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Electrochemical Oxidation of the Antiretroviral Drug
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Renedo,[a] and M. Julia Arcos-Mart�nez[a]

1 Introduction

Nowadays, Human Immunodeficiency Virus (HIV) is one
of the top leading causes of death from infectious diseases
in the world. An estimated 34 million people are living
with acquired immune deficiency syndrome (HIV/AIDS)
worldwide. Additionally, approximately 2.5 million new
infections occur annually, from which the 10% of the in-
fected people are children. The current HIV drugs com-
prise three important therapeutic families based on the
inhibition of different enzymes, namely nucleoside re-
verse transcriptase inhibitors, non-nucleoside reverse
transcriptase inhibitors and protease inhibitors (PI).

Nelfinavir (NFV) is a type of PI of HIV that belongs to
the category of antiretroviral PI drugs. The inhibition of
the viral protease prevents the cleavage of the gag-pol
poly-protein resulting in the production of immature,
non-infectious virus. NFV, like other PIs, is generally used
in combination with other antiretroviral drugs and is the
first nonpeptidic PI available in paediatric formulation.

Its metabolism is mediated by cytochrome P450 (CYP),
being the isoenzymes CYP3A4, CYP2C19, CYP2D6 and
CYP2C9 primarily involved [1]. After the intake of
a normal dosage (between 750 and 1250 mg of NFV), 1–
2 % of the dosage is eliminated unaltered through urine
[2].

Several reports mainly present the determination of
NFV using high performance liquid chromatography with
UV [3], UV coupled fluorescence [4] or mass spectrome-
try [5] detection. Other reported techniques include capil-
lary electrophoresis [6], infrared spectrometry [7], and
other chromatographies, such as high performance thin
layer chromatography [8], micellar liquid chromatogra-
phy [9], and UPLC-MS [10]. All these techniques involve
expensive instrumentation and pre-treatments like solid-
phase extraction, increasing the analysis time and the ma-

nipulation of the sample, which may lead to errors and
contamination.

To the best of our knowledge, no electrochemical
method has been described for the determination of
NFV, despite having important advantages such as high
sensitivity, low detection limit, fast response, relative sim-
plicity and low cost of equipment [11]. Nevertheless,
other antiretroviral drugs have already been studied using
glassy carbon and boron-doped diamond, modified with
a thin-film mercury or without any modification [12].

Screen-printed electrodes (SPEs) are planar devices
built with layers of conductive and insulating inks at con-
trolled thickness. Screen-printing technology has made
possible the mass-production of low cost disposable elec-
trodes for their use with inexpensive and portable electro-
chemical instruments. The versatility of SPEs is based on
their wide range of possible modifications [13].

Carbon nanotube (CNT) matrices have received con-
siderable attraction in recent years and have been used in
chemical and biochemical sensors. This kind of material

Abstract : This paper describes the voltammetric study of
the electrochemical oxidation of the antiretroviral drug
Nelfinavir using a screen-printed sensor modified with
carbon nanotubes. The performance of the sensor in the
determination of the drug was characterized in terms of
precision (RSD 5.05 %, n=5) and capability of detection
(10.99�0.87 mM for a=b=0.05, n=5) under optimized

voltammetric conditions of pH, accumulation time and
potential, in the calibration range from 10 to 150 mM of
NFV. In order to check the viability of the device, the de-
termination of the analyte in pharmaceutical and biologi-
cal samples was carried out and its performance was also
validated comparing it with HPLC.

Keywords: Nelfinavir · screen-printed electrode · electrochemical oxidation · carbon nanotubes

[a] L. Asturias-Arribas, M. A. Alonso-Lomillo,
O. Dom�nguez-Renedo, M. J. Arcos-Mart�nez
Analytical Chemistry Department, Faculty of Sciences
University of Burgos. Plaza Misael BaÇuelos s/n, 09001,
Burgos, Spain
*e-mail: lasturias@ubu.es

[b] M. R. Delfino
Instrumental Analysis Laboratory
Faculty of Natural and Exact Sciences
National University of Northeast. Av. Libertad 5460, 3400,
Corrientes, Argentina

[c] M. R. Delfino
Sensors and Biosensors Laboratory
Faculty of Biochemistry and Biological Sciences
National University of Litoral. Pje. El Pozo s/n. 3000, Santa
Fe, Argentina

www.electroanalysis.wiley-vch.de � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Electroanalysis 2016, 28, 1 – 7 &1&

These are not the final page numbers! ��

Full Paper

http://www.electroanalysis.wiley-vch.de


exhibits an interesting enhancement in the electrocatalyt-
ic activity (increasing the peak current and lowering the
overpotential) of the oxidation or reduction of several an-
alytes. These nanomaterials show a p-conjugative struc-
ture with a highly hydrophobic surface, which allows
them to interact with some aromatic compounds through
p-p electronic and hydrophobic interactions [14].

