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Abstract 
Nowadays there is an increasing demand to develop new and robust biosensors in order 
to detect low concentrations of different chemicals, in practical and small devices, giving 
fast and confident responses. The electrode material was a polyaniline-graphite-epoxy 
composite (PANI/GEC). Alcohol oxidase (AOX) and horseradish peroxidase (HRP) 
enzymes were immobilized and the responses were tested by cyclic voltammetry. The 
conductivities for the composites of graphite/polyaniline were determined. The cyclic 
voltammograms allowed detecting ethanol in pure diluted samples in a range from 
0.036 to 2.62 M. Differential scanning calorimetry (DSC) and thermal gravimetry analysis 
(TGA) were used to verify the thermal characteristics of the composites (0, 10, 20, 30 
and 100 % of graphite). The Imax value was determined for the dual enzyme biosensor 

(0.0724 A), and the K
app

, m  as 1.41 M (with R2 =0.9912).
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Introduction 

Ethanol is the most frequently analyzed aliphatic alcohol and several methods have been 

developed for its quantitative determination [1-3]. Measurement of alcohol levels in liquors and 

alcoholic drinks is a common necessity as is clinical analysis of patient tissue samples. The method 
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approved by the Association of Official Analytical Chemists [4] for quantitative volumetric 

determination of alcohol in beer, wine and distilled spirits is pycnometry, which is the most 

common method for determining solution density. This method is considered as reference and has 

the advantages of accuracy and no need for comparison against a standard solution. The principal 

disadvantage is that the methodology is laborious, requiring a significant amount of time for its 

performance. Another disadvantage is that it requires pre-distillation, generally regarded as the 

first step in which error is introduced during the process of quantitative detection and analysis [5]. 

Other more accurate analytical methods include spectrophotometry and chromatographic 

techniques: gas chromatography (GC) or high performance liquid chromatography (HPLC). 

However, these methodologies are often less favorable due to high equipment prices and the 

need for well-trained operators. There is currently a movement toward replacing these methods 

with low-cost, fast and reliable electrodes working in conjunction with immobilized enzymes [6]. 

There is a growing need for the development of disposable devices for clinical and/or 

environmental monitoring. This need has stimulated the development of new technologies and 

methodologies that can efficiently monitor an increasing number of analytes on site in the 

environmental field or support clinical diagnoses as quickly and as cheaply as possible; offering 

even the possibility of on-site field monitoring. Besides selectivity, an analytical device must also 

be sensitive. In this respect, biosensors have shown great potential in recent years and thus 

appear to be useful components of effective analytical tools [7-8]. 

Biosensors that link enzyme catalyzed chemical reactions with amperometric detectors are 

having a great impact on fields such as environmental monitoring [9-10], analysis of the quality of 

food and beverages [11-12], biomedical monitoring process [13-14] and biomedicine [15]. These 

analytical tools, prepared by immobilization of enzymes on an electrode surface, are simple, 

sensitive and offer a fast response. The main problem that appears in the operation of these 

devices is the transfer of electrons from the active site of the enzyme to the electrode. 

Immobilization of the biological material on the electrode surface constitutes a crucial step in 

development of the biosensor, since the enzyme’s structure must be maintained in order to 

enable its action on the sample of interest [16-18]. Horseradish peroxidase (HRP) is widely used in 

enzyme-linked biosensors. However, there are at least two main drawbacks shown by this 

enzyme: (1) It exhibits a very broad specificity to reduce substrates [19-20], which results in low 

selectivity of the biosensor; (2) although it displays good stability at room temperature, it is 

unstable at high temperatures [21-22]. The co-immobilization of alcohol oxidase with horseradish 

peroxidase is expected to increase the selectivity and amplify the sensitivity of the biosensor for 

the quantitative determination of ethanol [23-24]. 

