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A stable electroactive thin film of poly(caffeic acid) was deposited on the surface of a glassy carbon
electrode by potentiostatic technique in an aqueous solution containing caffeic acid. The
electrochemical behaviors of acetaminophen on poly(caffeic acid) modified glassy carbon electrodes
(poly(CA)-GCEs) were investigated by cyclic voltammetry and square-wave voltammetry (SWV). The
results obtained that the poly(CA)-modified electrode was exhibited excellent electrochemical activity
on the oxidation of acetaminophen. The calibration curve for APAP was shown two linear segments:
the first linear segment increases from 0.2 to 1.0 and second linear segment increases up to 10 puM.
Using the first range of this calibration plot, a detection limit of 0.026 uM is obtained for
acetaminophen using square wave voltammetry. The poly(CA) electrode is selective not only for the
detection of acetaminophen in the presence of ascorbic acid, dopamine, p-aminophenol and uric acid
but also selective for the simultaneous determination of these four species present in a mixture. Finally,
the proposed method was successfully applied to analysis of acetaminophen in pharmaceutical tablets.
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1. INTRODUCTION

Acetaminophen (4'-hydroxyacetanilide, N-acetyl p-aminophenol, paracetamol) (APAP) is a
very popular analgesic and antipyretic drug, it is non carcinogenic and an effective substitute of aspirin
for patients who cannot tolerate aspirin [1]. Acetaminophen is a commonly used analgesic drug that is
contained in over 100 prescription and over-the-counter products[1]. APAP is rapidly and extensively
metabolized by undergoing glucuronidation and sulfation to inactive metabolites which are eliminated
in urine along with 5% of APAP being eliminated unchanged. At the recommended dosage, there are
no side effects. Despite its exceptional safety record, acetaminophen is well known to cause severe
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hepatotoxicity and acute liver failure when taken in large amounts [2]. In therapeutic use,
acetaminophen is often found associated with ascorbic acid and/or other pharmacologically and
biologically active compounds [3,4]. In the electrochemical investigations of APAP in clinical
preparations, presence of some potentially interfering constituents (i.e., electroactive species),
especially ascorbic acid (AA), is considered as a significant problem in the accuracy of the
determinations. Ascorbic acid (vitamin C) is involved, amongst many things, in maintaining a healthy
immune system. Since body fluids contain high concentrations of ascorbic acid (AA), the
determination of APAP in body fluids based on the electrochemical oxidation of APAP is difficult.
Ascorbic acid at higher concentration in biological samples can lead to false negative results in a
number of urine tests. This compound generally shows overlapping signals on the surface of most
chemically modified electrodes, which limit the analytical applicability of the sensors. Development of
a method that could determine acetaminophen in pharmaceutical and clinical preparations without any
interference from the other ingredient is of great importance.

Acetaminophen (APAP) is an electroactive compound and voltammetric mechanistic studies
for the electrode processes of the acetaminophen/N-acetyl-p-quinoneimine (APAP/NAPQI) redox
system are presented[5]. The electrochemical oxidation of acetaminophen (APAP) has been studied by
cyclic voltammetry on bare glassy carbon (GC) electrodes [6,7]. Nematollahi et al. demonstrated the
electrochemical oxidation of APAP in various pHs using cyclic voltammetry and controlled-potential
coulometry. The rate constants were estimated by comparing the experimental cyclic voltammetric
responses with the digital simulated results. The results indicated that electrochemically generated
NAPQI participates in different type reactions based on solution’s pH [8].

The use of conventional material electrodes usually requires high potentials for the electro-
oxidation of target compounds or suffers fouling of electrode surface by the products generated from
electrochemical reactions; consequently, the achieved detection limits are relatively high. In order to
eliminate these drawbacks, various approaches using different modified electrodes have been proposed
[9-38]. The use of electropolymerization to prepare modified electrodes is a practical approach to the
direct formation of films on small or irregularly shaped electrodes, especially microelectrodes or
microarray electrodes[39,40]. Electropolymerization can be carried out in three ways: potentiostatic
(constant potential) method, galvanostatic (constant current) method and potentiodynamic (potential
scanning or cyclic voltammetric) method. As compared with the cyclic voltammetric
electropolymerization, the constant-potential electropolymerization performed under a stable electrode
potential exhibits some superiority because it can effectively hamper the side reactions and yield
polymers with regular structure, high electroactivity, and purity [41,42].

