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Abstract

:

Herein, a simple method has been used in the fabrication of a microneedle electrode (MNE). To do this, firstly, a commercial self-dissolving microneedle patch has been used to make a hard-polydimethylsiloxane-based micro-pore mold (MPM). Then, the pores of the MPM were filled with the conductive platinum (Pt) paste and cured in an oven. Afterward, the MNE made of platinum (Pt-MNE) was characterized using cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and scanning electron microscopy (SEM). To prove the electrochemical applicability of the Pt-MNE, the glutamate oxidase enzyme was immobilized on the surface of the electrode, to detect glutamate, using the cyclic voltammetry (CV) and chronoamperometry (CA) methods. The obtained results demonstrated that the fabricated biosensor could detect a glutamate concentration in the range of 10–150 µM. The limits of detection (LODs) (three standard deviations of the blank/slope) were also calculated to be 0.25 µM and 0.41 µM, using CV and CA, respectively. Furthermore, the Michaelis–Menten constant (KMapp) of the biosensor was calculated to be 296.48 µM using a CA method. The proposed biosensor was finally applied, to detect the glutamate concentration in human serum samples. The presented method for the fabrication of the mold signifies a step further toward the fabrication of a microneedle electrode.
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1. Introduction


Nowadays, thanks to the advances in nano/micro-technology, the fabrication of wearable medical devices is no longer an unattainable dream. It opens a new chapter in the field of bioengineering. Wearable medical devices are smart tools that can be used for drug/vaccine delivery [1,2], biomolecular sensing [3,4], etc. Bimolecular sensing, tattoo sensors [5,6], and microneedle-based sensors [7,8] are the most well-known wearable sensors,and are designed to measure the molecules attached to the skin, to detect molecules. The tattoo sensors are applied for the determination of the molecules in sweat, such as small molecules [4,9,10] and ions [11,12]. On the contrary, microneedle electrodes (MNEs) are designed to measure the molecules in the interstitial fluid (ISF).



MNEs have been used widely in the real-time monitoring of biomolecules, such as glucose [13,14,15], lactate [16], alcohol [17], urea [18], drugs [19], etc. [20,21,22].



Up until now, several techniques have been reported in the literature for the fabrication of the MNE, such as photolithography [23], laser cutting [24], laser ablating [25], electroplating [26], droplet-born air blowing [27], atomized spraying [28], pulling pipettes [29], and micro-molding [30]. Among them, the micro-molding technique has been used extensively. The micro-mold can be made using a laser drill of polydimethylsiloxane (PDMS) [31], a 3D printer [32], and the spark erosion of aluminum [33]. All of these techniques are expensive anddangerous, and require operators with a high level of experience. Thus, there is a need to explore new micro-mold fabrication methods to be used by all researchers. In this research work, a self-dissolving microneedles patch (SD-MNP) was used to fabricate a mold. The SD-MNPs are cheap and commercially available in medical stores. The SD-MNP was used as a template to fabricate a micro-mold using hard-polydimethylsiloxane (h-PDMS),and then it was applied to the fabrication of the MNE using platinum paste. To evaluate the possible analytical applications of the described method, the platinum-based MNE (Pt-MNE) was applied to the electrochemical sensing of glutamate.



Glutamate is a neurotransmitter molecule [34], and an abnormal glutamate level is associated with several neurologicaldiseases, such as Parkinson’s [35] and Alzheimer’s [36]. Hence, the fabrication of a biosensor to detect glutamate in human real samples is important to diagnosingthese diseases in the early stages. Up until now, several biosensors have been designed for glutamate detection, such as aptamer-based [37,38] and enzymatic-based [39,40,41,42] sensors. Among them, enzymatic-based sensors are more interesting, due to their low cost, width response range, and stability.



Joseph Wang and his team reported the first MNE for glutamate biosensing in 2011 [43]. Although the analytical performances of the biosensor were good, its limit of detection (LOD) was 10 µM, so it is not suitable for the detection of glutamate in the brain ISF, because the glutamate level in the brain ISF is below 2 µM [44] and it increases to 40–60 μM in human blood [45]. Hence, their sensor can only be used in the detection of glutamate in blood samples.



