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Abstract The redox polymer poly(methylene blue) was syn-
thesized by electropolymerization in ethaline deep eutectic
solvent (PMBpgs), and employed in a new nanostructured
composite together with carbon nanotubes (CNT). The poly-
mer was formed either before or after CNT deposition on
glassy carbon electrodes (GCE) to obtain GCE/PMBpgs/
CNT and GCE/CNT/PMBpgs modified electrodes, respec-
tively. The morphology of the hybrid films was investigated
by scanning electron microscopy, and their electrochemical
performance by cyclic voltammetry and electrochemical im-
pedance spectroscopy. The composite with the highest farada-
ic response and electronic conductivity was identified and
applied as a platform for the determination of ascorbic acid
by fixed potential amperometry at +0.2 V vs. Ag/AgCl, and
acetaminophen by square wave voltammetry and differential
pulse voltammetry at +0.67 V vs. Ag/AgCl. The limits of
detection of the best sensor configurations are 1.7 uM for
AA, and 1.6 uM for APAP, and respective electrochemical
sensitivities are 2.2 pA cm™ uM ' and 68.7 pA ecm M.
The applicability of the electrochemical sensors was demon-
strated by the successful quantification of both these key
analytes in complex pharmaceutical formulations.
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Introduction

The combination of electroactive polymers with carbon nano-
tubes (CNT), has been an active area of research and, up to
now, has been shown to be a successful combination in devel-
oping electrochemical sensors with improved analytical per-
formance [1]. For the synthesis of electroactive polymer films,
electropolymerisation from aqueous solution onto the elec-
trode surface or onto the surface of carbon nanotubes, previ-
ously deposited on the electrode, is fast and is the most com-
mon method employed. In 2014, it was shown that the syn-
thesis of conducting polymers in deep eutectic solvents offers
the possibility to tailor the polymer structure and morphology,
leading to polymers with improved electronic conductivity
compared to those obtained in aqueous media [2, 3].

Among the electroactive polymers, the phenazine polymer
poly(methylene blue) has been shown to have numerous ap-
plications in the (bio)sensing area, used either alone [4] or in
combination with other conducting polymers, e.g. poly(1,2-
ethylenedioxythiophene) (PEDOT) for determination of
ascorbate, glucose and cholesterol [5, 6], or CNT for develop-
ing a sensor for acetaminophen and pyridoxine [1].

We have recently reported a new method for obtaining
nanostructured films of poly(methylene blue) (PMB) in the
deep eutectic solvent ethaline (PMBpgs), which is made from
mixing choline chloride with ethylene glycol in the correct
stoichiometric ratios [7]. It was shown that the nanostructured
tailored polymer played an important role in the electrical
properties of the films, and thence on the analytical
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performance of the corresponding sensor, which was far su-
perior to that using PMB synthesized in aqueous media
(PMB,) [7].

This work focuses on the development of new com-
posite electrode modifier materials comprising PMBpgg
and CNT, in order to probe the added influence of CNT
and any synergistic effects. The PMBpgg was deposited
either on top or beneath the CNT layer on glassy car-
bon electrode (GCE) supports, and the morphologies of
the resulting composites were analysed by scanning
electron microscopy (SEM). Cyclic voltammetry (CV)
was used together with electrochemical impedance spec-
troscopy (EIS) to analyse the electrochemical properties
of the modified electrodes GCE/CNT/PMBpgs and
GCE/PMBpgs/CNT. For comparison, modified elec-
trodes with only one component, either CNT or
PMBpgg, were also evaluated. The PMBpgs-CNT mod-
ified electrodes were then used as amperometric and
voltammetric sensors for ascorbic acid and acetamino-
phen. Ascorbic acid (AA), vitamin C, is an electroactive
compound usually added to foods and many pharmaceu-
tical formulations due to its antioxidant and acidity reg-
ulator properties, and it was found that it can also be
used as a potential treatment of infectious diseases and
cancer [8]. New electrode platforms for more efficient
detection of the antipyretic drug acetaminophen (APAP)
are also being investigated [9]. AA and APAP were
chosen to evaluate the electrocatalytic properties of the
sensor by reducing the detection overvoltage and the
increase in the sensor analytical signal. Both compounds
were determined in several pharmaceutical formulations
and the recovery factors were calculated.

