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Chapter

An Electrochemical Sensor Based 
on Electroreduction of Graphene 
Oxide on a Glassy Carbon 
Electrode Using Multiple Pulse 
Amperometry for Simultaneous 
Determination of l-Dopa and 
Benserazide
Thiago Gabry Barbosa, Ana Elisa Ferreira Oliveira  

and Arnaldo César Pereira

Abstract

In this work, we described the development an electrochemical sensor based on 
electroreduction of graphene oxide (rGO) on a glassy carbon electrode (GCE) for 
simultaneous determination of l-Dopa and benserazide. For the elaboration of the 
GCE/rGO, the developed methodology was based on the electrochemical technique: 
multiple pulse amperometry (MPA). The MPA was more stable and efficient for the 
formation of rGO film, under optimum conditions (pH 6.00; concentration of rGO 
2.00 mg mL−1; time 450 s; potentials −0.60, −0.70, −0.80, −0.90, −0.95, −1.00, 
−1.10, −1.20, and – 1.30 V). After the film was formed, the cyclic voltammetry was 
used to detect LD and BZ in real samples and optimized conditions 0.05 mol L−1 PBS 
(pH 5.50). The linear range for the LD is 25–425 μmol L−1 and the BZ of 5–80 μmol L−1. 
The limit of detection calculated was 17.10 (LD) and 2.99 (BZ) μmol L−1.

Keywords: graphene oxide, electroreduction, simultaneous determination, l-Dopa, 
benserazide

1. Introduction

Parkinson’s disease (PA) is an illness that affects about 1% of the world popula-
tion, according to the World Health Organization (WHO), and this number tends to 
increase considerably, as demonstrated by recent studies conducted by the University 
of Rochester. Its estimated that the number of people affected by the PA in the 15 
countries analyzed will more than double up to 2040 [1]. Thus, it becomes extremely 
important to develop research on this disease and the treatment employed. Mainly 
alternative routes for the quantification of compounds are present in the drug used in 
the treatment of BP, which provides an effective and lower cost treatment.
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Parkinson’s disease is a condition that attacks the central nervous system 
(CNS) and the brain, and this evil affects the amount of dopamine in the body. 
Dopamine (DA) is an existing neurotransmitter catecholamine in the CNS and 
in the mammalian brain. It has a vital role in maintaining the activities of the 
central nervous system, cardiovascular system, and hormonal system [2]. Patients 
suffering from BP have a considerable decay in the production OF DA in the brain. 
The medications for this disease have the design of elevating the dopamine index 
in the brain [3].

However, it is not possible to inject dopamine directly into the patient, because 
the blood-brain barrier does not allow the arrival of this hormone in the encepha-
lon. With this, l-Dopa (LD) is used, a medicine that can overcome such a barrier 
and is converted into the encephalon in DA [4, 5]. Despite this, when there is an 
irregularity in the levels OF DA, there are some side effects such as nausea, vomit-
ing, cardiac arrhythmia, schizophrenia, and dyskinesia [2, 6].

Unfortunately, Dopa decarboxylase (DDC) quickly converts LD into the blood-
stream, so only a small percentage reaches the brain. By inhibiting the enzyme, 
higher amounts of l-Dopa administered can reach the brain [7]. In order not to be 
converted “early,” the drug hydrochloride is introduced in the benserazide (BZ), 
which acts as a DDC inhibitor [8].

Electroanalytical methods emerged as an alternative line when compared to 
chromatographic methods that demand the use of expensive instruments, which are 
experimentally complex and require a lot of time to analyze with various pretreat-
ments of the sample. These methods are based on the different electroanalytical 
and electrochemical techniques. These in turn have excellent sensitivity, selectivity, 
speed, reduced costs, and possibility of miniaturization of the system, making the 
electrochemical sensors a promising tool to supplement the existing techniques. 
Therefore, the development of new strategies with the aim of perfecting and 
improving the electrochemical techniques is promising [9–11].