Our research focuses on polymer films on glassy carbon electrode derived from constant-
potential electropolymerization. Caffeic acid (3,4-dihydroxycinnamic acid) is a wellknown natural
phenol. The electrooxidation of caffeic acid on different electrode materials (gold, platinum, carbon,
etc.) gives rise to stable redox-active electropolymerized films [i.e., poly(caffeic acid) (poly(CA)] [43-
51]. The obtained polymer was characterized, its electrochemical and electrochromic properties were
investigated and the polymer material employed to sensors [50,51]. Hotta et al. [52] and Arakawa et
al. [53] have investigated the electrochemical oxidation mechanism of CA. In this study, we report the
fabrication and characterization of a poly(CA)-modified electrode and its application in the selective
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preconcentration of APAP on a glassy carbon electrode modified with poly(CA), as well as the
selective determination of APAP in urine free from interference from ascorbic acid. A electroactive
thin film of poly(CA) was deposited on the surface of a glassy carbon electrode by using the
electrodeposition technigue in an aqueous solution containing caffeic acid (CA).

2. EXPERIMENTAL

2.1. Apparatus

The voltammetric experiments were performed in an electrochemical assemble with a platinum
wire as the counter electrode, a glassy carbon electrode (3 mm diameter) as working electrode and
Ag/AgCI reference electrode. Cyclic voltammetry (CV) experiments were carried out with a Gamry
Reference 600 potentiostat (Gamry, USA). All experiments were performed at room temperature
(25°C). Before each experiment, the working electrode was polished with slurry containing 0.3 um and
then 0.05 um sized aluminum oxide particles for 5 min. After each treatment the electrode was washed
and ultrasonicated in distilled water for 5 min to remove retained aluminum oxide particles on the
electrode surface. The pH values of the solutions were measured by a Hanna HI 221 pH-meter using
the full range of 0-14. Various buffers were prepared using 0.1 M H3PO4 0.1 M NaOH, 0.1 M
NaH,PO,4 and 0.1 M Na,HPO, and 0.1 M HCI. All buffers were prepared with distilled water.

2.2. Reagents and materials

All chemicals used were of analytical-reagent grade, and distilled water was used throughout.
All the experiments were carried out at room temperature. Acetaminophen and p-aminophenol were
purchased from Sigma (St. Louis, MO, USA), and they were all used as received. Aqueous stock
solution of 1.0x10 mol L™ acetaminophen (APAP) was used for further preparation of final
solutions. Standard stock solutions (1.0x1072 mol L™) of the compounds (p-aminophenol, dopamine,
ascorbic acid, caffeine) were prepared by dissolving appropriate amounts in ethanol. The solutions
were protected from light and stored at 4°C. Before use, all sample solutions were prepared by
appropriate dilutions to the desired concentration with distilled water. Caffeic acid, 3,4-
dihydroxycinnamic acid, were purchased from Merck and it was used as received. All potentials
reported were versus the Ag/AgCl. All of the measurements were carried out without removing
dissolved oxygen.

2.4. Sample preparation

The developed method was applied to the analysis of two different commercial APAP tablets.
The tablets were weighed, ground into powder. Each weighed sample was extracted with ethanol for
15 min in an ultrasonic bath, the suspension was centrifuged for 5 min, and then the collected samples
were filtered through 0.45-micrometer cellulose membranes. All the sample solutions were transferred
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to 100-mL flask and diluted with phosphate buffer (pH=7.0) so that the concentration of APAP lies in
the range of the calibration plot, and then appropriate amounts of these diluted samples (10 mL) were
transferred to the electrochemical cell for the determination of APAP using SWV.

2.5. Experimental procedure

A three-electrode system was used, including a poly(CA)-modified electrode as the working
electrode, a platinum wire electrode as a counter electrode, and Ag/AgCI as a reference electrode.
About 10 mL of the electrolyte solution containing an appropriate amount of APAP standard solution
or sample was added to the electrochemical cell. The electrode was then immersed into the supporting
electrolyte (i.e, PBS) and measured. SWV experiments were performed. Scan parameters were square-
wave mode, step: 8 mV, amplitude: 100 mV, frequency: 50 Hz. Cyclic voltammetric experiments were
performed with a scan rate of 100 mV s * unless otherwise stated.

