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Abstract An amperometric detector with a gold nanoparticle
modified carbon paste electrode (GNMCPE) was applied
applied to flow injection analysis for the determination of
acetaminophen. An obvious shift of the peak potential and
increase of the current peak were observed for the GNMCPE
in comparison to that of the bare carbon paste electrode. The
experimental conditions, such as species of buffer, pH, flow
rate, detection volume, injection volume, and injection time
were investigated. Under the optimized conditions, the
calibration curve was obtained over the concentration range
0f 0.1-80 mg L™ of acetaminophen with a linear correlation
coefficient of 0.9994. The detection limit (30) was estimated
to be 0.05 mg L™ (n=7). The recoveries of acetaminophen
were between 98.40% and 104.1%, and the relative standard
deviation varied between 1.66% and 2.74% for the different
samples. This method was applied to analyze six types of
tablets obtained from a local drugstore. The contents of
acetaminophen were found to be 0.498, 0.323, 0.249, 0.324,
0.319 and 0.323 g of each tablet, respectively. These results
are consistent with the values obtained by high performance
liquid chromatography.

Keywords Amperometric detector - Gold nanoparticles
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In 1958, Adams [I] first introduced the carbon paste
electrode (CPE) which usually comprises a Teflon bore,
into which is inserted a copper, steel or carbon contact. The
bore is filled with a paste made by mixing powdered carbon
with an adequate mineral oil. In 1964, Kuwana and French
[2] added modifier materials to the carbon paste in order to
improve the selectivity and sensitivity of CPE. Since then,
modifier materials have been widely researched in electro-
analysis and in the context of chemical sensors [3-5]. In
recent years, nanomaterials with special physical and
chemical properties have been an attractive field of research
[6-9]. Gold nanoparticles, one of the new promising
materials, were used to modify electrodes due to their
stable physical and chemical properties, small dimensional
size and useful catalytic activities [10—12].

Acetaminophen (N-acetyl-p-aminophenol, APAP) is an
extensively used antipyretic analgesic used in the symptom-
atic management of pain and fever [13]. Several methods
have been proposed for the determination of acetaminophen,
including titrimetry [14, 15], fluorimetry [16—18], spectro-
photometry [19-22], chromatography [23-26], Fourier trans-
form infrared spectrometry [27, 28], voltammetry [29, 30],
capillary electrophoresis [31, 32], colorimetry [33] and flow-
injection systems with colorimetric detection, and spectro-
photometric detection [34]. However, the above mentioned
methods have some disadvantages, for example, relatively
expensive instruments, time-consuming procedures, and
inconvenient operation. Flow injection analysis (FIA) with
amperometric detection is an alternative method for the
acetaminophen determination primarily because of the
generally simple, inexpensive instrumentation and time-
saving operation. In this paper, a gold nanoparticles modified
carbon paste electrode (GNMCPE) was applied to FIA with
an in-house amperometric detector for the determination of
acetaminophen. The GNMCPE has some advantages, such
as easy preparation, relatively fast response and low cost.
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The method of FIA-GNMCPE was applied to the determi-
nation of acetaminophen in six commercial pharmaceuticals.
A satisfactory result was obtained which is consistent with
that of high performance liquid chromatography (HPLC).

Experimental
Chemicals and reagents

All chemicals were of analytical grade and used without
further purification. Sodium dihydrogen phosphate, sodium
hydroxide, hydrochloric acid, anhydrous ethanol, acetone,
ascorbic, urea and glucose were purchased from Chengdu
Kelong Chemical Reagent Company (Chengdu, China).
Acetaminophen was obtained from the National Institute
for the Control of Pharmaceutical and Biological Products
(Beijing, China). Carbon powder (particle size of 60 pum)
and heavy mineral oil were purchased from Shanghai
Chemical Reagent Company (Shanghai, China). Hydrogen
tetrachloroaurate (HAuCl,) was purchased from Sinopharm
Chemical Reagent. Co., Ltd. (Shanghai, China).

All solutions were prepared using deionized water.
Phosphate buffer solutions were prepared from sodium
dihydrogen phosphate and adjusted to pH with 30%
sodium hydroxide solution and 3 mol L™ hydrochloric
acid. The solution of standard acetaminophen was freshly
prepared by dissolving 50 mg acetaminophen in 50 mL of
anhydrous ethanol, and diluting to 100 mL with deionized
water.

