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Abstract

:

Glucose sensors based blood glucose detection are of great significance for the diagnosis and treatment of diabetes because diabetes has aroused wide concern in the world. In this study, bovine serum albumin (BSA) was used to cross-link glucose oxidase (GOD) on a glassy carbon electrode (GCE) modified by a composite of hydroxy fullerene (HFs) and multi-walled carbon nanotubes (MWCNTs) and protected with a glutaraldehyde (GLA)/Nafion (NF) composite membrane to prepare a novel glucose biosensor. The modified materials were analyzed by UV-visible spectroscopy (UV-vis), transmission electron microscopy (TEM), and cyclic voltammetry (CV). The prepared MWCNTs-HFs composite has excellent conductivity, the addition of BSA regulates MWCNTs-HFs hydrophobicity and biocompatibility, and better immobilizes GOD on MWCNTs-HFs. MWCNTs-BSA-HFs plays a synergistic role in the electrochemical response to glucose. The biosensor shows high sensitivity (167 μA·mM−1·cm−2), wide calibration range (0.01–3.5 mM), and low detection limit (17 μM). The apparent Michaelis–Menten constant    K m  app     is 119 μM. Additionally, the proposed biosensor has good selectivity and excellent storage stability (120 days). The practicability of the biosensor was evaluated in real plasma samples, and the recovery rate was satisfactory.
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1. Introduction


Diabetes is a chronic disease caused by insulin deficiency and hyperglycemia. Attention to the blood glucose level is an indicator for the diagnosis and treatment of diabetes because of its multiple complications affects the normal life of many of diabetics [1,2,3]. The traditional techniques for detecting glucose (Glu), for example, colorimetry [4], fluorescence [5], and high-performance liquid chromatography [6] have disadvantages of sensitivity to interfering substances in samples, large sample size, and being time-consuming. Thus, the electrochemical method has attracted extensive attention because it complements the shortcomings of traditional methods and exhibits fast detection, simplicity, low cost, and excellent sensitivity [7,8,9,10]. Additionally, the biosensor based on glucose oxidase (GOD) develops rapidly due to its good selectivity and high sensitivity.



However, the signal transmission between the enzyme and the electrode is difficult due to the large structure of the enzyme molecule. In recent years, nanomaterials have been widely used in the design of electrochemical sensors due to their inherent nano effect, good electrical conductivity, and high catalytic activity. Examples include multi-walled carbon nanotubes (MWCNTs) [11,12,13], platinum [14] and gold nanoparticles [15,16], reduced graphene oxide [17,18,19,20], fullerenes [21], Fe3O4 nanoparticles [22,23], etc. Among them, fullerene is a carbon-based nano material with a spherical three-dimensional structure. Its mechanical stability, high electron transfer ability, and inert behavior have aroused the interest of researchers [24]. Hydroxyl fullerenes (HFs) were modified with functional hydroxyl groups to make them hydrophilic in nature, which helped them bind to proteins into complexes and to protect proteins, thus successfully being applied in biosensors [25,26]. Gao et al. reported that GOD was immobilized on HFs-modified glassy carbon electrode (GCE) to detect Glu [27], but the sensitivity was low. It was reported that MWCNTs have become one of the important nano materials of electrochemical sensors because of their high conductivity, large specific surface area, and outstanding sensitivity [28,29]. In this work, MWCNTs were introduced to enhance the biosensor sensitivity. However, the hydrophobicity of MWCNTs are very strong and have poor biocompatibility, which affects the performance of the biosensor. It was reported that bovine serum albumin (BSA) is a globular protein in plasma and has been used in the construction of biosensors due to its non-toxicity, biocompatibility, and non-immunogenicity [30]. For example, He et al. reported that GOD was immobilized on the composite nanoparticles based on gold nanoparticles/BSA/Fe3O4 to detect Glu and proposed that the shell with BSA supplied a biocompatible environment for GOD and helped to improve the activity of immobilized GOD [31]. The Glu biosensor was prepared on alumina mem-branes/Pt/polypyrrole nanotube arrays by cross-linking GOD with BSA and glutaraldehyde (GLA). Palod et al. proved that cross-linked fixation of GOD could improve the overall performance of biosensors such as sensitivity and shelf life [32]. Therefore, BSA was introduced to better fix GOD on MWCNTs-HFs to improve the biocompatibility of MWCNTs and the performance of the biosensor.



In this work, BSA was first used to cross-link and fix GOD onto HFs-MWCNTs nanocomposites, and then a layer of Nafion (NF)/GLA composite membrane was modified to protect the electrode. Finally, a Glu biosensor was constructed for the detection of rat plasma Glu concentration. Here, HFs was introduced to protect the conformation and properties of GOD [33], MWCNTs were used to enhance the electrical signal and sensitivity, and BSA was added to regulate the biocompatibility of the composite. MWCNTs, HFs, and BSA play a synergistic role in Glu molecular recognition. The modified materials were characterized by cyclic voltammetry (CV), UV-visible spectrophotometry (UV-Vis), and transmission electron microscopy (TEM). In addition, the test method and other factors, for instance, enzyme concentration, anti-interference ability, pH, stability, and so on, were systematically studied. Finally, the optimized biosensor successfully identified Glu molecules and determined Glu concentration in rat plasma. Thus, the biosensor has great potential in the measurement of human blood Glu concentration, clinical diagnosis, and management of diabetes.




2. Materials and Methods


2.1. Reagents and Materials


NF, GOD (EC 1.1.3.4, from Aspergillus niger), HRP (EC 1.11.1.7, type VI-A), guaiacol, sodium disodium hydrogen phosphate (Na2HPO4·12H2O), and dihydrogen phosphate (NaH2PO4·2H2O) were purchased from Sigma-Aldrich (Shanghai, China). HFs, MWCNTs, and BSA were obtained from Bucky (Houston, TX, USA), Shenzhen Nanotech Port Co., Ltd. (Shenzhen, China), and Shanghai Baoman Biotechnology Co., Ltd. (Shanghai, China), respectively. Vitamin B1 (Vit B1), vitamin C (Vit C), and sodium chloride (NaCl) were purchased from Beijing Dingguo Biotechnology Co., Ltd. (Beijing, China), Beijing Aoboxing Biotechnology Co., Ltd. (Beijing, China) and Tianjin Deen Chemical Reagent Co., Ltd. (Tianjin, China), respectively. GLA (0.1%) was obtained from Aladdin Reagents Co., Ltd. (Shanghai, China). All reagents in this study used without further purification. Millipore Milli-Q water (18 MΩ cm) was used in this work.




