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Abstract


Transition-metal nanomaterials are very important to non-enzymatic glucose sensing because of their excellent electrocatalytic ability, good selectivity, the fact that they are not easily interfered with by chloride ion (Cl−), and low cost. However, the linear detection range needs to be expanded. In this paper, Cu2O–bovine serum albumin (BSA) core-shell nanoparticles (NPs) were synthesized for the first time in air at room temperature by a facile and green route. The structure and morphology of Cu2O–BSA NPs were characterized. The as-prepared Cu2O–BSA NPs were used to modify the glassy carbon electrode (GCE) in a Nafion matrix. By using cyclic voltammetry (CV), the influence from scanning speed, concentration of NaOH, and load of Cu2O–BSA NPs for the modified electrodes was probed. Cu2O–BSA NPs showed direct electrocatalytic activity for the oxidation of glucose in 50 mM NaOH solution at 0.6 V. The chronoamperometry result showed this constructing sensor in the detection of glucose with a lowest detection limit of 0.4 μM, a linear detection range up to 10 mM, a high sensitivity of 1144.81 μAmM−1cm−2 and reliable anti-interference property to Cl−, uric acid (UA), ascorbic acid (AA), and acetaminophen (AP). Cu2O–BSA NPs are promising nanostructures for the fabrication of non-enzymatic glucose electrochemical sensing devices.
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1. Introduction


Diabetes mellitus is a group of lifelong metabolic diseases characterized by hyperglycemia caused by multiple causes. According to the International Diabetes Federation (IDF) [1], in 2017, there is one diabetic patient for every 11 people aged 20–79, and 425 million people suffering from diabetes worldwide. It is estimated that the number of diabetic patients in this age group will rise to 629 million by 2045. At present, there is no cure for diabetes mellitus. People can only use blood sugar detection, diet therapy, exercise therapy, and drug treatment to control blood sugar level. To control blood sugar concentration, people must monitor blood sugar frequently, so blood sugar detection plays a vital role in the treatment of diabetes mellitus. This encourages researchers to explore the field of glucose biosensors.



Many methods have been used for glucose sensing, including electrochemical [2,3,4,5,6,7,8,9,10], chemiluminescence [11,12,13], colorimetry [2,14], Raman spectra [15,16], and fluorescence spectrometry [17,18,19,20,21]. In these methods, electrochemical glucose sensors are very important, because this method is simple and selective, along with having low detection limit, fast response time, good stability and low cost [2,3,4,5,6,7,8,9,10]. The geometric structure of an electrode surface is very important in an electrochemical glucose sensor. Nanomaterials have larger specific surface areas than that of bulk materials, so nanomaterials are often used to modify electrodes to provide larger surface areas, thus providing more adsorption sites and improving catalytic efficiency [4].



Enzyme-based glucose sensors are mainly used for blood glucose detection in the market, but the stability of enzyme is not good, which leads to the high price of this type of sensor [4,5,6,7,8,9]. As an alternative strategy, non-enzymatic glucose sensors have many advantages. They are almost free from the influence of oxygen, with good thermal and chemical stability, simple fabrication process, low cost, and good reproducibility, so are more conducive to miniaturization and large-scale production [4].



Noble metals of Au, Pt, Pd, and other precious metals have good conductivity, which gives them good performance in detecting glucose [22,23,24]. The chemical activity, conductivity, and surface roughness of Pt and Au electrodes are very good, but they lose their activity easily, due to the influence of Cl− [22,23]. The cost of these noble electrodes is also expensive. Transition metals are low cost and can be used as electrocatalytic materials for glucose. There are many electrocatalysts reported for transition metals, including pure metals [6,25], bimetals [7,26,27,28], compounds [29,30,31,32], and composites [33,34,35,36,37,38,39,40,41,42,43,44] for non-enzymatic glucose sensors. The catalytic principle of non-enzymatic glucose sensors based on transition metals is by using the d-electron of d-orbital to form medium-strength bonds with substrates, so that the analyte can be easily adsorbed at any time, and its products can be easily desorbed [3].



