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A promising electrochemical sensor was developed by electrodeposition of gold nanoparticles on

a carbon paste (CP) electrode. This sensor electrode (CPE-Au,,,,,) Was used to determine paracetamol
(ACOP) and some neurotransmitters, such as dopamine (DA), epinephrine (EP), norepinephrine (NP),
levodopa (L-DOPA) and serotonin (5-HT). Cyclic and differential pulse voltammetry studies indicated
that the oxidation of paracetamol at the electrode surface proceeded through a two electron reversible
step and was fundamentally controlled by adsorption. Further modification of the sensor by mixing the
CPE-Auyan, with Nafion® showed good sensitivity and effectively resolved the overlapping anodic
peaks of these neurotransmitters (NTs) with ACOP. Also, the interfering effect of physiologically
common interferences, namely ascorbic acid (AA) and uric acid (UA), on the current response of
paracetamol has been studied. Nafion® proved to increase the sensitivity of the current signal of the
sensor for the oxidation of the compounds studied. Paracetamol gave a well defined oxidation peak at
430 mV in pH 7.4, which was used to quantitate the drug in the two ranges of 50 nM-50 uM and 90—
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270 uM with a detection limit of 7.7 nM and 28 nM, respectively. The procedure was successfully
validated for the assay of paracetamol in pharmaceutical formulations. The applicability of the
developed method to determine the drug in human urine samples is also illustrated.

1. Introduction

Neurotransmitters (NTs) are endogenous chemicals that relay,
amplify, and modulate signals between a neuron and another
cell; they are widely distributed in the central neural system,
brain tissues and body fluids of mammals. The monitoring of
NTs is an essential tool in elucidating normal and pathological
neural system functions.! Trace level measurements in the brain
are especially important in studying the role of NTs in neuro-
physiology, behavioral effects, pathology, disease diagnosis and
control since their changes have been associated with various
diseases and disorders, such as Parkinson’s disease,?> Alzheimer’s
disease,>* Down’s  syndrome, Huntington’s  disease,*
schizophrenia, epilepsy and cocaine addiction.?

Dopamine (DA) exists in the human body and can be supplied
as a medication. Epinephrine (EP) is biosynthesized in the
adrenal medulla and is widely used for the treatment of neural
disorders.® Norepinephrine (NE) level affects several diseases,
such as neuroblastoma, ganglioneuroblastoma, ganglioneuroma,
paraganglioma, diabetes mellitus ketoacidosis and Parkinson’s
diseases.” Levodopa (L-DOPA) is used in the treatment of
Parkinson’s disease and is converted to dopamine by enzymatic
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reaction (DOPA-decarboxylase).® Serotonin (5-HT) is well
known to act as a monoamine neurotransmitter in the control
and regulation of various brain functions, such as sleep, ther-
moregulation, food intake, and sexual activity, as well as
psychopathological states, such as depression, anxiety, alco-
holism, and drug dependency.’

Paracetamol or acetaminophen (ACOP), is a long-established
and one of the most extensively employed “over the counter”
drugs in the world. It is noncarcinogenic and an effective
substitute for aspirin for patients with sensitivity to aspirin.'®
However, unlike aspirin, paracetamol’s anti-inflammatory
activity is considered weak. Nevertheless, it is used to reduce
fever, cough and cold, and reduce mild to moderate pain." It is
also useful in osteoarthritis therapy,'? protects hardening of
arteries,”® relieves asthma patients,' and protects against
ovarian cancer.!® Therefore, simultaneous detection of neuro-
transmitters at low concentrations with the presence of ACOP
is a challenge of critical importance not only in the field of
biomedical chemistry and neurochemistry, but also for diag-
nostic and pathological research. Simultaneous determination
at conventional solid electrodes (carbon or metallic) usually
struggles because they undergo overlapping oxidation prod-
ucts.’® On the other hand, electrochemical methods combines
unique characteristics; selectivity, less expensive, and less time-
consuming and can potentially be applied to a real-time
determination in vivo."
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New materials have recently been extensively used as electrode
materials for sensor applications. There are reports of using
conducting poly (3-methylthiophene),’®! a multiwall carbon
nanotubes modified glassy carbon electrode,® a carbon paste
electrode prepared with 2,2'-[1,2 butanediylbis(nitriloethyli-
dyne)]-bis-hydroquinone and TiO, nanoparticles,*' a nano-TiO,/
polymer coated electrode,” a hematoxylin biosensor,?® palla-
dium nanoclusters-coated polyfuran®* and a glassy carbon paste
electrode modified with polyphenol oxidase.*®