Immobilization of dual enzymes provides an excellent basis for increasing the selectivity, 

sensitivity and the thermal stability of the biosensor, depending on the strategy adopted for 

immobilizing the enzymes [15]. The immobilized enzymes may be reused several times or 

employed in an economical continuous flow path. Dual enzyme-linked sensors are amenable to 

automation for analytical measurements, scale up of enzymatic biotransformation reactors, or to 

recover a product with greater purity [19, 25]. Xie, et al. [26] reported recent advances in enzyme 

immobilization technologies that enhance enzyme properties such as activity, stability, specificity 

and reduced inhibition effects. The authors suggest that in the future multi-enzyme sensors based 

on co-immobilization would be the solution to many of the applications for the biotechnology 

industry and analytical devices. 
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The objective of this study was to characterize a composite-based on PANI / epoxy / graphite 

and evaluate its performance as a substrate for horseradish peroxidase (HRP) and alcohol oxidase 

(AOX) enzymes immobilized to an electrode creating a biosensor for ethanol detection. The 

development of such a method for the immobilization of multiple enzymes is highly attractive, 

especially for economic reasons because as enzymatic activity decays the support can be 

regenerated and reloaded with fresh enzyme. In fact, the cost of support is often a primary factor 

in the overall cost of the immobilized catalyst. In order to build the biosensor a composite 

prepared with graphite and an electron conductor polymer as polyaniline was studied and 

characterized in terms of its electrochemical conductance capacity and thermal stability [18,27]. 

We find critical compositions of the material that works with improved sensitivity over a relatively 

broad range of ethanol concentrations. 

Experimental  

Materials  

Horseradish peroxidase (HRP; EC 1.11.1.7) was purchased from Toyobo, Brazil and alcohol 

oxidase (AOX, EC 1.1.1.1, specific activity of 200 units/mg of protein), graphite powder and 

polyaniline (emeraldine salt) were purchased from Sigma-Aldrich. For the incorporation of 

enzymatic solutions, a 2.5 % (v/v) of glutaraldehyde (Sigma-Aldrich) and 1 mg/mL of protein 

albumin were used. The ethanol standard solutions were prepared with 0.1 M mono potassium 

phosphate buffer (pH 7.0). All reagents were of analytical-reagent grade. All solutions were 

prepared with distilled water. 

Apparatus 

Amperometric measurements were carried out using an AUTOLAB PGSTAT12 (Ecochemie) 

connected to a personal computer via a serial RS232 port for data acquisition. The obtained 

amperometric alcohol dual enzyme sensors were evaluated by means of cyclic voltammetry in a 

three-electrode configuration with Ag/AgCl/KCl (3M) reference electrode and Pt-wire counter 

electrode. When not in use, the electrode was stored dry at 4 °C in a refrigerator. 

The thermal properties (thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC)) for the composites of graphite : PANI prepared with 0, 10, 20, 30 and 100 % of graphite 

were performed by TA Instruments SDT Q600. Analyses were conducted in a 30 mL/min flow rate 

of air atmosphere, with a ramp of 5 °C/min from 30 to 800 °C. 

The electrical conductivities of the composites pellets were evaluated using the techniques of 

two electrodes, between which a pellet of known composition of the composite was fixed with the 

aid of a sleeve of Teflon. The tests were done using a bench meter ICEL Manaus MD - 6700 

coupled to a computer. The disks pellets prepared with 0% and 100% of pure graphite and 

composites with 1, 3, 5, 10, 20, 30, 50, 70, 100% of graphite mixed with PANI were measured. Pure 

samples of PANI and graphite were also determined. 

