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Abstract

Electropolymerization of thionine (TH) on multiwalled carbon nanotube (MWCNT)—modified glassy carbon electrodes (GCE)
in ethaline deep eutectic solvent (DES) was carried out for the first time, to prepare poly(thionine) (PTH) films with different
nanostructured morphologies. PTH films were formed on MWCNT/GCE by potential cycling electropolymerization in ethaline
with the addition of different acid dopants CH;COOH, HCIO,4, HNOj3;, H,SO,4 and HCI, acetic acid being the best. The
electropolymerization process was monitored with an electrochemical quartz crystal microbalance. The polymerization scan rate
was a key factor affecting the electrochemical and morphological properties of the PTHga1ine-CH3;COOH/MWCNT/
GCE; electrodeposition at 200 mV s ' showing the best performance. The PTH/MWCNT/GCE platform was characterized
using cyclic and differential pulse voltammetry, electrochemical impedance spectroscopy and scanning electron microscopy. The
analytical characteristics of the PTH films were evaluated for sensing of ascorbic acid and biosensing of uric acid. The developed
sensor exhibited a low detection limit (1.1 uM), wide linear range (2.8-3010 uM) and high sensitivity (1134 pA cem 2mM ) for
ascorbic acid. After immobilization of uricase, UOx, on PTH/MWCNT/GCE, the biosensor was successfully applied to the
determination of uric acid, with fast response (< 7 s), good sensitivity (450 pA cm 2 mM !, wide linear range (0.48-279 uM) and
low detection limit (58.9 nM), better than in the literature and than with PTH prepared in aqueous solution. The determination of
uric acid in synthetic urine samples was successfully tested and the mean analytical recovery was 100.8 +1.4%. This is a
promising approach for the determination of uric acid in real samples.
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Introduction

Applications of electrochemical sensors and biosensors depend
on the sensing materials on the electrode surfaces and their nano-
structure, addressing important challenges such as fast response,
high sensitivity and selectivity with low detection limits and
enhancing electrocatalytic effects. Many new sensor platforms
are based on carbon electrodes coated with carbon nanomaterials,
often used to immobilize biomolecules, and have been used in
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healthcare, food and environmental applications due to important
properties such as low cost, high conductivity and fast electron
transfer rates [1, 2]. Such carbon nanomaterials are exemplified
by carbon nanotubes (CNT), graphene and carbon black [3, 4].
CNT have been widely explored for such purposes, due to their
electrical, chemical, mechanical and structural properties [5], as
well as promoting electron transfer reactions [6].

This work focuses on the development of a new sensor
platform based on glassy carbon electrodes (GCE) using func-
tionalized multiwall carbon nanotubes (MWCNT), and
electroactive polymers. The use of electroactive polymers to-
gether with MWCNT is advantageous because it combines the
electrical conductivity and mechanical strength of the
polymer-carbon nanomaterial matrices with enhanced analyt-
ical performance [5]. The general purpose is to explore the
uses of such sensor architectures and compare them with plat-
forms that use other nanomaterials such as metal or metal
oxide nanoparticles.
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The use of deep eutectic solvents (DES), green solvents
employed as an alternative to conventional solvents and ionic
liquids, in the synthesis of electroactive polymers has led to
polymers with higher electronic conductivity compared to
those obtained in aqueous media [7]. DES have important
advantages of low cost, low toxicity, biocompatibility, good
conductivity and chemical stability, and a wide electrochem-
ical window. They also have a huge potential as electrolytic
media for the electrodeposition of metals and polymers, which
make them important for biosensor applications [8]. The phys-
icochemical properties of DES can be tuned, depending on the
two components, the hydrogen bond acceptor and the hydro-
gen bond donor, which, mixed in the correct molar fractions,
lead to the eutectic mixture [9]. Pure DES by itself often has a
relatively low conductivity, that can limit the rate of some
processes such as the electrodeposition of polymers.
Additives such as acids, salts and amine derivatives can in-
crease the conductivity and change the properties of the elec-
trodeposited material in terms of its conductivity, redox be-
haviour and dopant incorporation [7, 10].

The present work concerns the preparation, characterization
and application of GCE coated with MWCNT on top of which a
film of the electroactive polymer poly(thionine) (PTH) is formed
by potential cycling electropolymerization in acid-doped ethaline
DES under different experimental conditions. The deposition
process was studied with the electrochemical quartz crystal mi-
crobalance (EQCM). The modified electrode with the best archi-
tecture was electrochemically characterized by cyclic voltamm-
etry (CV), differential pulse voltammetry (DPV) and electro-
chemical impedance spectroscopy (EIS). Scanning electron mi-
croscopy (SEM) was used to examine the morphology of the
PTH films, and correlated with the electrochemical behaviour.