The aim of this work is to propose, optimize and vali-
date an electrochemical method for the quantification of
NFV in commercial pharmaceutical preparations and in
biological samples, using SPEs modified with multi-wall
carbon nanotubes (MWCNT).

2 Experimental

2.1 Reagents and Apparatus

Home-made screen-printed devices were fabricated using
the following commercial inks: carbon ink C2000802P2,
gold ink C2041206D2, carbon-platinised ink C2050804D9
and dielectric ink D2071120D1 (Gwent Group, Torfaen,
UK), silver ink Electrodag 418 and Ag/AgCl ink Electro-
dag 6037 SS (Acheson Colloiden, Scheemda, The Nether-
lands), and dielectric ink 242-SB (ESL Europe, Agmet
Limited, Reading, UK). MWCNTs were purchased from
DropSens S.L. (Oviedo, Spain) and their dispersions were
prepared in dimethylformamide (DMF, Panreac, Barcelo-
na, Spain). Stock standard solutions of NFV (Sigma-Al-
drich, Steinhein, Germany) were prepared by dissolving
the adequate amount of the drug in ethanol (VWR Prola-
bo, Fontenay-sous-Bois, France). A solution containing
100 mM KCl (Sigma-Aldrich, Steinheim, Germany) and
50 mM phosphate buffer (NaH2PO4 · 2H2O, Merck, Darm-
stadt, Germany) in Milli-Q water was used as supporting
electrolyte and adjusted to the desired pH value with 1 M
NaOH (J.T. Baker, Deventer, The Netherlands) and 1 M
HCl (VWR Prolabo, Fontenay sous Boris, France) solu-
tions. A 5.7 mM K3Fe(CN)6 (Merck, Darmstadt, Germa-
ny) solution in 100 mM KNO3 (Merck, Darmstadt, Ger-
many) was used for the electrochemical activation of gold
electrodes.

The mobile phase for liquid chromatography assays
was prepared using acetonitrile, methanol (Merck, Darm-
stadt, Germany) and a 0.05% w/v solution of dimethyla-
mine (Merck, Darmstadt, Germany) in 10 mM ammoni-
um acetate (PRS Panreac, Barcelona, Spain), in
a 45 :20 :35 proportion. The pH was adjusted to 6.5 with
1 M acetic acid (VWR Prolabo, Fontenay sous Boris,
France) solution.

Viracept
�

Nelfinavir 250 mg tablets were kindly provid-
ed by Roche Ltd.

A DEK 248 screen printer (DEK, Weymouth, UK) was
used for the fabrication of the screen-printed transducers.
Electrochemical measurements were made with a mAuto-
lab Type II potentiostat/galvanostat with GPES software
(Eco Chemie, Utrecht, The Netherlands). The pH of the
solutions was measured with a Crison Model 2002 pH
meter (Barcelona, Spain). A HPLC Perkin Elmer Model

Flexar with UV-Vis detector and binary pump, controlled
by Chromera software (Waltham, Massachusetts, USA),
was used for the chromatographic determination of the
dosage of NFV in pharmaceutical tablets.

2.2 SPEs Fabrication

SPEs were manufactured in our laboratory by sequential
deposition of different commercial inks on polymeric
sheets, followed by their curing process [15].

Electrodes of different nature were fabricated using
different kinds of inks. In this way, two types of SPEs
were built. Firstly, SPEs based on a 3-electrode configura-
tion (a 12.6 mm2 working, a Ag/AgCl reference and
a carbon counter electrodes) have been manufactured ac-
cording to previously described procedures using gold,
carbon and platinised carbon inks to define the working
electrode [16]. In this way, three different devices were
obtained: screen-printed gold electrodes (SPAuEs),
screen-printed platinised carbon electrodes (SPCPtEs) and
screen-printed carbon electrodes (SPCEs).

Secondly, a carbon working electrode (144 mm2) was
printed in the polymeric sheets to be used as part of
a three electrode configuration with commercial Ag/AgCl
reference and conventional platinum electrodes, which
were used for the chronocoulometric measurements.

