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The carbon paste electrode is electrocatalytically active for dopamine, ascorbic acid and uric acid
oxidation. The electrocatalytic oxidation current is developed from the anodic peak of the redox
couple. Electrochemical impedance spectroscopy is applied to monitor the entire electrode
modification process and supplies useful information as to the impedance changes on the electrode
surface between each step. The surface morphology of the composite film is using scanning electron
microscopy and atomic force microscopy, and cyclic voltammetry is used to measure the
electroanalytical properties of the analytes. The sensitivity values of the carbon paste electrode are
higher than those of the bare electrode. Finally, differential pulse voltammetry is used to detect the
mixture of analytes at the carbon paste electrode. We simulate a more complex system when
dopamine, ascorbic acid and uric acid are present simultaneously. The peak currents for the analyte
mixture increased linearly with the analyte concentration. The detection limit of the carbon paste-
modified electrode for ascorbic acid, dopamine and uric acid was 8.3 x 10° M, 1.5 x 10° M and 1.6 x
10 M, respectively.
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1. INTRODUCTION

The carbon paste electrode (CPE) is one of the oldest carbon composite electrodes, with more
than half a century having passed since its invention in 1958. Adams was the first to introduce the use
of carbon paste (CP) as the electrode material [1]. Carbon-based electrodes are well known for their
low background current and the possible formation of composites [2]. Rapid preparation and
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regeneration of the electrode surface aside, mechanical strength in the presence of non-aqueous
solvents, generation of non-toxic residues, stable response, low ohmic resistance, the potential to
incorporate specific modifiers, uniform distribution of the catalyst into the paste, adequate robustness
in aqueous solutions [3] and the enhancing of electrode reactivity are some of the advantages of using
CPEs [4]. The simple and economical fabrication of an easy-to-use biosensor with high
electroanalytical performance as regards analyte detection is an attractive area in bioelectroanalysis [5-
9]. However, it is important to investigate the toxic effect of CP and its derivatives on biological
entities, such as mammalian cells and animals. Biocompatibility is an essential requirement for the
materials employed in biological systems [10, 11]. CP is a mixture of carbon powder and a suitable
liquid binder and represents the most flexible substrate for a wide variety of chemical and biological
modifications. The CPE is useful for estimating the analytical performance of the developed biosensor.
CPEs have been used for potentiometric and voltammetric determination of various cations, anions,
organic and pharmaceutical species [12-15].

Dopamine (DA) is one of the most important neurotransmitters of the catecholamines which
are widely distributed in the mammalian central nervous system for message transfer [16-20]. DA
plays a very important role in the functioning of the central nervous, renal, hormonal and
cardiovascular systems, and a deficiency can lead to brain disorders, such as Parkinson’s disease and
schizophrenia [21, 22]. Thus, detecting and determining the concentrations of DA and its metabolites
in the presence of interfering species is an important goal in bioelectrochemical analysis. L(+)-ascorbic
acid (AA, vitamin C) is the main antioxidant found in both animals and plants. AA is a water-soluble
vitamin that takes part in many important life processes and, consequently, it is widely used in foods,
beverages and pharmaceutical products [23-26]. For humans, AA is an essential nutrient due to its
participation in several metabolic reactions, and it is used in the prevention and treatment of scurvy,
the common cold, mental illness, hepatic disease and cancer [27, 28]. Uric acid (UA) and other
oxypurines are the main final products of purine metabolism in the human body [29]. The
determination of UA in urine is of great importance in medical diagnosis. For example, leucocythemia,
hepatitis and gout can cause an increase in the concentration of UA in urine [30]. The simultaneous
detection of DA, AA and UA is of critical importance, not only in the field of biomedical chemistry
and neurochemistry, but also for diagnostic and pathological research [31, 32]. Measurements at bare
electrodes are complicated due to the coexistence of high concentrations of AA and other related
species, which are oxidized in the same potential region [33]. UA also attenuates the detection of
neuromolecules, such as DA. At bare electrodes, the selective determination of AA, DA and UA is
impossible because their oxidation potentials are very close. Besides, stability and reproducibility
cannot be achieved at bare electrodes due to the surface fouling caused by the adsorption of oxidized
products of AA on the electrode surface.

