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Abstract: Acetylsalicylic acid (AcSA), or aspirin, was introduced in the late 1890s and has
been used to treat a variety of inflammatory conditions. The aim of this work was to suggest
electrochemical sensor for acetylsalicylic detection. Primarily, we utilized square wave
voltammetry (SWV) using both carbon paste electrode (CPE) and of graphite pencil
electrode (GPE) as working ones to indirect determination of AcSA. The principle of
indirect determination of AcSA bases in its hydrolysis on salicylic acid (SA), which is
consequently detected. Thus, we optimized both determination of SA and conditions for
AcSA hydrolysis and found out that the most suitable frequency, amplitude, step potential
and the composition and pH of the supporting electrolyte for the determination of SA was
260 Hz, 50 mV, 10 mV and Britton-Robinson buffer (pH 1.81), respectively. The detection
limit (S/N = 3) of the SA was 1.3 ng/ml. After that, we aimed on indirect determination of
AcSA by SWV CPE. We tested the influence of pH of Britton-Robinson buffer and
temperature on yield of hydrolysis, and found out that 100% hydrolysis of AcSA was
reached after 80 minutes at pH 1.81 and 90°C. The method for indirect determination of
AcSA has been utilized to analyse pharmaceutical drug. The determined amount of AcSA in
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the pharmaceutical drug was in good agreement with the declared amounts. Moreover, we
used GPE for determination of AcSA in a pharmaceutical drug. Base of the results obtained
from stationary electrochemical instrument we used flow injection analysis with
electrochemical detection to determine of salicylates (SA, AcSA, thiosalicylic acid, 3,5-
dinitrosalicylic acid and 5-sulfosalicylic acid — SuSA). We found out that we are able to
determine all of detected salicylates directly without any pre-treatment, hydrolysis and so on
at units of femtomoles per injection (5 pl).

Keywords: Sensor; Acetylsalicylic acid (Aspirin); Salicylic acid; Thiosalicylic acid; 3,5-
Dinitrosalicylic acid; 5-Sulfosalicylic acid; Pharmaceutical drug; Square wave voltammetry;
Carbon electrodes; Flow injection analysis with electrochemical detection.

1. Introduction

Salicylates, in the form of willow bark, were used as an analgesic during the time of Hippocrates [1],
and their antipyretic effects have been recognized for more than 200 years [2]. Acetylsalicylic acid
(AcSA, Fig. 1A), or aspirin, was introduced in the late 1890s [3] and has been used to treat a variety of
inflammatory conditions [4,5]; however, the antiplatelet activity of this agent was not recognized until
almost 70 years later [6-8]. There have been also demonstrated aspirin therapeutic benefit in a variety
of cardiovascular diseases with its doses of 30 to 1500 mg/d [7-13]. The effect of salicylates on cancer
treatment has been studied, too [5,14-17]. Moreover, inhibition of growth of bacteria Helicobacter
pylori [18] and Staphyloccocus aureus [19] has been recently described.

A number of analytical approaches such as UV-Vis spectrometry [20], spectrofluorimetry [21-23],
flow injection analysis [24-28] and high performance liquid chromatography (HPLC) [29-31] coupled
with different detectors has been suggested for determination of acetylsalicylic acid. Each method has
its advantages and limitations and may serve a particular need in analysis. In contrast, suggesting of
electrochemical sensors is an attractive alternative method for electroactive species detection, because
of its inherent advantages of simplicity, high sensitivity and relatively low cost [32,33]. There have
been suggested both spectrophotometric [34-37] and amperometric [25,38,39] sensors for detection of
AcSA, but the amperometric ones did used extra working electrode or hydrolysis of compound of
interest.