Nafion® is a cation exchanger that is used for electrode fabri-
cation? for the modification of CPE,*” glassy carbon electrodes,?®
carbon fiber microelectrodes® and mercury film electrodes.*®
Nafion films allow the electrolytes to proceed while preventing
adsorption:desorption processes of organic species.*" It is possible
to incorporate Nafion into the carbon paste®? or on top of its
surface.”” Nafion preconcentrates positively charged molecules,
which increases the sensitivity of the measurements®®* while
retaining ionic selectivity for hydrophobic organic cations.**

The carbon paste electrode (CPE), which was made up of
carbon particles and organic liquid, has been widely applied in
the electroanalytical community due to its low cost, ease of
fabrication, high sensitivity for detection and renewable
surface.’® Electrodeposition of gold nanoparticles onto the
surface of the CPE was another strategy to enhance the sensi-
tivity of the immunosensor. Several research works have been
conducted to construct CPE modified with gold nanoparticles to
be used as an immunosensor for the determination of a-feto-
protien,* carcinoma antigen,*” or in streptavidin-biotin inter-
action,®® or as enzyme biosensors,* also in the determination of
hypoxanthine,* sulphur containing compounds* and homo-
cysteine.*? Electrodeposition of gold nanoparticles onto other
surfaces, such as glassy carbon in sensing of allergen—antibody
interaction®® and acetylcholine esterase—choline oxidase** were
examined. Monitoring of silver and gold electrodeposition on
glassy carbon and silicon,* screen-printed*® and indium/tin oxide
surfaces*” were also studied.

The aim of this study is to construct a novel stable and
sensitive electrochemical sensor based on gold nanoparticles,
graphite and Nafion®, to be used for the simultaneous determi-
nation of ACOP and neurotransmitter compounds in binary
mixtures and in the presence of interferences, then compare our
results with several other modified electrodes for the assay of
ACOP. The electrochemical behaviors of these compounds at the
modified electrode will be investigated using CV and differential
pulse voltammetry (DPV) techniques. The detection of ACOP in
tablet samples and in human urine will be demonstrated as real
sample applications.

2. Experimental
2.1. Materials and reagents

Paracetamol (ACOP), dopamine (DA), norepinephrine (NP),
epinephrine (EP), levodopa (L-DOPA), serotonin (5-HT),
Nafion 10%, ascorbic acid (AA) and uric acid (UA) were
purchased from Aldrich and were used as received. Britton—
Robinson (B-R) (4.0 x 107> M) buffer solution of pH 2-11
(CH;COOH + H3BO; + H3PO,), was used as the supporting
electrolyte. The pH was adjusted using 0.2 M NaOH. All

solutions were prepared from analytical grade chemicals and
sterilized Milli-Q deionized water.

2.1.1. Construction of gold nanoparticles modified CPE
(CPE-Auy,,,,). CP-electrode was fabricated as described else-
where*® then was immersed into 6 mM hydrogen-tetra-
chloroaurate  HAuCl, solution containing 0.1 M KNO;
(prepared in doubly distilled water, and deaerated by bubbling
with nitrogen). A constant potential of —0.4 V versus Ag/AgCl
was applied for 400 s. The surface coverage of gold nanoparticles
was found to be 2.05 x 107° mol cm™2. Then, the modified
electrode (CPE-Au,,,,) was washed with doubly distilled water
and dried carefully by a paper without touching the surface and
then left to dry in air for ten minutes before being used.

2.1.2. Preparation of gold nanoparticles modified CP/Nafion
electrode. The unmodified carbon-paste electrode (CPE) was
prepared by mixing graphite powder with appropriate amount of
mineral oil (nujol) and thorough hand mixing in a mortar and
pestle (75 : 25, wiw, %). A portion of the composite mixture was
packed into the end of CPE. To prepare the Nafion-incorporated
carbon paste electrode (CPE-Nafion®) [electrode (I)], a mixture
of Nafion® solution, nujol and graphite powder (10:15 : 75, w/w,
%) with a total weight of 1.00 g was transferred to the mortar and
pestle and then homogenized by addition of 2.0 ml of dichloro-
methane. The solvent was evaporated at room temperature (for
24 h) and the resulting composite was packed in the electrode.*

To construct the gold nanoparticles-modified CPE
[CPE-Nafion—Auyay,, electrode (I1)], the electrode was prepared
by the same way mentioned to prepare CPE-Nafion followed by
electrodeposition of gold nanoparticle.

