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Abstract

:

A novel electrochemical glucose sensor was developed, based on a multiwall carbon nanotubes (MWCNTs)-copper-1,3,5-benzenetricarboxylic acid (CuBTC)-epoxy composite electrode, named MWCNT-CuBTC. The electrode nanocomposite was prepared by a two-roll mill procedure and characterized morphostructurally by scanning electron microscopy (SEM). The CuBTC formed defined crystals with a wide size distribution, which were well dispersed and embedded in the MWCNTs. Its electrical conductivity was determined by four-point probe contact (DC) conductivity measurements. The electroactive surface area, determined using cyclic voltammetry (CV), was found to be 6.9 times higher than the geometrical one. The results of the electrochemical measurements using CV, linear sweep voltammetry (LSV), differential pulse voltammetry (DPV), chronoamperometry (CA) and multiple pulse amperometry (MPA) showed that the MWCNT-CuBTC composite electrode displayed high electrocatalytic activity toward the oxidation of glucose and, as a consequence, very high sensitivity. The best sensitivity of 14,949 µAmM−1cm−1 was reached using MPA at the potential value of 0.6 V/SCE, which was much higher in comparison with other copper-based electrodes reported in the literature. The good analytical performance, low cost and simple preparation method make this novel electrode material promising for the development of an effective glucose sensor.
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1. Introduction


The determination of glucose concentration is extremely important clinically in the diagnosis and treatment of diabetes, but also in areas such as biotechnology and food industry [1]. Since the first enzyme electrode was reported by the pioneering work of Clark and Lyons in 1962 [2], researchers have generated considerable interest in the development of glucose sensors, and a variety of improvements regarding the optimization of glucose sensors, the immobilization of enzymes, and the design of redox systems have been reported [3,4,5]. The most well-known amperometric glucose sensors are based on the immobilization of enzymes such as glucose oxidase (GOx), which catalyzes the oxidation of glucose in the presence of oxygen to hydrogen peroxide. Another category of glucose sensors with promising results is based on the use of redox mediators [6,7].



Electrochemical detection of glucose using GOx exhibits a low detection limit and high sensitivity and selectivity, but due to the intrinsic nature of enzymes, such sensors have serious stability issues [5,8,9]. Indeed, the activity of GOx can be easily affected by temperature, humidity, and toxic chemicals. Moreover, several disadvantages of the enzyme-modified electrodes (e.g., high cost of the enzyme, a complicated procedure required for the immobilization of the enzyme on solid electrode, and a critical operating situation) may decrease their exploitation [5,10,11]. Therefore, to overcome these drawbacks, considerable attention has been paid to the development of non-enzymatic electrodes based on the direct electro-oxidation of glucose, considered to belong to the fourth generation of glucose sensors [12]. These sensors were fabricated by incorporating nanostructured metal [13,14] or metal oxides [15,16,17] on the electrode surface, achieved by using inert metals, metal alloy, or metal dispersed in carbon nanotubes (CNTs), in which the inert metal or metal alloy are mixed with CNTs to form nanocomposites [13,18,19,20,21]. Among these, copper-based materials and nanomaterials have been attracting attention for glucose detection due to the Cu+/Cu2+ and Cu2+/Cu3+ redox pair system, considered to act as an electrocatalyst in glucose detection [14,15,16,17,22,23,24]. However, the morphostructural, electroactive surface area and electrochemical properties of the copper-based electrodes determine their performance in glucose electrooxidation and detection [23].



The aim of this study is to synthesize a multiwall carbon nanotube (MWCNT)-based composite with a good stability and long lifetime for the non-enzymatic detection of glucose in aqueous solutions. The utilization of nanotubes in epoxy resin composites allowed for enhanced mechanical properties and an electrical conductivity suitable for electrochemical sensor development [25]. Nanostructured copper benzene tricarboxylate (CuBTC), which was one of the first reported metal–organic frameworks (MOFs) in 1999 and was named HKUST1, was selected to modify the MWCNT-based composite electrode for two main reasons: the multiple application potential of this material, especially in sensing [24], and the presence of copper in its structure which, as mentioned before, is well known as a good electrocatalyst for glucose oxidation.



