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Abstract

A novel and sensitive voltammetric nanosensor was developed for the first time for trace level monitoring of favip-
iravir based on gold/silver core—shell nanoparticles (Au@Ag CSNPs) with conductive polymer poly (3,4-ethylene
dioxythiophene) polystyrene sulfonate (PEDOT:PSS) and functionalized multi carbon nanotubes (F-MWCNTs)
on a glassy carbon electrode (GCE). The formation of Au@Ag CSNPs/PEDOT:PSS/F-MWCNT composite was
confirmed by various analytical techniques, including X-ray diffraction (XRD), ultraviolet—visible spectroscopy
(UV-Vis), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), and field-
emission scanning electron microscopy (SEM). Under the optimized conditions and at a typical working potential
of +1.23 V (vs. Ag/AgCl), the Au@Ag CSNPs/PEDOT:PSS/F-MWCNT/GCE revealed linear quantitative ranges
from 0.005 to 0.009 and 0.009 to 1.95 uM with a limit of detection 0.46 nM (S/N = 3) with acceptable relative
standard deviations (1.1-4.9 %) for pharmaceutical formulations, urine, and human plasma samples without apply-
ing any sample pretreatment (1.12-4.93%). The interference effect of antiviral drugs, biological compounds,
and amino acids was negligible, and the sensing system demonstrated outstanding reproducibility, repeatability,
stability, and reusability. The findings revealed that this assay strategy has promising applications in diagnosing
FAV in clinical samples, which could be attributed to the large surface area on active sites and high conductivity
of bimetallic nanocomposite.
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Introduction

The pathogen responsible for coronavirus disease 2019
(COVID-19), severe acute respiratory syndrome coronavirus

<4 Mohammad Mehmandoust 2 (SARS-CoV-2), has caused unprecedented global morbid-
mehmandoust@ankara.edu. tr ity and mortality [1-3]. Most COVID-19 patients have mild
D41 Nevin Erk to moderate symptoms, but about 15% experience severe
erk @pharmacy.ankara.edu.tr pneumonia, and about 5% have severe respiratory distress
) syndrome (ARDS), septic shock, and multiple organ failure

Department of Analytical Chemistry, Faculty of Pharmacy, . . .
Ankara University, 06560 Ankara, Turkey [4-6], which causes an enduring threat to the respiratory sys-

tem. COVID-19 conduced such devastating destruction that
the World Health Organization (WHO) explained it as a pan-
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Gaziosmanpasa University, Tt-60250 Tokat, Turkey by the food and drug administration (FDA). Favipiravir
4 Research Institute, Center for Environment and Water, King (Fig. 1) [8] is widely used as an anti-influenza drug [9] and
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. ! is effective against several viruses. Recently, there have been
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Fig. 1 Chemical structure of (0]
favipiravir
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widespread reports of favipiravir to show activity against
SARS-CoV-2 [10-13], and in patients with acute conditions,
this drug is appropriately used globally. FAV prevents viral
replication by selectively inhibiting the RNA polymerase of
RNA viruses. It also shows antiviral activity against alpha-,
filo-, bunya-, arena-, flavi-, and noroviruses [14, 15]. In addi-
tion, there may be a relationship between FAV concentra-
tion and clinical response. On the other hand, low plasma
FAV concentrations may suggest an inefficient prescription
medicine since the levels may be inadequate due to a signifi-
cant molecular reaction or total cytotoxic response. It also
significantly reduces white blood cells. Based on the above
results, monitoring the FAV levels in real biological samples
has significant importance with a cheap and effective method
in clinical diagnostic laboratories.

To date, several analytical methods have been reported
for the determination of FAV in biological or pharmaceu-
tical samples, including high-performance liquid chroma-
tography (HPLC) [16], liquid chromatography-tandem
mass spectrometry (LC-MS/MS) [17], and spectrofluori-
metric method [18], and have been utilized. Among the
most widely used instrumental techniques, electrochemical
sensors offer an appropriate approach with high catalytic,
portability, inexpensive, high chemical stability, and high
sensitivity [19-26]. Therefore, electrochemical sensors are
widely used to determine trace amounts of drugs and other
analytes in pharmaceutical, biological, and environmental
samples [27, 28]. One of the most critical steps in an elec-
trochemical sensor is using appropriate materials to improve
the performance of the electrode because the bare electrode
has a wide range of drawbacks. Thanks to the advances in
nanotechnology, multifunctional nanocomposites have been
widely employed in wide range of areas [29-34]. Conductive
polymers are the type of material with attractive properties
used for electrochemical sensors [35]. PEDOT:PSS is an
effective organic-electronic material with unique character-
istics (such as suitable oxidation potential and bandgap) that
can be utilized in various fields, including electrochemical
sensors, electrically conducting coatings, and thermoelectric
materials [36] because of its mechanical flexibility, appro-
priate thermal stability, processability, high transparency,
excellent electrical conductivity, low price, excellent envi-
ronmental stability, accessible process able properties, and
optical transparency [37—40]. The carbon nanotubes (CNTs)
studied so far have shown many beneficial properties that
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make them attractive for use in sensors and biosensors; the
most notable property of these materials is to promote elec-
tron transfer reactions [41]. Multi-walled carbon nanotubes
have unique mechanical and electronic properties, such as
chemical and thermal stability, thermal, and remarkable
conductivity. Bimetallic nanoparticles such as Au@Ag can
exhibit core—shell structural morphology [42]. The metal
nanoparticles (NPs) can be utilized in the host conductive
polymer matrix, such as PEDOT:PSS, through the electro-
chemical method. Using this method, novel properties of the
materials are attained, showing synergistic characteristics in
terms of their physical and chemical properties [43].

