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Herein multi-walled carbon nanotubes (MWCNTSs) were processed by ultrasonication and freeze-drying
method. The morphology of the processed MWCNTs was examined by scanning electron microscopy.
An original electrochemical sensor for the simultaneous detection of levodapa (LD), paracetamol (PA)
and L-tyrosine (Tyr) was developed by dropcasting a mixture of processed MWCNTs and Nafion on
a glassy carbon electrode. The as-prepared sensor was studied by cyclic voltammetry and differential
pulse voltammetry. The peak currents of LD, PA and Tyr significantly increased compared to those

obtained at bare glassy carbon electrodes or unprocessed MWCNTs modified electrodes. The peaks of
Received 10th January 2020 LD, PA and T -defined and obviousl ted f h other. The li f
Accepted 31st March 2020 , and Tyr were well-defined and obviously separated from each other. The linear ranges for
detection of LD, PA and Tyr were 2.0-300.0, 2.0-180.0, and 2.0-120.0 uM, with a detection limit of 0.6,

DOI: 10.1039/d0ra00290a 0.5 and 0.8 uM (S/N = 3), respectively. Finally, the sensor was applied to detect LD, PA and Tyr in serum
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Introduction

Parkinson's disease (PD) is the second most common neuro-
degenerative disease, and causes the progressive deterioration
of the motor system. Levodopa (LD) is the most potent medicine
in PD treatment.™* Along with its effectiveness, LD might cause
a series of side effects.* Hence, the detection of LD is essential
for controlling its dose. Several methods for the detection of LD
in medicines or biological samples have been reported,
including chromatography,” spectroscopy’ and electrical
analysis.*™

Pain is a common problem in PD patients. Non-steroidal
anti-inflammatory drugs, such as paracetamol (PA) and
aspirin, are commonly used to relieve PD-related pain.'***
When administered in a suitable dose, PA has excellent safety.
Excessive PA may cause the accumulation of toxic metabolites,
resulting in severe time-dependent hepatotoxicity and nephro-
toxicity."* At present, various methods have been introduced for
the detection of PA, such as capillary electrophoresis,** high-
performance liquid chromatography (HPLC),"* spectroscopy*®
and electrochemical techniques.'”'

L-tyrosine (Tyr) is an amino acid found in the diet that is
involved in producing catecholamines such as dopamine and
adrenaline. The synthesis of catecholamines is highly regulated
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samples, and the results were satisfactory.

in the body and tyrosine hydroxylase converts Tyr into LD. After
administration of LD in PD, the levels of Tyr would reduce.”
Orthostatic hypotension (OH) is a common and disabling
symptom affecting PD patients.*® Studies have demonstrated
that supplementing Tyr may increase norepinephrine and
minimize OH in PD.*** Different kinds of methods have been
developed for the detection of Tyr such as HPLC,” capillary
electrophoresis® and others.>**’

All of LD, PA and Tyr are commonly used drugs in PD
treatment. Especially, Tyr and LD have quite similar chemical
structures and physiological functions. Both of them are
essential for synthesizing dopamine and some other important
biological compounds in human body. So it is very interesting
and significant to establish a simple and sensitive method for
simultaneous determination of LD, PA and Tyr. The electro-
chemical approach is a promising choice to realize this goal,
due to its prompt response, high sensitivity and selectivity,
simple operation, and low cost. Moreover, it is assumed that the
redox reactions occurring in the biological systems and at the
electrode surfaces have similar principles.”® However, the liter-
ature survey shows that there is only one electrochemical
sensing platform for simultaneous determination of LD, PA and
Tyr has been reported.” In that paper, a graphene and ethyl 2-
(4-ferrocenyl-[1,2,3]triazol-1-yl)acetate modified carbon paste
electrode was applied to detect LD in the presence of PA and Tyr
using square wave voltammetry.

The carbon nanotubes (CNTs) have been extensively used to
develop electrochemical sensors due to their high surface area,
excellent electrical conductivity and catalytic properties,* since
their discovery in 1991.*" Herein, the multi-walled carbon

This journal is © The Royal Society of Chemistry 2020
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nanotubes (MWCNTs) were processed using ultrasonication
and freeze-drying method. The processed MWCNTSs inter-
connected and formed a 3D porous framework, which is
propitious for electrochemical determination with rapid elec-
tron transfer and mass transfer. Then we fabricated a novel
electrochemical sensor for simultaneous determination of LD,
PA and Tyr based on the processed MWCNTs. In the end, we
evaluated the analytical performance of the proposed sensors.

