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Abstract: A new, highly sensitive Adsorptive Stripping Voltammetric method for levodopa determi-
nation was developed. As a working electrode, the glassy carbon electrode (GCE) modified with
carbon black (CB), RuO2·xH2O (RuO2) and Nafion was used (CB-RuO2-Nafion GCE). Levodopa
signal obtained on the modified electrode was 12 times higher compared to GCE. During research,
instrumental parameters were optimized: sampling time ts = 10 ms, waiting time tw = 10 ms, step
potential Es = 5 mV and pulse amplitude ∆E = 50 mV. Preconcentration potential Eprec was equal to
0 mV. The best results were obtained in 0.025 M perchloric acid (approx. pH 1.4). Signal repeatability
measured on the CB-RuO2-Nafion modified electrode for 0.2 µM of levodopa was equal to 2.1%
(levodopa concentration 1 µM, n = 5). Linearity of the method was achieved in the concentration
range from 1 to 8 µM. Limit of detection was equal to 17 nM. Recoveries calculated for pharmaceutical
products and tap water measurements were in the range 102–105%, which confirms the accuracy
of the developed. The applicability of the method was confirmed by analysis of pharmaceutical
products and tap water samples. Based on obtained results, it might be concluded that the developed
voltammetric method could be a useful tool in routine drug analysis.
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1. Introduction

Levodopa (dihydroxyphenylalanine, DOPA) is a large neutral amino acid (LNAA)
used in therapy of Parkinson’s disease. Literature states that to date levodopa has the
best therapeutic index from symptomatic parkinsonian medications [1,2]. Considering the
role of levodopa in Parkinson’s disease treatment, it might be concluded that a quality
control on medications containing this substance is an important issue. Literature describes
application of different instrumental methods for levodopa determination. Among them is
high-pressure liquid chromatography (HPLC) with diod-array detection (DAD) [3], UV [4],
fluorimetric [4] or chemiluminescence [5] detection. Another method in capillary elec-
trophoresis with chemiluminescence detection [6]. The use of fluorescence spectrometry [7]
and spectrophotometry [8] was also reported. Voltammetry which belongs to the group
of electrochemical methods is also a useful tool for Levodopa determination [9–17]. In
comparison to the mentioned methods, voltammetry has many advantages. It is relatively
inexpensive, samples analysis is easy and fast and most importantly, it is a highly sensitive
method which allows very low detection limits to be reached.

Voltammetry might be used for determination of organic and inorganic substances.
This is possible due to numerous design solutions in the field of working electrodes [18–24].
A very popular type of sensor is the glassy carbon electrode (GCE) due to the possibility of
its modification with surface modifier. Application of such materials allows parameters
such as sensitivity, selectivity or limit of detection to be improved. In the literature examples
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of application of glassy carbon electrodes [25–28] and carbon paste electrodes [29] modified
with ruthenium in the form of oxides, hydrated oxides or organic compounds might be
found. Ruthenium exhibits unique properties such as high conductivities, unusual stability
and easy electron transfer. These properties make ruthenium a great electrocatalyst which
increases the current response when it is used as electrode material in electrochemical
analysis [28–31]. In order to improve analytical performance of ruthenium-based sen-
sors, researchers started to combine it with carbon nanomaterials [30–32]. Carbon black,
graphene, carbon nanotubes and other carbonaceous materials are well known as GCE
and CPE modifiers. They might be characterized by high electrical conductivity which
improves the performance of a sensor. Therefore, their combination with ruthenium allows
the electrode material with interesting properties to be obtained.

The aim of this work was to develop a highly sensitive and simple voltammetric
method for levodopa determination. The main novelty of this work was the preparation
of the sensor modified with combination of carbon black, RuO2·xH2O and Nafion and
its application for levodopa determination. As it was explained, ruthenium and carbon
nanomaterials exhibit properties desired in electrochemical sensors; therefore, they were
used as surface modifiers. Nafion was added in order to improve mechanical properties.
The abovementioned ruthenium-based sensor is easy to prepare and might be characterized
high sensitivity, which was shown in our previous work [33]. To the best of our knowledge,
this solution has never been used in levodopa determination.

