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chemical investigation of favipiravir.

o Usefulness of the BDD electrode in
the presence of CTAB.

e Practical applicability in tablet and
urine samples.
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ARTICLE INFO ABSTRACT

Article history: Favipiravir, a promising antiviral agent, is undergoing clinical trials for the potential treatment of the
Received 9 January 2021 novel coronavirus disease 2019 (COVID-19). This is the first report for the electrochemical activity of
ggclfl‘l’fd n rzeg;s]ed form favipiravir and its electroanalytical sensing. For this purpose, the effect of cationic surfactant, CTAB was
ACC: tz‘éag March 2021 demonstrated on the enhanced accumulation of favipiravir at the surface of cathodically pretreated
=D . boron-doped diamond (CPT-BDD) electrode. At first, the electrochemical properties of favipiravir were
Available online 18 March 2021 . . . . .
investigated in the surfactant-free solutions by the means of cyclic voltammetry. The compound pre-
sented a single oxidation step which is irreversible and adsorption controlled. A systematic study of
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various operational conditions, such as electrode pretreatment, pH of the supporting electrolyte, con-
centration of CTAB, accumulation variables, and instrumental parameters on the adsorptive stripping
response, was examined using square-wave voltammetry. An oxidation signal at around +1.21 V in
Britton-Robinson buffer at pH 8.0 containing 6 x 10~% M CTAB allowed to the adsorptive stripping
voltammetric determination of favipiravir (after 60 s accumulation step at open-circuit condition). The
process could be used in the concentration range with two linear segments of 0.01—-0.1 pg mL~!
(6.4 x 1078-6.4 x 10~7 M) and 0.1—20.0 pg mL~! (6.4 x 10~7-1.3 x 10~% M). The limit of detection values
were found to be 0.0028 pg mL~! (1.8 x 1078 M), and 0.023 pg mL~! (1.5 x 1077 M) for the first and
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second segments of calibration graph, respectively. The feasibility of developed methodology was tested
to the analysis of the commercial tablet formulations and model human urine samples.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Coronaviruses are enveloped, single-stranded RNA viruses that
can infect a wide variety of hosts, including avian, wild, domesti-
cated mammal species, and humans. Six of these well-known vi-
ruses have been reported since the 1960s to cause disease in
humans. Severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) is a novel type of coronavirus that gives rise to acute res-
piratory infections known as coronavirus disease 2019 (COVID-19).
This respiratory disease is characterized with common symptoms
including fever, dry cough, fatigue, body pain, nasal congestion,
conjunctivitis, sore throat, loss of taste and smell, and headache. It
was first identified in Wuhan (Central China) in December 2019,
and was reported as a global pandemic by the World Health Or-
ganization (WHO) on March 11, 2020. As of February 19, 2021, the
disease affected approximately 219 countries, infected more than
109 million people, and resulted in at least 2.4 million deaths
worldwide. Currently, it appears that SARS-CoV-2 may pose a sig-
nificant risk to the health system, due to its high contagiousness.
However, to date, there is no specific effective approved drug for
use in treating or preventing COVID 19, since there is not enough
evidence. For this purpose, either a few recommended antiviral
drugs approved for different infections or new alternatives that are
still under trials, are being tested in various parts of the world
[1-8].

Favipiravir (T-705), a purine nucleic acid analog, is a novel
antiviral pro-drug with a broad activity against influenza virus and
diverse RNA viruses (such as arena-, phlebo-, hanta-, flavi-, noro-
viruses, Western equine encephalitis virus, and Ebola virus). First
introduced in Japan in 2014 as a cure for influenza, this compound
has been extensively investigated for its possible use to treat and/or
prevent infections caused by SARS-CoV-2. Chemically, favipiravir is
a pyrazine carboxamide derivative (6-fluoro-3-hydroxy-2-
pyrazinecarboxamide) with a lower molecular weight (see Fig. 1
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Fig. 1. Possible routes for conversion of favipiravir (T-705) into its active and inactive
metabolites (adaptation from Ref. [13]).

for its chemical structure). It has been shown that 3-hydroxyl
group of the pyrazinecarboxamide derivatives is responsible for
their phosphoribosylation (as will be explained below) and anti-
viral activity but does not require the presence of 6-fluoro sub-
stituent. After oral administration of favipiravir (formulation:
tablet, 0.2 g), it is incorporated into the cells, and then ribosylated
and phosphorylated by host cellular enzymes to form the active
metabolite  T-705-ribofuranosyl-5’-triphosphate  (T-705-RTP).
Possible routes for conversion of favipiravir into its active and
inactive metabolites are presented in Fig. 1. This triphosphate form,
T-705-RTP selectively inhibits the transcription and replication of
the enzyme RNA dependent RNA polymerase (RdRp) of influenza
and many other RNA viruses by incorporation into the virus RNA at
low concentrations. However, it does not inhibit RNA and DNA
synthesis in humans up to the half-maximal inhibitory concentra-
tion (ICsg) of 100 pg mL~". Following its oral administration, favi-
piravir reaches peak plasma concentrations in approximately 0.5 h,
and is eliminated significantly by the urinary system with a mean
plasma elimination half-life (t'4) of 1.5 h. The inactive and major
metabolite T-705M1 of favipiravir is generated as a result of liver
oxidation, and is excreted in the hydroxylated form [9—15].

Given the facts mentioned above, the development of suitable
analytical methodologies for the determination of promising anti-
viral agents used for COVID 19, such as favipiravir, is strongly
required not only for routine quality control in pharmaceutical
formulations but also to support pharmacokinetic and metabolic
studies in biological samples of both human and animal origin.
Apart from these requirements, such studies in biological matrices
will assist in the development of new drugs [16]. Survey of the
literature revealed that only two studies have been made on the
quantification of favipiravir by using high performance liquid
chromatography coupled with ultraviolet (UV) detection [17], and
spectrofluorimetric method [18].

Among the most widely used instrumental techniques, elec-
troanalytical approaches, especially voltammetric ones, may be
suitable alternatives with simplicity of operation, low instrument
cost, rapid response, portability, allowing the use of low toxicity
reagents (usually aqueous buffer solutions), sufficient sensitivity
accompanied by satisfactory selectivity, precision and accuracy.
Undoubtedly, another remarkable feature of voltammetry is that it
can provide useful information about the oxidation-reduction
behavior of the analytes with redox active groups to design new
strategies for their additional therapeutic effects.