In this research work, I have fabricated a highly sensitive MNE to detect glutamate in the range of 10–150 µM, with LODs of 0.25 µM and 0.41 µM, using cyclic voltammetry (CV) and chronoamperometry (CA), respectively, making it a good candidate for real-time studies on the brain ISF. In addition, the proposed MNE had a wide linear-response range, high selectivity, and stability.




2. Materials and Methods


2.1. Reagents and Chemicals


SD-MNPs were purchased from Trouble Dr. Company (Seoul, Republic of Korea). Conductive platinum paste (Pt particle size <15 um) was purchased from Col-Int Tech Company (Irmo, SC, USA). Hard-polydimethylsiloxane (h-PDMS) was purchased from CymitQuimica (Barcelona, Spain). Glutamate oxidase (GLOx, 5 U), glutamate, glucose, lactate, ascorbic acid, uric acid, urea, hydrogen peroxide (H2O2), hexaammineruthenium(III) (Ru(NH3)63+), and Nafion 117 were obtained from Sigma–Aldrich (St. Louis, MO, USA). The glutamate assay kit was purchased from Abcam (Waltham, Boston, MA, USA). Phosphate-buffered saline (PBS) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Epoxy resin and copper tape were purchased from Resin Pro (Barcelona, Spain) and FEPITO (Shenzhen, China), respectively.




2.2. Apparatus


The CV and CA studies were performed using a µStat 300 Bipotentiostat (Metrohm-DropSens, Oviedo, Spain), with a conventional three-electrode setup, in which a Pt-MNE/GLOx/Nafion, a platinum wire, and a Ag/AgCl/KClsaturated served as the working, auxiliary, and reference electrodes, respectively. The working potential was utilized in a standard manner, and the output signal was obtained using DropView 8400 software. To record the CA signals, +0.4 V was applied to the working electrode.



High-resolution scanning electron microscopy (HR-SEM) used a double-beam FIB-FEGSEM (Field Emission Gun) Helios NanoLab 600i (FEI Company, Hillsboro, OR, USA). The electrochemical impedance spectroscopy (EIS) studies were performed using an ISX-3 impedance analyzer (Sciospec, Bennewitz, Germany). Typical EIS experiments were presented, in the form of the Nyquist plot,and recorded in a Ru(NH3)63+ (5 mM, Ph = 7.4) solution as the redox probe. An alternating current (AC) voltage of 10 mV, and a direct current (DC) voltage of −0.15 V were applied over a frequency range of 100 kHz to 0.1 Hz. The EIS data were analyzed using EIS spectrum analyzer (EISSA) software.




2.3. Fabrication of the Micro-Pore Mold (MPM)


An SD-MNP was, firstly, attached to the surface of a glass Petri dish with glue, and allowed to dry for 15 min. Then, the h-PDMS mixture was poured on the MNP surface, to cover the Petri dish. The Petri dish was planted inside a vacuum chamber for 1 h (under a negativepressure of 100 mm Hg), to remove any trapped bubbles in the h-PDMS. Subsequently, the Petri dish was transferred to the oven to cure overnight at 80 °C. Finally, the mold was removed from the Petri dish, and immersed inside deionized water, and the water was shaken gently, to remove any broken needles that might be inside the pores. The mold was stored in a clean box when not in use.




2.4. Fabrication of the Pt-MNE


The MNM was first attached inside a centrifuge tube (15 mL) with double-sided adhesive tape. The tube was then filled with 5 mL of Pt paste, and centrifuged (5000 rpm) for 5 min, to transfer the Pt paste into the pores of the h-PDMS mold. After that, the sample was transferred to an oven to cure at 120 °C for 2 h. Finally, the dried Pt layer was gently peeled off from the h-PDMS mold. The Pt-MNE was carefully attached to the surface of a clear glass plate. To do this, copper tape was used as a connector between the electrochemical device and Pt-MNE. The copper tape then was covered with an epoxy resin, to isolate it. The Pt-MNE was stored in a clean box when not in use.