2. Experiment
2.1. Apparatus

Voltammetric experiments were conducted using an electrochemical analyzer M161
(mtm-anko) and electrode stand M164 (mtm-anko). A typical three-electrode system, con-
sisted of RuO2-CB-Nafion GCE (working electrode), Ag/AgCl (3M KCl) (reference elec-
trode) and platinum wire (auxiliary electrode), was applied. The solution in the quartz cell
(total volume 20 mL) was stirred using magnetic bar rotating with the speed ~500 rpm. All
pH measurements were carried out with a laboratory pH-meter (N-512 elpo, Polymetron,
Wroclaw, Poland). For solvents, a sonication ultrasonic bath (BAKU BK-3550 30/50W,
frequency 40 kHz) was used.

2.2. Chemical and Glassware

All reagents were of analytical grade. The stock solution of levodopa was prepared
from certified reference material (Sigma Aldrich, St. Louis, MO, USA). In order to stabilize
the levodopa solutions, perchloric acid (Sigma Aldrich, Darmstadt, Germany was added
(10 µL of acid per 1 mL of solution). The stock solution of levodopa was stored in the
fridge at a temperature of 4 ◦C. Solutions with lower concentration were prepared daily by
dilution of the stock solution. The remaining reagents were purchased as follows: Carbon
black CAT (surface area 550 m2 kg−1)–3D Nano; RuO2·xH2O–Alfa Aesar, A Johnson
Matthey Company; ethanol–POCH, Gliwice Poland; Humic acid sodium salt–Aldrich;
Triton X-100—Sigma Aldrich, Darmstadt, Germany, Nafion–Sigma Aldrich, Darmstadt,
Germany Prior to use, all glassware was cleaned using HNO3 solution, then rinsed with
double distilled water. Double distilled water was used in all measurements.

2.3. Sample Preparation

For the study of levodopa concentration in pharmaceutical products, Madopar
125–100 mg per capsule and Madopar 62.5–50 mg per tablet were used. In the first step of
sample preparation, 3 tablets from each pharmaceutical product were weighed, crushed
using the agate mortar and mixed. In the next step, the adequate amount of each sample
was dissolved in double distilled water (20 mL) and then sonicated for about 10 min. In
order to remove the tablet’s insoluble fillers, each sample was filtrated and obtained filtrate
was transferred into the 25 mL volumetric flask. Samples were stabilized by addition of
250 µL of perchloric acid and filled up to the mark with double distilled water.
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2.4. The Preparation of Working Electrode

The first step of RuO2-CB-Nafion GCE fabrication is preparation of CB–RuO2–Nafion
dispersion (modifier). For this purpose, 5 mg of carbon black and 1 mg of RuO2·xH2O
were weighed and quantitatively transferred into a 5 mL volumetric flask. In the next
step, 100 µL of Nafion (5%) was added, and then the flask was filled up to the mark using
ethanol (96%). The mixture was sonicated for about 15 min. Amounts of substrates listed
above were optimized. In Figure 1, voltammograms obtained during the optimization of
carbon black and RuO2·xH2O are presented as well as the corresponding diagram. During
the experiment, different ratios between mentioned components were tested and the best
combination was chosen for preparation of surface modifier.
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Figure 1. (a) Voltammograms obtained during optimization of modifier composition. Each modifier
was prepared in 5 mL volumetric flask using the following amounts of carbon black (CB) and
RuO2·xH2O (RuO2): (1)—10 mg CB, 1 mg RuO2, (2)—5 mg CB, 1 mg RuO2, (3)—5 mg CB, 2 mg
RuO2, (4)—2.5 mg CB, 1 mg RuO2, (5)—5 mg CB, 0.5 mg RuO2. (b) Corresponding diagram.

