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Abstract: 

The interfacial electron transfer of glucose oxidase (GOx) on a poly-(glutamic 

acid)-modified glassy carbon electrode (PGA/GCE) was investigated. The redox 

peaks measured for GOx and flavin adenine dinucleotide (FAD) are similar, and the 

anodic peak of GOx does not increase in the presence of glucose in a mediator-free 

solution. These indicate that the electroactivity of GOx is not the direct electron 

transfer (DET) between the GOx and PGA/GCE, and the observed electroactivity of 

GOx is ascribed to free FAD which is released from GOx. However, efficient electron 

transfer occurred if an appropriate mediator was placed in solution suggesting that the 

GOx is active. The PGA/GCE based biosensor showed wide linear response in the 

range of 0.5 – 5.5 mM with a low detection limit of 0.12 mM and high sensitivity and 

selectivity for measuring glucose.  

Keywords: Poly-(glutamic acid)-modified electrode, Glucose oxidase, Interfacial 

electron transfer, Glucose sensing. 
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1. Introduction 

Glucose oxidase (GOx) has been extensively used to detect the blood glucose 

levels in diabetics due to its high catalytic ability in glucose oxidation. It enables the 

electron to transfer from glucose to glucolactone [1]. Since Clark and Lyons firstly 

proposed the concept of GOx electrode in 1962 [2], researchers have paid great 

attention to the development of glucose sensors based on the GOx electrodes [3-9]. 

However, the direct electron transfer between the GOx and electrode surface is 

difficult to be achieved because the electro-active centers of the GOx are deeply 

embedded within the protein shells [10]. So, to study of electron transfer between the 

GOx and electrode surface is considered to be the prerequisite for designing glucose 

sensor [11]. In the first and second-generation glucose sensors, the electron transfer 

between the GOx and electrode surface was realized through electron acceptors, such 

as oxygen, ferrocene derivatives, ferricyanide, p-Acetamidophenol and quinone 

compounds [12, 13]. Now, many attempts have been made to realize the direct 

electron transfer (DET) of GOx on the electrode. In this case, it can eliminate the 

mediator and develop a third-generation glucose sensor with a low operating potential, 

which is close to that of the redox potential of the enzyme [3].  

However, the DET is not a common phenomenon. The DET-based glucose 

sensor has also been controversial since it depends on the specific conditions and 

setups of the experiments [14, 15]. Despite a large number of publications suggesting 

that the GOx can undergo DET on modified electrodes, such as ZnO nanotubes [16], 

nanostructured gold [17], carbon ionic liquid electrode [18], mesoporous carbon 
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FDU-15 [19], carbon paste [20, 21], graphene modified electrode [10, 22-24], carbon 

nanotubes [25-27], three-dimensional porous zirconium phosphate–carbon aerogel 

composite [28], TiO2–graphene/nickel oxide nanocomposite [29], multi-walled carbon 

nanotubes/gold nanorods composite modified electrode [30]̍ multi-walled carbon 

nanotubes synthesized on platinum electrode[31] and poly-phenanthroline modified 

glassy carbon electrode [32]. But, there is only a little of publications[31] which 

undergoing the DET. On the most of above researches, the DET does not occur and 

the electron acceptors were also used for the sensor fabricating [14, 15]. 

Glutamic acid is a well-known amino acid, which can be easily 

electropolymerized on electrode surface to form a poly-(glutamic acid) (PGA) film 

[33]. PGA polymer can not only provide the conducting bridges but also promote the 

electron transfer [34-36]. In this study, the interfacial electron transfer of GOx on a 

PGA-modified glassy carbon electrode (PGA/GCE) and glucose sensing were 

investigated. Our results show that the electroactivity of GOx is not the DET between 

active GOx and PGA/GCE. The anodic peak of GOx does not increase in the presence 

of glucose in a mediator-free solution. However, the efficient electron transfer 

occurred if an appropriate electron mediator (quinhydrone or oxygen) was placed in 

solution. 

