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Electroanalytical biosensor based on GOx/FCA/PEG-modified SWCNT electrode for determination of glucose
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Abstract
This paper describes a simple electrochemical sensing platform based on single-walled carbon nanotube (SWCNT) electrodes for glucose detection. The device fabrication using O2-plasma treatment allows precision and uniformity for the construction of three SWCNT electrodes on the flexible plastic substrate. Glucose assay can be simply accomplished by introducing a glucose sample into the fabricated biosensor. The marked electrocatalytic and biocompatible properties of biosensors based on SWCNT electrodes with the incorporation of ferrocenecarboxylic acid and polyethylene glycol enable effective amperometric measurement of glucose at a low oxidation potential (0.3 V) with low interferences from coexisting species. The device shows efficient electroanalytical performances with high sensitivity (5.5 μA·mM−1·cm−2), good reproducibility (CV less than 3%), and long-term stability (over a month). A linear range of response was found from 0 to 10 mM of glucose with a fast response time of 10 s. This attractive electroanalytical device based on GOx/FCA/PEG/SWCNT electrodes offers a promising system to facilitate a new approach for diverse biosensors and electrochemical devices.
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Introduction
Glucose is one of the essential nutrients and has been widely used in the food and drug industry. It plays an important role in human life as a major energy source and metabolic intermediate. However, the abnormal level of glucose in blood is considered to be responsible for endocrine and metabolic disorders such as diabetes mellitus, which may cause serious diseases (e.g., kidney failure, blindness, and heart disease) (Sun and James 2015). According to the World Health Organization, more than 400 million people suffer from diabetes, indicating that it has already become a worldwide public health threat (WHO, 2022). For this reason, simple, sensitive, and easy-to-use glucose sensors are highly required for the millions of diabetics supposed to check their own glucose levels daily. Until now, various detection methods have been attempted for the development of reliable and sensitive glucose biosensor, such as electrochemistry (Hu et al. 2014), spectrometric colorimetry (Xu et al. 2019; Park et al. 2022), chemiluminescence (Hao et al. 2013; Chaichi and Ehsani 2016), Raman scattering (Hu et al. 2017), and fluorometry (Liu et al. 2016). Among these methods, electrochemical sensing techniques provide significant advantages over other techniques owing to high sensitivity, simplicity, rapid response, miniaturization, and portability. Moreover, it is readily amenable to commercialization because of low manufacturing cost with the help of recent microfabrication advances.
Since the discovery of carbon nanotubes (CNTs) (Iijima 1991), they have attracted significant research attention in many fields due to their excellent electrical, mechanical, thermal, and optical properties (Liu et al. 2011; Chen and Dai 2013; Hu et al. 2004). CNTs with such outstanding properties have been adopted in various applications such as field emission displays, chemical sensors, thin film transistors, and transparent electrodes for optoelectronic devices (Lee et al. 2017; Park et al. 2014; Wang et al. 2014; Hwang et al. 2015; Schroeder et al. 2019). In particular, the electrical conductivity and large surface have made them suitable for biosensors. CNT surfaces with abundant carboxylic acid sites created by the purification process may provide special opportunities for the adsorption and encapsulation of biomolecules. The remarkable electrical properties of CNTs have established them as the ideal electrode for electrochemical biosensors. Based on these advantages, CNTs have extensively been used in a wide range of electrochemical biosensing studies, such as therapeutic drug sensors (Vashist et al. 2011; Chipeture et al. 2019), amperometric enzyme sensors (Erden et al. 2015; Fang et al. 2016), and immuno/DNA sensors (Li and Lee 2017). The high electrocatalytic activity of CNTs promotes effective electron transfer in electrochemical reactions, making them greatly attractive for dehydrogenase/oxidase-based amperometric biosensors to determine clinically important analytes (e.g., glucose, cholesterol, lactate, pyruvate, and ethanol), which generate the electrochemically detectable products (e.g., NADH and H2O2) with the assistance of their corresponding enzymes (Jacobs et al. 2010; Shi et al. 2011; Savk et al. 2019; Kul et al. 2013; Gao et al. 2010). Recently, several electrochemical biosensors using CNT composites or modified CNTs have already been reported (Barsan et al. 2015; Yang et al. 2010; Zhang et al. 2010; Shrestha et al. 2016). However, they present some limitations for fabricating and miniaturizing sensors, such as the need for complicated manufacturing processes, extra supporting electrodes, and external stirring/injecting equipment.
In this paper, we developed a simple and facile electrochemical sensing device based on single-walled carbon nanotube (SWCNT) for glucose detection. The three SWCNT electrode system was simply fabricated on a polyethylene terephthalate (PET) film by O2-plasma treatment. The amperometric glucose sensor was constructed with the incorporation of ferrocenecarboxylic acid (FCA), polyethylene glycol (PEG), and glucose oxidase (GOx) to achieve enhanced electron transfer and high biocompatibility. Well-fabricated SWCNT electrodes on plastic films were characterized by scanning electron microscopy (SEM) and Raman spectroscopy. The impressive abilities of biosensors were investigated by cyclic voltammetric and chronoamperometric techniques. This simple glucose biosensor showed a fast response, high sensitivity, good reproducibility, and long-term stability.