The second step of RuO2-CB-Nafion GCE fabrication is modification of the GCE using
obtained modifier. Firstly, the surface of the GC electrode has to be cleaned in order to
remove adsorbed contamination. For this purpose, the electrode is polished using alumina
powder suspension with particle sizes of 0.3 and 0.05 µm and polishing cloth. Then, the
electrode is rinsed in the double distilled water stream, put in the methanol-water solution
and sonicated for about 3 min. After drying, the surface of the GC electrode is modified
by application of 5 µL of modifier suspension (homogenized directly before use by 3 min
sonication). After drying in the room temperature, which takes at least 15 min, the sensor
is ready to use and might be utilized for a few weeks. The results of the experiment
concerning stability of RuO2-CB-Nafion GCE can be found in our previous work [33]. The
sensor reproducibility was also tested. A series of RuO2-CB-Nafion GCE sensors was
prepared, and then each of them was tested in the same conditions. Results shown that
reproducibility (expressed as variation coefficient) of the sensor is equal to 7.3% (n = 5).
After use between different measuring days, the sensor was rinsed using double distilled
water and stored at room temperature in the glass container to avoid contamination from
the air.
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2.5. Measurement Procedure

Quantitative measurements of levodopa were carried out using differential pulse
voltammetry (DPV) and the standard addition procedure. Measurements were carried out
in the supporting electrolyte which consisted of 0.025 M perchloric acid (pH 1.4)—total
volume 10 mL in the voltammetric cell. Before the first use of the electrode, its signal
was stabilized by cycling (to achieve a stable signal). The measurement procedure was
performed following the steps below:

a. Cleaning of the electrode surface: E = 1205 mV, t = 2 s;
b. Preconcentration step: Eacc = 0 mV, tacc = 20 s;
c. Rest period: 3 s;
d. Registration of voltammogram in the potential range from 0 to 1200 mV.

Other parameters of DPV measurements were as follows: waiting time tw = 10 ms;
sampling time ts = 10 ms; step potential Es = 4 mV; and pulse amplitude ∆E = 50 mV.

3. Results and Discussion
3.1. Voltammetric Behavior of Levodopa on CB-RuO2-Nafion GCE

Electrochemical behavior of levodopa on the RuO2-CB-Nafion GCE and bare GC
electrode was compared and is presented in Figure 2a. The test was performed using the
surface modifier with optimized composition, which is described in point 2.4. In Figure
3, the characterization of morphology of RuO2-CB-Nafion GCE performed by scanning
electron microscopy is presented. Carbon black might be characterized by the spherical
shape with an average particle size equal to 30 nM. The second component of the electrode
modifier–hydrated ruthenium dioxide has a diameter of 2 nM. An initial observation might
be the difference in sensitivity between the bare and modified electrode. Peak current
registered on RuO2-CB-Nafion GCE and the bare electrode was equal to 1.4 and 16.5 µA,
respectively. This means that modifications enabled an increase in registered current almost
by 12 times. A shift in a peak potential to lower potentials values (bare GCE 510 mV, RuO2-
CB-Nafion GCE 484 mV) is also visible. This may indicate that the modified electrode has
good catalytic properties. The levodopa half width peak for both electrodes are comparable.
In Figure 2c, the comparison of levodopa signal measured using glassy carbon electrodes
modified with each component of the final modifier (CB-RuO2-Nafion) is presented. As it
can be seen, when components were used separately, a moderate effect was observed—only
their combination resulted in a significant improvement of the sensor’s sensitivity.
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Figure 2. (a) Comparison of differential pulse voltammetry (DPV) signal derived from 2 µM of
levodopa register on RuO2-CB-Nafion glassy carbon electrode (GCE) and on bare GCE electrode in
0.025 M perchloric acid. Preconcentration potential and time were equal to 0 mV and 20 s, respectively.
(b) Dependence of levodopa peak current on modifier volume. (c) Comparison of signals obtained
using glassy carbon electrode modified with: 1—carbon black, RuO2 and Nafion, 2–RuO2 and Nafion,
3—carbon black, 4—RuO2, 5—Nafion. Levodopa concentration was equal to 4 µM; supporting
electrolyte consisted of 0.025 M perchloric acid; preconcentration potential and time were equal to
0 mV and 20 s, respectively.
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The influence of modifier volume on levodopa peak current was also investigated,
which is presented in Figure 1b. Increasing the modifier volume caused an increase in
recorded currents (from 1.4 to 16.5 µA) but only up to the volume of 5 µL. For volume
larger than 5 µL, the drop in the peak current and increase in the background current were
observed, which was probably the effect of increasing capacitive current. Therefore, in
further measurements, the GC electrode modified with 5 µL of surface modifier was used.
For optimized RuO2-CB-Nafion GCE parameters, repeatability was calculated and was
equal to 2.1% (levodopa concentration 1 µM, n = 5).