It is very important to develop an outstanding electrode mate-
rial to improve the performance of the voltammetric method. As
reported in several extensive reviews over the past two decades,
the boron-doped diamond (BDD), a relatively new form of carbon,
received great attention as an eco-friendly electrode material in
many fields, e.g., analytical chemistry, environmental science, bio-
logical science, materials science, and so on [19—28]. In general,
BDD provides exceptionally useful properties (without the need of
any chemical modifications) among all metal (gold, platinum) and
conventional sp? carbon (glassy carbon, carbon paste, pyrolytic
graphite, etc.) electrode materials. This electrode is known to have
the widest electrochemical potential window available without the
interference of oxygen and hydrogen evolution, lower and stable
voltammetric background current which gives it an advantage for
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potential scan analyses, good physical and chemical robustness
which is very useful for maintaining the signal reproducibility, as
well as high resistance to adsorption of most contaminants (due to
the presence of sp> hybridized carbon atoms in diamond structure).
However, it should be highlighted that for many analytes, the
analytical performance of the BDD is extremely affected by three
essential factors, such as the boron doping concentration in dia-
mond (for a good electrical conductivity), the content of non-
diamond sp? carbon (sp? impurities), and its surface treatment
(hydrogen or oxygen terminated surface functionalities). Surface
termination of BDD is considered to be probably the most complex
of all factors that strongly affects its physical, chemical and elec-
tronic surface properties. The as-prepared (untreated) surface of
the BDD (both made in the lab and commercially available in
polycrystalline form) is initially hydrophobic (free of C-O func-
tionalities) with noticeable surface conductivity and negative
electron affinity. It is mainly hydrogen-terminated as it is produced
by hydrogen plasma process. Its surface can be altered to an
oxygen-terminated surface using an anodic polarization process
(anodic pretreatment — APT) by applying high positive potentials in
the region of oxygen evolution reaction. This procedure introduces
high oxygen-bonded carbon content such as ethers, ketones, alco-
holic and/or carboxylic groups. Therefore BDD becomes hydrophilic
with a relatively negative surface charge, lower conductivity and
positive electron affinity depending on the polarization potential
and period. However, the hydrophobic nature of the BDD surface
with noticeable surface conductivity can be restored by applying a
cathodic polarization (cathodic pretreatment — CPT) in the region of
hydrogen evolution reaction. In order to increase the sensitivity,
provide the better selectivity, reduce the fouling effect and ensure
the adequate repeatability, BDD properties should be tailored
specifically for each electroanalytical application by selecting an
appropriate electrochemical pretreatment step [28].

In order to improve the analytical performance of voltammetric
method, another simple and inexpensive way compared to the
modified electrodes is the use of surfactant-containing solutions.
As mentioned above, the bare BDD surface has assumed to be
relatively inert to the adsorption of organic pollutants, which is
considered one of its most important advantages [20]. However, the
authors of the present work have demonstrated the capability of
the BDD electrode to adsorb a wider spectrum of organic com-
pounds in the presence of surfactants (anionic and/or cationic) as
pre-concentration agents, and thus to increase the sensitivity of the
voltammetric method [29—36].

Taking these facts listed above into account, and considering the
lack of electrochemical investigation on favipiravir, therefore, for
the first time in the present study an effort will be made to examine
the redox properties of this compound using voltammetric tech-
niques and modification-free BDD electrode (only pretreated
electrochemically) in the absence and the presence of cationic
surfactant (cetyltrimethylammonium bromide, CTAB). For the
following part, the practical applicability of the proposed voltam-
metric method will be tested in commercial pharmaceutical and
model (spiked) human urine samples. Additionally, the results
obtained for pharmaceutical formulation will be compared with
those obtained by applying the UV-spectrophotometric method.

2. Experimental
2.1. Apparatus

Electrochemical measurements were performed using a com-
puter driven pAutolab Type Il potentiostat/galvanostat (Metrohm

Autolab B.V., The Netherlands) controlled by the GPES software
(Version 4.9). For baseline correction, the raw signals of the square-
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wave (SW) voltammograms were mathematically processed by
applying the moving average method (peak width: 0.01 V), and
then the voltammograms were corrected using the Savicky and
Golay algorithm. A conventional three-electrode electrochemical
cell (volume of 10 mL) was used, consisting of a commercially
available BDD working electrode (with the inner diameter of 3 mm,
boron doping level of 1000 ppm, Windsor Scientific Ltd., UK), a
platinum wire auxiliary electrode (BAS, MW-4130, USA), an Ag/AgCl
reference electrode (3 M NaCl, Model RE-1, BAS, USA), to which all
working electrode potentials are referred. When necessary
(reduction), the solution was bubbled with purified nitrogen to
remove the dissolved oxygen.

The pH measurements were conducted using a WTW inoLab pH
720 m with a combined glass-reference electrode (Xylem, New
York, USA).

Furthermore, to obtain comparative results, the quantitative
assay of favipiravir in tablets by UV spectrophotometric method
was carried out using an AE-S90 UV—Vis spectrophotometer with
1 cm quartz cell. Its absorption spectra in methanol, in the wave-
length range from 200 to 800 nm, were recorded using methanol as
a blank. Calibration graph was plotted using the absorbance value
of favipravir at Amax 320 nm and its corresponding concentrations
in pg mL~Y, and the regression equation was derived.

2.2. Chemicals and solutions

The reference standard of favipiravir was kindly provided by
Atabay Pharmaceuticals and Fine Chemicals Inc. (Turkey) and used
as received. Commercially available tablet samples containing the
active compound were supplied from a local hospital in city of Van
(Turkey). Since favipiravir possesses poor aqueous solubility, its
stock standard solution at 1 mg mL~! was prepared by dissolving of
the calculated amount in methanol and kept refrigerated when not
in use. Analytical-grade reagents (acetic, boric and orthophosphoric
acids) and highly pure deionized water from a Milli-Q water pur-
ifying system (Millipore, resistivity > 18.2 MQ cm) were used for
the preparation of Britton-Robinson (BR) buffer (0.04 M in each
constituent, pH 2—12). The lower concentrations of favipiravir
working solutions were prepared, just before use, by dilution of
appropriate volume using this supporting electrolyte at selected pH
values. The potentially interfering compounds (glucose, lactose,
sucrose, fructose, povidone, polyethylene glycol, ascorbic acid,
dopamine and uric  acid), potassium ferrocyanide
(K4[Fe(CN)s] x 3H20), potassium ferricyanide (Ks[Fe(CN)g]) and
potassium chloride (KCl) were purchased from Sigma-Aldrich. The
surfactant used was cationic type, cetyltrimethylammonium bro-
mide, CTAB (99%, Sigma). Stock solutions of CTAB (1 x 102 M) were
prepared in a water-methanol mixture (90:10, v/v). For spectro-
photometric experiments, calibration standards of favipiravir were
prepared in methanol.

