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Um eletrodo quimicamente modificado foi construido, baseado em eletrodo de carbono
vitreo modificado por nanotubos de carbono de paredes miultiplas (ECV-NTCPM). O uso
deste sensor na determinagdo de acetaminofeno (ACT), em meio aquoso tamponado, foi
demonstrado. As medidas foram realizadas com utilizagdo dos métodos de voltametria de
pulso diferencial (VPD), voltametria ciclica (VC) e cronoamperometria (CA). A aplicagdo
de VPD mostrou dois intervalos dinamicos lineares. O primeiro intervalo dindmico linear
foi de 0,1 a 22 ymol L', com equag@o de calibragdo Ip(uA) = 1,2782¢ (umol L") + 0,2431
(R*=0,9984) e o segundo intervalo dindmico linear foi entre 26 ¢ 340 ymol L' com equac@o
de calibra¢do Ip(uA) = 0,7793¢ (umol L) + 11,615 (R?= 0,9986). O limite de detecgdo de
0,029 umol L™ (S/N = 3) foi obtido. O eletrodo modificado mostrou respostas eletroquimicas com
alta sensitividade, excelente seletividade e estabilidade para determinagdo de ACT em condi¢des
dtimas, o que o torna um sensor adequado para detec¢d@o submicromolar de ACT em solugdes.
O desempenho analitico deste sensor foi avaliado para detec¢cdo de ACT em soro humano, urina
humana e em preparagdes farmacéuticas com resultados satisfatdrios.

A chemically modified electrode is constructed based on multi-walled carbon nanotube modified
glassy carbon electrode (MWCNTSs/GCE). It was demonstrated that this sensor could be easily
used for determination of acetaminophen (ACT) in aqueous buffered media. The measurements
were carried out by application of differential pulse voltammetry (DPV), cyclic voltammetry (CV)
and chronoamperometry (CA) methods. Application of DPV method showed two linear dynamic
ranges. The first linear dynamic range was from 0.1 to 22 pmol L™, with a calibration equation
of Ip(uA) = 1.2782¢ (umol L") + 0.2431 (R?> = 0.9984) and the second linear dynamic range was
between 26 to 340 umol L™ with a calibration equation of Ip(uA) = 0.7793¢ (umol L") + 11.615
(R?=10.9986). A detection limit of 0.029 umol L' (S/N = 3) was obtained. The modified electrode
showed electrochemical responses with high sensitivity, excellent selectivity and stability for ACT
determination at optimal conditions, which makes it a suitable sensor for submicromolar detection
of ACT in solutions. The analytical performance of this sensor has been evaluated for detection
of ACT in human serum, human urine and a pharmaceutical preparation with satisfactory results.
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Introduction

Acetaminophen (N-acetyl-p-aminophenol) (ACT),
also known as paracetamol, is a drug with antipyretic and
analgesic action, frequently used in therapy and which
has low toxicity when used at the recommended doses.!
Nevertheless, the ease with which ordinary people can access
this drug makes it frequently associated with overdoses, in
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this situation causing serious or even fatal hepatic damage.?
An overdose of ACT can lead to the accumulation of toxic
metabolites, which may cause severe and some times fatal
hepatoxicity and nephrotoxicity*® and it can also cause liver
disorders, skin rashes and inflammation of the pancreas.® The
product of hydrolytic degradation of ACT is 4-aminophenol
which can be found in pharmaceutical preparations as a
degradation product of ACT or as a synthetic intermediate
which can be dangerous and causes teratogenic effect and
nephrotoxicity.” Controlling the amount of ACT in a given
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pharmaceutical formulation is vital in the quality control
of the pharmaceutical industry, and can have a significant
impact in healthcare quality. Various methods such as
capillary electrophoresis,* amperometric batch injection
analysis,'” colorimetry'! titrimetry,'”” FTIR and Raman
spectrometry,'® flow injection analysis (FIA) using different
methods of detection,'>!*!5 liquid chromatography,'¢-!8
spectrophotometry'®?? and chemiluminescence® have been
employed in the determination of ACT in pharmaceutical
preparations and biological fluids. However, the majority
of these methods suffer from some disadvantages such
as high costs, long analysis times and requirement for
sample pretreatment, and in some cases low sensitivity and
selectivity that makes them unsuitable for routine analysis.
Therefore, development of a simple, inexpensive, sensitive
and accurate analytical method for determination of ACT
is of great importance. ACT is an electroactive compound
which can be oxidized electrochemically. The development
and application of electrochemical sensors for ACT analysis,
with respect to its sensitivity, accuracy, and simplicity, has
been of greater interest in recent years.?**¢ Careful studies of
the reported articles revealed that apart from the variation of
the electrochemical methods, there is a need to improve the
electrochemical techniques with respect to their sensitivity,
linear dynamic range or limit of detection.