In the present work, the electrochemical methodologies for the direct determination of glucose using a MWCNT-CuBTC composite electrode by cyclic voltammetry (CV), differential pulsed voltammetry (DPV), linear sweep voltammetry (LSV), chronoamperometry (CA), and multiple pulse amperometry (MPA) are described.




2. Materials and Methods


2.1. Materials


Multiwall carbon nanotubes (MWCNTs) characterized by 90% purity, a 1.5 μm length, an average diameter of 9.5 nm, and a surface area of around 250–300 m2/g, were produced by the catalytic carbon vapor deposition (CCVD) method and were supplied by Nanocyl (Belgium). Araldite®LY5052 and its corresponding hardener, Aradur®5052, which were supplied by Huntsman Advanced Materials (Basel, Switzerland), were used as a polymeric matrix. The details for the synthesis of CuBTC (BTC = 1,3,5 benzentricarboxilate) have been already reported by our group [25].



A standard stock solution of 0.1 M of glucose was prepared daily from analytical grade Merck reagents using double distillated water. The supporting electrolyte for the characterization and application of the electrode material in detection processes was a 0.1 M NaOH solution, and it was freshly prepared from NaOH of analytical purity (Merck) with double distillated water.




2.2. Preparation of the MWCNT-CuBTC Composite Electrode


The MWCNT-CuBTC composite electrode was obtained by an effective two-roll mill (TRM) procedure. The ratio of the MWCNT-CuBTC-epoxy in the composite electrode was chosen to reach 25% wt. content of MWCNTs, 25% wt. content of CuBTC, and 50% wt. content of the epoxy resin.



For the preparation of the nanocomposite, 25% wt. as-received MWCNTs were ultrasonically dispersed into tetrahydrofuran (THF), 99.8% (Sigma-Aldrich Corporation, St. Louis, MO, USA), using a Cole-Parmer® 750-watt ultrasonic processor for a specific period of time (10 min) to spread out the nanotubes, followed by homogenization with the liquid epoxy resin (without the hardener). The THF was subsequently removed in a vacuum at 60 °C for about 12 h. The resulting mixture was then further mixed with CuBTC particles through several instances of two-roll milling on a laboratory scale two-roll mill (Collin) at a constant temperature of 70 °C, and also at different time and shear intensities. These conditions allowed a simple and effective process to achieve uniform dispersion of CNTs within the epoxy. The hardener was further added, and mixing was continued for an additional 10 min to ensure an uniform homogeneity. Finally, the resulting paste was poured into polyvinyl chloride (PVC) tubes, electrical contacts were completed using copper wire, and finally the sensors were cured in an oven at 80 °C for 24 h, assuring slow cooling to room temperature within 24 h.




2.3. Morphostructural and Electrical Conductivity Characterization


The morphological characterization was performed using an XL 20 Philips scanning electron microscope (SEM) coupled with an energy dispersive X-ray (EDX) using an acceleration voltage of 15 KV.



The electrical conductivity of the MWCNT-CuBTC composite electrode was determined by four-point probe contact (DC) conductivity measurements. All measurements were performed using a DMM2000 digital multimeter and a 6221 DC current source, both provided by Keithley. A silver paste coating was used to improve the electrical contacts.




2.4. Electrochemical Experiments


Cyclic voltammetry (CV), differential pulse voltammetry (DPV), linear sweep voltammetry (LSV), chronoamperometry (CA), and multiple pulse amperometry (MPA) measurements were carried out using a computer-controlled Autolab PGSTAT 302 potentiostat/galvanostat (EcoChemie, The Netherlands).



The three-electrode system consisted of a MWCNT-CuBTC working electrode with a 0.196 cm2 geometrical area, a platinum wire as a counter electrode, and a saturated calomel reference electrode (SCE). Before each voltammogram run, the MWCNT-CuBTC composite electrode was carefully polished with abrasive paper and then by a felt-polishing pad by using 0.3 µm of alumina powder (Metrohm, Switzerland). The electrode was then sonicated for 5 min in pure water. All experiments were carried out with a typical cell of 50 mL at room temperature (25 °C). Before each detection experiment, ten repetitive cyclic voltammograms were run to achieve a stable response from the electrode.