2.2. Apparatus and Measurements


Electrochemical experiments were conducted on CHI660E electrochemical workstation (CH Instruments, Austin, TX, USA). In a traditional three-electrode electrochemical cell, a saturated Ag/AgCl electrode was reference electrode, a modified GCE (diameter 3.0 mm) was working electrode, a platinum wire was counter electrode. Electrochemical and electrochemical catalytic determination were carried out respectively in N2-saturated and air bubbling (30 min, 300 mL·min−1) 50 mM, pH 6 phosphate-buffered solution.



TEM images of MWCNTs and HFs were collected by TEM (JEM2100, JEOL, Tokyo, Japan) at 200 KV.



The effects of MWCNTs, HFs, and BSA on the catalytic activity of GOD were studied using an ultraviolet and visible spectrophotometer (UV-vis spectrophotometer) (Evolution 220, Thermo, Shanghai, China) [34].




2.3. Preparation of Modified Electrode


Before fixing GOD, the surface of GCE was mechanically polished to the mirror surface with 1, 0.3, and 0.05 μm aluminum oxide aqueous suspension successively. Next, the GCE was treated ultrasonically with double ultrapure water and 75% ethanol for 10 min. Afterwards, the GCE was placed in a drying tower for drying [35].



Steps of modified GCE: firstly, 4 μL of GOD (10 mg·mL−1) and 2 μL of HFs (4 mg·mL−1) were mixed and then next mixed with 1 μL of BSA (1%), and then 4 μL of BSA-HFs-GOD mixture was mixed with 2 μL of MWCNTs (4 mg·mL−1). Subsequently, 5 μL of the composite solution was taken out and dripped onto the surface of the GCE and dried in a refrigerator at 4 °C. Lastly, the 2.5 μL NF-GLA complex (1:1 volume ratio) was immediately dropped on the GCE for protection after mixing. Figure 1 showed preparation process of modified electrode.




2.4. Sample Preparation


The requirements and experimental use of the animals were reviewed and approved The Biomedical Research Ethics Sub-Committee of Henan University (HUSOM2021-198). Glu plasma samples were prepared: firstly, the blood was obtained through orbital vein after mild anesthesia of rats [36]. Then, the blood of rats was combined with anti-coagulant and was centrifuged at 3000 r·min−1 for 30 min to obtain the plasma supernatant. Afterwards, plasma samples were frozen at −20 °C until used.





3. Results and Discussion


3.1. Characteristics of Modified Materials


The morphologies of MWCNTs and HFs were obtained by TEM. MWCNTs were curved tubes with a diameter of about 10–20 nm. According to the literature, the size of monomolecular HFs is about 1 nm [37]. Figure 2B showed the HFs were a near-spherical shape with an average size of about 20 nm, which may be due to the fact that HFs had cohesive hydrogen bonds and were easy to aggregate in aqueous solution [38,39,40]. HFs aggregates can form complexes with GOD [27], which may promote the electron transfer of protein sites and the conductivity of HFs and improve the catalytic ability of GOD.



UV-vis was used to detect the initial catalytic reaction rates (ICRR) of GOD in the presence of BSA (BSA/GOD), HFs (HFs/GOD), and MWCNTs (MWCNTs/GOD) to study the effects of BSA, HFs, and MWCNTs on the catalytic activity of GOD. The detection conditions were similar to our previous study [27]: HRP, GOD, guaiacol, and Glu were added to phosphate−buffered solution to start the reaction. Test wavelength and temperature were 470 nm and 25 °C, respectively. The initial oxidation rate of guaiacol was determined by the concentration of colored product (teraguaiacol, ε470nm = 26.6 mM−1·cm−1). Afterwards, ICRR of the GOD could be converted according to the formation rate of teraguaiacol, and the activity of GOD could be obtained. The relative reaction formula can be expressed by Equations (1) and (2) [34]:


     Glu + O   2    →      Gluconolactone + H   2   O 2   



(1)






     4   H   2   O 2   + 4   Guaiacol     →  HRP        Teraguaiacol + 8   H   2  O  



(2)







In Figure 3, the slopes of GOD, GOD-BSA, GOD-HFs, and GOD-MWCNTs had little change. The ICRR of GOD, GOD-BSA, GOD-HFs, and GOD-MWCNTs were all converted to 0.2 μM s−1. Thus, BSA, HFs, and MWCNTs hardly affect the ICRR of GOD, which may be due to the good biocompatibility of BSA, HFs, and MWCNTs with GOD.




3.2. Electrochemical Studies


Figure 4 shows the CVs behavior of different modified GCEs in N2-saturated 50 mM pH 6 phosphate-buffered solution with a scan rate of 0.05 V·s−1. No redox peaks were observed at the bare GCE electrode (curve a) and NF-GLA/MWCNTs-BSAHFs/GCE electrode (curve c). However, compared with NF-GLA/GOD/GCE (curve b) and NF-GLA/BSA-HFs-GOD/GCE (curve d), NF-GLA/MWCNTs-BSA-HFs-GOD/GCE (curve e) showed a pair of stronger and stable redox peaks on the CVs. It indicated that the redox peaks of NF-GLA/GOD/GCE (curve b), NF-GLA/BSA-HFs-GOD/GCE (curve d), and NF-GLA/MWCNTs-BSA-HFs-GOD/GCE (curve e) were only from GOD. The background current of NF-GLA/MWCNTs-BSA-HFs-GOD/GCE (curve e) was higher than that of NF-GLA/BSA-HFs-GOD/GCE (curve d), which was attributed to the high conductivity of MWCNTs. The anodic and cathodic peak potentials (Epa and Epc) of the NF-GLA/MWCNTs-BSA-HFs-GOD-modified GCE were −0.334 V and−0.400 V, respectively, versus Ag/AgCl. The potential difference (∆E) was 0.066 V and the peak current ratio (Ipa/Ipc) was close to 1, indicating that the redox reaction of the NF-GLA/MWCNTs-BSA-HFs-GOD/GCE electrochemical process was almost reversible. The formal potential (E°′) of the electrode (E°′ = Epa/2 + Epc/2) was −0.367 V versus Ag/AgCl. This value is higher than that reported by Li et al. (−0.419 V versus saturated calomel electrode, equivalent to −0.438 V versus Ag/AgCl) [41], and that reported by Cai et al. (−0.438 V versus Ag/AgCl) [42]. The offset of the positive electrode potential is beneficial to promote the efficient biocatalytic [43], which may be due to the weak hydrophobicity of the MWCNT-BSA-HFs composite.