2. Experimental 

2.1 Apparatus 

CHI660D Electrochemical Workstation (Shanghai Chenhua Instruments, 

Shanghai, China) was used for electrochemical measurements. The working electrode 
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was a glassy carbon electrode (GCE) with a diameter of 3.0 mm, the auxiliary 

electrode was a platinum wire and the reference electrode was a saturated calomel 

electrode (SCE). 

2.2 Chemicals 

Flavin adenine dinucleotide disodium salt hydrate (ı95%), glucose oxidase 

(Type X-S from Aspergillus niger 100000−250000 U/g) were purchased from 

Sigma-Aldrich. All other reagents were bought from local commercial sources with 

analytical grade. 0.2 M Na2HPO4 and 0.2 M NaH2PO4 solutions were mixed to form a 

phosphate buffer solution (0.2 M). Distilled water was used for preparation of all 

solutions and washing. Both standard and buffer solutions were kept in a refrigerator 

at 4 ć. 

2.3 Preparation of modified electrodes  

The PGA/GCE was constructed by electropolymerization of glutamic acid on the 

surface of GCE in a solution which contains 0.01 M glutamic acid and 0.1 M 

phosphate buffer solution (pH = 7.0) by potentiodynamic conditions (12 cycles) in the 

potential range from -0.5 to 2.0 V at a scan rate of 100 mV s−1 [37]. After 

electropolymerization, the PGA/GCE was washed with distilled water to remove 

residual monomer. The Cs-GOx-PGA/GCE was prepared by drop casting 2 µL GOx 

solution (10 mg mL-1) on the PGA/GCE surface. Subsequently, 2 µL of chitosan (Cs) 

solutions (0.1%, w %) was dropped on the surface of modified electrode to avoid 

shedding of bound GOx and dried at room temperature. The Cs-FAD-PGA/GCE was 

prepared by drop casting 2 µL flavin adenine dinucleotide (FAD) solution (10 µM) on 
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the PGA/GCE surface. Then, 2 µL of chitosan (Cs) solutions (0.1%, w %) was 

dropped on the surface of modified electrode and dried at room temperature. They 

were stored at 4 °C before further experiments. 

3. Results and discussion 

3.1 Interfacial electron transfer of GOx on PGA/GCE 

Fig. 1 shows cyclic voltammograms (CVs) of different electrodes in a 0.2 M 

nitrogen-saturated phosphate buffer solution (pH = 7.0) at a scan rate of 0.1 V s-1. No 

obvious redox peak was observed when the PGA/GCE was employed (Fig. 1 curve a). 

A pair of current peaks was observed when the Cs-GOx-PGA/GCE and 

Cs-FAD-PGA/GCE were employed (Fig. 1 curve b and c). Compared with the CVs of 

the Cs-GOx-PGA/GCE and Cs-FAD-PGA/GCE, it is found that the redox peaks of 

them are similar. This suggests that the observed electroactivity of the adsorbed GOx 

is ascribed to free FAD which is released from GOx [14]. Typically, when the GOx is 

adsorbed on an electrode some of it denatures, releasing FAD [15].  

In order to further confirm the interfacial electron transfer of GOx on PGA/GCE, 

Fig. 2A shows CVs of the Cs-GOx-PGA/GCE in 0.2 M nitrogen-saturated phosphate 

buffer solutions (pH = 7.0) with successively adding glucose. It can be seen that the 

addition of glucose to a nitrogen-saturated solution had no effect on the electroactivity 

of the Cs-GOx-PGA/GCE, even at a relatively high glucose concentration (5 mM). If 

the DET occurs, GOx will oxidize glucose and be directly recycled at the electrode 

surface with no need for any mediator. The glucose should spontaneously reduce FAD, 

making the reduction peak current decrease, and the oxidation peak current increase. 
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The lack of sensitivity to glucose clearly indicated that the current peaks at -0.50 V 

were due to the electroactivity of free FAD that is released from GOx [14]. Even 

though no change is observed, the GOx is still active and can be verified if an electron 

mediator is present. Fig. 2B shows the CVs of Cs-GOx-PGA/GCE in 0.2 M 

air-saturated phosphate buffer solutions (pH = 7.0) without and with the addition of 

various concentrations of glucose at a scan rate of 0.1 V s-1. The addition of glucose to 

