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fabricating the reproducible GC/PC-Ag electrodes is entirely generic and may be explored for other types

of (bio)sensors and devices.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The development of analytical methodologies for the detection
and quantification of polyphenolic compounds, especially those
naturally present in foods, has become a subject of great interest
because such organic molecules have biological properties associ-
ated with human health, including antiinflammatory, antihista-
minic, and antitumor activities, together with the ability to
scavenge free radicals [1]. These antioxidant polyphenolic com-
pounds are able to alleviate several diseases associated with
oxidative stress, including cardiovascular and neurodegenerative
disorders [1,2]. Gallic acid (GA), or 3,4,5-tri-hydroxybenzoic acid, is
a major source of dietary antioxidants and is one of the main
phenolic compounds found in grapes, black tea, several plants and
humic substances [1]. The presence of one or several phenolic
groups is responsible for the antioxidant activity of GA, which is
capable of reducing the toxic effects of reactive oxygen species and
radical compounds [2].

The development of sensitive and robust methods for GA
determination is important due to the positive effects of phenolic
antioxidants on human health [1]. The “determination of total
phenols” is complicated because of their chemical complexity and
difficulties in the extraction process, as well as in dealing with food
sample matrices [1]. A good indication of the level of antioxidants
present in any sample [3] can be obtained in an indirect manner by
the estimation of “total polyphenols” using spectrophotometric
protocols (Folin-Ciocalteu method) based on the reaction of phe-
nolics with a colorimetric reactant, thereby allowing their mea-
surement in the visible region of the spectrum [4].

The analytical performance for GA determination, including
sensitivity and selectivity, can be obtained using methodologies
such as liquid and gas chromatography; however, these analyses
cannot be easily performed on a routine basis due to constraints
and cost [2]. Alternatively, electrochemical sensors can be a suitable
alternative for rapid, reliable and cost—effective in-situ analysis. A
wide variety of electrode materials, including nanostructured ma-
terials, can be used to improve the sensitivity, selectivity, stability of
GA detection [5—7] and allow for the possibility of discrimination
between different compounds or polyphenol classes [2]. Among
them, carbon nanotubes (CNT) and graphene (GO) have paved the
way for new and improved sensing devices, owing to their good
mechanical, chemical and electrical properties, [6—9]. In contrast,
the bright prospects for the use of CNT, GO and fullerenes are
overshadowed by their prohibitively high production costs and
issues with purity [10].

As an alternative to the nanostructured carbon materials pre-
viously mentioned, the Arduini and Compton groups [2,11,12] have
demonstrated the successful use of carbon black (CB) for several
electrochemical sensors. In order to identify carbon materials with
improved electroanalytical performance, the Compton group re-
ported the advantageous use of carbon black as a much cheaper
alternative to carbon nanotubes as a sensor for nicotine determi-
nation [12]. In this regard, Santos and co-workers [15] recently
reported a comparative study between carbon black and Printex L6
carbon (PC) for the electrogeneration of hydrogen peroxide, with
the better results being obtained for PC. In the same study, the
authors summarized the main properties of the PC. As they related,
PC is a commercial carbon material and can be defined as an

alkaline pigment of furnace type with excellent physical, chemical
and electrochemical properties [15]. It presents the Brunauer-
Emmett-Teller (BET) surface of 265 m? g~! a density of
1.8 g cm 3 and primary use in organic degradation, where PC was
used for the degradation of phenols [16] and hexane [17], for
catechol oxidation and for removing organic pollutants from sec-
ondary effluents [18,19]. PC has been extensively investigated by
the Lanza group for the electrochemical generation of hydrogen
peroxide in alkaline aqueous solution, oxygen reduction to
hydrogen peroxide, electro-fenton degradation of the food dye
amaranth and electrogeneration of hydrogen peroxide in acid
medium using PCs with Fe304 nanoparticles, cobalt(ll) and man-
ganese(Il) phthalocyanines [20—24]. The main differences between
PC and other carbonaceous materials (carbon nanotubes and gra-
phene) include: i) a better heterogeneous electron transfer con-
stant in the presence of a ferricyanide redox mediator; ii) an
improvement in terms of reduced overpotential and/or low back-
ground current for several analytes; iii) more uniform coverage of
the working electrode than CNT and GO, which display cluster
structures, influencing direct under sensitivity [13,14].