3. RESULTS AND DISCUSSION

3.1. Characteristics of the poly(caffeic acid) film

The electropolymerization of caffeic acid was carried out in phosphate buffer solution(PBS), as
reported recently [50,51]. Before each experiment, the glassy carbon electrode was first polished with
0.05-pum alumina in a water slurry using a polishing cloth and rinsed with 1:1 HNOgs, acetone and
water, respectively.
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Figure 1. Cyclic voltammograms at the composite polymer modified electrode in phosphate buffer
solution (pH 7.0) at the scan rate of 100, 200, 300, 400, 500, and 600 mV s™*, respectively.
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A GCE electrode was placed in a pH 7.0 phosphate buffer solution containing 0.2 mmol caffeic
acid and modified by deposition at the potential of +2.0 V for 30 s. Then, the poly(CA)-modified
glassy carbon electrode was prepared. After this step, the electrode was washed with distilled water
and transferred into a supporting electrolyte phosphate buffer pH 7.0 solution, where cyclic
voltammograms were recorded. The CVs of the poly(caffeic acid)-modified glassy carbon electrode at
various scan rates in phosphate buffer (pH 7.0) in the potential range of — 0.5 to 0.5 V (vs. Ag/AgCl)
are shown in Fig. 1. As can be seen from Fig. 1 anodic and cathodic peak potentials are observed at
241 mV and 202 mV, respectively. This demonstrated that the polymer film was formed on the GC
electrode. The peak currents were directly proportional to the potential scan rates. The relationship
between peak current and potential scan rate was found to be linearly with v, which indicates that the
charge-transport process within the film was adsorption-controlled.

3.2. Electrochemical behavior of APAP

The electrochemical behavior of APAP on poly(CA)-modified GCE and bare GCE were
investigated by cyclic voltammetry (CV). At the bare GCE (Fig. 2, curve c), a pair of relatively weak
redox peak currents corresponding to the electrochemical redox of APAP was observed at an anodic
peak potential (Epa) of 638 mV and a cathodic peak potential (E,) of  -41 mV. The peak-to-peak
potential separation (AEp,=E,a-Epc) Was as large as 597 mV (Fig. 2 curve c).

-3,500 v v ' v ' v ' v v v
-200,0 0,000 200,0 400,0 600,0 800,0
E/mV vs. Ag/AgCI

Figure 2. CVs of APAP on the bare GCE and poly(CA)-modified GCE in 0.1 M PBS (pH 7.0) at scan
rate of 100 mV s. (a) and (b) represent the absence of 0.1 mM APAP, (c) and (d) represent the
presence of 0.1 mM APAP.

When the poly(CA) films are deposited on GCE surface (Fig. 2 curve d), APAP exhibits a pair
of well-defined redox waves on the poly(CA)-modified GCE with Ep, = 385 mV and Eyc = 347 mV,
and the peak-to-peak potential separation (AEp) is only 38 mV, indicating that fast electron transfer
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rate kinetics occur on poly(CA)-modified GCE. Compared with the unmodified GCE, the redox peak
currents obtained on poly(CA)-modified GCE were much higher and the AE, was much lower, which
are clear evidences of good electrocatalytic activity of poly(CA) toward APAP. In this experiment, the
net values of oxidation peak current of APAP obtained at the poly(CA)/GCE (6.0 pA) is about 2.0
times higher than that at the GCE (3.0 pA). The electrochemistry of poly(CA)-modified GCE was
performed as control experiment (curve c), and no obvious redox peaks were appeared. As can be seen
in Fig. 2 (curve a and b) the background current of poly(CA)-modified electrode(Fig 2 curve b) is
much larger than that of the unmodified GCE (Fig 2 curve a), indicating high specific capacitance of
poly(CA) films on electrode.