Experimental section
Reagents
GOx from Aspergillus niger (EC 1.1.3.4), FCA, PEG (Mn 10,000), glucose, ascorbic acid (AA), and uric acid (UA) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification. A SWCNT aqueous solution (0.2 mg/mL) was obtained from Topnanosys (Cheonan, South Korea). Positive photoresist polymer (AZ4620) and developer (AZ400K) were purchased from AZ Electronic Materials (Somerville, NJ, USA). Phosphate-buffered saline (0.1 M PBS, pH 7.2) was obtained from Biosesang (Seongnam, South Korea). All aqueous solutions were prepared with double distilled water (ddH2O).

Preparation of conductive SWCNT film
The homogeneous SWCNT films were fabricated by a vacuum filtration method (Wu et al. 2004). Briefly, the SWCNT aqueous solution was sonicated for 30 min and then centrifuged at 14,000 rpm for 10 min. A 200 μL of the suspended solution was diluted with 100 mL of ddH2O and filtered through an anodic aluminum oxide (AAO) membrane with 0.2 μm pore size. The AAO membrane under the SWCNT thin layer was removed in a 3 M NaOH solution, and the remaining SWCNT thin layer was then transferred to a PET polymer film after adjusting the solution to neutral pH using ddH2O. Then, the heat treatment at 60 °C for 30 min was carried out to increase the adhesion between the SWCNT layer and PET film substrate.


                           Fabrication of three SWCNT electrodes on PET film using O
                           2
                           -plasma treatment
                        
Conductive SWCNT films were patterned using a standard photolithography method and subsequent O2-plasma treatment (Fig. 1a). A positive photoresist polymer (AZ4620) was spin-coated onto the produced SWCNT films at 1,500 rpm for 1 min, followed by exposure to UV light (~ 365 nm) through a designed mask and development with the AZ400K solution sequentially. O2-plasma treatments were performed at a 100 mTorr chamber pressure, 500 W power, and a substrate reflective frequency of 13.56 MHz for 5 min. After O2-plasma etching, the remaining photoresist polymer on the SWCNT films was removed with an ethanol solution and rinsed with ddH2O. The morphological and chemical changes of SWNCT film were characterized by SEM (Hitachi S-4800, Hitachi Ltd., Japan) and Raman spectroscopy (Renishaw 2000, operating with a 633 nm He–Ne laser, Renishaw Inc., UK). The resulting array of three SWCNT electrodes (a working electrode, a counter electrode, and a reference electrode) corresponds to Fig. 1b. Each electrode unit has a square end (3.5 mm × 4.0 mm) for the electrical contact.[image: ]
Fig. 1Schematic diagram of a the fabrication of SWCNT electrodes by O2-plasma treatment and b the construction of glucose biosensors based on a three SWCNT electrode system. The gap between the PET substrate and hydrophilic cover film produced by Teflon tape allows the capillary addition of a sample with a volume less than 10 μL. Dimensions represent millimeters



Construction of glucose biosensor based on GOx/FCA/PEG/SWCNT electrodes
To construct the glucose biosensor, ~ 100-μm-thick Teflon tape was placed on the fabricated PET substrate with three SWCNT electrodes as shown in Fig. 1b. For glucose assays, the casting mixture was prepared by dissolving 0.15 g of GOx and 3.5 mg of FCA in 15 mL of 0.1 g/mL PEG at the molar ratio of 1:16. Then, 2 μL of the mixture was drop-casted on the detecting zone of a SWCNT electrode used as working electrode. After that, it was allowed to dry at 25℃ and 70% humidity for 2 h to form a homogeneous coating, then a hydrophilic cover film was overlaid onto the PET substrate. A sample volume of less than 10 μL was required to fill up the biosensor by capillary flow.

