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Abstract: This work describes the development of a novel and low-cost methodology for the simul-
taneous quantification of four main nonsteroidal anti-inflammatory drugs (NSAIDs) in pharmaceu-
tical samples using differential pulse voltammetry coupled with an artificial neural network model
(ANN). The working electrode used as a detector was a carbon paste electrode (CPE) modified with
multi-wall carbon nanotubes (MWCNT-CPE). The specific voltammetric determination of the drugs
was performed by cyclic voltammetry (CV). Some characteristic anodic peaks were found at poten-
tials of 0.446, 0.629, 0.883 V related to paracetamol, diclofenac, and aspirin. For naproxen, two anodic
peaks were found at 0.888 and 1.14 V and for ibuprofen, an anodic peak was not observed at an
optimum pH of 10 in 0.1 mol L™ Britton-Robinson buffer. Since these drug's oxidation process
turned out to be irreversible and diffusion-controlled, drug quantification was carried out by dif-
ferential pulse voltammetry (DPV). The Box Behnken design technique's optimal parameters were:
step potential of 5.85 mV, the amplitude of 50 mV, period of 750 ms, and a pulse width of 50 ms. A
data pretreatment was carried out using the Discrete Wavelet Transform using the db4 wavelet at
the fourth decomposition level applied to the voltammetric records obtained. An ANN was built to
interpret the obtained approximation coefficients of voltammograms generated at different drug
concentrations to calibrate the system. The ANN model's architecture is based on a Multilayer Per-
ceptron Network (MLP) that employed a Bayesian regularization training algorithm. The trained
MLP achieves significant R values for the test data to simultaneous quantification of the four drugs
in the presence of aspirin.

Keywords: Carbon paste electrode; Voltammetry; Artificial neural network; Quantification; non-
steroidal anti-inflammatory

1. Introduction

Nonsteroidal anti-inflammatory analgesics NSAIDs are important drugs worldwide
due to their low cost and easy accessibility. Most of these drugs can be purchased without
a prescription; they are widely used to relieve pain, reduce inflammation and reduce high
temperature. Standing out from this large group of NSAIDs are paracetamol, diclofenac,
naproxen, aspirin, and ibuprofen, which are the most frequently used. The pharmacolog-
ical action of these drugs is that they block the enzyme cyclooxygenase and break down

Chem. Proc. 2021, 3, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/chemproc


mailto:mgutierrez@cinvestav.mx

Chem. Proc. 2021, 3, x FOR PEER REVIEW 20f6

the prostaglandins produced by the cells of the body that increase inflammation, pain,
and fever. Although NSAIDs are commonly used, they are not suitable for everyone and
can sometimes cause adverse side effects if their use is constant: peptic ulceration, diges-
tive disorders, temporary deafness. Recent studies mention that they may be related to
heart attacks [1-3]. Due to the high demand for NSAIDs in pharmaceutical samples, many
analytical methods have been proposed for their quantification, the most common being
liquid chromatography (HPLC) [4]. This method has some disadvantages, such as the
need for sample preparation by chemical reaction or extraction. Some cases include pre-
vious derivatization, long analysis times, and a high cost associated with the use and
maintenance of the equipment.

An alternative to traditional analysis methods in areas such as the food industry,
pharmaceuticals, and environmental monitoring is known as Electronic Tongues (ETs)
[5,6]. These systems combine electrochemical techniques (e.g., potentiometry, voltamme-
try, and impedance spectroscopy) with sophisticated multivariate analysis tools to classify
or quantify samples [7]. Their main advantage compared to traditional methods is that
they allow quick and low-cost measurements, avoiding the pretreatment of samples in
most cases. Although ETs using potentiometric and voltammetric techniques have been
reported in the literature [8,9], voltammetric methods are usually the most widespread
due to advantages such as short analysis time and high sensitivity [10,11]. In addition to
this, data processing techniques based on artificial neural networks (ANNSs), principal
component analysis (PCA), and partial least squares (PLS) are popular for decoding the
acquired voltammograms of aqueous solutions containing mixtures of different chemical
species giving results favorable in the quantification of these species [12, 13]. In this work,
a methodology based on voltammetric methods is proposed together with ANNs as a
modeling and calibration tool to quantify NSAIDs simultaneously.