Experimental
Reagents and solutions

All reagents were of analytical grade and were used without
further purification. Millipore Milli-Q nanopure water
(resistivity > 18 MS2 cm) was used for the preparation of all
solutions.

Methylene blue, choline chloride, ethylene glycol, L-
ascorbic acid (AA), acetaminophen (APAP), potassium chlo-
ride, sodium hydroxide, and acetic, boric, hydrochloric and
perchloric acids were purchased from Sigma Aldrich,
Germany (www.sigmaaldrich.com). MWCNT were
purchased from NanoLab, USA (www.nano-lab.com).

For the electrochemical characterization of the modified
electrodes, the supporting electrolyte was 0.1 M KCI +
5 mM HCI solution (pH ~ 4) and for the sensing studies the
supporting electrolyte was 0.1 M KCI. All experiments were
carried out at room temperature (25 = 1 °C).
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Instrumentation

Voltammetric experiments were performed in a three-
electrode cell, containing the glassy carbon electrode (GCE-
geometric area 0.00785 cm?) as working electrode, a Pt wire
counter electrode and an Ag/AgCl (3.0 M KCI) reference
electrode, with a p-Autolab potentiostat/galvanostat
(Metrohm-Autolab, Netherlands, www.metrohm-autolab.
com). Before each use, the surface of the GCE was cleaned
with diamond spray on polishing paper (Kemet International,
UK, www.kemet.co.uk) down to 1 um particle size.

EIS experiments were carried by using a potentiostat/
galvanostat/ZRA (Gamry Instruments, Reference 600, USA,
www.gamry.com). A root mean square (rms) perturbation of
10 mV was applied over the frequency range 65 kHz— 0.1 Hz,
with 10 frequency values per frequency decade. ZView 2.4
software (Scribner Associates, USA, www.scribner.com), was
used to fit the spectra to equivalent electrical circuits.

The pH measurements were carried out with a CRISON
2001 p pH-meter (Crison Instruments SA, Spain, www.
crisoninstruments.com) at room temperature.

SEM (JEOL, JSM-5310, Japan, www.jeol.co.jp) was used
to characterize the morphology of the different PMBpg films
deposited on carbon film electrodes.

Preparation of PMBpgs and CNT modified GCE

Multi-walled CNT were purified and functionalized in 3 M
nitric acid, then washed and dried [10]. A dispersion of 1%
CNT was prepared in chitosan solution (1.0% m/m chitosan
dissolved in 1.0% v/v acetic acid). From this dispersion, 1 uL
was dropped two times on the surface of GCE and allowed to
dry.

Ethaline deep eutectic solvent was obtained by mixing cho-
line chloride with ethylene glycol in a 1:2 M ratio and heating
up to 60 °C. The polymerization solution contained 90% DES
plus a 10% aqueous mixture of 0.1 M NaOH and HCIOy; the
final monomer concentration in this mixture was 5 mM MB.
The PMBpEs film was synthesized by cycling for 30 scans in
the potential range from —0.6 to +1.1 Vat 150 mV s [7].

The polymer was deposited either on bare GCE to obtain
GCE/PMBpEs on top of which CNT were drop cast resulting
in the final architecture GCE/PMBprs/CNT or on top of GCE/
CNT to give GCE/CNT/PMBpgs.

