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ABSTRACT: A direct determination of gallic acid was achieved at a carbon paste electrode modified with carbon nanotubes under
differential pulse voltammetry conditions. The values obtained for gallic acid were used to estimate the antioxidant properties of the
wine sample based on gallic acid oxidation. The proposed method is based on the gallic acid oxidation process at a modified carbon
paste electrode (MCPE) containing 30% (m/m) of carbon nanotubes monitored at 0.35 V versus Ag/AgCl (KCl 3 mol L�1). Using
the optimized experimental conditions, the calibration curve for gallic acid was linear in the concentration range from 5.0� 10�7 to
1.5� 10�5 mol L�1 with a detection limit of 3.0� 10�7 mol L�1. The MCPE was successfully applied for the determination of the
antioxidant capacity for red and white wine samples without interference of glucose and ascorbic acid, and the obtained results were
compared with the standard spectrophotometric method.
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’ INTRODUCTION

Gallic acid (GA, Figure 1) is one of the main phenolic com-
ponents found in black tea, grapes, humic substances, and several
other plants.1 Recently, polyphenols, especially those naturally
present in foods, have been a subject of increasing interest due to
their biological properties, including anti-inflammatory, antihis-
taminic, and antitumor activities, scavenging of free radicals, and
protecting against cardiovascular diseases.2

Wine is a complex drink and is a mixture of hundreds of
compounds simultaneously present in different concentrations
with water, ethanol, glycerol, sugars, and organic acids as the
major components.3 With the exception of ethanol and glycerol,
other aliphatic alcohols, aromatic amino acids, and phenolic
compounds are present at much lower levels of concentration.
Moreover, the concentration of phenolic compounds in wine
depends on the practice of winemaking, climate, and parasites in
the field, among other factors.4 Due to the effect of phenolic
antioxidants in human health, the development of robust and
sensitive methods for their determination gains more impor-
tance. The “determination of total phenols” is very difficult
because of the chemical complexity and difficulties in the extrac-
tion process, as well as the complexity of the matrix for the food
samples.3 Thus, the use of a reliable index that expresses the level
of total polyphenols is sufficient to know the total amount of
polyphenols in a given sample.5,6 In this way, the measurement of
“total polyphenols” is a good indication of the level of antiox-
idants present in the sample.7 The term “total phenolics” refers to
the total phenolic content obtained by the spectrophotometric
protocols (Folin�Ciocalteu method). The above-mentioned
methods are based on the reaction of phenolics with a colori-
metric reactant, thereby allowing their measurement in the
visible region of the spectra.8

The importance of the phenolic compounds has led to
the development of some methods for its determination
in various types of samples, including chemiluminescence,9

spectrophotometry,10 and capillary electrophoresis11,12 as well as
chromatography.13

Several electroanalytical methods have been described for the
determination of GA in plant extracts and food and beverage
samples.14,15 Gunckel et al.16 investigated the electrochemical
behavior of GA in an aqueous solution. The authors suggested
that oxidation occurred via two steps of electron transfer with
an irreversible process, which was diffusion controlled and
pH-dependent. Di Fusco et al.17 developed and characterized
an electrochemical biosensor using laccases as the biocatalytic
material for the determination of the polyphenol content in
wines based on the GA detection. This amperometric biosensor
showed a good response to gallic acid, with a linear concentration
range of 0.1�18.0 mg L�1 and a lifetime of 10 days. Piljac-
Zegarac et al.18 proposed the electrochemical determination of
the antioxidant capacity of fruit teas, a procedure used to estimate
the antioxidation capacity based on the measurements of the
charge passed to 600 mV (Q600 parameter) using a glassy carbon
electrode (GCE). Blasco et al.5 proposed a method for the
determination of total polyphenols in foods based on the use
of a flow injection analysis system with a glassy carbon electrode.
Using a wide and representative range of food samples and
comparing with a spectrophotometric protocol, the total content
of polyphenols obtained by electrochemical measurements was
defined as the “electrochemical index”. For a qualitative analysis,
three potential values (0.3, 0.5, and 0.8 V) were applied.

The purpose of the present study is to investigate the
voltammetric behavior of the GA using a carbon paste electrode
modified with carbon nanotubes, with the aim of developing its
simple and rapid determination at low concentration levels using
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differential pulse voltammetry (DPV). In recent years, the use of
nanometer-sized materials (so-called nanomaterials) for elec-
trode modification has grown exponentially, owing to their very
specific physical, chemical, and electrochemical properties. Metal
nanoparticles and carbon nanotubes are the main representatives
of the nanomaterials group often used in the construction of
electrochemical sensors with good performance.19 The advan-
tages of using chemically modified electrodes with carbon
nanotubes for the development of electrochemical sensors were
reported.20,21

To validate the proposed procedure, the determination of
total polyphenols in the samples of red and white wines was
performed and the obtained results were compared with the
recommended protocols.