Among the nanomaterials used as a surface modifier in
the structure of electrochemical sensors, silver nanoparticles
(AgNPs) have attracted attention due to their low toxicity,
bio-compatibility, and sustainable electrocatalytic activity
[44, 45]. Au nanoparticles are also specially used for sur-
face modification [46, 47]. Besides, the nano-sized AulNPs
can increase electrode conductivity, electron transfer, and
analytical sensitivity [48]. Gold and silver nanoparticles
are frequently used for shell or core materials because of
more activity [49-53]. PEDOT:PSS with a higher energy
band gap can stabilize the bimetallic core—shell Au@Ag.
The electrons and the holes are enclosed within the area
of nanocomposite since both conduction band and valence
band are found within the shell’s energy gap only. The
unique structure of functionalized MWCNT increased the
specific surface area. The PEDOT:PSS improved the con-
ductivity and enhanced the active sites for the combination
and immobilization of Au@Ag CSNPs, which caused good
catalytic activity towards the electrochemical oxidation of
favipiravir. Electrochemical methods can investigate chemi-
cal reactions between the electrode and substances by react-
ing the electron of importance with the developed surface
that produces proportional signals relative to concentrations
in the solution.

In this work, Au@Ag CSNPs/PEDOT:PSS/F-MWC-
NTs were synthesized by hydrogen bonding with PSS
and n-7 interaction with PEDOT (Schemel) (these bonds
improve the tensile strength and electrical conductiv-
ity) to fabricate the outstanding electrochemical sensor.
Au@Ag CS NPs/PEDOT:PSS/F-MWCNT/GCE confirms
that notably developed performance to determine trace
amount of FAV in real samples, including, human plasma,
urine, and tablets, also has satisfactory simplicity and
cost-effectiveness. Its sensing and synthesis procedure
are systematically exhibited in Scheme 2. The synergic
effect of F-MWCNTs, PEDOT:PSS, and metal oxides
have remarkably increased the electrocatalytic activ-
ity towards the FAV and consequently allowed us to
reach its detection limit up to 0.46 nM. Au@Ag CSNPs/
PEDOT:PSS/F-MWCNT/GCE exhibited a promising
analytical performance in the wide linear concentration
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Scheme 1 The chemical
structure of Au@Ag CSNPs/
PEDOT:PSS/F-MWCNT and
its bonds

ranges of 0.005-0.009 and 0.009-2.0 uM towards the
FAYV under optimized experimental conditions. The devel-
oped electrochemical sensing platform was successfully
utilized to determine FAV in human plasma, urine, and
tablet samples with satisfactory recovery.

Experimentals

Reagents and materials

Details about reagents and apparatus are described in the
Electronic Supporting Material (ESM).

Apparatus

The electrochemical techniques such as differential pulse
voltammetry (DPV), cyclic voltammetry (CV), and chron-
oamperometry (CA) were conducted using Metrohm-
Autolab potentiostat/galvanostat system (PGSTAT128N,
Netherlands) with a three-electrode system including

working electrode: GCE, reference electrode; Ag/AgCl
(BAS, 3 M KCl) and counter electrode; platinum wire.
Electrochemical impedance spectroscopy (EIS) was per-
formed under the frequency, 0.1 Hz to 100 kHz by an
IVIUM Compactstat (Eindhoven, Netherlands) device.
UV-Vis was recorded using a double beam spectropho-
tometer (Shimadzu-Japan) model UV-1800 and quartz
cells (Hellma-Germany). SEM and EDX were observed
micrographs of the materials by ZEISS Gemini SEM
560 at 3.00 kV. The X-ray diffraction (XRD) pattern
was recorded by Rigaku smart laboratory diffractometer
(operated at 40 kV and 20 mA). TEM images were per-
formed using an FEI Tecnai G2 Spirit microscope (Ore-
gon, USA) at 120 kV.

Preparation of functionalized MWCNTs and gold
colloids

F-MWCNTSs and Au colloids were synthesized according to

the previously reported procedure [54, 55]. ESM details the
synthesis process of F-MWCNTs and Au colloids.