2.2. Instrumental and experimental set-up

2.2.1. Electrochemical measurements. All voltammetric
measurements were performed using a PC-controlled AEW2
electrochemistry work station and data were analyzed with
ECpyog3 electrochemistry software, manufactured by SYCOPEL
SCIENTIFIC LIMITED (Tyne & Wear, UK). The one
compartment cell with the three electrodes was connected to the
electrochemical workstation through a Cs-stand from BAS
(USA). A platinum wire from BAS (USA) was employed as the
auxiliary electrode. All the cell potentials were measured with
respect to Ag/AgCl (3 M NaCl) reference electrode from BAS
(USA). One compartment glass cell (15 ml) fitted with gas
bubbler was used for electrochemical measurements. Solutions
were degassed using pure nitrogen prior and throughout the
electrochemical measurements. A JENWAY 3510 pH meter
(England) with glass combination electrode was used for pH
measurements. Scanning electron microscopy (SEM) measure-
ments were carried out using a JSM-6700F scanning
electron microscope (Japan Electro Company). All the
electrochemical experiments were performed at an ambient
temperature of 25 4+ 0.5 °C.

2.2.2. Impedance spectroscopy measurements. Electro-
chemical impedance spectroscopy was performed using
a Gamry-750 system and a lock-in-amplifier that are connected
to a personal computer. The data analysis software was provided
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with the instrument and applied non-linear least square fitting
with the Levenberg-Marquardt algorithm. The parameters in the
electrochemical impedance experiment were as follows: different
potential values 0.20 V, 0.50 V, applied at a frequency range of
0.1-100 000 Hz with an amplitude of 5 mV, were applied on CPE
and CPE-Au,,,, and tested in ACOP 1.0 mM.

2.3. Analysis of urine

Standard ACOP provided by the National Organization for
Drug Control and Research of Egypt was dissolved in urine to
make a stock solution with 1.0 x 10=> M concentration.
Successive additions of ACOP 1.0 x 10~ M in urine were added
to 5 ml B-R buffer pH 7.4.

3. Results and discussion
3.1. Morphologies of the different electrodes

The response of the electrochemical sensor was related to its
physical morphology. The SEM images of CPE and CPE-Au,ano
were made,* and significant differences in the surface structure of
CPE and CPE-Au,,,, were observed. The surface of the CPE was
predominated by isolated and irregularly shaped graphite flakes
and separated layers were noticed. On the other hand, the SEM
image of CPE-Au,,,,, shows that metallic nanoparticles are located
at different elevations over the substrate. Moreover, a random
distribution of interstices among the nanoparticles was observed in
the SEM image of the CPE-Au,,,,,, exhibiting a large surface area.

3.2. Electrochemistry of ACOP and NT compounds at gold
nanoparticles modified-CPE (GNMCPE)

The voltammetric behavior of ACOP and some neurotransmit-
ters were examined using cyclic voltammetry. Fig. 1 shows
typical cyclic voltammograms of 1.0 x 107> M of (A) ACOP, and
(B) one of the neurotransmitters (NE), in B-R buffer pH 7.4 at
scan rate 100 mV s~ recorded at two different working electrodes
(bare CPE (solid line) and CPE-Au,,,,,, (dashed lines) electrodes,
respectively). As can be seen from Table 1, at CPE-Au,,,, the
oxidation peak current was higher compared to that of bare
CPE, whereas the potential shifted negatively to less positive
potentials in most cases, due to the improvements in the revers-
ibility of the electron transfer process and a larger apparent
surface area of the modified electrode. The electrodeposition of
Au particles on the CP-electrode resulted in an observable
increase in the peak current, which indicated an improvement in
the electrode kinetics and a decrease in the potential of oxidation
substantially (i.e. thermodynamically feasible reaction). The
results confirmed the key role played by Au nanoparticles on the
catalytic oxidation, which enhances the electrochemical reaction.

3.3. Effect of operational parameters

3.3.1. Effect of solution pH. The effect of solution pH on the
electrocatalytic oxidation of ACOP and the studied neuro-
transmitters at the CPE-Au,,,, were studied by cyclic voltam-
mogram using Britton—Robinson buffers within the pH range of
2-11 (figure not shown). It was found that the pH of the solution
has a significant influence on the peak potential of the catalytic
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Fig. 1 (A) Cyclic voltammograms of 1.0 x 10-* M ACOP in B-R buffer
pH 7.4 at scan 100 mV s~ recorded at bare CPE (—) and CPE-Au,a,0
(---). (B) Cyclic voltammograms of 1.0 x 10> M NP in B-R buffer pH 7.4
at scan rate100 mV s~' recorded at bare CPE (—) and CPE-Auy,,n, (-=-).

oxidation of ACOP, ie. the anodic peak potentials shifted
negatively with the increase of the solution pH, indicating that
the electrocatalytic oxidation at the CPE-Aup.,, is a pH-
dependent reaction and that protons have taken part in their
electrode reaction processes. Also, the peak potential for ACOP
oxidation varies linearly with pH (over the pH range from 2 to
11). The dependence of Ej,, on pH at the CPE-Auan, can be
expressed by the relation:

E,, (V) =0.785 — 0.042pH (vs. Ag/AgCl), having correlation
coefficient of 0.999.