Due to the nature of the gold ink, SPAuEs were me-
chanically and electrochemically activated [16a]. Initially,
the working electrode was sanded with thin grain sandpa-
per to obtain a shiny surface. Then, the working electrode
surface was activated by recording 8 cycle voltammo-
grams between +800 and �800 mV vs. Ag/AgCl SPE,
scan rate 100 mV s�1, in 100 mL of a 5.7 mM ferricyanide
solution in 100 mM KNO3.

SPCPtEs and SPCEs were used without any pretreat-
ment.

2.3 Modification of SPCEs

In order to modify the working surface of the SPCEs
with MWCNTs, 5 mL of a 3 mg mL�1 dispersion of
MWCNTs in DMF were dropped on the working elec-
trode and the solvent was left to evaporate overnight at
room temperature [13b].

2.4 Electrochemical Measurements

Square-wave voltammetric (SWV) measurements were
carried out in a cell containing 5 mL of the supporting
electrolyte solution of the selected pH. Experimental pa-
rameters of frequency (25 Hz), step potential (12 mV)
and amplitude (25 mV) were fixed, leaving for optimiza-
tion the accumulation step. Hence, before recording the
anodic scan from+500 to+1500 mV (vs. Ag/AgCl SPE),
the solution was stirred for 50 s, applying a deposition po-
tential of 200 mV.

Chronoamperometric and chronocoulometric measure-
ments were carried out under constant stirring in a cell
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containing 5 mL of 10 mM of NFV in supporting electro-
lyte pH 2. A potential of +950 mV (vs. Ag/AgCl SPE)
was applied during an hour.

All measurements were performed at room tempera-
ture.

2.5 Chromatographic Measurements

The chromatographic system consisted on a UV-detector
fixed at 225 nm; isocratic mode at a flow rate of
1.0 mL min�1; a C18 column of dimensions 4.6 mm �
15 cm �5 mm and an injection volume of 20 mL.

3 Results and Discussion

Previous experiments carried out in our lab showed that
NFV (Fig. 1) is an electrochemically active molecule,
giving an oxidation voltammetric peak around +1000 mV
in acidic media.

Since the nature of the screen-printed working elec-
trode influences the electrochemical behavior of NFV;
SPAuEs, SPCPtEs, SPCEs and MWCNT-SPCEs were used
for the voltammetric determination of NFV. Square-wave
voltammograms of a 150 mM NFV solution in supporting
electrolyte pH 2 were recorded using the different SPEs.
SPAuEs presented a peak at +1000 mV (vs. Ag/AgCl
SPE) caused by the oxidation of the gold surface, close to
the oxidation peak of NFV, which led to an irreproduci-
ble working surface. Thus, SPAuEs were not suitable for
this analysis.

On the other hand, the current of the oxidation peak
of NFV obtained with SPCEs, SPCPtEs and MWCNTs-
SPCEs were 3.6; 6.2 and 70.0 mA, respectively (Fig. 2). So
the chosen electrodes for the study of NFV were
MWCNT-SPCEs.

3.1 Optimization of the Experimental Variables

The electrochemical response of NFV on the MWCNT-
SPCEs is a function of the pH of the solution and the ac-

cumulation process. In order to obtain a good analytical
signal that could allow the quantification of NFV, these
variables were optimized by means of an experimental
design. The data analysis was processed with STAT-
GRAPHICS PLUS [17], software package for the experi-
mental design process [18].

In this way, a 23 central composite design, which ena-
bled us to analyze five levels of each of the three influen-
tial variables (pH of the medium, accumulation potential
(vs. Ag/AgCl SPE) (Eacc) and accumulation time (tacc)),
was carried out. Two levels were selected, high and low,
for each factor. Then, 17 experiments were performed
corresponding to all possible combinations and three rep-
licates of the central point were necessary to estimate the
residual value.

The central point (0) and the values of high (+) and
low (�) levels for each factor were the following:

Eacc ðþÞ ¼ 300 mV tacc ðþÞ ¼ 90 s pH ðþÞ ¼ 4

Eacc ð�Þ ¼ 100 mV tacc ð�Þ ¼ 30 s pH ð�Þ ¼ 2

Eacc ð0Þ ¼ 200 mV tacc ð0Þ ¼ 60 s pH ð0Þ ¼ 3

The optimum values obtained from the experimental
design were 200 mV for the accumulation potential, 50 s
for the accumulation time and a pH value of 2.

