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Abstract

:

In this study, a facile electrochemical biosensing platform was fabricated with Laccase (Lac) immobilized on laser-induced graphene (LIG) electrode by glutaraldehyde covalently binding for the effective determination of gallic acid (GA). The patterned graphene for the LIG electrode was prepared by a one-step laser direct writing on the polyimide film in ambient air. The sheet layer and spatial mesh structures of LIG give the prepared LIG electrode a large specific surface area and good conductivity. The oxygen enrichment and good hydrophilicity cause LIG to favor covalent crosslinking with laccase through glutaraldehyde. The electrochemical sensor of GA on the prepared electrode was determined by chronoamperometry. Results show that the current signals of the laccase electrodes had an excellent linear relationship with GA in the concentration range of 0.1–20 mmol/L with a detection limit of 0.07 mmol/L under optimized experimental conditions. The prepared GA sensor with good selectivity, regeneration, and stability can be applied to biological samples such as sweat, urine and serum without needing sample pretreatment.
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1. Introduction


The electrochemical biosensor is a sensor device that combines the characteristics of electrochemical sensing and biomolecular specific recognition [1,2]. Due to the high sensitivity and selectivity, quick response, and easy signal detection, electrochemical biosensors play a crucial role in laboratory and clinical practice, which can analyze various chemical and biological objectives, such as applying them to cancer biomarker determination for early diagnosis of cancer and providing higher diagnostic accuracy [3,4]. Generally speaking, the ultimate goal of electrochemical sensors is to build a more simple, sensitive, and reliable sensing platform for further amplifying the detection signal and improving the accuracy. The development of new functional nano materials and nanotechnology provides new possibilities to improve the performance of electrochemical sensors [5,6]. Hence, finding high-performance electrode materials is always one of the critical points in preparing excellent electrochemical sensors. Graphene has caused a tremendous research upsurge due to its particular electricity, heat, mechanics, and other properties. Since the discovery of graphene, various techniques, including micromechanical exfoliation, chemical vapor deposition, epitaxial growth, and chemical reduction in graphite oxide for graphene preparation, have been constantly explored to supply the demand for its different practical applications. Laser has the characteristics of directional luminescence, high energy density, and high brightness, which provides a new research direction for thin film preparation [7]. More importantly, the application of lasers in experiments usually does not change the principle of the experiment; it only changes the heating mode, which significantly shortens the reaction time and improves the experimental efficiency. Graphene synthesis methods have been studied around the large area of preparation and quality improvement. However, for the application in microelectronic equipment, high-performance electronic devices, and sensors, it is more important that the preparation methods of direct preparation, patterning and high efficiency are necessary, which can be easily realized by laser processing [8]. For example, the patterning of graphene can be easily completed by laser movement without complex processing and an additive approach [9]. Moreover, the polyimide precursor and effective laser processing show the great promise of roll-to-roll production. Today, the accurate adjustment of laser energy intensity, direct growth, and rapid manufacturing of graphene allow laser induced graphene (LIG) technology to be widely applied in electronic devices [10], supercapacitors, biosensor [11,12], etc. As a promising uniform multilayer stacked graphene electrode with high porosity and large surface area, the application of LIG electrodes in electrochemical biosensors is just getting underway. Santos et al. reported an IR and UV LIG for dopamine electrochemical sensor. Despite providing lower sensitivity, UV LIG is still an excellent material for DA biosensors, with the advantage of miniaturization [13]. A Diagnostic on a chip platform based on LIG electrochemical biosensor for the detection of SARS-CoV-2 antibodies was applied to assess the vaccinal immune response of the population [14]. More LIG-based electrochemical biosensors with high performance need to be further exploited.