Apparatus

Electrochemical measurements were carried out with a
microcomputer-based electrochemical analyzer (LK98BII,
Tianjin Lanlike Chemical and Electron High Technology Co.,
Ltd, Tianjin, China, http://lanlike.instrument.com.cn). The
amperometric measurements were performed in a flow-
through cell with three electrodes (Fig. 1): a GNMCPE or a
bare CPE as the working electrode, a saturated calomel
electrode (SCE) as the reference electrode, and a platinum
electrode as the auxiliary electrode. The amperometric
detection flow-through cell was fabricated with a polyethylene
tube, silicon rubber tube and polytetrafluoroethylene (PTFE)
pipe with an inner diameter of 0.8 mm and an outer diameter
of 1 mm. X-ray diffraction (XRD) analysis was performed on
a Dandong Fangyuan 800 X-ray diffractometer (Dandong,
China) with Cu Ko radiation. The transmission electron
microscopy (TEM) images were obtained from a Hitachi
H-800 transmission electron microscope (Tokyo, Japan)

@ Springer

C10—7
L1—

Tmm

Smm_ 5T i g
s dmm eyl il

- ——

Fig. 1 Schematic diagram of the amperometric detection flow-through cell
used in the flow injection system. / Platinum auxiliary electrode; 2
modified carbon paste electrode; 3 saturated calomel reference electrode
(SCE); 4 polyethylene tube; 5 flow inlet; 6 PTFE pipe; 7 copper rod;
8 polyethylene tube; 9 flow outlet; /0 silicon rubber tube; /7 carbon paste

operating at 200 kV. The HPLC system was an Agilent
Technologies 1100 series purchased from Agilent Technolo-
gies Co. Ltd. (Shanghai, China). The flow injection analysis
system was supplied by Xintong Science Instrument Compa-
ny (Beijing, China). The sonicator was purchased from
Kunshan Ultrasonic Instrument Co. Ltd. (KQ218, 100W,
40 kHz, Jiangsu, China, http://www.ks-csyq.com). The
microwave oven was purchased from Panasonic Electric
Industrial Co., Ltd (Panasonic National, 950 W, Osaka,
Japan).

Procedures
Fabrication of gold nanoparticles modified carbon powder

A given weight of pure carbon powder was first carefully
washed with acetone, ethanol and acetone in sequence, then
three times with deionized water, transferred into an oven
and dried at 80 °C. The dried powder was immediately
separated into four parts and each part placed into a small
beaker. The HAuCl, solution of equal volume with
different concentrations (1.3x107°, 2.6x107°, 5.2x10°
and 9.6x10° mol L") was added into each beaker,
respectively, and mixed simultaneously. Then the four
beakers were kept in a microwave oven and heated for
5 min. The modified carbon powders were washed with
deionized water until the yellow-green colors of the
decanted solution had disappeared completely. Finally the
products were kept in an oven and dried at 80 °C to obtain
the gold nanoparticles modified carbon powder.
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Fig. 2 Schematic diagram of the flow injection system used for the
determination of acetaminophen. P/ Main peristaltic pump; P2
auxiliary peristaltic pump; C/ phosphate buffer solution; C2 deionized
water; [V injection valve; S sample; RC reaction coil; D amperometric
detector; W waste

Preparation of the GNMCPE

GNMCPE was prepared as follows: firstly, 0.5 g of gold
nanoparticles modified carbon powder and 0.18 mL of
mineral oil were carefully mixed. Then, the mixture was
homogenized by carefully mixing in an agate mortar and
pressing with a pestle. Finally, the well-prepared paste was
packed into a polyethylene cannula (inner diameter 2.5 mm,
outer diameter 4.0 mm, length 70 mm) equipped with a copper
rod (diameter 2.5 mm) as an external electric contact. This rod
can move up and down to renew the surface of the electrode.
The bare CPE was prepared in a similar way.

A shiny surface was obtained by smoothing the electrode
onto a clean weighing paper, and then washing with
deionized water several times. After several times of use,

a new electrode surface can be obtained by piling out a
small amount of the paste, rubbing away the excess against
a clean weighing paper and polishing the electrode on the
paper to obtain a shiny surface again.