Thus, much attention has been paid to the design and development of novel materials which
when coated on electrode surfaces can improve their molecular recognition capabilities [34, 35].
Various modified electrodes have been constructed, such as the self-assembled iodine adlayer-
modified palladium electrode [36], the conductive polymer-modified Pt electrode, the Pd nanoparticle-
modified indium tin oxide (ITO) electrode [37] and the Pd nanoparticle-modified PEDOT electrode
[38, 39]. The use of the modified CPE was chosen for its numerous advantages, such as simplicity of
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fabrication, wide potential range for analysis, an easily renewable surface (unlike conventional
electrodes) [40], high sensitivity, good selectivity, low cost, fast response and suitability for online
analysis [41-43]. In this work, we used the CPE for the detection of DA, AA and UA, as the CP
modification improved the selectivity and sensitivity of the bioelectrochemical measurements of the
target analyte from a dilute solution on the electrode surface.

2. EXPERIMENTAL PROCEDURE

2.1. Materials

Carbon paste (Hopax CCB-S6-10%) was used as received. Dopamine (DA), ascorbic acid
(AA) and uric acid (UA) were obtained from Sigma (St. Loius, MO, USA). Indium tin oxide (ITO) (7
Q/cm™) was purchased from Merck Display Technologies (MDT) Ltd. (Taiwan). Serum biochemical
samples from professor Lou’s Lab (Chang Gung University), blood were placed at room temperature
for 1 h, and then centrifuged at 1000g for 10 min to obtain serum. Aqueous solutions were prepared
using double-distilled deionized water by purging with high purity nitrogen gas for approximately 20
min prior to performing the electrochemical experiments. All other chemicals used were of analytical
grade and used without further purification, pH 7.0 Phosphate-buffered saline (PBS) was used as the
supporting electrolyte. In addition, a continuous flow of nitrogen over the aqueous solution was
maintained during the measurements.

2.2. Apparatus

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) had been used to
investigate the electrochemical behavior using the model CHI-1205B and CHI-900 potentiostat. A
conventional three-electrode cell assembly, consisting of reference electrode (Ag/AgCl) and counter
electrode (Pt wire), was used for the electrochemical workstation. The working electrode was a glassy
carbon electrode (GCE; area 0.07 cm?). The potentials were reported versus those of the Ag/AgCl
reference electrode. The morphology of obtained electrode was studied by scanning electron
microscopy (SEM) (Hitachi S-3000H) and atomic force microscopy (AFM) (Being Nano-Instruments

CSPM5000). Electrochemical impedance spectroscopy (EIS) measurements were performed using an
IM6ex Zahner instrument (Kroanch, Germany). All experiments were performed at room temperature
(= 25 °C).

2.3. Preparation of carbon paste

The bare glassy carbon electrode (GCE) was cleaned by polishing with 0.05 um alumina slurry
on polishing pads before it was used. It was then rinsed ultrasonically with ethanol and deionized water
respectively, and dried at room temperature. The produced carbon paste was suspended with different
ratios of ethanol in a sonication bath for 2 h, in order to determine the hydrophilic nature for the
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homogeneous dispersion. The cleaned glassy carbon electrode was coated with 2 uL of carbon paste
and the solvent was allowed to evaporate at room temperature.

3. RESULTS AND DISCUSSION

3.1 Optimization of the experimental conditions

To investigate the effect of the solvents on the stability of the CP electrode coating, a series of
mixtures with different ratios was prepared. The produced CP was suspended in ethanol mixtures of
1:1, 2:1, 5:1, 10:1 and 1:20 (v/v) and a sonication bath for 2 h. The cleaned ITO was coated with 2 uL
of CP and the solvent allowed to evaporate at room temperature. A comparison was then made of the
different ratios of ethanol mixtures as prepared in order to determine which exhibited better dispersion.
The CP with ethanol ratios of 2:1, 5:1 and 10:1 (v/v) contained aggregates and exhibited thick surfaces
on the electrode. In contrast, the CP with ethanol ratios of 1:1 and 1:20 (v/v) was well-dispersed and
smooth. For the stability study, we flushed the CP-modified electrode with flowing water. The CP with
an ethanol ratio of 1:20 (v/v) showed the best dispersion and stability.

A CP modified with multi-walled carbon nanotubes (MWCNTS) or graphene has been
investigated for detecting biological samples [43, 44]. We attempted to add MWCNTs to the CP
(ethanol mixture 1:20). The produced CP was suspended with 10 mg/mL MWCNTSs in a sonication
bath for 2 h. The CP and CP-MWCNT dispersions were dropped in 2 pL aliquots onto the GCE
surfaces. Each newly-prepared modified electrode was transferred to pH 7.0 PBS containing 1x10~° M
DA for electrochemical characterization. These optimized pH 7.0 solutions were chosen to improve
stability. CV was performed at a 50 mV s™ scan rate in the potential range of -0.2 to 0.8 V, and a
comparison was made of the cyclic voltammograms collected from the CP- and CP-MWCNT-
modified electrodes. The CP- and CP-MWCNT-modified electrodes exhibited a peak-to-peak
separation of 148 mV and 380 mV, respectively. The solid state of the MWCNTSs contributed to the
increased peak potential separation current value. Our results revealed that pure CP resulted in superior
stability and dispersion as compared with the other evaluated samples; the CP with an ethanol ratio of
1:20 (v/v) was, therefore, selected for further optimization in the subsequent experiments.