Gallic acid (3,4,5-trihydroxy benzoic acid) (GA), which is a naturally occurring phenolic component, has a strong antioxidant and excellent biological properties, including anti-inflammatory, antihistaminic and antitumor activities, scavenging of free radicals, and protection against cardiovascular diseases [15]. Given that the development of sensitive and selective detection methods for GA biological analysis can help the diagnosis of its related diseases [16], various approaches have been developed to detect GA. Currently, the methods for determining GA mainly include ultraviolet-visible spectroscopy [17], high-performance liquid chromatography [18], flow injection analysis [19], thin layer chromatography [20], and electrochemical methods. Among them, electrochemical sensors have led to considerable interest in detecting biomolecules due to their excellent performance features, such as high sensitivity and selectivity, rapid, cost-effective, miniaturization, portability, and so forth [21,22,23]. Even so, strategies to reduce the cost, simplify the operation process, and improve the reliable determination of body fluids for GA sensors are still a great challenge.



Laccase is one of the main components of natural lacquer, with a content of about 10%. It exists in the nitrogen-containing substances of natural lacquer, commonly known as lacquer protein and oxidase. It is an indispensable natural organic catalyst for natural paint drying at room temperature. The universality, refractory and toxicity of substrates in nature, and the environmental friendliness of laccase reactions allow laccase to have great application prospects in chemical engineering. At present, the application principle of laccase is to utilize the redox properties of laccase to oxidize toxic aromatic compounds. Laccase has been widely used in industries such as pulp and paper making, sewage treatment, food, organic synthesis, etc. In addition, there are corresponding research reports on laccase in environmental remediation [24], clothing industry [25], drug determination [26], and biosensors [27].



As a typical poly copper oxidase, laccase can catalyze the oxidation of polyphenols and diamines, which has been widely studied in biological determination [28,29,30,31,32]. In this work, the LIG/lac electrode-based electrochemical biosensor with superior performance was prepared for the determination of GA. Patterned micro graphene electrode based on laser direct writing technology was designed with a large specific surface area, good conductivity, and biocompatibility. As a bio-recognition element for the specific response to GA, the active laccase was immobilized on the LIG electrode surface through covalent crosslinking of glutaraldehyde. From the experimental results, the prepared GA sensor showed good performance with low cost, stable performance, and simple operation. Moreover, excellent selectivity makes the sensor successfully applied in complex biological samples, which is concluded to hold great promise for biological applications. Therefore, this study not only enriches the foundation study about the LIG-based electrochemical biosensors, but also provides an alternative determination method for GA assay.




2. Materials and Methods


2.1. Materials


The polyimide (PI) sheet (80 µm thickness) was purchased from Tianjin Jiayin Nano Technology Co., Ltd., Tianjin, China. Laccase (≥0.5 units/mg) was provided by J&K chemicals reagent Co., Ltd., Beijing, China. Gallic acid (AR, ≥99%) was provided by Aladdin chemicals reagent Co., Ltd. China. Fetal bovine serum (FBS), phosphate buffered saline (PBS, 0.1 M, pH 4.0), glucose, galactose, lactobionic acid, and arginine of analytical grade and glutaraldehyde (50%) were received from Beijing Dingguo Biotechnology Co., Ltd. (Beijing, China). Artificial urine and artificial sweat were purchased from Shanghai Yuanye Biotechnology Co., Ltd. A conductive silver paint pen was purchased from Shenzhen Osborne Co., Ltd., Shenzhen, China, and silver/silver chloride paste was purchased from Guangzhou Yinbiao Trading Co., Ltd. China. Milli-Q purified water (Millipore, St. Louis, MO, USA) was used for all experiments throughout this study.




2.2. Fabrication of LIG Electrode


The LIG electrode was manufactured in our laboratory. The preparation of LIG electrodes was performed according to our previous research [33]. Briefly, a fully integrated LIG electrode was fabricated by 450 nm laser irradiation over a PI sheet. Continuous semiconductor laser was used in the preparation of LIG (Nano Pro-Ⅲ, Tianjin Jiayin Nano Technology Co., Ltd., Tianjin, China, voltage 5 V, laser intensity: 60%, carving depth: 15%). The three-electrode patterns were designed by drawing through PowerPoint. The classical three-electrode system consisted of a LIG electrode (3 mm diameter) as the working electrode (WE), a hand-coated Ag/AgCl paste as the reference electrode (RE), and graphene as the counter electrode (CE). The end of the three electrodes was hand-coated with a conductive silver paste, to ensure better electrical contact with the electrochemical workstation. The work area was defined by hydrophobic polydimethylsiloxane (PDMS). In brief, a calculated amount of PDMS and the curing agent (10:1 ratio) were mixed properly and precured at 85 °C for 5 min. Thereafter, a small amount of PDMS semi curing solution was applied with a needle tip to the tangent line of the working electrode circle to fix the area of the work area.