The applicability of PTH-modified electrodes prepared in
DES was demonstrated by sensing ascorbic acid (AA).
Biosensing application was illustrated by immobilizing the
enzyme uricase (UOx), using the platform for the detection
of uric acid (UA), the final product of purine metabolism in
blood and urine. Physiological levels of UA in human plasma
and urine are normally between 2.5 and 6 mg/100 mL (0.15—
0.36 mM), while those of AA are 0.6 and 1.5 mg/100 mL
(0.034-0.085 mM) [11]. Compared with these species, the
concentration of dopamine in biological fluids is very low
(in the range of several tens of nanomolar) [12]. Abnormal
UA levels in the human body can cause a number of diseases,
including hyperuricemia, gout and anemia [13].

Experimental
Reagents and solutions

All reagents and solvents were of analytical grade and were
used without further purification. Uricase from BioChemika
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(UOx, 94310, from Bacillus fastidious, 16.2 U/mg), uric acid,
L-ascorbic acid, dopamine hydrochloride, NaCl,
MgCl,.6H,0, urea, thionine, choline chloride, chitosan from
crab shells, ethylene glycol, sulphuric acid, nitric acid, acetic
acid, phosphoric acid and glutaraldehyde (25% v/v in water)
were purchased from Sigma-Aldrich, Germany. Boric acid
was from JT Baker, Netherlands. NaH,PO4.H,0O, H,PO3,
KH,PO,4, a-D-glucose, perchloric acid and hydrochloric acid
were obtained from Riedel-de-Haén, Germany, and
Na,HPO,.2H,0 from Fluka, Switzerland. Na,SO,, NH,Cl
and creatinine were purchased from Merck, Switzerland.
KCl was supplied by PanReac, Spain. MWCNT, outer diam-
eter 30 + 10 nm, were from NanoLab, USA.

Britton-Robinson buffer (BR) was used as supporting elec-
trolyte and was prepared by mixing phosphoric acid, boric
acid and acetic acid (all at 0.040 M) and adjusting the pH with
1 M NaOH. The 0.1 M phosphate buffer (PB, pH =7.0) was
prepared by mixing NaH,PO,4.H,O and Na,HPO,4.2H,O in
the appropriate proportions and was used as supporting elec-
trolyte for biosensor evaluation.

A synthetic urine sample was preparing a solution in water
containing the following components [14]: 6 mM MgCl,,
50 mM NaCl, 21 mM KCl, 16 mM Na,SO,4, 20 mM KH,PO,,
18 mM NH,4CI, 416 mM urea, 9 mM creatinine and 9.5 mM uric
acid. The mixture was sonicated to obtain a homogeneous solu-
tion and then adjusted to pH 6.0 with 1 M NaOH and HCIL.

All aqueous solutions were prepared with deionized water
(Millipore Milli-Q Ultrapure Water System). All experiments
were carried out at room temperature (25 +1 °C).

Apparatus and measurements

Voltammetric experiments were carried out using an Ivium
CompactStat electrochemical analyzer (Ivium Technologies,
Netherlands). A conventional three-electrode cell was equipped
with a modified GCE (geometric area 0.00785 cm?) as working
electrode, an Ag/AgCl electrode (3 M KCl) as reference and a
platinum wire as counter electrode. Gravimetric studies were
performed with an electrochemical quartz crystal microbalance
(EQCM 10M, Gamry Instruments) containing a gold quartz
crystal (AuQC) with 10 MHz central frequency.
Electrochemical impedance measurements were performed
with a Solartron 1250 Frequency Response Analyzer coupled
to a Solartron 1286 Electrochemical Interface using ZPlot 2.4
software (Solartron Analytical, UK). A sinusoidal voltage per-
turbation of amplitude 10 mV rms was applied in the frequency
range between 65 kHz and 0.1 Hz with 10 frequency steps per
decade. Scanning electron microscopy (SEM) (JEOL,
JSM-5310, Japan) was used to characterize the surface
morphology of the nanostructured nanocomposites on
carbon film electrodes. The pH measurements were
made with a CRISON 2001 micropH-meter (Crison
Instruments SA, Spain) at room temperature.
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Pre-treatment of GCE and modification by carbon
nanotubes

The bare GCE surface was polished before each experiment or
modification with 1 um particle size diamond spray (Kemet,
UK), rinsed with Milli-Q water and then placed in an ultra-
sonic bath for 10 min in ethanol. Activation of the GCE is
necessary to ensure the reproducibility of experimental results.
For this purpose, the GCE was placed in 0.1 M PB containing
0.1 M KCI and cyclic voltammograms (CVs) were recorded
between the potential limits of —0.6 and +0.9 V until a
steady-state baseline voltammogram was obtained, generally
5 cycles.