Electrochemical characterization and analytical performances using glucose biosensor.
Cyclic voltammetric and chronoamperometric measurements were performed on the glucose biosensor with a CHI660C electrochemical analyzer (CH Instruments Inc., USA). In a three-electrode setup for electrochemical assays, each SWCNT electrode functioned as the working electrode, the counter electrode, and the reference electrode. All electrochemical experiments were performed in PBS solution at room temperature.


Results and discussion
Fabrication and characterization of three SWCNT electrodes system
O2 plasma etching in a capacitively coupled plasma (CCP) system was chosen for SWCNT electrode patterning on PET substrate. Other plasma methods such as an inductively coupled plasma (ICP) and a reactive ion etching (RIE) plasma are widely used for CNT etching on a silicon wafer or metal substrates, but they are unsuitable to be applied for polymer substrates. The reactive ion bombardment accelerated by radio frequency bias and the high temperature resulting from plasma generation in ICP and RIE systems can cause polymer substrates to damage and deform easily (Paul et al. 2012; Powell et al. 2003; Behnam et al. 2007). In contrast with ICP and RIE etching, CCP-based plasma treatment has the advantages on: (1) uniformity of plasma density; (2) low operating temperature; (3) relatively low ion energies, which allow the homogeneity of etched patterns on a large-scaled area and the favorable processes for plastic substrate with good reproducibility and reliability with high feature resolution Additional file 1: (Fig. S2). The plasma fabrication process for SWCNT films included photolithography and subsequent O2-plasma treatment. During the plasma treatment, SWCNTs underneath the patterned photoresist polymer were protected from etching and damage by O2-plasma while the exposed SWCNTs were destroyed. The area patterned by O2-plasma treatment was more transparent than the area protected with the photoresist polymer as shown in Fig. 2. The clear electrode patterns demonstrated the effectiveness of SWCNT fabrication using this method. For a more detailed characterization, the morphological changes of the SWCNTs were investigated by SEM. In the left SEM image, networks of carbon nanotubes showed no damage and a clear connection. However, the morphologies of the SWCNTs exposed to O2-plasma treatment changed substantially. This morphology change can be described as the destruction of whole SWCNTs due to the chemical etching of O2-plasma. The destruction started gradually from SWCNT defects and resulted in the conversion of SWCNT to volatile CO2, CO, and H2O (Han et al. 2010; Mathur et al. 2012; Su et al. 2013). The average resistivity and transparency of the fabricated SWCNT devices were ~ 400 Ω/sq and 80%, respectively. The thickness of the SWCNT electrode was controlled to be ~ 100 nm, which allowed the suitable resistivity and transparency for use as a flexible electrode. SWCNT devices showed high flexibility with negligible changes in resistivity at hard bending.[image: ]
Fig. 2Optical and SEM images of three SWCNT electrode-based biosensor patterned by O2 plasma treatment. The left and right SEM images were obtained from patterned (gray) and etched (transparent) SWCNT areas on a PET substrate


Figure 3 shows Raman spectra of partial areas in a patterned SWCNT film corresponding to Fig. 2. We noted the change in peaks at 1598 cm−1 (G-line) and 1335 cm−1 (D-line) in SWCNTs corresponding to graphite/ordered carbons and amorphous/disorder carbons, respectively (Park et al. 2015; Dennany et al. 2010). When comparing the PR-covered area (a) and exposed area (b), the representative CNTs peaks at 1598 cm−1 and 1335 cm−1 greatly decreased after O2-plasma treatment and decreased by almost 99% compared with the PR-covered area. Moreover, the intensity ratio (ID/ IG) increased from 0.128 (a) to 0.725 (b), which indicates an increase in disordered phases. This reveals that ordered carbons of CNTs changed to amorphous carbons by O2-plasma etching, resulting in the conversion of disordered carbons to volatile CO2. These results were consistent with those observed in SEM images.[image: ]
Fig. 3Raman spectra of SWCNT films recorded from SWCNTs a protected with a photoresist polymer, and b exposed to O2-plasma etching



