o

ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis 43 (2007) 1622-1627

JOURNAL OF
PHARMACEUTICAL
AND BIOMEDICAL
ANALYSIS

www.elsevier.com/locate/jpba

Carbon film resistor electrode for amperometric determination of
acetaminophen in pharmaceutical formulations

Fabiana S. Felix 2, Christopher M.A. Brett®, Liicio Angnes®*

& Instituto de Quimica, Universidade de Sdo Paulo, CP 26077, 05599-970 Sdo Paulo, Brazil
b Departamento de Quimica, Universidade de Coimbra, 3004-535 Coimbra, Portugal

Received 28 June 2006; received in revised form 22 November 2006; accepted 29 November 2006
Available online 9 January 2007

Abstract

Flow injection analysis (FIA) with amperometric detection was employed for acetaminophen quantification in pharmaceutical formulations
using a carbon film resistor electrode. This sensor exhibited sharp and reproducible current peaks for acetaminophen without chemical modi-
fication of its surface. A wide linear working range (8.0 x 1077 to 5.0 x 10~*mol L™!) in phosphate buffer solution as well as high sensitivity
(0.143 Amol~! L cm~2) and low submicromolar detection limit (1.36 x 107 mol L") were achieved. The repeatability (R.S.D. for 10 successive
injections of 5.0 x 107 and 5.0 x 107> mol L~! acetaminophen solutions) was 3.1 and 1.3%, respectively, without any memory effect between
injections. The new procedure was applied to the analyses of commercial pharmaceutical products and the results were in good agreement with
those obtained utilizing a spectrophotometric method. Consequently, this amperometric method has been shown to be very suitable for quality

control analyses and other applications with similar requirements.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Acetaminophen (N-acetyl-p-aminophenol, 4-acetamido-
phenol, paracetamol or tylenol) is a popular analgesic and
antipyretic agent. Its action is similar to aspirin and is an
appropriate alternative for patients who are sensitive to acetyl-
salicylic acid [1]. The development of analytical techniques for
the rapid analysis of paracetamol is important for quality and
medical control. Overdose ingestions of acetaminophen lead to
accumulation of toxic metabolites, which may cause severe and
sometimes fatal hepatotoxicity and nephrotoxicity [2—4]. This
drug is available in different dosage forms of tablets, capsules,
suspensions and suppositories.

Kissinger et al. [5,6] investigated the electrochemical oxida-
tion of acetaminophen through cyclic voltammetric studies. The
first reaction step is an electrochemical oxidation involving two
electrons and two protons to generate N-acetyl-p-quinoneimine.
All subsequent reaction steps are non-electrochemical, but pH-
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dependent, processes. For oxidations at pH values > 6, the final
product is a benzoquinone.

For the quantification of acetaminophen in pharmaceuti-
cal products, the American Pharmacopoeia recommends liquid
chromatography as the official method [7] while the Brazil-
ian Pharmacopoeia uses a spectrophotometric technique [8].
Moreover, there are many studies described in the literature for
determination of this drug.

These include spectrophotometry [9-11], chemilumi-
nescence [12,13], liquid chromatography [14], capillary
electrophoresis [15,16], amperometric biosensors [17-19],
amperometric batch injection analysis [20], colorimetry [21],
titrimetry [22] and FTIR-spectrometry [23]. Flow injection
analysis (FIA) using UV-vis spectrophotometric detection has
been demonstrated in several papers to be appropriate for
acetaminophen determination [24-28], but these spectrophoto-
metric methods require special reagents and are time consuming,
not constituting a rapid analytical method.

Many voltammetric studies involving acetaminophen quan-
tification utilize chemically modified electrodes [29-33] or
boron doped diamond electrodes [34] in order to improve the
sensitivity. To the best of our knowledge, there is no other report
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in the literature of flow injection studies utilizing unmodified
electrodes for acetaminophen quantification in pharmaceutical
formulations. The possible use of unmodified electrodes is an
attractive alternative to investigate, since it leads to simplifica-
tion of the analytical procedure and a decrease in analysis time,
particularly in flow analysis.