3.2. Morphological characterization of CP

Figs. 1(A) and (B) show the top view of the SEM images of different films coated on ITO
surfaces taken at a specific resolution. Prior to modification, the ITO surfaces were cleaned and
ultrasonicated in an acetone—water mixture for 15 min and then dried. Subsequently, the CP and CP-
MWCNTs were prepared on the ITO electrode. As shown in Figs. 1, there were significant
morphological differences among the films. The top view in (A) of the ITO electrode surface revealed
a uniform coverage of CP on the electrode. The CP-MWCNTSs in (B) displayed a CP coating over the
entire MWCNT surface.

We provided comprehensive information about the CP and CP-MWCNTSs nanostructures on
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the ITO surface by AFM. The roughness average (sa), an expression of the surface roughness or
texture that is typically used to describe a polished or machined metal surface and the arithmetic
average value of the departure (peaks and valleys) of the surface profile from the center-line through
the sampling length. The surface areas of AFM images were collected over 5000 x 5000 nm. As shown
in Figs. 1(C) and (D), there were morphological differences among the films. The top views of the
nanostructures (C) revealed uniformly deposited and homogeneously dispersed CP on the electrode.
Nanostructures were present with an average height of 7.55 nm. The roughness average (sa) for the CP
was 1.99 nm and the root mean square roughness was 2.51 nm. The total surface area was 25,201,458
(nm*nm). Fig. 1(D) shows an image of the CP-MWCNTSs, which exhibited a roughness average (sa)
and root mean square roughness of 1.99 nm and 2.72 nm, respectively, and an average height and total
surface area of 19.53 nm and 25,363,043 (nm*nm), respectively.
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Figure 1. Images of (A) CP and (B) CP-MWCNT film on ITO electrode by SEM; and images of (C)
CP and (D) CP-MWCNT film on ITO electrode by AFM
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Figure 2. (A) Electrochemical impedance spectroscopy (EIS) |mages of (a) bare GCE and (b) CP/GCE
in pH 7.0 PBS containing 5 x 10° M [Fe(CN)¢** (Amplltude 5 mV) (B) cyclic
voltammograms of CP electrode at high scan rates of 100 mV s™ to 1000 mV s™* and (a) low
scan rates of 5 mV s™ to 100 mV s in the presence of equimolar 5 mM [Fe(CN)s]* in pH 7.0
PBS, respectively. Calibration curve of (b) lpa & lpc vs scan rate; and (C) cyclic
voltammograms of the CP electrode transferred to various pH solutions (a) 1; (b) 3;(c) 7; (d)
11; (e) 13 in the presence of equimolar 1 mM DA. The inset displays the formal E” vs pH.

3.3. Electrochemical impedance spectroscopy (EIS) analysis

Electrochemical impedance spectroscopy (EIS) was applied to monitor the whole process of
the electrode modification. EIS can give useful information as to the impedance changes on the
electrode surface between each step. Fig. 2(A) exhibits the Nyquist plots of the bare GCE and the CP-

modified electrode in the presence of equimolar 5 mM [Fe(CN)s]*~'*- in pH 7.0 PBS. EIS includes a

semicircular part and a linear part. In this circuit, R, C and R represent solution resistance, a
capacitance for the double-layer and electron transfer resistance, respectively. R at the electrode
surface is equal to the semicircle diameter, which can be used to describe the interface properties of the
electrode. The linear part at lower frequencies corresponds to the diffusion process. The semicircle of
CP-modified electrode was smaller than that of bare GCE. The estimated Ry for CP-modified
electrode and bare GCE are 144 Q (curve b) and 1408.2 Q (curve a), respectively. These results
indicate that the presence of CP is effective in enhancing the rate of electron transfer. The results also
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indicate that the CP firmly modified the electrode surface. The inset shows the equivalent circuit
(Randles model) used to fit the Nyquist diagrams. This circuit contains a distributed element which can
only be approximated by an infinite series of simple electrical elements. The error values for the
corresponding semicircles ranged from 5 to 7%. From these observations, we could conclude that the
CP was highly conductive and so a good platform for sensing applications.