3. Results


3.1. SEM Images


The morphological analysis was very important for the evaluation of the dispersion state, morphology, and structure of the carbon nanotubes in the epoxy matrix. Figure 1 presents a typical SEM image of the MWCNT-CuBTC composite, showing the overall distribution of the nanotubes and CuBTC particles within the epoxy matrix. Loading of the CuBTC particles on the MWCNTs should provide a larger surface area for the electrocatalytic reaction.




3.2. Electrical and Electrochemical Characterization of the MWCNT-CuBTC Composite Electrode


The results, obtained by four-point probe (FPP) resistance measurements, for the electrical characterization of the MWCNT-CuBTC composite, in comparison with a simple MWCNT composite within an epoxy matrix, are presented in Table 1.



It is obvious that CuBTC incorporation within the composite composition improved the electrical conductivity, which should have a positive influence on the electrochemical behavior of the composite electrode.



The ability to obtain electrochemical information from voltammetry measurements requires precise knowledge of the oxidation-reduction current peak positions for the targeted compounds and the electroactive surface area [26,27,28,29]. It is well known that potassium ferricyanide (K3[Fe(CN)6]) is used in the classical method for determining the electroactive area. This method assumes the recording of a cyclic voltammetry (CV) of 4 mM K3[Fe(CN)6] in 1 M KNO3, supporting the electrolyte at the MWCNT-CuBTC composite electrode at different scan rates (the results are shown in the Supplementary File). This is in accordance with the Randles–Sevcik equation:


   I p  = 2.69 ×   10  5  A  D  1 / 2    n  3 / 2    v  1 / 2   C ,  



(1)




where A represents the area of the electrode (cm2), n is the number of electrons participating in the reaction (and is equal to 1), D is the diffusion coefficient of the molecule in the solution, C is the concentration of the probe molecule in the solution (and is 4 mM), and v is the scan rate (Vs−1). For each scan rate, the apparent diffusion coefficient of K3[Fe(CN)6] was determined, and an overall apparent diffusion coefficient of 3.21 × 10−4 cm2s−1 was considered for determining the electroactive surface area, by comparison with the theoretical diffusion coefficient value of 6.7 × 10−6 cm2s−1 found in the literature data [30]. The value of 1.357 cm2 was determined for the electroactive surface area versus the electrode geometric area of 0.196 cm2.




3.3. Cyclic Voltammetry Measurements (CV)


Cyclic voltammogram (CV) recordings of the MWCNT-CuBTC composite electrode in 0.1 M of an NaOH supporting electrolyte and various concentrations of glucose are shown in Figure 2. In the absence of glucose, the MWCNT-CuBTC composite electrode exhibited a large capacitive current, and no clear oxidation peaks characteristic of copper oxidation were evidenced, probably due to the large background that overlaid the peaks. In addition, no reduction peaks corresponding to Cu(II) or Cu(I) species were observed. However, in the presence of glucose, the shape of the voltammogram was changed. The oxidation process of the glucose on the MWCNT-CuBTC composite electrode started at the potential value of +0.2 V/SCE, which should assume the involvement of Cu(I) and Cu(II) species in accordance with literature data [31,32]. The current corresponding to the oxidation potential value of +0.6 V/SCE increased linearly with the glucose concentration, exhibiting two slopes characteristic to two glucose concentrations, one ranging from 0.1 to 1 mM and the other from 1 to 5 mM of glucose with good correlation coefficients (inset of Figure 2). The glucose concentration increase led to the shift of the anodic current peak to a more positive potential value, and the signal was diminished, probably due to a possible electrode surface fouling at higher glucose concentrations.




