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Efforts have been made on the development of new modified
electrodes to be used in the fast determination of
neurotransmitters, either in commercial drugs or in biological
samples. Determination of dopamine (DA), for example, is
of great importance since the lack of this neurotransmitter
is related to many neurological disorders, including
Parkinson’s and Alzheimer’s diseases. In this paper, we
present a detailed electrochemical characterization, as well
as DA detection studies of paste electrodes incorporating
carbon materials in different allotropic forms, including
carbon black modified with intrinsically conducting polymers
(Eeonomers®), pristine carbon black, graphite, and carbon
nanotubes. Emphasis is put on the smaller particle size and
larger specific surface area of CB Eeonomers® materials,
which led to an improved electroanalytical performance for
the developed devices. The electrodes fabricated with
Eeonomers® modified with polyaniline exhibited the highest
current response towards DA detection, in addition to the
ability of distinguishing DA from its natural interferent,
ascorbic acid. Furthermore, a central composite design was used to investigate the influence of pH and
electrode composition (proportion of Eeonomers®) on the electrochemical sensing of DA. A greater
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sensitivity was achieved for 50:50 (w/w) KP20/KPy20 electrode at pH 7.0. The optimized devices showed
to be promising tools to perform quick, cheap and sensitive detection of this neurotransmitter in bioanalytical
systems.

Keywords: carbon paste electrode, carbon black, intrinsically conducting polymers, electroanalysis,
electrocatalysis, response surface, factorial design.

INTRODUCTION

Research on the development of new carbon paste electrodes (CPEs) have experienced a fast
growth since the first reports by Adams [1]. CPEs have been widely used in electroanalysis due to their
low background current, wide work potential window, chemical stability and low cost. CPEs can also
be chemically modified, which can significantly improve their sensibility, selectivity and overall analytical
performance towards the detection of a number of analytes [2-4].

The use of carbonaceous materials for constructing CPEs has been enabling the production of excellent
detection devices with diversified applications [5]. Several carbon allotropes and nanomaterials have been
investigated in this regard, including glassy carbon (GC) [6], graphite (GP) [7], carbon nanotubes (CNT)
[8-9], carbon nanofibers [10] and graphene [11-12].

Carbon nanotubes (CNT) have also attracted attention as promising materials for modified electrodes,
allowing the fabrication of highly sensitive and selective devices. Indeed, the electrochemical applications
of CNTs have been greatly explored, particularly on battery technology [13], supercapacitors [14], and
sensors and actuators [15-18]. CNTs are excellent electrode materials because of their unique electronic
and mechanical properties, as well as their low chemical reactivity exhibited in most electrolyte solutions,
retaining a high surface activity and a wide operational potential window [19]. Single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) made into paste electrodes, using
mineral oil as agglutinant, are also valuable tools for detection of several molecules [20-22]. Valentini et
al [23] described for the first time the electrochemical behavior and the electroanalytical performance
of a SWCNT paste electrode, which exhibited a sensitivity enhancement toward dopamine oxidation, in
comparison to graphite-based CPEs.

Another important carbon material is carbon black (CB), which is a paracrystalline form of carbon,
presenting small particle size and large specific surface area. CB particles grown together to form aggregates
of different sizes and shapes. This material has been employed as an alternative carbon allotropic form
for applications as electroconductive additive in hydrogen storage devices, and as cathode materials in
lithium-ion micro-batteries [18]. The use of CB as active materials in CPEs has also been intensively
investigated due to their excellent electrical conductivity and presence of several defect sites. Those
properties contribute to faster electron transfer kinetics on the electrodic material, providing interesting
abilities to mediate electron transfer reactions for some analytes [25-27]. Additionally, CB-based paste
electrodes have been produced in a variety of configurations by exploiting the versatility of carbon paste
and CB nanomaterial.

DAis a biological amine that has excitatory and inhibitory activity in postsynaptic membranes, performing
essential roles in the endocrine, cardiovascular, excretory and central nervous systems [28]. In physiological
samples, DA concentration ranges from 10 to 10-°° mol L' [29], and changes in these levels are related
to several neurological disorders, such as Parkinson’s disease, Alzheimer’s disease and schizophrenia,
among others. This neurotransmitter is also used as an intravenous resuscitation medication in hospitals,
which demands a rigorous quality control to ensure the effectiveness and safety of this drug [30]. In
these contexts, the development of fast and low-cost methods for detecting DA in biological fluids and
pharmaceutical formulations is fundamental for the clinical field and pharmaceutical industry.

The method commonly used for DA analysis is high-performance liquid chromatography (HPLC).
This method exhibits high sensitivity and excellent selectivity; however, it has important drawbacks,
such as the need for expensive equipment, demand for trained technicians, complex sample preparation
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procedures and the impossibility of in situ analysis. In contrast, electrochemical methods can overcome
these disadvantages, in addition to present high sensitivity, good selectivity, quick response, and lower
cost. Furthermore, the instrumentation required for electroanalytical determinations is simple and can be
conveniently miniaturized, which enables its use for in situ and automated detections [31-33]. Due to the
mentioned advantages, the development of new low-cost, selective, sensitive and simple devices for DA
detection is justified.