Experimental
Materials and apparatus

All chemicals used in this study were of analytical reagent grade.
MWCNTs were purchased from Chengdu Organic Chemicals
Co. Ltd., Chinese Academy of Sciences (China). Levodopa was
purchased from Hefei Bomei Biological Technology Co., Ltd.
(China). Paracetamol and i-Tyrosine were purchased from
Aladdin reagent Co., Ltd. (Shanghai, China). Nafion (5 wt%)
solution was obtained from Sigma-Aldrich. All solutions in the
experiments were prepared in deionized water. Phosphate
buffer solutions with different pH values (PBS, 0.1 M) were
prepared by mixing stock standard solutions of 0.1 M NaH,PO,
and 0.1 M Na,HPO,.

All electrochemical experiments were conducted on a CHI
760E workstation (CH Instruments, Shanghai, China) with
a three-electrode cell, which composed of a working electrode
(glassy carbon electrode (GCE), ® = 3 mm), an Ag/AgCl refer-
ence electrode and a platinum wire counter electrode. Error
bars represent one standard deviation of the means (n = 3). The
morphology of the processed MWCNTSs was characterized via
scanning electron microscopy (SEM, Hitachi S3400N, Japan).

Pretreatment of MWCNTSs

To obtain carboxyl functionalized MWCNTs and remove the
impurities, the MWCNTs were oxidized in the mixture of
concentrated H,SO,/HNO; (3:1 v/v, 98% and 70%, respec-
tively). The mixture was subjected to ultrasonic treatment at
40 °C for 4 h, followed by centrifugation and extensive rinsing
with distilled water until the pH of filtrate was neutral. The
obtained products were dried at 60 °C for 12 h under vacuum.*

Processing of MWCNTs used for sensor fabrication

Prior to sensor fabrication, the carboxyl functionalized
MWCNTs were processed by ultrasonication and freeze-drying
methods.*® 18 mg of carboxylated multi-walled carbon nano-
tubes were placed in 18 mL of deionized water, sonicated at
40 °C for 2 h, stirred at room temperature for 3 h, frozen over-
night, and freeze-dried for 48 h for collection.

Fabrication of sensor

The GCE was first polished with 1.0 and 0.3 um alumina
powders on the polishing cloth. After each polishing step, it was
ultrasonically cleaned with deionized water for 3 min. The
processed GCE was dried with nitrogen for the following usage.
1.0 mg MWCNTs processed by ultrasonication and freeze-
drying was dispersed in 1 mL 1% Nafion solution and
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sonicated to obtain a stable MWCNTs-Nafion suspension. Then
8 uL of MWCNTs-Nafion suspension was dropcasted on the
surface of a cleaned GCE and dried in the air to obtain
MWCNTs-Nafion/GCE. The carboxyl functionalized MWCNTs,
which weren't processed by ultrasonication and freeze-drying,
were also used to modify GCE using the same procedure for
control experiments (marked as MWCNTs (unprocessed)-
Nafion/GCE). All electrodes were stored in fridge at 4 °C when
not in use.

Results and discussion
SEM of the processed MWCNTSs

The morphology of MWCNTs after the ultrasonication and
freeze-drying treatment was characterized by SEM. The porous
and interconnected integrated framework of multi-walled
carbon nanotubes can be clearly seen from Fig. 1, which
exhibits a higher specific surface area and contributes to strong
adsorption and rapid diffusion of analyte. Most of the carbon
nanotubes are in fluffy and homogeneous single state, indi-
cating that the dispersion of MWCNTs is improved after the
ultrasonication and freeze-drying processing.

Electrochemical response of LD, PA and Tyr

The electrochemical responses of LD, PA and Tyr were charac-
terized by cyclic voltammetry (CV) at different electrodes. Fig. 2
shows the CVs of 0.05 mM LD, 0.03 mM PA and 0.10 mM Tyr at
(a) GCE, (b) MWCNTs (unprocessed)-Nafion/GCE and (c)
MWCNTs-Nafion/GCE. Three tiny oxidation peaks of LD, PA and
Tyr were observed at GCE (curve a). The resolution and intensity
of these oxidation peaks were too low to realize the simultaneous
detection of LD, PA and Tyr. At MWCNTs (unprocessed)-Nafion/
GCE (curve b), the oxidation peaks of LD, PA and Tyr increased
obviously. And the electrochemical reversibility of PA was
improved, since the corresponding reduction peak of PA
appeared. This indicated that MWCNTs were benefit to the
electrochemical reactions of LD, PA and Tyr. At MWCNTs-Nafion/
GCE (curve c), all the redox peaks of LD, PA and Tyr were
significantly larger than those at MWCNTs (unprocessed)-Nafion/
GCE. And the reduction peak potential of PA shifted positively.

