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AMPEROMETRIC GLUCOSE BIOSENSORS BASED ON 

FUNCTIONALIZED ELECTROCHEMICALLY REDUCED 

GRAPHENE OXIDE 
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In the present work we report a new strategy to create glucose amperometric 

biosensors with improved analytical characteristics using graphene as support for 

glucose oxidase. First, a reduced graphene oxide film was obtained on the glassy 

carbon electrode surface by direct electrochemical reduction of graphene oxide 

from a suspension in water. For facilitating the oxidation of the enzymatically 

generated H2O2, in a second step, Pt nanoparticles were electrodeposited on the 

graphene modified electrodes. The obtained biosensors showed good analytical 

performances in terms of high sensitivity and wide linear range. 

Keywords: glucose amperometric biosensor, electrochemically reduced graphene 

oxide, glucose oxidase, aryl diazonium salts 

1. Introduction 

 The recent trend in the biosensors field is the use of modified electrodes to 

enable wider detection ranges, increased detection sensitivity and to eliminate the 

influence of interfering chemical species. In this context, electrochemical 

biosensors based on nanomaterials have attracted much attention lately. 

Graphene is now positioned among the top-ranked novel materials which show 

potential to open new perspectives in the field of biosensing devices. The 

application of graphen in electrochemical biosensors proved to be a great success, 

both because of the inherent properties of graphene, but also due to recent 

improvements in the synthesis and manufacture of functional graphene. Unlike 
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other carbon nanomaterials (e.g. carbon nanotubes) the superior performance of 

graphene in this field can be attributed to [1-3]: surface availability for a higher 

degree of functionalization; higher chemical reactivity; higher electrical 

conductivity, good biocompatibility and the possibility of synthesis with minimal 

cost using graphite as raw material and without introducing metallic impurities. In 

addition, its electrocatalytic action diminishes the overpotential associated to the 

reduction and/or oxidation of many electroactive compounds, minimizing the 

interferences that occur in real samples [4]. As electrode modifiers both graphene 

oxide (GO) and reduced graphene oxide (RGO) have been used. There are 

numerous studies stating that the GO, having a large specific surface area and 

numerous functional groups, is an ideal substrate for immobilizing enzymes [5,6]. 

However, recent studies have shown that the immobilization of enzymes using the 

electrostatic interaction as the driving force for enzyme binding to GO severely 

affected the activity of the enzyme and also the stability of enzymatic electrode is 

not good enough for practical applications. Also, an inherent disadvantage is the 

lack of GO electrical conductivity. Most of the electrochemical biosensors based 

on graphene materials reported in the literature have been developed for the 

glucose detection and used chemically reduced graphene oxide as a nanomaterial. 

The chemical reduction method has some disadvantages, such as contamination of 

the resulting product and the difficulty to obtain stable aqueous dispersions [7].  

 Electrochemically reduced graphene oxide (ERGO) is a promising 

candidate for enzyme immobilization. It was proved that the interaction between 

the enzyme and immobilization matrix is a critical factor for the amount of 

surface-bound enzyme, enzyme activity and stability [8]. The electrochemical 

method is a fast and environmentally friendly process that allows both preparation 

of a product without contaminants, but also a good control over its degree of 

reduction and its direct deposition on the surface of the electrode. 

Biosensors based on glucose oxidase (GOx) for glucose sensing continue 

to be the primary model system in the development of new sensing materials and 

methods [13,14]. GOx contains a flavin group (FAD) redox center, which 

catalyzes the oxidation of glucose to glucolactone. The glucose concentration can 

be determined by measuring the oxidation current of hydrogen peroxide (H2O2), a 

side product of the enzymatic reaction.  

 In most graphene-based electrochemical sensors, GO-modified electrodes 

have been fabricated by drop casting GO dispersions onto the surface of various 

electrode materials such as Pt [9], Au [10] and glassy carbon (GC) [11]. In our 

approach, a reduced graphene oxide (RGO) film is first deposited on the 

electrode, by direct electrochemical reduction of graphene oxide at the glassy 

carbon surface. In order to facilitate the oxidation of the enzymatically generated 

H2O2, a second step consists in the electrochemical deposition of Pt nanoparticles 

on the ERGO/GC electrodes, as previous studies have shown that the oxidation of 
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H2O2 is favored on oxidized Pt surfaces [12]. The third step consists of the 

functionalization of Pt/ERGO/GC with carboxyphenyl groups by the 

electrochemical reduction of the corresponding aryl diazonium salt. The carboxyl 

functionalities allow the covalent attachment of GOx using standard carbodiimide 

chemistry. 