When working with the advatangeous electrochemical sensors, it is also extremely important that these
devices allow analyzes to be carried out on complex samples, such as biological samples. DA is easily
detected due to its easy oxidation, however, in physiological samples, several substances coexist that can
interfere with its electrochemical detection [34]. There is a large amount of work describing methodologies
for the detection of DA with high sensitivity, but its selective detection remains a major challenge for
researchers. The literature presents us two important interfering substances in DA electrochemical
detection process: uric acid (UA) and ascorbic acid (AA), with AA as the most important because it is
found naturally as a vital antioxidant against biological oxidation process [35]. These two compounds
stand out due to their oxidation potential being close to the DA one and to the fact that their concentrations
being hundreds of thousands of times higher than the concentration of DA in physiological environment.
Additionally, the oxidation products of these compounds can be potentially absorbed or electropolymerized
on the surface of the electrodes, reducing sensors reuse and reproducibility. Therefore, for a DA sensor to
be actually used in real samples, selectivity is crucial [35].

The use of multivariate optimization tools, such as factorial design and response surface methodology
(RSM), has showed to be advantageous for optimizing experimental parameters and conditions in a
number of systems in both research laboratories and industry. In the electroanalytical field, the usage
of such approaches has been leading to enhanced detection performances for several sensing devices.
For instance, recent literature shows various studies in which the use of factorial designs has enabled
significant improvements in important analytical parameters, such as selectivity [36-37] and sensitivity [38-
39], for different electrochemical sensing systems.

In this study, we describe the preparation of CPEs for the electrochemical detection of DA, with emphasis
on the use of CB modified with conducting polymers, namely polyaniline (Pani) and polypyrrole (PPy).
Conducting polymer-modified carbon black (Eeonomers®) [29] is a thermally stable conductive material
made via in situ deposition of intrinsically conducting polymers. These materials have found applications
mainly as electroactive fillers in polymeric composites with improved processing properties [30-32].
However, the presence of Pani and PPy on the CB surface provides a significant increase in the electrical
conductivity of the material and in the number of surface active sites due to the presence of alternating
double and single bonds [46] and nitrogen atoms on the polymeric structure [47,48]. The incorporation
of such polymers onto CB particles can enhance their conductive properties and electroactivity, which
significantly impacts their sensing capability. These characteristics were explored in this work to develop
sensitive, selective and feasible electrochemical sensors to perform DA determination in real samples.

MATERIALS AND METHODS
Chemicals

All chemicals were of analytical grade and used as received. Dopamine hydrochloride and multiwalled
carbon nanotubes were purchased from Sigma-Aldrich. Ascorbic acid was purchased from Merck.
Graphite powder was acquired from Fluka. Three different types of Eeonomers® (Eeonyx Co) were used,
including pure CB (KPO - specific surface area of ca. 1400 m?/g), CB modified with 20 wt% polyaniline,
KP20 (particle size 40 nm, specific surface area of ca. 570 m?/g and density of 0.062 g/cm?®) and CB
modified with 20 wt% of polypirrole, KPy20 (particle size 40 nm, specific surface area of ca. 390 m?/g
and density of 0.062 g/cm?). Details on synthesis, characterization and applications of Eeonomers® can
be found elsewhere [40-43]. Double distilled water was used to prepare all solutions.
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Preparation of the carbon paste electrodes

The unmodified graphite CPE (GRPE) was prepared by mixing graphite powder and mineral oil (12%
w/w). The unmodified MWCNT CPE (CNTPE) was prepared by mixing nanotube powder with 45% (w/w) of
mineral oil. The unmodified pristine CB CPE (KPOPE) was prepared by mixing carbon black (KP0) powder
with 14% (w/w) of mineral oil. The electrodes containing KP20 (KPPE) and KPy20 (KPyPE) were prepared
by mixing the powders with 28% w/w and 26% w/w mineral oil, respectively.

0.1 g of each paste was inserted into a plastic needle-type capillary tube measuring 6 mm diameter and
5 cm length, and a 1 mm diameter Ni-Cr wire connected to a 5 mm diameter graphite cylinder was used
as electrical contact. Electrode surfaces were smoothed using ordinary vegetal paper and rinsed carefully
with double distilled water.

Electrochemical measurements

Electrochemical measurements were conducted with a conventional three-electrode cell using in a
PalmSens potentiostat (Palm Instruments BV). An Ag/AgCl electrode (saturated with KCI) and a platinum
wire (fixed area at 0.8 mm?) served as the reference and auxiliary electrodes, respectively. The unmodified
GRPE, CNTPE and KPOPE and the modified KPPE and KPyPE were used as working electrodes.