Acidic functionalization of MWCNT was done in 3 M
HNOj; and is described in previous work [15]. The
MWCNTs were then dispersed in a chitosan solution (1% w/
v chitosan in 1% v/v acetic acid) and sonicated for 3 h. The
amount of MWCNT present in the suspension was 1%. A
volume of 1 pL of the suspension was dropped on the GCE
surface and allowed to dry at room temperature. After com-
plete drying, the procedure was repeated once more.

Preparation of ethaline- and poly(thionine)-modified
electrodes

Amongst the many DES in the literature [16], ethaline was
chosen, since previous work showed that it is a good choice
for polymer formation by electropolymerization [10]. Ethaline
results from interaction between the hydrogen acceptor cho-
line chloride (ChCl) and the hydrogen bond donor ethylene
glycol (EG), the eutectic mixture corresponding to a molar
ratio of 1:2. Solid ChCl is first heated up to ~ 100 °C to evap-
orate any water. Then, EG is added, and the mixture is held at
a constant temperature of ~ 60 °C, while continuously stirring,
until homogenization occurs. The ethaline is then cooled
down to room temperature and is ready for use.

Different amounts of TH were dissolved in ethaline DES
under constant stirring, heating the solution slightly to 30—
40 °C in order to facilitate homogenization. A small quantity
ofacid (CH;COOH, HCIO,4, HNO3, H,SO,4 or HCI) with final
concentration 1 M was added to increase the amount of ionic
species in the viscous mixture, enabling a higher rate of dif-
fusion and slightly reducing the viscosity. The best concentra-
tion of monomer was found to be 1 mM.

Films of PTH were formed by electropolymerization on
MWCNT/GCE using potential cycling, the optimized scan
rate being 200 mV s ', during 15 scans. The potential was
cycled in the potential range — 0.5 to + 0.8 V vs. Ag/AgCl. For
comparison, PTH film—coated electrodes were formed in
aqueous solution containing 1.0 mM TH +0.025 M
Na,B407+0.10 M KNOj;. Characterization of PTH films
was performed in Britton-Robinson (BR) buffer solution

pH=7.0, by CV in the potential range —0.5 to + 0.5 V vs.
Ag/AgCl, at a scan rate of 100 mV s .

Biosensor preparation

For biosensor preparation, uricase (UOx) was immobilized on
PTHEaline-CH;COOH/MWCNT/GCE. An UOx solution,
concentration of 5 mg/mL, was prepared in 0.1 M PB (pH =
7.0). A volume of 2 pL of the prepared enzyme solution was
dropped onto the PTHpgg-modified MWCNT/GCE surface
together with 1 uL of glutaraldehyde (2.5%) and left to dry
before being used for the determination of uric acid. When the
biosensor was not in use, it was stored at 4 °C in 0.1 M PB
solution.

Results and discussion
Electropolymerization of thionine

The electropolymerization parameters such as the electrolyte
composition, pH, monomer concentration, number of poten-
tial cycles and scan rate are important for the growth and final
properties of the polymer film [15-17].

The influence of TH monomer concentration was tested
with different concentrations between 0.5 and 2.0 mM. To
investigate the influence of electrolyte, ethaline DES contain-
ing different dopant acids (CH;COOH, HCIO,4, HNOs,
H,SO4 and HCIl) were prepared (text and Fig. S1 in
Supplementary Information). The best result for the polymer
film growth was obtained at a monomer concentration of
1.0 mM TH in CH3COOH-doped DES (Fig. 1); above this
the polymer growth rate showed a very slight decrease. This
could be due to the formation of a thick and non-uniform film
at high monomer concentrations with a higher nucleation rate
and lower adherence [18]. PTH is an electroactive polymer
with heterocyclic nitrogen atoms, nitrogen bridges and free
amino groups. The polymerization mechanism of TH can be
explained by the fact that when the polymer film is formed,
free amine groups turn into nitrogen bridges and these bridges
become electroactive [19, 20]. The interaction between PTH
and MWCNT on the growth of the polymer has also been
studied [21, 22]. For TH polymerization, strong electrostatic
interactions between MWCNT and PTH can be attributed to
the negatively charged functionalized MWCNT, interacting
with the positively charged sulphur of PTH [15, 21].

In Fig. 1, it can be seen that the CVs for forming
PTHEnatine-CH3;COOH/MWCNT/GCE contain two oxidation
and two reduction peaks. One redox couple can correspond to
entrapped monomer oxidation/reduction (II,/Il.) and the other
to polymer oxidation/reduction (I,/1.); the current response
increases with the number of cycles showing the growth of
the PTH film [22].
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Fig. 1 Potential cycling electropolymerization of TH from a solution of

1 mM TH in ethaline with 1.0 M CH;COOH on MWCNT/GCE at scan
rate 200 mV s

The influence of scan rate on the electropolymerization of
TH was examined in the optimized DES solution composi-
tion. CV curves during the growth of the PTHgpajine-
CH;COOH film on the MWCNT/GCE surface in DES during
15 cycles were recorded at different scan rates from 100 to
300 mV s ' (Supplementary Information Fig. S2A-D). The
peak currents for PTH increased with increasing scan rate up
t0 200 mV s~ ', showing successful diffusional transport of the
monomer from solution to the MWCNT/GCE surface [18]. At
higher scan rates, the polymer growth rate decreases owing to
diffusion limitations in the viscous medium [15, 18, 23]. The
CV curves in Fig. S2E, of the PTH-modified electrodes, re-
corded in 0.1 M BR buffer (pH 7.0) at a scan rate of
100 mV s ! lead to the same conclusion that PTHprg200 is
the best architecture.