The most common transition-metal materials are Ni [8] and Cu [9]. Ni and Cu have good selectivity and are not easily interfered by Cl−, but they must be effectively used in alkaline conditions. To be widely used, transition-metal materials such as copper and copper oxide are very good choices. The principle of electrocatalytic oxidation of Cu for glucose is similar to that of Ni. The catalytic effect lies in the redox reaction in redox pairs of Cu(II)/Cu(III) [45,46]. The electrode sensitivity of electrochemical glucose sensor based on Cu is also very high, but the linear range is not very wide. In addition, non-enzymatic glucose sensors based on copper material have excellent anti-interference, ultra-low detection limit, and low price. Justice Babu et al. [36] assumed 3D dendrite Cu-Co/reduced graphene oxide architectures on a disposable pencil graphite electrode as an electrochemical sensor for non-enzymatic glucose detection. Huang et al. [35] probed copper oxide (CuO) deposited oxygen-doped nitrogen incorporating nanodiamond (NOND)/Si pyramid (Pyr-Si) heterostructure for high-performance non-enzymatic glucose sensor. The growth time of CuO/NOND/Pyr-Si sensor is only 15 min, with a high sensitivity of 1993 μA mM−1 cm−2, a lower limit of detection of 0.1 μM, a linear range 5–700 μM, a rapid recovery (<2 s) and longer stability of 28 d (∼96%). The sensor exhibits good selectivity of glucose among other analytes such as Cl−, AC, UA, and so on. Gou et al. [47] synthesized ultrathin CuO nanorods by simply mixing Cu2+/OH−/ethanol with water at 75 °C towards non-enzymatic glucose sensing. Such 1D CuO nanorods acting as a promising electrode material show substantially good performance. A high sensitivity of 1834 μA mM−1 cm−2, a fast response time of 2 s, a relatively wide linear dynamic range from 100 μM to 4.0 mM, a low detection limit of 220 nM and good anti-interference ability were demonstrated. Sahoo et al. [48] grew faceted and non-faceted CuO nanoribbons via hydrothermal and microwave heating processes. The glucose sensitivity of a faceted CuO electrode is superior to that of a non-faceted CuO one. The electrochemical glucose detection of the faceted CuO electrode shows a minimum concentration of 58 μM and a specific current sensing of 412 μA mM−1cm−2, whereas the non-faceted CuO electrode shows low sensitivities of 71 μM and 356 μA mM−1cm−2. Cheng et al. [33] prepared a 3D network and 2D paper of reduced graphene oxide/Cu2O composite for electrochemical sensing of H2O2 in human serum. The present study indicates that 2D and 3D graphene–Cu2O composites have promising applications in the fabrication of non-enzymatic electrochemical sensing devices. Dong et al. [34] synthesized a unique binder-free electrode with the nanoarchitecture of 3D Cu foam/mesoporous Cu2O nanothorn arrays through a facile two-step anodization/electro-oxidation procedure. This enzyme-free electrochemical electrode exhibits ultra-high sensitivity maximum of 97.9 mA mM−1cm−2, an ultra-low detection limit (5 nM) and excellent selectivity and stability. The Cu foam-supported Cu2O electrode can meet the glucose detection for human serum over a wide concentration range (1 μM to 11.4 mM). Our group fabricated hollow Cu2O–PVP NPs by stepwise controlling the addition of the reducer [49] and constructed a non-enzymatic glucose sensor based on the hollow Cu2O nanosphere in Nafion matrix on a glassy carbon electrode (GCE) [50]. Results showed that the hollow Cu2O nanospheres have a remarkable electrocatalytic activity for the oxidation of glucose without loading any enzymes. The sensor exhibited high sensitivity, low detection limit, and strong anti-interference property, but the linear detection range is narrow (1.25–37.5 μM).