2. Methods and Materials
2.1. Instrumentation and Reagents

The chemical reagents used are analytical grade. All solutions used were prepared
using high purity deionized water (18.2 M(Q cm). The experiments were carried out using
a potentiostat Autolab PGSTAT302N (Metrohm, The Netherlands) connected to a com-
puter. A three-electrode system was used consisting of a reference electrode with satu-
rated Ag/AgCl (BASi), a graphite bar as the auxiliary electrode, and a carbon paste elec-
trode (CPE) modified with multi-wall carbon nanotubes MWCNT-CPE) OD x L 6-9 nm x
5 pum> 95% (Aldrich) as working electrode. The pH measurements were performed on a
Corning pH/Ion meter 450 digital pH meter. A Sartorius CPA224S brand analytical bal-
ance was used. All the potentials referred to in this work are referred to the Ag/AgCl elec-
trode. Standard solutions of diclofenac sodium, naproxen sodium, paracetamol, aspirin,
and ibuprofen (Sigma-Aldrich) were flushed with high purity nitrogen. A Britton Robin-
son (BR) 0.1 mol-L buffer solution was used in a range of pH 7-11. Buffer BR was pre-
pared by mixing appropriate volumes of acids (phosphoric acid, boric acid, and acetic
acid) and adjusted with concentrated NaOH to the desired pH.

2.2. Electrochemical characterization
2.2.1. Electrode Preparation

The paste mixture for the proposed working electrode consisted of a 3:2 ratio for
mineral oil and multi-walled carbon nanotube graphite powder (MWCNT). The graphite
mix is made up of 30% graphite powder and 10% MWCNT. The paste obtained is placed
with a spatula in a ImL syringe tube (30 mm long by 6 mm wide) and compacted with the
syringe's plunger, placing it on a flat surface until excess air is eliminated. At one end of
the syringe with the paste, the electrical contact (copper wire) is placed. Finally, the work-
ing electrode is built.
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2.2.2. Electrochemical Analysis of the NSAIDs In the Proposed Working Electrode

Cyclic voltammetry (CV) is performed for the supporting electrolyte (0.1 molL-! BR
buffer at pH 7) and the NSAIDs-BR system (5 x 10-* mol-L for each drug), starting at the
zero-current potential, in anodic direction and cycling in a potential window from 0 to 1.3
V considering a scan rate of 0.1 Vs1. At different scan rates, anodic and cathodic CV peaks
were analyzed to determine the mechanism that controls the oxidative processes. Also, a
pH study for the NSAIDs-BR system was performed to choose the maximum anodic cur-
rent intensity for analytical quantification.

Quantification of the drug is carried out by DPV. The optimization of the parameters
of the technique is carried out, with the Box Behnken (BBD) four-factor design, step po-
tential “X1” (V), interval time “X2” (s), modulation time “Xs” (s) y modulation amplitude
“X4” (V) and three levels for each factor so that the highest intensity of the anodic current
is obtained. The design matrix considers 27 experimental units at random that include the
three replicas of the central point. Using a polynomial regression, the response variable
was predicted as a function of the independent variables and their interactions. The pre-
diction of the model is described in equation (1).

K k k Kk )
Y =B +ZﬁiXi +Z.BiiXi2 +ZZ.3UX1‘X; te
i=1 i=1 i=1 j=1
where Y is the response variable (maximum anode current intensity), Xi and Xj are coded
independent variables, and fo, fi, fi, and Bi are coefficients of intercept, linear, quadratic,
and interaction terms, respectively. k is the number of independent variables (k =4 in this
study), € is an experimental error [14]. Determination and regression coefficients were
estimated using Minitab® Statistical software version 18.