Electrochemical quartz crystal microbalance

EQCM was used to monitor the dynamics of the adsorption of
TH and the electropolymerization process on gold quartz crys-
tals. The frequency variation with time can be used both for
film growth monitoring and also for evaluating the influence
of anion sources which are incorporated or expelled from PTH
film during the potential cycling polymerization process. For
PTHEaiine-CH3;COOH film formation, cycling was done be-
tween — 0.5 and +0.8 V vs. Ag/AgCl, at a scan rate of
200 mV s ! for 15 cycles. Figure 2a shows the change of
frequency as a function of time. The variation of frequency
can be used to determine the deposited mass assuming a rigid
film, using the Sauerbrey equation, as in [18]. The mass/
frequency correlation factor of the gold-coated quartz crystal
employed in this study is 226.0 Hz per 1 ug.

On examining Fig. 2a, it is seen that the frequency does not
decrease upon mass uptake which suggests that the Sauerbrey
equation for rigid films does not apply. The microbalance used in
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Fig. 2 a EQCM measurements monitored at an AuQC for PTH film
formation in ethaline DES. b EQCM response in terms of series resonant
frequency (f;) and parallel-resonant frequency (f,) with time for PTHpgg
film formation. ¢ CV and massogram during PTHpgg film formation for
the 2nd and 15th cycle

this work permits the simultaneous recording of two resonant
frequencies, in series (f;) and in parallel (f,), as shown in Fig.
2b. The dissimilarity between the two frequencies indicates the
formation of a non-rigid film, which has been previously seen for
film formation in DES media [10]. In such cases, the change in
frequency also depends upon the viscosity and density of the
solution; coupling of a viscous solution to the oscillating crystal
surface results in a change in the series resonant frequency and
damping of the resonant oscillation [24].
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To further analyze this perspective and since ethaline is a
viscous medium, we assume that a viscoelastic film will form
on the AuQC during polymerization. The behaviour of viscoelas-
tic films is complex, depending on the mechanical properties of
the materials, the shear wavelength and film thickness. For a low
value of the shear modulus, friction within a viscous film will
appear and lead to dissipation. Since electromechanical coupling
occurs in the QC, the properties of the liquid media will be
reflected in the electrical properties of the resonator: the resis-
tance decreases as the film viscosity increases [25].

To detect the changes in viscoelastic properties of a redox
film, the simultaneous monitoring of the series resonance re-
sistance during electropolymerization is recommended [26],
as shown in Fig. 2c. The frequency-potential diagram shows a
frequency increase from the 2nd to the 15th cycle, but when
analyzing each cycle separately, since the potential is scanned
in a positive direction, upon reduction of PTH, a frequency
decrease can be noticed. This decrease is more pronounced for
the first 5 cycles (only the 2nd cycle is illustrated) compared
with the following 10 polymerization cycles. This is also in
agreement with the more pronounced PTH film formation
during the first 5 cycles of electropolymerization, where the
reduction peak at 0.35 V keeps increasing.

Electrochemical characterization of PTHghajine-
CH;COOH/MWCNT/GCE

Influence of pH

Due to the amino groups of PTH, the electrochemical behav-
iour of PTH is highly dependent on pH [27]. The influence of
the pH value on the electrochemical profile of PTHggpajine-
CH3;COOH/MWCNT/GCE, redox couple I, was evaluated
by DPV. The DPV measurements were made with a pulse
amplitude of 10 mV, a step potential of 2 mV and a scan rate
of 50mV s ' in 0.1 M BR buffer solution at different values of
pH. In Fig. 3a, it can be seen that when the pH value is in-
creased from 2.0 to 8.0 in BR buffer solution, the anodic peak
potential (E,,) shifts negatively with a linear dependence on
pH. The equation for variation of peak potential with pH was
E,,=0.0286-0.030 pH, with a slope of 30 mV pH ', see Fig.
S3A, meaning that the number of protons is half the number of
electrons participating in the oxidation process. The value of
the peak half-width (W;, ~80 mV) suggests that the total
number of electrons is equal to 2, so the process involves 2
electrons and 1 proton. The highest peak current was obtained
at pH 7.0. Hence, pH 7.0 was considered to be the best pH for
further experiments.