CVs of NF-GLA/MWCNTs-BSA-HFs-GOD/GCE at different scan rates in N2-saturated 50 mM, pH 6 phosphate-buffered solution are shown in Figure 5A. In Figure 5B, the relationship between peak current and scan rate was linear in the range of 0.03–0.4 V·s−1, and peak current increased by improving the scan rate. This indicates that the reaction is a surface-controlled electrochemical process.



The relationship between the peak potential (Ep) and the natural logarithm of the scan rate (ln v) had two straight lines with slopes of 0.102 and −0.083 (Figure 5C). Using Equation (3) based on Laviron theory in order to obtain ks at a high scan rate (within the range 0.9–1.8 V·s−1) [44],


   E p    =     E °  ′   +    RT    α nF       −      RT    α nF       ln v   



(3)




where R is gas constant; T is the temperature (293 K); α, n, F are electron transfer coefficient, number of electrons, Faraday constants, respectively. The value of n, α were calculated 1 and 0.31, and the apparent heterogeneous electron transfer rate constant (ks) was calculated as 4.27 s−1 using Equation (4), which was greater than previously reported for that of GOD immobilized on graphene (1.96 s−1) [45], HFs (2.72 s−1) [27], and β-cyclodextrin-MWCNTs-modified electrodes (3.24 s−1) [46]. Therefore, the electron migration rate of our biosensor is faster.


    lnk  s   = α   ln ( 1 − α ) + ( 1 − α ) ln α   −   ln (    RT   nF v    )   −   α     ( 1 − α ) nF  ∆  E p    RT    



(4)







The average surface concentration Γ of the FAD of GOD on the GCE surface was estimated to be 2.02 × 10−9 mol·cm−2 using Equation (5),


   I p   =     n 2   F 2   A Γ v     4 RT     



(5)




where A, R, n, T, and F are the electrode surface area, gas constant, number of electrons, and temperature, respectively. This value was much higher than those of 2.97 × 10−11 mol·cm−2 at GOD/cobalt sulfide-MWCNTs/NF/GCE [41] and the GOD theoretical Γ value of 1.7 × 10−10 mol·cm−2 [27], which helped to load more GOD. All the significant improvements can be attributed to the large surface area and enhancement of the electrical signal of MWCNT-BSA-HFs.



Figure 6A showed the CVs of NF/GLA-MWCNTs-BSA-HFs-GOD/GCE in N2-saturated 50 mM phosphate-buffered at different pH values. As shown in the Figure 6C, the Ep°′ was linearly related to pH with the equation of Ep°′ = −0.0587 pH − 0.0345 (R2 = 0.996). The slope value was −58.7 mV·pH−1. This value was near to the ideal Nernst value at 25 °C [34], indicating that the electron transfer of GOD immobilized on NF-GLA/MWCNTS-HFS-BSA-modified GCE electrodes was the process of proton and electron equivalence.




3.3. Optimization


Some parameters were studied using CV to optimize the structure of the biosensor and working conditions. Firstly, the effect of the concentration of the GOD solution for NF-GLA/MWCNTs-BSA-HFs-GOD/GCE film formation in the range of 2–12 mg·mL−1 was first investigated. Figure 7 shows the cathodic peak current response of the modified electrode with different concentrations of GOD solution using CV. It was observed that modified electrode obtained the best cathodic peak current response when the concentration of GOD solution was 10 mg·mL−1. Therefore, this enzyme concentration was used for subsequent biosensor construction.



Subsequently, we investigated the role of supporting electrolytes at different pH values through CV. Figure 6A showed CVs of NF-GLA/MWCNTs-BSA-HFs-GOD/GCE at different pH values. Figure 6B showed that the cathodic peak current increased by raising the pH within the range of pH 3–7, while the current decreased with pH above 7. Since the cathodic peak current intensities of the modified electrodes were similar in phosphate-buffered solution at pH 6 and 7, linear sweep voltammetry (LSV) was used to observe the electrocatalytic behaviors of the modified electrodes in air-saturated phosphate-buffered solution at pH 6 and 7, respectively. Table 1 lists the results. Finally, we used 50 mM phosphate-buffered solution (pH 6) as the condition for subsequent experiments. The pH selected was consistent with the optimal pH 5–6 of GOD (derived from Aspergillus niger) [47]. There are two causes: 1. The E°′ of the modified electrode in 50 mM phosphate-buffered solution (pH 6) is greater than that of the modified electrode in 50 mM phosphate-buffered solution (pH 7), which is conducive to promoting efficient biocatalytic reduction [43], and using a lower working potential when detecting Glu in the blood can reduce the interference of the electroactive substances in the blood to the electrodes [30]. 2. Compared with the modified electrode in 50 mM phosphate-buffered solution (pH 7),    K m  app     of the modified electrode in 50 mM phosphate-buffered (pH 6) is smaller.



Later, the electrochemical methods for detecting Glu were investigated. LSV and differential pulse voltammetry (DPV) were performed on the NF-GLA/MWCNTs-BSA-HFs-GOD/GCE for determination of Glu in the presence of air-saturated phosphate buffer. We found that using DPV could obtain higher current sensitivity and lower    K m  app     (Table 2), so we chose DPV to detect Glu.




3.4. Electrocatalytic Behaviors


The DPV of NF-GLA/MWCNTs-BSA-HFs-GOD/GCE in the presence of Glu in air-saturated 50 mM phosphate-buffered solution was studied. The electron transfer process between the electrodes of GOD in air-saturated phosphate-buffered solution is shown Equation (6). The enzyme-catalyzed reaction of GOD with Glu when Glu was added can be shown by Equation (7). Figure 8A shows that the cathodic peak value of NF-GLA/MWCNTs-BSA-HFs-GOD/GCE decreased with the increase of glucose concentration. This is because after adding Glu into the air-saturated phosphate-buffered solution, the GOD (FAD) on the electrode surface is reduced [48].