The electrochemical characterization of each CPE as well as DA and AA quantification were performed
by using cyclic voltammetry, since this technique is the most suitable for a profound characterization in
relation to the kinetic aspects of electrochemical reactions occurring in the electrode/solution interface.
Cyclic voltammograms were recorded in the potential range from 0.0 to 0.8 V vs Ag/AgCl, at scan rates of
10 mV s and 90 mV s'. NaCl 0.5 mol L' at pH 4.0 (adjusted with HCI 0.1 mol L") was used as supporting
electrolyte. Calibration curves were obtained for DA and AA in the range between 2 and 50 umol L. All
experiments were performed at room temperature.

Experimental Design and Response Surface Methodology

A systematic study was carried out to define the optimal conditions to obtain a higher anodic peak
current (Ipa) in DA determination upon varying the proportion of the two different Eonomers® and pH of the
supporting electrolyte. Using these parameters, optimization based on a 32 factorial design and response
surface methodology was performed. A set of 11 experiments was carried out.

The conducting polymer-modified Eeonomers® used were KP20 and KPy20. A mixture of these
Eeonomers® (KP20/KPy20) at 50:50 (w:w) was also used. Each electrode was prepared by mixing
Eeonomers® with mineral oil (28, 26 and 27%, respectively). The pH supporting electrolyte was controlled
using acetate buffer solution (pH 3.0, 5.0 and 7.0). The choice of pH and the proportion between the two
conducting polymer-modified Eeonomers® as parameters on this experimental design is justified due to: (i)
pH of the electrolyte solution plays an important role on the electrode response, since it can directly influence
the conductivity of the system by polymer doping; (i) the conducting polymer significantly influences the
electrochemical response; hence, it is believed that the effect of the proportions of the different materials
can reveal the individual role of each conducting polymer towards DA detection.

The stabilization of electrodes was performed with 25 cycles in the presence of supporting electrolyte.
Subsequently, randomized electrochemical analyses in presence of 50 umol L' DA were carried out in the
potential range from 0 to 800 mV vs Ag/AgCl, at 30 mV s, according to the conditions shown in Table V.
The Ipa data were processed with Statistica software (version 5.0).

DA Determination in Commercial Drugs

Standard addition methodology was applied in the analysis of commercial DA injections containing 200
mg of Dopamine Hydrochloride. Aliquots of the commercial sample (20 uL) were fortified with five additions
of DA standard stock solution (1 x 102 mol L"). Finally, the solutions were analyzed by cyclic voltammetry
using a previously prepared electrode containing the Eeonomer® KP20 (KPPE) and NaCl as supporting
electrolyte.
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RESULTS AND DISCUSSION
CPE preparation with different carbon materials

As usual for CPE preparation, a paste consisting of carbonaceous powder and mineral oil as binder
composes all electrodes. The amount of binder depends on the granulation of the carbon-based material
and this proportion can cause increment of background current. According to Malha et al., 2013, as CB
possesses high surface area, carbon pastes prepared with this material do require high amounts of binder
(25% w/w) [44]. Ideal amount of binding agent was verified using cyclic voltammetry, and it was considered
optimal when the resistive contribution on the voltammetric profile was not observed with the reduction on
the amount of mineral oil (data not shown).

As Eeonomers®present larger specific surface area (see morphological analysis in Figure S1), a proper
amount of CB was mixed with a suitable amount of mineral oil. As shown in the experimental section,
KPO has the largest surface area and a lower percolation limit, thus it is expected a larger liquid surface
accessible to the matrix and KPOPE was prepared by hand-mixing KPO powder with 14% w/w mineral
oil. This amount of binding agent is smaller than the one used for KP20 and KPy20, 38% w/w and 41%
w/w, respectively. Higher amount of mineral oil was needed to disperse the modified Eeonomers® due to
the presence of conducting polymers that present polar structure causing a decrease in the wettability of
modified Eeonomers® related to the binder. Trying to avoid the use of higher amounts of mineral oil, KP20
and KPy20 materials were ground, and CPEs were prepared again and this new condition have resulted in
a decreased mineral oil amount of 26% w/w and 28% w/w for KP20 and KPy20, respectively, which were
employed as optimal electrode compositions.

GR and CNT-based paste electrodes were fabricated using the following proportions of mineral oil: 12%
w/w and 45% w/w, respectively.

Electrochemical behavior of different carbon materials
The electrochemical behavior of all studied CPE was first investigated using the supporting electrolyte
solution, NaCl 0.5 mol L' (pH = 4.0) at 30 mV s™'. Results are shown in Figure 1.

—— GRPE R A
1004 ------ KPPE A
------------ KPOPE
754~ CNTPE
---------- KPyPE
E 50- 0 200 400 600 800
- 25 E/mV vs Ag/Ag(_[)I
04 - —
e T Figure 1. Cyclic voltammograms for the KPPE, KPyPE,
s e — KPOPE, GRPE and CNTPE, at v= 30 mV s'. Supporting
0 200 400 600 800 electrolyte: NaCl 0.5 mol L' at pH 4.0. For better visualization,
E/mV vs Ag/AgCl the voltammograms for the KPyPE, KPOPE, GRPE and CNTPE
electrodes are highlighted in an inset in the Figure.