3.4. Linear Sweep Voltammetry (LSV)


Based on the presented results, the electrochemical performance of the MWCNT-CuBTC composite electrode’s ability to detect glucose was assessed by linear sweep voltammetry (LSV). Figure 3 shows a series of LSVs recorded at the MWCNT-CuBTC composite electrode within a glucose concentration range similar to that of the CV runs. In addition, the linear dependence of the anodic current recorded at +0.6 V/SCE versus the glucose concentration was achieved with a lower sensitivity of 0.12 (inset of Figure 3) versus the 0.62 mA·mM−1 achieved by CV within a similar glucose concentration range, which means that the electrode fouling was stronger in its manifestation using LSV. It can also be noticed that a high response was recorded at 1 mM of glucose, with the possibility to obtain a response for lower glucose concentrations, particularly in a range below 1 mM.



To propose a preconcentration/voltammetric detection scheme for glucose determination at the MWCNT-CuBTC composite electrode, the accumulation time represented an important parameter because it could influence the degree of adsorption on the electrode surface. An important role that may be played by MOFs is their ability to concentrate species within their nanoporous structures. To determine the enhancement factor as the ratio of the peak current before and after the sorption process, the effect of the accumulation time on the anodic peak current was investigated using LSV. Figure 4 shows the LSV recordings at the MWCNT-CuBTC composite electrode after different accumulation times, which represent the time for maintaining the electrode at its open-circuit potential (OCP) to concentrate glucose at the electrode surface. The useful oxidation peak current and the enhancement factor, determined for 1 mM of glucose using a preconcentration/voltammetric detection procedure at different accumulation times, are shown in the inset of Figure 4. The oxidation peak currents for this compound increased with the accumulation time up to 30 min, which was selected as the optimum accumulation time due to a maximum enhancement factor of 2.5 being reached. Meanwhile, at longer accumulation times, the peak currents remained constant, and a plateau was reached. The enhancement factor of about 2.5 at the oxidation potential of +0.6 V/SCE revealed an effective concentration effect of the MWCNT-CuBTC composite electrode on glucose, regarding the improvement of its oxidation signal. As a consequence, the accumulation time of 30 min was chosen as an optimum time for further preconcentration and linear sweep voltammetric detection experiments.



An LSV series was recorded under the optimum conditions of the preconcentration scheme, which assumed an accumulation time of 30 min within a glucose concentration ranging from 0.2 mM to 1 mM (the results are not shown here). Under these working conditions, a significant enhancement of the electroanalytical parameters of glucose detection was achieved, with a sensitivity which was about five times better and a detection limit that was five times lower (see Table 2).




3.5. Differential Pulse Voltammetry (DPV) Measurements


Differential pulse voltammetry (DPV) was employed as a technique for the evaluation of the performance of the MWCNT-CuBTC composite electrode for glucose determination. Various operating conditions in relation to the modulation amplitudes (MAs) and the step potentials (SPs) were tested, and the best results were gathered for an MA of 0.002 V and an SP of 0.01 V. Figure 5 shows the DPV recordings for the glucose concentration ranging between 1 and 6 mM and in the potential range of +0.1 V to +0.6 V versus the SCE. The shape of the differential pulse voltammogram was very different in comparison with the CV and LSV results at the potential values of +0.27 V/SCE and +0.44 V/SCE. Two very clear oxidation peaks appeared, with their heights increasing progressively with the glucose concentration. Since the lowest potential in the electroanalysis was desired for analyte detection, the potential value of +0.27 V/SCE was selected for the calibration. Additionally, this peak height was higher in comparison with the second one recorded at +0.44 V/SCE. The useful net current signals corresponding to the oxidation peak recorded at +0.27 V/SCE were linearly dependent on the glucose concentration (inset of Figure 5).



The potential usefulness of the DPV method for the determination of glucose content in real sample solutions was verified using aqueous solutions from a physiological serum of glucose containing 25 g glucose/500 mL serum and 5 mg glucose/100 mL serum, respectively (Hemofarm, Romania). The values of 24.5 g glucose/500 mL serum and 5.05 mg/100 mL serum represented the average content, determined using the anodic DPV technique at the MWCNT-CuBTC composite electrode associated with the standard addition method, which indicates a recovery degree of 98% and 101% respectively, indicating good recovery and reproducibility of the detection results of the glucose.




