was achieved.  

Further improvements of glucose biosensors can be based on the application of new types of 

electron mediators. For instance, Benjamin and coworkers synthesized electroactive disubstituted 

ferrocenyl ionic liquids with chloride counter anion [90]. The electron mediator allowed to detect glucose 

using a low potential: 0.2 V. Further research can be also focused on the alternative use of the current 

biosensors. In a study, uncompetitive inhibition of glucose oxidase by Cr6+ ions was chosen as a 

phenomenon that can serve for Cr6+ assay [91]. The researchers prepared quite standard biosensor where 

glucose oxidase is immobilized in a chitosan membrane placed on a cut of filter paper and then the cut 

on a screen printed electrode and performed amperometric assay for glucose, enzyme activity drops in 

the assay when Cr6+ presented. The biosensor exerted linear range 0.05 – 1 ppm of Cr6+ and limit of 

detection 0.05 ppm. The relative standard deviation (5.6 % was also low enough) fill the demands on a 

practical assay.  
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Table 2. Survey of the recent electrochemical glucose biosensors  

 

Description Significant 

novelty 

Analytical 

specifications 

References 

Enzyme -free photoelectrochemical 

biosensor based on gold nanoparticles with 

BiVO4 and indium tin oxide modified 

photoelectrode, the electrode oxidized 

glucose to gluconic acid and reduced oxygen 

to hydrogen peroxide. 

Replacement of 

enzyme by gold 

nanoparticles 

with BiVO4 with 

catalytic 

properties. 

Linear range 

for glucose 1 

nmol/l to 1 

mmol/l, limit 

of detection 

260 pmol/l.  

[87] 

Enzyme -free electrochemical assay, the used 

nanoparticles worked as an catalyzer and 

electron mediator in the same time. 

Replacement of 

enzyme by CuO 

core shell 

nanostructure 

with CeO2 with 

catalytic 

properties. 

Applied voltage 

+0.4 V against 

Ag/AgCl reference 

electrode, limit of 

detection for 

glucose 0.019 

µmol/l. 

[74] 

Glucose oxidase biosensor for glucose assay, 

glucose oxidase is immobilized through 

graphene oxide. 

High density of 

enzyme activity 

per square of 

electrode.  

Sensitivity to 

glucose 46.7 

µA/mmol/l/cm-2.  

 

[88] 

A glucose oxidase biosensor containing 

Ti3C2 nanosheets modified with poly-L-

lysine and then glucose oxidase. 

Improved 

conductivity of 

the electrode due 

to the use of 

conductive 

nanosheets.  

Limit of detection 

2.6 µmol/l for 

glucose. 

[89] 

Standard glucose biosensor based on glucose 

oxidase placed in chitosan membrane and 

using screen printed electrodes. It worked on 

the principle of glucose oxidase inhibition by 

Cr6+. The chromium cations were the analyte 

in the assay. 

Standard glucose 

biosensor that 

was used for a 

new analyte: 

Cr6+. 

Cr6+ assay: linear  

range 0.05 – 1 ppm 

of Cr6+ and limit of 

detection 0.05 

ppm. 

[91] 
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5. CONCLUSION 

Though the glucose biosensors are the oldest type of biosensor even, their evolution is ongoing. 

The discoveries in nanomaterials combined with miniaturization of electrodes and materials saving are 

the major impetus for the next progression and application of the new technologies based on the wearable 

bioanalytical devices [92-100]. The glucose biosensors are one of the important bioanalytical devices. It 

is questionable whether enzymes will be replaced by artificial catalyzers in the near future since they 

still have technological shortcomings but gradual replacement of various materials like types of 

electrodes, membranes etc. is a fact that should be taken into account. On the other hand, technologies 

competitive to the electrochemical biosensors for glucose assay are developing as well. Especially 

remote assays and assays of glycated hemoglobin are relevant competitors to the glucose biosensors. 

 

ACKNOWLEDGEMENTS 

This work was supported by a long-term organization development plan Medical Aspects of Weapons 

of Mass Destruction of the Faculty of Military Health Sciences, University of Defence (Ministry of 

Defence, Czech Republic).  