In order to identify the reaction mechanism of levodopa on RuO2-CB-Nafion GCE,
linear sweep voltammetry (LSV) measurements were conducted. Voltammograms for
10 µM of levodopa were registered at different scan rates (6.3–500 mV s−1) in the potential
range from 0 to 1200 mV, which is presented in Figure 4. The results showed the quasi-
reversible nature of the electrode process. The oxidation peak occurs at the potential 512 mV
(scan rate 100 mVs−1) and corresponds to the oxidation of levodopa to dopaquinone. The
reduction peak which occurs at the potential 488 mV (scan rate 100 mVs−1) corresponds to
the reverse reaction (reduction of dopaquinone to levodopa) [12,17]. The influence of scan
rate on LSV voltammograms is also visible in Figure 4—the higher the value of scan rate
was, the higher levodopa peak current was. The dependence of peak current versus scan
rate and square root of the scan rate were plotted. Obtained diagrams revealed the linear
dependence between levodopa peak current and square root of the scan rate (Equation (1)),
which means that the electrode process is diffusion controlled (Figure 4 inset).

Ip = 1.50 (mV s−1)1/2 − 4.45 µA
r = 0.996

(1)

To determine the number of electrons taking part in the electrode reaction, the depen-
dence between peak potential and natural logarithm of the scan rate was plotted (Equation
(2)). In the next step, the slope of the regression line was used in the Equation (3). Calcu-
lations revealed that the αn value was equal to 1.85, which indicates that the number of
electrons (n) which take part in the electrode process is equal to 2.
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Ep = 0.014 ln (V s−1) + 0.547 V
r = 0.988

(2)

b = RT/2αnF (3)

b—slope [-], R—gas constant [J·M−1K−1], T—temperature [K], α—transfer coefficient [-],
n—stoichiometric number of electrons involved in an electrode reaction [-], F—Faraday
constant [C·mol−1]
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Figure 4. Voltammograms obtained using the linear sweep voltammetry (LSV) technique for scan
rate in the range from 6.3 to 500 mVs−1 for 10 µM of levodopa in 0.025 M perchloric acid. The
dependence of levodopa peak current on square root of scan rate (inset).

In order to confirm the mechanism of the reaction, the influence of the pH of support-
ing electrolyte on peak potential was studied. In the experiment, six electrolytes with pH
in the range from 5.7 to 8 were prepared and tested. Levodopa concentration was equal
to 2 µM, and preconcentration potential and time were 0 mV and 20 s, respectively. In a
studied range of pH, a linear dependence between pH and levodopa peak potential was
obtained. The slope of the regression was equal to 59.7 mV pH−1, which is close to the
theoretical value (59.17 mV pH−1). This indicates that 1 proton per 1 electron takes part
in the levodopa electrode reaction. A probable levodopa redox reaction has been already
proposed by other researchers [12,13,15,17]. Data presented in this work confirm previous
results; therefore, a possible levodopa oxidation mechanism on RuO2-CB-Nafion GCE was
presented in Figure 5.
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3.2. Influence of DPV Technique Parameters on Levodopa Signal

DPV technique parameters influence the sensitivity of the method; therefore, their
optimization is an important step of the research. The following parameters were investi-
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gated in the wide range of values: sampling time ts (10–80 ms), waiting time tw (10–80 ms),
step potential Es (1–6 mV), pulse amplitude ∆E (5–100 mV–positive and negative mode).
The best results were obtained for values ts = 10 ms, tw = 10 ms, Es = 5 mV, ∆E = 50 mV;
therefore, such parameters were used in further measurements.