2.3. Fabrication of LIG/Lac Electrode


A volume of 20 μL mixed solution of 3% glutaraldehyde and 5 mg/mL laccase containing 1% bovine serum albumin (BSA) with a ratio of 1:1 was dropped directly on LIG work area. After incubation for 30 min, the modified electrodes (LIG/Lac electrode) were cleaned with ultrapure water, dried at room temperature, and then stored at 4 °C.




2.4. Electrochemical Analysis


The electrochemical measurements were performed with a Mini electrochemical analyzer (Sensit BT, PalmSens, Houten, The Netherlands) controlled by a PC running PSTrace software version 5.8 at room temperature. A solution of 50 μL 5 mM K3[Fe(CN)6] containing 0.1 M KCl was dropped on the LIG/Lac electrode for cyclic voltammetry (CV) scanning in the potential region of −0.3 V and 0.4 V at a scan rate of 0.1 V∙s−1. Chronoamperometric analysis of LIG/Lac electrode for GA sensor was performed with working potential at 0.4 V in 10 mM PBS (pH 4.0). 50 μL sample solution was dropped on the LIG/Lac electrode for complete coverage of three electrodes. Before each measurement, homogeneously mixing is necessary, and the initial current signals also need to be recorded.




2.5. Characterization


The surface morphologies of the prepared LIG electrodes were characterized by scanning electron microscope (SEM, SU8000, Hitachi, Japan). The morphologies and structures of the LIG nanomaterials were examined by transmission electron microscope (TEM, Tecnai F30 G2 STWIN 300 kV, Hillsboro, OR, USA). Elemental analysis of C, N, and O was performed with energy dispersive X-ray spectroscopy (EDS, EDAX TEAM™, DE, USA). Raman spectroscopy was performed using a Thermo Scientific DXR2 microscope (Waltham, MA, USA). Powder X-ray diffraction (XRD) patterns were made with an X-ray diffractometer (Rigku SmartLab, Tokyo, Japan) using Cu-Ka radiation. Thermogravimetric analysis (TGA, STA 449C Netzsch, Selb, Germany) was used to characterize the assembly effect of laccase on LIG. The LIG nanomaterials were scraped off from the work area of the LIG and LIG/Lac electrodes for TEM, XRD, Raman spectroscopy, and TGA characterization.





3. Results and Discussion


3.1. LIG/Lac-Based GA Sensor


The strategy of the GA sensor based on LIG/Lac electrode shows in Scheme 1. Firstly, the classical three-electrode system of LIG electrodes was prepared using single-step direct laser writing from commercial PI film. The portable and cheap laser can easily realize the graphitization of PI film surface with 450 nm. The whole preparation process is green and environmentally friendly without any chemical reagent. Under optimized lasing conditions, the LIG electrode was produced, ensuring structural integrity on the PI substrate and excellent conductivity and stability. Then, laccase was covalently crosslinked to the surface of WE based on LIG’s excellent hydrophilicity and high oxygen content. The excellent hydrophilicity and high oxygen content of LIG was beneficial for the glutaraldehyde-mediated covalent immobilization of laccase on the surface of LIG electrode to construct an amperometric enzyme biosensor for GA. The immobilization of the enzymes on the electrode surfaces is an important step in the preparation of the biosensor, as it preserves the enzymatic activity and designs efficient pathways for electron transfer between the immobilized enzyme and the electrode surface [34]. The direct cross-linking of laccase makes the electrode modification process very convenient, indicating that the LIG/Lac-based GA sensor possess a highly valuable application.