As paracetamol oxidation is known to involve two protons
and two electrons, the slope would be expected to be

Table 1 Comparison between oxidation peak currents and potentials of
ACOP and some neurotransmitters

Bare-CPE GNMCPE
Compound E,, (mV) I, (MA) E,, (mV) I, (A)
Paracetamol 470 48.1 470 65.2
Dopamine 330 20.5 277 35.6
Serotonin 520 20 500 46.2
Norepinephrine 360 11.6 270 31.2
Epinephrine 427 23.2 220 40.3
L-DOPA 400 14.3 340 17.2

This journal is © The Royal Society of Chemistry 2011
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59 mV pH'. The 42 mV pH"' slope obtained in the present
studies indicates that the electrode process is more complex.

The current response was also affected by changing the pH of
the medium, thus, Fig. 2 shows the graph of current response of
some neurotransmitters and ACOP, at different pH values, at
(A) bare CPE and (B) CPE-Au,,,,, respectively. It is clear that at
CPE-Auy.,, the anodic current responses for all neurotrans-
mitters and ACOP, at the whole pH range are higher than that at
bare CPE. Using CPE-Au,,,,, it was found that all neuro-
transmitters and ACOP gave their highest anodic current
responses at low pH values, while at higher pH values the
response was lower, and there are high responses at a wide
variety of pH values. Because the pK, values are 9.5 for ACOP,*!
8.9 and 10.6 for DA, 8.55 for EP,* 8.4 for NE,** 9.97 and 10.73
for 5-HT;* therefore, they all carry positive charge at pH values
lower than their pK, values. This should result in attraction
forces between these positive charges and the gold nanoparticles’
negative charge, which indicates the effect of gold nanoparticles
on the catalytic oxidation processes, except for L-DOPA, with
pK., 2.31, 8.71, 9.74 and 13.4, it is neutral at pH 7.4% so the
current response does not increase as much as the other
compounds.

3.3.2. Stability of the response of the modified electrode. In
order to investigate the response stability of CPE-Au,,,,, the CV
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Fig. 2 (A) A graph of current response of some neurotransmitters and
ACOP, at different pH values, at the bare CP-electrode. (B) A graph of
current response of some neurotransmitters and ACOP, at different pH
values, at CPE-Au,ano.

for 1.0 x 10> M ACOP in B-R buffer (pH 7.4) solution were
recorded every five minutes and it stands for fifty runs (Fig. 3). It
was found that the anodic and cathodic peak currents remained
practically the same. Repetitive measurements indicated that this
electrode has good reproducibility and does not undergo surface
fouling during the voltammetric measurements.

3.3.3. Influence of the scan rate. The effect of different scan
rates (v ranging from 10 to 250 mV s™') on the current response of
ACOP (1.0 x 107* M) on CPE-Auy,,, in B-R buffer (pH 7.4)
was studied and a plot of peak current (i) versus the square root
of the scan rate (»'?) gave a straight line relationship. This
revealed that the linearity of the relationship was realized up to
a scan rate of 250 mV s~'. This indicated that the charge transfer
was under diffusion control. Typical CV curves of ACOP at
different scan rates are shown in Fig. 4. The peak-to-peak
separation also increased with increasing the scan rate. A good
linear relationship was found for the oxidation and the reduction
peak currents, with different scan rates (Fig. 4 inset). The
reduction and oxidation peak currents increased linearly with the
linear regression equations as:

Ipa (107 A) = =2.037p "> (V s7)"> = 7.160 (n = 7, v = 0.9965),

ipe (107° A) = 3461y » (Vs — 5296 (n =7, v = 0.9899),
respectively.

This suggests that the reaction is diffusion-controlled electrode
reaction.