3.3. Influence of Preconcentration Potential and Time on Levodopa Signal

Preconcentration potential and time are the parameters of voltammetric technique–
adsorptive stripping voltammetry. This technique allows the improvement of the sensitivity
of the method by introducing the preconcentration step during which the analyte accu-
mulates on the surface of the working electrode. Therefore, optimization of mention
parameters was the next step of the research. The experiment was conducted in 0.025 M
perchloric acid, for levodopa concentration equal to 2 µM. Preconcentration potential
was varied from −400 to 425 mV. In the range from −400 to 200 mV, register levodopa
current practically does not depend on preconcentration potential (the peak current was
approximately 16.3 µA). For potentials higher than 200 mV, a decrease in the levodopa peak
current was observed. Considering the obtained results, the preconcentration potential
equal to 0 mV was chosen as optimal for further measurements.

The preconcentration time was examined in the same conditions as preconcentration
potential for the same levodopa concentration. The time was varied in the range from 0
to 60 s. Increasing the preconcentration time resulted in an increase in the levodopa peak
current, but an effective peak current increase for a preconcentration time no longer than
20 s was observed. For preconcentration time longer than 20 s, practically no increase in
analytical signal was observed. Preconcentration time equal to 20 s was chosen as optimal
due to relatively high sensitivity and ability to perform quick measurement.

3.4. Influence of the Composition of Supporting Electrolyte on Levodopa Signal
3.4.1. Composition of Supporting Electrolyte

The type of supporting electrolyte may affect levodopa peak current and potential.
Seven different electrolytes in the pH spectrum from 1.4 to 9.1 were chosen for the experi-
ment: borate buffer (0.025 M, pH 9.1), ammonium buffer (0.025 M, pH 8.2), acetate buffer
(0.025 M, pH 3.8), KCl (0.025 M, pH 4.8), KH2PO4 (0.025 M, pH 4.6), H2SO4 (0.025 M, pH
1.6) and HClO4 (0.025 M, pH 1.6). The signal derived from 2 µM of levodopa was ob-
tained in ammonium buffer, KCl, KH2PO4, H2SO4 and HClO4. Nevertheless, measurement
conducted in acids (H2SO4 and HClO4) might be characterized by the highest sensitivity.
Comparison of peak current for both acids revealed that signal registered in HClO4 (peak
current and potential equal to 16.5 µA and 488 mV, respectively) was 35% higher than
in H2SO4. Therefore, perchloric acid was chosen as optimal for voltammetric levodopa
determination.

3.4.2. Influence of Concentration of Perchloric Acid on Levodopa Signal

Further research was focused on the influence of perchloric acid concentration on
levodopa signal. Experiment was conducted using perchloric acid with concentration in
the range from 0.025 to 0.5 M (levodopa concentration in the system was equal to 2 µM).
The higher the electrolyte concentration was, the lower the observed peak current was. In
addition, for lower concentration of the electrolyte, a shift in peak potential toward lower
values was observed. Further experiments were conducted using 0.025 M perchloric acid,
and this value was chosen as optimal. Supporting electrolyte should be characterized by
good conductivity; therefore, concentrations lower than 0.025 M were not tested in the
experiment. Additionally, lower concentration of supporting electrolyte would generate
higher background current.