The cyclic voltammograms for all paste electrodes exhibited different capacitive currents, according to
the material employed for electrode fabrication. It is interesting to observe that neither the KPPE nor the
KPyPE presented the characteristic voltammetric profile of the respective conducting polymer, since all of
them did not present current peaks and only capacitive current was observed. This was assigned to the
presence of polymeric films around the carbon black particles. In acidic solution, with the doping of the
polymers, there is an increase on the conductivity of the materials. However, since the films are not thick
enough to enable ion diffusion, only fast faradaic processes on the material surface occurs, creating a
process known as pseudocapacitance [45].

182



Braz. J. Anal. Chem., 2021, 8 (32), pp 178-197.

Itis interesting to notice that the capacitive current for the KPPE is 23 times higher than for its counterpart
KPyPE, even considering that the specific area of the first one in only 1.5 times higher when compared
to the former material. This can be understood considering that under acid doping PANI conductivity is
higher than PPy [46]. In addition, the voltammograms obtained with the other CPE shows only capacitive
current, probably due to Double Layer charging. It is also worth mentioning that the capacitive current for
the unmodified CB is 30 times lower than the current observed for the KPPE, even though its specific area
is 2.5 higher than the area for the KP20, fact that corroborate the occurrence of pseudocapacitive process
in the modified Eeonomers®.

Eeonomers® materials are produced with different proportions of conducting polymers. However, our
studies have indicated that the material with 20% of polymers have demonstrated the most promising
electrochemical behavior aiming the construction of electrochemical sensors (S2).

Investigation of DA voltammetric behavior using different CPEs Electrodes

The response of the different CPEs in presence of DA were investigated toward the oxidation process
of the analyte. A well-defined anodic current peak was observed for all electrodes, which is attributed to
the oxidation of dopamine to dopaminequinone, with the involvement of 2 electrons and 2 protons. This
redox process has been extensively studied in the literature [47-50]. Figure 2.a displays the voltammmetric
responses of the modified and unmodified Eeonomers® KPOPE, KPPE and KPyPE in the presence of
DA. As discussed above, the most noticeable characteristic of the modified Eeonomers® is related to
the presence of intense capacitive current, however both KPPE and KPyPE presented peak currents
with absolute values (capacitive + faradaic current) higher than the ones exhibited by the unmodified
Eeonomers® KPOPE. Figure 2.b shows the voltammetric behavior for the electrodes prepared with
different carbon allotropes used as reference. As expected, CNTPE (carbon nanotubes) presented a
quasi-reversible voltammetric profile related to DA redox process. It is possible to observe a peak potential
separation (AEp) ca. 83 mV and an anodic and cathodic peak current ratio for the process (/pa/lpc) of ca.
1.2. The other two CPE showed on Figure 2.b also presented pronounced anodic peaks compared to the
modified Eeonomers® (Figure 2.a). The parameters obtained from the measured cyclic voltammetry for the
different carbon-based electrodes in presence of DA are showed in Table I.

30{ —— KPOE . - — GRPE .
— — KPPE _ 44— KPOPE S \
KPyPE PR [----cNTPE ¢ Y

154 ) -
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a E/mV vs. Ag/AgCl(sat) b E/mV vs Ag/AgCI

Figure 2. a) Cyclic voltammograms for the electrodes KPOPE, KPPE and KPyPE, and b) Cyclic
voltammograms for the electrodes GRPE, KPOPE e CNTPE, in 50 umol L' of DA. Supporting electrolyte:
NaCl 0.5 mol L', pH 4.0 and v = 30 mV s'.
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Table I. Electrochemical parameters obtained from the cyclic voltammograms of GRPE, KPOPE,
CNTPE, KPyPE and KPPE electrodes in the presence of 50 pmol L' DA

CPE Ep, (mV) Ep, (mV) AEp = Ep,- Ep, (mV) Ip, (WA) Ip, (HA) Ip,/lp,
GRPE 530.0 226.0 304.0 3.88 -3.50 -1.11

CNTPE 380.0 297.0 83.0 4.25 -3.60 -1.20
KPOPE 484.0 280.0 199.0 2.69 -2.70 -0.99
KPyPE 433.0 329.0 102.0 2.82 -2.70 -1.04
KPPE 454.0 387.0 67.0 5.98 -6.01 -0.99

From Table | it is evidenced that, in addition to the CNTPE the two other electrodes that presented fast
kinect for electron transfer for DA redox process are KPPE and KPyPE, even considering the presence
of a high capacitive current. This behavior can be attributed to the smaller values of AEp, 67 and 102 mV,
respectively (criteria for reversible process: AE_= 57/n mV at 25 °C - where n is the number of electrons
involved in the process and Ipal/lpc = 1.0) [51]. The faster kinetics for DA redox process on KP20 and
KPy20 can be assigned to the presence of the pseudocapacitance phenomena that is caused by fast
faradaic processes occurring on the material surface as a consequence of the presence of polymeric
conducting film at the modified Eeonomers®. The Epa and Epc values shown in Table | were compared
with those obtained with a conventional Pt electrode (Figure S3), in the same experimental conditions.
We observed that oxidation of DA on a Pt electrode occurred at higher potentials (Epa= 504 mV). Another
disadvantage on the use of Pt electrode is that DA adsorbs on the surface of this metal, which may lead
to a fouling effect.