Morphologies of GOx/FCA/PEG-modified SWCNT electrode
Additional file 1: Figure S1 shows the dependence of surface morphologies of GOx/FCA/PEG-modified SWCNT electrodes on incubation conditions. Morphological changes due to changes in relative humidity were observed by optical microscopy. The surface morphology of GOx/FCA/PEG incubated at a humidity of 20% was inhomogeneous and uneven, while the surface homogeneity became better with an increase in incubation humidity. This indicates that a slow drying process is favorable for the modification of GOx/FCA/PEG on SWCNT electrodes. Consequently, uniform and well-distributed GOx/FCA/PEG was achieved at a humidity of 70%. This uniform surface modification on SWCNT electrodes can provide a homogeneous reaction matrix with entrapped GOx and FCA, resulting in an increase in the electrochemically effective surface area. Thus, the modification of GOx/FCA/PEG on the SWCNT electrode was carried out under humid conditions (70%) for further experiments.

Electrochemical characterization of GOx/FCA/PEG/SWCNT-based biosensor
Figure 4 shows the typical cyclic voltammetric curves obtained at the three SWCNT electrodes with incorporated GOx and FCA. An FCA mediator was chosen as an artificial electron transferring agent due to some attractive features: (a) the reaction of GOx with FCA is largely independent of oxygen concentration in the sample, and (b) the interference of unwanted species such as uric acid (UA) and ascorbic acid (AA) can be avoided due to its low oxidation potentials. In the presence of FCA, the electrochemical reaction of glucose can be described as follows:[image: $${\text{Glucose }} + {\text{ GOx }}\left( {{\text{FAD}}} \right) \, \to {\text{ Gluconolactone }} + {\text{ GOx }}\left( {{\text{FADH}}_{{2}} } \right)$$]

 (1)


[image: $${\text{GOx }}\left( {{\text{FADH}}_{{2}} } \right) \, + {\text{ 2M}}_{{({\text{ox}})}} \to {\text{ GOx }}\left( {{\text{FAD}}} \right) \, + {\text{ 2M}}_{{({\text{re}})}} + {\text{ 2H}}^{ + }$$]

 (2)


[image: $${\text{2M}}_{{({\text{re}})}} \to {\text{ 2M}}_{{({\text{ox}})}} + {\text{ 2e}}^{ - }$$]

 (3)


where M(ox) and M(re) represent the oxidized (FCA+) and reduced (FCA) forms of FCA mediator (Wang 2008). In the absence of glucose, well-defined oxidation and reduction peaks for FCA were observed at 0.25 and − 0.15 V. After the addition of 10 mM glucose, the oxidation peak current increased sharply, whereas the reduction peak current disappeared. These electrochemical behaviors indicate that the FCA+ is converted to FCA through a glucose enzymatic reaction and then re-oxidized to FCA+ during the anodic sweep, which is dependent on the glucose concentration. Moreover, the disappearance of the reduction peak is attributed to the irreversible oxidation of FCA in which electro-oxidized FCA+ is converted to FCA through enzymatic reduction by GOx while staying in a reduced state (as presented in reaction 2). It reveals that the FCA in our device can act as an efficient electron transfer shuttle between the FAD center of GOx and the SWCNT electrode.[image: ]
Fig. 4Cyclic voltammetric curves of GOx/FCA/PEG/SWCNT electrode-based biosensor at a scan rate of 0.05 V/s: a recorded in the absence of glucose in a 0.1 M PBS solution, b recorded after the addition of 10 mM glucose