3.2 Precision and Capability of Detection

The performance of the developed MWCNT-SPCE was
checked in terms of precision and capability of detection.
Different calibration curves were recorded in the calibra-
tion range from 10 to 150 mM of NFV under the optimal
conditions. The incorrect adjustments were avoided using
the program PROGRESS, which evaluated the presence
of anomalous points using a least median squares regres-
sion (LMS) [19]. Then, ordinary least squares (OLS) re-
gressions were built using the remained data.

The slopes of these regression curves were used to esti-
mate the reproducibility of the sensor in terms of relativeFig. 1. Molecular structure of nelfinavir mesylate.

Fig. 2. Voltammetric oxidation at the optimum conditions (ac-
cumulation at 200 mV during 50 s) of a 150 mM NFV solution in
supporting electrolyte pH 2 using SPCEs (full line), SPCPtEs
(dotted line) and MWCNT-SPCEs (dashed line).
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standard deviation (RSD). So, the calibration curves re-
corded using different MWCNT-SPCEs have given a re-
producibility of 5.05% (n=5) for a linear range of 10–
110 mM of NFV (Fig. 3). The repeatability was carried out
in the same way as for the reproducibility but using the
same MWCNT-SPCE. However, it was observed that it
was not possible to perform more than one calibration
curve with the same electrode, possibly due to the adsorp-
tion of the oxidized product of the NFV in the surface of
the working electrode. This fact is not really significant
due to the disposable nature of the sensor and its good
reproducibility.

The capability of detection was calculated for a proba-
bility of false positive (a) and false negative (b) [20], ob-
taining a value of 10.99�0.87 mM (n=5) for a=b=0.05.

3.3 Mechanism of Oxidation

In order to elucidate the electrochemical oxidation mech-
anism of NFV, the comparison of the voltammetric signal
of NFV with the signals of some phenolic groups de-
scribed in bibliography was carried out. This comparative
study showed that the voltammetric behavior of NFV was
similar to the one observed for the phenol [21]. As it is
shown in Fig. 4, the phenol oxidation peak is observed
around+860 mV in the first scan, and two reduction
peaks appeared at backwards direction. In the second
scan, two additional oxidation peaks appeared, while the
initial oxidation peak decreased. Taking this into account,
the phenol group could be thought to be the one respon-
sible for the voltammetric oxidation signal of the mole-
cule.

According to the bibliography, the oxidation of the
phenol group requires one electron and one proton [21a].
Bearing this in mind, a chronocoulometry was performed
in presence and absence of NFV in order to determine
the number of electrons that take part in the oxidation

signal of the analyte. Taking the value of charge after one
hour and using Faraday�s law, the number of transferred
electrons reached was one.

The estimation of the number of transferred electrons
was also carried out using Tafel plot [22]. After recording
the voltammetric cycle of a 5 mM solution of NFV, the
values of (log I) vs. applied potential were represented
and the value of n(1-a), obtained from the anodic branch
of this graphic, was found to be 0.65. As this system is ir-
reversible, 0<a<0.5, the number of electrons (n) will be
around 1.

The number of protons that are required in the reac-
tion was studied by the variation of the peak potential
with the pH. It is reported that the aqueous solubility of
nelfinavir is strongly dependent on pH, showing a sharp
decline in solubility at pH values above 4.5 [23]. For that
reason, this study was limited by the fact that the pH in-
terval, in which the NFV was soluble and its peak was
visible, was narrow, between pH 2 and 4.5. An initial
scanning at acidic, neutral and basic pH values was made
to have a first idea where the signal of NFV could be
higher. Additionally, the peak potential difference be-
tween pH 2 and 4.5 was 25 mV when using MWCNT-
SPEs and 100 mV when using SPCPtEs, so SPCPtEs were
chosen to be used for this study. In this way, SWV meas-
urements were carried out with SPCPtEs at different pH
values, the peak potential versus the pH value was repre-
sented and the expression of the Nernst equation was
used [22]. As a result, one proton was needed in the pro-
cess.

Taking into account the experiments and the informa-
tion obtained from the bibliography, the suggested mech-
anism for the electrochemical oxidation of NFV is repre-
sented in Fig. 5. The oxidation of the phenol group of
NFV produces para- and ortho-quinones, which can be
reduced into its respective hydroquinones. This behavior
can be observed and explained with the representation in
Fig. 4, where in the first scan just the oxidation of the
phenol group is shown, but in the backwards branch two

Fig. 3. Square-wave voltamogramms obtained for 10, 20, 30, 50,
70, 90 and 110 mM of NFV at the optimal conditions of pH 2,
Eacc: 200 mV and tacc : 50 s. Insert, calibration curve for the deter-
mination of NFV by SWV with MWCNT-SPEs.