A wide variety of nanomaterials, especially metal nano-
structures with different properties, have found broad application
in several analytical methods [25]. Carbonaceous materials deco-
rated with transition metal nanoparticles including gold, nickel,
antimony, copper, platinum, bismuth and silver [7,10,26—32] have
been used to increase the activity of sensors electrochemicals. In
the case of electrochemical sensors, the modification of electrode
surfaces using AgNPs has received wide-spread attention mainly
due to their interesting electrocatalytic properties [2,7,9]. In this
work, we report a study focusing on the synthesis, characterization
and application of a novel nanocomposite based on AgNPs sup-
ported directly on PC. This novel hybrid nanomaterial yielded
excellent sensitivity for GA electro-oxidation, as well as a high
synergetic effect, good analytical performance and a low detection
limit. The sensor developed with the hybrid PC-Ag nanomaterial is
shown to be promising for fast, simple and sensitive determination
of GA and can be used for the estimation of total polyphenols in
wine samples.

2. Experimental section
2.1. Reagents and solutions

All chemicals were of analytical grade and were used without
further purification. Silver nitrate (99% purity) was obtained from
Merck (Darmstadt, Germany). Gallic acid and dimethylformamide
(DMF) were obtained from Sigma—Aldrich (St. Louis, MO, USA) and
ethylene glycol was obtained from Carlo Erba (France). 4-
aminoantipyrine (AAP) was purchased from Sigma—Aldrich (St.
Louis, MO, USA); potassium hexacyanoferrate(Ill) (K3[Fe(CN)g]) was
purchased from ]. T. Baker (Center Valley, PA, USA); anhydrous so-
dium tetraborate was purchased from Nuclear (Brazil); boric acid
was purchased from Synth (Brazil); sodium hydroxide was pur-
chased from Merck (Brazil). The PC was purchased from Degussa
(Essen, North Rhine-Westphalia, Germany). High purity nanopure
water (resistance, 18 >MQ cm™') was obtained from a Nanopure
Ultrapurification System (Barnstead Inc., Waltham, MA, USA). The
0.1 mol L~ phosphate buffer solution (pH 7.0) was home prepared
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with sodium phosphate dibasic and sodium phosphate monobasic
monohydrate from Sigma—Aldrich (St. Louis, MO, USA) and then
employed as a supporting electrolyte. The stock solutions of GA
(1.0 x 1072 mol L) were freshly prepared by dissolution of an
appropriate amount of GA in 25 mL of phosphate buffer solution. All
experiments were performed at room temperature (approximately
25 °C).

2.2. Synthesis of the silver nanoparticles supported directly on
carbon

The silver nanoparticles were synthesized directly on PC as
proposed by Skrabalak et al. [33], based on the polyol method using
ethylene glycol (EG) as a reducing agent (see Fig. 1). Specifically,
3.0 g of PC were suspended in 25 mL of EG, then 0.71 mol of AgNO3
was added and the mixture was heated for 1 h at 150 °C. The
temperature of 150 °C was selected to synthesize the silver nano-
particles supported directly on carbon because at this value EG is
oxidized to glycolaldehyde (GA), the reductant agent. In fact, EG is
also necessary to control the AgNP size by forming a stable silver
complex with the dispersed silver ions, which are subsequently
reduced by GA. Silver nitrate is stable at 150 °C, but as mentioned
above, there is no free silver nitrate in the reaction media. The TEM
images shows that the polyol synthesis has been successful in
generating Ag nanostructures with well-defined and controllable
shapes. PC is a functionalized materials containing several
oxygenated functional groups on the surface, such as —OH and
—COOH. We believe that the AgNP are formed by the interaction of
the silver complex with that functional groups which are subse-
quently reduced at 150 °C when GA is formed. The solid was filtered
and washed with high purity water. The obtained product was
dried at 90 °C for 12 h and stored in a vacuum at room temperature.
The hybrid material was denoted as PC-Ag.

2.3. Characterization techniques

The morphological aspects of the PC-Ag were examined using

high-angle annular dark-field transmission electron microscopy
(HAADF-TEM) with an FEI TECNAI G2 F20 transmission electron
microscope operating at 200 kV. The powder was ultrasonically
suspended in ethanol for 60 min, and the suspension was
deposited onto carbon-coated copper grids.

The structural characterization was performed by X-ray powder
diffraction (XRD) using a Rigaku Rotaflex diffractometer model
RU200B at 50 kV and 100 mA, with a Cug,, radiation wavelength of
A = 1.542 A. The Raman spectra were collected using a micro-
Raman in-Via Renishaw spectrograph (Renishaw Ltd, Gloucester-
shire, UK) coupled to a Leica optical microscope, under wavelength
of excitation at 514.5 nm, diffraction grating of 1800 L mm™,
acquisition time of 10 s and 10 accumulations.