3.6. Amperometry Measurements


Taking into account the usefulness of the amperometry technique for practical electrodetection applications, chronoamperometry (CA) was performed for glucose detection, based on the existing, well-established essential point of reference provided by the voltammograms. The amperometric response of the MWCNT-CuBTC composite electrode, obtained for the successive and continuous addition of 1 mM of glucose in a stirring 0.1 M NaOH solution under the conditions of batch system analysis (BSA) at an applied potential of +0.6 V versus the SCE, is shown in Figure 6. The current response of the glucose oxidation increased linearly within a concentration range from 1 mM to 8 mM (inset of Figure 6). This technique allowed us to reach electroanalytical parameters lower than those achieved using the explored CV studies (see Table 2) because of the electrode fouling effect.



In order to avoid electrode fouling and to enhance the electroanalytical parameters for amperometric detection of the glucose, the multiple pulse amperometry (MPA) technique was applied as a variant of chronoamperometry. The MPA technique combined the anodic detection process with anodic cleaning and cathodic reactivation through alternating the pulsing potential at fixed time ranges. By this technique, in situ cleaning and reactivation of the electrode surface was assured, allowing enhancement of the electroanalytical parameters of the amperometric detection technique. Using CV as reference, MPA was applied under the following conditions:




	
+1.25 V/SCE for a duration of 100 ms, where the copper oxide was formed under the O2 evolution range;



	
+0.6 V/SCE for a duration of 50 ms, where glucose was oxidized;



	
−0.5 V/SCE for a duration of 100 ms for copper reduction assurance.








The results are presented in Figure 7, and the linear dependence between the current and the glucose concentration was reached only at the potential value of +0.6 V/SCE (detection potential), while for other potential levels, no linear dependence was reached due to the specific processes occurring that allowed in situ electrode surface renewing.



The electroanalytical parameters for the non-enzymatic direct detection of glucose at the MWCNT-CuBTC composite electrode in 0.1 M of an NaOH supporting electrolyte are gathered in Table 2.



The limit of detection (LOD) was calculated as three times the standard deviations of the intercept (Sa) divided by the slope of the regression line (b), while the limit of quantification (LQ) value was estimated as ten times the standard deviations of the intercept (Sa) divided by the slope of the regression line (b) [33,34].



When compared with other copper-based electrodes, the MWCNT-CuBTC composite electrode showed superiority in terms of its high sensitivity for glucose detection, as listed in Table 3.





4. Discussion


Various types of copper-based electrode compositions (e.g., copper-copper oxide nanoparticles, nanocubes, nanowires, and MOF-derived) have been reported for the non-enzymatic determination of glucose [15,16,17,23,24]. In general, the electrode potential (V versus the SCE) for glucose detection ranged between +0.4 and +1.0 V versus the SCE, which corresponds to the involvement of Cu+/Cu2+ and Cu2+/Cu3+ redox systems that act as electrocatalysts toward glucose oxidation. The electrocatalytic ability of glucose oxidation is responsible for the electroanalytical parameters for glucose detection. The operating variables related to the detection potential (i.e., the electrode potential at which glucose oxidation occurred) and the sensing parameters (i.e., the sensitivity and the lowest limit of detection) constitute the main highlights for the development of the glucose detection method. In comparison with other copper-based electrodes and MOF-based electrodes, the sensitivity that is given by the electron transfer is highly enhanced, which is probably directly linked to the electrode surface morphology and the electroactive centers. Moreover, very nice results for the sensitivity were achieved using MPA, which is a very useful method for practical application of glucose detection, allowing in situ renewing of the electrode surface, avoiding its fouling.