Carbon nanotubes (CNT) represent an increasingly
important group of nanomaterials with unique geometrical,
mechanical, electronic and chemical properties.*’** Such
properties of CNT make them also extremely attractive for
the task of electrochemical detection.

In this work we present the application of the multi-
walled carbon nanotube modified glassy carbon electrode
(MWCNTSs/GCE) as a sensor for determination of ACT
in buffer solutions at the biological pH. This study has
led to the development of a voltammetric method with
good characteristics, such as simplicity of electrode
preparation, high selectivity, wide linear dynamic range,
and low detection limit. Finally the analytical performance
of this sensor for determination of ACT in human serum,
human urine and a pharmaceutical preparation samples is
evaluated.

Experimental
Reagents and solutions

All chemicals were analytical grade and used without
further purification. ACT and multi-walled carbon nanotubes
(MWCNTs ) (> 95 wt.%, 5-20 nm) were obtained from
Merck and PlasmaChem GmbH companies, respectively.
Stock standard solutions of 10 mmol L' ACT were freshly
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prepared in 0.1 mol L phosphate buffers of pH 7. All
subsequent ACT solutions were prepared by diluting the
stock standard solutions using 0.1 mol L' phosphate buffer
(pH 7). 0.1 mol L' phosphate buffer solution (PBS) was
prepared by dissolving appropriate amounts of sodium
hydrogen phosphate and sodium dihyrogen phosphate in
250 mL volumetric flask. Electrochemical experiments
on the ACT were carried out in 0.1 mol L' PBS at pH 7.

Fresh human serum samples were obtained from the
Razi Institute of Vaccine and Serum Company (Tehran,
Iran). The serum and urine sample were filtered and diluted
100 times with 0.1 mol L' PBS of pH 7 and checked for
the determination of the recovery by spiking the ACT. Ten
tablets of Tylenol (McNeil-PPC Inc.,USA); (each labeled as
containing 500 mg of ACT ) were accurately weighed and
powdered in a mortar. An amount equivalent to one tablet
was dissolved in 70 mL of 0.1 mol L' PBS (pH 7). After
sonication for 10 min, the solution was filtered, the residue was
washed three times with 10 mL of the buffer solvent, and the
filtered volume was adjusted to 100 mL with the same solvent.
This solution was diluted 1000 times for ACT determination
with 0.1 mol L' PBS of pH 7. The solution was used for the
determination of the recovery efficiency.

Instrumentation

All the voltammetric measurements were
carried out using a nanotube modified glassy carbon
electrode (MWCNTSs/GCE) as a working electrode, an
Ag/AgCl/(3 mol L") KCI as a reference electrode and
platinum wire as an auxiliary electrode. DPV, CV and CA
experiments were carried out using an Autolab PGSTAT 30
Potentiostat Galvanostat (EcoChemie, The Netherlands)
coupled with a 663 VA stand (Metrohm Switzerland). All
potentials given are with respect to the potential of the
reference electrode. The pH measurements were made with a
Metrohm 744 pH meter using a combination glass electrode.

Modification of the electrodes

A glassy carbon electrode (GCE, 3 mm diameter,
Metrohm) was polished with 0.3 and 0.05 pm aluminum
slurry and rinsed thoroughly with triply distilled water.
The GC electrode was individually cleaned by ultrasonic
agitation for 5 min in ethanol and then distilled water. The
electrode was then dried under nitrogen gas flow.