3.3. Effect of scan rate

The effect of the potential scan rate on the peak current of APAP was investigated. Fig. 3
shows the CVs of the poly(CA)-modified glassy carbon electrode at various scan rates (v) (at all scan
rates at 25 °C) obtained in 0.1 mol L™ PBS (pH 7.0) containing 0.1 mM APAP. As shown in Fig. 3, the
anodic and cathodic peak currents increased with increasing the potential scan rate. With increasing the
potential scan rate, the oxidation peak potential shifted positively and the reduction peak potential
shifted negatively. As can be seen (Fig. 4), the redox peak currents were found linearly proportional to
the scan rate ranging from 10 to 500 mV s,
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Figure 3. CVs of 0.1 mM APAP on poly(CA)-modified electrode at different scan rates from 10 to
500 mV s * (10, 25, 50, 100, 200, 300, 400 and 500), respectively. Inset: is the plot of the peak
current of APAP versus scan rate.

The linear regression equations are Iy (LA)= 0.0321 v (mV s1) + 1.9978 (R= 0.9954) and loc
(uA)=-0.0087 v (mV s™) - 1.3412 (R = 0.9939). In the scan rates ranging from 10 to 500 mV s, the
linear regression equations of the Ep, and Eyc vs logarithm of the scan rates are expressed as Epa (vs.
Ag/AgCl) =0.8138 log v (mV s™) -1.8048 (R=0.9949) and E, (vs. Ag/AgCIl) =-0.2339 log v (mV s™)
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- 0.2829 (R=0.9939), respectively. This indicated that the modified electrode reaction of APAP is a
adsorption-controlled process. On the other hand, the anodic potentials shifted positively with the
increase of scan rate, indicating the quasi-reversible nature of the electrode reaction.
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Figure 4. The plot of the peak current of APAP vs. scan rate.

3.4. Effect of pH

The influence of solution pH value on the redox reaction of acetaminophen at the Poly(CA)
modified GCE was studied in the pH range from 3 to 11. It was observed that the oxidation potential
decreased when the pH of the APAP solution increased. As shown in Fig. 5, a negative shift of both
the cathodic and anodic peak potentials occurs when the pH value is increased and the redox peak
currents of APAP reached a maximum at a pH value of 7.0; thus, pH 7.0 phosphate buffer solution was
chosen as the supporting electrolyte.
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Figure 5. Effects of pH on peak potential and peak current of the electrochemical oxidation of APAP
at the poly(CA)-modified electrode (a to i: 3.0,4.0,5.0,6.0,7.0,8.0,9.0,10 and 11), respectively.
Inset: The plot of formal potential vs. pH value. Scan rate:100 mV s™.
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When pH was higher than 7.0, the peak current of APAP decreased gruadally with the
increasing of pH. This indicates that for pH greater than 7.0, APAP is converted to the phenoxide ion.
Fig. 5 displays the average variation of the anodic and cathodic peak potentials for the APAP oxidation
with pH at the poly(CA)-modified GCE. This average could be considered approximately as the
standard (formal) potential (E°"). Fig. 5 (inset) shows E°' as a function of pH with the linear equation
as: EY (V) = -0.055 pH + 0.8122 (R = 0.9933). The slope value of -55 mV pH™ is close to the
theoretical value of -59 mV pH™" according to Nernst equation, suggesting equal numbers of proton
and electron are involved in the redox reaction. Thus, at the poly(CA)-modified electrode, the
electrochemical reaction of APAP is a two-proton coupled two-electron process.

3.5. Voltammetric determination of APAP

In order to decrease the detection limit of APAP using the proposed method, the square wave
mode was utilized at the poly(CA)-modified electrode. Fig. 6 depicted the SWV curves of different
concentration of APAP at poly(CA)-modified electrode. Using the SWV method, the SWV peak
current increased linearly with APAP concentration with very good correlation coefficients. The
calibration curve for APAP shows (Fig. 7) two linear segments: the first linear segment increases from
0.2 to 1.0 uM with linear regression equation of I, (uA)=2.7305 C (uM) + 0.2355 (R=0.9980), and
second linear segment increases up to 10 uM with linear regression equation of I, (uA)=1.13 C (uM) +
2.738 (R=0.9950). The limit of detection, defined as C_=3Sy,/b [55] (where Sy is the standard
deviation of y-residuals and b is the slope of the calibration plot) was 0.026 uM. The detection limit
for the determination of acetaminophen at the proposed modified electrode was lower than in those of
some previously published studies [9-38]. The detection limit and linear range for detection of APAP
were compared with previously published methods in Table 1. Under the optimized conditions, the
repeatability of the proposed method expressed as relative standard deviations (RSDs, n =5) were
found to be 3.5 and 3.0 % for the concentration of 0.5 and 5.0 uM, respectively.
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Figure 6. SWV on poly(CA)-modified electrode for different APAP concentrations (without AA): 0.0,
0.2,0.4,0.6,0.8,1.0,2.0,4.0,6.0,8.0and 10 uM in 0.1 M PBS.
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Figure 7. The plot of peak current vs. APAP concentration.