an air-saturated solution resulted in the shift of the entire voltammogram toward lower 

cathodic currents. The shift was ascribed to the decrease of O2 reduction current due 

to the depletion of O2 in a biosensor by the mediated enzymatic process. In addition, 

the shift did not affect the background-corrected current peaks at −0.5 V. It indicates 

that the FAD peak does not change and the DET is not occurring between GOx and 

PGA/GCE. This phenomenon can be further verified by using quinhydrone (QH) as 

electron mediator. Fig. 2C shows CVs of Cs-GOx-PGA/GCE in 0.2 M 

nitrogen-saturated phosphate buffer solutions (pH = 7.0) containing 0.3 mM QH at a 

scan rate of 0.1 V s-1 before and after successively adding 0.5 mM glucose. It can be 

seen that a pair of well-defined redox peaks occurred (curve a) in the absence of 

glucose. The peaks correspond to the redox reaction of QH. An increase in anodic 

peak current and decrease in cathodic peak current were observed with the addition of 

glucose (curve b - i). It is ascribed to the interaction between QH and GOx(FADH2), 

which was formed in catalytic reaction. This can be explained by the equations (1 - 3):   

toneGluconolac )GOx(FADH Glucose  GOx(FAD) 2 +→+                (1) 

)H(H  GOx(FAD) H )GOx(FADH 22 QQ +→+                          (2) 
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+++→ 2H 2e  H )H(H -
2 QQ                                         (3) 

Figure 2D and E display CVs of the Cs-FAD-PGA/GCE in phosphate buffer solutions 

containing different electron mediator before and after successively adding 0.5 mM 

glucose, which do not show enzymatic activity as a function of the glucose 

concentration in the presence of air or QH. 

The effect of scan rate on the peak currents of the Cs-GOx-PGA/GCE and 

Cs-FAD-PGA/GCE is shown in Fig. 3. The anodic and cathodic peak currents of the 

Cs-GOx-PGA/GCE increased linearly when the scan rate was increased from 0.02 to 

0.7 V s-1 (as shown in Fig. 3C), which is a characteristic of a surface-controlled 

process. The electron-transfer-rate constant (ks) of of the Cs-GOx-PGA/GCE can be 

estimated using the Laviron’s model [38]. Plots of the Epa and Epc vs. the logarithm of 

the scan rates produce two straight lines with slopes of 2.3RT/(1−α)nF and 

−2.3RT/αnF at high scan rates (Fig. 3E). From the slopes, α is estimated to be 0.44. 

The average electron transfer rate constant ks of the Cs-GOx-PGA/GCE was estimated 

to be 11.0 s-1 by using the formula [38] below: 

RT

mnFv
 k s =                            (4) 

Here m is a parameter related to the peak-to-peak separation, F is Faraday’s constant, 

R is the gas constant, T is the temperature, n is the number of electrons transferred, 

and v is the scan rate. The anodic and cathodic peak currents of the 

Cs-FAD-PGA/GCE also increased linearly when the scan rate was increased from 

0.02 to 0.7 V s-1 (as shown in Fig. 3D). The average electron transfer rate constant ks 

of the Cs-FAD-PGA/GCE was estimated to be 10.7 s-1 when the above method was 
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employed. The obtained value is larger than these values observed for GOx 

immobilized on some other materials [18, 21, 32]. 

In order to determine the effect of pH value on the Cs-GOx-PGA/GCE and 

Cs-FAD-PGA/GCE, the CVs were recorded in a 0.2 M nitrogen-saturated phosphate 

buffer solutions at different pH values (Fig. 4). It is found that the E0 of 

Cs-GOx-PGA/GCE and Cs-FAD-PGA/GCE has a linear relativity to the buffer pH 

values with a slope of 58.4 and 58.0 mV/pH, respectively (Fig. 4C and D). These 

values are basically the same as the theoretical value of 58.6 mV/pH [39] with 

two-electron and two-proton transportation. 

These results indicate that the electroactivity of GOx is not the direct electron 

transfer (DET) between the GOx and PGA/GCE, and the observed electroactivity of 

GOx is ascribed to free FAD which is released from GOx. The GOx molecules 

immobilized on PGA/GCE still maintain its catalytic activity towards glucose 

oxidation. Similar phenomenon at other modified electrodes has been recently 

reported [14, 15]. 