Glucose assay using GOx/FCA/PEG/SWCNT-based biosensor
Figure 5a shows the current responses of a biosensor after the addition of a glucose solution. Chronoamperometric experiments were carried out at an oxidation potential of 0.3 V. As the concentration of glucose varies, the biosensor exhibited excellent electrocatalytic oxidation activity for glucose. Each chronoamperometric current quickly reached a stable state, indicating the fast response of the biosensor, which was attributed to the considerable electrical properties of SWCNT-based electrodes. Figure 5b shows the calibration curve to amperometric responses depending on glucose concentration. The glucose biosensor exhibited a good linear range from 0 to 10 mM with a response time of 10 s. This biosensor offered a good sensitivity of 5.5 μA·mM−1·cm−2 and detection limit (LOD) of 28 μM with regression equation: I (μA) = 2.058 + 0.495 [glucose] (mM) (R2 = 0.989), indicating the high analytical performance and reliability of our device (Additional file 1: Table S1). The reproducibility of this device was investigated by testing glucose levels (in triplicate) on independently prepared biosensors; the coefficient of variation (CV) was less than 3%, demonstrating good reproducibility. The apparent Michaelis–Menten constant ([image: $${K}_{\mathrm{m}}^{\mathrm{app}}$$]) gives an indication of the enzyme/analyte kinetics for this device, and it can be determined by the Lineweaver–Burk plot (inset of Fig. 5b) (Ang et al. 2015; Wang et al. 2010).[image: $$1/{\text{ISS}} = 1/{\text{Imax}} + K_{m}^{a} {\text{pp}}/({\text{ImaxC}})$$]



where ISS is the steady-state current after the addition of the substrate, C is the substrate concentration, and Imax is the maximum current measured under a saturated substrate condition. The [image: $${K}_{\mathrm{m}}^{\mathrm{app}}$$] was determined by an analysis of the slope and intercept for the plot of the reciprocals of the steady-state current versus glucose concentration. The [image: $${K}_{\mathrm{m}}^{\mathrm{app}}$$] given in our study was calculated to be 2.16 mM. The small value of [image: $${K}_{\mathrm{m}}^{\mathrm{app}}$$] implies that the GOx/FCA/PEG/SWCNT electrode possesses a high affinity to glucose, resulting in the sensitive detection of glucose.[image: ]
Fig. 5a Chronoamperometry responses of glucose biosensor after the addition of a glucose solution with a concentration range of 0–40 mM. All responses were obtained at a constant cell potential of 0.3 V. b Calibration plot for a glucose biosensor. Inset: corresponding Lineweaver–Burk plot



Stability and selectivity of biosensor
Figure 6 shows the long-term stability and selectivity of a glucose biosensor. To define the stability of this biosensor, the amperometric responses were investigated in the presence of a 4 mM glucose concentration, which is similar to a normal blood glucose level. The sensor displays a highly stable response during the extended experiment with storage at 4℃. The sensor retained 95% of its initial current response for glucose after one month, indicating good stability of the sensor. For interference tests, the amperometric current responses to 0.1 mM of AA and UA, which are present in physiological samples, were examined together with 4 mM glucose (the physiological concentration range is from 0.03 to 0.15 mM for AA and from 0.1 to 0.4 mM for UA, respectively). In Fig. 6b, the interference effects of AA and UA on glucose detection were found to be 9.9% and 7.3%, respectively. These results demonstrate the selective and stable analytical performance of this glucose biosensor, which may be attributed to electric/electrocatalytic and biocompatible properties of SWCNTs in cooperation with FCA and PEG, making it more applicable for practical use.[image: ]
Fig. 6a Long-term stability and b selectivity of glucose biosensor. Chronoamperometry responses were recorded in a 4 mM glucose solution with/without 0.1 mM interfering species (AA and UA)




Conclusion
In summary, we have successfully constructed an amperometric glucose biosensor based on three SWCNT electrodes. The developed electrochemical sensing device offered attractive analytical behavior for glucose detection. The low-potential analysis attributed to the modification of GOx/FCA/PEG/SWCNT allowed the selective detection of glucose against other interfering species. This glucose biosensor showed a good linear range from 0 to 10 mM with a rapid response time of 10 s, high sensitivity of 5.5 μA·mM−1·cm−2, and good stability over a month. These remarkable results may be attributed to the biocompatibility of the GOx/FCA/PEG/SWCNT electrode and the fast electron transfer between SWCNT and the redox center of GOx with the assistance of FCA. We believe that this facile SWCNT-based biosensor holds great promise for glucose analysis in point-of-care testing, and moreover it is amenable to various electrochemical biosensing applications with the advantages of simplicity, rapid response, sensitivity, and stability.
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