     GOD   ( FAD ) + e   −     + H   +    ↔    GOD   ( FADH )   



(6)






   Glu + GOD   ( FAD )    →    Gluconolactone + GOD   ( FADH )   



(7)







Calibration of Glu concentration ranges from 0.01 to 3.5 mM, and the statistical analysis of the cathodic peak current difference (∆I) versus the concentration showed three linear ranges (Figure 8B). ∆I increased linearly by raising Glu concentration from 0.01 to 0.05 mM, with the linear regression equation was ∆Ia (μA) = 11.8 C Glu (mM), and ∆I increased linearly by increasing Glu concentration from 0.1–0.9 mM, and the equation was ∆Ib (μA) = 2.3185 C Glu (mM) + 0.5788. As well as ∆I increasing linearly with the increase of Glu concentration from 1–3.5 mM, the linear regression equation was ∆Ic (μA) = 0.5981 C Glu (mM) + 2.1380. The low detection limit (LOD) was 17 μM (3 S0/S, S0 and S are respectively the standard deviation measured under blank condition and the slope of calibration curve), which is lower than that reported by Nashruddin et al. (65 μM) [49], Ge et al. (42 μM) [50], and Lin et al. (70 μM) [51]. The sensitivity of the biosensor was 167 μA·mM−1·cm−2, as shown in Table 3; this value was much higher than 56.12 and 8.5 μA·mM−1·cm−2 reported in Barathi et al. [52] and Chen et al. [48]. According to the electrochemical version of Lineweaver-Burk, the    K m  app     can be calculated to be 0.119 mM (Figure 8C), lower than the results of most other biosensors of GOD [27,42,53]. The lower    K m  app     value indicates that the modified electrode has a strong binding ability with the substrate, showing that this biosensor has a strong affinity for Glu [43]. The improved performance and affinity of the biosensor may be due to the synergistic effect of MWCNT-HFs-BSA and the improved microenvironment of GOD.




3.5. Anti-Interference Ability, and Stability of Biosensor


Several electroactive substances commonly found in blood such as vitamin B1 (Vit B1), vitamin C (Vit C), and sodium chloride (NaCl) were introduced in phosphate-buffered solution to evaluate the anti-interference performance of this biosensor. Considering that the concentration of Glu in human blood is at least 30 times higher than that of physiological interfering substances [54,55], the effects of interfering substances were evaluated by adding 1 mM Glu solution, 0.1 mM Vit B1, Vit C, and NaCl solutions and 0.5 mM Glu solution to air-saturated phosphate-buffered solution and observing the signal intensity of the modified electrode by LSV method. The cathodic peak current hardly change significantly when the interfering substance was added, while the addition of two Glu solutions with different concentrations caused a strong cathodic peak current signal (Figure 9 inside the circle). The cathode peak current could not accurately describe the anti-interference ability of the modified electrode because the concentration of Glu solution and interfering substance is different. In order to intuitively study the anti-interference ability of the biosensor, we introduced an interference signal (IS) (Equation (8)) [30]. The IS values of Vit C, Vit B1, and NaCl were calculated to be 0.93%, 1.45%, and 3.95%, respectively. The IS value of the biosensor with strong anti-interference ability is low. It can be seen that the biosensor has good selectivity, which is ascribed to the low working potential of this biosensor and the outer layer protection containing NF.


   IS   ( % ) =     i  G + I   −  i G     i G       ×   100 %   



(8)







Here, iG and iG+I represent the response current to Glu in the absence and presence of interference, respectively.



The stability of the modified electrode was researched by CV method (Figure 10A). After 100 cycles, the cathodic peak of the modified electrode only decreased 3%. Additionally, the storage stability of the biosensors was evaluated using the CV method (Figure 10B). We found that the percentage of cathodic peak current only decreased 3% when the biosensor was preserved at 4 °C for 120 days. It shows that this biosensor has excellent storage stability.




3.6. Determination of Glu in Plasma


The practical ability of the proposed biosensor to detect Glu in plasma samples was evaluated. The plasma sample was prepared as described above. The rat blood Glu concentration was predefined using a commercial glucose meter (ACCU-CHEK Instant, Roche Diabetes Care GmbH, Jiangsu, China) as 8.2 mM. At present, plasma is usually used to measure Glu concentration in clinical practice, and the level of Glu in plasma is usually 10–15% higher than that in whole blood [56]. Therefore, the plasma Glu concentration of rats after correction was 9.3 mM using Equation (9). Since some interfering substances in real blood samples may cover the electrode surface and obstruct electron transfer, the accuracy of the test results may be reduced. Plasma was diluted with phosphate-buffered solution 310, 62, 18.6, and 12.4 times to obtain plasma with different Glu concentrations, and the recovery rate with biosensors was measured to reduce such adverse effects and experimental errors and improve the accuracy of blood Glu concentration measurement. From Table 4, the recoveries of this method were 95.9–103.9 %. It can be seen that the proposed sensor shows a satisfactory recovery of Glu in plasma samples, validating that the biosensor has potential good practicability in the detection of real samples.


     [ Glu ]    blood      = [ Glu ]    plasma      /   1   . 14   



(9)









4. Conclusions


In this work, GOD was immobilized on MWCNTs-BSA-HFs composites, and an NF-GLA composite membrane was used to prevent the leakage of immobilized GOD, and a new and simple Glu biosensor was constructed. The composite MWCNTs-BSA-HFs has high specific surface area and good conductivity and biocompatibility, thus promoting the efficient biocatalytic and improving the sensitivity and the performance of the biosensors so that the proposed biosensors possess a wide linear range, low detection limit, high sensitivity and catalytic activity, and good selectivity and stability. In addition, this biosensor has successfully determined Glu concentration in plasma samples with satisfactory recovery. Therefore, the biosensor has great application potential in clinical blood glucose detection.







Author Contributions


Conceptualization, Y.-Y.L. (Yang-Yang Li) and J.H.; methodology, J.H.; validation, Y.-Y.L. (Yang-Yang Li), J.H., B.-L.X. and X.-X.M.; formal analysis, J.H. and B.-L.X.; investigation, Y.-Y.L. (Yang-Yang Li), X.-X.M., X.-Y.S., L.-L.M., Y.-Y.L. (Yu-Ying Li), X.M., Y.-J.C. and K.-X.X.; data curation, Y.-Y.L. (Yu-Ying Li) and J.H.; writing—original draft preparation, Y.-Y.L. (Yang-yang Li); writing—review and editing, Y.-Y.L. (Yang-Yang Li), J.H., B.-L.X., X.-X.M., X.-Y.S., L.-L.M., Y.-Y.L. (Yu-Ying Li), X.M., Y.-J.C., K.-X.X. and A.A.M.-M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (NSFC), grant number 32161143021, and the Iran National Science Foundation (INSF) grant number 4001873.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The National Natural Science Foundation of China (NSFC) (32161143021) and the Iran National Science Foundation (INSF) (4001873) are gratefully acknowledged.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Asche, C.; LaFleur, J.; Conner, C. A review of diabetes treatment adherence and the association with clinical and economic outcomes. Clin. Ther. 2011, 33, 74–109. [Google Scholar] [CrossRef]

	



Bommer, C.; Heesemann, E.; Sagalova, V.; Manne-Goehler, J.; Atun, R.; Bärnighausen, T.; Vollmer, S. The global economic burden of diabetes in adults aged 20–79 years: A cost-of-illness study. Lancet Diabetes Endocrinol. 2017, 5, 423–430. [Google Scholar] [CrossRef]