A stock solution of 1 mg mL' MWCNTs-DMF was
prepared by dispersing Img of MWNTSs in 1 mL. DMF.
30 uL. of MWCNTSs-DMEF solution was casted on electrode
surface. The electrode was dried at room temperature to
obtain MWCNTSs/GCE.
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The fabricated MWCNTs/GCE was placed in the
electrochemical cell containing 0.1 mol L™ PBS (pH 7)
and several cycles in the potential range of 0.1 to 0.7 V
were applied using CV method to obtain stable responses.
The electrochemical surface area of the modified
MWCNTs/GCE and bare GCE were determined by
cyclic voltammogram measured between —0.1 to 0.6 V
in ferricyanide solution (0.1 mol L' phosphate buffer,
pH 7.0) at different scan rates (not shown). The modified
MWCNTSs/GCE showed surface area of 9.8 times of GCE.

General procedure

Solutions (10 mL) containing the appropriate amounts
of ACT in 0.1 mol L'! PBS at pH 7 were transferred into
the voltammetric cell. The voltammograms were recorded
by applying positive-going potential from 0.2 to 0.6 V.
The voltammogram showed an anodic peak around 0.32 V
corresponding to the oxidation of ACT compound with
height proportional to its concentration in solution. The
calibration curves were obtained by plotting anodic peak
currents of ACT versus the corresponding concentrations. All
experiments were carried out under open circuit conditions.

After each measurement, the MWCNTSs/GCE was
regenerated by thoroughly washing the electrode successively
with triply distilled water and then 5% sodium hydroxide
solution. Finally the electrode was rinsed carefully with
distilled water to remove any adsorbate from electrode
surface and to provide a fresh one for subsequent experiments.

Results and Discussion

Cyclic voltammetric investigation of ACT on MWCNTs /
GCE

The recorded cyclic voltammogram for 50 pmol L™
ACT using the MWCNTSs/GCE is shown in Figure 1.
The ACT showed a reversible redox peak with AEp
equal to 0.028 V, which is similar to a two electron redox
reversible system. This phenomenon is in accordance with
electrocatalytic behavior of MWCNTs.

The effect of potential scan rate on redox response of
ACT was investigated in phosphate buffer (pH 7.0) solution
containing 50 umol L' ACT. Figure 2 shows the cyclic
voltammograms of the modified electrode at different
scan rates in potential range 0 to 0.65 V. The anodic and
cathodic peak currents of ACT were proportional to the scan
rate over the range 10-280 mV s (Figure 2A) indicating
adsorptive properties of the electrochemical process.
Moreover, the anodic peak currents were almost the same
as the corresponding cathodic peak currents.
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Figure 1. Cyclic voltammograms of 50 umol L' ACT at MWCNTSs/GCE
in 0.1 mol L' phosphate buffer solution (pH 7) at scan rate of 50 mVs.

At sweep rates between 280 mV s~ and 1000 mV s,
the plot of peak currents vs. scan rate plot deviates from
linearity and the peak current becomes proportional to
the square root of the scan rate (Figure 2B), indicating a
diffusion controlled process. At sweep rates higher than
100 mV s7!' peak separations (AE) begin to increase
(Figure 2C), indicating the limitation due to charge transfer
kinetics. Based on Laviron theory* the electron transfer
rate constant (k ) and charge transfer coefficient (o) can be
determined by measuring the variation of AEp vs. log scan
rate. The slope of the AEp vs. log(v), was about, 131.1 mV.
Using the equation of:

Ep =K -2.3030 (RT/onF) log(v)

By considering two electrons transferred for ACT,
charge transfer coefficient (o) of 0.562 was obtained.
Introducing o value in the following equation, an apparent
surface electron transfer rate constant, ks =2.558 57!, was
estimated.

o) nFE

RT
logk =olog(l—o)+(1—o)logo —log| — |—ou(1—
gk, g(l—-a)+(1-at)log g[nmj ( SIRT

The large value of electron transfer rate constant
indicates high ability of MWCNTSs for promoting electron
transfer between ACT and the electrode surface. The
surfaces of MWCNTSs contain a large number of defects
as well as special nanostructure of MWCNTs may act as
molecular wires, enhance the direct electron transfer of
ACT at MWCNTs.