@ Springer
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Scheme 2 The synthesis
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Synthesis and mechanism of the Au@Ag CSNPs

In 10 ml of the prepared gold colloidal solution, a certain
amount of AgNO;(10.0 mM) was added dropwise. After
30 min of incubation, the solution was heated to 80 °C in a
water bath. After about 45 min, the pink color of the solu-
tion changed to reddish yellow, showing the formation of a
silver shell on the gold particles [56]. The synthesized Au@
Ag core—shell nanoparticles were frequently washed with DI
water to detach unreacted chemicals through centrifugation
and were redispersed in 5 ml of deionized water. The mech-
anism of core—shell structured Au@Ag CSNPs formation
is shown in Scheme 3. Au’ atom sacrificed its electrons to
reduce Ag* ions, produce one Ag’ atom, and turn into Au>*
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Scheme 3 Au@Ag CSNPs synthesis reaction mechanism
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ions. This mechanism is repeated as long as Au* ions are
permeating and electrons are exchanged, resulting in form-
ing a uniform Ag coating on the surface of Au NPs.

Preparation of the Au@Ag CSNPs/PEDOT:PSS/
F-MWCNTs

The Au@Ag/PEDOT:PSS aqueous dispersion was synthe-
sized by dispersing Au@Ag CSNPs and PEDOT:PSS in
5.0 ml of deionized water under vigorous stirring for 1 h.
Finally, 15% F-MWCNTs (optimized) were dispersed in the
85% Au@Ag CSNPs/PEDOT:PSS solution by sonication for
10 h to obtain a homogeneous solution at room temperature
[57].

Preparation of Au@Ag CSNPs/PEDOT:PSS/
F-MWCNTs/GCE electrode

For electroanalytical applications, a GCE was used as work-
ing electrodes. For the first 5 min, the electrode surfaces
were polished with 0.3 mm alumina slurries. The alumina
residues were then washed in a mixture of ethanol and water
(1:1, v/v) solution and were dried at 25 °C for 1 h under
argon gas. Then, 0.75 mg of Au@Ag CSNPs/PEDOT:PSS/
MWCNTs was dispersed in 1.0 ml DI water and sonicating
for 30 min. It was then modified by dropping 7.0 uL of Au@
Ag CSNPs/PEDOT:PSS/F-MWCNTs onto the clean elec-
trode surface and allowing the modified electrode to dry at
room temperature (25 °C). The electrode surface was washed
with deionized water to remove the unattached nanocompos-
ite from the electrode surface. All glassware was cleaned by
immersing it in 1.0 mol L~! hydrochloric acid and 1.0 mol
L~ nitric acid for 15 min and then rinsing it with deionized
water. After that, the glassware was dried in a 60 °C oven
[58].

Preparation real samples

Five Favimol® tablets (labeled 200 mg per tablet) were
completely ground and homogenized. Then, 200 mg of the
powders was accurately weighed and diluted with 100 ml
of water. Then, the sample solution was filtered via a PTFE
syringe filter (0.45 pM) and diluted with a buffer to obtain
a certain concentration of FAV. The human blood plasma
samples were spiked with a certain amount of FAV and
1.0 ml acetonitrile as a precipitating agent. Then, the solu-
tion was transferred to centrifugation tubes and made up
to the volume with B-R buffer (pH 4.0). The precipitated
proteins were separated by centrifugation for 15.0 min at
8000 rpm. The urine samples were filtered thoroughly using
PTFE syringe filter (0.45 pm) membrane filters for the urine
sample preparation. A certain amount of FAV solution was
added to the urine solution to prepare FAV-spiked urine
samples. Finally, the standard addition method was applied
to determine FAV in real samples.

Result and discussion
Choice of materials

At present, the bimetallic nanoparticles attract high attrac-
tion among the researchers due to their excellent electronic
conductivity and good electrochemical performances.
Recently, the researchers have been using other materials
to increase the active sites of metal nanoparticles in a com-
posite on the electrode surface which can boost its activity.
Significantly, the sensors based on the conductive polymer
sensing materials have shown a promising application in the
electrochemical approach. To obtain a highly sensitive and
selective sensor, three materials, including Au@Ag CSNPs,
PEDOT:PSS, and F-MWCNTs, were selected to modify

Fig.2 A UV-Vis absorption
spectra of PEDOT:PSS (black A
line) and Au@Ag CSNPs
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GCE. Au@Ag CSNPs were chosen due to their excellent
electrical conductivity. In addition, F-MWCNTs, because
of having active groups on their surface, was utilized to
improve the sensitivity of the sensor from the enhancement
of electron transfer and the enrichment of FAV towards the
electrode surface. Therefore, we chose to design a sensitive
platform based on the bimetallic composite to determine the
FAV by an oxidation mechanism that occurs on the electrode
surface.