2.3. Pretreatment of BDD surface

Before starting any other electrochemical experiments, a
cathodic or anodic (for comparative purposes) pretreatment of BDD
electrode was carried out for its activation by applying either —1.8
or +1.8 V (both for period of 180 s) in an independent electro-
chemical cell containing 0.5 M HySO4 without solution stirring.
Before each new scan, 60-s activation procedure was applied under
the same conditions. Between individual measurements in the
presence of surfactant, the electrode was first rubbed very gently on
a damp smooth polishing cloth (BAS velvet polishing pad) (a simple
manual cleaning step with minimal possibility of mechanical sur-
face damage) and then activated electrochemically (applying a
period of 60 s) as in their absence [37]. This coupled pretreatment
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procedure (mechanical/electrochemical) guarantees reproducible
results and enhanced electrochemical response in surfactant-
containing solutions.

2.4. Measurement procedures

Cyclic voltammetry (CV) was carried out for preliminary studies
to investigate the electrochemical behavior of favipiravir. After-
wards, it was followed by utilization of square-wave adsorptive
stripping voltammetry (SW-AdSV) to broaden the knowledge on its
electrochemical behavior at different pH values and in surfactant-
containing solutions. The analytical performance and practical
applicability in the real samples were demonstrated using SW-
AdSV in the presence of CTAB.

The general procedure for the determination of favipiravir using
SW-AdSV was as follows: The appropriate volume of the previously
prepared favipiravir working solutions was placed in the electro-
chemical cell containing BR buffer at pH 8.0 in the presence of
6 x 104 M CTAB. The pre-concentration of favipiravir was per-
formed by immersing the electrochemically treated BDD electrode
in its solution stirred at a speed of 500 rpm for a given period of
time (60 s), at a selected accumulation potential (open-circuit).
After a fixed rest period (5 s), voltammograms were recorded by
scanning the potential towards the positive direction over the
range +0.50 to +1.60 V using SW waveform. The successive mea-
surements were carried out by repeating the above assay protocol
on the working electrode. Each voltammogram was repeated three
times under laboratory conditions. It is important to mention that
the methanol concentration in the working solutions was kept at
the level of <2% (v/v).

2.5. Sample preparation

For sampling of commercial favipiravir tablet, Favimol® tablets
labeled as containing 200.0 mg of favipiravir per tablet were used
for the present analytical applications. According to the informa-
tion listed on the drug leaflet the excipients present in the tablets
were as follows: povidone, colloidal silicon dioxide, crospovidone,
sodium stearil fumarate, hypromellose, titanium dioxide (E171),
polyethylene glycol/macrogol, yellow iron oxide. Five pieces of
tablets were weighed, and reduced to a homogeneous fine powder
in a mortar. An adequate amount of the collected powder which is
equivalent to 6.25 mg favipiravir was weighed, transferred into a
25-mL volumetric flask, and completed to the volume with meth-
anol. The content of the flask was sonicated for about 10 min to
ensure complete dissolution (solution A). A certain volume of the
upper clear sample solution (20 puL) was transferred to the elec-
trochemical cell containing 10 mL of BR buffer at pH 8.0 in the
presence of 6 x 107* M CTAB, and analyzed via SW-AdSV. The
contents of favipiravir in sample solutions were calculated by
means of the calibration curve method from the related regression
equation.

For the spectrophotometric assay applied to the analysis of
tablet samples, the solution A (after filtration through paper) was
diluted by a factor 1:4 (v/v) with methanol in order to fit into linear
range of calibration curve previously determined, and analyzed by
this technique.

In the next step, the human urine samples spiked with favipir-
avir were used in order to assess the feasibility of the voltammetric
method for clinical trials. Drug-free urine samples were collected
from a healthy laboratory co-worker (male, age 30 years) imme-
diately before the experiments, and analyzed after resting for
30 min. Aliquot volume of fresh urine (500 pL) was directly trans-
ferred into the electrochemical cell already containing 10 mL of BR
buffer at pH 8.0 in the presence of 6 x 10~4 M CTAB (dilution factor
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1:20, v/v). Further, the solution in electrochemical cell was
enriched with 50 pL of favipiravir stock solution (1 mg mL~! pre-
pared in methanol) to form model (spiked) human urine sample
with a final concentration level of 0.05 ug mL~! favipiravir. The
quantification of favipiravir in spiked urine samples was carried out
using standard addition method with respective volumes of 25, 50,
75,100 puL of favipiravir solution used above, and the analyses were
undertaken. The favipiravir-free part of the urine sample was used
as a blank. Each determination was repeated three times.

2.6. Data analysis

The described method was validated for the parameters such as
linearity, limits of detection (LOD) and quantification (LOQ), preci-
sion and accuracy. LOD and LOQ values were calculated using for-
mulas 3 s/m and 10 s/m, respectively, where s represents standard
deviation of the peak current (three runs) of the lowest level con-
centration (0.01 and 0.1 pg mL~! for the 1st and 2nd linear seg-
ments of calibration graph, respectively) of the analytical curve, and
m the slope of the related calibration equation [38]. To determine
the precision, 0.01 or 0.1 pg mL~! favipiravir was determined ten
times within the same day (intra-day repeatability) and on three
consecutive days (inter-day repeatability). Data were reported as
the mean values and relative standard deviations (RSD %).

3. Results and discussion
3.1. Electrochemistry of favipiravir

In order to understand the electrochemical response of favipir-
avir at the surface of BDD electrode, the experiments were per-
formed in surfactant-free and surfactant-containing solutions by
means of the CV and AdSV.