	



Singh, V.P.; Bali, A.; Singh, N.; Jaggi, A.S. Advanced glycation end products and diabetic complications. Korean J. Physiol. Pharmacol. 2014, 18, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Huang, X.; Zhou, Y.; Liu, C.; Zhang, R.; Zhang, L.; Du, S.; Liu, B.; Han, M.Y.; Zhang, Z. A single dual-emissive nanofluorophore test paper for highly sensitive colorimetry-based quantification of blood glucose. Biosens. Bioelectron. 2016, 86, 530–535. [Google Scholar] [CrossRef] [PubMed]

	



Peng, J.; Wang, Y.; Wang, J.; Zhou, X.; Liu, Z. A new biosensor for glucose determination in serum based on up-converting fluorescence resonance energy transfer. Biosens. Bioelectron. 2011, 28, 414–420. [Google Scholar] [CrossRef] [PubMed]

	



Johnston, P.A.; Brown, R.C. Quantitation of sugar content in pyrolysis liquids after acid hydrolysis using high-performance liquid chromatography without neutralization. J. Agric. Food Chem. 2014, 62, 8129–8133. [Google Scholar] [CrossRef]

	



Amatatongchai, M.; Sroysee, W.; Chairam, S.; Nacapricha, D. Amperometric flow injection analysis of glucose using immobilized glucose oxidase on nano-composite carbon nanotubes-platinum nanoparticles carbon paste electrode. Talanta 2017, 166, 420–427. [Google Scholar] [CrossRef]

	



Jayanthi Kalaivani, G.; Suja, S.K. Nanomolar level sensing of glucose in food samples using glucose oxidase confined MWCNT-Inulin-TiO2 bio-nanocomposite. Food Chem. 2019, 298, 124981. [Google Scholar] [CrossRef]

	



Atchudan, R.; Muthuchamy, N.; Edison, T.; Perumal, S.; Vinodh, R.; Park, K.H.; Lee, Y.R. An ultrasensitive photoelectrochemical biosensor for glucose based on bio-derived nitrogen-doped carbon sheets wrapped titanium dioxide nanoparticles. Biosens. Bioelectron. 2019, 126, 160–169. [Google Scholar] [CrossRef]

	



Cao, L.; Han, G.C.; Xiao, H.; Chen, Z.; Fang, C. A novel 3D paper-based microfluidic electrochemical glucose biosensor based on rGO-TEPA/PB sensitive film. Anal. Chim. Acta 2020, 1096, 34–43. [Google Scholar] [CrossRef]

	



Plekhanova, Y.; Tarasov, S.; Bykov, A.; Prisyazhnaya, N.; Kolesov, V.; Sigaev, V.; Signore, M.A.; Reshetilov, A. Multiwalled Carbon Nanotubes and the Electrocatalytic Activity of Gluconobacter oxydans as the Basis of a Biosensor. Biosensors 2019, 9, 137. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, W.-J.; Xiao, B.-L.; Song, X.-Y.; Meng, X.; Ma, X.-X.; Li, Y.-Y.; Hong, J.; Moosavi-Movahedi, A.A. A Highly Sensitive Electrochemical Sensor Based on β-cyclodextrin Functionalized Multi-Wall Carbon Nanotubes and Fe3O4 Nanoparticles for Rutin Detection. J. Electrochem. Soc. 2022, 169, 047509. [Google Scholar] [CrossRef]

	



Hong, J.; Zhao, Y.X.; Xiao, B.L.; Moosavi-Movahedi, A.A.; Ghourchian, H.; Sheibani, N. Direct electrochemistry of hemoglobin immobilized on a functionalized multi-walled carbon nanotubes and gold nanoparticles nanocomplex-modified glassy carbon electrode. Sensors 2013, 13, 8595–8611. [Google Scholar] [CrossRef]

	



Camargo, J.R.; Orzari, L.O.; Araújo, D.A.G.; de Oliveira, P.R.; Kalinke, C.; Rocha, D.P.; Luiz dos Santos, A.; Takeuchi, R.M.; Munoz, R.A.A.; Bonacin, J.A.; et al. Development of conductive inks for electrochemical sensors and biosensors. Microchem. J. 2021, 164, 105998. [Google Scholar] [CrossRef]

	



Xu, Q.; Gu, S.-X.; Jin, L.; Zhou, Y.-e.; Yang, Z.; Wang, W.; Hu, X. Graphene/polyaniline/gold nanoparticles nanocomposite for the direct electron transfer of glucose oxidase and glucose biosensing. Sens. Actuators B Chem. 2014, 190, 562–569. [Google Scholar] [CrossRef]

	



Rassas, I.; Braiek, M.; Bonhomme, A.; Bessueille, F.; Raffin, G.; Majdoub, H.; Jaffrezic-Renault, N. Highly Sensitive Voltammetric Glucose Biosensor Based on Glucose Oxidase Encapsulated in a Chitosan/Kappa-Carrageenan/Gold Nanoparticle Bionanocomposite. Sensors 2019, 19, 154. [Google Scholar] [CrossRef] [PubMed]

	



Chansaenpak, K.; Kamkaew, A.; Lisnund, S.; Prachai, P.; Ratwirunkit, P.; Jingpho, T.; Blay, V.; Pinyou, P. Development of a Sensitive Self-Powered Glucose Biosensor Based on an Enzymatic Biofuel Cell. Biosensors 2021, 11, 16. [Google Scholar] [CrossRef]

	



Buledi, J.A.; Mahar, N.; Mallah, A.; Solangi, A.R.; Palabiyik, I.M.; Qambrani, N.; Karimi, F.; Vasseghian, Y.; Karimi-Maleh, H. Electrochemical quantification of mancozeb through tungsten oxide/reduced graphene oxide nanocomposite: A potential method for environmental remediation. Food Chem. Toxicol. 2022, 161, 112843. [Google Scholar] [CrossRef]

	



Zhong, W.; Ding, X.; Li, W.; Shen, C.; Yadav, A.; Chen, Y.; Bao, M.; Jiang, H.; Wang, D. Facile Fabrication of Conductive Graphene/Polyurethane Foam Composite and Its Application on Flexible Piezo-Resistive Sensors. Polymers 2019, 11, 1289. [Google Scholar] [CrossRef]

	



Popov, A.; Aukstakojyte, R.; Gaidukevic, J.; Lisyte, V.; Kausaite-Minkstimiene, A.; Barkauskas, J.; Ramanaviciene, A. Reduced Graphene Oxide and Polyaniline Nanofibers Nanocomposite for the Development of an Amperometric Glucose Biosensor. Sensors 2021, 21, 948. [Google Scholar] [CrossRef]