3.2. Characterization of LIG


The SEM was used to represent the micromorphology of LIG electrode. As shown in Figure 1A, the SEM image of the LIG electrode reveals a spatial mesh structure with a large specific surface area and adhesion to each other, which are the inherent characteristic of the graphene electrode with good electrical conductivity. The TEM was used to characterize the microstructural information of the prepared LIG. As can be seen from Figure 1B, the sheet layer structure and a large number of folds were on the surface of LIG, which can increase the specific surface area of the LIG-based electrode. Then, the EDS was used to determine the chemical composition of the LIG. As shown in Figure 1C,D, the content of C, N, and O elements were 96%, 1%, and 3%, respectively. Although the remaining oxygen components of LIG always decrease its conductivity, likely weakening the signal strength of graphene biosensor, they improve its hydrophilicity and provide active sites for functionalization [11], which is a benefit for covalent crosslinking with laccase through glutaraldehyde. The water contact angle test demonstrated that the LIG exhibited good hydrophilicity with a contact angle of 76.8° (Figure 1E). The contact angle increased to 128.5° (Figure 1F), indicating that the hydrophilicity of the LIG/Lac surfaces was decreased with the Lac modification. This phenomenon can be ascribed to the low water solubility of laccase. The results also proved that laccase was successfully modified to the LIG electrode surface.



Raman spectra further investigated the formation of the graphitic structure of the LIG. Three typical features of graphene appeared on the spectra as shown in Figure 2A. The D peak at 1333 cm−1 suggested a significant number of sp3 centers in the LIG due to structural edge defects and oxygen-containing groups [12]. The G-band at 1570 cm−1 was induced by an E2g mode of graphite associated with the stretching motion of sp2 carbon atoms, and the 2D band at 2665 cm−1 was originated from the second order of zone-boundary phonons [35]. The shift G and 2D peaks and the wide 2D band suggested that the LIG contained only a few layers of graphene [36]. The ratio I2D/IG calculated from Figure 2A was less than 1, indicating the formation of multilayer graphene on the LIG [37]. Figure 2B shows the XRD patterns of the LIG. The typical (002) peak at 25.9° corresponding to d-spacing of ~0.34 nm [38], and the peak at 43.2° associated with the (100) graphitic crystal phase demonstrated the presence of graphitic structure on the LIG.



TGA can be effectively used for measuring a material’s weight loss at particular temperatures. The TGA curves of LIG and LIG/Lac nanocomposites scraped off from the surface of LIG, and LIG/Lac electrodes were presented in the temperature range from ∼30 °C up to 800 °C. As shown in Figure 2C, the weight loss rate of LIG nanomaterials was ∼8%. That was mainly because the O and N contained in the LIG materials were removed under high temperature except for about 3% moisture, which was approximately in agreement with the result of the EDS analysis. In addition, the weight loss rate of LIG/Lac nanomaterials was ∼40%, which was obviously higher than the bare LIG, can be mainly attributed to the loss of laccase in the nanocomposites and also indicated that laccase has been successfully modified onto the LIG electrode.



The electrochemical performance of the prepared LIG and LIG/Lac electrodes were thoroughly investigated in order to verify the effect of laccase modification on the modified electrodes. The electrochemical activity of LIG and LIG/Lac electrodes in K3[Fe (CN)6] solution was carried out by CV. Figure 2D revealed that the LIG electrode showed excellent electrochemical activity with a pair of the reversible curve and redox peaks, primarily due to the mesoporous honeycomb structure and good conductivity of the prepared LIG. After being modified with laccase, the redox peak current produced by LIG/Lac electrode decreased compared to the LIG electrode, indicating that laccase, as an electrically inert biomacromolecule, was successfully assembled on the LIG electrode surface. Nevertheless, the LIG/Lac electrode exhibited well-defined quasi-reversible redox. The result demonstrated that the LIG/Lac electrode still has good electrochemical activity, which was conducive to GA sensing.