FIA with amperometric detection for acetaminophen

As shown in Fig. 2, the flow injection analysis system
consisted of a flow-through cell for amperometric detection,
a main peristaltic pump, an auxiliary peristaltic pump, a
sampling valve and an injection port with a 150 pL
injection loop.

Deionized water was used as the carrier solution with a
flow rate of 4.0 mL min ', phosphate buffer solution
(0.1 mol L™, pH 4.7) was regulated by a reagent delivery

module at a flow rate of 4.0 mL min .

Preparation of samples

All commercial samples were purchased from a local
drugstore. These tablets were Riyebaifunin (Shanghai
Ltd., Batch No. 0510565, Shanghai, China), Baijiahei
(Jiangsu Ltd., Batch No. H10940251, Jiangsu, China),
Gankang (Jilin Ltd., Batch No. H22026193, Jilin, China),
Tainuo (Shanghai Ltd., Batch No. H20010115, Shanghai,
China), Gandinuo (Xinjiang Ltd., Batch No. H19991427,
Xinjiang, China) and Haiwangyindeifei (Shenzheng Ltd.,
Batch No. H44023557, Shenzheng, China). The tablet
sample was crushed and powdered in a mortar, respectively.
An 0.1 g amount of finely powdered sample was accurately
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Scheme 1 The mechanism of electrochemical oxidation of acetaminophen

weighed into a 100 mL flask, 50 mL of anhydrous ethanol
was added before sonicating for 20 min, then the solution
was diluted to volume with deionized water and filtered
through an 0.45 um membrane filter. Finally the filtrate was
provided for assaying according to the method proposed in
this paper and HPLC, respectively.

Current ( pA)

E V)

Fig. 4 Cyclic voltammograms for 50 mg L' acetaminophen at pH
4.7 at CPE (dotted line) and GNMCPE (solid line). The sweep rate
was 0.05 V s ' area of electrode 0.049 cm?®

@ Springer

HPLC for acetaminophen

To evaluate the accuracy of the discussed method, the contents
of acetaminophen in six commercial pharmaceuticals were
determined by HPLC. The chromatographic parameters of the
HPLC system are given in the electronic supported material S1.

Results and discussion

The properties of gold nanoparticles modified carbon paste
and bare carbon paste

The XRD pattern of bare carbon paste (a) and gold
nanoparticles modified carbon paste (b) is shown in
Fig. 3. The characteristic peaks at 38.10°, 44.20° and
64.20° indicate that the modification of gold nanoparticles
on carbon paste was successful. The morphologies of the
bare carbon paste and gold nanoparticles modified carbon
paste are also shown in Fig. 3, respectively. The average
crystallite size of the gold nanoparticles was about 20 nm
(Fig. 3B). When comparing Fig. 3A with Fig. 3B, the gold
nanoparticles (two are marked with white arrows in
Fig. 3B) throughout the carbon paste can be observed.
Thus, we can safely draw the conclusion that gold nano-
particles had attached to the carbon paste electrode.

Electrocatalysis of acetaminophen at GNMCPE

The reaction of acetaminophen (APAP) is an electrochem-
ical oxidation by a two-electron, two-proton process to
generate N-acetyl-p-quinoneimine (NAPQI) [35, 36]. The
oxidation mechanism is shown in Scheme 1.

First the electrocatalytic activities of CPE and GNMCPE
towards the oxidation of acetaminophen in 0.1 mol L'

10+
9- a
81 Y=0.1134+0.1123X
7] r=0.9994

<

ip (MA)

Y=0.1452+0.0754X
r=0.9928

0 20 40 60 80
Concentration of acetaminophen (pg L'l)

Fig. 5 Calibration curves for acetaminophen at a CPE (b) and a
GNMCPE (a) in 0.1 mol L' phosphate buffer pH 4.7
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Table 1 Results of interference experiments using the FIA ampero-
metric procedure in 1 mg L™ acetaminophen at GNMCPE

Interfering Concentration of Change in current response®
substance interfering substance  for 1 mg L™
(mg LY acetaminophen (nA)

Ascorbic acid 0.1 -3.33

0.2 0.840

0.3 3.34
Urea 0.1 2.00

0.2 1.33

0.3 233
Glucose 0.1 -3.00

0.2 1.33

0.3 4.00

*The current in an absence of any interfering material was 52.3 nA.