The effect of scan rate on the oxidation response of DA was examined in the range of 10-100 mV s
(Figure S4). The oxidation currents linearly increased with the square root of scan rate for all electrodes,
indicating that the processes were diffusion-controlled, which is expected for catalytic systems and
advantageous for quantitative determinations.

The ability of the electrodes to detect DA was investigated using CV, in the range of 2 to 50 uymol L.
For all electrodes employed, a linear relationship between the oxidation current and DA concentration was
observed, allowing the determination of analytical parameters displayed in Table II.

Table Il. Analytical parameters of DA determination using different carbon paste electrodes

Linear Range of

CPE Linear Reg_ressmn Linear correlation SenSItl_\1nty Concentration
Equation factor (Amol'L) p
(mol L)
GRPE Ipa =0.06 + 0.051 [DA] 0.9930 0.051 2-50
CNTPE Ipa = 0.02 + 0.065 [DA] 0.9936 0.065 £ 0.04 2-50
KPOPE Ipa =0.02 + 0.043 [DA] 0.9997 0.043 2-50
KPyPE Ipa = 0.02 + 0.021 [DA] 0.9983 0.021 2-50
KPPE Ipa =0.15+ 0.110 [DA] 0.9958 0.110 £ 0.04 2-50
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It is worth noticing that a wide linear range was obtained. A good sensitivity was observed for electrodes
containing Eeonomer® KP20 (KPPE), followed by the CNT-containing electrodes (CNTPE).

Figure 3 shows the analytical curves obtained for the KPPE and CNTPE. The quantification of DA for
these two electrodes were obtained in triplicate and the standard deviation is indicated for each point. It
is also important to mention that the higher sensibility of KPPE electrode is clearly indicated in Figure 3. It
is also interesting to notice that the error on the measurement of the peak current for each of the studied
DA concentrations is slightly smaller for the CNTPE electrode, probably due to the lower definition of the
peaks on the KPPE.
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— ,,il — —‘,E
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oo o Ipa=0.15 yA + 0.110 A umol’ L [DA] 00 &~ Ipa=0.02 uA + 0.065 yA umol’ L [DA]
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-1 -1
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Figure 3. Analytical curves obtained by cyclic voltammetry in presence of DA for a) KPPE electrode and
b) CNTPE electrode, both in the concentration range of 2 to 50 umol L' of DA. Supporting electrolyte:
NaCl 0.5 mol L', pH 4.0 and v = 30 mV s'.

In addition to the good sensitivity, a suitable reproducibility and response stability is required for an
electrochemical sensing device. In this regard, the electrodes were submitted to consecutive redox cycles
in the presence of DA (Figure S5). It was observed that the voltammetric profile remained nearly constant
(the faradaic currents and potential values did not change significantly). It is also important to note that
no fouling effect (caused by DA adsorption) was observed for the carbon paste electrodes, even after 100
cycles. This contrasts with the behavior observed for Pt electrodes, in which a blocking of the signal due
to DA adsorption on the electrodic surface was observed.

To confirm that DA oxidation occurred via an electrocatalytical process when the modified electrodes
were employed, the dependence of Ipa/n'? on scan rate was plotted, as shown in Figure 4. According to
Nicholson [41], a non-linear relationship of the Ipa/n'? vs v plot exhibited the typical behavior of a typical
electrochemical-chemical catalytic process, as observed for the electrodes containing KP20 and KPy20.
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Figure 4. Plot of Ip/v'”2 against scan rate (v) for DA (50 uymol L") at the modified electrodes a) KPPE and
b) KPyPE. Supporting electrolyte: NaCl 0.5 mol L' and pH 4.0.

Electrochemical oxidation of ascorbic acid as a possible interferent for DA detection

The electrochemical response of the electrodes in the presence of ascorbic acid (AA) was evaluated due
to its possible interference for physiological DA detection. AA is present along with DA in biological fluids,
and its presence considerably decreases the sensitivity of most of the materials used in electrochemical
sensors for DA determination [2,52-53]. This is due to the fact that the redox process of AA occurs at
potentials that are close to those observed for DA oxidation [50,54].

Figure 5.a displays the cyclic voltammograms of the modified and unmodified Eeonomer® (KPPE,
KPyPE and KPOPE) in the presence of a fixed concentration of 50 umol L' AA. An irreversible oxidation
peak was observed for KPOPE at Epa of ca. 450 mV, however, the voltammetric response for the KPPE
and KPyPE showed no oxidation processes or just a small anodic peak. This is a particularly important
finding for the production of selective sensors for DA quantification, due to the possibility of identification
of this analyte in different complex samples. The cyclic voltammogram for the KPPE in the presence of AA
is highlighted as an insert in Figure 5.a due to the high capacitive current presented by this material. For
comparison, Figure 5.b shows the electrochemical behavior of the electrodes CNTPE, GRPE and KPOPE
in the presence of AA. For those carbonaceous materials, it is possible to observe the same oxidation
process as for the KPOPE, with a higher current peak for the GRPE, similarly to the response obtained in
presence of DA.
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Figure 5. Cyclic voltammograms of a) KPOPE, KPPE and KPyPE and b) KPOPE, GRPE and CNTPE in
presence of AAin a concentration of 50 umol L-'. Conditions: NaCl 0.5 mol L, pH 4.0 and v =30 mV s™.