3.3. Optimization of Laccase Dosage


The laccase dosage was investigated to ensure that the laccase was thoroughly and effectively immobilized on the electrode surface. Laccase with different concentrations was immobilized on the electrode surface by glutaraldehyde. The current signals were obtained by chronoamperometric analysis on the LIG/Lac electrode for the GA sensor. As seen in Figure 3, the currents increased gradually with the increase in laccase concentration. This phenomenon demonstrated that the assembly of laccase increased the current signal of the prepared sensor to GA, since the immobilized laccase have reached saturation when the laccase concentration increased to 2.0 mg/mL. Therefore, 2.0 mg/mL was selected as the optimized concentration of laccase in the experiment.




3.4. Chronoamperometry Determination


The Chronoamperometric analysis of the LIG and LIG/Lac electrodes was tested towards different GA concentrations. To perform the amperometric measurements, 50 μL of 10 mmol/L PBS (pH 4.0) were dropped on the surface of LIG and LIG/Lac electrodes for complete coverage of three electrodes. Increasing concentrations of GA were incrementally added on the same electrode in the range from 0.1 to 20 mmol/L, and the current signals were recorded every 60 s.



As shown in Figure 4, the i-t current signals based on the LIG and LIG/Lac electrodes increased with the increase in GA concentration by applying a constant potential at 0.4 V (Figure 4A) and 0.5 V (Figure 4C), respectively. Figure 4B (0.4 V) and Figure 4D (0.5 V) show that the recorded current signals increased linearly with the GA concentration range from 0.1 to 20 mmol/L. It is easy to see that both LIG and LIG/Lac electrodes realized effective GA sensing with good linearity and sensitivity. However, the LIG/Lac electrode demonstrated a better current response to GA than the LIG electrode, indicating that the determination sensitivity was effectively improved by the assembly of laccase on the LIG electrode. Compared with the LIG electrode, although the laccase modified electrode hindered the electron transfer on the electrode surface (Figure 2D), it showed a sensitive chronoamperometric response to GA, which proved that laccase had excellent catalytic activity to GA (Figure 4B,D). The better determination sensitivity for the LIG/Lac electrode proved that laccase maintained its good biological activity and played an essential role in catalyzing GA.



In addition, considering that the current signals showed significant differences between the LIG and LIG/Lac electrodes when the applied potential was at 0.5 V, the constant voltage of 0.4 V was selected for chronoamperometry analysis. In addition, the linear relationship of LIG and LIG/Lac electrodes for GA analysis in the range of 0.1–20 mmol/L were shown in Table 1. The large slope of the linear regression line at 0.4 V for the LIG/Lac electrode reflected its good sensitivity for GA analysis. The detection limit is 0.07 mmol/L, which is comparable to that of other electrochemical sensors. From Figure 2D, it can be seen that the modification of laccase hinders electron transfer on the electrode surface. However, from Table 1, it can be seen that the modification of laccase improves the sensitivity of GA detection. Although the slope increase is not significant compared to the LIG electrode, this is due to the oriented catalysis of laccase. LIG has a certain response to substances with oxidation–reduction properties, which belong to non-specific reactions. Therefore, selectivity and actual sample analysis are key indicators for evaluating sensor performance.




3.5. Interferences Study and Matrix Effect


To investigate the selectivity of the prepared GA sensor, the effect of the common coexistence of species, such as glucose, galactose, lactobionic acid, and arginine, were selected as the interferences to assess the selectivity of the prepared biosensor towards GA. As shown in Figure 5A, there were no significant current responses to the potential interfering substances in the presence of GA, which indicated that the LIG/Lac electrode exhibited high selectivity towards GA.



In addition, considering that the present laccase-based biosensors might suffer from interferents in fluid body samples, potentially actual samples such as urine, serum, and sweat were investigated to evaluate the effect of the sample matrixes on the analytical results. Using the method of standard additions, high, medium, and low concentrations of GA were gradually added to the artificial urine, FBS, and artificial sweat solutions which were 1:1 diluted by 0.1 mol/L PBS (pH 4.0). As shown in Figure 5B, the current responses among the three matrixes were significantly lower. With the increase in GA added concentration, the current responses increased accordingly. Good current signals were generated by high, medium, and low concentrations of GA in the urine, serum, and sweat solutions indicating that the performance of the GA sensor was not significantly affected by the sample matrix (Figure 5C). Recovery rates were determined by spiking three types of body fluids with 5, 10, and 20 mmol/L. Table 2 displays the GA recoveries in body fluids. Results showed that the recoveries ranged from 69.85% to 114.05%, with coefficients of variation from 2.5 to 7.1%. All the above results indicated that the constructed GA sensor was a feasible method for analyzing GA in real samples without significant matrix interference.