2.5. Fabrication of the Biosensor


A total of 60.0 µL of GLOx (5.0 U·µL−1) was cast on the surface of the Pt-MNE, and allowed to dry at room temperature. To retain the enzyme strongly attached to the surface of the Pt-MNE, GLOx enzymes were linked to each other, via the drop casting of 60.0 µL of glutaraldehyde (3%, 0.1 M PBS) to the surface of the Pt-MNE, andwere left to dry at room temperature. Then, the Pt-MNE was washed with 0.1 M PBS, and 50.0 µL Nafion (0.5%) was then cast on the surface of the Pt-MNE, and allowed to dry at room temperature. Nafion is a biocompatible polymer [46,47], which is widely used in the fabrication of enzyme-based biosensors [48,49].



In addition, Nafion not only helps to attachGLOxto the Pt-MNE surface, but also repeals negatively charged molecules, such as ascorbic acid and uric acid, from the Pt-MNE surface that might affect the signal of the biosensor (Pt-MNE/GLOx/Nafion). The Pt-MNE/GLOx/Nafion was finally washed, andwas stored in a refrigerate (4 °C) when not in use. The Pt-MNE/GLOx/Nafion, platinum electrode, and Ag|AgCl were the working electrod, current electrode, and reference electrode, respectively. Figure 1 demonstrates the scematic fabrication process of the microneedle and the biosensor.





3. Results and Discussion


3.1. Surface Characterization of the Samples


Figure 2 shows the SEM images of the microneedle patch (A, B), the micropores of the h-PDMS (C, D), and the MNE (E, F). As shown in Figure 2A,B, the average length of the microneedle patch is 230 ± 2 µm. The average diameteron the apex and base sides were 22 ± 0.3 and 114 ± 0.6 µm, respectively. Hence, this microneedle patch is a good and cheap sample for making a mold with micropores. Further investigations indicated that the produced mold with h-PDMS had pores with an average diameter of 111 ± 0.4 µm, which is close to the diameter of the base side of the needle (Figure 2C,D), indicating that the mold was fabricated successfully. The mold was then used in the fabrication of the Pt-MNE (Figure 2E,F). As shown in the figures, the Pt-MNE was made of several micro needles, whose average length and diameters from the apex and base sides were 224 ± 3, 19 ± 0.25, and 111 ± 0.4 µm, respectively. As can be seen, the size of the Pt-MNE was shrunk during the curing process of the Pt conductive paste, because Pt conductive paste is made of epoxy resin and it shrinks (in a range of 1–5%) during curing. Contrary to the previous MNEs [18,50,51], all of the proposed microneedles can penetrate the skin, because of their small height and base diameter.




3.2. Electrochemical Behavior of Pt-MNE


Figure 3A indicates the CVs of the Pt-MNE in 0.1 M NaOH at different scan rates. As shown, a well-defined oxidation peak related to the formation of   P t O x ( P t +   H 2  O  → P t O +  2  H +   +  2  e −     Equation (1), and a reduction peak related to the reduction of    P t O x ( P t O x +  2  H +   +  2  e −   → P t +   H 2  O  ,   Equation (2) were observed, indicating that the MNE was made of Pt [52]. The oxidation peak and reduction peak currents were linearly proportional to the scan rate (ν), in the range of 10–500 mV·s−1 (Figure 3A, inset), due to the surface-controlled redox process. Moreover, the CVs of the Ru(NH3)63+(5 mM, 0.1 M PBS) as a redox probe were recorded with a Pt-MNE at different scan rates (10–100 mV.s−1) (Figure 3B). Unlike the oxidation/reduction of the Pt, the oxidation and reduction peak currents were linearly proportional to the square root of the scan rate (ν1/2),due to the diffusion-controlled redox process of the redox probe (Figure 3B, inset). The stability of the signal of Pt-MNE to Ru(NH3)63+(5 mM, 0.1 M PBS, pH = 7.4) was also investigated (Figure 3C). As shown, the signals did not change notably after 20 potential cycles,indicating the high stability of the Pt-MNE.