The obtained results indicate that the use of KPOPE, GRPE and mainly CNTPE electrodes are not
suitable for the use in DA quantification in samples where AA is also present (S6). On the other hand,
KPPE and KPyPE electrodes are both selective to DA determination, which is a desirable and important
feature for applications in biological samples.

The information described above has showed that KP20 materials have the best performance regarding
the application in the preparation of electrochemical sensors. Aiming to produce a proof of concept for the
statement presented above, the quantification of DA in a commercial sample was performed by using cyclic
voltammetry and standard addition methodology. The KPPE was chosen for this study due to its better
sensitivity (0.11 A mol"' L) for DA determination. Figure 6 shows the standard addition curve used for DA
quantification. The relationship obtained between Ipa (uA) and DA concentration (umol L") was obtained
by linear regression (Ipa = 10.23 + 0.21 [DA], R = 0.99773) and the determination of DA concentration in
the sample was obtained by extrapolation to Ipa = 0. The obtained value, 50.8 umol L', agrees with the
labeled concentration of DA in the tested commercial injection solution sample (50.4 umol L).

20+
< ]
3.
S~~~
8 10
e,
Figure 6. Ipa vs DA concentration plot obtained for the
standard addition methodology aiming DA quantification in a
oLl . . . . . commercial injection solution. Ipa values were obtained by
-40  -20 0 20 40 , 60 80 using cyclic voltammetry and KPPE electrode in the following
[DA] i moI.L'1 conditions: supporting electrolyte: NaCl 0.5 mol L, pH 4.0
and v=30mVs™".

187



Blum, S. A.; Zahrebelnei, F.; Nagata, N.; Zucolotto, V.; Mattoso, L. H. C.; Pessoa, C. A.; Garcia, J. R.; Wohnrath, K.

Factorial Design

Intending to verify whether the combination of the two modified Eeonomers® could enhance the
electrochemical response for DA detection, since both materials presented were able to electrocatalyze
this process, a 32 full factorial design was performed including the mixture of KP20 and KPy20 materials
for CPE construction, in different proportions, as one of the variables. The chosen second variable was pH
due to the importance of this parameter in doping the conducting polymers present in the system.

Cyclic voltammograms acquired with the electrodes containing the Eeonomers® KP20 (KPPE), KPy20
(KPyPE), and a mixture of both (KP20/KPy20 50:50 w/w) in acetate buffer at pHs 3.0, 5.0 and 7.0 showed
only capacitive currents. The electrochemical response of the electrodes toward AA oxidation revealed the
great potential of the modified KPPE and KPyPE electrodes for DA detection, since the KPPE electrode
did not show current peaks in the presence of AA, and the KPyPE could detect AA only at concentrations
higher than 20 umol L. Thus, the Eeonomers® (KP20 and KPy20) are highly selective to DA even in the
presence of its principal interferent (AA) in physiological medium.

The current results obtained in each assay of the 32 full factorial are displayed in the Table Ill. A central
point assayed in triplicate was included in the factorial design for standard deviation estimate.

Table lll. Current results obtained in each assay of the 32 full factorial design to investigate the
influence of electrode composition and pH on the sensing capabilities of the developed devices

Assay pH CPE composition Ipa (pA)
1 -(3.0) - (KP20) 28.3
2 +(7.0) - (KP20) 15.2
3 - (3.0) + (KPy20) 6.64
4 +(7.0) + (KPy20) 9.31
5 0(5.0) 0 (KP20/KPy20) 24.3
6 0 (5.0) 0 (KP20/KPy20) 24.0
7 0(5.0) 0 (KP20/KPy20) 25.4
8 0 (5.0) - (KP20) 251
9 +(7.0) 0 (KP20/KPy20) 20.4
10 0 (5.0) + (KPy20) 7.82
11 -(3.0) 0 (KP20/KPy20) 22.0

The main effects (pH = -5.18 and CPE composition = -13.8) indicated that both variables significantly
affect the evaluated response. However, a significant interaction effect (pH vs CPE composition = +7.85) is
also observed, which implies in a non-homogeneous effect of pH for both electrodes. For KPPE electrode,
the pH effect reduces the Ipa 13.1 times, while for the KPyPE a 2.67-pA increase in the Ipa was observed.
This interaction effect and the significant overall curvature of the response (y,- y_ = -9.71 units, obtained
by difference between the mean of the points of the 32 factorial and the mean at the center of the design)
indicate that the first-degree equation is inadequate to represent the local response surface. The latter
shows the need for construction of a quadratic response surface, a model that was evaluated by Analysis
of Variance — ANOVA (Table V).
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Table IV. Analysis of Variance for the quadratic adjusted model (Ipa = 24.2 — 2.00 pH - 7.47 EPC
-2.44 pH?-7.18 EPC? + 3.94 pH x EPC)