Differential pulse voltammetry (DPV) and cyclic voltammetry
(CV) experiments were performed using a model PGSTAT 302
Autolab electrochemical system (Eco Chemie, Utrecht,
Netherlands) coupled to a computer and controlled by GPES 4.9.9
software. The electrochemical cell was used with conventional
three-electrode system: a GC electrode modified with PC-AgNP as a
work electrode, an Ag/AgCl electrode in KCI (3.0 mol L) as a
reference electrode, and platinum wire as an auxiliary electrode. All
electrochemical measurements were performed in 0.1 mol L™}
phosphate buffer solution (pH 7.0) at a controlled temperature
(25 °C). CV experiments were performed in a potential range
from —0.2 to +0.6 V, with a scan rate of 50 mV s DPV experi-
ments were performed using a scan rate at 5 mV s, pulse
amplitude at 50 mV and modulation time at 1 mV. The potential
range varied from —0.2 to +0.6 V for comparative and optimization
studies as well as calibration curves.

Spectrophotometric measurements were performed using an
Avaspec 2048 spectrophotometer (Avantes BV) and a quartz
cuvette with path length of 0.1 cm.

2.4. Preparation of the electrode

Prior to modification, the GC electrode surface was polished
with 0.3 pm alumina slurries, rinsed thoroughly with nanopure

Fig. 1. Schematic display of the different steps involved in the preparation of the sensor for GA.
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water, sonicated for 5 min in isopropanol and 5 min in water, and
dried in air. 1.0 mg of PC-AgNP was suspended in 1.0 mL of DMF. The
suspension was dispersed using ultrasonic stirring for 2 h. A film
coating layer (6.0 uL) was prepared on the GC electrode surface by
casting the suspension using a micropipette as shown in Fig. 1. The
film was dried for 2 h at room temperature. DMF was used due to its
higher compatibility with the hydrophobic GC surface as compared
to others solvents (e.g., ethanol, acetone), yielding a more homo-
geneous film.

2.5. Analytical procedure

The GC, GC/PC and PC-AgNP electrodes were electrochemically
characterized by estimating the surface concentration of electro-
active species using the silver oxidation peak (charge). The GC, GC/
PC and GC/PC-Ag electrodes were then evaluated to detect GA by
DPV. After choosing the best electrode for the ultrasensitive
determination of GA, the experimental parameters of the DPV
technique (scan rate, pulse amplitude, and modulation time) were
optimized.

Analytical curves were then constructed by adding small
volumes of concentrated standard solutions of GA into the elec-
trochemical cell containing 20 mL of 0.1 mol L~! phosphate buffer
solution (pH 7.0). All measurements were performed in triplicate
(n = 3) for each concentration. The detection limit (LOD) was
calculated according to the statistical method described by Miller
[34,35] and can be defined by LOD = yg + 3Sg where yp is the
intercept of the calibration plot used as the blank signal and the
regression curve standard deviation Sy, was used as Sp. It is
important to note that, using this methodology, it is not neces-
sary to perform several repetitions of the blank measurement
since the Sg parameter is obtained directly from the analytical
curve. Ni's group reported several voltammetric and spectro-
photometric studies of the evaluation of LOD using this simple
method [36—38]. The precision of the proposed method was
verified from inter-day (n = 5) and intra-day (n = 10) repeat-
ability studies.

Analyses of GA in the red wine sample by the proposed vol-
tammetric method were carried out using triplicate samples of
wines commercially available in Brazil. For comparison reasons,
all of the samples examined were produced recently, stored in
the dark at 10 °C, and analyzed shortly after being opened. An
aliquot of 50 pL of red wine was added into the voltammetric cell
containing 10 mL of phosphate buffer (pH 7.0) and homogenized
with a magnetic stirrer. The differential pulse voltammograms
were recorded in the potential range from —0.2 to +0.6 V, using a
scan rate of 5 mV s~!, a modulation time of 50 ms, and pulse
amplitude of 50 mV. The GA content in these samples was
determined and compared statistically with the standard
method based on spectrophotometric response alternatively to
the Folin-Ciocalteu method. The content of total polyphenols in
the red wine sample was determined using the 4-
aminoantipyrine method (4-AAPM) in alkaline medium. The
polyphenols were oxidized by Ks[Fe(CN)g] and then complexed
by 4-AAP causing a color change in the solution, with the
wavelength of maximum absorbance (A = 489 nm) being pro-
portional to the content of polyphenols. This is an alternative
approach to the Folin-Ciocalteu method, commonly used for food
analysis [39,40]. The absorbance measurements of the wine after
1:30 dilution in borate buffer solution (pH 11) were interpolated
on a calibration curve created with the following standard so-
lution concentrations of GA: 8.88 x 107°, 177 x 1074
2.66 x 1074, 3.54 x 107* and 4.43 x 10~ mol L7, in borate
buffer solution (pH 11).