3.6. Regeneration and Storage Stability Studies


Regeneration is an essential property for the application of the GA sensor. After GA determination, the sensor regeneration was carried out by reusing the eluted LIG/Lac electrode. As reported in Figure 6A, the current change toward GA sensing was reduced slightly, possibly due to the gradual inactivation of laccase during repeated electrochemical determination. Nevertheless, good current responses were still retained after nine times of regeneration. Nearly 90% of the laccase activity was retained after five consecutive measurements, and the current signal decreased slightly to about 80% and 70% after seven and nine measurements, respectively. The long-term storage stability of the LIG/Lac electrode for the GA sensor was also evaluated by measuring the current response to 5 mmol/L GA for eight days under sealed storage at 4 ºC. As shown in Figure 6B, the GA sensor retained about 82% of its initial response after eight days of storage. The excellent regeneration and long-term stability highlight the extensive application prospect of the prepared GA sensor.



Table 3 compares the performance characteristics of different GA electrochemical sensors. As can be seen in Table 3, the modification process for most methods is complex and tends to be more time-consuming and costly. Compared with other methods, our work shows a series of advantages, such as simple and convenient operation, low cost, excellent selectivity, good stability, and regeneration, indicating its some potential applications in GA assays.





4. Conclusions


This work presented a simple, rapid, and easy electrochemical sensor for GA determination based on LIG/lac electrodes. The integrated LIG electrode with a classical three-electrode system was successfully fabricated by one-step direct laser writing over a PI film. Surface modification of LIG-based electrodes with laccase through covalent crosslinking of glutaraldehyde provides a bio-recognition element for high selectivity of GA determination. Under the optimum conditions, the LIG/lac sensor showed excellent catalytic activity toward GA and exhibited a linear GA determination range from 0.1 to 20 mmol/L with high sensitivity. Additionally, the biosensor displayed high specificity for GA, both in pure and coexistence of the common interfering species, and effectively discriminated interferents in potentially actual samples (e.g., urine, serum, sweat). The method’s applicability was also demonstrated by studying regeneration and storage stability. The results show that the biosensor had a good regeneration performance after seven measurements and long-term storage stability within eight days. Overall, the constructed electrochemical sensor offers a simple, portable, economical, specific, and accurate tool for GA determination in complex biological samples.
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Scheme 1. Structure of the LIG electrode and the electrocatalytic action of laccase. 
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Figure 1. Characterizations of LIG. (A) SEM; (B) TEM; (C) EDS images; (D) the content of C, N, and O elements of LIG; and images of contact angle tests of (E) LIG-based electrode; (F) LIG/Lac electrode. 
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Figure 2. Characterizations of LIG. (A) Raman, (B) XRD of LIG, (C) TG analysis of LIG and LIG/Lac nanomaterials, (D) Electrochemical analysis of LIG and LIG/Lac electrodes in 5 mmol/L K3[Fe(CN)6] containing 0.1 M KCl, scan rate: 0.1 V∙s−1. 
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Figure 3. Curve of currents changed with laccase dosage. Applied potential is 0.4 V vs. Ag/AgCl. 10 mmol/L PBS at pH 4.0. GA concentration: 5.0 mmol/L. 
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Figure 4. The Chronoamperometric records of LIG and LIG/Lac electrodes after the addition of increasing amounts of GA (A,C) and corresponding calibration plot (B,D). Applied potential is 0.4 V vs. Ag/AgCl (A,B) and 0.5 V (C,D). Number of repetitions is n = 3. 10 mmol/L PBS at pH 4.0. The order of GA adding concentration: 0, 0.1, 1.0, 2.0, 5.0, 10, 20 mmol/L. 
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Figure 5. (A) Interferent study of the LIG/Lac electrode after addition of 5.0 mmol/L glucose, galactose, lactobionic acid, arginine, and GA in turn. Applied potential is 0.4 V vs. Ag/AgCl; Measurement volume 50 μL 0.1 mol/L PBS at pH 4.0, adding volume 10 μL. (B) i-t curves, and (C) matrix effect for GA determination using LIG/Lac electrode in body fluid samples. Applied potential 0.4 V, n = 3. Measurement volume: 50 μL; Real samples were diluted 1:2 with 0.1 M PBS pH 4.0. 
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Figure 6. Reproducibility (A) and stability (B) of the LIG/Lac electrode for GA sensing. Applied potential 0.4 V vs. Ag/AgCl, n = 3. 0.1 M PBS pH 4.0. GA concentration: 5.0 mmol/L. 
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Table 1. The linear relationship of LIG and LIG/Lac electrodes for GA analysis.
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Electrodes