The electrochemical responses of the Pt-MNE to the dissolved oxygen (O2) and hydrogen peroxide (H2O2) were studied (Figure 3D,E). Because an oxidase enzyme such as GLOx consumes O2 and generates H2O2 (Equation (3)) [53], both molecules can be detected using electrochemical Pt-based electrodes. GLOx     L-Glutamate + O2 + H2O → 2-Oxoglutarate + NH3 + H2O2 (Equation (3)).



As shown in Figure 3D, the CVs of the Pt-MNE in a nitrogen-saturated (a) and an O2-saturated (b) PBS (0.1 M, pH = 7.4) displayed high electrocatalytic activity in the Pt-MNE toward the O2 reduction.



In addition, the results revealed that H2O2 could be electrochemically oxidized and reduced on the Pt-MNE surface (Figure 3E). As can be seen, the Pt-MNE oxidized 0.5 mM H2O2 (0.1 M PBS, pH = 7.4) at 0.43 V, and reduced it at two steps, at 0.06 V and 0.07 V. Asthe reduction peaks of H2O2 and O2 were close to each other, and it is difficult to trust the results (because on the one hand, the O2 concentration decreases during the enzymatic oxidation of glutamate by GLOx, but on the other hand, the H2O2 concentration increases), the electrochemical oxidation of the generated H2O2 was studied during glutamate measurement with the Pt-MNE/GLOx/Nafion.



The effect of the immobilized GLOx enzyme on the electrochemical behavior of Pt-MNE is shown in Figure 4. The CV results indicated that, after the immobilization of the GLOx enzyme (red curve), the intensity of the anodic and cathodic peak currents decreased from 111.0 and −146.0 µA to 55.0 and −51.0 µA, respectively, and the peak-to-peak separation of the Ru(NH3)63+(5.0 mM, 0.1 M PBS) increased from 58.0 to 102.0 mV (Figure 4A). It indicated that the immobilized GLOx enzyme molecules inhibited the access of Ru(NH3)63+to the Pt-MNE surface. The EIS method has been also applied to the surface electrochemical characterization of Pt-MNE, before (a) and after (b) the immobilization of the GLOx enzyme (Figure 4B). The typical Nyquist plot includes a semicircle portion at higher frequencies, related to the electron-transfer-limited process, and a linear part at a lower frequency range, representing the diffusion-limited process. The semicircle diameter equals the electron-transfer resistance (Ret). This resistance controls the electron-transfer kinetics of Ru(NH3)63+ as the electrochemical probe at the electrode interface. As shown in Figure 4B, the Ret value of the Pt-MNE electrode (a) was less in comparison with the Pt-MNE/GLOx/Nafion (b) (1040.1 Ω versus 2315.6 Ω), suggesting that the immobilized GLOx enzyme increased the resistance of the electrode dramatically. The modeling results, with the values of the different parameters and fitting errors, are shown in Figure S1.



The effect of the enzyme on the sensitivity of the biosensor was also investigated using the CV method (Figure 4C) in an O2-saturated PBS (0.1 M, pH = 7.4). As can be seen, the sensitivity of the biosensor to 50.0 µM glutamate increased with the increase in the GLOx volume from 10.0 to 70.0 µL, and then it remained unchanged at 90.0 µL of GLOx. Hence, throughout this work, 70 µL of GLOx solution was used in the fabrication of the Pt-MNE/GLOx/Nafion.




3.3. The Electrochemical Performance of Pt-MNE/GLOx/Nafion


Figure 5 shows the CVs (A) and CAs (B) of the Pt-MNE/GLOx/Nafion in an O2-saturated PBS (0.1 M, pH = 7.4) in the absence (dot line) and the presence (solid lines) of the different concentrations of glutamate. As can be seen in Figure 5A, the oxidation peak current increased as the glutamate level in the sample increased from 1.0 to 150.0 µM. As shown in the inset of Figure 5A, the slope of the calibration plot related to the oxidation of the generated H2O2 during the reaction of the GLOx enzyme and glutamate increased with a regression equation Ip (μA) = +0.006 CGlutamate (µM) +0.19 (Equation (4)), with a correlation coefficient of 0.99 (n = 4).