3. Results and discussion
3.1. Morphological and structural performance

High-angle annular dark-field transmission electron microscopy
(HAADF-TEM) was used to obtain information about the structure,
morphology and composition of the hybrid PC-AgNP material
(Fig. 2A and B). This method is highly sensitive to the atomic
number of the atoms present in the sample. In the case of metal
nanoparticles supported on carbon, the metallic particles are
brighter than the carbon particles. This effect is clear from the
images presented in Fig. 2. TEM images confirmed that the AgNPs
(size range 1—-2 nm) were well-distributed throughout the hybrid
material and no aggregation was observed. Furthermore, the
nanoball shape of the PC was noted, with size ranging between 20
and 25 nm. From Fig. 2A and B, we can also verify that the carbon
particles maintained their nanoball shape after decoration with the
AgNPs. The EDX spectrum was used to confirm the formation of
AgNPs as well as the presence of carbon nanoparticles in the hybrid
material (Fig. 2C). The copper and carbon signals were caused by
the copper composition of the grids coated with carbon film used
for HAADF-TEM analysis. Furthermore, Fig. 2C presented show
clearly the presence of Ag in the sample analyzed. The corre-
sponding electron diffraction (SAED) pattern (inset Fig. 2C)
confirmed the formation of amorphous carbon and AgNPs with a
single crystalline nature. The distribution of the AgNPs afforded
good electrocatalytic properties to the hybrid material, and the
resulting material has potential applications as a substrate for the
development of electrochemical sensors.

Fig. 3A shows the X-ray diffraction pattern of synthesized
crystalline AgNPs on PC. The corresponding powder XRD pattern of
PC-AgNP demonstrates the formation of AgNPs. The diffraction
pattern shows five sharp and well defined diffraction peaks at
20 =38.48°,44.34°,64.65° and 77.67°, which can be assigned to the
(111), (200), (220) and (311) reflections of the face centered cubic
(fcc) structure of metallic silver, respectively. The diffraction pattern
corresponds to JCPDS File No. 04-0783 [41] while 26 = 25.01°
corresponds to the (002) plane of the hexagonal phase of the car-
bon support, according to JCPDF 73-2096 [15]. In the study reported
by Assumpcao et al. [15] the presence of SO, groups highlighted in
the PC diffractogram was confirmed by the ATR-FTIR spectra
showing a band at 1078 cm™! related to SO, groups. The well-
—defined intense peaks in the diffraction pattern indicated excel-
lent crystallinity of the AgNPs. The small size of the Ag diffraction
peaks indicated the formation of very small Ag particles (nano-
meter scale), in agreement with the HAADF-TEM images.

Raman spectroscopy analysis in Fig. 3B was carried out, since it
can provide important complementary data related to the surface
functionalization of the PC and PC-Ag hybrid nanomaterials
approach [42,43]. The samples exhibited two prominent graph-
ite—related bands, which corresponded to the well-known D
(~1355 cm™1) and G (~1597 cm~!) bands, assigned to defects and
edge effects in sp? hybridized carbon lattices and to the C—C bond
stretching, respectively. Displacement of D and G bands between
the PC and PC-Ag samples was not observed. In addition, a large
band at ~2700 cm~! was observed and consisted of two less intense
bands, namely 2D (~2670 cm 1) and D + D’ (~2832 cm™!) [44]. The
2D band, a D band overtone, is related to the crystallinity of the
material [42,43].

The intensity ratio of the D- and G-bands (Ip/Ig) indicates a
surface functionalization progress and could also be related to the
relative disorder in the carbonaceous structures [42,43]. The Ip/Ig
ratio (integrated areas ratio in agreement with that reported by
Ferrari and Robertson [45]) for PC and PC-AgNP was found to be
1.04 and 1.07, respectively, which are consistent with the
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Fig. 2. A and B — HAADF-TEM micrographs of the PC-AgNP hybrid material at various magnifications. (C) — Corresponding EDX spectrum of the hybrid nanomaterial and selected

area electron diffraction (SAED) pattern (inset).