3.4. Different scan rate studies of CP

Fig. 2(B) shows cyclic voltammograms of CP on a glassy carbon electrode in the presence of
equimolar 5 mM [Fe(CN)s]*" pH 7.0 PBS. It had one reversible redox couple at 0.22 V recorded at
different scan rates (100 to 1000 mV s). The low scan rates (5 to 100 mV s) are shown in inset (a).
Our results indicated that there is a linear relationship between the peak currents and the scan rate. For
sweep rates above 50 mV s, the peak separations begin to increase, indicating the limitation arising
from charge transfer Kkinetics. The inset calibration curve for data in (b) displays lpa & Iyc Vs the scan
rate. It exhibited correlation coefficients R* = 0.9962 and 0.9953. The ratio of Ip/I, from the inset
demonstrated that the redox process was not controlled by diffusion. This behavior perhaps occurred
because of a reversible electron transfer process involving the CP layer, with a proton exchange
process occurring along with the electron transfer process. However, the AE, of each scan rate
revealed that the peak separation of the composite redox couple increased as the scan rate increased.

3.5. Different pH influence of composite films

In order to optimize the electrocatalytic response of oxidation, the effect of pH on the
electrocatalytic oxidation was investigated. Fig. 2(C) displays the cyclic voltammetric results of CP on
the electrode obtained in the various pH aqueous buffer solutions. The CP films were highly stable in
the pH range of 1.0 to 13 in the presence of equimolar 1 mM DA. The values of Ey, and Epc depend on
the pH value of the buffer solution. These results showed that the maximum electrocatalytic current
was obtained at pH 70. Therefore, pH 7.0 was chosen as the optimum pH for the determination of DA.
The inset in Fig. 2 displays the potential of CP plotted over a pH range of 1.0 to 13. The response slope
of -53 mV/pH was close to the Nernstian equation for a transfer of an equal number of electrons and
protons.

3.6. Electrocatalytic response of AA, DA and UA

Figs. 3(A), (B) and (C) display the electrocatalytic oxidation of AA, DA and UA at the CP-
modified electrode with a scan rate of 100 mV s™. In all sections of Fig. 3, curve (a) is the CP-
modified electrode in pH 7.0 PBS; and curve (2’) is the bare GCE at the highest concentration of
analytes. The CVs for the CP-modified electrode exhibited a smooth background current in pH 7.0
PBS; on the addition of analytes, a new growth in the oxidation peak of the analytes appeared at Ep, =
0V for AA (Fig. 3(A)), Epa = 0.27 V for DA (Fig. 3(B)) and Ep, = 0.44 V for UA (Fig. 3(C)). The bare
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GCE at the highest concentration of analytes appeared at Ep, = 0.5 V for AA, Eya = 0.48 V for DA and
Epa = 0.6 V for UA. Interestingly, the peak currents for AA, DA and UA increased linearly with the
analyte concentration, which demonstrated that the calibration curves for the analyte were almost
linear for a wide range of concentrations, as displayed in the inset. The detection limit of the CP-
modified electrode for AA, DA and UA was 9.9 x 10°M, 9.9 x 10° M and 4.9 x 10 M, respectively,
which covered the concentration range found in the physiological conditions. The slope of the linear
range for AA, DA and UA was 9.9 x 10°M to 1.6 x 10*M, 9.9 x 10°M t0 2.0 x 10*M and 4.9 x 10°
M to 1.1 x 10 M, respectively; the sensitivity of the CP-modified electrode and the correlation
coefficients are shown in the inset. It was obvious that the CP-modified electrode had higher
electrocatalytic activity for AA, DA and UA than that of the bare GCE.
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Figure 3. Cyclic voltammograms of (A) AA (B) DA and (C) UA at the CP electrode at a scan rate of
100 mV s™. Curve (a) CP electrode in pH 7.0 PBS; curve (a’) bare GCE at the highest

concentrations of analytes. The inset displays the plot of current versus concentration of
analytes.
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The results as observed from the I,, and Ep, values were that the increase in peak current and
lower overpotential could both be considered as electrocatalysis [47]. It was obvious that the
sensitivity of the CP-modified electrode was higher for all analytes when compared with that of the

bare GCE. Overall, the results clearly showed the efficiency of the CP-modified electrode in AA, DA
and UA detection.