3.1.1. Cyclic voltammetry in the absence of surfactant

At first, the experiments were focused on the CV behavior of
favipiravir using a cathodically pretreated boron-doped diamond
electrode (here referred as CPT-BDD, see Experimental Section 2.3).
Fig. 2A shows the three consecutive CV curves (CVs) of 50 pg mL™!
(3.2 x 107* M) favipiravir in BR buffer at pH 8.0 (optimized
response for analytical purposes, as shown later) recorded at a scan
rate of 100 mV s~! (note that the methanol degree in the working
solutions was 5%, v/v). During the anodic scan from 0.0 to +1.6 V,
favipiravir presented a broad oxidation step at around +1.23 V
while no reduction step was observed in the reverse cathodic scan.
It suggests the totally irreversible electrode reaction of this com-
pound. By recording consecutive CVs, it was observed a current
decrease of oxidation signal in the second cycle (however less
distinct in the third cycle), indicating that it may cause partial
fouling and inactivation of the available electrode surface area.

It is also worth noting that when the electrode was scanned to a
potential value of —0.8 V, no reduction peak was observed.

3.1.1.1. Effect of scan rate. In order to determine the mass transport
nature of favipiravir at the electrode/solution interface, the next
step was an investigation of influence of scan rate on the electro-
oxidation response for 100 pg mL~" (3.2 x 10~ M) favipiravir using
CV technique in BR buffer at pH 8.0. Fig. 2B depicts the respective
CVs for the potential scan rates from 10 to 150 mV s~ ! (n = 6). It
should be noted at this point that worse current response was
observed at a scan rate higher than 150 mV s~!, making accurate
measurement difficult.

As can be seen from the following equations, there is a linear
relationship between the peak current (i) and the scan rate (v):
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Fig. 2. The repetitive CVs at the scan rate of 100 mV s~ ! for 50 pg mL~"' favipiravir (A),
and CVs at different scan rates (10, 25, 50, 75, 100 and 150 mV s~!) for 100 pg mL™"
favipiravir (B). Electrode, CPT-BDD; supporting electrolyte, surfactant-free BR buffer at
pH 8.0. A: Arrow indicates order of the recorded scans. Dashed lines represent back-
ground current. B: Linear dependences i, vs. v and ip vs. v'2 are appended in the inset.

ip (MA) = (0.016 + 0.0003) v (mV s~ ') + (1.904 = 0.071) (r = 0.996)

It indicates an adsorption-controlled mechanism of the elec-
trode reaction of favipiravir. Meanwhile, i, linearly increased with

112 expressed as follow:

ip (MA) = (0.245 + 0.004) v/ (mV s1) + (1.108 + 0.031) (r = 0.987)

Such dependence indicated that the favipiravir oxidation pro-
cess can be controlled by both adsorption and diffusion (less
effective), i.e., there is a mixing mechanism. Similar findings have
also been reported in the previous investigations for some com-
pounds using not only the BDD electrode [33,34,36] but also any
other carbon-based electrodes [39—41].

On the other hand, there was a shift of the oxidation peak po-
tential (Ep) towards more positive values as the scan rate gradually
increased, confirming the above-mentioned irreversible behavior
of the electrode reaction [42]. The plot of E, versus log v can be
expressed by the following equation:

Ep (V) = 0.027 log v (mV s™1) + 1184 (r = 0.998)
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For an adsorption-controlled and irreversible electrode process
[43], the relationship between Ep, and v is defined according to the
equation:

Ep = E% + (2.303RT | anF) log (RTK® [ anF) + (2.303RT / anF) log v

where o is charge transfer coefficient, k° the standard heteroge-
neous rate constant of the reaction, n the number of transferred
electrons involved in favipiravir oxidation process, and E° the
formal redox potential. Other symbols have their usual meanings.
The slope obtained from the E;, vs log v was 0.027; thus, by means of
the above equation using T = 298 K, R = 8.314 ] K" 'mol~!, and
F = 96480 Cmol, the value equals to about 2.33 was calculated for
an. Generally o is assumed to be 0.5 for most organic molecules in
total irreversible electrode process. Further, the value of n was
calculated to be 4.3 (=4). These results indicate that the oxidation
of favipiravir involves four electrons per molecule.

3.1.2. Stripping voltammetry in the absence and the presence of
surfactant

Considering the above experimental data, it was examined
whether favipiravir could be pre-concentrated onto the surface of
CPT-BDD, which may have a positive effect on its sensitivity for
analytical use. To verify this, medium exchange technique (transfer
voltammetry) prior to the recording of voltammograms was
initially carried out. For this purpose, CPT-BDD electrode (see
Experimental Section 2.3) was kept in contact with a stirred solu-
tion of favipiravir (25 pg mL~1) prepared in BR buffer at pH 8.0 for a
low accumulation period (30 s) under open-circuit condition. The
electrode was then transferred into the blank supporting electro-
lyte solution to continue the stripping step (Fig. S1 in the Supple-
mentary Material file). This experiment demonstrated clearly that
after medium exchange which leaves behind compounds with poor
adsorption ability in the accumulation solution, there was a very
slight decrease in the peak height compared to the original value.
This behavior could be indicative of the adsorptive accumulation of
favipiravir on the electrode surface. Following this initial investi-
gation, the measurements were performed by AdSV without
applying a medium exchange step in the continuation of the study.