A very interesting aspect that was found in our study was related to the possibility of glucose detection at the potential value of +0.27 V/SCE that had a lower detection overvoltage in comparison with the reports presented above. A lower overvoltage oxidation potential is preferred, due to an increase in electrode ability toward a more efficient oxidation of the target analyte and more effective detection due to the better probability to avoid interferences. This desired result was achieved using DPV and was due to the combination effect of the catalytic properties of the electrode composition and the characteristics of the DPV technique. This aspect will be further studied in order to get enhanced sensitivity at this lower electrode potential value.



The interference study was achieved by using MPA techniques for ascorbic acid, uric acid, dopamine and sodium chloride, which normally coexist with glucose in human blood serum (but at concentration levels about 30 times lower than glucose), and no significant responses were found.



Moreover, the selectivity toward fructose and sucrose carbohydrates at concentrations around the ones found in real samples (10 times lower concentration than glucose) was determined. While at these concentrations, they did not interfere in the glucose response recorded by MPA, for concentrations comparable with the glucose concentration, the signal was significantly affected (about 80%). To mitigate these carbohydrate interferences, the optimization of sample pretreatment prior to electrochemical detection may be achieved. However, further studies related to permselective membrane integration within the composite composition are currently being carried out.



The operational stability of the sensor was investigated through five continuous repetitive CV runs, recorded in 1 mM of glucose and 0.1 M of NaOH, and the voltammetric response was not significantly changed. Additionally, a reproducible background current was achieved, which indicated good stability of the electrode. Electrode composition stability was checked through measurements for glucose detection after one year of storage in a common plastic bag, and a difference of about 2% was achieved, which confirms good stability of the electrode surface.




5. Conclusions


The non-enzymatic direct determination of glucose using an MWCNT-CuBTC composite electrode by cyclic voltammetry, linear sweep voltammetry, differential pulse voltammetry, chronoamperometry, and multiple pulse amperometry in an alkaline sodium hydroxide solution as a supporting electrolyte has been achieved. Very good results from calibration plots of the anodic current versus glucose concentrations resulted from all electrochemical techniques tested, and corresponding analytical data regarding the sensitivities and the relative standard deviation, the lowest limit of detection, were obtained. The adsorption properties of the MWCNT-CuBTC composite electrode for glucose were exploited for the enhancement of electroanalytical performance for glucose detection by the elaboration of the preconcentration/voltammetric detection scheme, which allowed for an improvement of five times the sensitivity and the lowest limit of detection. By comparison with other copper-based electrodes, this electrode exhibited superiority in relation to its sensitivity for glucose detection, due to its better electrocatalytic performance for glucose oxidation. The association of the differential pulse voltammetric method with the standard addition method has been successfully used for fast analytical evaluation of pharmaceutical formulations which contain glucose (serum). The average glucose content in the serum, explored as real samples, was measured with this electrode in good accordance with those indicated by the suppliers. The MWCNT-CuBTC composite electrode’s features, in relation with good electrochemical and electrocatalytic properties, good stability, reproducibility, and the long lifetime associated with the specific voltammetric and amperometric technique, make it very appropriate for real application in glucose detection and for further exploitation in the construction of new electrochemical sensors.
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Figure 1. Scanning electron microscopy (SEM) image of (a) the multiwall carbon nanotube (MWCNT)-epoxy composite electrode and (b) the MWCNT-copper-1,3,5-benzentricarboxylic acid (CuBTC) composite electrode. The inset is an energy dispersive X-ray (EDX) image. 
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Figure 2. Cyclic voltammetry (CV) recordings at the MWCNT-CuBTC composite electrode in 0.1 M of NaOH supporting electrolyte (curve 1) and in the presence of various glucose concentrations: 0.1–0.9 mM (curves 2–10) and 1–5 mM (curves 11–15). The inset is the calibration plots of the current, recorded at +0.5 V/SCE versus the glucose concentration. 
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Figure 3. Linear scan voltammetry (LSV) recordings at the MWCNT-CuBTC composite electrode in 0.1 M of NaOH supporting electrolyte (curve 1) and in the presence of various glucose concentrations, ranging from 1 mM to 10 mM (curves 2–11). The inset contains calibration plots of the current recorded at +0.6 V/SCE versus the glucose concentration. 
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Figure 4. LSV recordings at the MWCNT-CuBTC composite electrode in 0.1 M of NaOH supporting electrolyte (curve 1) and in the presence of 1 mM of glucose at various accumulation times from 0 to 50 min (curves 2–11). The inset shows the evolution of the anodic peak current and the enhancement factor versus the accumulation time. 
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Figure 5. Differential pulse voltammetry (DPV) recordings at the MWCNT-CuBTC composite electrode in 0.1 M of NaOH supporting electrolyte (curve 1) and in the presence of various glucose concentrations from 1 mM to 6 mM (curves 2–7) under the following operating conditions: MA of 0.002 V and SP of 0.01 V. The inset shows the calibration plots of the current, recorded at +0.27 V/SCE versus the glucose concentration. 
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Figure 6. Chronoamperometry (CA) recordings at the MWCNT-CuBTC composite electrode in 0.1 M of NaOH supporting electrolyte and in the presence of various glucose concentrations from 1 mM to 6 mM under stirring conditions. The inset shows the calibration plots of the current recorded at +0.6 V/SCE versus the glucose concentration. 
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Figure 7. Multiple pulse amperometry (MPA) recordings for three levels of the potential pulses of +1.25 V/SCE for 0.1 s (E1), +0.6 V/SCE for 0.05 s (E2), and −0.5 V/SCE for 0.1 s (E3) at the MWCNT-CuBTC composite electrode in 0.1 M of NaOH supporting electrolyte and in the presence of various glucose concentrations in the range of 0.2–1.4 mM. The inset shows the calibration plots of the current recorded at +0.6 V/SCE versus the glucose concentration. 
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Table 1. Electrical conductivity of the composite materials.
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	Composite-Based Epoxy Type
	Electrical Conductivity (σ/Scm−1)