It is known that the catalytic performance of the nanomaterials depends on their surface areas, surface atomic structures, and morphologies. By controlling the shapes, sizes, and coating agents of the nanomaterials, catalysts with large surface areas and abundant catalytic active sites can be obtained, thereby improving catalytic performance. As a model globular protein, bovine serum albumin (BSA) is widely used in biochemical studies [51]. BSA is composed of 583 amino acid residues, several sulfur, oxygen, and nitrogen atoms [51]. In recent years, BSA were generally used to stabilize the inorganic NPs [51,52,53,54,55,56]. BSA-stabilized Au and Ag NPs have been widely explored for biomedical [54,55,56,57,58,59] and sensing applications [60]. The fabrication of metal–BSA NPs is a green reaction process. The products demonstrated excellent conductivity, biocompatibility, and multifunctionality, and were environmentally friendly and highly stable in both aqueous and solid form. Hu et al. [61] prepared Pt–BSA nanocomposite as an enzyme-labeled glucose-sensing interface.



In this paper, Cu2O–BSA NPs with size of 180–220 nm was prepared via a green route and characterized by TEM and XRD. Taking advantage of as-prepared Cu2O–BSA NPs as catalyst and microscopic network structure of Nafion to stabilize the modified electrode, a novel non-enzymatic glucose sensor was constructed. Results showed that the Cu2O–BSA NPs exhibit a remarkable electrocatalytic activity and electrochemical sensing matrix for the oxidation of glucose, free from loading any enzymes. The modified electrode indicated wide linear detection range of up to 10 mM, high sensitivity, low detection limit, fast response time, and strong anti-interference property to Cl−, AA, UA, and AP. Our results indicated that the Cu2O–BSA NPs is an excellent material for non-enzyme electrochemical biosensors.




2. Materials and Methods


2.1. Reagents and Characterization


Copper nitrate trihydrate (Cu(NO3)2⋅3H2O), sodium hydroxide (NaOH), sodium chloride (NaCl), potassium ferricyanide, potassium ferrocyanide, glucose, ethanol, AA, UA, and AP are analytical pure and were bought from Sinopharm Chemical Reagent Co., Ltd. BSA was purchased from Aladdin with purity of 96%. Nafion 117 solution is analytical purity, produced by Sigma-Aldrich Company, USA. All of reagents were used without further purification.



The crystalline structure of Cu2O–BSA NPs was detected by an X-ray diffractometer (Bruker D8 ADVANCE) with Cu-Kα radiation (λ = 1.5406 Å). A type of H-7650 TEM (Japan) was used to observe the size and morphology of the Cu2O–BSA NPs. A CHI 690 electrochemical workstation (Chenhua, Shanghai, China) was assumed to conduct the electrochemical experiments including CV and amperometry. A conventional three-electrode electrochemical system, which consists of a working electrode, a Pt foil auxiliary electrode, and Ag/AgCl reference electrode, was used for all electrochemical experiments.




2.2. Synthesis of the Cu2O–BSA NPs


70 mg BSA was dissolved in 26.4 mL deionized water with magnetic stirring for 10 min. 1.4 mL 0.2 M Cu(NO3)2 solution was added to BSA solution and stirred for 1 min, then 2.2 mL 1 M NaOH solution was added to the above solution and stirred for 5 min. 5 mL 0.1 M AA was added dropwise into the solution for reduction of Cu2+. After stirring for 10 min, the solution became orange colloid and the color was stable, which indicated Cu2O–BSA NPs were generated. The colloid was aged for half an hour then centrifuged three times at 8000 rpm for 10 min. The final Cu2O–BSA NPs were freeze dried in a vacuum freeze dryer and sealed in a small brown glass bottle, then preserved in a refrigerator at 4 °C for later use.




2.3. Preparation Modified Electrode of Nafion/Cu2O–BSA/GCE


Typically, 5 mg Cu2O–BSA NPs was added into 1 mL ethanol and sonicated for 15 min. 10 µL dispersion liquid of Cu2O–BSA NPs was dropped on the surface of bare treated GCE (diameter, 3 mm). After drying in air at room temperature, Cu2O–BSA NPs were evenly coated on the surface of GCE. Then 5 µL 0.1 wt. % Nafion/ethanol solution was dropped on the coating of Cu2O–BSA NPs. After natural drying, the modified electrode was sealed and stored for later use. The as-prepared electrode was named Nafion/Cu2O–BSA/GCE. For comparison, a Nafion/GCE without modified Cu2O–BSA NPs was also prepared by the same process.