Characterization of Au@Ag CSNPs/PEDOT:PSS/
F-MWCNTs

The UV-Visible absorption spectrum of PEDOT:PSS and
Au@Ag/PEDOT:PSS is shown in Fig. 2A and was utilized to
observe the properties of Au@Ag CSNPs. The PEDOT:PSS
showed no adsorption at 300 to 100 wavelengths (black line)
[59]. The peak of the Ag@Au CSNPs (red line) is shifted
mainly to the near-infrared region (815 nm) [60]. This signif-
icant shift is due to the considerable variation in the collec-
tive oscillations of the surface free electrons after Ag-shell
formation and the presence of polaron and bipolaron charge

carriers, and the oxidation state of the conductive polymer
PEDOT [61]. Ag NPs on the surface of Au NPs were dem-
onstrated by the extension of the characteristic absorption
peak, which confirms the production of Au@ Ag bimetallic
nanoparticles.

Figure 2B exhibits the XRD pattern of the Au@Ag
CSNPs/PEDOT:PSS/F-MWCNTs and F-MWCNTs. XRD
pattern of F-MWCNTs is demonstrated in Fig. 2B. Typi-
cal (002) and (100) peaks of F-MWCNT were attained at
20=26.2° and 43.4°, respectively [62]. Figure 2B shows an
XRD image of Au@Ag CSNPs/PEDOT:PSS/F-MWCNTs.
Due to similar lattice constants of Au and Ag (4.078 and
4.086 A, respectively), it is a little difficult to distinguish
them [63]. The pristine PEDOT:PSS has no sharp peak, indi-
cating the many amorphous existences of the PEDOT:PSS
[64]. Seven additional diffraction peaks can be readily
detected in the XRD image of Au@Ag CSNPs/PEDOT:PSS/
F-MWCNT nanocomposites at 26.2°, 38.2°, 44.3°, 46.2°,
65.5°,77.2°, and 86.1°, respectively. The crystal planes of C
(002) Au (111), Au (200), Au (200), Ag (220), Au (311), and
Ag (222) are in strong agreement with the seven diffraction
peaks. The peak of F-MWCNTs at 43.4° was not found to

Fig.3 SEM images of Au@Ag CSNPs/PEDOT:PSS/F-MWCNT (A) and TEM images of F-MWCNT (B), Au@Ag CSNPs (C, D), and Au@Ag

CSNPs/PEDOT:PSS/FMWCNT (E, F)

@ Springer
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be probably due to the n-x interaction between F-MWCNTs
and the thiophene rings PEDOT:PSS.

SEM’s surface morphologies of the Au@Ag CSNPs/
PEDOT:PSS/F-MWCNTs and F-MWCNTs were observed.
As observed in Fig. S1A, the F-MWCNTs exhibited a
stable, smooth, and homogeneous structure. The SEM of
PEDOT:PSS/MWCNTs was also observed which shows
that the MWCNTs have been covered by PEDOT:PSS
(Fig. S1B).

SEM image of the Au@Ag CSNPs/PEDOT:PSS/
MWCNTs revealed nanoparticles of core—shell Au@Ag
(Fig. 3A). Au@Ag CSNPs were homogeneously distrib-
uted on the surface of the PEDOT:PSS and MWCNTs.
The effective increase of surface area due to the Au@Ag
CSNPs could be effective. The SEM micrograph exhib-
its that F-MWCNTs are uniformly dispersed through-
out the polymer of PEDOT:PSS. Moreover, the EDX
analysis of MWCNT (Fig. S1C) and Au@Ag CSNPs/
PEDOT:PSS/F-MWCNTs (Fig. S1D) beads indicated the
presence of C and O with 24.27 and 64.78 wt%, respec-
tively, for F-MWCNT and Ag, Au, O, and C with 15.24,
4.69, 30.29, and 34.31 wt%, respectively, for Au@Ag/
PEDOT:PSS/F-MWCNTs.

As shown in Fig. 3B, TEM of functionalized MWCNT
indicated the pure formation of CNT with the size of
14.12 nm without any amorphous carbon. TEM image of
F-MWCNT exhibited no effect on its surface morphol-
ogy. Therefore, F-MWCNT could be used to synthesize
nanocomposite. Figure 3C, D clearly shows Au and Ag

il

1.1 1.2 1.3 1.4

E/V

Fig.4 DPV of Au@Ag CSNPs/PEDOT:PSS/F-MWCNT/GCE
in blank (a); bare GCE (b), PEDOT:PSS/GCE (c); Au@Ag/GCE
(d); F-MWCNTs/GCE (e); and Au@Ag CSNPs/PEDOT:PSS/F-
MWCNT/GCE (f) in the presence of 1.0 uM FAV at pH 4.0, insert,
current density diagrams obtained from differential pulse voltammo-
grams data

-
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core—shell structure for Au@Ag CSNPs. Figure 3E, F
exhibits TEM of Au@Ag/PEDOT:PSS/F-MWCNT could
be seen that MWCNT was coated with a polymer of
PEDOT:PSS. It also revealed that Au NPs (core) coated
with Ag NPs (shell). The PEDOT:PSS size was about
14.2 nm, and the size of Au@Ag CSNPs was estimated
to be 15.2 nm.