3.3.4. Diffusion coefficients of ACOP and NT compounds.
The dependence of the anodic peak current density on the scan
rate has been used for the estimation of the “apparent” diffusion
coefficient, D,pp,, for the compounds studied. D,p,, values were
calculated from the Randles Sevcik equation,® and for the
oxidized species [O]:

I, = 0.4463(F/RT)"n""" Dy A C,

LA B L L B B S L L L

40

20

I/pA
I""'I""'l""'<I3"'"l""'l""'l'
[FETETI YT T INTANI INTYTI FNRERARRNTNE Y

-0.2 0.0 02 0.4 0.6
E/V (vs Ag/AgCl)

o
=4

Fig. 3 Cyclic voltammograms (CV) for 1.0 x 10> M ACOP in B-R
buffer (pH 7.4) solution recorded every five minutes for fifty runs.
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Fig. 4 Cyclic voltammograms (CV) of 1.0 x 10-* M ACOP at the CPE-
AUpane in 0.04 M B-R buffer pH 7.4 at: 10, 25, 50, 80, 100, 200 and
250 mV s~'.The inset: plot of the anodic and cathodic peak current values
versus square root of scan rate.

For T = 298 K (at which temperature the experiments were
conducted), the equality holds true:

I = (2.69 x 1097324 Cy* Dy

Where the constant has the units: 2.687 x 10° C mol™' V=2,

In these equations: I, is the peak current density (A cm™2), n
is the number of electrons appearing in the half-reaction for
the redox couple, v is the rate at which the potential is swept
(V s, F is Faraday’s constant (96 485 C mol™"), C, is the
analyte concentration (1 x 107° mol cm~3), 4 is the electrode
area (0.0706 cm?), R is the universal gas constant (8.314 J
mol~' K1), T is the absolute 7/K, and D is the electroactive
species diffusion coefficient (cm?® s7'). Apparent surface area
used in the calculations did not take into account the surface
roughness.

The apparent diffusion coefficients, D,,, of ACOP and the
studied neurotransmitters on CPE-Au,,,, E in B-R buffer (pH
7.4) were calculated from cyclic voltammetry (CV) experiments
and were in the range of (1.0 x 107°-2.2 x 10~° cm? s71), these
results were compared to those calculated in the case of bare
CPE, which were in the range of (5.94 x 107"-1.1 x 10> cm?s™ "),
as shown in Fig. 5. This graph indicated the quick mass transfer
of the analyte molecules towards the CPE-Au,,,, surface from
bulk solutions and/or fast electron transfer process of electro-
chemical oxidation of the analyte molecule at the electrode-
solution interface.’®> Furthermore, it also showed that the redox
reaction of the analyte species took place at the surface of the
electrode under the control of the diffusion of the molecules from
solution to the electrode surface. The calculated D, values at
the bare CPE and CPE-Au,,,, showed that Au nanoparticles
improve the electron transfer kinetics at the electrode/solution
interface.

3.4. Electrochemical impedance spectroscopy (EIS) studies

EIS is an effective tool for studying the interface properties of
surface-modified electrodes. EIS data were obtained for
GNMCPE at ac frequency varying between 0.1 Hz and

25 a
M CPE M CGNMCPE i

20 By

Doy (10€cm?2s)

15 I P
10 N
S-HT L-DOPA NE EP DA ACOP

Compounds

Fig. 5 A graph indicating the apparent diffusion coefficients, D,,, of
ACOP and the studied neurotransmitters on GNMCPE and bare CP
electrode.

100 kHz with an applied potential in the region corresponding
to the electrolytic oxidation of ACOP in B-R buffer pH 7.4.
Fig. 6 shows a typical impedance spectrum presented in the
form of Nyquist plot of ACOP using GNMCPE at the
oxidation (A) and the reduction (B) potentials, the insets
represents the Nyquist plot of ACOP using the bare CP-elec-
trode. From this comparison, it is clear that the impedance
responses of ACOP show a great difference in the presence of
gold nanoparticles.

The semicircle diameter in the impedance spectrum equals the
electron-transfer resistance, Ry This resistance controls the
electron-transfer kinetics of the redox probe at the electrode
interface. Therefore, R, can be used to describe the interface
properties of the electrode. To obtain detailed information from
the impedance spectroscopy, a simple equivalent circuit model in
Fig. 6C was used to fit the results.