	MWCNT
	0.373



	MWCNT-CuBTC
	0.605
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Table 2. The electroanalytical parameters for glucose direct detection at the MWCNT-CuBTC composite electrode in 0.1 M of NaOH supporting electrolyte.
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	Peak Potential (V/SCE)
	Technique Used
	Concentration Range (mM)
	Sensitivity (mAmM−1)
	Correlation Coefficient (R2)
	LOD

(mM)
	LQ

(mM)
	RSD [**]

(%)





	+0.60
	CV
	0.1–1
	2.290
	0.950
	0.010
	0.003
	0.683



	+0.60
	CV
	1–10
	0.620
	0.983
	0.020
	0.066
	0.683



	+0.60
	LSV
	1–10
	0.119
	0.992
	0.065
	0.218
	4.031



	+0.60
	Prec./LSV
	0.2–1
	0.587
	0.996
	0.010
	0.035
	2.450



	+0.27
	DPV
	1–6
	0.001
	0.997
	0.030
	0.100
	4.000



	+0.60
	CA
	1–8
	0.064
	0.990
	0.025
	0.100
	3.140



	+0.60
	MPA
	0.2–1
	2.926
	0.967
	0.005
	0.015
	3.500










[image: Table] 





Table 3. Comparison of the performances of the MWCNT-CuBTC composite electrode with other copper-based electrodes for the non-enzymatic sensing of glucose.
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	Electrode Material
	Concentration Range
	Sensitivity (µAmM−1cm−1)
	Limit of Detection (µM)
	Reference





	MOF-derived CuO arhitectures
	10–120 µM
	934.2
	0.1
	[15]



	CuO/CuBi2O4
	1 nM–100 mM
	330
	0.7
	[17]



	CuS microflowers
	0.2–5.4 mM
	1007
	n.a.
	[23]



	CuO nanospheres
	50 µM–5 mM
	404.53
	1
	[24]



	Cu2O-c/SPCE
	31 nM–1.42 mM
	2376.7
	0.003
	[35]



	Cu O nanowire
	0.40 µM–2 mM
	2450
	0.049
	[36]



	MWCNT-CuBTC
	0.2–1 mM
	14,949
	10
	This work
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