Sample preparation

Pharmaceutical samples consisted of sachets containing both
ascorbic acid and acetaminophen, which were dissolved in
50 mL distilled water. Sample aliquots of approximately twice
the concentration of the standard were added for the standard
addition method. The samples were: Aspirin Plus C® (240 mg
ascorbic acid, 400 mg acetylsalicylic acid), FaringoHotDrink®
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(250 mg ascorbic acid, 500 mg acetaminophen), Paramolan C®
(200 mg ascorbic acid, 500 mg acetaminophen, 4 mg chlor-
pheniramine maleate), Coldrex Max Grip® (1 g acetaminophen,
10 mg phenylephrine hydrochloride, 40 mg ascorbic acid), and
Theraflu Extra® (650 mg acetaminophen, 10 mg phenylephrine
hydrochloride).

Results and discussion

The methodology of synthesising PMB polymer films with a
new nanostructure and morphology, from DES, was applied in
order to obtain hybrid composites of the polymer with CNT,
on top of the GCE support. Two main types of composite were
prepared, one with PMB on top of the CNT and the other with
CNT on top of the electrosynthesised polymer film.

Preparation of GCE/CNT/PMBpgs
and GCE/PMBpgs/CNT

Cyclic voltammograms recorded during the polymerization of
MB at GCE/CNT in DES are presented in Fig. la, with the
inset showing MB polymerization at bare GCE, under the
same experimental conditions. The polymerization profiles
are different depending on the substrate. When polymerization
occurs on GCE/CNT, the oxidation and reduction potentials of
monomer and polymer are shifted towards less negative

Fig. 1 (a) CVs recorded during a
polymerization of MB at GCE/
CNT in a solution containing

5 mM MB in ethaline + 0.1 M
NaOH + 0.1 M HCIO,4 at 150 mV
s (every 3rd scan shown); inset -
polymerization of MB at GCE;
(b) and (c) are SEM images of
GCE/CNT/PMBpgg at different
magnifications

j/ mAcm?®

potentials, closer to 0.0 V vs. Ag/AgCl, with a more signifi-
cant shift of the reduction potential. This corresponds to a
more reversible redox process, CNT promoting faster electron
transfer, as observed for formation of other phenazine films on
CNT [1]. When MB is polymerized on the GCE substrate,
there is a constant shift of the oxidation peak potential upon
polymer formation with each cycle, and a decrease in mono-
mer oxidation current, with an increase in polymer oxidation
current. During MB polymerization on GCE/CNT, the mono-
mer oxidation potential shifts during the first 3 cycles, then
stays almost constant for the remaining 27 cycles, with a grad-
ual increase in the oxidation peak current. The reduction wave
is broader and less negative during PMBpgg formation on
GCE/CNT, the reduction peak potentials remaining the same
during the polymerization as for PMBpgg deposition on GCE.

The GCE/PMBpgs/CNT electrodes were made by first po-
lymerizing MB on bare GCE followed by modification with a
CNT layer.

The PMBpges-CNT modified electrodes, in both configura-
tions, were very stable, with less than 8% loss of initial current
upon potential cycling for 100 cycles, whereas the PMBpgg at
GCE (without CNT) loses 10% of the initial current already
after 30 scans [7], and 16% after 100 scans. Storage stability
was evaluated by recording CVs after one month of storage in
water at 4 °C and in air at= 25 °C, giving 96% and 93% of the
initial polymer redox peaks, when kept in water and in air,
respectively. This high stability may be correlated with several

30 + >
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08 -04 00 04 08 12
E/V vs. Ag/AgCI
104 >
0
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interactions (e.g. electrostatic, 7t and hydrophobic interactions
[1, 10]) occurring between CNT and PMBps.