Solid electrodes of different materials are employed in the electroanalytical 
methods; one of the most widely used materials is those based on carbonaceous 
materials, such as carbon graphite, pyrolytic carbon, and glass carbon. In addition 
to serving as a base electrode, carbonaceous materials are also used as modifiers, 
in order to catalyze the redox process and/or increase selectivity. Some examples 
that can be found in the literature are the use of reduced graphene oxide (RGO), 
graphene, nanotubes (single or multiple wall), etc.

For this work the glass carbon electrode (GCE) was chosen as the base electrode 
and the reduced graphene oxide (rGO) by electroreduction. The GO could be 
reduced also by thermal and chemical process; however the electrochemical reduc-
tion causes a homogeneity and stability of the surface of the work electrode; for this 
reason we opted for the use of electroreduction of GO.

The process of reduction of GO by electrochemical route is described in the 
literature in two ways, one using conventional amperometry (Amp) and the other 
using cyclic voltammetry (CV). The methodology employing the Amp consists in 
the application of a single potential in a specific time range, already the methodol-
ogy employing CV focused on the application of a potential window at different 
scanning speeds and number of cycles.

In order to add value to this work, the use of multiple pulse amperometry (MPA) 
was tested, a technique derived from conventional amperometry, and there are 
still no reports in the literature of this technique used for the purpose of reducing 
GO. Since MPA consists in the application of different potentials in a certain time 
range, this process has as an advantage the application of activation potentials of the 
electrode surface and cleaning [12]. Therefore, these possibilities can generate bet-
ter efficiency in the reduction process; the number of pulses of potential applicable 
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considering the software GPES reaches 10 and has the possibility of acquiring the 
current as a function of time to each potential pulse.

The glass carbon electrode has distinct properties of its allotropic forms, 
pyrolytic graphite, and diamond carbon, which are also used in electrochemistry. 
However, it presents the best synergism of physical properties, affinity with the 
modifier material, and its good affinity with the selected immobilization methodol-
ogy, which is a prerequisite described in the literature [13].

The material that will carry out the chemical modification of the base elec-
trode will be the GO, which will be reduced electrochemically in order to make it 
a conductive material, thus decreasing the resistivity of the electrode facilitating 
the transfer of electrons. The GO consists of a graphene sheet, a carbon structure 
consisting of sp2 bonds, which has these connections transformed into sp3 bonds by 
the substitutes groups, which removes its conductive characteristic. The reduction 
process causes this material to lose some functional groups and return to conductive 
characteristics and maintain the interaction from the functional groups [14–17].

The proposal of this work is the development of an electroanalytical method for 
the electrochemical reduction of graphene oxide and the simultaneous determina-
tion of LD and BZ in an electrochemical cell of three electrodes.

2.  Construction of an electrochemical sensor based on electroreduction 
of graphene oxide on a GCE

2.1 Instrumentation

Electrochemical measurements and the formation of the work electrode modi-
fier film were performed in a multi-potentiostat/galvanostat model PGSTAT101 
coupled to a microcomputer containing the new 1.11 software and a microcomputer 
containing the GPES 4.1 software. As a system for obtaining electrochemical 
measurements, an electrochemical cell containing three electrodes was used: a 
saturated Ag/AgCl electrode containing 3.0 mol L−1 of KCl as a reference electrode, 
a platinum wire as an auxiliary electrode, and the GCE/rGO as a working electrode.

Sodium phosphate dibasic heptahydrate, monobasic sodium phosphate mono-
hydrate obtained from the Synth®, phosphoric acid, and 3.4-dihydroxy-l-phenyl-
alanine were used; benserazide hydrochloride is acquired from Sigma-Aldrich®. 
All the chemical reagents used were analytical grade, and the buffer solutions were 
prepared with purified water by Millipore Milli-Q system.

The solution containing l-Dopa was prepared with a solution of phosphoric 
acid pH 2.00 and concentration 0.1 mol L−1, and the solution of benserazide was 
prepared in phosphate buffer pH 5.50 and concentration 0.1 mol L−1.