38.48
(A)
>
=
(7] 44.65
=
I3
2
=
5=}
25.01 6476 7767
10 20 30 40 50 60 70 80 9
26/ Degree

®

Raman Intensity

0 500 1000 1500 2000 2500 3000
. -1
Raman shift (cm )

Fig. 3. (A) XRD patterns of PC-AgNP hybrid nanomaterial and (B) Raman spectra of PC and PC-AgNP hybrid nanomaterial.

functionalization degree (i.e. surface disorder) [13]. It should be
noted that an Ip/Ig value > 1 indicates that CB is in the transition
from graphite to nanocrystalline graphite [45]. In addition, this
ratio for was 1.07 for PC-Ag, similar to its precursor (1.04), thus
indicating that the composite formation did not seem to induce
defects within the ribbon domains and/or structural disorder
[42,43]; in agreement with XRD data. Moreover, Mehl and co-
workers [43] reported that Raman signals of rGO or GO were
increased by attached noble metallic NPs, similarly, carbon nano-
tubes attached to metallic nanostructures has been enhanced [43].
A few less intense bands, namely 2D (~2670 cm™ ') and D + D’
(~2832 cm™1), were also observed in Fig. 3B, and were similar to
those previously observed [43]. The 2D band, a D band overtone, is
related to the crystallinity of the carbon material [42,43]. Thus, the
increased intensity of PC bands in the presence of AgNPs may

indicate that this hybrid nanomaterial can be used as a substrate for
SERS, as reported in Refs. [42,43].

3.2. Electrochemical and analytical performance

In reports by Canevari and co-workers [7,9,27], metal nano-
particles confined on electrode surfaces are active catalysts for a
variety of electrochemical reactions. Surfaces can be modified
simply by coating with an ultrathin film containing these metals.
The evaluation of the electrochemical performance of the electrode
modified with a PC-AgNP ultrathin film was conducted in
0.1 mol L~'phosphate buffer solution by cyclic voltammetry, to
investigate the electrochemical properties of the PC-AgNP on the
conductive substrate. A typical cyclic voltammogram is presented
in Fig. 4A, which shows two peaks: an anodic at +400 mV (Eps) and
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a cathodic at +178 mV (Epc). The observed anodic and cathodic
peak potentials in Fig. 4A can be attributed to the redox of Ag% " in
the nanocomposite, in which the electroactive AgNPs are oxidized
to Ag™ at 0.4 V vs. Ag/AgCl on the forward anodic scan, with con-
version of Ag* back to Ag® at 0.178 V vs. Ag/AgCl on the reversed
cathodic scan. This observation further demonstrated that AgNPs
were successfully immobilized onto the PC surface, in agreement
with the HAADF-TEM micrographs. There was a shift in the
oxidation potential toward more positive values compared with
other studies containing silver nanostructures supported on other
carbonaceous materials, carbon nanotubes or graphene [7,9,46,47].
This shift may be related to the size of the AgNPs and synergistic
effects of the silver nanoparticles and PC that constitute the hybrid
material.

The voltammetric profile of electrodes modified with PC-Ag was
in agreement with the results obtained by others [7,9,47] in studies
using modified electrodes containing silver nanostructures. These
processes can be attributed to a quasi-reversible system (confirmed
by a AE, = 222 mV) by a single electron transfer between the redox
couple Ag*/AgP. The surface concentration of electroactive species
(I'/mol cm~2) was estimated from the background—corrected
electric charge (Q), under the anodic peaks in accordance with the
theoretical relationship [48] as follows: I' = Q/nFA, where Q (C) is
the background—corrected electric charge, calculated by inte-
grating the anodic peak of the cyclic voltammogram (v =5mV s~ 1)
in PBS solution; n is the number of electrons transferred; F is the
Faraday constant (96,485.34 C mol~'); and A is the electrode geo-
metric area. Under the conditions described above, Q was approx-
imately 4.8 x 107> C, and the estimated surface concentration was
6.97 x 1072 mol cm~2. To determine the influence of oxygen on the
electrochemical behavior of the GC/PC-AgNP, some experiments
were performed in deaerated solutions, and the profile showed no
marked alteration in redox potential or current with the dissolved
05.