Influence of scan rate

CVs at PTHEg,a1i0e-CH;COOH/MWCNT/GCE in 0.1 M BR
(pH 7.0) were recorded at scan rates ranging from 10 to

100 mV s, Fig. 3D, to examine the influence of scan rate
on the electrochemical behaviour of the modified electrode.
Fig. S3B shows that both the anodic and the cathodic peak
currents increase linearly with scan rate (10-100 mV s 1), im-
plying a surface controlled electrochemical mechanism [21,
28]. In all cases, two redox couples were observed, for the
redox couple (I/Ic) jpra =0.05 v —0.43 and ;. =0.05 v +
0.21, and for the redox couple (II/1l.) jpma=0.06 v —0.12
and j,;c=0.07 v = 0.15.

Moreover, linear relationships were obtained between log
() and log (v) with the slopes 0f 0.99 and 0.98 for j,, and 0.98
and 0.98 for jp,.. The ratio of jyu/jy. is close to the theoretical
value of 1.0, confirming that the redox mechanism of PTH is
adsorption controlled, in agreement with literature reports
[19].

Electrochemical impedance spectroscopy

EIS was used to characterize the PTHga1ine-CH3COOH/
MWCNT/GCE with PTH films electrodeposited at different
scan rates. For this purpose, impedance spectra of the
PTHEhaline-CH3;COOH/MWCNT/GCE were obtained in
0.1 M BR buffer solution (pH="7.0) at —0.1 V vs. Ag/
AgCl. The applied potential was chosen from the CV of
PTH a1ine-CH3;CHOOH on the MWCNT/GCE surface in
BR buffer at 200 mV s~ in Fig. S2E.

Complex plane impedance spectra are shown in Fig. 4a and
all consist of three parts, a semicircle in the high-frequency
region and two linear regions. All spectra were fitted to the
same electrical equivalent circuit (Fig. 4b). R, is the cell re-
sistance which is followed by a semicircle in the high-
frequency region, that can be attributed to the interfacial re-
gion between the electrode substrate and the polymer film/
MWCNT comprising a charge transfer resistance in parallel
with charge separation, modelled by the parallel RC combina-
tion R, C,. The linear part at medium frequency is attributed to
diffusion through the modifier film and is represented by a
Warburg-type impedance according to Zw =
Rpcth[(7iw)™](riw) @, where o < 0.5, with Rp the diffusional
resistance, and 7 the diffusional time constant. The CPE, at
low frequency, is expressed as a non-ideal capacitance of the
modifier film-solution interface with CPE = [(Ciw)®] "; there
are no faradaic processes under the experimental conditions
employed. The values of the CPE exponents («) can vary
between 0.5 and 1.0 corresponding to porous and to complete-
ly uniform and smooth electrode surfaces, respectively [21].

The parameter values obtained by fitting the spectra for
PTHEa1ine-CH;COOH/MWCNT/GCE prepared at different
scan rates from 100 to 300 mV s~ ' are summarized in
Table S1 (Supplementary Information). The fitting values
close to the value of 1.0 show that the modified electrodes
have a relatively uniform and smooth surface at the molecular
and nanometric level. It can be seen that an increase in the
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Fig. 3 a Differential pulse
voltammograms for the oxidation
of PTHEma]inc-CHj,COOH/
MWCNT/GCE in 0.1 M BR
buffer solution at pH 2.0 to 8.0.
The thicker voltammogram in
blue for pH 7.0 has the highest
peak current. b CVs of
PTHgghaline-CH;COOH/
MWCNT/GCE in 0.1 M BR
buffer solution (pH 7.0) at scan
rates from 10 to 100 mV s~
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scan rate during synthesis leads to a decrease in R; values and
an increase in the C; values in Table S1. The R; value refers to
the interface between the polymer film and the GCE, a de-
crease in R indicating easier charge transfer between the elec-
trode and polymer film [29].

The values of R, are in the order: PTHpgg-300 > PTHpEg-
100 > PTHpgs-150 > PTHpgEs-200. This indicates that an
increased scan rate can contribute to facilitating electron trans-
fer, probably due to a greater area of physical contact up to
200 mV s~ scan rate. However, the R; value decreases above
200 mV s !, which can be attributed to the decrease in species
able to access the electrode surface due to the ethaline
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Fig. 4 a Complex plane impedance spectra of PTHEg,a1in.-CH3;COOH/
MWCNT/GCE in 0.1 M BR buffer solution (pH=7.0) at —0.1 V vs. Ag/
AgCl for different polymerization scan rates. b The electrical equivalent
circuit used to fit the spectra
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viscosity beginning to have an influence [30]. In addition,
for all polymer-modified electrodes, the decrease in R; values
is accompanied by an increase in C;. The fastest interfacial
charge transfer occurs at the electrode configuration PTHpgs-
200, in agreement with the CV in Fig. S2.