3.5. Intereferences

Considering possible application of the developed method in real samples analysis
(pharmaceuticals products and natural water samples), an interferences study was con-
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ducted. For the experiment, inorganic cations and anions as well as organic substances
were chosen. All used substances with the information about their concentration in the
supporting electrolyte are presented in Table 1. During the experiment, the concentration of
levodopa was equal to 1 µM. The results show that the presence of the higher concentration
of Fe(III) (more than 0.5 µM) caused a decrease in the signal (1 µM of Fe(III) generated 15%
decrease in the peak current). Other inorganic ions did not affect register current. From the
organic substances, Triton X-100 and humic acids caused a visible decrease in the signal:
2.5 ppm of Triton X—100–80% decrease in the signal; 5 ppm of humic acids—30% decrease
in the signal.

Table 1. Interfering agents used in the experiment.

Interfering Agent Concentration in the Solution

Fe(III), Se(IV), Cd(II), Pb(II), Zn(II),
Al(III), Sb(III), Cu(II), Mn(II) 1 µM

Mg(II), Ca(II) 10 µM

SO4
2−, H2PO4

− 1000 µM

citric acid 1000 µM

ascorbic acid, glucose 500 µM

Triton X-100 2.5 ppm

humic acids 5 ppm

3.6. Analytical Performance

Calibration was carried out in order to investigate the analytical performance of the
voltammetric method for levodopa determination. Calibration voltammograms as well as
calibration curves are presented in Figure 6. The linearity was obtained for the levodopa
concentration range 1–8 µM (r = 0.998; slope 6.74 ± 0.16 µA µM−1, intercept 3.16 ± 0.83
µA). Based on the obtained results (calibration presented in Figure 5), the limit of detection
LOD (defined as 3 standard deviation of blank) was calculated and was equal to 17 nM
(20 s preconcentration time). The limit of quantification (LOQ) was also calculated and
was equal to 56 nM. Obtained sensitivity of the method was very high (6.74 µA µM−1).
The comparison of the analytical performance of the developed method with other works
concerning levodopa are presented in Table 2. As it might be seen, the developed method
is characterized by the second best sensitivity and third best LOD value among the works
presented in the table. It is also worth mentioning that the sensor used in this work is easy
to prepare, which is a major advantage over other sensors described in the literature and
presented in Table 2. The repeatability of the method for levodopa concentration 1 µM
(n = 5) was calculated and was equal to 2.1%. In order to verify the applicability of the
developed method, measurements of levodopa concentration in pharmaceuticals products
were carried out (exemplary voltammogram presented in Figure 7a). For this purpose,
two pharmaceutical products were chosen—Madopar 62.5 (50 mg of levodopa per tablet)
and Madopar 125 (100 mg of levodopa per tablet). Measurements were performed in
accordance with the procedure described in point 2.5 and the standard addition method.
Results presented in Table 3 are in a good agreement with the producer’s declaration.
Calculated recoveries were in the range 102–105%, which confirms sufficient accuracy of
the method. The analysis of levodopa concentration in the tap water sample was also
performed. The obtained results prove that the developed method might be used in the
monitoring of drug pollution in tap water samples.
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Table 2. Comparison of previously published results concern levodopa determination.

Electrode LOD, nM Sensitivity, µA µM−1 Reference

3D GF/ITO 1000 0.24 [18]
DyNW/CPE 4 17.46 [19]

GCE MoPD/MWNTs 101 0.80 [21]
EA CPE 650 0.06 [22]

GCE C60-MWNTs 35 0.01 [23]
RTIL-GQDs/CPE 10 0.87 [24]

CAMCPE 650 0.17 [25]
ZnS NPs/3D GF 43 2.57 [26]

CB-RuO2-Nafion GC 17 6.74 This work

3D GF/ITO—3D graphene foam/ indium tin oxide, DyNW/CPE—dysprosium nanowire carbon
paste electrode, GCE moPD/MWNTs—glassy carbon electrode modified with poly 4-methyl-ortho-
phenylenediamine and multi-wall carbon nanotubes, EA CPE—electrochemically activated carbon
paste electrode, GCE C60-MWCNTs—glassy carbon electrode modified with fullerene-functionalized
multi wall carbon nanotubes, RTIL-GQDs/CPE—a room temperature ionic liquid/graphene quantum
dots modified carbon paste electrode, CAMCPE—chloranil modified carbon paste electrode, ZnS
NPs/3D GF—ZnS nanoparticles modified three-dimensional graphene foam.