The aim of this work was to suggest electrochemical sensor for acetylsalicylic detection. Primarily,
we utilized square wave voltammetry (SWV) using both carbon paste electrode (CPE) and of graphite
pencil electrode (GPE) as working ones to indirect determination of AcSA (a scheme of
electrochemical cell is shown in Fig. 1B). The principle of indirect determination of AcSA bases in its
hydrolysis on salicylic acid (SA), which is consequently detected. Thus, we had to optimize both
determination of SA and conditions for AcSA hydrolysis. After that we optimized the detection of
AcSA, we used the technique for indirect determination of AcSA in a pharmaceutical drug. Moreover,
base of the results obtained from the stationary electrochemical instrument we utilized flow injection
analysis with electrochemical detection to direct determine of AcSA and other salicylates (thiosalicylic
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acid — TSA, 3,5-dinitrosalicylic acid — DNSA and 5-sulfosalicylic acid — SuSA; Fig. 1) that can not be
detected directly by SWV.
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Figure 1. (A) Structure of salicylic acid (SA), acetylsalicylic acid (AcSA), thiosalicylic acid (TSA), 3,5-
dinitrosalicylic acid (DNSA) and 5-sulfosalicylic acid (SuSA). (B) A scheme of electrochemical cell. (C) The
possible scheme of oxidation of SA; for other details see in Ref. [40,41].

2. Material and methods
2.1. Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis, USA). The stock standard solutions
of compounds of interest (SA, AcSA, TSA, DNSA and SuSA) at 50 mg.ml”' were prepared by
methanol and stored in the dark at -20 °C. Working standard solutions were prepared daily by dilution
of the stock solutions. The pH value was measured using pH-meter WTW (MultiLab Pilot; Weilheim,
Germany), controlled by personal computer program (MultiLab Pilot). The pH-electrode (SenTix H,
pH 0..14/0..100°C/3M KCI) was regularly calibrated by set of WTW buffers (MultiLab Pilot).
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2.2. Preparation of pharmaceutical drug samples

The pharmaceutical drug (Acylpyrin, Slovakofarma, Medicamenta, Czech Republic) were used.
The tablets were homogenised by an A 11 basic IKA analysis mill (IKA-Werke GmbH and Co. KG,
Staufen, Germany). The homogenised samples (10 mg) were dissolved in 1 ml of methanol and
analyzed (10 pl).

2.3. Electrochemical measurement

2.3.1.Preparation of carbon paste electrode and carbon lead electrode

The carbon paste was made of 70 % graphite powder (Aldrich, USA) and 30 % mineral oil (Sigma-
Aldrich, USA; free of DNase, RNase and protease). The carbon paste was housed in a Teflon body
having a 2.5 mm diameter of active disk surface. The electrode surface was polished before each
determination with a soft filter paper prior to measurement; for more details see our previous published
papers [42,43]. The pencil leads (a lead diameter = 500 pum, total length = 60 mm) were purchased
from Kohinor (Ceské Budg&jovice, Czech Republic). Immersing of 3 mm of the pencil lead into a
solution resulted in an active electrode area of 4.91 mm®. The electrodes were used without any pre-
treatment. They were polished mechanically by 0.1 um of alumina (ESA Inc., USA) [44,45]. An using
of graphite pencil electrode as working electrode has been also published in [46-49].

2.3.2 Electrochemical measurements

Electrochemical measurements were performed using an AUTOLAB 30 analyser (EcoChemie, The
Netherlands) using a standard cell with three electrodes. The three-electrode system consisted of the
carbon paste and/or the graphite pencil working electrode, an Ag/AgCl/3M KCI reference electrode
and a carbon counter electrode. All experiments were carried out at laboratory temperature. The raw
data were treated using the Savitzky and Golay filter (level 2) [50] and the moving average baseline
correction (peak width 0.03) of the GPES software. Britton-Robinson buffer (pH 1.81) consisting of
0.4 M H3;PO4, 0.4 M CH3COOH, and 0.4 M H3;BO; was used as supporting electrolyte. Its pH was
adjusted by 0.2 M NaOH. The square wave voltammetric parameters were as follows: initial potential
0.7 V, end potential 1.5 V, other parameters (frequency, amplitude and step potential were optimised.