Fig. 4. Two consecutive cyclic voltammograms (1st (full line)
and 2nd (dashed line) scans) of the voltammetric behavior of a so-
lution containing 50 mM of NLV in supporting electrolyte pH 2
using MWCNT-SPCEs, scan rate 50 mVs�1.
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reduction peaks are observed due to the reduction of the
quinones. In the second scan these products are oxidized
and that is why two oxidation peaks appeared, which in
the first scan did not.

3.4 Application in Pharmaceutical Drugs and Biological
Samples

Both pharmaceutical and biological samples were mea-
sured by the standard addition methodology using
MWCNT-SPCEs.

Viracept
�

is a drug widely used in highly active antire-
troviral therapy (HAART) with a theoretic composition
of 250 mg of NFV per tablet. 15 tablets of this drug were
weighted and the average weight was calculated. Then, all
these tablets were pulverized in a mortar and the sample
solutions were prepared by dissolving the necessary
amount in ethanol to obtain an approximate concentra-
tion of 5 mM.

In order to perform the voltammetric measurements,
a volume of 50 mL of the sample solution of the pharma-
ceutical drug was dissolved in 5 mL of supporting electro-
lyte pH 2, and consecutive additions of a solution of NFV
were performed. The amount of NFV found was 249.3�
1.9 mg per tablet (n=5, a=0.05). This quantity is in ac-
cordance with the values labeled by the manufacturer,
and agrees with tolerance levels of the Pharmacopoeias
(�10% of the declared dosage) [24].

In order to test the reliability of the proposed method,
the determination of NFV in the pharmaceutical tablets
was also performed by HPLC [24]. The results obtained
with SWV and HPLC were compared using the F test for
precision and the t test for means (Table 1). Statistically,
there are no significant differences between the results
obtained with the electrochemical and the reference
method for the determination of NFV in tablets, with
a confidence level of 95%.

The analysis of NFV in urine samples from a healthy
individual was made by adding the suitable quantity of
the drug to the urine sample until the required concentra-
tion was obtained. Therefore, a volume of 500 mL of
a 5 mM NFV stock solution was mixed with 25 mL of
urine. This solution was dissolved to 50 mL with a solution
containing 200 mM KCl and 100 mM phosphate buffer
pH 2 to obtain the urine sample solution. Then, 5 mL of
the urine solution were transferred to the electrochemical
cell and aliquods of a NFV solution were again added.
Results of the determination of NFV in urine sample are
given in terms of recovery (Table 2). These assays were
carried out at two levels, spiking NFV in urine with final
concentrations of 40 and 50 mM, and performing three
replicates for each level. The averages for the recovery
were 100.3 and 101.5 %, respectively.

4 Conclusions

The use of an MWCNT-based sensor allows the voltam-
metric determination of NFV in different samples. The
optimization of the main experimental variables was per-
formed by means of a central composite design, which in-
cludes the study of interaction between variables. In this
way, the obtained voltammetric signal was optimized to

Fig. 5. Suggested mechanism of the electrochemical oxidation
of NFV.

Table 1. Results of comparison of SWV with MWCNT-SPCEs
and HPLC-UV methods. Values in parenthesis correspond to
those tabulated for p=0.05.

Parameter HPLC-UV MWCNT-SPE

X�S 249.72�4.29 250.49�3.59
n 5 5
RSD% 1.72 1.43
S2 18.38 12.91
F test 0.3703 (6.3882)
t test 0.7659 (2.3060)

Table 2. Recovery assay of NFV in urine samples.

CNFVr (mM) CNFVo (mM) Media CNFVo (mM) s Interval. % Recov. Average recov. (%)

40 39.8 40.2 0.4 [40.2�1.1] 99.4 100.6
40.6 101.4
40.4 101.1

50 50.0 49.8 0.6 [49.8�1.4] 100.1 99.7
49.2 98.4
50.3 100.5

[NFV]r: NFV real concentration; [NFV]o: NFV obtained concentration
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obtain the highest response and the reproducibility of this
sensor was estimated in 5.0 % (RSD, n=5).

A mechanism of oxidation of NFV was suggested
based on the oxidation of the phenol group of the mole-
cule, for which an electron and a proton are required.

According to the suggested method in this work, the
sensor was applied to the NFV determination in pharma-
ceutical preparations and urine sample. No pretreatment
was needed in the measure procedures.
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