The effect of the potential scan rates (5—100 mV s ') on the
voltammetric response for an electrode coated with PC-AgNP ul-
trathin film in 0.1 mol L~! phosphate buffer solution was investi-
gated, to elucidate the electron—transfer mechanism. The recorded
cyclic voltammograms revealed that the anodic peak current
increased and the cathodic peak potential shifted as the scan—rate
increased. The anodic peak current varied linearly with the scan
rates. This linearity indicates that the redox process follows a sur-
face—controlled mechanism [48—50]. A plot of log [peak current]
versus log [scan rate] was performed and is illustrated in Fig. 4B for
the glassy carbon electrode coated with PC-AgNP in 0.1 mol L'
phosphate buffer. The slope obtained for the anodic curve was 0.57
(R = 0.999), which is close to the theoretical value of 0.5 for a
surface-controlled mechanism [50]. These features are very
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convenient diagnostic tools to test for the diffusion—controlled
mechanism of a redox process, which is consistent with our results.

The degree of kinetic reversibility exhibited by the redox process
on the surface depends on the scan rate of potentials. It is expected
that a redox process exhibits a reversible behavior when the po-
tential scan rate is small and an irreversible behavior when the
potential scan rate is high [50].

Comparative voltammetric analysis of GA oxidation on a bare
glassy carbon electrode (GC), or electrodes coated with Printex L6
carbon (GC/PC) or Printex L6 carbon with silver nanoparticle (PC-
AgNP) was carried out. Fig. 5A presents representative differential
pulse voltammograms recorded for GA oxidation on different ma-
terials. It can be clearly observed that the oxidation current recor-
ded using the PC-AgNP was higher than that of the PC, among all PC
materials. It seems clear that the presence of AgNPs within the
carbon lattice can facilitate the electron transfer between GA and
the electrode surface, which occurs at a slightly lower potential
than on the PC surface. The second important aspect is the sensi-
tivity, which can be evaluated by measuring the peak current in-
tensity using the same amount of material. Fig. 5B demonstrates
that the PC and PC-AgNP modified electrodes showed significantly
higher peak currents than the bare GC electrode, which can be
attributed to the fact that PC has more structural defects and thus a
greater electroactive surface area than GC [51]. Moreover, PC-AgNP
promoted a synergetic effect between AgNP and carbonaceous
materials, thus facilitating charge transference between GA and the
electrode surface [29]. Interestingly, this result is consistent with
the functionalization degree shown by Raman spectroscopy (i.e.
low surface disorder), thus confirming that the formation of the
hybrid nanomaterial does not seem to induce extra structural dis-
order and/or defects within the carbonaceous domains. In this way,
the D/G ratio was higher for PC-AgNP than PC, consistent with the
DPV experiments.

The larger signal obtained with PC-AgNP as compared to PC
suggests an active role of AgNPs in the oxidative process. In this
case, the silver nanoparticles act like a “front door” for the transfer
of electrons between the organic molecule and the electrode sur-
face. Overall, it can be deduced that the metallic nanoparticles
dominate the electrochemical behavior of the Printex L6 nano-
carbon towards the oxidation of GA. After 50 CV measurements
the silver signal (0.4 V) was maintained, so we can conclude that
the AgNPs are stable and they are not leached out in solution.

GA presents pKa values of 4.5 (—OH) and 10 (—COOH), the car-
boxylic group is deprotonated at pH = 7.0. In general, the DPV
indicated that the electrochemical oxidation of GA was represented
by an anodic peak for all of the electrodes tested. The oxidation
mechanism of the GA involves the transfer of two electrons and two
protons as demonstrated previously [52]. The above-mentioned

Evs. Ag/AgCl/V

log scan rate

Fig. 4. Cyclic voltammetry profiles GC (a), GC/PC (b) and GC/PC-Ag (c) in PBS solution at pH 7; scan rate: 20 mV s~ (A). Representative log [current] vs. log [scan rate] (B). The insert
in (B) shows cyclic voltammograms obtained at different scan rates for the modified electrode.
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Fig. 5. (A) Differential pulse voltammograms of 8.5 M GA on glassy carbon (a), glassy
carbon coated with PC (b) or PC-AgNP (c). (B) Calibration curves of GA on different
materials. Conditions: 0.1 M phosphate buffer solution, pH 7.0. (C) Residual plots of
regression diagnosis.

oxidation process can be attributed to the well-described route for
the oxidation of hydroquinones, phenols and derivatives [1] as
shown in Scheme 1.