3.2 Mediated Detection of Glucose at the Cs-GOx-PGA/GCE based biosensor  

Based on the above results, the DET from enzyme-active FAD on the 

Cs-GOx-PGA/GCE is not observed when the glucose is added to a mediator-free 

solution. So, an appropriate electron mediator must be placed in solution in the case of 

glucose detection. Oxygen is a natural electron mediator. In the first generation of 

glucose sensor, the electron transfer between the GOx and electrode surface was 

realized through oxygen. This kind of biosensor may involve the following reactions: 
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toneGluconolac )GOx(FADH  Glucose  GOx(FAD) 2 +→+                (5) 

2222 OH  GOx(FAD) O  )GOx(FADH +→+                            (6) 

+++→ 2H 2e  O OH -
222                                           (7) 

The concentration of glucose was determined by the oxidation of H2O2 that was 

produced by the sequence of reaction 7.  

In this study, the concentration of glucose was determined by the decrease in O2 

reduction current in air-saturated solution. According to the reaction Equations 5 and 

6, there is a linear relationship between the amount of glucose and consumed O2. So, 

it is possible to fabricate an amperometric glucose biosensor in which the decrease of 

concentration of dissolved O2 is monitored to indicate the concentration of glucose [3]. 

The O2 consumption can be detected by the electrode according to the following 

Equation̟  

O2H 4e 4HO 2
-

2 →++ +                                           (8) 

Fig. 5 displays the amperometric response of the Cs-GOx-PGA/GCE in 0.2 M 

air-saturated phosphate buffer solutions (pH = 7.0) at the different applied potential 

with consecutive addition of 0.5 mM glucose. The current response to glucose is 

increasing with the decrease of the applied potential, but the i-t curve exhibits unclear 

step at high glucose concentration when the potential was applied at −0.4 V. Therefore, 

glucose measurements were performed at the potential of −0.35 V. 

The relation between current and glucose concentration under the optimized 

experimental conditions is illustrated in Fig. 6. The reduction peak current decreased 

after each addition of glucose to the stirred air-saturated phosphate buffer solutions. 
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The curve of the Cs-GOx-PGA/GCE exhibits clear steps with successive increase of 

the glucose concentration. However, the i-t curve of the Cs-GOx/GCE shows unclear 

steps in high glucose concentration. This indicates that the PGA precursor can protect 

denature of glucose oxidase. An enzyme binding directly on an electrode surface 

would be easily denatured in comparison with an enzyme binding on precursor 

modified electrode[40]. In addition, the PGA contains glutamate repeat units and free 

protonated carboxylic groups (pKa = 4.45) by linking the α-amino and δ-carboxylic 

acid functional groups [34], so it can not only provide the conducting bridges but also 

promote the electron transfer. The response current of the Cs-GOx-PGA/GCE is linear 

with respect to the glucose concentration in the range of 0.5 – 5.5 mM, with a 

regression coefficient of 0.998 and a detection limit of 0.12 mM (S/N = 3). From the 

slope, the sensitivity of the biosensor was calculated to be 2.13μA mM−1 cm−2. To 

demonstrate the advantages of the prepared Cs-GOx-PGA/GCE glucose sensor, we 

compared with the performance of the reported enzyme glucose sensors. As listed in 

Table 1, the applied potential, detection limit, linear calibration range and sensitivity 

for glucose determination at the Cs-GOx-PGA/GCE were comparable or even better 

than those obtained at several electrodes reported recently [6, 41-48]. In addition, the 

fabrication process of the Cs-GOx-PGA/GCE glucose sensor was simple and facile. 

The effect of possible interfering species such as uric acid (UA), fructose, 

p-acetamidophenol (AP) and ascorbic acid (AA) was also examined. The 

physiological level of glucose is at least 30 times higher than that of the interfering 

species [49]. Therefore, the interfering species were tested by adding a concentration 
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of 0.02 mM or 0.1 mM. Fig. 7 shows the response of the Cs-GOx-PGA/GCE to 

glucose upon addition of 0.5 mM fructose, 0.1 mM AA, 0.02 mM UA and 0.1 mM AP. 