2.2 Pretreatment of glassy carbon electrode

The glassy carbon electrode was pretreated by mechanical polishing with 
Alumina, HNO3, and H2O and also by electrochemical activation performed in a 
0.5 mol L−1 H2SO4 solution for 20 scans at scan rate of 100 MV s−1 and a potential 
range −0.2 to 1.6 V.

2.3 Electroreduction of graphene oxide

The graphene oxide (GO) was synthesized based on previous works published 
[14]. The dispersion of GO was prepared in ethanol and Nafion 5% v/v. The construc-
tion of the proposed sensor was carried out by adding 5 μL of the GO suspension 
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in the GCE. Then the electrode was kept in the oven at 60°C for 10 minutes. The 
electrochemical reduction of the GO was performed at multiple pulses to obtain the 
rGO. The reduction was carried out using a three-electrode setup: reference electrode 
(Ag/AgCl), auxiliary electrode (platinum wire), and working electrode (GCE) at PBS 
0.1 mol L−1 and pH 7.00. Figure 1 summarizes the process of modifying of the GCE.

2.4 Multiple pulse amperometry

The electrochemical reduction of rGO by MPA is not described in the literature. 
However, based on the procedure via amperometry and by cyclic voltammetry 
[18–22], some conditions were adopted as a starting point. According to the literature 
review, [22] the application of a negative potential after the reduction process using 
cyclical voltammetry tends to improve the reduction and homogeneity of the film, 
with this in mind and in order to enjoy the best performance possible of the MPA 
technique was adopted 9 potentials for the process of reduction of GO, optimizing 
which would be these potentials, the time of application and the concentration of GO.

Considering that mechanisms may change according to the conditions used 
in electroreduction, some experimental parameters will be evaluated in the MPA 
reduction process. Initially, four parameters were optimized—applied potential, 
pulse application time, GO concentration, and pH effect. The objective of the 
optimization of these parameters is to develop a sensor with higher sensitivity in the 
determination of LD and BZ, and the conditions and results obtained in the optimi-
zation process will be discussed later.

3. Simultaneous determination of l-Dopa and benserazide

3.1 Electrochemical behavior of l-Dopa and benserazide

The electrochemical behavior of LD against different sensor configurations, 
bare GCE and GCE/rGO before being optimized and after optimization, is shown 
in Figure 2A. An associated oxidation peak around 0.45 V is observed from the oxi-
dation of hydroxyls bound to the LD aromatic ring. This oxidation process involves 
two electrons, and it is a similarly reversible process [23–25]. The cyclic voltam-
mogram obtained with GCE/rGO after optimizing exhibits a current variation 
of approximately 1300% over simple GCE, as shown in Figure 2B. The observed 
current gain for l-Dopa is also observed in benserazide, thus making rGO a viable 
material for GCE modification.

The increase in current observed in the oxidation process of LD and BZ is due to 
some characteristics of rGO. Reduced graphene oxide consists of a graphene sheet 
with the presence of some functional groups along its structure, which will make 

Figure 1. 
Process of modifying the surface of the glassy carbon electrode.
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the interaction between the base electrode and the analyte easier. In addition, rGO 
is a conductive material thus facilitating the exchange of electrons between the 
analyte and the WE.

It is noteworthy that the increase in observed current from the addition of rGO 
leads to an increase in the linear working range of the sensor and an increase in its 
sensitivity.

3.2 Optimization of experimental parameters

3.2.1 Effect of applied potential range

Initially we analyzed potential range to reduce the graphene oxide. These 
potentials were in the window of −0.50 to −1.40 V. Figure 3 indicates the behavior 
of the analytes before the different potentials adopted, and the anodic current was 
adopted as the selection method of the best result and also took into account the 
separation of current peaks anodic of LD and BZ. This figure does not represent the 
process of reducing but the electrochemical behavior of analytes using the GCE/
rGO after the reduction.