In relation to the diffusion impedance, the o values are
more or less constant and close to what would be obtained
for a film with no non-uniform effects. The values of Zyy are
similar except for 300 mV s~ films, which suggests that the
film has different characteristics and is possibly internally
more porous. Finally, the large values of the CPE show a
relatively smooth interface at the molecular/nanometric scale
(exponent ~0.95 in all cases) and a large capacitance of what
is exposed to solution, to be expected owing to the existence
of the CNT.

Surface morphological characterization

Morphological characterization of MWCNT and of PTH films
prepared at different scan rates (100, 150, 200 and 300 mV sﬁl)
on MWCNT surfaces was done by scanning electron microsco-
py on carbon film electrode supports. As seen in the inset of
Fig. 5a, the MWCNT are uniformly embedded in the chitosan
matrix, and show that it is suitable as substrate for the polymer-
ization of TH due to its highly porous and regular surface mor-
phology [21]. Images of PTHpgg films as a function of the po-
lymerization scan rate are shown in Fig. 5a—d. The morphology
of the PTHpgs-100 in Fig. 5a shows thin film formation on the
MWCNT surface and this caused only minor changes in the size
of the MWCNT. For scan rates higher than 100 mV s, the
polymer film formed is thicker. PTHpgg-200 nanocomposite
film (Fig. 5¢) appears more uniform and smoother than
PTHpgs-150 and PTHpEs-300. As shown in Fig. 5b, PTHpgs-
150 film has high roughness wit evidence of some remaining
porosity. Although the film formed at a higher scan rate of
300 mV s ' has a relatively non-porous surface, it shows poorer
electrochemical behaviour than the PTHpgg-200 (see the
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Fig. 5 SEM images on carbon
film electrode (CFE) supports of a
PTHpgs100/MWCNT, b
PTHDESISO/MWCNT, C
PTHpgs200/MWCNT and d
PTHpgEs300/MWCNT (EHT =
2.0 kV; Mag = x 10.000). The
inset in a shows MWCNT on
the CFE

“Electropolymerization of thionine” and “Electrochemical char-
acterization of PTHghaline-CH3COOH/MWCNT/GCE”
sections).

It is expected that the scan rate has an effect on the forma-
tion and the growth of electrochemically deposited PTH, be-
cause polymer nuclei have a crucial role in controlling the
diameter of carbon nanotubes [31]. At slower scan rates, the
formation of poly(thionine) nuclei, which cause rapid growth
of the polymer, slows down, and a thinner and non-porous
structure is formed. In contrast, when the scan rate increases,
the time spent for the deposition of PTH becomes smaller,
which causes the growth rate of the film decreases and the
structure is more compact [32].

Analytical determination of ascorbic acid and uric acid

To illustrate potential applications, the analytical characteris-
tics of PTHgpa1ine-CH3;COOH/MWCNT/GCE for the deter-
mination of AA and UA were evaluated.

Ascorbic acid

The amperometric detection of the model analyte AA by fixed
potential chronoamperometry was carried out using the
MWCNT/GCE modified by different PTH films obtained in
DES at scan rates from 100 to 300 mV s '. To investigate the
influence of the applied potential on sensor response, the CV's

of'the sensor in 0.1 M PB solution in the absence and presence
of the AA species were examined. The maximum peak cur-
rents for AA oxidation in CVs were obtained at 0.0 V.
Figure 6A1 shows a typical steady-state amperometric re-
sponse and Fig 6A2 the calibration curves of sensors at
PTHggatine-CH;COOH/MWCNT/GCE for the successive ad-
dition of AA. In Fig. 6A2, comparing the calibration plots, it is
clearly seen that the highest sensitivity for the determination
of AA was obtained with PTHpgs200-modified MWCNT/
GCE. The calibration curve of the PTHprs200 sensor was
found to have a linear range 0f 2.8-3010 uM with a sensitivity
of 1134 pA cm > mM ' (8.90 nA mM ) for ascorbic acid.
The LOD of the biosensor was found to be 1 uM for
PTHEa1ine200-CH; COOH/MWCNT/GCE, following the lin-
ear equation: Aj (LA cm ?)=—1.03+2.45x 10> [Ascorbic
Acid] (uM), with a correlation coefficient (R?) equal to
0.9987. Thus, the PTHpgs200 seems the most appropriate
for sensor application.