It was observed that the response signals of fructose, AA, UA and AP are negligible 

for glucose determination at the Cs-GOx-PGA/GCE under the present conditions. 

These results suggest that the proposed Cs-GOx-PGA/GCE has high selectivity due to 

the low operating potential (−0.35 V).  

The operational stability of the Cs-GOx-PGA/GCE was examined by successive 

detection of 0.5 mM glucose for 5 times. The relative standard deviations (RSD) were 

found to be 2.8%. The performance of the Cs-GOx-PGA/GCE does not change 

obviously when it was placed at 4 ◦C in a refrigerator. After placing for three weeks, 

the current response still retains 90.5% of its initial current response. It demonstrates 

that the Cs-GOx-PGA/GCE shows good stability. 

Under the optimum conditions, glucose injection sample was selected for sample 

analysis using the standard addition method. Glucose injection samples (250 ml: 12.5 

g) were obtained from local hospital and diluted with 0.2 M PBS to fit into the linear 

range. A rapid and stable amperometric response was acquired at -0.35V with the 

addition of 100 µL of sample into 20.0 mL of 0.2 M PBS. After the current responses 

were determined, different concentration of glucose standard samples were 

successively added into the system for standard addition determination. The obtained 

results are shown in Table 2. The results show that the proposed sensor could be 

efficiently used for the determination of glucose in practical samples. 

4. Conclusions 
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The interfacial electron transfer of the GOx on PGA/GCE and glucose sensing 

were investigated by cyclic voltammetry and chronoamperomtery. The redox peaks 

measured for GOx and FAD are similar, and the anodic peak of GOx does not 

increase in the presence of glucose in a mediator-free solution. These indicate that the 

electroactivity of GOx is not DET between the GOx and PGA/GCE, and the observed 

electroactivity of GOx is from free FAD. However, the GOx is active, clearly shown 

if an electron mediator is employed. In the presence of oxygen, the 

Cs-GOx-PGA/GCE displays the desirable analytical performance with a wide linear 

range, low detection limit and excellent selectivity for measuring glucose. Therefore, 

the PGA/GCE is a good material which is promising for construction of enzyme 

biosensor and bioelectrochemical devices. 
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Tables: 

Table 1 Comparison of different enzymatic glucose sensors. 

Electrode material Sensitivity Linear range Detection limit 

GOx/Au-NPs/graphite [6] 101.02 µA mM−1cm-2 (0.3 V) 0.1–10.0 mM 0.083 mM 

GOx/Pt/FCNA/GCEa [41] 6.0 µA mM−1 (-0.08 V) 0.5–8.0 mM  0.3 mM  

GOx/Au nanorods/cellulose 

acetate [42] 

8.4 µA mM−1 cm-2 (0.4 V) 0.03–2.2 mM 0.02 mM 

Nafion/GOx/Ag-Pdop@CNT/G

CEb [43] 

3.1 µA mM−1 cm-2 (-0.5 V) 0.55–1.1 mM 0.017 mM 

GOx-CNTs-chitosan/GCEc [44] 7.36 µA mM−1 cm-2 (0.4 V) 0.0–7.8 mM Not applicable  

G–CdS–GOD/GCE [45] 1.74 µA mM−1 cm-2 (Not 

applicable) 

2–16 mM 0.7 mM 

GCE-red/GOx/Nafion [46] Not applicable (-0.29 V)  1–7 mM 0.1 mM 

GOx–CNTPEd [47] 11.3 µA mM−1 cm-2(-0.1 V) 0–25 mM 0.6 mM 

Graphene- GOx [48] 1.85 µA mM−1 cm-2(-0.44 V) 0.1–27 mM Not applicable 

This work 2.13 µA mM−1 cm-2 (-0.35 V) 0.5–5. 5 mM 0.12 mM 

a Flower-like carbon nanosheet aggregation 

b Polydopamine 

c Carbon nanotubes 

d Carbon nanotubes paste electrodes 
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Table 2 Determination of Glucose in glucose injection solution samples  

 

Sample Content / mM Added / mM Found / mM Recovery (%) RSD (%) 

1 1.386 0.25 1.642 102.4 3.05 

2 1.386 3.000 4.476 103.0 4.27 
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Figure captions 

Fig. 1 CVs of different electrodes in 0.2 M nitrogen-saturated phosphate buffer 

solutions (pH = 7.0) at a scan rate of 0.1 V s-1 (a=PGA/GCE, b=Cs-GOx-PGA/GCE; 

c=Cs-FAD-PGA/GCE). 