	



Goodarzi, S.; Da Ros, T.; Conde, J.; Sefat, F.; Mozafari, M. Fullerene: Biomedical engineers get to revisit an old friend. Mater. Today 2017, 20, 460–480. [Google Scholar] [CrossRef]

	



Karimi-Maleh, H.; Fakude, C.T.; Mabuba, N.; Peleyeju, G.M.; Arotiba, O.A. The determination of 2-phenylphenol in the presence of 4-chlorophenol using nano-Fe3O4/ionic liquid paste electrode as an electrochemical sensor. J. Colloid Interface Sci. 2019, 554, 603–610. [Google Scholar] [CrossRef]

	



Luo, R.; Feng, Z.; Shen, G.; Xiu, Y.; Zhou, Y.; Niu, X.; Wang, H. Acetylcholinesterase Biosensor Based On Mesoporous Hollow Carbon Spheres/Core-Shell Magnetic Nanoparticles-Modified Electrode for the Detection of Organophosphorus Pesticides. Sensors 2018, 18, 4429. [Google Scholar] [CrossRef]

	



Yáñez-Sedeño, P.; Campuzano, S.; Pingarrón, J. Fullerenes in Electrochemical Catalytic and Affinity Biosensing: A Review. C 2017, 3, 21. [Google Scholar] [CrossRef]

	



Chung, D.-J.; Seong, M.-K.; Choi, S.-H. Radiolytic synthesis of—OH group functionalized fullerene structures and their biosensor application. J. Appl. Polym. Sci. 2011, 122, 1785–1791. [Google Scholar] [CrossRef]

	



Afreen, S.; Muthoosamy, K.; Manickam, S.; Hashim, U. Functionalized fullerene (C60) as a potential nanomediator in the fabrication of highly sensitive biosensors. Biosens. Bioelectron. 2015, 63, 354–364. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.F.; Yang, T.; Yang, X.L.; Zhang, Y.S.; Xiao, B.L.; Hong, J.; Sheibani, N.; Ghourchian, H.; Hong, T.; Moosavi-Movahedi, A.A. Direct electrochemistry of glucose oxidase and glucose biosensing on a hydroxyl fullerenes modified glassy carbon electrode. Biosens. Bioelectron. 2014, 60, 30–34. [Google Scholar] [CrossRef] [PubMed]

	



Magar, H.S.; Ghica, M.E.; Abbas, M.N.; Brett, C.M.A. A novel sensitive amperometric choline biosensor based on multiwalled carbon nanotubes and gold nanoparticles. Talanta 2017, 167, 462–469. [Google Scholar] [CrossRef]

	



Abdalla, S.; Al-Marzouki, F.; Al-Ghamdi, A.A.; Abdel-Daiem, A. Different Technical Applications of Carbon Nanotubes. Nanoscale Res. Lett. 2015, 10, 358. [Google Scholar] [CrossRef]

	



He, C.; Liu, J.; Zhang, Q.; Wu, C. A novel stable amperometric glucose biosensor based on the adsorption of glucose oxidase on poly(methyl methacrylate)–bovine serum albumin core–shell nanoparticles. Sensor. Actuators B Chem 2012, 166–167, 802–808. [Google Scholar] [CrossRef]

	



He, C.; Xie, M.; Hong, F.; Chai, X.; Mi, H.; Zhou, X.; Fan, L.; Zhang, Q.; Ngai, T.; Liu, J. A Highly Sensitive Glucose Biosensor Based on Gold Nanoparticles/Bovine Serum Albumin/Fe3O4 Biocomposite Nanoparticles. Electrochim. Acta 2016, 222, 1709–1715. [Google Scholar] [CrossRef]

	



Palod, P.A.; Singh, V. Improvement in glucose biosensing response of electrochemically grown polypyrrole nanotubes by incorporating crosslinked glucose oxidase. Mat. Sci. Eng. C Mater. 2015, 55, 420–430. [Google Scholar] [CrossRef] [PubMed]

	



Song, X.Y.; Meng, X.; Xiao, B.L.; Li, Y.Y.; Ma, X.X.; Moosavi-Movahedi, A.A.; Hong, J. MWCNTs-CTAB and HFs-Lac Nanocomposite-Modified Glassy Carbon Electrode for Rutin Determination. Biosensors 2022, 12, 632. [Google Scholar] [CrossRef] [PubMed]

	



Ning, Y.N.; Xiao, B.L.; Niu, N.N.; Moosavi-Movahedi, A.A.; Hong, J. Glucose Oxidase Immobilized on a Functional Polymer Modified Glassy Carbon Electrode and Its Molecule Recognition of Glucose. Polymers 2019, 11, 115. [Google Scholar] [CrossRef]

	



Brondani, D.; de Souza, B.; Souza, B.S.; Neves, A.; Vieira, I.C. PEI-coated gold nanoparticles decorated with laccase: A new platform for direct electrochemistry of enzymes and biosensing applications. Biosens. Bioelectron. 2013, 42, 242–247. [Google Scholar] [CrossRef]

	



Sanap, S.N.; Bhatta, R.S.; Gupta, N.; Gauttam, V.K.; Gupta, S. Development and validation of an LC-MS/MS method for the assessment of Isoxazole, a bioactive analogue of curcumin in rat plasma: Application to a pharmacokinetic study. J. Chromatogr. B 2022, 1212, 123488. [Google Scholar] [CrossRef]

	



Gu, W.; Bai, X.; Ren, K.; Zhao, X.; Xia, S.; Zhang, J.; Qin, Y.; Lei, R.; Chen, K.; Chang, Y.N.; et al. Mono-fullerenols modulating cell stiffness by perturbing actin bundling. Nanoscale 2018, 10, 1750–1758. [Google Scholar] [CrossRef]

	



Yang, L.-Y.; Gao, J.-L.; Gao, T.; Dong, P.; Ma, L.; Jiang, F.-L.; Liu, Y. Toxicity of polyhydroxylated fullerene to mitochondria. J. Hazard. Mater. 2016, 301, 119–126. [Google Scholar] [CrossRef]

	



Wei, W.; Zhang, C.; Du, Z.; Liu, Y.; Li, C.; Li, H. Assembly of fullerenol particles on carbon nanotubes through poly (acryloyl chloride). Mater. Lett. 2008, 62, 4167–4169. [Google Scholar] [CrossRef]

	