The glutamate concentration was also measured using the CA method at +0.4 V (versus Ag|AgCl) (Figure 5B). As can be seen, the Faradaic (F) currents related to the oxidation of the generated H2O2 increased with the increasing glutamate concentration. The Faradaic charge (QF) as a signal versus glutamate increased with a regression equation QF = +3 × 10−5 CGlutamate (C) +8.0 × 10−4 (Equation (5)), with a correlation coefficient of 0.99 (n = 4). The QF values were measured via the integration of the current–time plots in Figure 5B, and using the equation: QF = Qtotal − Qnon-Faradic (Equation (6)), where Qnon-Faradic is the charge value in the absence of glutamate, and Qtotal is the charge value in the presence of glutamate. The LODs were calculated to be 0.25 and 0.41 µM using CV and CA (three standard deviations of the blank/slope), respectively. The related error bars correspond to the standard deviation for the four measurements of the glutamate. The LOD of the proposed MNE for glutamate was lower than the previous biosensor reported by Wang’s team [43]. It might be because of the good catalytic property of the Pt microparticles (<15 µm) to the H2O2 that was in the conductive platinum paste.



Via the CA technique, the Michaelis–Menten constant (KMapp) of the Pt-MNE/GLOx/Nafion was calculated to be 296.48 µM from its intercept and the slope of the Lineweaver–Burk equation:     1     Q   m     =   1     Q   m a x     +     K   M   a p p       Q   m a x     ×   1     C   G l u t a m a t e       (Equation (7)) [54], where Qm is the Faradaic charge related to the oxidation of the glutamate, Qmax is the maximum charge, and Cglutamate is the glutamate concentration. The Lineweaver–Burk plot is shown in Figure 3C. The smaller value of theKMapp of GLOx indicates that the Pt-MNE provides a higher enzymatic activity to glutamate oxidation and, subsequently, increased the affinity biosensor.



The selectivity of the biosensor to glutamate was also investigated using CA (Figure 5D). As shown, in the presence of 5 mM glucose, lactate, ascorbic acid, uric acid, and urea as the interfering molecules, the response of the Pt-MNE/GLOx/Nafion to 25.0 µM glutamate was changed by 4.3%. The error might be caused by the diffusion of the interfering electroactive molecules to the Pt-MNE surface. The low error value indicated that the Nafion file repealed the negatively charged molecules, such as ascorbic acid, lactic acid, and uric acid from the Pt-MNE/GLOx/Nafion surface during the glutamate measurement.



Furthermore, the stability of the Pt-MNE/GLOx/Nafion to 1.0 µM glutamate was studied for 600 s (Figure 5E). As can be seen, the signal of the biosensor did not change. It proves the capability of the Pt-MNE/GLOx/Nafionin the real-time investigation of the glutamate level in real samples.



To examine the applicability of Pt-MNE/GLOx/Nafionin real sample analysis, we applied it to glutamate determination in human serum samples, using CA. Briefly, 500 µL of normal human serum was mixed with 1.5 mL O2 saturated PBS (0.1 M, pH = 7.4), and then analyzed using the Pt-MNE/GLOx/Nafion. After four measurements of the sample, the average glutamate concentration in normal human serum for sample 1 and sample 2 was found to be 45.27 µM and 50.3 µM, respectively. The t-test and p-test values were reported in Table 1. As can be seen, there are no significant differences between the Pt-MNE/GLOx/Nafion and glutamate assay kit.



The analytical performances of the Pt-MNE/GLOx/Nafionare compared with the other biosensor for glutamate in Table 2. As can be seen, in most terms, the analytical performance of the Pt-MNE/GLOx/Nafion was better than the others.



Finally, the reproducibility of the Pt-MNE/GLOx/Nafion was investigated using four biosensors. The relative standard deviation (R.S.D) was calculated to be 5.1% using CA. All the results indicated that Pt-MNE/GLOx/Nafion is a good candidate to detect glutamate in real samples.