Cyclic voltammetry. The instrument, temperature, tool for data treatment and buffer used were the
same as above. The three-electrode system included the carbon paste working electrode, an
Ag/AgCl/3M KCI reference electrode and a carbon auxiliary electrode. The cyclic voltammetric
parameters were as follows: initial potential of 0 V, vertex potential 1.2 V, end potential 0 V, step
potential 5 mV.

2.4. Flow injection analysis with electrochemical detection

A flow injection system with electrochemical detection (FIA-ED) consisted of solvent delivery
pumps operating in range of 0.001-9.999 ml.min™ (Model 582 ESA Inc., Chelmsford, MA), a reaction
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coil (1 m) and a CoulArray electrochemical detector (Model 5600A, ESA, USA); see in Fig. SA. The
electrochemical detector includes two flow cells (Model 6210, ESA, USA). Each cell consists of four
analytical cells containing working carbon porous electrode, two auxiliary and two referent electrodes
(inset in Fig. 5A). The detector and the reaction coil were thermostated (30 °C). The sample (5 ul) was
injected manually.

2.5. Statistical analysis

STATGRAPHICS® (Statistical Graphics Corp®, USA) was used for statistical analyses. Results
are expressed as mean + S.D. unless noted otherwise. Value of p < 0.05 was considered significant.

3. Results and discussion

Primarily, we were interested if certain derivatives of salicylic acid could interfere with the
electrochemical determination of this compound. For this purpose, we utilized cyclic voltammetry
because CV belongs to fundamental electrochemical techniques that can be used to study of basic
electrochemical properties and behaviour of compounds of interest [51,52]. Salicylic acid gave the
signal at potential of 1.09, which increased with increasing concentration and scan rate. The possible
scheme of oxidation of SA is shown in Fig. 1C and described in [40,41].

After the measurement of SA, we analyzed four derivatives of salicylic acid, namely thiosalicylic
acid, acetylsalicylic acid, 5-sulphosalicylic acid, and 3,5-dinitrosalicylic acid. We found out
acetylsalicylic acid and 3,5-dinitrosalicylic acid did not give any electrochemical signal. On the other
hand, thiosalicylic and 5-sulphosalicylic acids were electro-active and gave their signals at the
potentials of 0.70 and 1.15 V, respectively. It clearly follow from the results obtained that electro-
activity of salicylates strongly depends on the group bound to the salicylic acid. Only sulphur-
substituted salicylic acid exhibited the electrochemical response, but the responses, the peak heights,
were much lower in comparison with the nonsubstituted one. As for the potentials producing the
signals, they were different enough to distinguish salicylic acid from its derivates. More details was
published in [53].