The experimental data were compared to an “equivalent
circuit”. In this circuit, R, is the solution resistance, R, is the
polarization resistance and CPhE represents the predominant
diffusion influence on the ionic/electronic charge transfer
process, n is its corresponding exponents. C; is the capacitance
of the double layer and W is the Warburg impedance due to
diffusion Table 2 lists the best fitting values calculated from
the equivalent circuit for the impedance data. From the data
indicated in Table 2, the value of solution resistance, R,, was
almost constant within the limits of the experimental errors.
The average error (x?) of the fits for the mean error of
modulus was in the range of x> = (1.0-2.3) x 1072 On the
other hand, the ionic/electronic charge transfer resistance,
CPhE, shows noticeable decrease in values in case of CPE—
AUano versus CPE, which indicates less electronic resistance
and more facilitation of charge transfer. The capacitive
component of the charge at the CPE-Au,,,, is relatively
higher compared to that at the CPE. This is explained in
terms of the increase in the ionic adsorption at the electrode/
electrolyte interface. Moreover, the decrease in the interfacial
electron transfer resistance is attributed to the selective
interaction between gold nanoparticles and ACOP that
resulted in the observed increase in the current signal for the
electro-oxidation process.

This journal is © The Royal Society of Chemistry 2011
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Fig. 6 (A) The typical impedance spectrum presented in the form of the
Nyquist plot for ACOP using CPE-Au,.,, at the oxidation potential 500
mV. The insets represent the Nyquist plot of ACOP using the bare CP-
electrode. (Symbols and solid lines represent the experimental measure-
ments and the computer fitting of impedance spectra, respectively). (B)
The typical impedance spectrum presented in the form of the Nyquist
plot for ACOP using CPE-Au,,,,,, at the reduction potential 200 mV. The
insets represent the Nyquist plot of ACOP using the bare CPE. (Symbols
and solid lines represent the experimental measurements and the
computer fitting of impedance spectra, respectively). (C) The equivalent
circuit used in the fit procedure of the impedance spectra.

3.5. The effect of Nafion® for improvement of the
electrocatalytic effect of ACOP

To illustrate the effect of Nafion® with gold nanoparticles,
ACOP was examined using cyclic voltammetry. Fig. 7 shows
typical cyclic voltammograms of 1.0 x 10~> M of (A) ACOP in
B-R buffer pH 7.4 at scan rate 100 mV s™' at [electrode (I),
CPE-Nafion®] (solid line) and [electrode (IT), CPE-Nafion®-
Augano]- As can be seen, at [electrode (II)] the oxidation peak
current was 112.1 pA, which was higher compared to that of
[electrode (I)], which was 45.2 pA, this is due to the larger
surface area of the modified electrode and the synergism effect
of the electronic conductivity and electroactivity of gold metallic
properties with ionic conductivity and the ion-exchange
capacity of Nafion®, furthermore, the accumulation mechanism
of Nafion®, which can be explained through an electrostatic
interaction between the film and ACOP due to the hydrophilic
negatively charged sulfonate groups of Nafion® in the polymer
structure, which causes an improvement in the reversibility of
the electron transfer process and enhancement in the electro-
chemical reaction of ACOP. The electrochemical oxidation of
paracetamol is followed by chemical steps, the pathways of
which are dependent on both pH and the voltammetric scan
rate.5*¢!

3.6. Effect of interferences on the behavior of ACOP

In biological samples, AA and UA are the common important
interferences for the determination of neurotransmitters at
sensor surfaces. To check the sensitivity and selectivity of the

100 e
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— = Helectrode (11)]
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Fig. 7 Cyclic voltammograms of 1.0 x 10—* M of (A) ACOP in B-R
buffer pH 7.4 at scan rate 100 mV s~ at [electrode (I)] (solid line) and
[electrode (11)].

Table 2 Electrochemical impedance spectroscopy fitting data corresponding to Fig. 9 (A and B)

Electrode E (mV) R, (kQ cm?) R, (kQ cm?) Cr (WFem™) W (kQ'em™2) CPhE (nFem™2) n

Bare CPE 200 1000 0.51 5.71 28.33 34.73 0.61
500 950 0.51 5.78 28.71 52.95 0.80

CPE-Aunane 200 85.5 0.51 39.63 9.92 57.09 0.72
500 37.0 0.52 49.16 5.52 85.59 0.64
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Fig.8 Voltammetric current responses of successive additions of ACOP
using [electrode (IT)] in B-R buffer (pH 7.4), containing 1.0 mM AA and
1.0 mM UA.

sensor in the presence of these interferences, the voltammetric
current responses of successive additions of ACOP were recorded
Fig. 8, using [electrode (IT)] in B-R buffer (pH 7.4), containing
1.0 mM AA and 1.0 mM UA. The inset of Fig. 8§ shows the
calibration plot of ACOP in the presence of the interfering
substance, it was observed that there was no change in the peak
currents or limit of detection for ACOP under the potential range
used. So AA and UA did not interfere with ACOP at [electrode
(ID]. This behavior could be explained on the basis of the
negatively charged surface of the [electrode (II)] in its anionic
form at the working pH of 7.4, ACOP with a pK, of 9.5 was
mainly in its cationic form, which can be attracted to the elec-
trode surface, while AA with a pK, of 4.2% and UA with a pK, of
5.4%% were in their anionic forms, which were repelled by the
negatively charged gold particles.® Also AA and UA remain
negatively charged due to resonance stability of their structure
and they can easily donate a proton in the medium of pH 7.4,
consequently they do not interfere with ACOP. From the above
results we can conclude that [electrode (II)] can be applied
successfully for the determination of ACOP in the presence of
AA and UA.