The present work describes the construction and application of ERGO-

based glucose biosensors which combine the advantageous features of graphene 

and Pt nanoparticles in order to achieve a high sensitivity. Furthermore, the 

covalent attachment of glucose oxidase is employed as a means to increase the 

stability of the biosensors. 

2. Experimental 

Chemicals and reagents  

Graphene oxide (aqueous dispersion, 2 mg/mL) was purchased from 

Aldrich. Potassium hexacyanoferrate (III), potassium chloride, N-

hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC) were purchased from Sigma–Aldrich. Anhydrous 

acetonitrile (99.8%, noted MeCN) and tetra-n-butylammonium tetrafluoroborate 

(99%, noted TBABF4

-
) were obtained from Aldrich and were used as received. 

Glucose oxidase from Aspergillus Niger, 200U/mg (GOx) was purchased from 

Sigma. 

4-carboxyphenyl diazonium tetrafluoroborate (HOOC-ArTFB) was prepared by 

standard diazotation of the corresponding amine with NaNO2 in fluoroboric acid 

medium as described in our previous studies [15,16]. 

Ferrocenemethylamine hydrochloride was synthesized according to Ref. [17]. 

Phosphate buffer solutions (0.1 M) of pH 7.4 were employed as supporting 

electrolyte in the biosensor testing. 
 

Instrumentation 

The electrochemical experiments were performed at room temperature and 

were controlled by an Autolab 128N potentiostat/galvanostat (Eco-Chemie). A 

three-electrode configuration consisting of bare or modified glassy carbon (GC) 

(Metrohm, disks, diameter 2 mm) as working electrodes, and a Pt wire as counter 

electrode were used. As reference electrode, a saturated calomel electrode (SCE) 

was employed in aqueous solutions and the Ag/10 mM AgNO3, 0.1 M TBABF4

-
 

reference electrode in non-aqueous solutions, respectively. 

Preparation of the modified electrodes 

Prior to modification, the electrode surface was polished in 0.05 μm 

alumina slurry on a microcloth pad. After polishing the electrodes were 
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thoroughly rinsed with water and sonicated for 5 min. in water and then rinsed 

again with water. Electrochemical reduction of GO at GC electrodes (usually from 

0.5mg/mL GO aqueous solutions, in phosphate buffer pH = 7.4) was performed 

by cyclic voltammetry (scan rate of 100 mVs-1). Best results in terms of sensor 

sensitivity were obtained for at least 20 cycles of GO electroreduction, but 

reproducible results have been obtained for 40 reduction cycles. 

Pt nanoparticles deposition at ERGO/GC modified electrodes was done using the 

procedure reported in ref. [17], by pulse deposition (potential pulse sequence: 

−1.0 V/0.2 s; 0.0 V/1 s, 200 repetitions) from 1 mM hexachloroplatinic acid in 

water. 

The functionalization of the ERGO and Pt/ERGO electrodes with 

carboxyphenyl groups was carried out in MeCN solutions containing 5 mM of 

diazonium salt and 0.1M TBABF4

-
 supporting electrolyte, by potential cycling 

between 0 and -1 V for 1÷3 cycles, at a scan rate of 0.1Vs-1. Afterwards, modified 

electrodes were removed from the grafting solution and rinsed with large volumes 

of MeCN and then water. The electrodes were then imersed in an aqueous 

solution containing 10 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) and 20 mM N-hydroxysuccinimide (NHS) for 3 h in 0.1M 

phosphate buffer pH 5.5, in order to activate –COOH groups. After the activation, 

electrodes were rinsed with water and incubated in a 2 mg/mL GOx solution in 

phosphate buffer pH 7.4 for 24 h. If not used immediately, the electrodes were 

stored at 4 °C in 0.1 M phosphate buffer solution (pH 7.4).  

3. Results and Discussion 

Electrochemical reduction of graphene oxide (GO) at glassy carbon 

(GC) electrodes  

In Fig 1 is presented the electrochemical reduction of GO by potential 

cycling between 0 and −1 V (0.1 Vs-1) at GC electrodes from a 0.5mg/mL GO 

dispersion in phosphate buffer (pH = 7.4). In the first potential cycle, the 

reduction peaks of GO are clearly distinguishable at approx. −0.7 V and −1.0 V. 