Characterization of the GCE/PMBpis/CNT
and GCE/CNT/PMBpgs sensors

Scanning electron microscopy

SEM images were recorded at indium tin oxide (ITO) elec-
trodes modified with CNT and PMBpgg with the same config-
urations as at GCE, i.e. ITO/PMBpgs/CNT and ITO/CNT/
PMBpgs. SEM images of ITO/CNT and ITO/PMBpgs were
also recorded for comparison (Fig. S1). With CNT covering the
PMBpgs, the micrographs are very similar to those of ITO/
CNT (Fig. Sla). The PMBpgg structure deposited on ITO re-
veals ultrafine cauliflower like nanoparticles (Fig. S1b), not
visible when CNT covers the polymer. The morphology of
CNT is considerably different after the deposition of
PMBpgs, as seen in Figs. 1b and ¢, which reveal thicker
tube-like structures, indicating that the polymer is deposited
on the sidewalls of the CNTs. Also, the fact that the resulting
composite is not as porous as the CNT network indicates that
polymer is also formed between the CNT filaments, and that
some of the CNT covered by PMBpgg may overlap. The di-
ameter of the CNT covered by PMBpgg is 90 = 15 nm.
However, as seen in Fig. lc, underneath the top layer of
CNT/PMBpgg, some thinner filaments can be observed
(d = 50 nm) which indicates that the upper part of the layer of
CNT is covered by thicker films of PMBpgs, this upper layer
being more exposed to the monomer solution. More deeply
inside the CNT network, less monomer is available, so that
the film of PMBpgg covering the CNT is thinner, giving diam-
eters only slightly higher than the unmodified CNT.

Cyclic voltammetry

CVs recorded in 0.1 M KCI + 5 mM HCI solution at GCE/
CNT/PMBpgs and GCE/PMBprs/CNT as well at the GCE
modified with only one component, either CNT or PMBpgs,
are shown in Fig. 2a. Anodic and cathodic peak currents are
substantially higher for the PMBpgs-CNT hybrid films, com-
pared to electrodes modified with only one component.
Moreover, when CNT is on top of PMBpgs, the peak currents
are almost a factor of two higher, probably due to a more open
structure of the PMBprg/CNT hybrid, which allows easier
insertion/expulsion of the counter-ions involved in the redox
processes. With PMBpgg on top of CNT, the CNT/PMBpgg
composite, the CNT diameter is increased and part of the
interstitial space is occupied by the PMBpgg film, as clearly
seen in the SEM images in Fig. 1b and c, and which hinders
diffusion inside the composite film.

The calculated capacitance values were 0.7, 12.5, 39.2 and
39.6 mF cm 2, for GCE/PMBpgs, GCE/CNT, GCE/CNT/
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Fig. 2 (a) CVs recorded at GCE modified with either PMBpgs or CNT,
or both in different configurations; v = 50 mV s1,0.1 MKCl + 5 mM
HCI; (b) Complex plane impedance spectra recorded in the frequency
range 65 kHz - 0.1 Hz in 0.1 M KCI + 5 mM HCI at GCE/CNT/
PMBpgs and GCE/PMBpEs/CNT at 0.0 and +0.3 V vs. Ag/AgCl; (c)
equivalent electrical circuit used to fit the spectra

PMBpgs and GCDE/PMBpgs/CNT, respectively. Unlike for
composites of CNT and polyphenazine films made in aqueous
solutions, where the capacitive current contribution is attrib-
uted to CNT, the capacitive currents of the PMBpps-CNT
modified electrodes are considerably higher than that of
GCE/CNT [1]. This is most probably related to the controlled
nanoscale structure of the PMB films formed in DES, which
allows much more charge to be stored in the film. It is inter-
esting to observe that PMBprs-CNT modified electrodes, in
both architectures, exhibited similar capacitance values of =
40 mF cm™ 2, twice that of GCE/CNT.