Electroxidation of ACT on MWCNTs /GCE

The differential pulse voltammograms (DPV) recorded
for ACT at bare GCE, and MWCNTSs/GCE are shown in
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Figure 2. Effect of scan rate on the cyclic voltammograms peak currents of 50 umol L™ ACT in phosphate buffer (pH 7) solution for different scan rate as
(a) 10, (b) 20, (c) 30, (d) 40, (e) 50, (f) 60, (g) 70, (h) 80, (i) 90, (j) 100, (k) 120, (1) 140, (m) 160, (n) 180, (0) 200, (p) 220 and (q) 240 mVs™". Insets: (A)
Plot of peak currents as a function of scan rate of potential. (B) Plot of peak currents as a function of square root of the scan rate of potential. (C) Plot of

peak separations currents as a function of logarithm of the scan rate of potential.

Figure 3. Curve a shows the voltammogram of 40 pumol L™!
ACT in PBS (pH 7) at GC. Curve b is a voltammogram of
ACT obtained under the same conditions as curve a, at a
MWCNTs /GCE. As can be seen, for the GC the oxidation
peak for ACT is very small. However, the DPVs of
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Figure 3. Differential pulse voltammograms of 40 pumol L™ of ACT at (a)
GC and (b) MWCNTs/GCE in 0.1 mol L™" phosphate buffer solution (pH
7). Other conditions: Open circuit, t = 60 s, pulse amplitude = 50 mV
and scan rate = 10 mV s7', interval time 0.5 s, modulation time = 0.2 s
and step potential =5 mV.

ACT at MWCNTSs/GCE (curve b) showed considerable
increases in its oxidation peak current. The presence of
MWNTs could increase the surface area of the electrode
and facilitate electron transfer between electrode and the
analyte. Therefore the enhancements in the corresponding
electrochemical oxidation peak currents were observed.
Our electrochemical data showed that surface area of
modified MWCNTSs/GCE is 9.8 times of GCE. However,
the oxidation peak current of ACT was increased upto
50 times, therefore the catalytic effect of MWCNTs is also
responsible for increasing current.

Effects of solution pH

The effect of pH of solutions on the electrochemical
response of the MWCNTSs/GCE towards the determination
of 50 wmol L' ACT was investigated using CV method in
0.1 mol L' phosphate buffer solution. Variations of peak
current with respect to pH of the electrolyte in the pH
range from 3 to 10 are shown in Figure 4. It can be seen
that the anodic peak currents of ACT increases with raising
the solution pH until it reaches 7 (Figure 4, inset A).
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Figure 4. Effects of pH on the cyclic voltammogram oxidation peak
current of 50 umol L™ ACT at MWCNTs/GCE in phosphate buffer
solutions at scan rate of 50 mVs™. Insets: (A) Plot of anodic peak currents
(Ipa) as a function of pH of buffer solutions. (B) Plot of peak potentials
(Ep) as a function of pH of buffer solutions.

However at higher pH the ACT oxidation peak current
starts to diminish. Therefore the pH value of 7, which is
close to biological pH value, was chosen as an optimum
solution pH for further experiments. Variation of ACT
oxidation peak potential with pH is in accordance with
equation of Ep =—0.0542 pH + 0.704 (Figure 4, inset B).
For a Nernstian process which numbers of transferred
electrons are equal to number of transferred proton, the
slope would be expected to be =59 mV pH™! unit. The
—54 mV pH™! unit slope is in good agreement with other
previously reported results.’>>? This suggests that the
number of electrons and protons transferred in the redox
reaction of ACT is equal.

Effects of accumulation time

Figure 5 shows plots of the anodic peak currents,
obtained from CV experiments, versus accumulation
time for 15 umol L' ACT. Initially, peak currents for
this compound increase with accumulation time up to

Ipa / A

0 30 60 90 120 150
tacc /'S

Figure 5. Effect of accumulation time on the cyclic voltammogram anodic
peak currents of 15 umol L™ ACT in phosphate buffer (pH 7) solution at
scan rate of 50 mVs.
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60 s. However after 60 s the rate of increase falls away
and it eventually reaches plateau. As a consequence, the
accumulation time of 60 s was chosen as an optimum time
for further experiments.