3.1.2.1. Effect of BDD pretreatment. A preliminary study showed
that suitable electroanalytical responses in terms of reproducibility
and sensitivity of the measurements could not be obtained when
using the unpretreated BDD electrode. In order to obtain the
improved electrochemical response of the BDD electrode, two
pretreatment procedures such as anodic polarization (APT, +1.8 V
for 180 s) and cathodic polarization (CPT, —1.8 V for 180 s) were
tested. The pretreatments were carried out as described in Exper-
imental Section. Although a strong anodic polarization in the region
of water decomposition reaction is required to complete oxygena-
tion of the BDD surface, in the case of BDD electrode used in this
study (with the diameter of 3 mm and boron content 1000 ppm), a
distortion in the peak shape of favipiravir was observed at potential
higher than +2.0 V. It has been demonstrated in some of our re-
ports that anodic polarization potential between +1.6 and + 1.8 V
provides remarkable improvements for electroanalytical purposes
[30,33,34]. On the other hand, a recently published study from our
laboratory [33] showed that when negative potentials higher
than —1.0 V are applied, cathodic pretreatment involves high value
of current density, indicating that the magnitude of the applied
potential polarization is sufficient for the surface of BDD to become
completely hydrophobic. Regarding studies on the pretreatment
period (20—180 s), 180 s was found to be suitable for the highest
current response of favipiravir compared to shorter pretreatment
times.
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The effect of both pretreatment procedures on the electro-
chemical activity of BDD electrode was first examined by recording
CV measurements at scan rate of 100 mV s~ in 0.1 M KCl containing
the redox couple of 0.4 mM [Fe(CN)g]>"/*, which are presented in
Fig. 3A. The oxidation and reduction peak separations (AEp) of
[Fe(CN)g]>/* for APT-BDD and CPT-BDD are about 365 and 167 mV,
respectively. Moreover, the use of APT-BDD presents the lower
voltammetric signals for both the oxidation and reduction peaks
when compared to CPT-BDD. The remarkably nonreversible
behavior of APT-BDD due to the difficulty of electron transfer is in
agreement in previously reported studies for BDD electrodes
treated anodically [44—46]. Although the AE, is quite different from
the theoretical value of 59 mV for reversible systems, the findings
indicate improved surface activity of BDD after cathodical pre-
treatment as reported in Ref. [47]. Furthermore, both pretreatment
procedures were also tested for 25 pg mL~! favipiravir in
surfactant-free BR buffer, at pH 8.0 by SW-AdSV with an accumu-
lation period of 30 s at an open-circuit condition. It is clearly seen
from Fig. 3B that CPT-BDD offers higher peak intensity of the ana-
lyte than APT-BDD (the reason will be explained later). Therefore,
the cathodic activation protocol was chosen in the continuation of
this study and was conducted at the beginning of every experiment

100
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20
25
T o
— 25
-50
-5
-100 A
0 -0.25 0 100 1

0.5

025 050 075

E/V (vs. Ag/AgCl)
9.0

a) APT-BDD b
b) CPT-BDD

6.51

4.0/

1.5]

0.25 0.50 0.75 1.00 1.25 150
E/V (vs. Ag/AgCl)

Fig. 3. CVs of 0.4 mM [Fe(CN)s]>** in 0.1 M KCl at a scan rate of 100 mV s~' (A), and
SW stripping voltammograms of 25 ug mL~" favipiravir in surfactant-free BR buffer at
pH 8.0 (B) recorded using cathodically (CPT-) or anodically (APT-) pretreated BDD
electrodes. Accumulation period, 30 s at open-circuit condition; SWV parameters:
frequency, 50 Hz; step potential, 8 mV; pulse amplitude, 30 mV.
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day. However, it should be underlined that prior to every voltam-
metric experiment in solutions containing CTAB, a simple me-
chanical polishing step (as described in the Experimental Section)
is required prior to this activation protocol to remove favipiravir
that has strongly adsorbed on the electrode surface by interacting
with the surfactant.

3.1.2.2. Effect of solution pH. With the aim of obtaining the best
voltammetric results for analytical purposes, the next stage of
experimental work was dedicated towards examining the effect of
different pH values. In Fig. 4, the baseline corrected SW-AdSV vol-
tammograms are depicted in surfactant-free BR buffer varying the
pH in the interval 2.0—12.0 by carrying out stripping measurement
in a stirred favipiravir solution (25 pg mL~', methanol degree was
2.5%, v[v), with an open-circuit accumulation for 30 s. For the whole
pH range mentioned above, only a single oxidation peak of favi-
piravir was recorded. It is clearly seen from the figure that by
increasing the solution pH, an increase in favipiravir peak height
over the pH range 2.0—8.0 was observed. In more alkaline solutions,
the peak height decreased.

On the other hand, the peak potential (Ep) shifted towards less
positive values with the increase pH from 2.0 to 7.0, revealing the
proton-dependent nature of favipiravir electrochemical oxidations,
which can be expressed by the following equations:

Ep (V) = —0.067 pH + 1.619 (r = 0.987)

The slope of 67 mV/pH, which is close to the theoretical value of
59 mV suggests that the equal numbers of electrons and protons
take part in the electrode reaction. Bearing the previous scan rate
results of favipiravir in mind, this finding demonstrates that the
electrode process for this compound is four-proton coupled four-
electron transfer. Above pH 7.0, the position of the oxidation peak
is not remarkably sensitive to the pH, indicating that a proton
transfer step does not occur prior to the electron transfer rate-
determination step at these pH values.

Until now there is no agreement on the assignment of pK, values
of favipiravir available in literature. In the Drugbank database [48],
its experimental pK, value has been reported to be 5. However in
the same database, two predicted values such as pK; = 9.39

9.0

I/pA
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Fig. 4. SW stripping voltammograms for 25 ug mL~' favipiravir in surfactant-free BR
buffer with different pHs (2.0—12.0) recorded using CPT-BDD. Inset: the plots of Ej vs.
pH. Accumulation period 30 s at open-circuit condition; SWV parameters: frequency,
50 Hz; step potential, 8 mV; pulse amplitude, 30 mV.
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(strongest acidic) and pK, = —3.7 (strongest basic) are also
mentioned. Moreover, very recently published paper reported eight
different pK, values calculated using the direct, modified direct, and
proton exchange thermodynamic cycles [49]. As seen from Fig. 1,
favipiravir (T-705, more stable enol form) and its analogues (T-705-
MTP and T-705-RTP) (ketone form) belong to the potentially
tautomeric pyrazinecarboxamide family. Thus, the conflicting re-
sults regarding pK, values can be due to the complexity of the
proton transfer (ionization) process, which may involve several
complicated steps to generate numerous products (keto and enol
tautomers of favipiravir) after a series of tautomerization [49]. It
should be emphasized that there is vital importance to know the
ionization and tautomeric states of clinically important compounds
for new drug design studies. At this moment of urgent need for
COVID-19 treatment solutions, more experimental and theoretical
research could be useful to investigate the tautomerism of favi-
piravir. In the light of findings from two very recently published
papers on favipiravir tautomerism [49,50], the intersection point of
the Ep/pH curves and clear change in the peak intensity at about pH
7.0—8.0 may be explained by a replacement of one mechanism
(reaction with enol form) by another (reaction with the ketone
form) in the tautomeric equilibrium of the favipiravir.

Thus, it may be assumed that favipiravir is in nonionized form in
aqueous media at pH 8.0. From the results given in previous section,
the surface of CPT-BDD electrode is completely hydrophobic in our
cathodic pretreatment condition (—1.8 V for 180 s). However, by
applying a mild polarization potential of +1.8 V, the complete
transformation of the BDD surface to the negative form is not suf-
ficient, thus its surface is still partly hydrophobic. Based on this fact,
the higher current intensity of favipiravir at the surface of CPT-BDD
is not surprising in comparison with APT-BDD since the former one
can interact better with this neutral molecule.