This paper reports the electrochemical determination of
acetaminophen in different pharmaceutical tablets at carbon film
electrodes, without any sample pretreatment or electrode modifi-
cation being necessary. These carbon film electrodes, fabricated
from carbon resistors of 2  nominal resistance, have a wide
potential window (for both positive and negative limits) than
many other forms of carbon, the detector preparation is very
easy and they have already been employed in a variety of elec-
troanalytical experiments involving its characterization [35,36],
trace metal analysis [37,38] and its utilization for biosen-
sor construction [39-42]. Cyclic voltammetry characterization
and determinations by flow injection analysis with ampero-
metric detection were performed, at the carbon film electrode
inserted in a flow cell. In the flow injection procedure, a wide
linear working range, high sensitivity and submicromolar detec-
tion limit were achieved, without any memory effect between
injections.

2. Experimental
2.1. Reagents and solutions

Acetaminophen, caffeine, L-ascorbic acid, citric acid, lac-
tose and glucose were obtained from Sigma (St. Louis, Mo,
USA). Sodium hydroxide, sulphuric acid, sodium monohy-
drogen phosphate and potassium dihydrogen phosphate were
acquired from Merck (Darmstadt, Germany). All aqueous solu-
tions were freshly prepared by dissolving the solid salt in
0.1molL~! phosphate buffer electrolyte solution. The pH
(2-12) of the solutions was adjusted to the required value by
addition of aliquots of 1.0 mol L™ sulphuric acid or 2.0 mol L~
sodium hydroxide. All solutions were prepared with ultra-
pure water from a Millipore Milli-Q system (resistivity > 18
M€ cm). The pharmaceutical products were purchased in a local
drugstore.

2.2. Electrode preparation

Carbon film resistor (2 €2 nominal resistance) electrodes, hav-
ing a carbon film of ~15 pum thickness, were fabricated from
ceramic cylinders with 4-6 mm length and 1.5 mm external
diameter by pyrolytic deposition of carbon from methane in
a nitrogen atmosphere [35] and have been characterized by
electrochemical impedance [36]. Each resistor has two tight-
fitting metal caps and connecting wire as external contact. To
make the electrodes, one of these metal caps was removed
and other was covered by epoxy resin and the wire by a
plastic sheath. The exposed cylindrical area of the electrode
was 0.17 cm?. The electrode was electrochemically pretreated
with perchloric acid 1.0molL~" at a scan rate of 100mV s~!
[35].
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Fig. 1. Schematic representation of the electrochemical cell used for ampero-
metric determination of acetaminophen: (a) carbon film working electrode, (b)
Ag|AgCl reference electrode and (c) stainless steel auxiliary electrode.

2.3. Instrumentation and flow cell

Cyclic voltammetric and amperometric measurements were
carried out with an ECO Chemie Autolab PSTAT 20 potentio-
stat (EcoChemie, The Netherlands). Cyclic voltammetric studies
were done in a conventional 10 mL cell. The FIA/amperometric
experiments were performed utilizing the flow cell depicted in
Fig. 1. This cell was constructed in Plexiglas and has a three
electrode configuration with a carbon film resistor working elec-
trode, an Ag/AgClgy (sat KCI) reference electrode and a stainless
steel tube auxiliary electrode.

A peristaltic pump (Ismatec, Zurich, Switzerland) was
employed for fluid propulsion. The manifold was built with
polyethylene tubes (0.8 mm i.d.). The standard solutions and
acetaminophen samples were introduced into the stream through
a manually operated injection valve.

2.4. Sample and standard preparation

Each tablet of commercial drug was initially dissolved in a
100 mL volumetric flask, using deionized water. Then, aliquots
of 100 and 150 pL (for tablets containing 750 and 500 mg of
acetaminophen, respectively) were transferred to a volumetric
flask of 100 mL and the flask filled with phosphate buffer. The
standard solutions of acetaminophen were prepared daily in a
similar way, in the same phosphate buffer solution.

3. Results and discussion
3.1. pH dependence study

The electrochemical behavior of acetaminophen was inves-
tigated over the pH range from 2 until 12. Fig. 2 shows
cyclic voltammograms of 1.0 x 10~% mol L~! acetaminophen in
0.1 mol L~! phosphate buffer solutions. It was observed that the
oxidation potential decreased when the pH of the acetaminophen
solution increased. This behavior was attributed to an increas-
ing amount of hydrolysis that occurs as the pH is increased,
leading to the formation of reducing compounds such as p-
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Fig. 2. Cyclic voltammograms of 1.0 x 10~*molL~! acetaminophen in
0.1 mol L~! phosphate buffer solution at different pH (from 2 until 12). Carbon
film electrode area=0.17 cm?. Scan rate 100mV s~

hydroxyaniline [34]. The negative shift in anodic peak potential
(Epa) with pH can be described by the equation:

Epa(V vs. Ag/AgCl) = +0.76 — 0.042 {pH]} (1)

The theoretical slope of the plot of Ep, versus pH for
a classical Nernstian two-electron, two-proton process is
—59mV pH~!. A slope of —42mV pH~! was obtained in these
experiments. This value is close to that found by Gilmartin and
Hart [43] who reported a slope of —46.5mV pH™! over a sim-
ilar range of pH to that utilized here. These authors suggest a
more complex oxidation mechanism for acetaminophen. When
the pH is increased above 10, the oxidation become kinetically
less favorable, and adsorption of analyte on the electrode surface
occurs more intensely. This is presumably due to the presence
of the phenoxide form.

Under more acidic conditions (i.e. pH 2.0) the oxidation
potential increases significantly and a poorly defined cathodic
wave for the reduction of N-acetyl-p-quinoneimine (NAPQI)
was observed. In accordance with Kissinger et al. [5], this occurs
because the hydration of the NAPQI molecule leads to its disap-
pearance from the voltammogram. These authors concluded that
all the protonated NAPQI is converted into the inactive hydrated
form before negative potentials are reached during the reverse
scan of the cyclic voltammetric experiment.

The selection of a suitable pH involved a compromise
between sensitivity and the electrochemical behavior of
acetaminophen in acidic and alkaline solution. Therefore, pH
8.0 was selected for further studies.

3.2. Cyclic voltammetry

Fig. 3 shows typical cyclic voltammetric curves for
1.0 x 107*mol L~! acetaminophen in 0.1 mol L~ phosphate
buffer solution (pH 8) at carbon film (solid line) and glassy
carbon electrodes (dashed line). The carbon film exhibited a
more well-defined peak at a less positive potential (+0.4 V ver-
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Fig. 3. Cyclic voltammograms of the carbon film (dotted line) and glassy carbon
(solid line) electrodes in 0.1 mol L~ phosphate buffer solution (pH 8) containing
1.0 x 10~* mol L~! acetaminophen. Electrode areas: 0.17 cm? for carbon film
and 0.18 cm? for glassy carbon. Scan rate 100mVs~!.

sus Ag/AgCl). Therefore, this new sensor is more favorable for
detection of acetaminophen, since it should be less subject to
interferences.

The wvariation of current with scan rate, from 0.01
until 0.9Vs~!, was investigated using 1.0 x 10™* mol L™!
acetaminophen in 0.1 molL~! phosphate buffer solution at
pH 8, Fig. 4. An increase in the height of the oxidation and
reduction waves occurred and peak potentials shifted towards
more positive and negative values for oxidation and reduction
processes, respectively. The oxidation and reduction peak cur-
rents varied linearly with the square root of scan rate (v'/?)
with r>0.999, indicating that the electrochemical reaction is
a diffusion-controlled process. The insets in Fig. 4 display the
relationship between anodic and cathodic currents and scan rate;
the ratio between oxidation and reduction currents was indepen-
dent of scan rate at around 1.7. By applying the Randles-Sevcik
equation to the oxidation process [44], an apparent diffusion

coefficient for paracetamol of 1.5 x 1079 cm? s~! was obtained.
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Fig. 4. Cyclic voltammograms of 1.0 x 10~*molL~! acetaminophen in
0.1 mol L~ phosphate buffer solution (pH 8) at different scan rates. The insets
show the relationship between anodic and cathodic currents with scan rate, v.
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Fig. 5. Cyclic voltammograms obtained with carbon film electrode (A=
0.17cm?) in 0.1molL~! phosphate buffer solution (pH 8) containing
acetaminophen in different concentrations (1.0 x 10~ until 2.0 x 1073
mol L~1). Scan rate 100mV s~

Fig. 5 shows cyclic voltammograms resulting from increas-
ing additions of acetaminophen in 0.1 mol L™! phosphate buffer
solution at scan rate 0.10 Vs~! at carbon film electrode. The
signal obtained for each concentration of acetaminophen was
very stable and reproducible. A very good linear relationship
between current and acetaminophen concentration (1.0 x 1073
until 2.0 x 103 molL~!) was observed as can be seen in the
inset of Fig. 5.

3.3. Flow injection parameters

To determine the optimal conditions for the flow injection
system performance, the parameters such as sample volume and
flow rate were varied using 1.0 x 107> mol L ™! acetaminophen
in 0.1 mol L~! phosphate buffer (pH 8). An applied potential of
+0.6 V versus Ag/AgCl was used in all these experiments, to
ensure complete analyte oxidation.