3.7. Simultaneous determination of ACOP and the studied NT
compounds

Simultaneous determinations of ACOP with different neuro-
transmitters of low concentration in binary mixtures were
studied using [electrode (IT)]. Fig. 9 shows the differential pulse
voltammograms (DPVs) obtained for a ACOP and NP mixture
at [electrode (II)] in B-R buffer (pH 7.4) by changing the
concentration of both ACOP and NP. The oxidation peaks of
NP (at 180 mV) and ACOP (at 0.39 V) with a peak separation of
210 mV were observed. With increasing the concentrations of
both compounds, the current responses of both ACOP and NP
linearly increased with a correlation coefficient of 0.997 and
0.992, respectively, also the regression equation for ACOP was
found to be:

I, (HA) = 0.04¢ (uM) — 0.031,

2-0 -l LB I TT T 17T I T T 1T I TT T 17T I T T 17T l-

C NP ACOP

15 F -

N ]
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Fig. 9 Differential pulse voltammograms (DPVs) obtained for a ACOP
and NP mixture on [electrode (II)] in B-R buffer (pH 7.4) by changing the
concentration of both ACOP and NP.

The regression equation for NP was:

I, (nA) = 0.045¢ (uM) + 0.7052.

3.8. Analytical characterization of ACOP and its
reproducibility

Pulse voltammetric techniques, such as DPV, are effective and
rapid electroanalytical techniques with well-established advan-
tages, including good discrimination against background current
and low detection limits. To prove the sensitivity of [electrode
(ID)] towards the electrochemical measurement of ACOP, the
effect of changing the concentration of ACOP in B-R buffer pH
7.4, using DPV mode was studied (Fig. 10). The following are the
parameters for the DPV experiments: E; = 0.0 mV, E; =
+600 mV, scan rate = 10 mV s~!, pulse width = 25 ms, pulse
period = 200 ms, and pulse amplitude = 10 mV. The

4
12
10F

I/pA

N O N B O
Ad

0.0 01

02 03 04 05 06
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Fig. 10 The effect of changing the concentration of ACOP, using
differential pulse mode at CPE-Auy,y, in 0.04 M B-R buffer pH 7.4 and
scan rate 10 mV s~'. The inset (1): represents the differential pulse mode
of the smaller concentration range. The inset (2): represents the differ-
ential pulse mode of the larger concentration range.
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Table 3 Comparison of the CPE-Au,,,, with the reported methods for the determination of (ACOP)

Limit of
Sample No. Ref. No. Electrode used Detection (LOD)
1 64 Dipyrromethene-Cu(i1) monolayers modified gold electrode 1.2 x 10*M
2 65 Carbon ionic liquid electrode 0.3 x 10°M
3 66 Nanogold modified indium tin oxide electrode 1.8 x 107" M
4 67 Fullerene modified glassy carbon electrode 50x 10° M
5 68 Boron-doped diamond electrode 49 x 10"M
6 69 MWNT modified basal plane pyrolytic graphite electrode 1.0 x 10* M
7 70 CNT modified screen-printed carbon electrode 1.0 x 107" M
8 This work AuNps modified Nafion/CP electrode 7.7 x 10°M

Table 4 Recovery data obtained by the standard addition method for (ACOP) in drug formulation

Formulation [tablet] taken x 10~%/M [standard] added x 10-/M Found(M) x 10-¢/M Recovery (%) RSD (%)
Paracetamol 6.0 2.0 7.99 99.8 1.22

20.0 — 22.28 101.2 1.39

50.0 — 52.09 100.1 0.24

210.0 — 211.88 99.9 0.09

Table 5 Evaluation of the accuracy and precision of the proposed method for the determination of ACOP in urine samples
[ACOP] added (M) x 10— [ACOP] Found“(M) x 10-¢ Recovery (%) SD x 1077 S.E? x 1077 C.L x 1077
0.6 0.612 102.0 0.23 0.10 0.29
2.0 2.024 101.2 0.51 0.23 0.63
10.0 10.10 101.0 2.64 1.18 3.28
50.0 49.80 99.6 2.09 0.85 2.20