Analysis of the influence of scan rate, between 10 and
100 mV s ' (results not shown), for the two PMBpps-CNT
hybrid film modified electrodes, reveals a diffusion-controlled
electrochemical process, attributed to counter-ion diffusion
through the composite film during PMBpgg oxidation and
reduction.
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Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was carried out at
GCE/CNT/PMBpgg and GCE/PMBps/CNT at potentials be-
tween 0.0 and +0.3 V vs. Ag/AgCl, corresponding to the
redox active region of the modified electrodes, as seen in the
cyclic voltammograms in Fig. 2a. All spectra were similar,
those at 0.0 and +0.3 V being presented in Fig. 2b, consisting
of part of a semicircle in the high frequency region, attributed
to charge transfer processes at the GCE surface, followed by a
diffusive part in the medium frequency region and, finally, the
beginning of a second semicircle of larger diameter at low
frequency, correlated with the charge transport/separation in
the CNT/PMBpgg or PMBpEs/CNT film and at the film/
electrolyte interface. Therefore, the equivalent circuit used to
fit the spectra contained, besides the cell resistance, Ry, an
R-CPE combination followed by a Warburg element and a
second R-CPE (Fig. 2¢). In the equivalent circuit, R, is the
uncompensated cell resistance, Zy is the Warburg element,
with Zyw = Rweth[(tiw)“|(tiw)™®, where o < 0.5, with Ry
the diffusional resistance and 7 the diffusional time constant,
and the CPE are constant phase elements representing the
charge separation of the double layer and the polarization of
the polymer-CNT film, respectively, defined as
CPE = [(Ciw)*T ", modelled as a pure capacitor if & = 1 or
as a non-ideal capacitor, due to the porosity and non-
homogeneity of the surface, for 0.5 < o < 1. The first CPE
represents the charge separation at the electrode/polymer film
interface while the second one comprises both the charge sep-
aration at the polymer/solution interface and the polarization
of the polymer film.

The spectra can be compared with those recorded at
electrodes modified with similar phenazine polymer-CNT
structures, in which the polymer was synthesized from
aqueous media [10, 11]. There are two main differences:
i) the impedance values are lower and ii) the high fre-
quency semicircle is considerably smaller in the present
case, both indicating better electronic conductivity of the
PMBprs-CNT composites. In the case of GCE/PMBpgs,
the spectra were different, the first R-CPE being extended
over the high and mid-frequency region, and the lower
part being fitted by a CPE, with lower « values [7], while
in the case of GCE/CNT, the circuit was the same, ex-
cluding the element R,.

Values of the circuit elements obtained by fitting the
spectra are presented in Table S1. The values of Rj,
CPE; and Zy are similar at 0.0 and +0.3 V for both
GCE/CNT/PMBpgs and GCE/PMBpgs/CNT, the applied
potential having a slightly greater influence on the R,
and CPE, elements, reflecting the processes occurring in-
side the composite film and at the composite/electrolyte
interface. Further analysis is given in the electronic sup-
plementary information.

PMBpes-CNT hybrid films in electrochemical detection

The electrochemical characterization of the PMBpgs-CNT-
modified electrodes showed that the composites with both
architectures, CNT/PMBpgg and PMBpEs/CNT, greatly im-
prove the overall electrochemical properties. The EIS studies
revealed better electronic conductivity for GCE/PMBpgg/
CNT. To further investigate which type of electrode design
is better for electroanalytical purposes, GCE modified with
both composites were used for the electrochemical detection
of ascorbic acid (AA) and acetaminophen (APAP).
Electrochemical measurements of AA were carried out using
chronoamperometry, and square wave voltammetry (SWV)
and differential pulse voltammetry (DPV) were used for
APAP determinations, since the second analyte requires a
higher applied potential for its detection. The results were
compared with those of GCE/PMBpgg and GCE/PMBpgs/
CNT.