2.3. Quantification of NSAIDs by ANN
2.3.1. Data Processing

Having the optimal parameters of the DPV, the DPV's are carried out at different
concentrations of the NSAIDs (ranging from 5x107 to 7x10-5 mol-L™"). A matrix of peak
intensities of dimensions [189 x 27] (intensities x number of samples) was built with the
recorded voltammogram records. The pretreatment of the data was carried out using the
Discrete Wavelet Transform using the 4th level wavelet decomposition of a Daubechies
function (db4). In this pretreatment, only approximation coefficients were chosen consid-
ering the degree of similarity between the original voltammogram and the one recovered
with these coefficients [13]. Thus, the final input matrix to feed the ANN model has a
dimension of [18 x 27] (approximation coefficients x number of samples). The ANN cali-
bration model is based on a Multilayer Perceptron Network (MLP). The MLP input layer
was established considering the number of approximation wavelet coefficients. In con-
trast, the output layer was defined using one neuron for each of the analytes to be quan-
tified since it is associated with the matrix of concentrations of dimension [4 x 27] (i.e.,
paracetamol, diclofenac, naproxen, and ibuprofen), aspirin was not quantified in the
model as it was considered only as an interferer. The hidden layers were established
through a trial-and-error process, modifying the number of neurons in the layers until an
appropriate number of neurons were found that favored obtaining a satisfactory linear
regression coefficient. In this way, the final MLP model was 18 x 10 x 8 x 4 (18 input neu-
rons, 10 neurons in the first hidden layer, 8 neurons in the second hidden layer and 4
output neurons).

2.3.2. ANN Modeling

The described data set of 27 samples, were selected for the training set. The testing
set was conformed using an external set of 10 additional samples randomly generated
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within the concentration range described above. All data sets were normalized in the in-
terval of [-1,1] to favor the training process. The activation functions established were:
purelin for the input layer, tansing for the two hidden layers, and purelin for the output
layer. In the same way, the chosen training algorithm was Bayesian regularization, with a
training error set at a value of 0.001, together with a learning rate of 0.01. The MLP models
were programmed on the MATLAB® R2021a (MathWorks, Natick, MA, USA) platform
using the Deep Learning and Wavelet Toolboxes.

3. Results and Discussion
3.1. Electrochemical Characterization

The electrochemical study of the NSAIDs was carried out by CV in a solution of 4 x
104 mol-L- of the drug standards, in BR buffer at pH 7 (Figure 1a). In the window from 0
to 1.3 V in the first sweep in the anodic direction, the oxidation peak corresponding to
paracetamol, diclofenac, at a potential of 0.446 and 0.629, respectively, is observed.
Naproxen presented two oxidation peaks at a potential of 0.888 and 1.14 V. In the case of
ibuprofen, no anodic signal was observed, but the baseline was modified compared to the
blank, so we believe that if it is being carried out the oxidation of the drug. Reversing the
sweep in cathodic direction, only one reduction peak was observed with a maximum peak
potential at 0.263 V, which corresponds to the reduction of paracetamol. Also, a CV was
performed in a mixture of the five NSAIDS and the BR Buffer (blank) using the proposed
working electrode (Figure 1b), under the same conditions of the systems shown in Figure
la. In Figure 1b, only three oxidation peaks can be observed in the anodic sense, since
some signals overlap in the drugs, it should also be noted that in the cathodic sweep the
reduction signal of paracetamol is not observed, this could be because the product that
was reduced reacted chemically with some oxidation products of the other drugs and the
product is no longer electroactive in reduction.

18.0 -

BR Buffer a) 180 1 b)
15.0 1 Paracetamol 15.0 A BR Buffer
12.0 4 Diclofenac
- N 12.0 A Mixture NSAIDs
aproxen
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Figure 1. CVs obtained for the systems containing the NSAIDs and the supporting electrolyte, using the proposed working
electrode and in presence of aspirin. Potential window from 0 to 1.3 V and at a scan rate of 100 mV-s™; (a) individual for
each NSAIDs, (b) mixture of the four NSAIDs.