Indeglia, P.A.; Georgieva, A.; Krishna, V.B.; Bonzongo, J.-C.J. Physicochemical characterization of fullerenol and fullerenol synthesis by-products prepared in alkaline media. J. Nanopart. Res. 2014, 16, 2599. [Google Scholar] [CrossRef]

	



Li, J.; Liu, Y.; Tang, X.; Xu, L.; Min, L.; Xue, Y.; Hu, X.; Yang, Z. Multiwalled carbon nanotubes coated with cobalt(II) sulfide nanoparticles for electrochemical sensing of glucose via direct electron transfer to glucose oxidase. Mikrochim. Acta 2020, 187, 80. [Google Scholar] [CrossRef] [PubMed]

	



Cai, Y.; Tu, T.; Li, T.; Zhang, S.; Zhang, B.; Fang, L.; Ye, X.; Liang, B. Research on direct electron transfer of native glucose oxidase at PEDOT:PSS hydrogels modified electrode. J. Electroanal. Chem. 2022, 922, 116738. [Google Scholar] [CrossRef]

	



Hong, J.; Moosavi-Movahedi, A.A.; Ghourchian, H.; Rad, A.M.; Rezaei-Zarchi, S. Direct electron transfer of horseradish peroxidase on Nafion-cysteine modified gold electrode. Electrochim. Acta 2007, 52, 6261–6267. [Google Scholar] [CrossRef]

	



Laviron, E. General expression of the linear potential sweep voltammogram in the case of diffusion electrochemical systems. J. Electroanal. Chem. Interfacial Electrochem. 1979, 101, 19–28. [Google Scholar] [CrossRef]

	



Hui, J.; Cui, J.; Xu, G.; Adeloju, S.B.; Wu, Y. Direct electrochemistry of glucose oxidase based on Nafion-Graphene-GOD modified gold electrode and application to glucose detection. Mater. Lett. 2013, 108, 88–91. [Google Scholar] [CrossRef]

	



Xia, J.; Zou, B.; Liu, F.; Wang, P.; Yan, Y. Sensitive glucose biosensor based on cyclodextrin modified carbon nanotubes for detecting glucose in honey. J. Food Compos. Anal. 2022, 105, 104221. [Google Scholar] [CrossRef]

	



Kalisz, H.M.; Hecht, H.J.; Schomburg, D.; Schmid, R.D. Effects of carbohydrate depletion on the structure, stability and activity of glucose oxidase from Aspergillus niger. Biochim. Biophys. Acta (BBA) Protein Struct. Mol. Enzymol. 1991, 1080, 138–142. [Google Scholar] [CrossRef]

	



Chen, J.; Zheng, X.; Li, Y.; Zheng, H.; Liu, Y.; Suye, S.-I. A Glucose Biosensor Based on Direct Electron Transfer of Glucose Oxidase on PEDOT Modified Microelectrode. J. Electrochem. Soc. 2020, 167, 067502. [Google Scholar] [CrossRef]

	



Nashruddin, S.N.A.; Abdullah, J.; Mohammad Haniff, M.A.S.; Mat Zaid, M.H.; Choon, O.P.; Mohd Razip Wee, M.F. Label Free Glucose Electrochemical Biosensor Based on Poly(3,4-ethylenedioxy thiophene):Polystyrene Sulfonate/Titanium Carbide/Graphene Quantum Dots. Biosensors 2021, 11, 267. [Google Scholar] [CrossRef]

	



Ge, L.; Hou, R.; Cao, Y.; Tu, J.; Wu, Q. Photoelectrochemical enzymatic sensor for glucose based on Au@C/TiO2 nanorod arrays. RSC Adv. 2020, 10, 44225–44231. [Google Scholar] [CrossRef] [PubMed]

	



Lin, M.-H.; Gupta, S.; Chang, C.; Lee, C.-Y.; Tai, N.-H. Carbon nanotubes/polyethylenimine/glucose oxidase as a non-invasive electrochemical biosensor performs high sensitivity for detecting glucose in saliva. Microchem. J. 2022, 180, 107547. [Google Scholar] [CrossRef]

	



Barathi, P.; Thirumalraj, B.; Chen, S.-M.; Angaiah, S. A simple and flexible enzymatic glucose biosensor using chitosan entrapped mesoporous carbon nanocomposite. Microchem. J. 2019, 147, 848–856. [Google Scholar] [CrossRef]

	



Yang, Z.; Cao, Y.; Li, J.; Jian, Z.; Zhang, Y.; Hu, X. Platinum nanoparticles functionalized nitrogen doped graphene platform for sensitive electrochemical glucose biosensing. Anal. Chim. Acta 2015, 871, 35–42. [Google Scholar] [CrossRef] [PubMed]

	



Du, Q.; Liao, Y.; Shi, N.; Sun, S.; Liao, X.; Yin, G.; Huang, Z.; Pu, X.; Wang, J. Facile synthesis of bimetallic metal–organic frameworks on nickel foam for a high performance non-enzymatic glucose sensor. J. Electroanal. Chem. 2022, 904, 115887. [Google Scholar] [CrossRef]

	



Shahrokhian, S.; Khaki Sanati, E.; Hosseini, H. Direct growth of metal-organic frameworks thin film arrays on glassy carbon electrode based on rapid conversion step mediated by copper clusters and hydroxide nanotubes for fabrication of a high performance non-enzymatic glucose sensing platform. Biosens. Bioelectron. 2018, 112, 100–107. [Google Scholar] [CrossRef] [PubMed]

	



Kong, F.Y.; Gu, S.X.; Li, W.W.; Chen, T.T.; Xu, Q.; Wang, W. A paper disk equipped with graphene/polyaniline/Au nanoparticles/glucose oxidase biocomposite modified screen-printed electrode: Toward whole blood glucose determination. Biosens. Bioelectron. 2014, 56, 77–82. [Google Scholar] [CrossRef]








[image: Sensors 23 03209 g001 550] 





Figure 1. Preparation process of modified electrode. 






Figure 1. Preparation process of modified electrode.