It is beyond the scope of the present study to describe the
oxidation process of favipiravir in detail. On the other hand, more
work needs to be carried out for collecting more information by
using galvanostatic/potentiostatic coulometry with subsequent
spectral analysis. However, a short comment can be made from the
above results and considering the electrochemical behavior of the
model compound pyrazinamide (pyrazinecarboxamide) used for
tuberculosis treatment. Favipiravir differs from pyrazinamide by
having a hydroxyl group in the position C3 of the pyrazine ring. As
stated in the scientific literature, pyrazinamide does not undergo
oxidation. In previously published reports, the electrochemical
properties based on the reduction of this compound were investi-
gated using several chemically modified electrodes [51—53]. With
this knowledge in mind, we may assume that the hydroxyl group
on this molecule also plays a role in the oxidation process of
favipiravir.

As can be clearly verified from Fig. 4, highest current response
was obtained at pH 8.0, which was chosen for further studies and
development of the methodology. Under the same experimental
conditions, favipiravir signal recorded after applying an accumu-
lation process was almost 2.0 times higher than that recorded
without an accumulation step (see Fig. S1).

3.1.2.3. Effect of accumulation variables and other operating pa-
rameters. Based on the adsorptive properties of favipiravir on the
surface of CPT-BDD, which would make AdSV technique applicable
for developing a sensitive analytical methodology, the effect of
accumulation parameters (accumulation period of time, t,.c and
accumulation potential, Excc) was tested for 25 pg mL™! favipiravir
under the above experimental conditions (in the absence of sur-
factant). The effect of the t,.c was examined in the range 0—240 s at
open-circuit condition. While there was a linear increase in the
peak current of favipiravir in the range of 0—60 s, no significant
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change was observed beyond this range. After fixing the tacc at 60 s,
the effect of E,.c was also investigated either at open-circuit con-
dition or over the potential range +0.1 to +0.9 V. In this case, the
oxidation peak current remained almost unchanged in the whole
range, revealing that this parameter had no effect on the detection
of this compounds, thus open-circuit accumulation was used.

Next, the effect of SWV operating parameters such as frequency
(f = 50—125 Hz), step potential (AE; = 8—14 mV) and pulse
amplitude (AEs,y, = 30—70 mV) was also investigated under the
above conditions to obtain the highest sensitivity and the best
reproducibility of measurements (results not presented). The
optimization was performed in such a manner that one parameter
was always changed while keeping the other two parameters
constant. For entire analysis, the optimized values were: f, 75 Hz;
AE, 10 mV; and AEgy, 50 mV.

3.1.2.4. Effect of cationic surfactant. Considering some studies from
our laboratory on the significant role of CTAB towards the accu-
mulation of the poorly water-soluble compounds at the hydro-
phobic surface of CPT-BDD [29,31,35,36], the attention was then
turned to the effect of this surfactant in order to obtain more in-
formation for the adsorption process.

For this purpose, keeping the favipiravir concentration constant
at 7.5 pg mL™! (4.8 x 107> M), the concentration of CTAB was
increased from 2.5 x 107> to 7 x 107* M (note that CTAB was
electrochemically inactive in the selected potential range). As can
be seen in Fig. 5, the peak potential remained practically constant
when the electrolyte solution contains CTAB. Regarding the peak
currents, a remarkable enhancement was observed in the presence
of CTAB. The peak current increased gradually with CTAB concen-
tration up to 6.0 x 10~% M. At its higher concentration values, no
significant change in the signal was observed (Fig. 5 inset). To sum
up, the following experiments for the analytical application (see
Section 3.2) were carried out by fixing the concentration of CTAB at
6.0 x 10~* M. It should be highlighted that in the case of the
accumulation process after CTAB addition, favipiravir stripping
signals were almost 5.5 times higher compared to the measure-
ments in CTAB-free solutions. This finding demonstrates the
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Fig. 5. SW stripping voltammograms for 7.5 ug mL~! favipiravir in BR buffer solution
at pH 8.0 in the presence of different CTAB concentrations (2.5 x 107°-7 x 10~% M).
Dashed line represents the voltammograms without CTAB. Inset: the plot of i, vs. the
concentration of CTAB. Electrode, CPT-BDD; accumulation period 60 s at open-circuit
condition; SWV parameters: frequency, 75 Hz; step potential, 10 mV; pulse ampli-
tude, 50 mV.
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possibility that CTAB can be used as a pre-concentration agent on
the performance of the CPT-BDD electrode for the sensitive deter-
mination of favipiravir.

In solutions containing a certain concentration of CTAB (below
critical micelle concentration in water, CMC = 0.92—1.0 mM)
[54,55], its long hydrophobic tails are attracted to the hydrophobic
surface of the CPT-BDD through the hydrophobic interaction. On
the other hand, according to an accepted adsorption scenario
[56—60], small molecules with a low solubility like favipiravir may
be interacted with adsorbed surfactant aggregates on the electrode
surface, by an interaction mechanism very similar to the classical
micellar solubilisation observed above the equilibrium CMC. As
shown in the previous sections, favipiravir can be adsorbed on the
surface of CPT-BDD when it is alone. However, in the presence of
CTAB molecules, there is an enhancement of its surface concen-
tration. This can be explained by the fact that a large part of the
adsorption is the solubilisation of the favipiravir molecule inside
surfactant aggregates. This phenomenon has been referred to as
coadsorption. In some cases, the hydrophobic solute molecule
normally is not adsorbed by the solid surface in the absence of
surfactant but is adsorbed when a surfactant molecule is adsorbed,
which is called adsolubilization. In general, the medium pH, the
ionic strength of the aqueous phase, the surfactant and solute
structures play an important role on the coadsorption/
adsolubilization-oriented processes [58]. Reported studies have
demonstrated that especially the hydrophobic tail length of sur-
factants (from C12 to C18) significantly affects the coadsorption/
adsolubilization capacity of surfactant surface aggregates [61]. Both
of these interaction mechanisms have recently found many appli-
cations in pharmacology (drug carrier targeting), engineering
(chromatographic separation), materials science (surface modifi-
cation), and environmental science (wastewater treatment).