3.1. Study of electrochemical behaviour of salicylic acid on the surface of the carbon paste electrode

Recently Torreiro et al. published the paper on determination of salicylic acid on a glassy carbon
electrode using differential pulse voltammetry [54]. Based on the results published that salicylic acid
(SA) is an electroactive compounds and can be determine by differential pulse voltammetric technique,
we attempted to utilize other voltammetric technique, particularly square wave voltammetry (SWV),
for the determination of SA because of the advantages of these technique. Among these are its
excellent sensitivity and the rejection of background currents. Another is the speed. This speed,
coupled with computer control and signal averaging, allows for experiments to be performed
repetitively and increases the signalto-noise ratio. Applications of square wave voltammetry include
the study of electrode kinetics with regard to preceding, following, or catalytic homogeneous chemical
reactions. Therefore, we applied this technique to study of behaviour of SA on the surface of carbon
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paste working electrode (CPE). SWV voltammogram of 100 pg/ml SA measured in the presence of
Britton-Robinson buffer (pH 2.3) is shown in Fig. 2A. We proved that it is necessary to study an
influence of frequency, amplitude and step potential on a height of studied signal during square wave
voltammetric measurements due to increasing of sensitivity of an analysis [55]. Thus, we optimised
above-mentioned SWV parameters and found out that the most suitable frequency, amplitude and step
potential for the determination of SA was 260 Hz, 50 mV and 10 mV, respectively (Fig. 2B). In
addition, Torreiro also described the influence of pH of a supporting electrolyte on a signal of SA [54].
Therefore we studied the influence of pH (1.8 — 11.8) of Britton-Robinson buffer on the height and
potential of SA signal (Fig. 2Ca). We found out accord with Torreiro [54] that the highest signals of
SA were obtained at acidic pH from 1 to 3. We also observed few break points on the curve of
dependence of SA peak potential on different pH of Britton-Robinson buffer (Fig. 2Ca). The first
break point at pH about 3 probably corresponds to the first pKa of SA (pKa; = 2.97). A second break,
which may correspond to second pKa, did not appear due to higher pKa value (pKa, = 13.40). Besides
that we were interested in the issue how could the different buffers influenced the analysis. Except
Britton-Robinson we selected two other buffers HCI — NaCl and citrate buffer for our purposes,
because these buffers could buffer lower pH (1 — 3), where we found out the highest signal of SA.
Obtained dependences of SA peak height on pH of the tested buffers are shown in Fig. 2Cb. It is
evident that the using of different buffers markedly influences the SA signal. The SA signal measured
in the presence of citrate buffer was lower more than 35 % in comparison with Britton-Robinson ones.
HCI — NacCl buffer did not much influence the SA signal. It is evident that the highest signal of SA was
obtained at pH 1.8 in the presence of Britton-Robinson buffer. The phenomenon probably relates with
different ionic strength of the studied buffers, which will be published elsewhere.

If we used the most suitable conditions for the determination of SA on CPE, we studied the
dependence of SA peak height and potential on its concentration. Height of the signals linearly
increased with increasing SA concentration up to 80 uM (y = 0.2407x + 0.0231; R* = 0.9993), and
then did not changed, which would be probably related to saturation of the electrode surface [56,57].
The detection limit (S/N = 3) of the SA was 1.3 ng/ml. The potential of the studied signal did not
changed with increasing SA concentration (Fig. 2D).