Fig. 2 (A) CVs of the Cs-GOx-PGA/GCE in 0.2 M nitrogen-saturated phosphate 

buffer solutions (pH = 7.0) at a scan rate of 0.1 V s-1 before (a) and after successively 

adding different concentration of glucose (b=0.5 mM, c=2 mM, d=5 mM). (B) CVs of 

the Cs-GOx-PGA/GCE in 0.2 M air-saturated phosphate buffer solutions (pH = 7.0) at 

a scan rate of 0.1 V s-1 before (a) and after successively adding 0.5 mM glucose (b - k). 

(C) CVs of the Cs-GOx-PGA/GCE in 0.2 M nitrogen-saturated phosphate buffer 

solutions (pH = 7.0) containing 0.3 mM quinhydrone at a scan rate of 0.1 V s-1 before 

(a) and after successively adding 0.5 mM glucose (b - i). (D) CVs of the 

Cs-FAD-PGA/GCE in 0.2 M air-saturated phosphate buffer solutions (pH = 7.0) at a 

scan rate of 0.1 V s-1 before (a) and after successively adding 0.5 mM glucose (b - d). 

(E) CVs of the Cs-FAD-PGA/GCE in 0.2 M nitrogen-saturated phosphate buffer 

solutions (pH = 7.0) containing 0.3 mM quinhydrone at a scan rate of 0.1 V s-1 before 

(a) and after successively adding 0.5 mM glucose (b - d). 

Fig. 3 CVs of the Cs-GOx-PGA/GCE (A) and Cs-FAD-PGA/GCE (B) in 0.2 M 

nitrogen-saturated phosphate buffer solutions (pH = 7.0) with the scan rate of 0.02 – 

0.7 V s-1. The linear dependence of anodic peak currents on the Cs-GOx-PGA/GCE 

(C) and Cs-FAD-PGA/GCE (D) vs. scan rate, and the relationship of the peak 

potential (Ep) vs. the logarithm of scan rate (E). 
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Fig. 4 CVs of the Cs-GOx-PGA/GCE (A) and Cs-FAD-PGA/GCE (B) in 0.2 M 

nitrogen-saturated phosphate buffer solutions at different pH values with a scan rate 

of 0.1 V s-1 (a–e: 8.0, 7.5, 7.0, 6.5 and 6.0). The linear dependence of E0 on the 

Cs-GOx-PGA/GCE (C) and Cs-FAD-PGA/GCE (D) vs. pH. 

Fig. 5 The amperometric response of the Cs-GOx-PGA/GCE in 0.2 M air-saturated 

phosphate buffer solutions (pH = 7.0) at the different applied potential with 

consecutive addition of 0.5 mM glucose (a: - 0.3 V, b: - 0.35 V, c: - 0.4 V). 

Fig. 6 (A) The amperometric response of the Cs-GOx/GCE (a) and 

Cs-GOx-PGA/GCE (b) in 0.2 M air-saturated phosphate buffer solutions (pH = 7.0) at 

-0.35 V with consecutive addition of 0.5 mM glucose; (B) The corresponding 

calibration curves of the response current on the Cs-GOx-PGA/GCE vs. glucose 

concentration. 

Fig. 7 Amperometric response of Cs-GOx-PGA/GCE successive addition of 0.50 mM 

glucose (a), 0.50 mM fructose (b), 0.1 mM AA (c), 0.02 mM UA (d), 0.1 mM AP (e), 

0.50 mM glucose (f) in 0.2 M air-saturated phosphate buffer solutions (pH = 7.0) at 

-0.35 V. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 27

 Fig. 5 
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Fig. 6 
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Fig. 7 

 

 

 

 