Based on this fact, it is expected an adsorption of CTAB and
subsequent coadsorption of favipiravir onto the surface of CPT-BDD,
resulting in an increase in analytical signal of favipiravir.

3.2. Quantification of favipiravir in the presence of CTAB

3.2.1. Analytical performance evaluation

Using the previously optimized experimental and operating
conditions, the applicability of the CPT-BDD in combination with
AdSV technique was tested by plotting the peak current against
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favipiravir concentration. Fig. 6A and B depicts the respective
stripping voltammograms recorded for additions of aliquots of
standard solution (in triplicate) containing increasing concentra-
tions of favipiravir. The corresponding analytical curves with the
obtained linear relationship between oxidation peak current and
concentration of favipiravir are presented in the insets of Fig. 6. It is
seen from the figure that the calibration graph consists of two
linear segments, from 0.01 to 01 pg mL™! (64 x 10°8-
64 x 1077 M), and from 01 to 20.0 ug mL™! (64 x 107 7-
1.3 x 10~* M) with good linearities. The related analytical param-
eters regarding the both segments of analytical curve are summa-
rized in Table 1. The observation of the two linear segments may be
a result of the adsorption effect that can occur in the presence of
higher favipiravir concentration levels at the electrode surface.
Therefore, the slope value and hence the sensitivity corresponding
to the second linear segment was much lower than that recorded
for the first linear segment. Moreover, it is clearly shown from
Fig. 6B that the increase in concentration caused the potentials to
shift slightly to more positive values.

LOD values achieved by the proposed method appears to be
sufficient for favipiravir sensing in routine quality control analysis
of commercial products and even in some biological samples such
as urine (the principal route of excretion).

As it was mentioned earlier, a survey of the literature revealed
that there are only two studies for the quantitative determination
of favipiravir. In the first attempt, it was reported the use of high
performance liquid chromatography with UV detection [17]. LOD
value equaled to 1.20 mg mL~" has been estimated in a mobile
phase consisting potassium dihydrogen phosphate 50 mM (pH 2.3)
and acetonitrile (90:10, v/v). The method was applied to the
determination of favipiravir in pharmaceutical preparations. In the
second published work [18], spectrofluorimetric method has also
been found to be applicable for its determination in pharmaceutical
formulations and spiked human plasma with its LOD values of
9.44 ng mL~". From these data, it can be clearly seen that the pro-
posed voltammetric method exhibits slightly better or even supe-
rior performance for the detection of favipiravir compared to other
two techniques. In addition, the present electroanalytical meth-
odology meets almost required characteristics such as simple and
rapid treatment of the sample, minimum use of organic reagent,
low cost, sufficient sensitivity and acceptable repeatability for
application to real samples.
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Fig. 6. SW stripping voltammograms for favipiravir levels of (1-5) 0.01, 0.025, 0.05, 0.075 and 0.10 yg mL~' (A), and (1-10) 0.1, 0.25, 0.5, 1.0, 2.5, 5.0, 7.5, 10.0, 15.0 and
20 pug mL~" (B) in BR buffer solution at pH 8.0 containing 6 x 10~4 M CTAB. Inset shows the corresponding calibration plot for the quantitation of favipiravir. The other operating

conditions as indicated in Fig. 5.



S. Allahverdiyeva, O. Yunusoglu, Y. Yardim et al.

Table 1
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Analytical parameters for the determination of favipiravir in BR buffer, pH 8.0 + 6 x 10~% M CTAB using by SW-AdSV.

Analytical parameter 1st linear segment

2nd linear segment

Linear working range
Linear regression equation

(n=5)
Correlation coefficient (r) 0.997
LOD 0.0028 pg mL~! (1.8 x 108 M)
LOQ 0.0093 pg mL~! (5.9 x 10°8 M)

intra-day precision/RSD%
inter-day precision/RSD%

4.6 (peak current)
5.7 (peak current)

0.01-0.1 pyg mL™" (6.4 x 107864 x 1077 M)
ip (LA) = (14.760 + 0.305) C (ug mL™") + (0.598 + 0.053)

0.1-20.0 pg mL ! (64 x 1077-1.3 x 1074 M)

ip (LA) = (0.912 + 0.006) C (pg mL™") + (2.317 + 0.004)
(n=10)

0.999

0.023 pg mL~" (1.5 x 1077 M)

0.076 pg mL~! (4.9 x 1077 M)

7.3 (peak current)

8.8 (peak current)

3.2.2. Effect of interfering compounds

Before analyzing real samples, the effect of some possible
interfering compounds, usually present in the pharmaceutical
tablets and/or human urine, was investigated for 6.5 x 1076 M
(~1.0 pg mL™") favipiravir at the concentration ratios of 1:1, 1:10,
and 1:50 (analyte:interfering compound) under the optimum
experimental conditions. The maximum concentration of the
selected interfering compounds, which caused an approximately
+5% relative error for the oxidation peak current of favipiravir was
considered as the tolerance limit.

It was found that 50-fold excess of several excipients commonly
co-formulated in tablet samples such as some metal ions (K™, Na™,
Zn?*, Mg+, Ca®*, cu®*, AP, Fe3*, Ti*t), some small biomolecules
(lactose, sucrose, fructose, glucose), and some agents (microcrys-
talline cellulose, starch) did not show any interfering effects on the
determination of favipiravir. Although in case of some polyvalent
cations, a precipitation may be observed in solutions at around pH
8.0, these ions are not or less extracted from methanol in real
sample analysis. Nevertheless, its detection in the presence of
povidone (polyvinylpyrrolidone) and polyethylene glycol at a
concentration ratio of 1:50 was somewhat complicated, which can
be explained by the polymeric film formation on the surface of the
BDD electrode. However, the interferences of these excipients are
not expected since their contents in tablets are much lower than
that here investigated.

In order to show the possibility of monitoring this compound in
biological samples such as urine with more complicated matrix
compared to pharmaceutical dosage forms, the interferences of the
common urinary interfering compounds, uric acid, ascorbic acid
and dopamine were also examined. Their oxidation signals
appeared at less positive potentials than favipiravir. The obtained
results revealed that there was no remarkable effect on favipiravir
signal even their 50-times higher concentration levels (Fig. S2 in
the Supplementary Material file).

As a result, it can be concluded that the developed strategy
presents sufficient selectivity and offers possibility for applying to
the pharmaceutical formulations and biological matrices.