 

 

References 

 

1. R. A. Guthrie and D. W. Guthrie, Crit. Care Nurs. Q, 27 (2004) 113. 

2. A. Gupta, T. Behl, A. Sehgal, S. Sharma, S. Singh, N. Sharma and M. Garg, Biointerface Res. 

Appl. Chem., 11 (2021) 13187. 

3. C. Caussy, A. Aubin and R. Loomba, Curr. Diabetes Rep., 21 (2021) 15. 

4. J. Q. Liu, Q. Dai, W. Li, Y. Guo, A. N. Dai, Y. Q. Wang, M. Y. Deng, Z. Tang, L. She, X. H. 

Chen and M. Yang, BMC Pregnancy Childbirth, 21 (2021) 142. 

5. R. Olmedo-Requena, J. Gomez-Fernandez, C. Amezcua-Prieto, J. Mozas-Moreno, K. S. Khan 

and J. J. Jimenez-Moleon, Nutrients, 11 (2019) 1003. 

6. R. J. Genco, F. Graziani and H. Hasturk, Periodontol, 83 (2000) 59. 

7. O. Y. Bello-Chavolla, R. Rojas-Martinez, C. A. Aguilar-Salinas and M. Hernández-Avila, 

Nutr. Rev., 75 (2017) 4. 

8. R. Goyal, M. Nguyen and I. Jialal, StatPearls, NBK499910 (2020) PMID: 29763085. 

9. A. D. Deshpande, M. Harris-Hayes and M. Schootman, Phys Ther, 88 (2008) 1254. 

10. Y. Pinchevsky, N. Butkow, F. J. Raal, T. Chirwa and A. Rothberg, Int. J. Gen. Med., 13 (2020) 

121. 

11. A. Chinnasamy and M. Moodie, Int. J. Dent., 25 (2020) 2964020. 

12. K. Tsuchiya and R. T. Demmer, Diabetes Care, 44 (2021) E38. 

13. J. L. Sandy, S. Besancon, A. T. Sidibe, M. Minkailou, A. Togo and G. D. Ogle, Pediatr. 

Diabetes, DOI: 10.1111/pedi.13191 (2021). 

14. P. A. Vallejo-Valdivieso, G. Zambrano-Pincay and A. Ortiz, Peerj, 9 (2021) e10870. 

15. B. Richter, B. Hemmingsen, M. I. Metzendorf and Y. Takwoingi, Cochrane Database Syst 

Rev., 10 (2018) CD012661. 

16. A. Barnett, Clin. Ther., 29 (2007) 987. 

17. J. M. Yamamoto and H. R. Murphy, Diabetes Technol. Ther., 23 (2021) S8. 

18. S. V. Edelman, T. S. Cavaiola, S. Boeder and J. Pettus, Prim. Care Diabetes, 15 (2021) 199. 

19. A. M. Ganoza-Calero, M. Cuadros-Torres and A. Bernabe-Ortiz, Prim. Care Diabetes, 15 

(2021) 300. 



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210719 

  

10 

20. T. R. Gilbert, A. Noar, O. Blalock and W. H. Polonsky, Diabetes Technol. Ther., 23 (2021) 

S35. 

21. R. Jagannathan, J. S. Neves, B. Dorcely, S. T. Chung, K. Tamura, M. Rhee and M. Bergman, 

Diabetes Metab. Syndr. Obes., 13 (2020) 3787. 

22. M. Li, J. R. Lan, J. L. Liang and X. L. Xiong, Eur. Rev. Med. Pharmacol. Sci., 24 (2020) 

11172. 

23. D. Bogdanet, P. O'Shea, C. Lyons, A. Shafat and F. Dunne, J. Clin. Med., 9 (2020) 3451. 

24. A. Osaki, S. Okada, T. Saito, E. Yamada, K. Ono, Y. Niijima, H. Hoshi and M. Yamada, J. 

Diabetes Investig., 7 (2016) 751. 

25. E. Cersosimo and J. M. Miles, Curr. Diabetes Reviews, 15 (2019) 314. 

26. D. Djeddi, A. Cauliez, A. Oulebsir, M. Hureaux, A. Vanrenterghem and R. Vargas-Poussou, 

Arch. Pediatr., 27 (2020) 386. 