3. Results and Discussion


3.1. Structure and Morphology of Cu2O–BSA NPs


Figure 1A–C indicate the TEM images of Cu2O–BSA NPs. One can see that the NPs are spherical with a size of 180–220 nm. There is a thin layer of about 5 nm of BSA on the surface of Cu2O NP (see Figure 1A). So, the structure of the Cu2O–BSA NP is a core-shell structure. The NPs have good monodispersity. Figure 1D shows the powder XRD pattern of the Cu2O–BSA NPs. The five peaks localized at 29.64°, 36.54°, 42.50°, 61.59°, and 73.78° coincide well with the (110), (111), (200), (211), and (220) planes of the standard data (PDF No. 65-3288) for the cubic phase of Cu2O. According to Deby–Scherer equation [62], the spacing of crystal planes was calculated as follows: D110 = 2.6976 nm, D111 = 3.3633 nm, D200 = 3.9559 nm, D211 = 5.0383 nm, and D220 = 6.0699 nm.




3.2. Electrochemical Characterization of the Sensor


It is reported that the Cu2O/MWCNTs modified electrode [63] works well in an alkaline environment for electrochemical oxidation glucose. Here 50 mM NaOH solution was used to probe electrocatalytic activities of the Nafion/Cu2O–BSA/GCE electrode towards the oxidation of glucose. The result is shown in Figure 2A, in which curve a and b represent 0 and 2 mM glucose in the solution, respectively. The scan rate is 5 mV/s. In the absence of glucose (curve a), the valence changes of copper ion is represented by the five peaks that can be determined according to [64], with Peak 1 near to −0.375 V representing the oxidation of Cu(0) to Cu(I). Peak 1 is very low because the material modified GCE is Cu2O–BSA NPs, the content of copper (0) is zero. Peak 2 at −0.110 V refers to the oxidation process of Cu(I) to Cu(II). This peak is also low, which indicates that the transformation of Cu(I) to Cu(II) is slow. The formation of peak 3 at 0.25 V is related to the adsorption of OH− on the electrode and the formation of soluble substances from Cu2O-based solids. However, the potential of peak 3 is much higher than that of reference [65] and reference [66]. We speculate the formation of Peak 3 may be related to the negative charge of BSA, which leads to the voltage of the electrode-adsorbed OH− shifting a lot towards the right. According to reference [54], in high-concentration sodium hydroxide solution, Cu(III) begins to form at 0.6 V. Peak 4 at 0.6 V attributes to the reduction process from Cu(III) to Cu(II). Peak 5 indicates the reduction from Cu(II) to Cu(I). In the whole cycle, no Cu(I) is converted to Cu(0), which means that no Cu(0) was formed during the cycle. When 2 mM glucose was added into solution, Peak 1 became obvious, which indicates Cu (0) was formed during the cycling process. Peak 2 is very low and almost the same as the absence of 2 mM glucose, which indicates that a small quantity of Cu(0) was generated before this stage, and most Cu(0) has been oxidized to Cu(I) during the period of peak 1 to peak 2. The disappearance of peak 3 may be the formation of complex (Cu(I)-glucose) on the surface of the electrode by the adsorption of glucose, which hinders the formation of soluble substances between Cu2O and OH−. A new oxidation peak at about 0.52 V is due to the desorption of glucose from the Cu(I)–glucose complex and the simultaneous oxidation of Cu(I) to Cu(II). The reason of the disappearance of peak 4 is the consumption of Cu(III) by electric oxidation of glucose. Peaks 5 and 6 are the reduction processes of Cu(II) to Cu(I) and Cu(I) to Cu(0), respectively.