Determination of ascorbic acid
Chronoamperometric measurements were made at a fixed po-

tential of +0.2 V vs. Ag/AgCl in 0.1 M KClI for AA using the
different modified electrode sensors (Fig. 3a). The applied
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Fig. 3 Chronoamperometric determination of AA in 0.1 M KCl at

+0.2 V vs. Ag/AgCl: (a) Fixed potential response and (b)
corresponding calibration plots
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potential in the chronoamperometric studies was chosen taking
into account previous work on sensors for AA [1]. The analyt-
ical parameters of the CNT/PMBpgg modified electrodes were
determined from the corresponding calibration plots (Fig. 3b).
The GCE/PMBpgs/CNT sensor had the lowest detection limit,
LoD = 1.7 uM with a sensitivity of 2205 puA cm > mM ™’
(RSD = 4.1%), whereas GCE/PMBpgg had a LoD of 4.4 uM
with a sensitivity of 340 pA cm > mM ' (RSD = 2.8%). The
LoD of the sensor based on PMB synthesized in aqueous so-
lution was higher at 7.7 pM with a much lower sensitivity of
only 23 pA cm > mM ' (RSD = 1.9%) [7].

It was interesting to see that when CNT were deposited
prior to polymer formation, the sensor had half the sensitivity
of GCE/PMBpgs/CNT. This is probably related to the more
compact, less porous, structure of this hybrid film, which hin-
ders the diffusion of the analyte and thence reduces the active
area. Similar tendencies were previously observed for other
hybrid film sensors based on polymers and CNT [12, 13].

The analytical parameters of the sensors with different ar-
chitectures revealed first the superior performance of PMBpgg
compared to PMB,, and, secondly, the better performance of
hybrid films based on PMBpgg and CNT, with the best being
with CNT covering the polymer.

A comparison of some analytical parameters of GCE/
PMBprs/CNT with other polymer-based sensors found in
the literature for ascorbate detection is made in Table 1 [5,
14-22]. As can be seen, only the sensor based on GCE/
CNT/RuOHCEF exhibited higher sensitivity, and that based
on graphene ceramic nanofibres (GCE/ANF-C700) having

lower but comparable sensitivity. Lower detection limits were
found for only three other sensors, which makes GCE/
PMBpgs/CNT a very promising tool for further applications.

Determination of acetaminophen

The anodic oxidation peak of APAP at GCE/PMBpgg was
measured by SWV (50 Hz frequency, 50 mV amplitude,
25 mV s~! scan rate, 0.5 mV step potential) and DPV
(50 mV amplitude, 4 mV s ! scan rate, 2 mV step potential),
see Fig. 4. In 0.1 M KCl electrolyte the anodic peak appears at
around +0.67 V vs. Ag/AgCl in both DPV and SWV measure-
ments. A linear response was observed up to 500 uM, and the
relationship between the peak current and APAP concentra-
tion is expressed by the equations: Aj (LA cm %) = —15 (LA
cm %) + 236*[APAP] (mM); R* = 0.9993, for the DPV meth-
od and Aj (LA cm?) = —6 (LA cm ?) + 157*[APAP] (mM);
R* = 0.9994 for the SWV method. The limit of detection,
calculated on the basis of the 3*standard deviation ratio of
sensitivity [23], was 1.6 uM APAP by DPV and 13.8 uM by
SWYV. Since the best analytical parameters were obtained by
using DPV, it was chosen for evaluating the sensors with hy-
brid films of CNT and PMBpgg, as well as just CNT.
Typical calibration plots for the sensors with the different
architectures are presented in Fig. 4c. For APAP concentra-
tions up to 0.1 mM, the GCE/PMBpgg sensor had a sensitivity
0f 0.360 pA cm > uM ' (RSD 0.5%, n = 5) above which the
response began to tail off, which can be attributed to adsorp-
tion on the modified electrode surface. GCE/PMBpgg/CNT

Table 1  Analytical parameters of AA sensors, based on similar modified electrodes, in the literature