Among the potentials adopted, (−0.50, −0.60, −0.70, −0.80, −0.90, −1.00, 
−1.10, − 1.20, −1.30), (−0.60, −0.70, −0.80, −0.90, −0.95, − 1.00, −1.10, − 1.20, 
−1.30), and (−0.70, −0.80, −0.90, −1.00, −1.05, −1.10, −1.20, −1.30, −1.40), the 

Figure 2. 
LD 0.1 μmol L−1 electrochemical behavior in the analytical response (A) GCE, GCE/rGO before optimization, 
and GCE/rGO after optimization (B).

Figure 3. 
(A) Cyclic voltammograms obtained at different electrodes prepared via MPA with different potentials (PBS 
0.1 mol L−1, pH 5.50) after addition of 1.0 × 10−5 mol (BZ) and 9.95 × 10−5 mol L−1 (LD). (B) Analytical response.
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range of −0.60 to −1.30 V presented the best result; therefore this value was adopted 
as the optimum value, and the analysis process continued.

3.2.2 Effect of time

After determining the potentials to be applied in the electroreduction, the time 
of application of these potentials was evaluated. Three application times were 
analyzed: 400, 450, and 500. Figure 4 represents the voltammograms obtained 
after the GO reduction process, and this analysis was performed in the presence and 
absence of analyte for electrodes prepared at different times of reduction.

Through the current difference, it was determined which would be the best fear 
of the application of the pulses, having as optimum time 450 s.

3.2.3 Effect of GO concentration

With the potentials and time of application well-defined, the evaluation of 
the GO concentration added to the electrode surface was performed, from 0.5 to 
3 mg ml−1. Figure 5 shows the voltammograms for the different concentrations of 
the solutions added on the GCE, and the optimum condition was defined by means 
of the current difference. This condition was 2.00 mg mL−1.

Figure 5. 
(A) Cyclic voltammograms obtained at different electrodes prepared via MPA with different GO concentrations 
(PBS 0.1 mol L−1, pH 5.50) after addition of 1.0 × 10−5 mol (BZ) and 9.95 × 10−5 mol L−1 (LD). (B) Analytical 
response.

Figure 4. 
(A) Cyclic voltammograms obtained at different electrodes prepared via MPA with different times (PBS 
0.1 mol L−1, pH 5.50) after addition of 1.0 × 10−5 mol (BZ) and 9.95 × 10−5 mol L−1 (LD). (B) Analytical response.
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3.2.4 Effect of pH

Finally, the pH influence of the electrolytic solution in the reduction process was 
evaluated, since it can cause interferences in the process of electroreduction, such as 
damage to the modifier material. Concerning this study, the optimal measurements pre-
viously evaluated in Figure 6 can be observed, and the influence of the pH value of the 
support solution—phosphate buffer at 0.10 mol L−1—in the formation of the rGO film. 
By means of the current difference, the best pH value was defined, which was 6.00.

It should be noted that when the dispersion concentration of the modified material 
was optimized due to the influence of the thickness of the modification and the number 
of functional groups, and the thicker and the smaller the number of groups, the lower 
the number of functional loads will be transported. The potential is applied to eliminate 
the excess of functional groups, transforming the GO into or returning to give conduc-
tive characteristics of this material. The reduction time in turn allows a better interac-
tion of the film with the reduction process making its surface more homogeneous.

Therefore, it is extremely important that there is an optimization of the param-
eters of the technique and the concentration of modifier material to obtain a more 
efficient sensor, that is, with good sensitivity and selectivity.

3.3 Optimization of experimental conditions

After the optimization of the GO reduction process, it was evaluated which of 
these presented better conditions for the continuation of the analyses of LD and 
BZ. The choice of the best technique was based on the separation of the peaks of LD 
and BZ and the higher anodic current.

3.3.1 Influence of ionic force

It is known that the ionic force is directly linked to the feasibility of the analysis 
once the concentration of the ions influences in the transport of loads, which can 
generate an increase in the signal of the analyte.