The electrocatalytic effect of the Nafion/Cu2O–BSA/GCE was further compared with the Nafion/GCE for oxidation of glucose, as shown in Figure 2B. For the Nafion/Cu2O–BSA modified GCE, curve a and b show the CV results of absence and presence 5 mL glucose. The peak current density ratio of curve b and curve a is 1.54, which indicates the current density increase when glucose was catalyzed on the surface of Nafion/Cu2O–BSA/GCE. For the only Nafion-modified GCE, curve c and d in inset indicate the results of CV without and with 5 mL glucose. The peak current density ratios of curve d and curve c is 1.2, which shows the current density of only Nafion-modified GCE also increases when glucose was catalyzed on the surface of Nafion/ GCE. However, the extent of increase of Nafion/GCE is far less than that of the Nafion/Cu2O–BSA/ GCE because the current density of the Nafion/Cu2O–BSA/GCE is 60 times of the Nafion/GCE. The above results indicate Cu2O–BSA NPs greatly increase the catalytic ability of the GCE for glucose, which is ascribed to high catalytic active sites for the glucose oxidation offered by the Cu2O NPs and good conductivity of BSA.



It is known that the scanning rate, concentration of NaOH in electrolyte, and load of Cu2O NPs on the GCE have effects on the current density of CVs. To obtain an optimal result, the above factors were probed, respectively. Figure 3A displayed the CVs of the Nafion/Cu2O–BSA/GCE for glucose oxidation recorded in 50 mM NaOH solution with the scanning speed in the range of 5–300 mV/s. According to Figure 3A, the peak current densities of oxidation (red line) and reduction (black line) and their change with the scanning speeds are shown in Figure 3B. The oxidative and reduction peak current densities are proportional to the scan rates in the range of 5–300 mV/s, with correlation coefficients (R2) of 0.9878 and 0.9750 (see Figure 3B), indicating that the electrocatalytic oxidation of glucose by the Nafion/Cu2O–BSA/GCE under alkaline conditions is a surface-controlled process similar to the previous report [67]. 50 mV/s was selected as the scanning speed in later experiments. Figure 3C shows the CV results when the concentrations of NaOH are 5, 10, 20, and 50 mM with same concentration of glucose (2 mM) and at the same scan rate (50 mV/s). The current densities of CVs increase with the concentrations of NaOH. This is because the conductivity of electrolyte increases at higher pH and the mutarotation of glucose becomes easy with the increase of pH [63], which speeds up the electrocatalytic oxidation of glucose, and more Cu(III) was produced. 50 mM NaOH was selected as the fixed concentration for later experiments.



In our experiments, 30–125 μg load of Cu2O–BSA NPs was used to modify the GCEs. With the increase of the NPs loads, the current densities increase first then decrease. When the load of Cu2O NPs is 50 μg, the maximum current density was obtained. The reason for the above results is that more absorption sites and catalyzing sites are supplied with the increase of Cu2O NPs load, but excessive load of NPs on the GCE leads to the increase of electrode resistance and the decrease of current. The optimal load of Cu2O NPs of 50 μg was assumed in later experiments.




3.3. Amperometric Response of the Sensor Towards Glucose


Figure 4A shows a chronoamperometric diagram of the Nafion/Cu2O–BSA/GCE responding to successive addition of glucose at a work potential of 0.6 V (vs. Ag/AgCl). The concentrations of glucose in the electrolyte are in the range or 200 nM−11.67 mM. For clarity, the chronoamperometric curve when the concentrations of glucose are in the range of 11.1 μM−216.1 μM is shown in the inset. Figure 4B presents the calibration curve (black curve) for the Nafion/Cu2O–BSA/GCE based on the result of Figure 4A. The red line is the Langmuir isothermal fitting curve [68]. One can see the linear range is up to 10 mM and the sensitivity is 1144.81 µAcm−2mM−1. The corresponding regression equation is I (μA/cm2) = 1144.81C (mM) + 80.98 (μA/cm2) (R2 = 0.98528). When the concentration of glucose is very low, the current of the electrode is also very low, and the noise is very high. Therefore, a separate study was carried out. Figure 4C displays an enlarged chronoamperometric curve of the Nafion/Cu2O–BSA/GCE when the concentration of glucose is as low as 200 nM. One can see from Figure 4C that the lowest detection limit is 400 nM (S/N = 3), and the response time is about 7 s. Therefore, the Nafion/Cu2O–BSA/GCE has a wide linear detection range, a high sensitivity, a low detection limit, and a quick response time to glucose.