Preparation and evaluation of the AOX–HRP-based biosensors  

HRP (3.60 g) was dissolved in 30 mL of 50 mM phosphate buffer (PB, pH 7.0). After filtration 

and dialysis steps, a 0.133 mg/mL of HRP solution was mixed with AOX (47 mg/mL) in buffer 

pH 7.0. The 10 % (w/v) of bovine serum albumin and 2.5% (v/v) of glutaraldehyde were also 

prepared in 50 mM PB (pH 7.0) solution. A 10 μL volume of bovine serum albumin and 10 μL of 

glutaraldehyde were deposited on the electrode surface sequentially. The excess of glutar-
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aldehyde was rinsed off with water. Teflon cylindrical electrodes (5.0 × 0.7 cm and 0.13 cm inside 

orifice) were used to construct the working dual enzyme biosensor with a 20 mL electrolytic cell 

and an Ag/AgCl reference electrode and a platinum counter-electrode. 

Procedure for immobilization 

The methodology used was the ionic immobilization of AOX and HRP enzymes on the electrode 

surface constructed using a graphite matrix with polyaniline and an epoxy resin. During the 

immobilization step, a solution containing 2.5 % (v/v) glutaraldehyde, 0.5 % (v/v) BSA and 

97 % (v/v) enzyme solution containing 1100 μL HRP and 15 μL of AOX was deposited on the 

electrode surface. The electrode was left at 4 °C for 24 hours [28]. 

Measurement procedure 

Cyclic voltammetry (CV) measurements on the electrode were performed in a 3-electrode 

system containing a Ag/AgCl/KCl 3M (Microquímica®) reference electrode, coiled platinum wire 

(99.99 % pure) mounted at the end of a chemically-resistant epoxy rod as counter electrode in 

addition to the modified working electrode based on PANI/GCE. The potential was cycled between 

–400 and 400 mV vs. Ag/AgCl.  

Determination of ethanol in samples  

Ethanol (95 %) samples (0.15 mL) were diluted in a 10 mL flask with 0.1 M mono potassium 

phosphate buffer solution (pH 7.0). Voltammetric determination was carried out by applying the 

standard addition method. Diluted sample and standard ethanol solution (0.15 μL) were added to 

the voltammetric cell containing 10 mL of 0.1 M mono potassium phosphate buffer solution 

(pH 7.0). 

Results and discussion 

 Study of differential scanning calorimetry and thermal gravimetry analysis 

The thermal stability of the graphite composite samples was analyzed by TG, derivatived 

thermogravimetric analysis (DTG) and DSC. Results of TG and DTG analyses are presented in Figure 

1. The curves in Figure 1 follow the mass as a function of temperature of composite samples 

containing 100 % graphite, 20 % graphite and 0% graphite (100 % polyaniline), respectively. The 

curve for the composite of Graphite/PANI (red dashed line) shows an intermediate stability 

between pure samples of Graphite and PANI polymer. The presence of the PANI introduces four 

decomposition steps. In the first stage, beginning at 150 °C, there is a slow weight loss associated 

to the release of trapped water or organic solvents in the polymer structure. The second stage of 

weight loss is observed from 270 °C to 550 °C and is attributed to decomposition of the oligomers. 

The third decay, from 350 °C to 450 °C, was assigned to the thermal decomposition of the PANI 

chains. The DTG curves fully support the above mentioned losses. The pure graphite sample 

decomposes above 600 °C, whereas the 20 % graphite composite presents four degradation steps 

(three attributed to the pure polyaniline and one to the pure graphite). Similar results were found 

by Kowner, et al. [29], Bourdo, et al. [30] and Mo, et al. [31]. 

A linear fitting between the data of polymer content estimated by TG and composition on a dry 

basis of raw materials in the composites was proposed, showing a good correlation coefficient (R2 

= 0.9811). The difference between the values estimated from the correlation with those of the 

components in the composite has an average value of -0.1 % with standard deviation of 1.86 %. 
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Fig. 1. TG and DTG curves for the samples prepared with 100, 20 and 0 % of graphite.  

Conductivity of graphite/PANI composite  

Song and Choi [32] have reported that the most conductive form of PANI is the fully 

protonated, half-oxidized emeraldine salt form. A decrease in conductivity was observed when the 

polymer was deprotonated or either fully oxidized or reduced. This work intends to develop a 

prototype composite-biosensor based on typical PANI that maintains the conductivity. 