4. Conclusions


In conclusion, a simple, low-cost, and rapid method for the fabrication of the electrochemical MNE has been developed, using a commercial microneedle patch for clinical applications. Moreover, an enzymatic electrochemical biosensor has been fabricated to detect glutamate in the range of 10–150 µM, with LODs of 0.25 µM and 0.41 µM, using CV and CA, respectively, and with negligible interference from other molecules. The proposed electrochemical Pt-MNE-based biosensor showed excellent electrocatalytic activity for the H2O2generated by theGLOx enzyme, based on which the oxidization current of the generated H2O2 increased with the increasing glutamate in the sample. The Pt-MNE-based biosensor leads to a sensitive, selective, and cost-effective diagnostic medical device. Furthermore, the Pt-MNE-based biosensor showed excellent applicability to detect glutamate in human serum samples. Future research should be conducted, to make it a wearable biosensor.
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Figure 1. Schematic fabrication of the micropores mold using the microneedle patch, and its application in the fabrication of the Pt-MNE/GLOx/Nafion. 
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Figure 2. SEM images of the microneedle patch (A,B), h-PDMS-based mold (C,D), and PT-MNE (E,F). 
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Figure 3. (A) CVs of the Pt-MNE in 0.1 M NaOH at various scan rates from 10 to 700 mV·s−1 (10, 25, 50, 75, 100, 150, 200, 250, 300, 350, 400, 450, and 500 mV·s−1 from inner to outer). Inset: plot of the peak current (Ip) versus scan rate (ν). (B) CVs of the Pt-MNE in 0.1 M PBS containing Ru(NH3)63+ (5 mM, pH = 7.4) at various scan rates (10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV·s−1 from inner to outer) Inset: plot of the peak currents versus the square root of the scan rate (ν1/2). (C) Electrochemical stability of Pt-MNE in 0.1 M PBS containing Ru(NH3)63+(5 mM, pH = 7.4), at a scan rate of 50 mV·s−1. (D) CVs of the Pt-MNE in an N2-saturated (a) and an O2-saturated (b) PBS (0.1 M, pH = 7.4), at a scan rate of 50 mV·s−1. (E) CVs of the Pt-MNE in the absence (a) and presence (b) of 0.5 mM H2O2 (0.1 M PBS, pH = 7.4), at a scan rate of 50 mV·s−1. 
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Figure 4. (A) CVs of the Pt-MNE (a) and Pt-MNE/GLOx/Nafion (b) in 0.1 M PBS containing Ru(NH3)63+(5.0 mM, 0.1 M PBS). (B) Nyquist plot of the Pt-MNE (a) and Pt-MNE/GLOx/Nafion (b) 0.1 M PBS containing Ru(NH3)63+(5 mM, pH = 7.4). The set is the equivalent of the equivalent electric circuit compatible with the Nyquist diagrams. Rs: solution resistance, Ret: electron transfer resistance, Cdl: double-layer capacitance, Zw: Warburg impedance. The AC amplitude voltage was 10 mV, the DC voltage was −0.17 V, and the frequency range was from 100,000 to 0.1 Hz. The marked lines and solid lines were related to the experimentally obtained spectrum and fitted spectrum, respectively. (C) The effect of the different volumes of GLOx enzyme used in the fabrication of the Pt-MNE/GLOx/Nafion to 50.0 µM glutamate in an O2-saturated PBS (0.1 M, pH = 7.4). The scan rate was 50 mV·s−1. 
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Figure 5. (A) CV and (B) CA of the Pt-MNE/GLOx/Nafion in an O2-saturated PBS (0.1 M, pH = 7.4) containing different amounts of glutamate (0.0, 1.0, 25.0, 50.0, 75.0, 100.0, 125.0, and 150.0 µM, from inner to outer). Inset: plot of the signal versus the concentration of glutamate. (C) Lineweaver–Burk plot obtained using the CAM technic. (D) Effect of 5mM of the effect-interfering molecules (glucose, lactate, ascorbic acid, uric acid, and urea) (black curve) on the response of the Pt-MNE/GLOx/Nafion to 25.0 µM of glutamate. (E) Stability of the signal of the Pt-MNE/GLOx/Nafion to 25.0 µM of glutamate. CVs were recorded at a scan rate of 50 mV·s−1. The applied potential to record the CA was +0.4 V. 
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Table 1. Comparison of the obtained results between thePt-MNE/GLOx/Nafion using the CA technique, and a glutamate assay kit, for glutamate.