Sensor architecture Sensitivity / pA cm 2mM ! LoD/ uM Reference
GCE/PMB,,/PEDOT 46 13 [5]
GCE/NG/PEDOT 111 43 [14]
GCE/PEDOT/NG 103 5.6 [14]
GCE/NG/PNR 69 7.8 [14]
GCE/PNR/NG 113 52 [14]
GCE/CNT 384 43 [15]
GCE/CNT/PNR 375 4.7 [15]
GCE/CNT/RuOHCF 132:10° 0.09 [16]
GCE/PNB/CNT 857 24 [17]
SPE/PA/DS/CNT 105.3 [18]
GCE/hnpPt-Cu 120.7 25.1 [19]
GCE/Ni-CoHCF_G - 0.15 [20]
GCE/ANF-C300 308 8.6 [21]
GCE/ANF-C700 1.1-10° 0.12

GCE/RGO_Im 85 10 [22]
GCE/PMBpgs/CNT 2.2:10° 1.7 This work

NG nitrogen doped graphene, PEDOT poly(3,4-ethylenedioxythiophene), PNR poly(neutral red), RuOHCF ruthenium oxide hexacyanoferrate, PA/DS
poly(allylamine) and dodecyl sulfate, PNB poly(Nile blue), AnpPt-Cu hierarchical nanoporous Pt-Cu alloy, Ni-CoHCF G nickel-cobalt
hexacyanoferrate microparticles deposited on graphene, ANF-C300/700 alumina nanofibers modified by graphene foliates, RGO_Im electroreduced

graphene oxide and imidazolium groups
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Fig.4 (a) SWV (v=25mV s " and (b) DPV (v=4mV s ') of APAP at
GCE/PMBpgg in 0.1 M KCI (step potential 2 mV, pulse amplitude
50 mV); (c) calibration plots from DPV

had a sensitivity approximatively three times higher than that
of GCE/CNT/PMBpgs, of 68.6 nA cm > uM ' (RSD 2.7%,
n = 5) compared to 23.3 (RSD 2.3%, n = 5), as would be
expected considering the performance of these two sensors
for AA, where the hybrid with CNT covering the polymer also
had superior sensitivity. As observed, the presence of CNT in
the hybrid film leads to a substantial increase in sensitivity.
The lowest detection limit, 1.6 uM, was also found for the
GCE/PMBpgs/CNT electrode.

The repeatability of the analytical method employing the
APAP sensors was examined by constructing a 5-point

calibration plot 5 times, giving relative standard deviations
of 2.7% for GCE/PMBpgs/CNT, 2.3% for GCE/CNT/
PMBpgs, 1.4% for GCE/CNT and 0.5% for GCE/
PMBpEs, respectively. The reproducibility of the sensors
was also evaluated from 5-point calibration plots at three
different electrodes, and RSD values were below 5% in all
cases.

The GCE/PMBpgs/CNT sensor showed very good opera-
tional and storage stability, maintaining 94% of the initial
response after 30 consecutive measurements of 50 uM
APAP, and 98% after 1 month of storage in 0.1 M KCI at
4 °C. Long-term operational stability was assessed by measur-
ing the sensor response to 50 uM APAP during one month.
All electrodes were stored in 0.1 M KCI at 4 °C when not in
use. The results exhibited only a very small decrease in sen-
sitivity in the first 10 days and a slight decrease to about 90%
of the initial sensitivity after one month. This demonstrates
that the sensor possesses good stability and can be employed
for practical applications. The stability of the sensors can be
attributed to the excellent compatibility of the CNTs with the
polymer network.

Table 2 compares the sensitivity and LoD of a number of
sensors reported for APAP [10, 24-32]. As can be seen, the
lowest LoD of 2.2 nM is achieved by a Pd/graphene oxide
nanocomposite sensor, whereas the sensors in the present
work exhibit the highest sensitivity for acetaminophen detec-
tion, considerably outclassing the other sensors.

The results confirm the greatly-enhanced analytical perfor-
mance of the sensors related to the use of carbon nanotubes
and of deep eutectic solvents for developing 3D network ma-
trices with potential use in electroanalysis.