27. K. Hieshima, S. Sugiyama, A. Yoshida, N. Kurinami, T. Suzuki, H. Ijima, F. Miyamoto, K. 

Kajiwara, K. Jinnouchi, T. Jinnouchi and H. Jinnouchi, J. Diabetes Investig., 11 (2020) 617. 

28. S. N. Prasad, P. Weerathunge, M. N. Karim, S. Anderson, S. Hashmi, P. D. Mariathomas, V. 

Bansal and R. Ramanathan, Anal. Bioanal. Chem., 413 (2021) 1279. 

29. H. Nishi, Y. Yoshida, R. Inoue, K. Takemura and M. Nangaku, Nephrology, 25 (2020) 676. 

30. F. Agbozo, A. Abubakari, C. Narh and A. Jahn, BMJ Open Diab. Res. Care, 6 (2018) e000493. 

31. K. L. Li and H. S. Huang, Lab. Med., 28 (1997) 397. 

32. R. S. Franco, Transfus. Med. Hemother., 39 (2012) 302. 

33. M. P. Bancks, A. O. Odegaard, W. P. Koh, J. M. Yuan, M. D. Gross and M. A. Pereira, Plos 

One, 10 (2015). 

34. E. V. R. Appel, I. Moltke, M. E. Jorgensen, P. Bjerregaard, A. Linneberg, O. Pedersen, A. 

Albrechtsen, T. Hansen and N. Grarup, Eur. J. Hum. Genet., 26 (2018) 868. 

35. M. Ito, K. Sano and M. Koga, Clin. Chim. Acta, 510 (2020) 656. 

36. T. Okamoto, H. Shima, Y. Noma, M. Komatsu, H. Azuma, K. Miya, M. Tashiro, T. Inoue, C. 

Masaki, H. Tada, N. Takamatsu and J. Minakuchi, Diabetol. Int., DOI: 10.1007/s13340-020-

00456-4 (2021). 

37. T. T. H. Tran and J. S. Jeong, Mass Spectrom. Lett., 8 (2017) 53. 

38. H. J. C. Chen and Y. C. Teng, J. Food Drug Anal., 27 (2019) 526. 

39. T. T. H. Tran, J. Lim, J. Kim, H. J. Kwon, G. C. Kwon and J. S. Jeong, Journal of 

Chromatography A, 1513 (2017) 183. 

40. M. Gilani, M. Aamir, A. Akram, Z. H. Haroon, A. Ijaz and M. T. Khadim, Lab. Med., 51 

(2020) 579. 

41. A. P. Xu, W. D. Chen, W. J. Xie, Y. J. Wang and L. Ji, Clin. Chem. Lab. Med., 59 (2021) 227. 

42. A. Stolz, Y. Hedeland, L. Salzer, J. Romer, R. Heiene, L. Leclercq, H. Cottet, J. Bergquist and 

C. Neususs, Anal. Chem., 92 (2020) 10531. 

43. B. M. Pullon, J. Lab. Med., 44 (2020) 55. 

44. M. G. Vargas, B. J. P. Gomez, F. E. V. Lorenti, G. M. A. Condo, E. I. R. Neira, D. Veron, M. 

F. Veron, A. G. Cercado, B. Bahar and A. Tufro, Endocrinol. Diabetes Nutr., 67 (2020) 297. 

45. H. Edriss, A. J. Molehin, K. Selvan, R. Gavidia, P. U. Patel and K. Nugent, J. Invest. Med., 68 

(2020) 738. 

46. E. Yasun, T. Trusty, R. W. Abolhosn, N. J. Clarke and I. Mezic, Sci. Rep., 9 (2019) 19885. 

47. T. Z. Movsas and A. Muthusamy, Biomarkers, 25 (2020) 468. 

48. P. N. Wahjudi, M. E. Patterson, S. Lim, J. K. Yee, C. S. Mao and W. N. P. Lee, Clin. Biochem., 

43 (2010) 198. 