Therefore, in order to probe the analytical performance of the
electrodes toward GA, DPV was applied in the quantitative tests.
The DPV electrochemical technique offers more advantages for
quantitative analysis than CV due to its merits of background
response and lower capacitive current, as well as higher current
sensitivity [53]. Fig. S1 demonstrates the dependence of DPVs on
the concentrations of GA (Cga) under the optimal conditions. For a
detailed assessment on the performance of the nanomaterials,
further investigations on the calibration sensitivity, linearity of
response and selectivity of the materials were conducted. Fig. 5B
illustrates the calibration plots for GA oxidation on bare GC and
modified electrodes recorded in the concentration range between
5.0 x 1077 and 8.5 x 10~% mol L~ (please refer to Fig. S1 for the
detailed DPV profiles). Table 1 tabulates the slope, correlation co-
efficient and anodic peak potential (Ep) values for each material. In
terms of calibration sensitivity, PC-Ag exhibited the most sensitive
response to oxidation of GA with the highest slope value of
0.254 A mol~! L. These results are in agreement with the D/G ratio
calculated by Raman spectroscopy. Unlike bare GC, PC and PC-AgNP
materials showed a good linear relationship between the peak
current and the concentration of GA with R? values close to one.
The residual plots in Fig. 5C demonstrate a satisfactory distribution
of residuals (except for yip and yig, which might be outliers)
demonstrating the correctness of the linear regression. The good
results in the electroanalytical performance highlight the syner-
getic effect of PC-Ag in the electro-oxidation of GA [7,65] indicating
that this sensor may represent an excellent alternative for GA
detection.

The detection limit was calculated following the method
described in the experimental section and the value obtained for
the PC-AgNP sensor was 66.3 x 10~ mol L. This low detection
limit can be explained by the synergetic effect between carbona-
ceous nanostructure and the silver nanoparticles in the hybrid
material, facilitating the electron transfer from GA. The GC/PC-
AgNP electrode presented convincing repeatability without sig-
nificant loss of electrocatalytic activity, with a relative standard
deviation (RSD) that was less than 5%.

Some molecules that can coexist with GA in wine samples were
also investigated. Under the optimized conditions, the oxidation
peak of 2.0 x 1078 mol LT GA was examined in the presence of the
common interfering species with equal concentrations of glucose,
ethanol and sulfite ions. These substances did not significantly in-
fluence the detection of GA since the RSD of the peak current
changes was 3.7%.

Repeatability of the fabricated sensor was evaluated at the
same concentration (2.0 x 107® mol L™!) of GA in 0.1 mol L™!
phosphate buffer solution (pH 7.0). The RSD obtained for the peak
current of GA changes, for intra-day repeatability (n = 10), was
5.3%, suggesting that the prepared sensor had good stability. This
could be ascribed to the excellent stability of the surface thin film
formed with DMF as a solvent and the chemical stability of the
AgNP and PC in the nanocomposite hybrid. When five paral-
lel—fabricated sensors were utilized for the detection of
2.0 x 10°% mol L~! GA in a 0.1 mol L~! phosphate buffer solution
(pH 7.0), the RSD for inter-day repeatability was 4.7%, indicating a
good reproducibility of the sensor fabrication in the detection of
GA. Moreover, the stability of the sensor was also evaluated in the
presence of a 2.0 x 107® mol L~' GA solution in 0.1 mol L~}
phosphate buffer (pH 7.0). For this, 50 measurements were
recorded and the initial electrochemical response decreased by
only 9.8% (RSD).

Table 2 list the efficiency of the GC/PC-AgNP electrode
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pH7.0

Scheme 1. Schematic representation of the electrocatalytic reaction of GA on the GC/PC-AgNP electrode.

Table 1

Slope, correlation coefficient and peak potential for DPV measurements of GA
(concentration range: 5.0 x 10~/ to 8.5 x 10~% mol L~!) on bare glassy carbon
electrode (GC), glassy carbon electrode coated with Printex L6 carbon (GC/PC) or
Printex L6 carbon with silver nanoparticles (GC/PC-AgNP).

Material Slope R? Ep
(AM™) (mV vs. Ag/AgCl)
Bare GC — — —
GC/PC 0.065 0.995 93
GC/PC-Ag 0.254 0.998 91

compared with others electroanalytical approaches used for
sensing gallic acid performances with transducers different. The
limit of detection this sensor can be considerably competitive with
similar devices for GA detection in comparison with most modified
materials.