The effect of flow rate (from 1.0 to 5.0 mL min~"!) on the ana-
lytical signal was evaluated. The current increased with flow rate
up until 3.0 mL min—! and remained virtually constant for higher
flow rates. A flow rate of 2.0mL min~! was selected for fur-
ther experiments, which combines good sensitivity with a good
sample analysis rate (50 determinations per hour). The effect of
sample volume was also evaluated using injection loops from 50
up to 300 L. The amperometric signal increased almost linearly
with sample volume from 50 until 150 pL. For higher volumes,
the increase was less significant. A volume of 150 wL was cho-
sen based on the best compromise between reproducibility and
sampling rate.

3.3.1. Analytical characteristics

Under the optimized conditions, series of triplicate experi-
ments were carried out using acetaminophen standard solutions
in 0.1molL~! phosphate buffer electrolyte at pH 8. Lin-

acetaminophen

)MU I

Fig. 6. FIA results for a carbon film electrode (A=0.17 cm?) in 0.1 molL~!
phosphate buffer electrolyte, pH 8, after injections of (a) 8.0 x 1077, (b) 1.0,
(¢) 3.0, (d) 7.0, (e) 9.0 x 107°, (f) 2.0, (2) 5.0, (h) 7.0, (i) 9.0 x 107, (j) 2.0,
(k) 5.0 x 10~* mol L~! acetaminophen. Applied potential +0.6 V vs. Ag/AgCl,
flow rate 2.0 mL min~!, sample loop 150 pL. The inset shows the calibration
plot.
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earity between FIA current and acetaminophen concentration
was observed over a wide range, from 8.0 x 10~7 up to
5.0 x 107*mol L~!. All acetaminophen standard solutions were
made by dilution from a 5.0 x 107> molL~! stock solution.
Fig. 6 shows a series of current peaks obtained in one of
these series of experiments. The dynamic range had a slope
of 24.34 + 0.07 wA/mM, and an intercept of 0.004 £0.011 pA
with a correlation coefficient of 0.999. The estimated detection
limit was 1.36 x 1077 mol L~ (three times the blank standard
deviation/slope) and the quantification limit was calculated as
4.53 x 107" mol L1

Comparing the results obtained here with some other studies,
the linear range obtained with the carbon film resistor electrodes
is wider than those obtained by other techniques or utilizing
different sensors [19,20,34]. The detection limit of this sensor
compares favorably with the one obtained utilizing gold elec-
trodes were modified with thiols [30] and is situated just below
the value obtained when boron doped diamond electrodes were
utilized [34]. Comparing voltammetry and other techniques,
chemiluminescence leads to the lower detection limits (in the
low nanomolar region [12,13]), whereas spectrophotometry pre-
sented higher limits (micromolar region [24,27,28]).

Fig. 7 shows repetition of alternate injections of 150 wL
of 50x107® and 5.0 x 10°molL™" acetaminophen in
0.1 mol L~! phosphate buffer electrolyte. In this experiment, the
excellent repeatability of the current peaks for both concentra-
tions is seen. Additionally, there is no memory effect during the
injections, demonstrating that there has been no poisoning of the
electrode surface. Results from this series of injections gave rela-
tive standard deviations (R.S.D.) of 3.1 and 1.3% for 5.0 x 10~°
and 5.0 x 107> mol L~! acetaminophen solutions, respectively.

3.3.2. Interference studies

The effect of possible interferences was investigated
by addition of other compounds to a solution containing
1.0 x 107 molL~! acetaminophen in 0.1 molL~! phosphate
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Fig. 7. FIA results for alternate injections of (a) 5.0 x 107°, (b)
5.0 x 107> mol L™! acetaminophen in 0.1 mol L~ phosphate buffer electrolyte,
pH 8. Applied potential +0.6 V vs. Ag/AgCl, flow rate 2.0 mL min~', sample
loop 150 pL.

buffer electrolyte. Each possible contaminant was first added
to have the same concentration as that of acetaminophen and
then another addition was made so that the concentration of
interferent was 10 times that of acetaminophen. Caffeine, lac-
tose, citric acid, glucose and ascorbic acid, all of which can be
present in the acetaminophen samples, were tested. Caffeine,
lactose, citric acid and glucose were found to cause less than a
5% increase of the height of acetaminophen current peak, even
when present in a 10-fold excess. The presence of ascorbic acid
at a concentration equal to that of acetaminophen was sufficient
to cause a 10% increase of the acetaminophen signal. Even so,
for samples which contain ascorbic acid, this analyte can be
decomposed enzymatically with ascorbate oxidase and a dif-