Electrochemical behavior of Au@Ag CSNPs/
PEDOT:PSS/F-MWCNTs/GCE

The electrocatalytic oxidation of FAV was analyzed by
differential pulse voltammetry (DPV). Figure 4 shows the
well-defined oxidation peaks of the bare, and modified
electrode in 0.1 M B-R buffer (pH 4.0) in the presence of
1.0 uM FAV. The oxidation peak currents of blank solu-
tion (a), bare electrode (b), PEDOT:PSS/GCE (¢), Au@
Ag/GCE (d), FFMWCNTs/GCE (e), and Au@Ag CSNPs/
PEDOT:PSS/F-MWCNTs/GCE (f) are 0.0, 0.21, 0.79,
0.70, 1.38, and 3.12 pA, respectively. Furthermore, the
corresponding voltametric curves represented by DPV
demonstrated that the modification of GCE surfaces by
bimetallic-based composites remarkably enhanced the
sensitivity towards the FAV with a good electrocatalytic
activity (i.e., from 1317 to 1295 mV) compared to that of
bare GCE due to their large surface areas. These observa-
tions clearly suggest a synergistic effect of the combina-
tion of the Au@Ag CSNPs, PEDOT:PSS, and F-MWCNT
hybrids in the electrode composition. These results con-
firmed that Au@Ag CSNPs/PEDOT:PSS/F-MWCNTs/
GCE has the highest electrocatalytic activity towards the
oxidation of FAV for the further electrochemical analysis
of FAV. The excellent electrocatalytic behavior of Au@
Ag CSNPs/PEDOT:PSS/F-MWCNTs might be due to the
rapid electrode transfer rate on the modified electrode sur-
face. Furthermore, the Randles—Sevcik equation (Eq. 1)
was used to calculate the electrode active surface area of
the sensing electrode [65] using 5.0 mM [K4(CN)]>~~*
and 0.1 M KCI. Based on the slope of the plot (Fig. S2) I,
vs. U Y2, the active electrode area was obtained using the
following equation:

L, = (2.69 X 10°)n3AD?v3 C, (1

A represents the electrode area in cm?, D, shows the dif-
fusion coefficient(cm?/s), n is numbers of electrode (n=1),
v exhibits potential scan rate(V/s), and C is concentration
(mol/cm3). Therefore, the electrode active area of Au@
Ag CSNPs/PEDOT:PSS/F-MWCNTs/GCE, F-MWCNTs/
GCE, PEDOT:PSS/GCE, and bare electrode were found to
be 0.45, 0.32, 0.19, and 0.054 cm?, respectively, indicat-
ing that Au@Ag CSNPs/PEDOT:PSS/F-MWCNTs/GCE

@ Springer
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PEDOT:PSS/F-MWCNT/GCE (d) in the presence of 5.0 mM [K3(CN)]63‘/ -4 containing 0.1 M KC1

has promising surface area towards the oxidation of FAV.
Therefore, substantiating the incorporation of Au@Ag
CSNP and F-MWCNTs with PEDOT:PSS increased the
effective surface area of the working electrode by about
eightfold.

The electrochemical performance of the developed
electrochemical sensor was also studied by determining
the electron transfer rate using [K3(CN)]¢*~'~* solution
as a redox probe molecule in 0.1 M KCI. For this pur-
pose, the peak-to-peak separation (AEp) value between
anodic and cathodic signals, which is an essential indica-
tor for electron transfer rate, was determined at the sur-
face of bare GCE, PEDOT:PSS/GCE, and F-MWCNT/
GCE Au@Ag CSNPs/PEDOT:PSS/F-MWCNTs/GCE
with a scan rate of 50.0 mV s~!. As seen in Fig. 5A, AEp
value of Au@Ag CSNPs/PEDOT:PSS/F-MWCNTs/
GCE (AEp=280 mV) was found to be lower than that of
the bare GCE (AEp =480 mV), exhibiting the presence
of faster electron transfer. In addition, an improvement
obtained at both anodic and cathodic signals has clearly
revealed the strong electrocatalytic activity of Au@Ag
CSNPs/PEDOT:PSS/F-MWCNTs/GCE. Moreover, EIS
was utilized to analyze the electrochemical properties of
the transformed polymeric matrix at each phase of the
modification process to identify a polymeric nanocom-
posite with higher conductivity [66]. The Randles equiv-
alent circuit (Rct) for bare electrode, PEDOT:PSS/GCE,
F-MWCNT/GCE, and Au@Ag CSNPs/PEDOT:PSS/
MWCNTSs/GCE were observed to be 2554.1 Q, 2310.4 Q,
1849.8 Q, and 1209.54 Q, respectively (Fig. 5B). These
results showed that the presence of bimetallic nanopar-
ticles could facilitate the electron transfer between the

@ Springer
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Fig.6 (A) DPV of 2.0 uM favipiravir at the surface of Au@Ag
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Epa’s plot against pH for electro-oxidation of 2.0 uM favipiravir

analyte and electrode Au@Ag CSNPs/PEDOT:PSS/MWC-
NTs/GCE, indicating the synergistic effects of MWCNTs,
PEDOT:PSS, and Au@Ag CSNPs in advanced nanocom-
posite using the decrease of the Rct value and increase the
electron transfer rate.