[image: Sensors 23 03209 g001]







[image: Sensors 23 03209 g002 550] 





Figure 2. TEM images of MWCNTs (A), HFs (B). 
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Figure 3. ICRR of GOD (1.20 × 10−5 mM), MWCNTs/GOD (1.34 × 10−3 mg·mL−1 and 1.20 × 10−5 mM), HFs/GOD (1.34 × 10−3 mg·mL−1 and 1.20 × 10−5 mM), and BSA/GOD (8.00 × 10−6 mM and 1.20 × 10−5 mM) in 50 mM phosphate-buffered solution (pH 6, 25 °C) containing HRP (2.50 × 10−5 mM), guaiacol (3 mM), and Glu (50 mM). 
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Figure 4. CVs of different modified GCEs: (a) bare GCE, (b) NF-GLA/GOD/GCE, (c) NF-GLA/MWCNTs-BSA-HFs/GCE, (d) NF-GLA/BSA-HFs-GOD/GCE, and (e) NF-GLA/MWCNTs-BSA-HFs-GOD/GCE in N2-saturated 50 mM phosphate-buffered solution (pH 6) at a scan rate of 0.05 V·s−1. 
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Figure 5. (A) CVs of the NF-GLA/MWCNTs-BSA-HFs-GOD/GCE in N2-saturated 50 mM phosphate-buffered solution (pH 6) at different scan rates (from inner to outer): 0.01, 0.02, 0.03, … 1.8, 2 V·s−1, respectively. (B) The relationship of the scan rates (0.03–0.4 V·s−1) versus the peak currents. (C) The relationship of the peak potential (Ep) versus ln v. 
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Figure 6. (A) CVs of NF-GLA/MWCNTs-BSA-HFs-GOD/GCE electrode in N2-saturated 50 mM phosphate-buffered solution at different pH values (from left to right): 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0, respectively, at a scan rate of 0.05 V·s−1. (B) Plot of cathodic peak current versus pH value. (C) Plot of E°′ versus pH value. 
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Figure 7. Peak cathodic current obtained from NF-GLA/MWCNTs-BSA-HFs-GOD/GCE with different concentrations of GOD in N2-saturated 50 mM phosphate-buffered solution (pH 6) at a scan rate of 0.05 V·s−1. 
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Figure 8. (A) DPVs of the NF-GLA/MWCNTs-BSA-HFs-GOD/GCE in air-saturated 50 mM, pH 6 phosphate-buffered solution at a scan rate of 0.05 V·s−1 in the absence and presence of different concentrations of Glu (0, 0.2, 0.4, 0.6 mM). (B) Linear range from 0.01 mM to 3.5 mM. (C) Lineweaver-Burk plot for    K m  app     determination. 
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Figure 9. LSVs of NF-GLA/MWCNTs-BSA-HFs-GOD/GCE in blank phosphate-buffered solution (a), 1 mM Glu solution (b), and Glu solution containing 0.1 mM Vit B1 (c), Vit B1 + Vit C (d), Vit B1 + Vit C + NaCl (e), and 1.5 mM Glu solution (f) in air-saturated 50 mM phosphate-buffered solution (pH 6) at a scan rate of 0.05 V·s−1. 
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Figure 10. Percentage of cathodic peak current of NF-GLA/MWCNTs-BSA-HFs-GOD/GCE versus (A) cycles and (B) storage time (days) in 50 mM phosphate-buffered solution (pH 6) at a scan rate of 0.05 V·s−1. 
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Table 1. Comparison of Glu-sensing performance of NF-GLA/MWCNTs-BSA-HFs-GOD/GCE in 50 mM phosphate-buffered solution at different pH levels.






Table 1. Comparison of Glu-sensing performance of NF-GLA/MWCNTs-BSA-HFs-GOD/GCE in 50 mM phosphate-buffered solution at different pH levels.





	pH
	E°′ (V)
	Linear Range

(mM)
	LOD

(μM)
	    K m  app     

(mM)





	6
	−0.367
	0.01–1.6
	18
	0.645



	7
	−0.452
	0.05–1.1
	57
	0.955
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Table 2. Comparison of Glu-sensing performance of NF-GLA/MWCNTs-BSA-HFs-GOD/GCE in 50 mM phosphate-buffered solution using different methods.
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	Methods
	Linear Range

(mM)
	LOD

(μM)
	    K m  app     

(mM)
	Sensitivity

(μA·cm−2·mM−1)





	LSV
	0.01–1.6
	18
	0.645
	18



	DPV
	0.01–3.5
	17
	0.119
	167
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Table 3. Electrochemical parameters of the electrodes recently modified for Glu detection.






Table 3. Electrochemical parameters of the electrodes recently modified for Glu detection.













	Working Electrode
	Liner Range

(mM)
	LOD

(μM)
	    K m  app     

(mM)
	Sensitivity

(μA·mM−1·cm−2)
	Reference





	MPC-CHI-GOD/SPCE
	0.25–3
	4.1
	2.1
	56.12
	[52]



	NF/GOD/IL/mPEG-fMWCNTs/GCE
	0.02–0.95
	0.2
	0.143
	-
	[34]



	CHI/GOD-HFs/GCE
	0.05–0.5
	5
	0.694
	-
	[27]



	GOD/PEDOT/CF
	0.5–15
	
	6.5
	8.5
	[48]



	GOD/CoS-MWCNTs/NF/GCE
	0.008–1.5
	5
	-
	14.96
	[41]



	PEDOT:PSS/Ti3C2/GQD-GOD/SPCE
	0–0.5
	65
	-
	21.64
	[49]



	GOD/Au@C/TiO2/FTO
	0.1–1.6
	42
	-
	29.76
	[50]



	FTO-CNTS/PEI-GOD
	0.07–0.7
	70
	-
	63.38
	[51]



	GOD/PEDOT:PSS/CNTF
	0.05–0.5
	43.52
	1.63
	43.52
	[42]



	GOD/PtNPs@NG/NF/GCE
	0.005–1.1
	2
	0.66
	20.31
	[53]



	NF-GLA/MWCNTs-BSA-HFs-GOD/GCE
	0.01–3.5
	17
	0.119
	167
	This work







MPC: mesoporous carbon; CHI: chitosan; SPCE: screen-printed carbon electrode; IL: ionic liquid; mPEG: aminated polyethylene glycol; fMWCNTs: carboxylic acid functionalized multi-walled carbon nanotubes; PEDOT: poly (3,4-ethylenedioxythiophene); CF: carbon fiber; Cos: cobalt sulfide; Ti3C2: titanium carbide; GQD: graphene quantum dots; FTO: F-doped SnO2; CNTs: carbon nanotubes; PEI: polyethylenimine; PEDPT:PSS: poly(3,4-ethylene dioxythiophene): poly (styrene sulfonate); CNTF: carbon nanotube fiber; PtNPs: platinum nanoparticles; NG: nitrogen-doped graphene.
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Table 4. Determination of Glu in plasma samples.
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	Sample Number
	Glu Found by Commercial Glucose Meter (μM)
	Glu Found by Modified Biosensor (μM)
	Recovery

(%)
	RSD





	1
	30
	29.6
	98.7
	1.25



	2
	150
	155.7
	103.9
	2.30



	3
	500
	479.2
	95.9
	2.80



	4
	750
	750.3
	100.0
	2.96
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