The linear range and detection limit of the sensor for AA
(2.8-3010 uM and 1.1 uM) are much better than those of
other studies in recent years. Habibi et al. [33], developed an
enhanced MWCNT-modified carbon-ceramic sensor with a
LOD of 7.71 uM in the range of 15-800 uM. An AA sensor
based on nitrogen-doped graphene showed a linear range of
5-1300 uM and detection limit of 2.22 uM [34]. Luo et al.
[35] with a polyaniline/poly(styrenesulfonic acid)-modified
graphene composite electrode found an LOD of 5 uM and
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Fig. 6 (A1) Chronoamperometric response to AA at (a) PTHpgs200, (b)
PTHpgs100, (¢) PTHpEg150 and (d) PTHpEs300, on successive addi-
tions of AA in 0.1 M PB solution, pH = 7.0, applied potential 0.0 V vs.
Ag/AgCl. (A2) Corresponding calibration plots. (B) Calibration plot of

linear range 100-1000 uM. Biosensors with ascorbate oxi-
dase enzyme, in one case immobilized on a screen-printed
electrode by crosslinking with poly(ethylene glycol)
diglycidyl ether had a LOD of 3 uM and range 5-150 uM
[36], in the other case with gold nanoparticles and reduced
graphene oxide on a GCE, had a detection limit of 17 uM
and linear range 1000-5000 uM [37]. Finally, a graphene-
modified BSA (G-BSA)-based sensor had a LOD of 25 uM
and a range of 50-3000 uM [38].

Uric acid

Future biosensor applications were illustrated by using
PTHEha1ine200-CH; COOH/MWCNT/GCE for constructing
a uric acid biosensor, by immobilization of uricase (UOx),
following the protocol described in the “Biosensor prepara-
tion” section. Results are displayed in Fig. 6B.

@ Springer

UOX/PTHE 1ine200-CH3; COOH/MWCNT/GCE to UA in 0.1 M PB so-
lution, pH = 7.0, applied potential + 0.30 V vs. Ag/AgCl. Error bars rep-
resent the standard deviation of three measurements and are too small to
be visible in (B)

CV curves of the enzyme biosensor in 0.1 M PB in the
absence and presence of the UA showed a maximum peak
current of UA at +0.30 V; this value of applied potential
was chosen for fixed potential amperometry. The UOx/
PTHEha1ine200-CH; COOH/MWCNT/GCE response to UA
was linear between 0.48 and 279 uM with a sensitivity of
450 pA cm > mM ' (3.53 pA mM ') and a LOD of
58.9 nM. The biosensor responded rapidly to changes in UA
concentration, reaching 95% of the steady-state current in less
than 7 s.

It showed excellent analytical performance, with fast re-
sponse, good sensitivity, a wide linear working range and
low detection limit compared with the literature from the last
5 years (Table 1). The detection limit of the new UOx/
PTHEa1ine200-CH;COOH/MWCNT/GCE biosensor is very
low compared with other reported uric acid sensors and bio-
sensors [13, 22, 39-50]. There are two literature reports with
higher sensitivity [45, 50]; however, the working potential for
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detection are more positive than in our study [50] or the fab-
rication of a bioelectrode, that is more complicated [45]. A
uric acid biosensor prepared by TH polymerization on
MWCNT/GCE in aqueous media [22] gave a linear range of
2-100 uM and sensitivity of 182 pA cm > mM ' for UA, and
LOD of 0.8 uM. The PTHE,41ine200-CH;COOH/MWCNT/
GCE in this work shows higher sensitivity, lower detection
limit and wider working range.The repeatability and reproduc-
ibility of the UOX/PTHE1ine200-CH;COOH/MWCNT/GCE
were examined. The repeatability of the biosensor was inves-
tigated by plotting five successive calibration curves with the
same electrode, and a relative standard deviation (RSD) was
calculated using the slopes of these calibration curves. The
RSD value was found as 3.5% at UOX/PTHEga1ine200-
CH;COOH/MWCNT/GCE towards UA, which showed the
high repeatability of the proposed sensor. The reproducibility
was studied by five different modified electrodes the same
way. The RSD was 5.4%, indicating that the fabrication of
the biosensor was very reproducible. The operational stability
was also investigated by measurement of the biosensor re-
sponse to 0.2 mM UA. The RDS value was found to be
10.8% for UA after 30 consecutive measurements; the biosen-
sor showed good operational stability.

The effect of common interfering species on the UOx/
PTHgha1ine200-CH; COOH/MWCNT/GCE response was

examined. The amperometric response of the biosensor to
successive additions of 0.2 mM UA, 0.1 mM AA, 0.1 mM
dopamine, 1.0 mM urea and 1.0 mM glucose in 0.1 M
pH 7.0 PB was studied [11, 12]. Compared with UA response
current, no significant effect on the biosensor response was
observed in the presence of AA and dopamine interference
species (less than 10%). Even at high concentrations of glu-
cose and urea, the interaction effect can be neglected.