Conductivity values were determined for different concentrations of graphite : polyaniline 

composites (1, 3, 5, 10, 20, 30, 50, 70, 100 % of graphite) and for the pure alcohol oxidase. As 

shown in Figure 2 an increase in the conductivity of the composite samples was observed.  
 

 
Fig. 2. Electrical conductivities of PANI/GEC as a function of graphite concentration in the 

composites. Also shown are samples with 100 % PANI (green bar) and 100 % graphite (red bar). 
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This is probably due to synergistic effects of mixing the conductive polymer PANI and graphite 

powder. The mixture better supports electron transfer and, consequently, displays enhanced 

electrical conductivity. The conductivity values determined for the pure samples of graphite and 

PANI were 1.82×10-3 S / cm and 4.64×10-4 S / cm, respectively. The maximum value was obtained 

with the 70 : 30 (graphite:PANI) composite; higher than the value measured for the 100 % graphite 

sample. For the composites prepared with 1 to 10 % of graphite, there were not any significant 

variations in conductivity. A linear relationship between graphite content and conductivity was 

observed from 20 to 70 % with the conductivity values for 50 to 70 % of graphite surpassing those 

for the 100 % graphite sample. Mo et al. [31] has detected an increase in the electrical 

conductivity as a function of graphite nanosheet content in a composite prepared with graphite 

nanosheets and PANI. Bourdo et al. [30] also found similar behavior for pure PANI and graphite 

samples and for PANI/graphite composites. In the present study, the 30 % PANI composite 

compound was employed due to the improved performance of its electrical response. 

Electrochemical behaviour of the biosensor 

The biosensor bi-enzymatic HRP/AOX was characterized using cyclic voltammetry to 

demonstrate the electrochemical performance of the system. Figure 3 shows the cyclic 

voltammograms obtained from 5 to 150 mV s-1 in a solution of 1mM K4Fe(CN)6 mixture in 

0.1 M KCl and phosphate buffer pH 7.0. The peaks currents of the CVs indicating quasi-reversible 

processes between Fe(CN)6
4-/Fe(CN)6

3- couple and the electrodes at the faster scan rates Each 

curve has the same form but it is apparent that the total current increases with increasing scan 

rate. This again can be rationalized by considering the size of the diffusion layer and the time taken 

to record the scan. Clearly the voltammogram will be slower to record as the scan rate is 

decreased. Hence the size of the diffusion layer above the electrode surface will be different 

depending upon the voltage scan rate used. In spite of that, working with lower scan rates a well-

-defined cathodic peak and a small anodic could be identified, and the scan rate of 10 mV s-1 

applied to analyze the ethanol samples. So, the best quality voltammogram was obtained working 

with a scan rate of 10 mV s-1. Therefore, that was the scan rate applied to analyze the ethanol 

samples 

 
Fig. 3. Cyclic voltammograms of the AOX/HRP/Graphite/PANI in 0.1 M PBS, pH 7.0 at various 

scan rates (from inner to outer curves: 5, 10, 20, 50, 100, 150 mV s−1). 
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Figure 4 shows shows  the current intensity for the calibration curve changed between 0.61 mA 

(0.316 M) to 0.25 mA (2.62 M) The concentration range of standard ethanol solutions used in the 

electrochemical measurements was 0.316 - 2.62 M (R2 = 0.991). This clearly demonstrates that the 

current density reduces linearly with increased ethanol concentration in the samples. This is 

attributed to an inhibition of the enzyme. The effect is especially evident at the higher ethanol 

concentrations, probably due to the reaction end-products (acetaldehyde) or external mass 

transfer limitations. A similar behavior was reported for AOX and HRP that was covalently 

immobilized on controlled pore glass [23]. However, that study showed that all the supports 

exhibited less than 20 % of the specific activity of the free enzyme, as a consequence of 

conformational changes in the 3-D structure of the protein caused by the covalent binding of AOX 

to the supports. In this work the enzymes were immobilized by adsorption, which is less aggressive 

than the covalent immobilization. However, the enzyme may be coupled to the support in a way 

that hinders the access of substrates to the active center, promoting the mass transfer limitations. 