Fig. 1 SEM image of MWCNTs after the ultrasonication and freeze-
drying treatment.
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Fig. 2 Cyclic voltammograms of 0.05 mM LD, 0.03 mM PA and
0.10 mM Tyr in 0.1 M PBS (pH 7.0) at different electrodes: (a) GCE, (b)
MWCNTSs (unprocessed)-Nafion/GCE, (c) MWCNTs-Nafion/GCE. Scan
rate: 100 mvV s~ %,

This was because ultrasonication and freeze-drying made the
MWCNTs fluffy and easily dispersed, thereby greatly enhancing
their processability and circumventing the decline of excellent
electrochemical properties induced by the aggregation. The well-
defined oxidation peaks of LD, PA and Tyr were located at
212 mV, 393 mV and 683 mV, respectively. It was clearly indicated
that MWCNTs-Nafion/GCE had an efficient catalysis towards the
electrochemical reactions of LD, PA and Tyr. Both the separations
of oxidation peaks and current responses at MWCNTs-Nafion/
GCE were large enough for simultaneous determination of the
above three analytes in mixture.

Optimization of MWCNTs-Nafion dosage

The influence of MWCNTs-Nafion film thickness on the oxida-
tion peak currents of LD, PA and Tyr was examined. The
thickness of MWCNTs-Nafion film was restricted by the volume
of MWCNTs-Nafion suspension dropped on the GCE surface.
Fig. 3 shows that all the oxidation peak currents of LD, PA and
Tyr increased at first with suspension volume in the cause of the
expansion of effective area of MWCNTs-Nafion/GCE, and then
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Fig. 3 The dependences of the oxidation currents of LD, PA and Tyr
on the volume of MWCNTs-Nafion suspension in the presence of
0.05 mM LD, 0.03 mM PA and 0.10 mM Tyr in 0.1 M PBS (pH 7.0).
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decreased indicating that a thicker MWCNTs-Nafion film
results in a more difficult electrode response. The oxidation
peak currents of LD, PA and Tyr peaked at 8 pL. Accordingly, the
optimum volume of MWCNTSs-Nafion suspension was 8 pL.

Effect of pH

The influence of pH on the redox reactions of LD, PA and Tyr was
studied by CV in 0.1 M PBS with different pH value, at a scan rate
of 100 mV s~ . Fig. 4B reveals the variations of the oxidation
currents with respect to pH. It is clearly shown that the oxidation
currents of PA and Tyr peaked at pH 7.0, while the oxidation peak
current of LD reduced gradually with pH from 5.0 to 9.0. There-
fore, 0.1 M PBS (pH 7.0) was used in follow-up experiments. As
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Fig. 4 (A) Cyclic voltammograms of MWCNTs-Nafion/GCE in 0.1 M
PBS containing 0.05 mM LD, 0.03 mM PA and 0.10 mM Tyr at different
pHs: from a to e was 5.0, 6.0, 7.0, 8.0 and 9.0. Scan rate: 100 mV s 1.
(B) Variations of the oxidation peak currents vs. pH. (C) Plot of oxidation
peak potentials vs. pH.
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Scheme 1 The proposed electrochemical reaction mechanisms of
LD, PA and Tyr.
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shown in Fig. 4A, the increase of solution pH caused the negative
shifts of the redox peak potentials of LD, PA and Tyr, which
indicated the protons participating directly in the electrochemical
reactions of LD, PA and Tyr. Fig. 4C shows the effect of pH on the
oxidation peak potentials of LD, PA and Tyr. All the oxidation peak
potentials of LD, PA and Tyr have the linear relationships with pH
from 5.0 to 9.0 with the slopes of —58.0, —52.1 and —51.9 mV
pH ™, respectively. All the slopes approach the theoretical value
given by the Nernst equation (—59.2 mV pH ") for equal number
of electrons and protons involved reaction. With the reference of
relevant literature,** the electrochemical reactions of LD, PA and
Tyr can be expressed as Scheme 1.

Effect of scan rate

Furthermore, the influence of scan rate on the CVs of LD, PA
and Tyr at MWCNTs-Nafion/GCE was explored in 0.1 M PBS.
Fig. 5A shows the CVs in the mixture of 0.05 mM LD, 0.03 mM
PA and 0.10 mM Tyr at different scan rates in the ranges of 10—
300 mV s~ . It is obviously observed that all the oxidation peak
currents of LD, PA and Tyr increased linearly with the square
root of scan rate. The linear regression equations of LD, PA and
Tyr are Ip, (RA) = 3.818v"> (mV s7%) - 10.735 (R = 0.9968), I,
(nA) = 3.777 v"* (mV s7") - 10.849 (R = 0.9984) and I, (LA) =
4.816v"* (mv s™') - 12.884 (R = 0.9975), respectively. The
results indicated that all the electrochemical reactions of LD, PA
and Tyr were diffusion control processes.