Table 3. Results of levodopa determination in pharmaceutical products and in tap water.

DOPA Added

DOPA Found ± s
(Recovery, %), mg DOPA Found ± s (Recovery, %), µg

Madopar 62.5 a Madopar 125 b Tap Water

0 51 ± 2 102 ± 3 ND
2 µg - - 2.1 ± 0.1 (105)
4 µg - - 4.1 ± 0.1 (102)

50 mg 104 ± 2 (103) - -
100 mg - 205 ± 7 (102) -

a 50 mg per tablet declared, b 100 mg per tablet declared, ND—not detected.
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Figure 7. (a) DPV voltammogram obtained during sample measurement (Madopar 125) in 0.025 M
perchloric acid (blank, sample and 2 additions of levodopa stock solution − 1 µM each). Pre-
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linear dependence.

4. Conclusions

A new, highly sensitive Adsorptive Stripping Voltammetric method for levodopa
determination was developed. An electrochemical sensor based on a GC electrode modified
with carbon black, RuO2·xH2O and Nafion was used. This modification allowed an
improvement in sensitivity of up to 12 times compared to the bare GC electrode (the
sensitivity of the sensor 6.74 µA µM−1). The best results were achieved in the supporting
electrolyte consisting of 0.025 M perchloric acid (pH 1.4) with a preconcentration time and
potential equal to 20 s and 0 mV, respectively. Limit of detection (LOD) was calculated and
was equal to 17 nM. This is a very good result in comparison with solutions previously
described in the literature (Table 1), especially because preparation of the presented sensor
is extremely simple and fast. Calculated recoveries proved the accuracy of the method.
The applicability of the developed method was confirmed by the analysis of levodopa
concentration in pharmaceutical products and tap water. The results of drug analysis were
in a good agreement with the producer’s declaration. Considering the presented facts,
it might be concluded that the developed method might be a useful tool for the quality
control of pharmaceutical products and monitoring of drug pollution in the environment.

Author Contributions: Conceptualization, R.P. and A.G.; methodology, R.P.; validation, R.P., A.G.
and B.P.-B.; formal analysis, R.P. and A.G.; investigation, A.G.; resources, R.P. and B.P.-B.; data
curation, A.G.; writing—original draft preparation, A.G.; writing—review and editing, R.P. and
A.G.; visualization, A.G.; supervision, R.P.; project administration, R.P.; funding acquisition, R.P. All
authors have read and agreed to the published version of the manuscript.

Funding: The publication is financed from the subsidy No. 16.16.160.557 of the Polish Ministry of
Science and Education.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Reich, S.G.; Savitt, J.M. Parkinson’s Disease. Med. Clin. N. Am. 2019, 103, 337–350. [CrossRef]
2. Marsili, L.; Marconi, R.; Colosimo, C. Treatment Strategies in Early Parkinson’s Disease, 1st ed.; Elsevier Inc.: Amsterdam, The Nether-

lands, 2017. [CrossRef]

http://dx.doi.org/10.1016/j.mcna.2018.10.014
http://dx.doi.org/10.1016/bs.irn.2017.01.002


Sensors 2021, 21, 60 11 of 12

3. Li, S.; Wu, H.; Yu, Y.; Li, Y.; Nie, J.; Fu, H.; Yu, R. Quantitative analysis of levodopa, carbidopa and methyldopa in human plasma
samples using HPLC-DAD combined with second-order calibration based on alternating trilinear decomposition algorithm.
Talanta 2010, 81, 805–812. [CrossRef] [PubMed]

4. Muzzi, C.; Bertocci, E.; Terzuoli, L.; Porcelli, B.; Ciari, I.; Pagani, R.; Guerranti, R. Simultaneous determination of serum
concentrations of levodopa, dopamine, 3-O-methyldopa and a -methyldopa by HPLC. Biomed. Pharmacother. 2008, 62, 253–258.
[CrossRef] [PubMed]