Table 1. Comparison of the obtained results between thePt-MNE/GLOx/Nafion using the CA technique, and a glutamate assay kit, for glutamate.





	Sample
	Obtained Value Using Pt-MNE/GLOx/Nafion/

(µM)
	Mean/(µM)
	Standard Deviation
	Count
	Standard Error of Mean
	Degree of Freedom
	Hypothesized Mean/(µM)
	T-Value †
	p-Value
	Obtained Value Using Glutamate Assay Kit/

(µM)





	1
	45; 45.5, 45.2; 45.4
	45.27
	0.22
	4.0
	0.11
	3.0
	45.0
	2.48
	0.089
	45



	2
	50.1; 50.5; 50.2; 50.4
	50.3
	0.18
	4.0
	0.09
	3.0
	50.0
	3.28
	0.046
	50.0







†: two-tailed test 0.













 





Table 2. Comparison of the analytical performance of the Pt-MNE/GLOx/Nafion with other biosensors for glutamate.
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	Biosensor
	Method
	Linear Range
	Limit of Detection
	References





	Pt/P(o-PD)/GLOx
	CA
	20–140 µM
	10 µM
	[43]



	Pt wire/P(o-PD)/GLOx/Chit/ASOx
	CA
	5–35 µM
	0.59 µM
	[40]



	Gold Electrode/PNAI/PPyNps
	CA
	0.02–400 µM
	0.1 nM
	[55]



	MWCNT-Chit-MB/GLDH-NAD-Chit-MB/MWCNT-Chit -MB
	CA
	7.5–105 μM
	3.0 μM
	[56]



	Pt wire/GLOx
	CA
	2.5–450 μM
	1.0 μM
	[57]



	SPC/PB/GLOx/Chit
	CA
	25–300 μM
	9.0μM
	[58]



	SPCE/AuNP/GluBP
	CV
	0.1–0.8 mM
	0.15 mM
	[59]



	Gold electrode/Chit/AuNP/cMWCNT/GluOx
	CA
	5–500 μM
	1.6 μM
	[60]



	GCE/PEI-MWNTs/bacteria-Gldh/Nafion
	CA
	10 μM–1 mM and 2–10 mM
	2.0 μM
	[61]



	SPCE/Chit-AA-CDs/GLDH
	CA
	11–125 μM
	3.0 μM
	[62]



	GCE/PtNP@MXene-Ti3C2Tx/Chi
	CA
	10–110
	0.45
	[63]



	Gold electrode/Chi/GO/Au NPs/GluOx
	DPV
	0.2–1.4 mM
	0.023 mM
	[64]



	SPPtE/PPYox/GLOx
	CA
	0.005–1.0 mM
	1.8 μM
	[65]



	Pt-MNE/GLOx/Nafion
	CV

CA
	1–150 μM

1–150 μM
	0.25 μM

0.41 μM
	This work







P(o-PD): poly o-phenylenediamine; Chit: chitosan; AsOx: ascorbate oxidase; AMP: amperometry; PpyNps: polypyrrolenanoparticles; PNAI: polyaniline; MWCNT: multiwalled carbon nanotubes; GLDH: glutamate dehydrogenase; MB: Meldola’s Blue; NAD: nicotinamide adenine dinucleotide; PB/SPC: screen-printed Prussian blue nanocube microchip; GluBP: glutamate binding protein; AuNP: gold nanoparticle; AA-CDs: carbon nanodots modified with azure A; GCE: glassy carbon electrode; PtNP: Pt nanoparticles MXene-Ti3C2Tx: two-dimensional nanomaterial; DPV: differential pulse voltammetry; GO: graphene oxide; PPYox: overoxidized polypyrrole film; SPPtE: screen-printed platinum electrodes.
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