Individual detection of LD, PA and Tyr in ternary mixed
solution

The individual detection of LD, PA or Tyr in their ternary mixed
solution was investigated by differential pulse voltammetry (DPV)

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (A) Cyclic voltammograms of MWCNTs-Nafion/GCE in 0.1 M
PBS (pH 7.0) containing 0.05 mM LD, 0.03 mM PA and 0.10 mM Tyr at
different scan rates (a—i: 10, 30, 50, 80, 100, 150, 200, 250, 300 mV
s7Y). (B) Plots of oxidation peak currents vs. the square root of scan
rates for LD, PA and Tyr.

under optimized conditions. The DPV curves were recorded at
MWCNTs-Nafion/GCE by changing one analyte's concentration,
while those of other two analytes kept constant. Fig. 6A depicted
that the oxidation peak currents of LD enhanced with its
concentration in the range of 2.0 to 300.0 uM, while the oxidation
peak currents of 0.01 mM PA and 0.01 mM Tyr kept nearly
unchanged. The corresponding linear regression equation of LD
was shown as I,, (MA) = 0.0955¢;p (M) — 0.327 (R = 0.9959), and
the detection limit was estimated to be 0.6 pM at a signal-to-noise
of 3. As shown in Fig. 6C, fixing the concentrations of LD and Tyr
constant (0.01 mM), the oxidation peak currents of PA increased
linearly with its concentration. The linear relationship for
determination of PA is from 2.0 to 180.0 uM, and the linear
regression equation was I, (LA) = 0.2723¢ps (UM) + 2.711 (R =
0.9976), with the detection limit of 0.5 pM. Similarly, Fig. 6E
depicted the DPV responses of Tyr in the presence of 0.01 mM LD
and 0.01 mM PA, which exhibited a linear relationship in
concentration range of 2.0-120.0 uM, and its linear regression
equation could be expressed as I, (LA) = 0.0344c¢ry, (M) + 0.2456
(R = 0.9983), with the detection limit of 0.8 pM.

Table 1 showed the analytical performance comparison of
MWCNTs-Nafion/GCE with some previous literatures for the
determination of LD, PA and Tyr. As can be obtained from Table 1,
the sensor fabricated in this work has better or comparable linear
range and detection limit. Most important of all, MWCNTs-
Nafion/GCE is a suitable sensor for the simultaneous determina-
tion of LD, PA and Tyr.

RSC Adv, 2020, 10, 14218-14224 | 14221
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Fig. 6 Differential pulse voltammograms of MWCNTs-Nafion/GCE in 0.1 M PBS (pH 7.0) (A) in presence of 0.01 mM PA and 0.01 mM Tyr and
different concentrations of LD (from a to n: 2.0-300.0 uM). (C) In presence of 0.01 mM LD and 0.01 mM Tyr and different concentrations of PA
(from a to k: 2.0-180.0 pM). (E) In presence of 0.01 mM LD and 0.01 mM PA and different concentrations of Tyr (from a to k: 2.0-120.0 uM). (B, D
and F) The calibration plots of the peak currents vs. concentrations of LD, PA and Tyr, respectively.

Simultaneous electrochemical determination of LD, PA and Tyr

The feasibility of MWCNTSs-Nafion/GCE for the simultaneous determi-
nation of LD, PA and Tyr in ternary mixed solution was demonstrated
by DPV. As can been seen in Fig. 7, when the concentration of LD, PA
and Tyr increased simultaneously, their oxidation peak currents
increased linearly with their concentrations. When the concentration
was increased from 2.0 to 80.0 uM for LD, 2.0 to 18.0 uM for PA, and 2.0
to 140.0 pM for Tyr, the linear regression equations for LD, PA and Tyr
are I, (LA) = 0.05394c;, (UM)+ 0.4845 (R = 0.9990), I, (1A) = 0.4200cp,
(UM) — 0.1875 (R = 0.9995) and I, (1A) = 0.03643cy,; (M) + 0.2788 (R
= 0.9978), respectively. The results indicated that simultaneous deter-
mination of LD, PA and Tyr was feasible at MWCNTSs-Nafion/GCE.