phosphate buffer solution of pH 4.7 were demonstrated.
Figure 4 displays the cyclic voltammograms (CVs) of
50 mg L™! acetaminophen in 0.1 mol L™ phosphate buffer
solution of pH 4.7 at CPE (dotted line) and GNMCPE
(solid line) respectively. It was found that both exhibited
well-defined peak currents. For the CPE, an anodic peak
occurred at approximately +0.8 V (peak 1) versus Ag/AgCl.
However, in the case of the GNMCPE, a very well-defined
oxidation peak at approximately +0.75 V (peak 2) versus
Ag/AgCl was observed. The anodic peak (peak 1 and peak 2)
represented the oxidation of APAP to NAPQI, while the
cathodic peak (peak 3 and peak 5) represented the reverse
reaction (NAPQI to APAP). At lower pHs, NAPQI would
easily be protonated as the electroactive intermediate (c),
which is then hydrolyzed to form hydrated NAPQI (d) which
is finally transformed into benzoquinone (e). The last
reaction (step E) was an electrochemical reduction by a
two-electron, two-proton process to produce hydroquinone
(f). The peak appeared at nearly +0.05 V (peak 4) maybe
because of the oxidation of hydroquinone to benzoquinone.
In addition, the voltammograms obtained with the GNMCPE
provided higher signal-to-background (S/B) ratios in the
same electrode area. Furthermore, the cyclic voltammograms

of acetaminophen solution at different scan rates are shown
in Fig. SI1. The peak current for anodic oxidation of
acetaminophen was proportional to the square root of the
scan rate. This illustrated that the electrochemical oxidation
reaction was diffusion-controlled.

We also studied the electrochemical properties of
acetaminophen at GNMCPE with various concentrations
of HAuCl, (1.3x1073, 2.6x107%, 52x10° and 9.6x
1072 mol L") by cyclic voltammetry. The results showed
that the oxidation potential of acetaminophen first increased
and then decreased with the increase of HAuCl, concen-
trations. In addition, the oxidation potential gradually
shifted to a negative potential. Therefore, we chose the
GNMCPE-modified concentration of HAuCl, solutions to
be 2.6x107° mol L' for the next experiments.

In order to improve its performance, various factors
affecting the electrocatalytic activities of GNMCPE were
investigated, including pH and sodium dihydrogen phos-
phate concentration. The effect of pH on the oxidation of
acetaminophen was investigated over a pH range of 3.5 to
5.5. The results are presented in Fig. S2. The peak currents
of acetaminophen first increased and then decreased with
the increase in pH, and the maximum peak current was
obtained when the pH was 4.7. The effect of phosphate
buffer solution concentration was also investigated from
0.05 to 0.5 mol L' with a pH of 4.7. The results are
presented in Fig. S3. It is clear that the maximum peak
current was obtained when the concentration was 0.1 mol
L. So 0.1 mol L™ pH 4.7 phosphate buffer solution was
selected and used for the following experiments.

Flow injection analysis with amperometric detection

In order to get the best response of the electrode in FIA, the
following factors were optimized: flow rate, injection
volume, injection time, and detection volume.

The effect of the flow rate on the response was verified using
different flow rates (from 1.2 to 4.0 mL min ") for the same
sample volume. As can be seen from Fig. S4, as the flow rate
increased, the peak current became higher and the shape of

Table 2 Determination of acetaminophen in pharmaceutical formulations using FIA-GNMCPE compared with HPLC (n=3)

Sample Labeled content (g/each tablet) Detected content Relative error (%) RSD (%)

(g/each tablet)

FIA-GNMCPE  HPLC  FIA-GNMCPE  HPLC FIA-GNMCPE  HPLC
Riyebaifunin 0.500 0.498 0.470 —0.400 —6.00 1.44 0.210
Baijiahei 0.325 0.323 0.281 —0.601 -13.5 0.310 0.570
Gankang 0.250 0.249 0.240 —0.400 —4.00 0.800 0.420
Tainuo 0.325 0.324 0.291 -0.310 -10.5 0.310 0.580
Gandinuo 0.320 0.319 0.259 -0.310 -19.1 0.380 2.85
Haiwang yindeifei 0.325 0.323 0.305 —0.610 —6.10 1.35 0.390
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the peak became narrower. The maximum peak height was
obtained with the flow rate of 4.0 mL min™". So this flow rate
(the maximum flow rate for the instrument) was selected. The
sample injection volume varied from 150 to 400 pL (shown
in Fig. S5). A volume of 150 uL was employed for further
experiments. The effect of injection time on the magnitude of
the amperometric response was investigated. The result shows
that the peak current increased rapidly when increasing the
injection time from 1 to 3 s (see Fig. S6). A further increase of
the injection time has no effect on peak current. Thus, a 3 s
injection time was chosen for further experiments. The
amperometric response decreased with the increase of the
volume of the flow-through cell from 30 to 80 pL (see
Fig. S7). A cell volume of 30 uL was selected.