The determination of the ionic strength of the solution was made by means of 
the difference of white current and the addition of the analytes obtained in a buffer 
system pH 5.50, and the electrolyte concentration support was varied from 0.025 to 
0.200 mol L−1. Figure 7 illustrates the voltammograms obtained for these different 
concentrations, and through them it was possible to define that the ionic force that 

Figure 6. 
(A) Cyclic voltammograms obtained at different electrodes prepared via MPA with different pH (PBS 
0.1 mol L−1, pH 5.50) after addition of 1.0 × 10−5 mol (BZ) and 9.95 × 10−5 mol L−1 (LD). (B) Analytical response.
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best suited was 0.050 mol L−1. The higher concentration may be happening with the 
competition between the electrolyte ions support and the analytes and concentra-
tions below these there are not enough ions to carry out the transport of loads.

3.3.2 pH influence

Subsequently, the pH effect was evaluated, which may influence the electrode 
stability and provide secondary reactions of the analytes, such as LD, which in basic 
ph suffers secondary reactions which degrade it. This parameter was also evalu-
ated by analyzing anodic current, and the higher these differences are the signal 
obtained, Figure 8 illustrates the voltammograms for the different pH values of the 
electrolyte support, the optimum value for analysis was determined being 5.50.

3.4 Calibration curve

First, we calculated the amount of analyte needed to prepare a solution containing 
LD and BZ in the same proportion found in Prolopa®, from 5.23 mol of LD to 1.00 mol 
of BZ, which would be analyzed. Through this solution, the voltammetry analysis was 
performed using proposed sensor (previously optimized) as shown in Figure 9. The 
analytical curves were constructed for LD (Figure 10) and BZ (Figure 11).

Figure 8. 
(A) Cyclic voltammograms obtained at different electrodes prepared via MPA with different pH of the electrolyte 
(PBS 0.050 mol L−1) after addition of 1.0 × 10−5 mol (BZ) and 9.95 × 10−5 mol L−1 (LD). (B) Analytical response.

Figure 7. 
(A) Cyclic voltammograms obtained at different electrodes prepared via MPA with different electrolyte 
concentration (PBS pH 5.50) after addition of 1.0 × 10−5 mol (BZ) and 9.95 × 10−5 mol L−1 (LD). (B) 
Analytical response.
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Having all the data optimized, it was possible to construct the final analytical 
curves by means of successive additions of LD 5.08 mmol L−1 and BZ 0.97 mmol L−1 
in order to obtain the sensibility, the detection limit (LOD), and the limit of quanti-
fication (LOQ ) for each analyte.

The sensibility for LD was 0.05148 μmol L−1 and 0.10303 μmol L−1 for BZ. For 
the analytical curve, to have an acceptable degree of reliability, the value of R must 
be close to 1. The values obtained for R are above 0.98, which indicates a consider-
able good degree of reliability.

The detection limit (LOD) represents the smallest amount of the analyte present 
in a sample that can be detected by the method. From the parameters of the analyti-
cal curve, the LOD can be expressed by LOD = 3 × (S/B), where S is the standard 
deviation of the white and B is the slope of the analytical curve.

Figure 9. 
Voltammograms (PBS 0.05 mol L−1 pH 5.5) and calibration curve, using cyclic voltammetry, containing LD in 
the concentration range of 2.53 × 10−5 mol L−1 to 4.19 × 10−4 mol L−1 and BZ of 4.83 × 10−6 mol L−1 to 8.02 × 10−5 
mol L−1.

Figure 10. 
Calibration curve of BZ in phosphate buffer, pH 5.50, and concentration 0.05 mol L−1.
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The limit of quantification (LOQ ) is the smallest amount of the analyte in a 
sample that can be determined with accuracy and accuracy acceptable under the 
established experimental conditions. The LOQ is established through the analysis 
of samples containing decreasing concentrations of the analyte up to the lowest 
determinable level and can be expressed by the equation: LOD = 10 × (S/B), where S 
and B have the same values found for the LOD, previously.