The capacitive current increases after the first five cycles and stabilizes after the 

40th cycle. The increase of the capacitive current is due to the increase of the 

electrode's active area when a conducting reduced graphene oxide film is 

gradually deposited on the surface. 
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Fig. 1. CVs depicting the electrochemical reduction of GO at a GC electrode (40 cycles, scan rate 

0.1V/s). 

 

Electrochemical reduction of 4-carboxyphenyl diazonium 

tetrafluoroborate at ERGO/GC electrodes 

The electrodes modified with the electrochemically reduced graphene 

oxide (ERGO) were further functionalized with carboxyphenyl (HOOC-Ar) 

groups via electrochemical reduction of 4-carboxyphenyl diazonium 

tetrafluoroborate (1 mM) in MeCN with 0.1M TBABF4

-
 as supporting electrolyte. 

The voltammograms (scan rate of 0.1 V s-1) recorded for the surface derivatization 

are presented in Fig. 2. The first sweep showed two characteristic reduction peaks 

at −0.2 V and −0.55V with no associated oxidation peak indicating the loss of N2 

and the formation of aryl radicals which bind to the ERGO surface. Subsequent 

scans showed no electrochemistry, indicative of a passivated electrode. The partial 

blocking of the ERGO/GC surface after the modification with aryl diazonium 

salts was confirmed by CV using potassium ferricyanide as a redox probe (Fig. 3).  
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Fig. 2. Successive CVs depicting the electrochemical reduction of 4-carboxyphenyl diazonium 

tetrafluoroborate (5 mM in 0.1 M TBABF
4

-
/MeCN) at ERGO electrodes, by cycling in the 

potential range of (0; -1) V, at a scan rate of 0.1 Vs-1. 

 

 
Fig. 3. CVs of bare GC, ERGO/GC, Pt/ERGO/GC and HOOC-Ar/ERGO/GC electrodes in 5 mM 

K3[Fe(CN)6] + 0.1 M KCl solution, at a scan rate of 0.1 Vs-1. 

 

Electrochemical impedance spectroscopy (EIS) measurements, performed 

at 0.21V vs. SCE, for the bare GC, ERGO/GC and carboxyphenyl-modified 

ERGO/GC electrodes are shown in Fig. 4. The Nyquist plot of electrochemical 

impedance spectra consists of two sections: a semicircle part in high frequency 

domain which reflects an electron transfer limited process at the electrode surface 

and a linear part in the low frequency domain corresponding to a diffusion limited 
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process. The electron transfer resistance R c t  can be fitted as the semicircle 

diameter. It is obvious that R c t  values of ERGO/GC modified electrodes were 

negligible when compared to those of bare GC electrode, suggesting that the 

conductivity of ERGO film is much better than that of GC. On the other hand, 

after the functionalization with carboxyphenyl groups was performed, the 

corresponding R c t  increased slightly indicating the presence of a grafted layer that 

lead to a slight hindrance of the electron transfer process. These tests gave strong 

evidence of a layer which partially blocked access of ferricyanide to the electrode 

surface. 
 

 
Fig 4. Nyquist plots of bare GC, ERGO/GC and HOOC-Ar/ERGO/GC modified electrodes in 5 

mM K3[Fe(CN)6] + 0.1 M KCl solution. The frequency range is from 0.1 Hz to 100 kHz. 

 

ERGO electrode modification with Pt nanoparticles 

 In order to improve the biosensor performance, Pt nanoparticles were 

deposited on the ERGO/GC electrode. Pt nanoparticles deposition was done by 

pulse deposition (potential pulse sequence: −1.0 V/0.2 s; 0.0 V/1 s, 200 

repetitions) from a 1 mM hexachloroplatinic acid aqueous solution following the 

procedure reported by Andronescu et al. [18]. The CVs performed in a 5 mM 

ferricyanide solution on ERGO electrodes after the modification with Pt 

nanoparticles showed an increase of the redox peaks, suggesting a facilitated 

access of the ferricyanide redox couple to the electrode surface (Fig. 3). 