49. N. M. Al-Mhanna, H. Huebner and R. Buchholz, Foods, 7 (2018) 185. 

50. D. Duarte-Delgado, C. E. Narvaez-Cuenca, L. P. Restrepo-Sanchez, A. Kushalappa and T. 

Mosquera-Vasquez, J. Chromatogr. B, 975 (2015) 18. 

51. A. Naqvi, D. C. Sharma and H. Gautam, Biosci. Biotechnol. Res. Commun., 12 (2019) 1005. 



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210719 

  

11 

52. A. I. C. Wong and D. J. Huang, J. Agric. Food Chem., 62 (2014) 4571. 

53. Z. Liang, J. E. Olesen, T. Norgaard and L. Elsgaard, Commun. Soil Sci. Plant Anal., 51 (2020) 

380. 

54. D. P. Sun, Y. Wu, S. J. Chang, C. J. Chen and J. T. Liu, Talanta, 222 (2021) 121466. 

55. Y. C. Lin, C. Y. Lin, H. M. Chen, L. P. Kuo, C. E. Hsieh, X. H. Wang, C. W. Cheng, C. Y. Wu 

and Y. S. Chen, Sensors, 20 (2020) 7274. 

56. A. Ahmadi, S. Kabiri and K. Omidfar, IEEE Sens. J., 20 (2020) 8912. 

57. M. Pohanka, Biosensors, 11 (2021) 70. 

58. S. Bunyarataphan, T. Dharakul, S. Fucharoen, K. Paiboonsukwong and D. Japrung, 

Electroanalysis, 31 (2019) 2254. 

59. M. Sasar, A. Farzadfard, Y. Abdi and M. Habibi-Rezaei, IEEE Sens. J., 20 (2020) 10387. 

60. A. Farzadfard, J. S. Shayeh, M. Habibi-Rezaei and M. Omidi, Talanta, 211 (2020) 120722. 

61. L. C. Clark and C. Lyons, Ann.NY Acad.Sci., 102 (1962) 29. 

62. L. C. Clark, Trans Am. Soc. Artif. Intern. Organs, 2 (1956) 41. 

63. E. H. Yoo and S. Y. Lee, Sensors, 10 (2010) 4558. 

64. J. A. Hunt and N. C. Alojado, Diabetes Res. Clin. Pract., 7 (1989) 51. 

65. S. Carr, D. R. Coustan, P. Martelly, F. Brosco and L. Rotondo, Obstet. Gynecol., 73 (1989) 

727. 

66. P. D. Conrad, J. W. Sparks, I. Osberg, L. Abrams and W. W. Hay, Jr., J. Pediatr. 

Gastroenterol. Nutr., 114 (1989) 281. 

67. E. B. Rypins, H. Sankary and M. J. Wynn, Clin. Chem., 31 (1985) 1557. 

68. J. Liu and J. Wang, Food Technol. Biotechnol., 39 (2001) 55. 

69. A. Altun, R. M. Apetrei and P. Camurlu, Journal of the Electrochemical Society, 167 (2020) 

107507. 

70. M. J. Lin, C. C. Wu and K. S. Chang, Sensors, 19 (2019) 1448. 

71. B. Cakiroglu and M. Ozacar, Electroanalysis, 29 (2017) 2719. 

72. Y. Ito, J. Okuda-Shimazaki, W. Tsugawa, N. Loew, I. Shitanda, C. E. Lin, J. La Belle and K. 

Sode, Biosens. Bioelectron., 129 (2019) 189. 

73. F. O. Gomes, L. B. Maia, C. Delerue-Matos, I. Moura, J. J. G. Moura and S. Morais, Sens. 

Actuator B-Chem., 285 (2019) 445. 

74. T. Dayakar, K. V. Rao, K. Bikshalu, V. Malapati and K. K. Sadasivuni, Biosens. Bioelectron., 

111 (2018) 166. 

75. K. N. Fatema and W. C. Oh, RSC Adv., 11 (2021) 4256. 

76. https://www.marketsandmarkets.com/Market-Reports/biosensors-market-798.html, in, 

https://www.marketsandmarkets.com/Market-Reports/biosensors-market-798.html, 2019. 