The amperometric response exhibited by the different immobilized AOX preparations was also 

very similar although the highest value was obtained when the support was activated using 

glutaraldehyde in phosphate buffer pH 7. Sirkar, et al. [33] observed an increase in the current 

density (60 %) of the electrochemical biosensor response for a multilayer nanocomposite thin 

film using glutaraldehyde as a crosslinking agent in a trial for stabilizing the structure. The authors 

proposed that arginine and lysine residues of the enzyme react with amines present on the redox 

polymer and, as a consequence, the activity was maintained near 100 % for three weeks.  

 
Fig. 4. Ethanol biosensor calibration curve. Scan rate 10 mV s-1. (n = four measurements). 

Wu, et al. [34] reported an inverse calibration curve for oxygen consumption by a sensitive 

ethanol biosensor nanocomposite of carbon nanofiber with immobilized ADH. They observed 

decreased oxygen consumption with the increase of ethanol concentration in the sample. 

Chronoamperometric curves showed a decreasing response, upon addition of ethanol aliquots 

(0 - 112 μM) to static air-saturated pH 7.0 phosphate buffer saline. Wen, et al. [35] reported an 

ethanol biosensor constructed with alcohol oxidase/chitosan immobilized eggshell membrane and 

a commercial oxygen sensor. Those measurements were based on the depletion of dissolved 
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oxygen upon exposure to ethanol solution (0.15 – 0.75 mM). Al-Mhanna and Hueber [36] reported 

an economic system that worked with one enzyme in a differential pH measurement device for 

alcohol oxidase and -nicotinamide adenine dinucleotide (NADH+) reaction and obtained a 

logarithmic curve for ethanol concentrations against change in pH for standard samples. These 

authors described an inverse correlation between the signal response and the analyte 

concentration for the indirect detection measurements working with a wide range of ethanol 

standard concentration solutions (17.14 μM – 17.14 M). 

Mackey, et al. [37] optimized the proportion of dual enzyme horseradish peroxidase:glucose 

oxidase biosensor working with ratios of 1 : 7 to 7 : 1, immobilized on a polyaniline-

polyvinylsulphonate modified screen-printed carbon paste electrode and identified the proportion 

that produced the best response signal was 1 : 1. Rondeau, et al. [38] identified the optimal 

proportion of two enzymes in the biosensor composite by monitoring electrical response signals to 

establish idealized conditions for glucose oxidase : horseradish peroxidase immobilized with a 

modified carbon paste for in order to increase the selectivity, sensitivity, accuracy and stability 

[38]. The intensity of the electrochemical signal response was analyzed by Alpat and Telefoncu 

[39] who measured the amount of alcohol dehydrogenase immobilized on the electrode surface 

(47.1 to 200 U cm-2) and found that the linear response was between 0.01 mM and 0.04 mM for 

117.6 U cm-2. 

Nicell and Wright [40] reported the dependence of horseradish peroxidase activity over a wide 

range of hydrogen peroxide concentrations. They observed an increase in the inhibitory effect on 

the enzyme catalytic activity. The static procedures of the electrochemical measurements of this 

work for the ethanol concentration solutions (0.330 – 2.62 M) probably promotes an increase of 

the peroxide hydrogen concentration in the electrolytic cell, and hence the inhibition of the HRP. 