Reproducibility, stability and interference studies

The reproducibility and stability of MWCNTs-Nafion/GCE were
investigated by measuring the current responses in 0.1 M PBS
containing 0.05 mM LD, 0.03 mM PA and 0.10 mM Tyr. The
relative standard deviations of 10 successive measurements
using the same modified electrode were 3.5% for LD, 3.0% for
PA and 3.8% for Tyr. This indicated that the reproducibility of
MWCNTs-Nafion/GCE was excellent. Meanwhile, five different
glassy carbon electrodes modified by the proposed method were
independently applied for simultaneous determination of LD,
PA and Tyr. The relative standard deviations were 4.0%, 3.7%
and 4.3% for LD, PA and Tyr, respectively. The results also
indicated that the electrode-to-electrode reproducibility of
MWCNTs-Nafion/GCE was good. In addition, when MWCNTs-

Table 1 Comparisons of major characteristics at the various modified electrodes for the determination of LD, PA and Tyr

Modified electrode Analyst Linear range (uM) Detection limit (uM) Reference
Q/fMWCNT/MGCE LD 0.9-85 0.38 34
fMWCNT/GCE LD 0.7-100 0.25 35
AuNP-CMC-xGnP/GCE LD 5-50 0.5 36
MWCNTs-Nafion/GCE LD 2-300 0.6 This work
fMWCNT/GCE PA 1-90 0.52 35
Lt/fMWCNT/MGCE PA 0.9-80 0.78 37
CNTPE PA 5-92.6 0.57 38
EFTA/CPE PA 1-150 0.5 29
MWCNTs-Nafion/GCE PA 2-80 0.5 This work
TiO,-GR/GCE Tyr 10-160 2.3 39
AuNPs/poly (trisamine)/GCE Tyr 3.9-61.8 0.9 40
EFTA/CPE Tyr 5-180 2 29
AuNPs/MWCNT/GCE Tyr 0.4-80 0.21 41
MWCNTs-Nafion/GCE Tyr 2-120 0.8 This work
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Table 2 Determination of LD, PA and Tyr in human serum by
MWCNTs-Nafion/GCE (n = 5)

Added (uM) Founded (uM) Recovery (%) RSD (%)
LD 10.0 10.2 102.0 3.5

30.0 30.1 100.3 3.0

50.0 49.1 98.2 2.6
PA 10.0 9.5 95.0 3.0

30.0 29.5 98.3 2.7

50.0 51.9 103.8 3.2
Tyr 10.0 9.6 96.0 3.8

30.0 28.6 95.3 2.8

50.0 52.3 104.6 3.2

Nafion/GCE was stored in a fridge at 4 °C for two weeks, it
retained about 95.4%, 96.5% and 95.3% of the initial current of
LD, PA and Tyr, respectively, indicating a relatively robust
stability.

The ability to discriminate the analytes and interferents is
a crucial indicator to evaluate the performance of sensor. In this
work, the selectivity of MWCNTs-Nafion/GCE towards other
species was investigated by DPV in 0.1 M PBS (pH 7.0) con-
taining 0.01 mM LD, 0.005 mM PA and 0.03 mM Tyr. It was
found that common inorganic ions such as 0.5 mM K', Na',
Ca*', zn**, Mg>*, NO; 7, Cl~, SO,>~ and CO;*~ almost did not
affect the responses of LD, PA and Tyr. The potential interfer-
ences existing in biological samples such as 0.3 mM glucose,
lysine, histidine or arginine did not interfere significantly.
Thus, the modified electrode has good selectivity for simulta-
neous determination of LD, PA and Tyr.

This journal is © The Royal Society of Chemistry 2020

Real sample analysis

To prove the utility of MWCNTs-Nafion/GCE, the detection of
LD, PA and Tyr were examined in human serum (diluted 50
times with 0.1 M pH 7.0 PBS) by the standard addition method.
As shown in Table 2, the recoveries are 98.2% to 102.0%, 95.0%
to 103.8%, and 95.3% to 104.6% for LD, PA and Tyr, respec-
tively. These results demonstrate the feasibility of MWCNTSs-
Nafion/GCE in real sample analysis.

Conclusion

In summary, a novel electrochemical sensor was fabricated by
drop casting multi-walled carbon nanotubes processed by
ultrasonication and freeze-drying on the surface of glassy
carbon electrode with Nafion as matrix. The modified electrode
was used for simultaneous determination of LD, PA and Tyr.
The preparation method is simple and low-cost. The fluffy and
interconnected integrated structure of multi-walled carbon
nanotubes provided an appropriate microenvironment for the
electrochemical reaction of LD, PA and Tyr. The experimental
results showed that the proposed modified electrode exhibited
wide linear concentration range, high stability, good selectivity
and reproducibility. The results of real sample analysis are
satisfactory.
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