“ mean for five determinations. ® Standard error = SD/y/n. ¢ C.L. confidence at 95% confidence level and 4 degrees of freedom (7 = 2.776).

corresponding calibration plots are given in the insets. The
calibration plot was linearly related to ACOP concentration over
the ranges of 5.0 x 107*-5.0 x 107> M with the regression
equation of I, (LA) = 0.0619¢ (uM) + 2.08, and 9.0 x 107°-2.7 x
107 mol L~' with the regression equation of I, (pA) =
0.0314¢ (uM) + 7.86 and the correlation coefficients are 0.999
and 0.999, respectively. The limits of detection (LOD) and the
limits of quantitation (LOQ) were calculated from the oxidation
peak currents of the two linear ranges using the following
equations: LOD = 3s/m, LOQ = 10s/m, where s is the standard
deviation of the oxidation peak current (three runs) and m: is the
slope (LA M) of the related calibration curves, and they were
found to be 7.7 x 10~° M and 2.5 x 10~% M, respectively for the
first linear range, and 2.8 x 10~* M and 9.5 x 10~ M, respec-
tively, for the second linear range. Both LOD and LOQ values
confirmed the sensitivity of [electrode (II)].

Table 3 shows a comparison of the LOD of [electrode (II)] with
the reported methods for the determination of paracetamol. Our
work showed the lowest limit of detection compared to the other
values mentioned in the literature using other modified
electrodes.

3.9. Validation in pharmaceutical samples

Commercial pharmaceutical samples (tablets) containing para-
cetamol was analyzed to evaluate the validity of the proposed
method. Paracetamol tablets containing 500 mg ACOP were
applied from SEDICO Pharmaceutical Company (Egypt). The
tablets were weighed and finely pulverized. The appropriate

amount of this powder was dissolved in double distilled water.
The content of the tablet was diluted to obtain the concentration
of paracetamol in the working range and then DPV were
recorded using [electrode (II)]. The concentration of paracetamol
in the pharmaceutical formulations was determined from the
calibration curve. Average concentrations were calculated from
five replicate measurements of two independent solutions of the
same pharmaceutical preparations. Table 4 shows the data
generated by standard addition method for the analysis of par-
acetamol in buffered solution of pH 7.4. The data shows that the
content values determined by the proposed method for the
commercial samples are very close to the claimed amount.
The analysis of the obtained responses allowed the conclusion
that the drug excipients do not significantly interfere with the
proposed method. Thus, the practical application was demon-
strated with the determination of paracetamol directly in phar-
maceutical formulations with satisfactory results. From Table 4
we can see that the recovery data obtained by the standard
addition method for ACOP in drug formulations was found in
the range from 99.8% to 101.2% and the relative standard devi-
ation (RSD) was in the range from 0.09% to 1.39%, suggesting
that [electrode (II)] has a high reproducibility and it would be
a useful electrode for the quantitative analysis of ACOP in
pharmaceutical formulations.

3.10. Validation of the method in real samples of urine

Validation of the procedure for the quantitative assay of the
ACOP was examined in B-R buffer pH 7.4, at a scan rate of
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10 mV s~! using DPV. The calibration curve gave a straight line
in the linear dynamic range 6 x 1077-1.9 x 10~* M with corre-
lation coefficient, R = 0.999, the LOD is 1.6 x 10~® M. Four
different concentrations on the calibration curve are chosen to be
repeated five times to evaluate the accuracy and precision of the
proposed method, which is represented in Table 5. The use of
Nafion® improved the performance of the sensor and resulted in
better resolution and LOD.”""

4. Conclusion

In the present work, a sensor based on a CP-electrode modified
with gold nanoparticles was used for the electrochemical deter-
mination of ACOP and some neurotransmitters. Gold nano-
particles enhanced the sensitivity of CPE towards different
compounds; furthermore, gold nanoparticles Nafion® carbon
paste modified electrode has been proved to be efficient for the
electrocatalytic oxidation of paracetamol in biological fluids.

Simultaneous determinations of ACOP with NP in a binary
mixture were achieved with good separation. On the other hand,
selective determination of ACOP with high current response is
obtained in presence of AA and UA, and the method was simple,
sensitive and successfully applied for determination of ACOP in
human urine and in commercial tablets with good precision and
accuracy. The LOD range is 10%-10~° in standard and real
samples, respectively, within the confidence error.
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