3.2.3. Real sample analysis

Based on obtained results, in the final step, the applicability of
the CPT-BDD electrode in cooperation with the cationic surfactant,
CTAB was tested for the determination of favipiravir in commer-
cially available tablet forms and spiked human urine samples. The
samples were prepared as described in Section 2.5. It should be
noted at this point that these experiments were performed using
linear concentration range with the second linear segment for
tablet formulation, and with the first linear segment for urine
samples.

The analysis of the tablet samples was carried out exploiting the
calibration curve method from the related regression equation. The
mean value of favipiravir was found as 0.475 pg mL~! in the mea-
surement cell. Taking into account the successive dilution of the

sample, the favipiravir content was calculated to be 190.0 mg (RSD
of 3.82%) approaching the label value of 200 mg declared by the
manufacturer.

In order to testify the interference effect of filling materials
present in the analyzed tablets, recovery studies were carried out
by adding the standard favipiravir solutions (final concentrations of
0.1-1.0 pg mL™") to 10 mL of the earlier analyzed tablet sample
solution in electrochemical cell (Fig. S3 in the Supplementary Ma-
terial file). The recovery of the drug was calculated by comparing
the concentration obtained from the spiked mixtures with those of
the pure drug. According to Table 2, satisfactory recovery values
manifested the fact that the proposed protocol did not suffer from
any considerable matrix effect.

The results obtained by the proposed voltammetric procedure
for commercial tablet formulations were also compared to those
obtained by a simple UV spectrophotometric method which was
developed in the present study. The representative absorption
spectrum of favipiravir prepared in methanol is presented in Fig. S4
(Supplementary Material file). The calibration studies were per-
formed in the favipiravir concentration range of 1.0—25.0 pg mL™!
(64 x 107%-1.6 x 10~ M) The measurements were recorded at
320 nm. The results showed that the linearity range of calibration
plot obtained by the proposed voltammetric method could be
expanded to about 100 times lower concentration than that ob-
tained by UV spectrophotometric method. The regression equation
of the calibration graph was computed to be [A = (0.063 + 7 x 107°)
C(pg mL™) 4 (0.044 + 8 x 107°) (r = 0.999, n = 7)]; where A is the
absorbance value of favipiravir, and C the favipiravir concentration.
The average value of favipiravir content was calculated to be
185.3 mg per tablet (RSD of 1.2%) after three replicate measure-
ments. By evaluation of the findings, it may be concluded that both
methods give similar results for favipiravir content. Besides, to
check the validity, the Student’s t-test was applied to these results
obtained by both proposed and comparison method. At the confi-
dence interval for 95% probability, the calculated (experimental) t
value (2.29) was less than the tabulated (theoretical) one (2.78, for
o = 0.05), indicating insignificant differences between the values
obtained using two methods and the true (labeled) values. These
results show that the herein-proposed method can be used easily
and conveniently for routine quality control purposes. Both

Table 2
The analysis of the pharmaceutical tablets (Favimol®) fortified with favipiravir
standard solutions using the proposed voltammetric method.

Added? Expected® Found®" Recovery (%) + RSD
(ngmL™") (ngmL™") (ugmL™") (%)

0 — 0.475 0+39

0.1 0.575 0.568 93.1+3.9

0.5 0.975 0.957 964 + 3.6

1.0 1.475 1.460 985+34

2 Concentration in the measured solution.
b Average of three replicate measurements.
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Fig. 7. SW stripping voltammograms of model human urine sample from volunteer
(diluted with BR buffer at pH 8.0 containing 6 x 104 M CTAB in the ratio of 1:20, v/v):
(dashed line) in the absence of favipiravir, (a) in the presence of 0.05 pg mL~! favi-
piravir, (b—e) after standard additions to obtain final concentration levels of 0.025,
0.050, 0.075, 0.100 pg mL~! favipiravir. Inset depicts the result of analysis by standard
addition method. The other operating conditions as indicated in Fig. 5.

Table 3
Measurement results for addition and recovery of favipiravir from urine sample
using the proposed voltammetric method.

Added (pg mL™1) Found® (pg mL™") Recovery® (%) + RSD (%)

Not detected
0.048

0.050 96.0 + 3.83

¢ Calculated by the use of standard addition method. Values reported are the
average of three independent analysis of the same sample.
b Calculated as: (determined concentration/expected concentration) x 100.

methods do not require complicated sample preparation, but for
the UV spectrophotometric studies in commercial tablet formula-
tions, a filtration was necessary.

The ability of the proposed method for the analysis of more
complex matrices was also verified via the determination of favi-
piravir in spiked human urine samples without any complex
treatment or separation. As an illustrative example of analysis of
model human urine sample, Fig. 7 illustrates the SW stripping
voltammograms with the graphical evaluation of multiple standard
addition method. The related results are presented in Table 3. In the
absence of favipiravir, there were no detectable peaks in the
working potential range where its peak appeared. However, a broad
peak at about +0.65 V was recorded, which might be probably due
to the oxidation of common urinary compounds such as uric acid
(see Fig. S2). This peak did not prevent the detection of favipiravir
as it differs very well from that of analyte. In the presence of favi-
piravir, the distinct peak occurring at about +1.22 V could be
attributed to its oxidation since its current increased proportionally
after each addition of the stock favipiravir solutions. As can be seen
in Table 3, satisfactory recovery and RSD values indicate the po-
tential applicability of the developed approach for analysis of these
types of matrices.

Bearing the major urinary hydroxylated metabolite T-705M1 of
favipiravir in mind (as explained above), the determination of this
metabolite is necessary for closer examination and clarification of
the analysis of human urine samples.
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4. Conclusions

As mentioned in Introduction, this study is the first attempt
describing the electrochemical investigation of favipiravir that is
used as an antiviral option in the treatment of COVID-19. Taking
advantage of a distinct enhancement effect of the cationic surfac-
tant, CTAB on the electrochemical responses of favipiravir at the
hydrophobic surface of CPT-BDD electrode, this electrode in com-
bination with SW-AdSV could be used to develop a voltammetric
method for favipiravir determination. The proposed approach was
applicable directly to the routine quality control of commercial
tablet formulations and to the analysis of model urine samples,
without any use of sophisticated sample preparation, or relatively
expensive apparatus.

Bearing in mind that the no data on the electrochemical
investigation of favipiravir are still available, the promising exper-
imental findings reported here could serve as a good reference
point for future electrochemical studies focusing on the use of
different electrode materials and modifying agents.
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