In comparison to the performance of Cu2O-modified GCE in recent years (Table 1), the Cu2O–B SA NPs modified GCE have high sensitivity and wide linear range. The higher sensitivity is attributed to high electrocatalytic activity of Cu2O–BSA NPs with large surface area, BSA has good adsorption ability to glucose and good conductivity to electrons [58,59,61]. In comparison with our previous hollow Cu2O–PVP/Nafion-modified GCE [50], the linear detection range of Cu2O–BSA increases by 267 times.




3.4. Specificity, Reproducibility, and Stability of the Nafion/Cu2O–BSA/GCE


Cl−, UA, AA, and AP are common interference contents in human blood for EC glucose sensing. Their normal physiological concentrations are 0.1, 0.3, 0.1, and 0.1 mM, respectively. To detect the toxicity of Cl− to Nafion/Cu2O–BSA/GCE, the chronoamperometric responding to the glucose was carried out when concentrations of Cl− are 0 M and 0.1 M (up to 1000 times concentration in normal human blood) in the electrolyte. The potential is 0.6 V (vs. Ag/AgCl) and the NaOH concentration is 50 mM. The results are shown in Figure 5A. One can see that the two chronoamperometric curves responding to the glucose with and without 0. 1 M Cl− have little difference, which indicates that Cl− has little interference with the Nafion/Cu2O–BSA/GCE. Unlike Au and Pt electrodes [22,23], Cl− has no toxicity to Nafion/Cu2O–BSA/GCE. To explore the interference from UA, AA, and AP on Nafion/Cu2O–BSA/GCE, 0.3 mM UA, 0.1 mM AA, 0.1 mM AP and 4 mM glucose (normal physiological level) were successive added to 50 mM NaOH solution for chronoamperometric detection. The results are shown in Figure 5B. The current response of Nafion/Cu2O–BSA/GCE to 4 mM glucose is 76, 75, and 180 times of the responses of 0.3 mM UA, 0.1 mM AA, and 0.1 mM AP, respectively. Therefore, UA, AA, and AP have quite limited influence on the detection of glucose. The Nafion/Cu2O–BSA/GCE has good specificity to glucose sensing.



The storage stability of Nafion/Cu2O–BSA/GCE was conducted over six days of consecutive testing, with 2 mM glucose in 50 mM NaOH solution for 6 min, and the voltage fixed at 0.6 V. After testing, the electrode was dipped in pure water for 3 min, three times, then taken out and dried in air. The electrode was stored at room temperature when not in use. The results are shown in Figure 6. For the same Nafion/Cu2O–BSA/GCE, the current response decreased over time. On the sixth day, the current density fell to 80% of that of the first day. In our previous experiment [50], Cu2O–PVP/Nafion-modified GCE had good stability for five weeks. We guess this result may be relative to the coating agent of BSA. BSA is a type of protein, which is easier influenced by environment than PVP. In addition, a group of six Nafion/Cu2O–BSA/GCEs were prepared by the same method and used to do the chronoamperometry experiments, a relative standard deviation (RSD) of 6.9% was obtained, which indicates good fabrication reproducibility of these sensing electrodes. The Cu2O–BSA NPs we prepared make good material for the fabrication of sensitive, specific, and rapid amperometric sensors for the non-enzymatic detection of glucose.