Linear dynamic range and limit of detection of the method

The electrochemical responses for consecutive addition
of ACT to a 0.1 mol L' PBS pH 7 using MWCNTs/GCE
are depicted in Figures 6 and 7. Figure 6 show differential
pulse voltammograms and corresponding calibration curves
obtained at MWCNTSs/GCE in various concentrations of
ACT. By application of DPV method two linear ranges
were obtained. The first linear dynamic range was from
0.1 to 22 umol L', with a calibration equation of Ip(uA) =
1.2782¢ (umol L) +0.2431 (R?=0.9984) and the second
linear dynamic range was between 26 to 340 umol L' with
a calibration equation of Ip(uA) = 0.7793¢ (uwmol L) +
11.615 (R*=0.9986). A limit of detection of 0.029 umol L™
(S/N = 3) was obtained.
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Figure 6. Differential pulse voltammograms for different concentrations
of ACT as (a) 0.1, (b) 1.25, (¢) 3.75, (d) 8.5, (e) 16, (f) 30, (g) 50, (h) 75,
(1) 100, (j) 130, (k) 145, (1) 200, (m) 240, (n) 280 and (0) 340 pmol L.
Insets (A) and (B) show plots of corresponding ACT oxidation peak
currents as a function of ACT concentrations.

Figure 7 displays hydrodynamic chronoamperograms
response of the rotated modified electrode (2500 rpm)
with successive injection of ACT at an applied potential of
0.4 V in PBS (pH 7). Application of chronoamperometry
method showed that the linear dynamic range was from
0.3 to 340 pumol L', with a calibration equation of
Ip(uA) = 0.3254¢ (umol L) + 2.6513 (R?>= 0.9995). A
detection limit of 0.045 pmol L' (S/N = 3) was obtained.

Repeatability and long-term stability of the electrode

The repeatability of the analytical method for
determination of ACT has been studied using DPV method.
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Figure 7. Hydrodynamic amperometric response at rotating MWCNTSs/
GCE (rotating speed 2500 rpm) held at 0.4 V in PBS (pH 7) for
determination of ACT as (A) from 0.3 to 20 pmol L' by successive
additions of (a) 0.3, (b) 0.6 and (c) 1.2 pmol L' ACT (inset: corresponding
calibration curve), and (B) from 20 to 340 umol L™! by successive additions
of 20 pmol L' ACT (inset: corresponding calibration curve).

Indeed, the relative standard deviations (RSD) of 2.06% and
1.82% for 10.0 and 50.0 umol L' ACT over ten consecutive
determinations have been obtained, respectively.

Another advantage of the proposed modified electrode
is that the resulting modified electrode has a good long-
term stability. Stability of the proposed electrode was
tested by measuring the decrease in voltammetric current
during repetitive DPV measurements of ACT solutions with
MWCNTSs/GCE stored in solution or air for certain period
of time. For example, in the determination of 50 umol L™!
ACT in 0.1 mol L' PBS (pH 7), subjecting the modified
electrode to an experiment every 30 min, led to a less than
7% decrease in the voltammetric currents after 24 h. When
the electrode was stored in the atmosphere for 5 days, the
corresponding current responses fell less than 11% when
the electrode subjected to a solution containing 50 umol L™
ACT.

Interference studies

The effects of common interfering species solution of
100 umol L' ACT under the optimum conditions were
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investigated. The results showed that concentrations of
L-dopa(500), dopamine(500), L-alanin(1000), L-glutamic
acid(1400), uric acid(200), ascorbic acid(700) and aspartic
acid(3500) did not significantly influence the height of
the oxidation peak current for ACT. The tolerance limit
was defined as the concentrations which give an error
of < 10% in the determination of ACT compound. The
data in the brackets are concentration of the interfering
species in umol L-'. The results confirm that the proposed
method is free from interferences from the most common
interferants.

Analytical applications

The applicability of the method to the determination
of ACT content in real samples such as pharmaceutical
preparations, or in solutions in human serum or human urine
was investigated. The differential pulse voltammograms
were obtained by spiking appropriate amounts of ACT in the
prepared real solutions using MWCNTSs/GCE at optimum
conditions as described earlier. The ACT concentrations
were obtained by applying the corresponding calibration
plot. The recoveries were acceptable, showing that the
proposed methods could be efficiently used for the
determination of trace amounts of ACT in biological
systems and pharmaceutical preparations. The results are
presented in Table 1. The linear dynamic range, detection
limit, RSD, sensitivity and some real sample analysis of the
proposed method were compared with other voltammetric
methods for determination of ACT (Table 2). The results
show that the proposed method has higher sensitivity, lower
detection limit and wide linear dynamic range.