Considering the anodic wave corresponding to the oxidation of the NSAIDs for the
mixture of the drugs. A pH study was carried out by CV, in a 0.1 mol L-! BR buffer with a
concentration of 5 x 10 mol L for each drug, in Figure 2 the anodic sweep is shown. It
can be observed that the highest current intensity is obtained at pH 10 for the mixture of
drugs; it can also be observed that as the pH increases the anodic peak potentials of the
drugs shift to lower values. Different CV scan rates (10 to 300 mV-s™) were studied, and
the maximum anodic peak current was plotted vs. the square root of the scan rate for each
NSAID. A correlation coefficient greater than 0.99 was obtained after the proper statistical
analysis, which suggests that the diffusion of the electroactive species to the surface of the
electrode governs the oxidation processes.

A BBD with three levels was used for the optimization of the four variables related
to the DPV technique to maximize the anodic current peak of paracetamol (this NSAID
has the highest peak current intensity). 27 experiments were carried out, generating the
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corresponding voltammograms of NSAIDs using the MWCNT-CPE at pH 10. The param-
eters of the DPV technique were chosen considering the capabilities of the potentiostat
used. The proposed second-order model regression that correlates the current response
and the DPV factors is shown in equation (2).

Y = 1.747 + 0.22X, + 0.352X, — 0.935X5 + 1.082X, — 0.476X2 — 0.431XZ — 0.308X2 — 0.012X2 — 0.309X,X,  (2)
+0.211X, X5 + 0.209X, X, + 0.297X,X5 + 0.66X,X, + 1.507X5X,

190

i/pA

9.0

0 0.2 04 0.6 08 1 12 14
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Figure 2. CVs obtained for the NSAIDs mixture at different pHs (range of 7-10) in a 0.1 mol-L-' BR
buffer, using a potential window of 0 to 1.3 V and a scan rate of 100 mV-s™, and a concentration of
4 x 10~ mol-L for the NSAIDs.

Table 1 shows the theoretical response (Y) after the optimization of the DPV param-
eters, obtained by using the Response Optimizer function in the Minitab® V.18 software.
The maximum anodic current for paracetamol was determined as 5.24 pA under optimal
conditions.

Table 1. Optimal DPV parameters found with the Box Behnken design.

X1(V) Xz (s) Xs(s) X4 (V) Y (pA)
0.00585 0.75 0.05 0.05 524

3.2. Quantification of NSAIDs Using ANN

Using the optimal parameters of the DPV to analyze the 27 samples considering dif-
ferent concentrations of the NSAIDs, and they were performed using a 3°2fractional facto-
rial design. The trained MLP was used to determine the performance in the quantification
task of drugs and the relationship between the concentrations obtained and those ex-
pected was evaluated, both for the training and test phases. In this sense, the linear re-
gression obtained from the comparison was a measure of the model's goodness. Given
ideal conditions, the line must have a slope equal to 1 and its intersection equal to 0. The
comparative graphs between the real concentrations of paracetamol, diclofenac, naproxen,
and ibuprofen and those predicted with the MLP model for the training and test data set
(Figures 3 and 4, respectively). The high level of linearity allows having a linear regression
coefficient of the data obtained very close to one (R=0.98) for paracetamol and diclofenac,
while for the naproxen and ibuprofen, the correlation value was 0.87 and 0.78 respectively,
aspirin was present as an interfering agent in the mixture.
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Figure 3. Comparison between the expected NSAIDs concentration and those obtained after MLP
training phase.
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Figure 4. Comparison between the expected NSAIDs concentration and those obtained during
MLP test phase.

4. Conclusions

In this work, a potential tool for voltammetric determinations is presented. A combi-
nation of DPV and DWT-ANN allowed us to obtain satisfactory results for quantifying
paracetamol, diclofenac, naproxen, and ibuprofen in the presence of aspirin. The use of
DWT is helpful to compact voltammograms preserving the analytical information of the
original records. Multivariable models created with ANN correctly describe the complex-
ity in voltammograms caused by overlapping peaks without needing a pretreatment step
on the samples. Finally, carbon paste electrodes with nanotubes are low-cost and easy-to-
make devices that allow us to determine the drugs in the order of microgram per liter.
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