Determination of AA and APAP in pharmaceutical

formulations

The sensor with the best analytical performance, GCE/
PMBpes/CNT was used for the detection of ascorbic acid
and acetaminophen in pharmaceutical products: Aspirin Plus
C®F aringoHotDrink®, Paramolan C®, Coldrex Max Grip®,
Theraflu®. Fixed potential amperometry at +0.2 V vs Ag/
AgCl was used for AA determination and DPV for APAP
determination, both in 0.1 M KCl at room temperature. The
results of determinations using the standard addition method
are displayed in Table S2.

For AA determination, the recovery factors were very close
to 100%, showing that there were no significant interferences
from the other compounds present in the formulation, which
probably require a more positive potential than +0.2 V to be
oxidized.

In the case of APAP, for all investigated pharmaceuticals,
the oxidation potential of APAP was found at about the same
value of £ = + 0.67 V vs. Ag/AgCl as in the case of the
standard. Analysis of the DPVs shows that there are several
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Table 2 Analytical parameters of APAP sensors, based on similar electrode modifiers, in the literature

Sensor architecture Sensitivity / pA cm > uM ! LoD/ uM Reference
CE/CNT/PMG 3.6 4.30 [10]
GCE/{CNT/ED},, 2.3 0.09 [24]
GCE/PEI/CNT/HRP 0.3 1.36 [25]
Auw/PANI-CNT/Basillus sp./GA 24.6 2.90 [26]
GCE/poly[ColI-S] 1.0 0.30 [27]
CCE/CNT 33 0.12 [28]
GCE/poly-Trypan Blue 0.3 0.10 [29]
SPE/NHS-GO 0.63 0.17 [30]
GCE/GO/Pd 20.5 0.002 [31]
SPE/ProteinG MB/Ab 9.6-107 1.76 [32]
GCE/CNT/PMBpgs 23.3 3.11 This work
GCE/PMBpgs/CNT 68.7 1.64 This work

{CNT/EDj}, layer by layers of ethylenediamine and CNT, PEI/CNT/HRP horseradish peroxidase entrapped into PEI doped with CNT, PANI polyaniline,
GA glutaraldehyde, poly[Coll-S] N,N'- bis(salicylidene)ethylenediamine, CCE carbon—ceramic electrode, NHS-GO N-hydroxysuccinimide functional-
ized graphene oxide, CE composite electrode, PMG poly(methylene green), GO graphene oxide, MB magnetic beads, Ab antibody

*Geometric area not specified

components with redox properties, but with oxidation poten-
tials sufficiently different from that of acetaminophen to en-
able accurate APAP determination, with very good recovery
factors close to 100%. The results are in agreement with those
reported by the manufacturer, indicating that there are no sig-
nificant matrix interferences.

Conclusions

Two new hybrid composites based on the redox polymer PMB
synthesized in DES medium and on CNT were evaluated for
sensing applications. The poly(methylene blue) films
electropolymerised in DES enhanced the CNT-modified GCE
electrochemical properties, and enabled the construction of
electrochemical sensors with superior analytical performances.
The optimum sensor architecture was GCE/PMBpgs/CNT,
which showed enhanced currents and a favourable electrocata-
lytic response. The applicability of the sensor was demonstrat-
ed using ascorbic acid and acetaminophen as analytes of inter-
est. Low detection limits of 13.8 uM and 1.6 uM were obtain-
ed, with excellent sensitivities of 2.2 pA cm 2 qul, and
68.7 pA cm 2 uM !, for ascorbic acid and acetaminophen,
respectively, outclassing other similar sensors found in the lit-
erature. The new sensors showed good stability, reproducibili-
ty, repeatability and high recovery factors when used in phar-
maceutical formulations, providing a new method for fast and
highly sensitive detection of key analytes in complex matrices
and broadening the use of green solvents in electrochemical
sensors and pharmaceutical analysis.
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