3.6. Interference experiments

The current response of the poly(CA)-modified electrodes in the presence of some interferent
compounds was also examined. The electrochemical behaviors of the coexisting electroactive species,
which often cause serious interference with the determination of APAP (1.0 uM), such as ascorbic
acid, uric acid, dopamin and p-aminophenol (4-AP), were investigated by using SWV. The oxidation
potential of each interferent ascorbic acid (Epa = 67 mV), dopamin (E;.=203 mV), uric acid (Epa =349
mV) and p-aminophenol (4-AP) (Epa =135 mV) at the poly(CA) film-coated electrode was found to be
more negative than that of APAP (Epa =385 mV). The results showed that 20-fold excess of UA and
100 fold excess of DA and 4-AP did not interfere with the measurement of 1.0 uM APAP. Therefore,
it could be possible for selective detection of APAP in the presence of AA, dopamine, uric acid and p-
aminophenol but also selective for the simultaneous determination of these four species present in a
mixture. On the other hand, no interference has been found when including up to 1000 uM of glucose,
salicylic acid and caffeine.

3.7. Determination of APAP in the presence of AA

While to determine the concentration of APAP in real samples, AA was very much interfered
[8]. Selectivity of electrode is very important. The main target of this study is to determine the
concentration of APAP in the presence of very high concentration of AA. Thus, we have investigated
the detection of APAP in the presence of very high concentration of AA. Fig. 8 shows SWVs of APAP
(1.0, 2.0, 4.0 and 6.0 uM) at various concentrations in the presence of 500 uM AA. The SWV peak
currents of APAP were increased linearly with linear regression equation of I, (nA)=2.22 C (uM) +
0.837 (R=0.9996). The poly(CA) modified electrode successfully resolved the voltammetric signals of
APAP and AA with a potential difference of 338 mV. This means that the voltammetric determination
of APAP in pharmaceutical formulation samples are devoid of any interference from ascorbic acid.
Therefore, it could be possible for sensitive and selective detection of APAP in the presence of AA.
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Figure 8. SWVs of APAP and AA at the poly(CA)-modified electrode in 0.1 M PBS (pH 7.0).
[APAP] was changed and [AA] was kept constant (i.e., [AA]= 500 uM). [APAP]; (a) 1,0, (b)
2.0, (c) 4.0 and 6.0 uM APAP.

3.8. Repeatability and stability

The repeatability and stability of this assay were also investigated. The reproducibility of the
method was evaluated by measuring on ten solutions of 1.0 uM of APAP in phosphate buffer (pH 7.0)
leading to a relative standard deviation of 3.7 %. The experimental results indicated that the as-
prepared poly(CA)-modified electrode has a good repeatability. The poly(CA)- modified electrode
exhibited a high stability whenever it was placed in a dry state or in the phosphate buffer solution. No
loss of electroactivity of the electrode was found for the continuous cyclical sweep for 10 h. The
poly(CA)-modified electrode was also not deteriorated even for as long as two weeks.

3.9. Applications

The content of APAP was determined by standard addition method, and the results shown in
Table 2. The results obtained by poly(CA) modified GCE are in good agreement with the declared
acetaminophen content and we have compared the electrochemical determination of APAP in
commercial drugs with HPLC method [56]. The recoveries (97%-100%) indicate that the accuracy and
repeatability of this method are very good. According to experimental results, it is very clear that this
new method has great potential for practical APAP sample analysis.

Table 1. Comparison of the electrochemical behavior of poly(CA)/GCE for APAP with some of the
previously reported electrodes.