Table 1. Determination of ACT in real samples with MWCNT

Sample Added / Found®*/ R.S.D./ Recovery /
(umol L) (umol L) (%) (%)
Serum 0.0 0.0 - -
2.0 1.96 2.8 98.0
5.0 4.87 23 97.4
Urine 0.0 0 - -
5.0 4.93 1.9 98.6
10.0 9.76 22 97.6
Tylenol Tablet 0.0 32.57° 1.6 98.7
10.0 42.71 22 101.4
20.0 52.62 1.8 99.1

*Average of five determinations at optimum conditions. *This amount is
equal to 493.7 mg per tablet.
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Table 2. Comparison of merits of voltammetry methods for determination of ACT

Ref. Electrode LDR/ Sensitivity/ LOD/ RSD/ Analysis in
(umol L") (uA/umol L) (umol L) (%) Serum Urine  Tablets
24 GCltetraruthenated porphyrin film 1-100 NR 0.11 NR No No No
25 Boron-doped diamond thin film 0.5-50 0.022 0.01 22 No No No
26 5H pencile lead 100-5000 0.004 NR 1.3 Yes No No
27 CP/crude extract of zucchini 120-2500 NR 69 1.1 Yes No No
28 GC/Cu(II)-Conducting Polymer Complex 20-5000 0.016 5 2.5 Yes No No
29 Nanogold/indium tin oxide 0.2-1500 0.01 0.18 2.4 Yes No No
30 CF/electrocopolymerized-moleculary 6.5-2000 0.18 1.5 5.6 No No No
imprinted film
31 GC/L-Cysteine 0.2-100 0.25 0.05 1.5 Yes No Yes
32 GC/C, 50-1500 0.013 50 NR Yes No Yes
33 GC 0.35-100 NR 0.3 4.1 Yes No No
34 Nafion coated GC tubular 50-500 NR 17 3 Yes Yes No
35 Imprinted TiO, thin film 0.8-5
580 0.308 0.2 3.3 No No No
36 GC/SWCNTs-dicetyl phosphate film 0.1-20 NR 0.04 5.5 Yes No No
37 Au/4-amino-2-mercaptopyrimidine 2-4000 0.165 0.4 2.8 Yes No No
38 GC/carbon-coated nickel magnetic 7.8-110 0.132 0.6 1.1 No No No
nanoparticles
39 PG/electrocopolymerized-moleculary 5-500
imprinted polypyrrole 1250-4500 NR 0.79 NR Yes No No
40 Carbon film resistor 0.8-500 NR 0.14 1.3 Yes No No
41 GC/zirconium alcoxide porous gel 19.6-255 NR 0.12 NR Yes No No
42 GC/nano-TiO, /polymer 12-120 0.05 2 2.3 Yes No No
43 Carbon ionic liquid 1-2000 0.068 0.3 2.1 Yes No Yes
44 PPG/MWCNTs 0.01-0.2
0.2-20 1.04 0.01 NR Yes No No
45 Boron-doped diamond 0.5-83 0.57 0.49 NR Yes No No
46 Screen-printed 2.5-1000 NR 0.1 22 Yes No No
This work GC/MWCNTs 0.1-22
26-340 1.278 0.029 1.8 Yes Yes Yes

LOD: Limit of Detection; LDR: Linear dynamic range; NR: Not Reported; GC: Glassy Carbon; CP: Carbon Paste; CF: Carbon Fiber; PG: Pencil Graphite;

PPG: Plane Pyrolytic Graphite.

Conclusions

In this paper we introduced a simple method to make
a sensor based on multi-walled carbon nanotube modified
glassy carbon electrode. We have shown that the application
of MWCNTs can increase anodic peak currents by
enhancement of electron transfers of ACT compound on the
electrode surface. The results indicated that modification of
GCE with MWCNT allows the determination of ACT with
good sensitivity and selectivity. The electrode showed high
stability in repetitive experiments due to high water stability
and high mechanical strength of MWCNTSs. The effects of
potential interferant were studied, and it was found that the
proposed procedure is free from interferences of most common
interfering compounds. When the procedure was used for the
determination of ACT in some real samples like human serum,
urine and some drugs, satisfactory results were obtained The
simple fabrication procedure, high speed, reproducibility,

high stability, wide linear dynamic range, low detection limit
and high sensitivity, all suggest that the proposed sensor is an
attractive candidate for practical applications.
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