5. Mu, C.-L.; Wu, D.; Lu, H.-F.; Xie, H.; Zhang, Q.-L. Simultaneous and Sensitive Determination of Levodopa and Carbidopa in Phar-
maceutical Formulation and Human Serum by High Performance Liquid Chromatography with On-Line Gold Nanoparticles—
Catalyzed Luminol Chemiluminescence Detection. Chin. J. Anal. Chem. 2017, 45, e1726–e1733. [CrossRef]

6. He, W.; Zhou, X.; Lu, J. Simultaneous determination of benserazide and levodopa by capillary electrophoresis—Chemiluminescence
using an improved interface. J. Chromatogr. A 2006, 1131, 289–292. [CrossRef]

7. Kim, W.H.; Karim, M.M.; Lee, S.H. Simultaneous determination of levodopa and carbidopa by synchronous fluorescence
spectrometry using double scans. Anal. Chim. Acta 2008, 619, 2–7. [CrossRef]

8. Abdel-ghany, M.F.; Hussein, L.A.; Ayad, M.F.; Youssef, M.M. Investigation of different spectrophotometric and chemometric
methods for determination of entacapone, levodopa and carbidopa in ternary mixture, Spectrochim. Acta Part A Mol. Biomol.
Spectrosc. 2017, 171, 236–245. [CrossRef]

9. Wang, Z.; Yan, H.; Min, Z.; Huang, S.; Gao, X.; Wang, B. A novel 3D porous graphene foam prepared by chemical vapor deposition
using nickel nanoparticles: Electrochemical determination of levodopa in the presence of uric acid. Microchem. J. 2019, 147,
163–169. [CrossRef]

10. Daneshgar, P.; Norouzi, P.; Reza, M. A dysprosium nanowire modified carbon paste electrode for determination of levodopa
using fast Fourier transformation square-wave voltammetry method. Colloids Surf. B Biointerfaces 2009, 68, 27–32. [CrossRef]

11. Miraki, M.; Karimi-maleh, H.; Taher, M.A.; Cheraghi, S. Voltammetric amplified platform based on ionic liquid/NiO nanocom-
posite for determination of benserazide and levodopa. J. Mol. Liq. 2019, 278, 672–676. [CrossRef]

12. Kamyabi, M.A.; Rahmanian, N. An electrochemical sensing method for the determination of levodopa using a poly (4-methyl-
ortho-phenylenediamine)/MWNT modified GC electrode. Anal. Methods 2015, 7, 1339–1348. [CrossRef]

13. Chebotarev, A.; Pliuta, K.; Koicheva, A.; Snigur, D. Determination of Levodopa in Pharmaceuticals Using a Disposable Electro-
chemically Activated Carbon-Paste Electrode by Linear Sweep Voltammetry. Anal. Lett. 2018, 51, 1520–1528. [CrossRef]

14. Mazloum-ardakani, M.; Hamid, S.; Safaei, Z. Nano composite system based on fullerene-functionalized carbon nanotubes for
simultaneous determination of levodopa and acetaminophen. Measurement 2016, 91, 162–167. [CrossRef]

15. Sanati, A.L.; Faridbod, F.; Reza, M. Synergic effect of graphene quantum dots and room temperature ionic liquid for the fabrication
of highly sensitive voltammetric sensor for levodopa determination in the presence of serotonin. J. Mol. Liq. 2017, 241, 316–320.
[CrossRef]

16. Ensafi, A.A.; Arabzadeh, A. Sequential Determination of Benserazide and Levodopa by Voltammetric Method using Chloranil as
a Mediator. J. Braz. Chem. Soc. 2010, 21, 1572–1580. [CrossRef]

17. Yan, H.; Fei, P.; Huang, S.; Gao, X.; Shan, S.; Qiu, W. Simultaneous electrochemical determination of levodopa and uric acid based
on ZnS nanoparticles/3D graphene foam electrode. Microchem. J. 2019, 149, 103977. [CrossRef]
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