77. Y. G. Park, G. Y. Lee, J. Jang, S. M. Yun, E. Kim and J. U. Park, Adv. Healthc. Mater., 

2002280 (2021) 2002280. 

78. A. A. Mathew, A. Chandrasekhar and S. Vivekanandan, Nano Energy, 80 (2021) 105566. 

79. W. B. Han, G. J. Ko, T. M. Jang and S. W. Hwang, ACS Appl. Electron. Mater., 3 (2021) 485. 

80. P. Mandpe, B. Prabhakar, H. Gupta and P. Shende, Sens. Rev., 40 (2020) 497. 

81. A. Gowri, N. A. Kumar and B. S. S. Anand, Trac-Trends in Analytical Chemistry, 137 (2021) 

116205. 

82. C. Beazley, K. Blattner and G. Herd, J. Prim. Health Care, DOI: 10.1071/HC20080 (2021). 

83. P. Li, G. H. Lee, S. Y. Kim, S. Y. Kwon, H. R. Kim and S. Park, ACS Nano, 15 (2021) 1960. 

84. S. Sachdeva, R. W. Davis and A. K. Saha, Front. Bioeng. Biotechnol., 8 (2021) 602659. 

85. T. Islam, M. M. Hasan, A. Awal, M. Nurunnabi and A. J. S. Ahammad, Molecules, 25 (2020) 

5787. 

86. F. Fathi, M. R. Rashidi, P. S. Pakchin, S. Ahmadi-Kandjani and A. Nikniazi, Talanta, 221 

(2021) 121615. 

http://www.marketsandmarkets.com/Market-Reports/biosensors-market-798.html
http://www.marketsandmarkets.com/Market-Reports/biosensors-market-798.html


Int. J. Electrochem. Sci., 16 (2021) Article ID: 210719 

  

12 

87. L. Chen, L. L. Miao, Y. Chen, Y. M. Gao and J. W. Di, Materials Science in Semiconductor 

Processing, 125 (2021) 105632. 

88. Y. B. Hao, M. H. Fang, C. Xu, Z. Ying, H. Wang, R. Zhang, H. M. Cheng and Y. Zeng, J. 

Mater. Sci. Technol., 66 (2021) 57. 

89. M. Y. Wu, Q. Zhang, Y. Y. Fang, C. Deng, F. Z. Zhou, Y. Zhang, X. D. Wang, Y. Tang and Y. 

J. Wang, J. Colloid Interface Sci., 586 (2021) 20. 

90. M. Benjamin, D. Manoj, M. Karnan, D. Saravanakumar, K. Thenmozhi, K. Ariga, M. Sathish 

and S. Senthilkumar, J. Colloid Interface Sci., 588 (2021) 221. 

91. A. Dabhade, S. Jayaraman and B. Paramasivan, 3 Biotech, 11 (2021) 183. 

92. M. Pohanka, Rev. Anal. Chem., 39 (2020) 20. 

93. M. Pohanka, Int. J. Electrochem. Sci., 14 (2019) 11340. 

94. M. Pohanka, Int. J. Electrochem. Sci., 15 (2020) 11024. 

95. M. Pohanka, Talanta, 218 (2020) 121167. 

96. M. Pohanka, Int. J. Electrochem. Sci., 15 (2020) 4179. 

97. H. Shahbazmohammadi, S. Sardari and E. Omidinia, Int. J. Biol. Macromol., 142 (2020) 855. 

98. W. Zhang, K. Li, J. Y. Guo, T. Ma, D. Q. Wang, S. M. Shi, S. C. B. Gopinath and D. Q. Gu, 

Biotechnol. Appl. Biochem. , DOI: 10.1002/bab.2012 (2020). 

99. M. Sharifi, S. H. Hosseinali, R. Hossein Alizadeh, A. Hasan, F. Attar, A. Salihi, M. S. Shekha, 

K. M. Amen, F. M. Aziz, A. A. Saboury, K. Akhtari, A. Taghizadeh, N. Hooshmand, M. A. El-

Sayed and M. Falahati, Talanta, 212 (2020) 120782. 

100. Q. H. Nguyen and M. I. Kim, Trends Analyt. Chem., 17 (2020) 116038. 

 

 

 

© 2021 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/