Optimization of developed electrode
The following parameters were optimized (Fig. S3): (A)

various supporting electrolytes; (B) concentration of com-
posite; (C) amount of composite. Respective text and figures
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on optimizations are given in the ESM. In short, the fol-
lowing experimental conditions were found to provide the
best results: (A) best-supporting electrolyte, B-R buffer; (B)
concentration of composite, 0.75 mg/ml; (C) the amount of
composite, 7.0 pl.

Investigation of pH is a critical method of electrochemical
behavior. Therefore, the electrochemical behavior of FAV
was applied with DPV in 2.0 uM FAV in the presence of
0.1 M B-R buffer with a various pH range from 2.0 to 9.0
(Fig. 6A). The peak current enhanced with increasing pH
from 2.0 to 4.0, but the current decreased at pHs above 4.0
due to FAV being a protic aromatic molecule and has O-H
group, and the aromatic ring could be a source of protons
(H"). Whereas pH >4 hydroxyl ions are enhanced, and the
adsorption of FAV might be decreased on the electrode sur-
face, the oxidation current dropped at pH > 4. Therefore, to
achieve high sensitivity, pH=4.0 was selected to detect FAV.
The plot of peak potential against pH as shown in Fig. 6B
and the slope value attained 30.0 mV/pH, which is approxi-
mately half the theoretical value(59.0 mV/pH), and the ratio
of proton to electron was observed to be 1:2.

Dynamic behavior of FAV oxidation was observed by
CVs on the developed sensor (Au@Ag CSNPs/PEDOT:PSS/
MWCNTSs/GCE) at various scan rates (2.0-200.0 mV/s).
Figure 7A exhibits that the oxidation peak current increases

effectively with increasing scan rate. The plot in Fig. 7B
exhibits the linear relationship between oxidative peak cur-
rent and the square root of scan rate, and the equations could
be described as I ,(nA)=1.235 v~ 0.099 (R*=0.996). It
also indicates that the electrocatalytic oxidation of FAV on
the developed sensor is a typical diffusion-controlled pro-
cess [67]. Also, the plot of the logarithm of the oxidation
peak current (log Ipa) vs. the logarithm of the scan rate
(log v) was found to be linear with the following regres-
sion equation: log Ipa(uA)=0.526 log v (mV s~ ')+ 0.04
(R*=0.993), indicating a diffusion-controlled electrode
reaction (Fig. 7C). It is also observed that oxidation peak
potential (Epa) of FAV shifted towards the positive direc-
tion with the increase of the scan rate, which suggests the
expected result for an irreversible electrode reaction [68].
The number of electrons transferred in the oxidation step of
FAV can be calculated by Laviron’s equation from the slope
of Epa vs. natural logarithm of scan rate (In v) plot (Fig. 7D).
The relationship between Epa vs. In v was expressed as fol-
lows: Epa(V)=0.0151n v+1.244 (R*=0.994). The number
of electrons in the electro-oxidation of FAV is calculated
to be ~2, demonstrating that the oxidation reaction of FAV
at Au@Ag CSNPs/PEDOT:PSS/F-MWCNTSs/GCE has
two electron transfer process. Therefore, from the results
obtained in scan rate and pH scan, which confirm each other
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Fig.8 (A) Chronoamperograms of Au@Ag CSNPs/PEDOT:PSS/F-
MWCNTs/GCE in the solution containing (a) 500.0 and (b)
600.0 pM favipiravir; (B) Cottrell plots obtained from chronoamper-
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Fig.9 (A) DPV of favipiravir with various concentrations of
FAV ranging from 0.005 to 2.0 uM obtained at Au@Ag CSNPs/
PEDOT:PSS/F-MWCNTs/GCE in pH 4.0 B-R at+1.23 V. (B) Inset:
the plot of anodic peak current vs. FAV concentration (n=3)
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GCE in B-R buffer (pH 4.0) with a scan rate of 100.0 mV/s in the
presence of 0.1 mM favipiravir

in the number of electrons transferred, reaffirm the mecha-
nism oxidation in Scheme 2, step4.

Moreover, according to the Nernst equation [69], the m/n
(proton number/electron number) ratio was obtained at 1:2.
It is expected that this corresponds to two electrons and one
proton involved during the oxidation of favipiravir, as shown
in Scheme 2, step 4.

Figure 8A exhibits a chronoamperometric investigation
of 500.0 and 600.0 pM FAYV recorded at an applied potential
1.25 V at a surface of Au@Ag CSNPs/PEDOT:PSS/MWC-
NTs/GCE. Then, the diffusion coefficient (D) of FAV was
calculated to be 8.54 x 10™* (molcm?®) using the Plot of I,
vs.t™1? (Fig. 8B) and Cottrell equation (Eq. 2).
[ =nFAC,Din7 17 @)

The bulk concentration (mol cm™) and diffusion coef-
ficient (cm?s™") are represented by C, and D, respectively.