3.7. Differential pulse voltammetry (DPV) of the mixture analytes at the CP

The DPV values were recorded at a constant time interval of 2 min, with nitrogen purging

performed prior to the start of each experiment. A more complex system was simulated with AA, DA
and UA present simultaneously.
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Figure 4. Differential pulse voltammograms (DPVs) of simultaneous changes in the concentrations of
the analyte mixture accumulatively (AA 5.0 x 10* M with DA and UA 1.0 x 10™* M, after each

addition of 100 mL in 10 mL pH 7.0 PBS) at the CP-modified electrode. The inset displays the
plot of current versus concentration of analytes.

Fig. 4 displays the simultaneous changes in the concentrations of the analyte mixture
accumulatively (AA 5.0 x 10* M, DA and UA 1.0 x 10" M, after each addition of 100 uL in 10 mL



Int. J. Electrochem. Sci., Vol. 10, 2015 7680

pH 7.0 PBS) at the CP-modified electrode. The peak currents for the analyte mixture increased linearly
with the analyte concentration. The detection limit of the CP-modified electrode for AA, DA and UA
was 8.3 x 10° M, 1.5 x 10° M and 1.6 x 10 M, respectively. The slopes of the linear range, which
illustrate the sensitivity of the CP-modified electrode and the correlation coefficients, are shown in the
inset. All these values showed the higher efficiency of the CP-modified electrode towards the analytes
as compared with the bare GCE. The CP-modified electrode exhibited three well-separated electro-
oxidation peaks for the detection of AA, DA and UA. The peak separation was sufficient for the
selective determination of the mixture. The oxidation peak of DA shifted from 0.27 V to 0.19 V and
that of UA from 0.44 V to 0.31 V. A comparison of the CP electrodes for the determination of AA, DA
and UA is shown in Table 1.

Table 1. Comparison of CP electrodes for the determination of AA, DA and UA

Elecrode Buffer Epa(mV) Linear range (uM) Ref.
CNT/CP pH65  AA 51 - [46]
02M
PBS DA 278 1-28
UA 372 -
SrPdOs/CP pH7.4  AA 20 - [40]
PBS
DA 188 7-70
UA 332 -
Graphene/CP pH 7.0 AA 163 8-20 [47]
PBS
DA 198 1.5-224
UA 361 6-899
Ni/CP pH 4.0 AA 197 150-300 [48]
PBS
DA 359 0.44-3.3
UA 516 2-15
CP pH 7.0 AA 2 19.2-135 This work
PBS
DA 189 3.84-27

UA 308 3.84-27
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3.8. Serum biochemical analysis of AA, DA and UA

We simulated more complex system using real samples. The electrocatalytic oxidation was
examined at CP modified electrode with the potential range of —0.2 to 0.5 V by DPV. Blood were
placed at room temperature for 1 h, and then centrifuged at 1000g for 10 min to obtain serum. The
Table 2 displays oxidation peaks for the detection of AA, DA and UA. The experimental method of
DPV with biosensor integrated into the CP modified electrode which are presented in this paper,
provide an opportunity for qualitative and quantitative characterization, even at physiologically
relevant conditions.

Table 2. DPV of electrocatalytical values obtained for serum determination in pH 7.0 Normal Saline
(0.9%) at CP modified electrode

samples AA (uM)! DA (nM)? UA (uM)?
1 966.49 81.45 113.69
2 961.39 81.57 113.54
3 959.96 82.01 103.38
4 954.41 81.59 113.70
5 963.85 81.36 114.28

Each samples was performed five times
!Standard of AA intake 90 mg/day for adult
2Standard of DA 50 — 450 ug/24 hr
3Standard of UA 2.3-7.6 mg/dL

4. CONCLUSIONS

We have demonstrated the application of the CP-modified electrode for the determination of
AA, DA and UA. Repetitive redox cycling experiments were performed to determine the stability of
the CP-modified electrode films in 0.1 M PBS (pH 7.0). This investigation revealed that after 100
continuous scan cycles with a scan rate of 0.1 Vs, the peak heights of the cyclic voltammograms
decreased by less than 3%. The CP-modified electrode maintained its initial activity for more than 4
weeks when stored in 0.1 M PBS (pH 7.0). A decrease of 5% was observed in the current response of
the electrode after 30 days. This feature resulted in the favorable clinical diagnosis for the
electrocatalytic oxidation of AA, DA and UA at the CP-modified electrode, and so verified the high
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sensitivity and excellent stability of CP in biosensors. The SEM and AFM results provided the CP
morphological data. Therefore, this work has established and illustrated, in principle and potential, a
simple and novel approach for the development of a voltammetric biosensor based on CP electrodes.
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