Sum of Squares Degrees of Mean of Squares

Source (SS) Freedom (MS) F-test
Regression (R) 603.27 5 120.65

52.39
Residual (r) 11.51 5 2.31
Lack of Fit (LF) 10.43 3 3.48

6.40
Pure Error (PE) 1.09 2 0.54
Total 614.78 10

% Total Explained Variance = 98.13
% Explained Variance Maximum = 99.82

ANOVA shows that the response surface satisfactorily describes the set of results in the studied range
for the factors. Table IV showed that the model could explain 98.13% of the variability in the data. This
value is very close to the maximum variance that could be explained (99.82%). The F = MS_/MS_= 52.39
>>> F, ¢ 959, = ©-05, indicating that the regression is significant. F . = MS /MS =6.40<F,,, =19, shows
that there is no significant lack of fit in the quadratic model. Finally, the random distribution of the residues
indicates the suitability of the model, as showed in the inset of Figure 7. Figure 7 shows the tridimensional
plot of the model equation, which displays a plateau region where the Ipa maximum (28.3 pA) can be
obtained using the pH close to 3.0 and KP20 as EPC. Regarding the determination of DA in biological
samples (pH ~7.0), it can be performed with EPC/Kp20/KPy20 (Ipa = 20.4 pA). Therefore, this result shows
the correct choice of factors, pH and electrode composition for the quantification of this neurotransmitter.
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Figure 7. Response surface of the model (Ipa = 24.2 — 2.00 pH — 7.47 EPC -
2.44 pH? - 7.18 EPC? + 3.94 pH x EPC).
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CONCLUSIONS

Eonomers® materials, prepared by incorporation of conducting polymers (Pani (KP20) and PPy
(KPy20)) on CB, were used to prepare CPEs for the first time. These modified CPEs were investigated
as candidates as electrochemical sensors for DA detection in commercial drugs. Other carbon allotropes
such as GR, pristine CB (KP0Q) and MWCNT were also applied on CPE construction and those electrodes
were evaluated toward DA detection for comparison.

The best DA detection performance was verified for CPE prepared with the KP20 Eonomer® with a
sensitivity of 0.110 A mol' L at pH 4. The CPE prepared with KP20 doubled the sensitivity verified for
the CPE produced with MWCNT. Besides the promising detection capacity, the prepared CPEs have
presented good response stability in the presence of DA. The good analytical features of KP20 CPE
enabled its successful application to detect DA in a commercial formulation.

The developed CPE were also tested in the presence of AA, since this compound is one of the most
important interfering species for DA detection in physiological matrices. Both Eonomers®-based CPE
showed to be selective, and no significant influence on DA determination was observed.

The response surface obtained after performing the 32 factorial design showed that DA voltammetric
signal can be improved using the KP20 CPE at pH 3.0. However, even with lower sensitivity, the DA
determination in commercial samples can also be carried out with the KP20/KPy20 (50:50 w/w) electrode
at pH of 7.0, which represents a more suitable condition for the analysis of biological samples. These
results showed that the electroactive modifiers (Pani and PPy) provide electrocatalytic properties for the
electrodes, enhancing their electrochemical detection capabilities. Thus, our findings clearly suggest
that the developed electrochemical devices can found promising applications to perform fast, cheap and
sensitive determinations of DA in real samples.
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SUPPORTING INFORMATION

S1 — Scanning Electron Microscopy (SEM) Morphological analysis of pristine Eeonomers® by SEM
were performed on a LEICA / Stereoscan - 440 equipment and also on Zeiss equipment - DSM 960.
All composites were cryogenically fractured and analyzed in the fracture region. The studies on the
morphology of composites aimed to dispersion analysis of Eeonomers® particles in the elastomeric matrix
(SEBS). SEM analyzes were performed for pure Eeonomers® (in powder) and in films of cryogenically
fractured composites.

200 AM

Figure S1. (a) Photomicrographs obtained by SEM from
the Eeonomer® KPO (a); KP20 (b) and KPy (c). Increase at
70000x.