3.3. Determination and statistical comparison of antioxidant
capacity of wines using GA as the standard

In order to validate the proposed voltammetric methods, the
results obtained in the analysis of total phenolic compounds of low
oxidation potential values in different real wine samples were
compared with those determined by using the spectrophotometric
method. Fig. 6 demonstrates a good correlation between sensor
proposed and standard method, and an intercept value very close to
zero. The slope and product—moment correlation coefficient are
also close to one indicating that the two techniques are equivalent,
since the deviation from the ideal case can be associated with the
random errors present. The Student's t-test was carried out to
support the obtained result [34,61] in which was about 25.0
demonstrating no significant difference between the two tech-
niques. This value was bigger than the t-critical value (4.30—95% of
significance for n = 4 (degrees of freedom = 2; o. = 0.05)). Thus, we
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Table 2
Selected electroanalytical approaches used for sensing gallic acid performances with ten transducers different.
Sensing layer Transduction Sensitivity LOD Linear range Reference
(uA/mol L) (uM) (mol L")
CPME/CNT DPV 827 x 10? 0.3 50 x 1077-1.5 x 10 [1]
GC/CS-fFe;03-ERGO DPV - 0.15 1.0 x 10°5-5.0 x 107> [53]
CPE/SiO5-nano DPV 1790.70 0.25 80 x 107-1.0 x 104 [54]
CB-SPE la% 291 1.0 10—100 x 1076 [55]
CPME/Ruthenium oxo-complex LSV 0.727 143 2.64-11.7 x 107 [56]
CA 2.89 0.49 6.61-191 x 1076
SPE/PME FIA 0.111 0.076 0.5-2500 x 10°° [57]
0.012 0.21 1-1000 x 10°©
GCE/o-DD@MWCNT CA - 0.144 100-1300 x 1076 [58]
GC/SWCNTSs-Polytyr cA 0.16 0.0088 5.0 x 1077-1.7 x 104 [59]
TH/NiHCF Y - 1.66 499 x 1075-1.2 x 103 [60]
GC/PC-Ag DPV 0.254 0.0663 50 x 1077-8.5 x 1076 This work

Note: CPEM: carbon paste electrode modified; CNT: carbon nanotube; CS: chitosan, fFe;03: fishbone-shaped Fe,03, ERGO: electrochemically reduced graphene oxide; SiO,-
nano: SiO, nanoparticle; CB: carbon black, SPE: screen printed electrode; CA: chronoamperometry, LSV: linear scan voltammetry; PME: poly(melamine); o-DD: o-dianisidine
derivative, MWCNT: multi-walled carbon nanotube; Polytyr: polytyrosine, SWCNT: single-walled carbon nanotube; TH: thionine, NiHCF: nickel hexacyanoferrate.
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Fig. 6. Correlation between the results obtained by the proposed electroanalytical
method and the standard (spectrophotometric) method.

can conclude that the proposed method is analogous to the stan-
dard method (UV—Vis spectrophotometric) in estimating the total
polyphenols in wine samples. As shown in Fig. 5, the phenolic
content determined by electroanalytical methods was lower than
that obtained by the spectrophotometric method, likely because
the standard method is less selective [62]. Nevertheless, we found
that the proposed electroanalytical method using PC-Ag electrodes
is capable of estimating the antioxidant power, because it is more
selective, faster and more sensitive, and does not require any
sample pretreatment [62—64].

The low cost of PC nanomaterials and the possibility of devel-
oping miniaturized devices, coupled with the satisfactory analytical
sensor performances, make this sensor a suitable tool for electro-
chemical applications. The relevant electrochemical properties of
PC confirm the high potential of this cost-effective nanomaterial to
compete with the commonly used graphene, carbon nanotubes and
carbon black for use in electrochemical sensors.

4. Conclusion

Here we propose a electrochemical sensor based on PC-AgNP for
the determination of GA and estimation of antioxidant activity in

wine. The PC-Ag nanocomposite was successfully characterized
by TEM, EDX, SAED, XRD, Raman and voltammetric techniques,
which indicated that the PC-AgNP nanostructured material was
supported on the GC surface with primary particles with a radius of
approximately 20—25 nm (‘nano-carbon’) and 2 nm (AgNP) was
found to nanostructure the electrode surface, leading to oxidation
of GA at lower potentials, yielding higher current responses.
Therefore, the electrochemical properties and catalytic ability of PC
showed good efficiency in the estimation of total polyphenols in
wine. An advantage of the composite preparation development is
that it is not time consuming. Finally, the electroanalytical prop-
erties and high catalytic activity of the PC-Ag yielded values for the
detection limit in the nanomolar range, improved reproducibility
and repeatability and produced excellent sensitivity. In essence,
this study highlights the potential improvement involved in the
(largely unexplored) direct application of nanocarbon in electrode
surface modification.
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