Figure 8C exhibits the Tafel plot and its relative voltam-
mograms for electro-oxidation of 0.1 mM FAV at a scan rate
of 100 mV/s. Using the slop of Tafel plot (2.3RT/n(1 — a)F),

Table 1 Comparison of studies

‘ Method Modified Linear range (uM) LOD (uM) Ref
for FAV detection
SWV CPT-BDD 0.064-130 0.018 [70]
Swv MnO,-rGO/SPE 0.01-55 0.009 [71]
HPLC - 63.6-636.5 7.6 [16]
LC-MS/MS - 0.63-127.3 0.15 [72]
DPV Au@AgCSNPs/ 0.005-2 0.0046 Our work

PEDOT:PSS/F-MWCNTs/

GCE
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the value of electron transfer coefficient () was observed
~ (.75, which affirms that the activation free energy curve
for an irreversible electro-oxidation mechanism is not
symmetrical.

Limit of detection and quantification

Figure 9A exhibits the DPV responses of the Au@Ag
CSNPs/PEDOT:PSS/F-MWCNTs/GCE to FAV in the
concentrations ranges from 0.005 to 0.009 and 0.009
to 2.0 uM. The peak current enhanced significantly
with an increase in the concentration of FAV. The lin-
ear relationship of the peak current vs. concentrations
of FAV indicated I,,, =97.403 Cp,y-0.4052 (R*=0.9978)
and I, =3.3046 Cg,y +0.653 (R*=0.9976), at Au@Ag
CSNPs/PEDOT:PSS/F-MWCNTs immobilized GCE
(Fig. 9B). Because of kinetic limitations, the sensitiv-
ity (slope) of the second linear segment for FAV has
decreased. Therefore, the limit of detection (LOD) and
quantification (LOQ) were observed to be 0.46 and
1.51 nM, respectively. To the best of our knowledge, this
work is the first attempt to develop an electrochemical
sensor based on Au@Ag CSNPs/PEDOT:PSS/F-MWC-
NTs/GCE to determine FAV in human plasma, urine,
and tablet samples. Au@Ag CSNPs/PEDOT:PSS/F-
MWCNTs/GCE with enhanced electrocatalytic activity
and low detection ability could be used as an alternative
sensing platform for the efficient determination of FAV
in clinical applications.

In addition, Table 1 shows various methods between
Au@Ag CSNPs/PEDOT:PSS/F-MWCNTs/GCE and
other analysis methods. First of all, the developed sen-
sor in this study exhibits high selectivity and sensitiv-
ity (216.4 pA-pM~'-cm™2) to determine FAV com-
pared to other analysis methods. On the other hand,

Table 2 Influence of various interferents on the oxidation current and
potential of FAV (1.0 uM) at Au@Ag CSNPs/PEDOT:PSS/F-MWC-
NTs/GCE

Interferents Molar concentration ratio Oxidation
(FAYV, interferents) current change
(%)
Tenofovir 1:100 +3.21
Abacavir 1:100 —-2.74
Ribavirin 1:100 —3.49
Ritonavir 1:100 +2.98
Ascorbic acid 1:300 -2.37
Dopamine 1:300 +2.27
Glucose 1:300 —-0.89
Uric acid 1:300 +0.49
L-cysteine 1:300 -1.18
L-arginine 1:300 —1.67

when we examine the properties of repeatability,
reproducibility, stability, reusability, and selectivity,
the developed electrode in this study shows more suit-
able properties for FAV analysis. Such an improve-
ment in the sensor response to detecting FAV can be
attributed to the high affinity of the electrode to FAV
and the efficient combination of Au@Ag CSNPs and
PEDOT:PSS with F-MWCNTs on the electrode sur-
face, which improves the efficiency of FAV for its
electrochemical oxidation to show outstanding the
analytical signal.

Study of selectivity, reproducibility, repeatability,
selectivity, stability, and reusability