Application of the biosensor to synthetic urine

The performance of the UOx/PTHEa1ine200-CH;COOH/
MWCNT/GCE biosensor was evaluated using synthetic urine
spiked with known concentrations of UA. The synthetic urine
was prepared according to the protocol in the “Reagents and
solutions” section. A volume of 15 puL was added to the elec-
trochemical cell containing 5 mL of PB buffer solution, and
the final concentration of UA in the cell was 25.0 uM. The
standard addition method was used to determine UA content
in the synthetic urine sample with successive additions of
10 pL, 15 uL, 20 pL, 30 uL and 45 pL of 0.01 M standard
UA solution to each spiked urine sample. The concentration of
UA in spiked synthetic urine was calculated from this calibra-
tion curve. The UA concentration in the sample was found to
be 25.2+£0.35 uM (n=3) with UOX/PTHEga1ine200-

Table 1 Comparison of analytical performances of amperometric sensors and biosensors with uricase, UOx, for the determination of UA
Modified electrode Applied potential / V vs. Ag/  Linear range/  Sensitivity / LOD/nM Ref.
AgCl uM HA cm > mM !
UOx/PBG/CNT/CFE 0.30 (SCE) 2-100 248 600 [22]
UOx/PTH/CNT/CFE 182 800
UOx/Chi-CNTNF/AgNP/Au -0.35 1-400 - 1000 [39]
Nafion/UOx/ZnONS/Ag/Si 0.40 50-2000 129.81 19 [40]
UOx/GO/GCE 0.47 20-490 - 3450 [13]
PU/PL-A/UOx 0.65 100-700 0.8 nA uM ! <10? *[41]
UOx/CuO/ZnO/ITO/glass bioelectrode 0.03 50-1000 870 5450 [42]
UOx/Pty/Pt/GCE 0.60 100-2500 0.943 10° [43]
UOx/poly(4-aminosalicylic acid)/PB/graphite —0.10 10-200 - 3000 [44]
SPE
Ce0,—,/CrGO —0.40 (SCE) 49.8-1050.0 284.5 2000 [45]
UOx/ZnO QD/Nafion 0.60 1000-1x10* 4.0 22.97x10° [46]
Ta/Ni microcavity array film 0.45 1-1400 886 100 [47]
UOx/BLG-MWCNT-PtNP/GCE 0.40 20-500 31.131 pA pM! 800 * (48]
Cu,0/Cu@C core-shell NW —0.50 (SCE) 50-1100 330.5 400 [49]
UOx/CH-Gr cry/PB/SPCE 0.0 (silver pseudo) 2.5-400 - 2500 [50]
UOx/PTHgatine-CH;COOH/MWCNT/GCE  0.30 0.48-279 450 58.9 This
work

*Electrode area not stated. PBG, poly(brilliant green); CFE, carbon film electrode; Chi-CNTNF, chitosan-carbon nanotubes nanofiber; AgNP, silver
nanoparticles; ZnONS, ZnO nanosheets; GO, graphene oxide; PU, urethane; PL-A, polyluminol:polyaniline; /70, indium-tin oxide; Pty, polytyramine;
PB, Prussian blue; SPE, screen-printed electrode; »GO, reduced graphene oxide; 0D, quantum dots; BLG, (3-lactoglobulin; PtNP, platinum nanopar-
ticles; NW, nanowires; CH-Gr, chitosan graphene composite; cry, porous cryogel; SPCE, screen-printed carbon electrode

@ Springer



609 Page 10 of 11

Microchim Acta (2020) 187:609

CH;COOH/MWCNT/GCE biosensor. The mean recoveries
ranged between 99.5 and 102.3%, with an average recovery
of 100.8 +1.4%. From these results, it is concluded that the
biosensor can be used to determine UA in urine samples with
a good recovery.

Conclusions

The polymerization of TH on MWCNT/GCE in ethaline DES
containing acetic acid dopant has been successfully carried out
for the first time. The use of ethaline, an alternative “green
designer solvent”, in PTH synthesis has shown to be useful in
the preparation of polymer films with different morphology.
The scan rate, which is one of the electropolymerization pa-
rameters, also plays an important role in the PTH growth
process and influences the electrochemical properties and per-
formance of PTHgpa1ine-CH;COOH/MWCNT/GCE. The
PTH film prepared at 200 mV s ' exhibited more uniform
and smooth morphology and better electrochemical behaviour
than with the other scan rates. As a result of the interaction
between MWCNT and PTH polymer, the modified electrodes
show better electrochemical performance because the struc-
tures of the composite materials have different physical and
chemical properties.

The MWCNT/GCE modified with PTH was applied for
AA sensing, that modified with PTHga1ine films at
200 mV s~ ! in ethaline DES presented the best sensing per-
formance. UOx enzyme was immobilized on MWCNT/GCE
modified with PTHgg,a1ine €lectrodeposited at 200 mV s 'and
successfully used for the monitoring of the uric acid with
excellent analytical performance, and better than PTH films
synthesized in aqueous solution in the literature. This
PTHEhaline-CH3;COOH/MWCNT/GCE is a promising ap-
proach for uric acid and ascorbic acid analysis in real samples
due to their high sensitivity, rapid response, easy fabrication
and low cost.
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