3.2. Indirect determination of acetylsalicylic acid

As we mentioned above, AcSA did not give any SWV signal on the surface of CPE, but it is
common knowledge that it could be hydrolyzed on salicylic acid [58]. It has been published that a
rapid hydrolysis (10 min, a boiling) proceeds at high pH (about 12) followed by neutral and acidic pH
(about 2), where AcSA is the most stable [59]. On the base of these results we studied the stability of
AcSA according to increasing pH and temperature of Britton-Robinson buffer. AcSA (900 ul of
Britton-Robinson buffer and 100 pl of methanolic solution of AcSA; total concentration of AcSA was
5 mg.ml™) were hydrolyzed at four different temperatures (25, 50, 80 and 90 °C) and at three different
pH values (1.81, 6.09 and 11.98). We took 20 pl from the hydrolyzed solution at 0, 5, 10, 20, 30 and
60 min and analyzed it by SWV on the surface of CPE in the presence of Britton-Robinson buffer (pH
= 1.8). We obtained a well developed signal at potential about 1.05 V (Figs. 3Aa,b,c,d). The rate of
hydrolysis (%nydr.), which was calculated according to following equation:
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where [60] is concentration of SA (ug.ml') plotted from calibration curve and 76.7 is value of
maximal SA concentration, which could be obtained during 100% hydrolysis of 100 pg.ml”" AcSA,
increased with increasing pH and temperature of Britton-Robinson buffer (Fig. 3B).
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Figure 2. (A) Square wave voltammogram of SA (100 pg/ml) measured on the surface of carbon paste
electrode in the presence of Britton-Robinson buffer (pH 2.3). (B) Influence of different SWV
parameters on SA signal (a) frequency; (b) amplitude; (C) step potential step. (Ca) Changes of SA
peak height and potential with increasing pH of Briton-Robinson buffer (pH from 1.8 to 11.98); (Cb)
influence of Britton-Robinson, HCI-NaCl and Citrate buffers (pH from 1 to 3) on SA peak height. (D)
Dependence of SA peak height and potential on its concentration (1.5 — 150 pg/ml); in inset (1.5 — 80
ug/ml). SWV parameters were as follows: supporting electrolyte Britton-Robinson buffer (pH 2.3 —
Figs. A and B, pH 1.81 — Fig. D), concentration of SA 100 pg/ml except D; frequency 200 Hz and
amplitude 25 mV and potential step 5 mV (except B and D, where we used frequency 260 Hz,
amplitude 50 mV, potential step 10 mV), initial potential +0.7 V, end potential +1.5 V. The peak
height of 100% corresponds to 18 pA.
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After 60 minutes at 25 °C and pH of 11.98, only 5 % of AcSA hydrolyzed, at pH of 1.81 the
hydrolysis was negligible (Figs. 3A,B). After 60 minutes at 50 °C, we observed the hydrolysis not only
at pH 11.98 (15 %) but also at pH 1.81 (4 %). Moreover if we hydrolyzed AcSA at the highest tested
temperatures (80 and 90 °C), we observed marked increase of %nyqr. in comparison with other ones (80
°C — 85 % and 90 °C — 96 %; after 60 min. at pH of 11.98). 100% hydrolysis of AcSA was reached
after 80 minutes at the highest temperature and pH (not shown).
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Figure 3. Hydrolysis of acetylsalicylic acid by heat and pH treatment. (A) SWV voltammograms of
SA measured on CPE after 60 min of hydrolysis in the presence of Britton-Robinson buffer pH 11.98
(@) 90 °C; (b) 80 °C; (c) 50 °C; (d) 25 °C. (B) Dependence of changes in SA peak height on
temperature, time of hydrolysis and pH of Britton-Robinson buffer. Indirect determination of
acetylsalicylic acid by SWV GPE. (C) Dependence of changes in SA peak height on concentration of
hydrolyzed AcSA (35 — 920 ug/ml). Pharmaceutical drug. (D) Dependence of SA peak height on
volume of the hydrolyzed sample. SWV parameters were as follows: supporting electrolyte Britton-
Robinson buffer (pH 1.8); frequency 260 Hz, amplitude 50 mV, potential step 10 mV, initial potential
+0.7 V, end potential +1.5 V.
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3.3. Indirect determination of acetylsalicylic acid in a pharmaceutical drug by SWV CPE

The above-mentioned method for indirect determination of acetylsalicylic acid has been applied on
analysis of a pharmaceutical drug (Acylpyrin). The tablets were homogenised by the same way as
described in Section 2.3. We took 100 ul of the methanolic solution and added it to Britton-Robinson
buffer (900 ul, pH 11.98). The mixture was shook on Vortex—2 Genie (450 rpm, Scientific Industries,
USA) for 60 min at 90 °C. After that, the obtained extract (100 ul) was added to the supporting
electrolyte (Britton-Robinson, pH 1.8) and analyzed by SWV CPE. The determined amount of AcSA
in the pharmaceutical drug, which was plotted from the calibration curve, was in good agreement with
the declared amounts (difference about 5 %).

3.4. A determination of acetylsalicylic acid in the pharmaceutical drug using SWV GPE

Here, we applied the GPE for a determination of acetylsalicylic acid in the pharmaceutical drug. We
used the same conditions for AcSA hydrolysis as in section 3.4 (90 °C, 80 min, Briton-Robinson
buffer of pH 1.81). The obtained voltammograms are shown in Fig. 4A. The dependence of the SA
peak height on AcSA concentration was linear up to 300 pg/ml (y =0.0098x + 0.1231; R* = 0.9914).
The increase in SA peak height at AcSA concentration from 350 to 750 pg/ml was more gradually, but
we also obtained a linear dependence (y = 0.0018x + 2.6317; R* = 0.9919; Fig. 3C). The detection
limit (S/N = 3) of AcSA was about 167 ng/ml (n = 5, R.S.D. 2.5%). After that, we attempted to
determine AcSA in the pharmaceutical drug (Acylpyrin). The sample was prepared by the same way as
in Section 2.3. An obtained extract was added to the supporting electrolyte (Britton-Robinson, pH 1.8)
and analyzed by SWV GPE. We tested influence of different sample volumes on the SA peak height.
The dependence obtained is shown in Fig. 3D. The signal increased up to 25 pl of an extract and then
did not change much (Fig. 3D). The determined amount of AcSA in the pharmaceutical drug, which
was plotted from the calibration curve, was in good agreement with the declared amounts (difference
about 2 — 5 %).