The selectivity, repeatability, reproducibility, stabil-
ity, and reusability of developed sensors are significant
parameters in electrochemical measurement. For investi-
gation of interferences effect on the voltametric determi-
nation of FAV at Au@Ag CSNPs/PEDOT:PSS/F-MWC-
NTs/GCE, the electrochemical behavior of the developed
sensor was performed simultaneously and individually at
1.0 pM of FAV in the presence of 100-fold of antiviral
drugs (tenofovir, abacavir, and ribavirin) and 300-fold of
biological compounds (ascorbic acid, glucose, dopamine,
and uric acid) and amino acids (l-cysteine and l-arginine)
as interfering materials in B-R buffer (pH 4.0) (Fig. S4,
Table 2). The generated current responses were not sig-
nificantly affected by interfering agents (the RSD was
below 4.0%, correlated with the tolerance limit defined
in the selectivity measurements). These results show that
the Au@Ag CSNPs/PEDOT:PSS/F-MWCNTs/GCE has
an outstanding selectivity to determine FAV in matrix
samples and also could be applied for the determina-
tion of FAV with several antiviral drugs such as tenofo-
vir and abacavir, simultaneously, without any destruc-
tive effect in potentials and currents. Moreover, in order
to evaluate the reproducibility of the Au@Ag CSNPs/
PEDOT:PSS/F-MWCNTs/GCE (Fig. S5A), the same
electrochemical procedure was examined to evaluate five
different responses manufactured electrodes in 0.1 M B-R
buffer pH 4.0. The relative standard deviation was 2.80%,
indicating a remarkable reproducibility of the Au@Ag
CSNPs/PEDOT:PSS/F-MWCNTs/GCE. The repeat-
ability and stability of Au@Ag CSNPs/PEDOT:PSS/F-
MWCNTSs/GCE were also investigated. The relative
standard deviation for six successive measurements of
FAV was determined at 3.42% (repeatability, Fig. S5B).
The electrode was kept in the laboratory at room tem-
perature, and the developed electrode exhibited 96% of
its initial response after 50 days. These results revealed
that Au@Ag CSNPs/PEDOT:PSS/F-MWCNTs/GCE also
has appropriate stability and repeatability and could be
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Table 3 Determination of FAV

. Samples Added (uM) Found (uM)? Recovery (%) RSD (%) HPLC
in real samples
Human plasma 0.04 0.39+0.01° 98.6 3.74 -
0.1 0.10+0.02 102.3 4.62 -
0.7 0.69+0.03 0.99 2.26 -
0.9 0.88+0.05 97.7 3.94 -
1.2 1.14+0.04 95.0 2.87 -
Urine 0.1 0.96+0.02 96.0 1.15 -
0.4 0.39+0.01 98.5 2.49 -
0.5 0.51+0.04 102.4 1.68 -
0.7 0.68+0.04 97.1 2.14 -
0.9 0.90+0.04 100.0 1.12 -
Tablet 0 0.19+0.05 - - 0.2+0.1
0.1 0.29+0.01 100.2 3.70 -
0.2 0.39+0.02 100 1.19 -
0.5 0.68+0.03 99.7 4.93 -
0.7 0.88+0.04 98.5 3.54 0.9+0.08
0.9 1.10+0.08 101.1 3.89 1.09+0.09
F-test 0.06
t-test 0.99

#Average of three replicate measurements

"Mean + standard deviation for n=3

utilized to determine FAV. Furthermore, the reusability
of Au@Ag CSNPs/PEDOT:PSS/F-MWCNTs/GCE was
observed. Au@Ag CSNPs/PEDOT:PSS/F-MWCNTs/
GCE is not a disposable sensor. It can be used at least 20
times by washing with 0.1 M B-R buffer (pH 4.0). Hence,
the reusability of the fabricated sensor surface is required
after the twentieth measurement. It was concluded that
the developed sensor could be utilized several times and
only needs water washing after each analysis.

Investigation of real samples (human plasma, urine,
and Tablet®)

In order to assess the reliability of the proposed elec-
trochemical sensor for the voltametric determination
of favipiravir in the real samples was conducted by
the standard addition method. As shown in Table 3,
the recovery rates and RSD of the Au@Ag CSNPs/
PEDOT:PSS/F-MWCNTs/GCE were observed. The
results in Table 3 revealed that the proposed electro-
chemical sensing platform has sufficient accuracy and
precision for FAV determination in real samples. More-
over, the analytical performance of Au@Ag CSNPs/
PEDOT:PSS/F-MWCNTs/GCE was compared to a vali-
dated HPLC using Student’s #-test and F-test as a refer-
ence method in the Tablet sample. The corresponding
values for HPLC demonstrated no significant difference
between the developed sensor and the analytical refer-
ence method for FAV measurement.

@ Springer

Conclusion

In the present study, a novel Au@Ag CSNPs/PEDOT:PSS/
F-MWCNT composite was synthesized and characterized
using XRD, SEM, TEM, UV-Vis, EIS, and EDX. Accord-
ing to the characterization studies, the obtained nanocom-
posite exhibited the core—shell structure of AuNPs (core)
and AgNPs (shell) well and also coated PEDOT:PSS around
CNTs. The novel electrode was tested on the GCE electrode
and demonstrated an outstanding sensitivity and selectiv-
ity to determine favipiravir in the real samples (Tablet®,
human plasma, and urine). The high sensing property has
corresponded to the increased surface area and the synergis-
tic effect between bimetallic core—shell nanoparticles and
trapped carbon structures by the conductive polymer. In
addition, the modified electrode was observed to be stable,
repeatable, reproducible, reusable, and selective. Finally, the
developed electrode exhibited high selectivity and sensitiv-
ity in real samples compared to other analytical methods.
Therefore, it is concluded that this novel electrode could be
utilized as a promising method to determine favipiravir in
real samples with satisfactory recovery.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-021-05107-2.
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