	
Potential

(V)

	
Linear Equation

	
Linear Range mmol/L

	
Coefficient of Determination (R2)






	
LIG

	
0.4

	
y = 4.42x + 1.01

	
0.1–20

	
0.9982




	
LIG/Lac

	
y = 5.75x + 3.94

	
0.9877




	
LIG

	
0.5

	
y = 4.64x + 2.31

	
0.9906




	
LIG/Lac

	
y = 5.33x + 2.85

	
0.9922
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Table 2. Analysis of GA recoveries in body fluids.
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Samples

	
Added Concentration (mmol/L)

	
Found Current

(μA)

	
Recoveries

(%)






	
Urine

	
0

	
0.49

	
-




	
5

	
27.59

	
92.18




	
10

	
78.27

	
114.05




	
20

	
124.2

	
111.01




	
Serum

	
0

	
0.59

	
-




	
5

	
21.12

	
69.85




	
10

	
52.56

	
76.21




	
20

	
115.6

	
103.21




	
Sweat

	
0

	
1.35

	
-




	
5

	
28.75

	
93.20




	
10

	
67.93

	
97.62




	
20

	
112.9

	
100.10




	
PBS

	
0

	
2.86

	
-




	
5

	
32.26

	
-




	
10

	
71.06

	
-




	
20

	
114.29

	
-
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Table 3. The comparison of electrochemical sensors for determination of GA.
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	Ref.
	Electrode
	Modified Materials
	Determination Method
	Linear Range
	Detection Limit
	Merits
	Shortcoming





	[22]
	Screen printed carbon electrode
	No
	DPV *
	0.1–2.0 mmol/L
	0.049 mmol/L

(Depending on pH)
	Real samples: wine, green tea, apple juice and serum fortified with GA; Low response time; Established conditions of pH; Convenient operation
	No stability and regeneration tests



	[15]
	Paraffin wax impregnated graphite electrode
	Thionine + nickel hexacyanoferrate
	DPV
	4.99 × 10−6–1.20 × 10−3 mol/L
	4.99×10−6 mmol/L
	Good stability and reproducibility; Excellent sensitivity; Tea sample analysis
	Complex electrode modification process



	[39]
	Glassy carbon electrode
	Graphene oxide nanocolloids and SiO2-nanoparicles
	DPV
	6.25 × 10−6–1.0 × 10−3 mmol/L
	2.09 × 10−6 mol/L
	Good stability and reproducibility; Excellent sensitivity; Analyzing red wine, white wine and orange juice,
	Complex material preparation



	[40]
	Glassy carbon electrode
	zirconium fumarate metal-organic framework and mesoporous carbon composite
	DPV
	0.2–5 and 5–100 μmol/L
	0.15 μmol/L
	Comparable sensitivity and selectivity; Wider linear range; Satisfactory reproducibility and Long -term stability; green tea sample analysis
	Complex material preparation



	This work
	LIG electrode
	Lac
	Chronoam-perometry
	0.1–20 mmol/L
	0.07 mmol/L
	Flexibility; Simple and convenient operation; Low cost; Good stability and regeneration; Excellent selectivity; Analyzing complex biological samples
	Competitive sensitivity







* DPV: Differential Pulse Voltammetry.
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