3.5. Determination of salicylates by flow injection analysis with electrochemical detection

As we mentioned above, the electrochemical determination of SA and/or AcSA is applicable to
analysis of pharmaceutical drug and biological samples (willow tissues). Thus we decided to adopt the
results obtained during determination of salicylates by flow injection analysis with electrochemical
detection (FIA-ED; scheme of the instrument is shown on Fig. 4A). It was surprise for us that we were
able to direct detect not only SA, which we expected, but also AcSA, which have to be hydrolyzed due
to its analysis by steady state electrochemical instrument (Fig. 4B). Base of these results, we attempted
to determine other salicylates, particularly, thiosalicylic acid — TSA, 3,5-dinitrosalicylic acid — DNSA
and S-sulfosalicylic acid — SuSA. The obtained FIA-ED records are shown in Fig. 4B. We found out
that we are able to determine all of detected salicylates directly without any pre-treatment, hydrolysis
and so on.
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Figure 4. Flow injection analysis. (A) Scheme of flow injection system with electrochemical detection;
in inset — detailed scheme of electrochemical cell. (B) FIA-ED records of the salicylates (1 pg/ml); in
inset — dependence of flow rate on sum of average peak heights of salicylates. (C) Influence of current
responses of salicylates on potential (100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 mV) —
hydrodynamic voltammogram. FIA-ED parameters — reaction coil (1 m); flow rate of 3.7 ml.min™
(except inset in C); potential of 600 mV (except D), mobile phase: Britton-Robinson buffer (pH 1.8);
column and detector temperature: 30 °C; salicylates concentration: 1 pg.ml™’; 5 pl samples was
injected.

Consequently, we studied influence of flow rate (0.1 — 4 ml.min™") of mobile phase consisted from
Britton-Robinson buffer (pH 1.81) on sum of average peak heights of salicylates according to [61].
The obtained curve is shown in inset in Fig. 4B. The most suitable flow rate for determination of
salicylates was 3.7 ml.min™. In addition, optimal potential of working electrodes had to be found to
achieve the most sensitive determination of the studied compounds. Thus we studied the dependence
of salicylates current responses on potential in the range from 100 to 1000 mV. The resulting
hydrodynamic voltammograms are shown in Fig. 4C. Height of current responses of the salicylates
increased with increasing potential. Thus, we choose potential of 1000 mV as the most suitable to
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determine salicylates. We obtained strictly linear dependences of salicylates current responses on their
concentration (Tab. 1). We were able to determine units of femtomoles per injection (5 pl).

Table 1. Regression characteristics and limits of detections of all studied salicylates (n = 5).

A compound of interest Regression equation R? °LOD (nM) | °LOD (fmol)
SA y=17.811x - 1.9008 0.9980 0.195 0.977
AcSA y=3.5721x + 0.3521 0.9987 0.527 2.63
TSA y =7.0741x — 1.7902 0.9964 0.529 2.64
SuSA y=4.0618x + 0.8322 0.9985 0.427 2.13
DNSA y =0.0382x — 0.058 0.9988 50.6 253

*... regression coefficient
® . limit of detection (3 S/N)
¢... limit of detection (3 S/N) per injection (5 pl)

4. Conclusion

The indirect determination of acetylsalicylic acid by square wave voltammetry on carbon electrodes
is selective, sensitive and low-cost way how we could study this compound in different biological and
environmental samples. Based on the results obtained we suggested flow electrochemical sensor to
determine salicylates.
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