Table 1
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Fig. 8. Analysis of the acetaminophen samples Aj—As using carbon film elec-
trode in 0.1 mol L~! phosphate buffer electrolyte, pH 8. Inset: calibration plot
obtained before and after injections of (a) 1.0, (b) 2.0, (c) 4.0, (d) 6.0, (e)
8.0 x 107> mol L™! acetaminophen standard solutions. Applied potential +0.6 V
vs. Ag/AgCl, flow rate 2.0 mL min~!, sample loop 150 pL.

ferential determination of the two compounds can be achieved
[45.,46].

3.3.3. Acetaminophen determination in real samples

For analyses of real samples, five different commercial phar-
maceutical tablet formulations containing acetaminophen were
employed. Fig. 8 illustrates results of FIA signals obtained for
these samples, preceded and followed by a series of injec-
tions of standard solutions of acetaminophen (from 1.0 until
8.0 x 1073 mol L™1). The proportionality between the ampero-
metric signal and the concentration of acetaminophen standard

Results obtained after analyses of acetaminophen in five commercial pharmaceutical samples by FIA and UV spectrophotometry (254 nm) [8].

Labeled
value (g)

Sample Composition

Amperometry
+S.D.2(g)

Spectrophotometry AP (%) AY (%)

+SD2(g)

A (%)

1 Acetaminophen, microcrystalline 0.75
cellulose, polyvinylpyrrolidone,
sodium dioctylsulfosuccinate,
sodium carboxymethylcellulose,
magnesium stearate, macrogol,
hydroxypropylmethylcellulose

2 Acetaminophen, microcrystalline 0.75
cellulose, magnesium stearate,
sodium amide glycolate, polyvidone

3 Acetaminophen, sodium amide 0.75
glycolate, potassium sorbate, stearic
acid, polyvidone

4 Acetaminophen, microcrystalline 0.50
cellulose, polyvinylpyrrolidone,
sodium dioctylsulfosuccinate,
magnesium stearate

5 Acetaminophen, caffeine, amide, 0.50
sodium amide glycolate, cellulose,
macrogol

0.76 £ 0.01

0.74 £ 0.02

0.68 £ 0.02

0.47 £ 0.03

0.48 £ 0.03

0.78 £ 0.03 +1.3 +4.0 —-2.6

0.75 £ 0.03 —-13 - —-1.3

0.70 £ 0.02 93 —6.7 —2.8

0.45 £ 0.01 —6.0 —10 +4.4

0.46 £+ 0.01 —4.0 -8.0 +4.3

% Average =+ standard deviation for three determinations.

b Relative difference between: labeled value and proposed amperometric method.

¢ Relative difference between labeled value and spectrophotometric method.

d Difference between the results obtained using amperometric and spectrophotometric method.
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solution was confirmed from the calibration plot shown in the
inset. The amperometric results obtained with the new sensor
were compared with those from the spectrophotometric method,
recommended in the Brazilian Pharmacopoeia [8].

The results of the analyses of all samples are summarized
in Table 1, where the data obtained for each commercial drug
are presented. The composition of each pharmaceutical tablet
is also included in order to show the components present in
each unit as well as the amount of acetaminophen expected in
each tablet. It can be seen from the results obtained utilizing the
amperometric and spectrophotometric methods, as well as from
the respective standard deviations, that the relative differences
between the results obtained by the two methods and the labeled
values are small. Therefore, the carbon film electrode used in a
FIA provides values in good agreement with the concentration
of acetaminophen specified by the pharmaceutical company, as
well as those found by the recommended spectrophotometric
method [8].

4. Conclusion

The results obtained in this work demonstrated the poten-
tiality for carbon film resistor electrodes combined with
FIA-amperometric detection for acetaminophen determination
in pharmaceutical formulations. The high sensitivity provided
by amperometry associated with the low cost of the sensor,
makes this method very suitable for quality control applica-
tions. Moreover, carbon film electrodes provide good selectivity
and excellent sensitivity for acetaminophen quantification in
relatively complex commercial drugs without any surface modi-
fication. Finally, the method proposed has a low, submicromolar
detection limit with excellent reproducibility and without any
sample pre-treatment, such as separation, filtration, extraction
or derivatization.
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