Once the conditions of the FIA procedure were opti-
mized, amperometric detection of solutions containing
different acetaminophen concentrations was carried out in
phosphate buffer solution (pH 4.7) at the detection potential
of +0.75 V versus Ag/AgCl. Figure 5 shows that the current
values increased linearly with increasing acetaminophen
concentrations. A linear response of the GNMCPE (Fig. 5a)
to acetaminophen from 0.1 to 80 mg L™ (ipgamcpe (LA)=
0.1134+0.1123 C; r=0.9994; n=7) was obtained with a
detection limit (30) of 0.05 mg L', where the unit of C
was milligrams per liter. The relative standard deviation
was less than 3%. Yet the response for CPE (Fig. 5b) to
acetaminophen was only linear up to 40 mg L™ (ipcpe
(LA)=0.1452+0.0754 C; r=0.9928; n=7) with a detection
limit of 0.08 mg L™'. For higher concentrations (40 to
80 mg L"), a non-linear relationship with decreasing slope
was obtained. In conclusion, the GNMCPE compared with
the CPE showed a relatively wide linear range for
acetaminophen determination. Moreover, the GNMCPE
improved the sensitivity and detection limit of acetamino-
phen determination.

Effect of concomitant substances, recovery and analysis
of acetaminophen in pharmaceutical samples

In order to investigate the analytical application of this
method, the specificity of GNMCPE to acetaminophen in
the presence of some interfering substances such as
ascorbic acid, urea and glucose was examined by carrying
out the determination of 1 mg L™ acetaminophen. Ascorbic
acid and glucose represent electroactive materials, urea
stands for non-electroactive matters. The results are
compiled in Table 1. The interferences of ascorbic acid
and glucose observed in the flow injection procedure for
the determination of acetaminophen are obvious. However,
the contents of these interferences in some relevant
pharmaceuticals are commonly lower than the proportions
of Table 1. This method can also be used for determination
of acetaminophen.

@ Springer

The recovery tests of acetaminophen in the range of 5 to
25 mg L' were performed using the FIA-GNMCPE
method. The results are listed in Table S1. The recoveries
lay in the range of 98.40—104.1%, and the relative standard
deviation was lower than 3%. This fact showed that the
precision of this method was good, which testified to the
applicability of FIA-GNMCPE to real samples.

FIA-GNMCPE was applied to the amperometric deter-
mination of acetaminophen in six commercial tablets with
different compositions. The results are presented in Table 2.
The analysis of acetaminophen for each sample was
performed in triplicate. As can be observed, the relative
errors were <1%, and the relative standard deviations were
<2% in the results provided by FIA-GNMCPE. The results
showed good accuracy and precision obtained with FIA-
GNMCPE.

Conclusion

GNMCPE with an in-house amperometric detector was
applied in flow injection analysis for the determination of
acetaminophen. The GNMCPE shows a good electro-
chemical response to acetaminophen, and it exhibits a
more sensitive and relatively fast response compared to
CPE. The amperometric detection flow-through cell was
made with inexpensive and easily obtained silicon rubber
tubes of different diameters, its volume could be changed
easily by adjusting the relative position of the silicon
rubber tubes. The FIA-GNMCPE method developed
represents excellent performance for the determination of
acetaminophen in commercial tablets. The results are in
agreement with HPLC. This method exhibited remarkable
advantages including low cost, rapid response, simple
detector configuration and high sensitivity. Apart from
this, this method can be applied to the rapid determination
of the filtration of analytes after ultrasonically assisted
dissolution of the samples in water and anhydrous ethanol
(without any previous reaction or derivatization process
being necessary).
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