4. Conclusions


In this paper, Cu2O–BSA NPs were synthesized in air at room temperature by Cu(NO3)2⋅3H2O as a precursor, BSA as a coating agent, and AA as a reductant. The sphere NPs with size of 180–220 nm have good monodispersity. The as-prepared Cu2O–BSA NPs were used to modify the GCE. By using CV and chronoamperometry, Cu2O–BSA NPs showed direct electrocatalytic activity for the oxidation of glucose in 50 mM NaOH solution at 0.6 V. The Nafion/Cu2O–BSA NPs film provides rich active sites for the sensing of glucose. This constructed sensing electrode was used in the detection of glucose with the lowest detection limit of 0.4 μM, a linear detection range up to 10 mM, a high sensitivity of 1144.81 μAmM−1cm−2 and a quick response time of 7 s. The common interfering contents of Cl−, UA, AA, and AP existing in the physiological environment have almost no interference in the oxidation of glucose for the Nafion/Cu2O–BSA/GCE. For the green synthesis of Cu2O–BSA NPs and facile modification of GCE, there was excellent performance of the Nafion/Cu2O–BSA/GCE for glucose, and Cu2O–BSA NPs will become promising nanostructures for the fabrication of non-enzymatic glucose electrochemical sensing devices.
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Figure 1. TEM images (A–C) and XRD pattern (D) of Cu2O–BSA NPs. The red lines in D are the standard peaks (PDF No. 65-3288) of Cu2O. 
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Figure 2. (A) Redox peaks of the present Nafion/Cu2O–BSA/GCE in the 50 mM NaOH solution with 0 (a) and 2 mM (b) of glucose at the scan rate of 5 mV/s, (B) Nafion/Cu2O–BSA/GCE and Nafion/GCE (inset) in the absence (a and c) and presence (b and d) of 5.0 mM glucose at the same pH with scanning speed of 50 mV/s. 
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Figure 3. (A) CVs of the Nafion/Cu2O–BSA/GCE in 50 mM NaOH solution with 2 mM of glucose at different scan rates, (B) Linear dependence of oxidation and reduction peak current densities in (A) with the scan rates, (C) CVs at different concentrations of NaOH, (D) Current density changing with the loads of Cu2O–BSA NPs modified on the GCE. 2 mM of glucose and 50 mV/s scan rate in (C) and (D). 
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Figure 4. Chroamperometric response (A), calibration curve (B) and detection limit (C) of Nafion/Cu2O–BSA/GCE for successive addition of various concentrations of glucose to 50 mM NaOH solution at 0.6 V. 
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Figure 5. (A) Chroamperometric response of Nafion/Cu2O–BSA/GCE to glucose in 0 M (a) and 0.1 M (b) chloride ions; (B) Interference test of Nafion/Cu2O–BSA/GCE to 0.3 mM UA, 0.1 mM AA and 0.1 mM AP in 50 m NaOH at 0.6 V. 
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Figure 6. Amperometric response of Nafion/Cu2O–BSA/GCE to glucose over time. 






Figure 6. Amperometric response of Nafion/Cu2O–BSA/GCE to glucose over time.



[image: Sensors 19 02824 g006]







 





Table 1. Comparison of sensing behavior of Nafion/Cu2O–BSA/GCE with other reported Cu2O or CuO-based non-enzymatic glucose sensors.
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Electrode Material

	
Sensitivity

(μA cm−2 mM−1)

	
Linear Range (mM)

	
Detection Limit (μM)

	
Year

	
Reference






	
Nafion/Cu2O–BSA/GC

	
1144.81

	
up to 10

	
0.4

	
2019

	
This Work




	
Cu2O NPs

	
2310 ± 30

	
0.00048–1.813

	
0.14 ± 0.01

	
2017

	
[69]




	
Cu2O/graphene/GCE

	
1330.05

	
0.01–3.0

	
0.36

	
2016

	
[70]




	
Cu2O NPs

	
507

	
0.1–2.5

	
26

	
2016

	
[71]




	
Cu2O/Nafion/GCE

	
2038.2

	
0.00125–0.0375

	
0.41

	
2015

	
[50]




	
Cu2O-CLGNs/GCE

	
1215.7

	
0.1–5

	
1.83

	
2015

	
[72]




	
CuO/Cu2O NFs

	
830

	
0.5–10

	
Not given

	
2014

	
[67]




	
Cu2O/Cu

	
728.67

	
0.53–7.53

	
Not given

	
2012

	
[73]




	
3029.33

	
0.01–0.53




	
Cu2O/Carbon Vulcan XC-72

	
629

	
up to 6

	
2.4

	
2011

	
[74]
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