The limit of detection and the limit of quantification of LD and BZ obtaining 
was, respectively, 5.14 μmol L−1 and 17.10 μmol L−1 for LD and 8.96 × 10−1 μmol 
L−1 and 2.99 μmol L−1 and BZ. However, the detection limit can be adopted as 
the first point of the analytical curve, thus becoming 4.83 μmol L−1 for BZ and 
25.30 μmol L−1 for LD.

After the calibration curve was constructed, reproducibility and repeatability tests 
were performed. Reproducibility was confirmed by inter-day testing, where analyses 
of the same sample were performed on different days, and by intra-day testing, where 
five electrodes were built and samples of the same concentration were analyzed, 
after these tests. A good reproducibility must have standard deviation of less than 5% 
which will occur.

Repeatability can be ratified by inter- and intra-day analysis, and it was made by 
intra-day analysis, where an electrode was built to analyze five samples of the same 
concentration, which presented a standard deviation below 5%, which statistically 
proves the repeatability of the method.

It is noteworthy that all analyses presented throughout the text were made in 
triplicate, where a relative error of less than 5% was observed, which statistically 
proves that the analyses presented are within an acceptable standard.

3.5 Application in pharmaceutical formulation

In order to evaluate the applicability of the proposed method, a solution of LD 
and BZ was prepared employing the sample of the drug (Prolopa®) at the concen-
tration of 5.08 mmol L−1 of LD and 0.97 mmol L−1 of BZ, having the nominal value 
of each analyte present in the Prolopa® as a reference for calculating the indicated 
concentrations. This solution was analyzed by the proposed sensor.

Then, the recovery tests were performed. The results were obtained in triplicate 
and are presented in Tables 1 and 2.

Figure 11. 
Calibration curve of LD in phosphate buffer, pH 5.50, and concentration 0.05 mol L−1.
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Through the results presented in Tables 1 and 2, it was possible to observe that 
the sensor proved to be promising in the simultaneous determination of the ana-
lytes with a maximum relative error of ±5%. And the results found were analyzed in 
the same system with successive additions of the drug solution.

It is noteworthy that the methodology of modification of the surface of the GCE 
is rapid and that the data obtained when compared with those present in the lit-
erature [23, 26–33] has performance as good as the sensors described; however, the 
preparation methodology of some is more laborious than the proposal in this work.

4. Conclusion

The proposed methodology was successfully developed, since it proved to be 
effective in the simultaneous determination of LD and BZ. It is worth noting that 
the methodology employed uses a rapid analysis technique, when comparing the 
separation techniques (chromatography).

In short, the work proved to be efficient and innovative when compared to the 
literature but can have the methodology of reduction by MPA improved. Thus, this 
study enable an improvement in the methodology of analysis and the description of 
this technique with the purpose of electroreduction and/or electropolymerize in the 
literature.
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Measure [LD] added [LD] recovered Recovery (%) ER (%)

1 2.53 × 10−5 mol L−1 2.60 × 10−5 mol L−1 102.77 2.77

2 2.87 × 10−4 mol L−1 2.78 × 10−4 mol L−1 96.86 −3.14

3 4.19 × 10−4 mol L−1 3.99 × 10−4 mol L−1 97.91 −2.09

Table 1. 
Results of the LD addition and recovery tests in a solution prepared with the drug.

Measure [BZ] added [BZ] recovered Recovery (%) ER (%)

1 4.83 × 10−5 mol L−1 4.95 × 10−5 mol L−1 102.48 2.48

2 5.50 × 10−5 mol L−1 5.25 × 10−5 mol L−1 95.45 −4.55

3 8.02 × 10−5 mol L−1 8.41 × 10−5 mol L−1 104.86 4.86

Table 2. 
Results of the addition and recovery tests of BZ in a solution prepared with the drug.
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