Performing the electrochemical grafting of carboxyphenyl groups at Pt/ERGO/GC 

electrodes as described above resulted in a shift of the characteristic diazonium 

reduction peak to −0.3 V (Fig. 5), probably due to the Pt nanoparticles deposition 

on the electrode surface. 
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Fig. 5. The electrochemical reduction (1st cycle) of 4-carboxyphenyl diazonium tetrafluoroborate 

(5 mM in 0.1 M TBABF
4

-
/MeCN) at ERGO and Pt/ERGO electrodes by cycling in the potential 

range of (0; -1) V, at a scan rate of 0.1 Vs-1 

 

Covalent attachment of GOx by EDC-NHS coupling 

After the functionalization of ERGO and Pt/ERGO electrodes with 

carboxyphenyl groups, the next step consisted of the covalent attachment of 

glucose oxidase (GOx). The modified surfaces were immersed in an aqueous 

solution of 10 mM EDC and 20 mM NHS for 3 h in 0.1M phosphate buffer (pH 

5.5) in order to activate –COOH groups. After the activation, the electrodes were 

rinsed with water and incubated in a 10mg/mL GOx solution in phosphate buffer 

pH 7.4 for 24 h.  

In order to demonstrate the covalent linkage of amines by using EDC-

NHS protocol at carboxyphenyl modified ERGO/GC electrodes, the attachment of 

ferrocene groups at these electrodes has been tested because their presence can be 

evidenced by a pronounced redox signal in CV experiments. Covalent attachment 

of ferrocenemethylamine to carboxylic acid terminated aryl groups followed the 

procedure described in the literature [19]. The carboxyphenyl modified ERGO 

electrodes were activated with EDC and NHS as above, followed by immersion in 

a 5 mM ferrocenemethylamine hydrochloride solution (phosphate buffer, pH 7.4) 

for 24 h. CVs measured in an aqueous solution of 0.1 M phosphate buffer at 

different scan rates (10mVs-1 ÷ 200 mVs-1) for the modified electrodes after the 

immobilization of ferrocenylmethyl groups (Fc/ERGO/GC) are shown in Fig. 

6(A). The well defined redox peaks showing a linear variation in peak current 

with scan rate (Fig. 6(B)) indicate that the ferrocene was surface bound. Without 

activation by EDC and NHS, only very poor defined redox peaks due to 

physisorption were observed (results not shown). Also, the CVs of the 

Fc/ERGO/GC electrodes showed almost ideal behaviour with regards to peak 
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separation at slow scan rates (ΔEp = 20 mV) and a very small variation of the 

redox peak potentials with the scan rate. 
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Fig. 6. (A) Cyclic voltammograms of Fc/ERGO/GC electrode in 0.1M phosphate buffer, pH 7.4, at 

different scan rates. Potentials are referred vs. SCE electrode. (B) Cathodic and anodic peak 

currents vs. scan rate. 

Biosensor testing 

 

Amperometric measurements were performed in stirred 0.1 M phosphate 

buffer solution (pH 7.4) by injecting different volumes of 10 mM, 0.1 M and 0.5 

M glucose solution after baseline stabilization at the applied potential. The 

amperometric responses of the GOx-ERGO/GC and GOx-Pt/ERGO/GC 

electrodes were tested at a potential of 0.6V. The typical calibration curve of the 

(B) 

(A) 
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biosensor based on GOx-Pt/ERGO/GC electrode is linear with glucose 

concentration up to 6 mM and then a plateau is reached gradually at higher 

glucose concentration (up to 50mM). The GOx-Pt/ERGO/GC electrode has a 

detection limit of 0.02 mM, comparatively higher than the GOx-ERGO/GC 

biosensor (0.2 mM), and has a larger response current. 
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Fig. 7. Calibration plots (linear region) at 0.6V for GOx-ERGO/GC and GOx-Pt/ERGO/GC 

modified electrodes. 
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Fig. 8. Biosensor sensitivities at the operating potential of 0.6 V. 
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6. Conclusions 

This study establishes a new approach for glucose detection and provides a 

general route for the fabrication of graphene-based biosensing platforms. The 

covalent attachment of GOx at the carboxyphenyl-functionalized ERGO surface 

has been successfully achieved using a carbodiimide protocol. The biosensor 

sensitivity was further enhanced after the deposition of Pt nanoparticles on the 

ERGO surface. By combining the advantageous features of Pt nanoparticles and 

graphene, we have developed glucose biosensors with good analytical 

performances in terms of high sensitivity, wide linear range and improved 

stability.  
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