Yotova and Medhat [41] reported the inhibition effect in a multi-enzyme immobilized biosensor 

system constructed to analyze residue from pesticides with acetylcholinesterase and choline 

oxidase. The relative inhibition percentage of each measurement was calculated using the 

following equation: 

0

0

, % 100
Ipc Ipc

I =
Ipc


 (1) 

where I is the relative inhibition; Ipc0 is the initial inhibited cathode current intensity measured for 

the lower ethanol concentration and Ipc the inhibited cathode current intensity determined for 

each sample. Assuming a possible inhibition effect on the cyclic voltammetric response signal with 

the increase of the ethanol concentration in the sample, this treatment was adopted for this work. 

A linear correlation was observed, confirming the inhibitory effect of the ethanol on the enzyme. 

Amine, et al. [42] published a review that discusses horseradish peroxidase among the enzymes 

that could be used for inhibition-based biosensors applied for food safety and environmental 

monitoring. Kuusk and Rinken [43] classified the carbaril inhibition of tyrosinase biosensor by 

excess substrate and considered the reasons behind their inability to determine low carbaryl 

concentrations by a classical steady state kinetic approach. The Km and Imax kinetics parameters 

were calculated from Lineweaver–Burk plots by using the relative inhibition values as described in 

equation 2:  

app
m

max ethanol max

1 1 1K
= +

RI RI C RI
 (2) 
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where 1/Cethanol is the concentration of the ethanol in the solution sample, RI and RImax represent 

the initial and the maximum relative inhibition current, respectively, and K
app

, m  is the apparent 

Michaelis constant.  

The Lineweaver-Burk plot for the dual enzyme AOX-HRP biosensor showing 1/I versus 1/Cethanol 

is illustrated in Figure 5. 

The Imax value determined considering the inhibition effect on the dual enzyme biosensor was 

0.0724 μA, and the K
app

, m  was 1.41 M (R2=0.9912).  

 

 
Fig. 5. Line-weaver-Burk plot for the bienzimatic AOD-HRP biosensor for different ethanol concentration 

Table 1 shows the analytical performance of the proposed ethanol biosensor towards ethanol 

detection compared with various electrochemical biosensors modified for dual enzymes that also 

reported K
app

, m  and Imax. Despite the low affinity for substrate observed in this work, the sensitivity 

was higher when compared with those determined for both redox hydrogel dual enzyme films 

previously reported in the literature [44-45]. This suggests that the linear range and detection limit 

of the proposed ethanol biosensor mentioned above appear to be beneficial compared to other 

previously reported modified electrodes. 

Table 1. Comparison of analytical characteristics of ethanol dual enzyme biosensors. 

Film/Composite/Enzymes I.D. / cm K
app

, m  / mM Imax / nA Sensitivity, nA/M Reference 

HRP+AOX+PVI-Os 0.305 4.71 813.95 0.17 [44] 

HRP/PVI10-Os/PEG-DGE/AOX/CP5 0.305 9.6 ± 0.3 572 ± 7 0.06 [45] 

PANI-GEC/HRP/BSA/AOX 0.130 1.410 72.4 51.3. This work 

I.D. - internal diameter; PVI - Poly(vinyl-imidazole; PVI10-Os - redox hydrogel synthesized;  
PEG-DGE - Poly(ethylene glycol) (400) diglycidyl ether; CP5 - electrodeposition polymer;  
Os - complex: redox polymers synthesized (4,4'dimethylbipyridine); PANI-GEC: polyaniline in Graphite epoxy composite;  
BSA - Bovine serum albumin. The applied potentials for all configurations are –50 mV vs. Ag/AgCl. 
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Conclusions 

The composite material prepared from differing proportions of graphite and PANI displayed 

enhancement in the conductivity for compositions of less than 20 % graphite and a synergistic 

effect that increased its response for mixtures with more than 50 % of graphite. The thermal 

analysis techniques applied to characterize the prepared composites showed a good agreement 

with the original proposed formula composition. The electrochemical results confirm that it is 

possible to detect ethanol with this biosensor in the ethanol concentration range of 0.316 to 

2.62 mol L-1 limited by a significant inhibition effect observed in the enzyme. 
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