S2 — Eonix Co provides Eeonomers® compounds in a fix proportion of conducting polymers, such as
3,5, 20, 40, 60, 200 %. Consequently, in this work the effects of the amount of conductive polymer on the
electrochemical signals of dopamine at the carbon black electrode in the presence and absence of ascorbic
acid were examined. With a low proportion of Pani or PPy, the carbon black powder is free to conduct
an electric current. Since when the material contains a high proportion of polymer in its composition,
the carbon black is prevented from conducting an electric current by thick layers of polymer, the which
are hardly doped. Therefore, in the cyclic voltammograms performed at pH = 1.0 of KP3.5 (3.5% PANI),
faradaic currents related to the redox processes of chemical doping of polyaniline in the emerald state can
be observed, promoting an increase in conductivity. At KP20 (20% PANI) only an increase in capacitive
currentis observed and at KP40 (40% PANI), a resistive profile can be observed in addition to the capacitive
current. Due to these electrochemical behaviors, KP20 was chosen to be investigated in EPC.
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Figure S2. Cyclic voltammograms for CPE/KP3.5 and CPE/
KP40 at 30 mV s scan rate. Supporting electrolyte: NaCl 0.5
mol L' at pH 1.0. Inset: cyclic voltammograms of CPE/KP20
in different pH (0 -4.0).

S3 —The oxidation of DA on a Pt electrode occurred at
higher potentials (Epa = 504 mV) in relation to electrodes
modified with polymers (Kp20 and Kpy20). Another
disadvantage on the use of Pt electrode is that DA
adsorbs on the surface of this metal, which may lead to
a fouling effect.

Figure S3. Cyclic voltammogram for the Pt electrode in 6,0
mmol.L"" of DA. Supporting electrolyte: NaCl 0.5 mol L', pH
40andv=30mVs".

S4 — We observed that oxidation of DA on a Pt electrode occurred at higher potentials (Epa = 504 mV).
Another disadvantage on the use of Pt electrode is that DA adsorbs on the surface of this metal, which
may lead to a fouling effect.
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Figure S4. Cyclic voltammograms for the KPOPE (a), KPPE (b), KPyPE (c) in 50 umol L' of DA.
Supporting electrolyte: NaCl 0.5 mol L', pH 4.0 and v = 10, 30, 50. 70 and 90 mV s™.
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Figure S4 continuation. Cyclic voltammograms for the

sl . . . . KPOPE (a), KPPE (b), KPyPE (c) in 50 umol L of DA.
c 0 200 400 €00 800 Supporting electrolyte: NaCl 0.5 mol L', pH 4.0 and v = 10,
E/mV vs Ag/AgCl 30, 50, 70 and 90 mV s°'.

S5 — The study of the stability of the electrodes modified with polymers (Kp20 and Kpy20) was carried
out in the same way as the electrodes of GR, KP0O and NTCPM. Cyclic voltammograms and specific
graphs of the correlation between Ipa and Epc vs the number of cycles, are illustrated.
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0 200 400 00 800 Figure S5. Cyclic voltammograms for the KPOPE (a), KPPE
C E/mV vs Ag/AgCl (b), KPYPE (c) in 50 umol L' of DA. Supporting electrolyte:
NaCl 0.5 mol L', pH 4.0 and v = 30 mV s
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S6 — All electrodes (GR, Kp0, NTCPM, Kp20 and Kpy20) were studied individually to analyze the
electrochemical behavior of each one before the simultaneous addition of dopamine and ascorbic acid.
From the concentration of 1.0 mmol L', the KP20 electrode began to detect ascorbic acid, but at this
concentration, the voltammogram still showed a small faradaic current from dopamine. The other electrodes
from the concentration of 0.1 mmol L' have already detected ascorbic acid.
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Figure S6. Cyclic voltammograms performed with KPPE, KPyPE, KPOPE, GRPE and CNTPE in DA
(3.0 x 105 to 7.0 x 10°® mol L"). Once the dopamine concentration was fixed at 7.0 x 10° mol L™, the
concentrations of ascorbic acid varied from 1.0 x 10 mol L' to 7.0 x 102 mol L.

196



Braz. J. Anal. Chem., 2021, 8 (32), pp 178-197.

CPE Ipa vs E Ipa vs E
80
 [7 10°TDA + [1 x 107144
7 X107DA + [5 % 107]AA
—7 10 DA+ [T X 107144
60
< 40
=
KPy20 =
20
04
0 200 400 600 80O 0 200 400 600 800
E/mV vs Ag/AgCl E/mV vs Ag/AgCl
25 _—(3xic:'no\ 100_—[7x10:]DA*[1x1D’]AA
etz 10 R0 90 J===17x10IDA + 5 x 10°]AA
20 '_rr:':::g&-nx‘cw 80_—[”'0’]0/\*[7“0‘]/\/\
~Jr—T 10 A5 10 R
15 7 310 1 110 P 704
J—T 10 DRSS 1 10 AR 60
104 1
< 5] <§L %07
= ] = 401
KP20 = 0__ 304
-5 20
1 U—- 10
] 04
-1 5—_ ~104
-20 T T T T T -20 T T T T T
0 200 400 600 800 0 200 400 600 800
E/mV vs Ag/AgCI E/mV vs Ag/AGCI

Figure S6 continuation. Cyclic voltammograms performed with KPPE, KPyPE, KPOPE, GRPE and
CNTPE in DA (3.0 x 105 to 7.0 x 10° mol L"). Once the dopamine concentration was fixed at 7.0 x 10
mol L', the concentrations of ascorbic acid varied from 1.0 x 10®° mol L' to 7.0 x 103 mol L.
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