SWNT-DCP 1.0x107-2.0x107 4.0x10° [9]

NanoTiO,/poly(AY) 1.2x10™-1.2x10™ 2.0x10° [10]
PANI-MWCNTSs 1.0x10 °-1.0x10 * 2.5x10 ' [11]
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Cu(l1)-conducting polymer 2.0x10 >-5.0x10° 5.0x10° [12]
complex
Graphene 1.0x10 '-2.0x10™° 3.2x10° [13]
Nafion/TiO,-Graphene 1.0x10°-1.0x10"* 2.1x10"' [14]
lonic liquid electrode 1.0x10°-2.0x10"° 3.0x10' [15]
Graphene/Nafion 4.0x10"-1.0x10™° 2.5%x10° [16]
MWCNT-ACS 5.0x10°-2.0x10 ° 5.0x10° [17]
Palladium nanoclusters- 5.0x107-1.0x10° 7.64x10° [18]
coated polyfuran
FIA-Carbon film resistor 8.0x10 ' -5.0x10 * 1.36x10—7 [19]
Polypyrrole- modified pencil 5.0x10 " -5.0x10 * 7.9x10' [20]
Micro-crystalline natural 2.0x10°-1.0x10™ 3.4x10°° [21
graphite—polystyrene
composite
Renewable glassy carbon 6.6x10°-6.6x10" 1.32x10°" [22]
annular band electrode
Nanogold modified indium 2.0x107-1.5x107 1.8x10°" [23]
tin oxide (ITO)
Fullerene /GCE 5.0x10™-1.5x107 5.0x10™ [24]
N-(3,4-dihydroxyphenethyl)- 1.5x10™-2.7x10* 1.0x107 [25]
3,5-dinitrobenzamide -
MWCNT/CPE
Nano-TiO,/GCE 1.2x10°-1.2x10™ 2.0x10° [26]
Poly(3,4- 4.0x10°-4.0x10™ 1.39x10° [27]
ethylenedioxythiophene)-
ISPE
ZrO,/CPE 1.0x10°-2.5x10" 9.12x10” [28]
C-Ni/GCE 2.0x10°-2.3x10” 6.0x107" [29]
Multiwall carbon nanotubes 5.0x10°-3.0x10” 3.0x107" [30]
IGCE
Poly(Patton and Reeder’s 7.0x107-1.0x10™ 5.3x107 [31]
reagent) /MCPE
lonic liquid /CNTPE 1.0x10°-6.0x107 5.0x107" [32]
Functionalized MWCNTSs 2.5x107-4.0x10™ 5.0x107" [33]
IGE
Poly(taurin)-MWCNT/GCE 1.0x10°-1.0x10™ 5.0x107" [34]
CoOx/CCE 5.0x10°-3.5x10™ 3.7x107 [35]
Chitosan-MWCNT/GCE 1.0x10°-1.545x10™ 1.0x107 [36]
polypyrrole/aszophloxine/Au 2.0x107-1.0x10™ 8.0x10° [37]
Poly (calconcarboxylic 1.0x107-1.0x107 1.0x10° [38]
acid)/ GCE
Poly(caffeic acid) 2.0x107-1.0x107 2.6x10° This work

Table 2. Determination of acetaminophen in pharmaceutical samples.

Commercial drugs Labeled Added Found / Reference
(mg unite™) (mg unite™) Recovery (%) method
(mg unite™)
Vermidon/Sandoz 500 - 498 496+2.3
50 547 (98)
100 598 (100)
Minoset/Bayer 250 - 251 25042.2
50 300 (98)
100 348 (97)
Panadol/Glaxo 500 - 501 497+1.8
50 550 (98)
100 598 (97)
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4. CONCLUSIONS

The poly(CA)-modified electrode, which can be prepared by electropolymerization of CA,
possesses an excellent electrocatalytic activity for APAP oxidation in neutral aqueous media. The
prepared poly(CA)/GCE exhibited best performance as a sensor for the determination of trace APAP
based on the square-wave voltammetry (SWV). The poly(CA)-modified electrode exhibited an
excellent sensitivity and selectivity towards APAP even in the presence of 500-fold excess of AA. The
above mentioned method can be employed for the detection of APAP, ascorbic acid, p-aminophenol,
dopamine and uric acid simultaneously without interference of each other. The poly(CA) film coated
electrode exhibited a stable and sensitive response to APAP in the presence of interferents. This
method could be an alternative method for the analysis of APAP in the future with its high sensitivity,
stability, good reproducibility and it being devoid of interference. The fabrication of poly(CA) film on
GC electrode surface is very simple and less time consuming (ca. 30 s).
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