’MATERIALS AND METHODS

Reagents. All of the solutions were prepared using water purified in
a Millipore (Milli-Q) system. All of the chemicals were of analytical
reagent grade and used without further purification. Phosphate buffer
solutions, 0.1 mol L�1 of different pH values, were used as the
supporting electrolyte in all of the experiments. The carbon nanotubes
were prepared by chemical vapor deposition (CVD), starting from pure
ferrocene, as previously described by Zarbin et al.22 These CNTs are
essentially multiwalled carbon nanotubes filled by long crystals of iron-
based species (mainly R-Fe, R-Fe2O3 (hematite), and Fe3O4). Other
carbonaceous species, such as carbon nanopolyhedra, are also present in
small quantities in the sample.
Instruments. Cyclic and differential pulse voltammetric measure-

ments were carried out with a potentiostat/galvanostat microAUTO-
LAB (Ecochemie) controlled by a personal computer using GPES 4.9
software. A 15.0 mL capacity glass voltammetric cell was used. The
working electrode was the carbon paste, the Ag/AgCl KCl saturated was
the reference electrode, and a platinum plate was the counter electrode.
The pH measurements were carried out using a Metrohm pH-meter
with a Metrohm combined pH reference electrode. All of the experi-
ments were done at room temperature (25 ( 1 �C).
Sensor Construction. Carbon paste electrodes were prepared by

carefully mixing the graphite powder (1�2 μm particle size (Aldrich))
with carbon nanotubes at ratios varying from 0 to 50% (m/m). This
mixture was homogenized by magnetic stirring in a 50 mL beaker
containing 20 mL of hexane, and the final paste was obtained by solvent
evaporation. The modified carbon paste was packed into a plastic cylin-
drical tube, o.d. 5 mm, i.d. 3 mm, equipped with a copper rod, which
served as an external electric contact. Appropriate packing was achieved
by pressing the electrode surface against a filter paper.
Cyclic and Differential Pulse Voltammograms. Prior to each

measurement, the surface of the carbon paste modified electrode was
submitted to 10 cycles of potential between 0 and 1500 mV in a
phosphate buffer, 0.1 mol L�1 at pH 4.0, to promote the activation of the
electrode surface. For gallic acid detection, cyclic voltammograms (CV)
were recorded in the 0�1000 mV potential window at different scan
rates from 5 to 200 mV s�1 and at pH 2�7. After the optimization of

these parameters, an analytical curve was obtained in the range of 5.0�
10�7�9.9 � 10�3 mol L�1 GA concentration.

Differential pulse voltammograms were obtained at a potential
window of 0�1000 mV with different modulation times (5�100 ms)
and pulse amplitudes from 5 to 150 mV. The experiments were carried
out in 5.0 � 10�5 mol L�1 GA solutions.
Sample Preparation and Determination of Gallic Acid and

Total Polyphenols. Analyses of gallic acid in the red and white wine
samples by the proposed voltammetric method were carried out using
triplicate samples of wines commercially available in Brazil. For compar-
ison 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 40 μL of white wine or 70 μL of diluted red wine (10�) was added
into the voltammetric cell containing 10mL of phosphate buffer, pH 2.5,
and homogenized with a magnetic stirrer. The differential pulse voltam-
mograms were recorded in the potential range from 0.2 to 0.6 V, using a
scan rate of 20 mVs�1, a modulation time of 10 ms, and a pulse ampli-
tude of 75 mV. The content of gallic acid in these samples was deter-
mined by the standard addition method and compared with the spectro-
photometric Folin�Ciocalteu method. The above-mentioned method
is based on the reduction of phosphotungstic acid in an alkaline solution,
which yielded the phosphotungstic blue. The absorbance of the formed
phosphotungstic blue is proportional to the number of aromatic phe-
nolic groups and is used for their quantification, using gallic acid as a
standard. An aliquot of 1.0 mL (red wine) or 5.0 mL (white wine) was
transferred into a calibrated flask and diluted to a final volume of 100 mL
with deionized water. A volume of 1.0 mL of this solution, 0.5 mL of
Folin�Ciocalteu’s reagent, 2.5 mL of deionized water, and 1.0 mL of
20% (m/m) Na2CO3 were added. After 2 h, the absorbance was
measured at 734 nm, and the content of gallic acid was determinated
using a calibration curve.

’RESULTS AND DISCUSSION

Electrochemical Behavior of Gallic Acid at Carbon Elec-
trodes. Figure 2 shows the typical cyclic voltammograms of
1.0� 10�4 mol L�1 GA in a phosphate buffer solution, pH 2.5, at
a glassy carbon electrode GCE (A), carbon paste electrode
CPE (B), and modified carbon paste electrode MCPE with 10%
(m/m) of carbon nanotubes (C). In general, the cyclic voltam-
mograms indicated that the electrochemical oxidation of GA was
represented by two anodic peaks for all of the electrodes tested.
Peak I was attributed to the formation of the semiquinone radical,
followed by its oxidation to the quinone form (peak II). Both

Figure 1. Molecular structure of gallic acid (GA).

Figure 2. Cyclic voltammetric profiles resulting from the electroche-
mical oxidation of 1.0� 10�4 mol L�1 gallic acid in a pH 2.5 phosphate
buffer solution at glassy carbon (A), carbon paste (B), and modified
carbon paste (C).
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processes involved one proton and one electron, with no peaks on
the reverse scan, indicating an irreversible process, as demon-
strated previously.16 The above-mentioned oxidation process can
be attributed to the well-described route for the oxidation of
phenols, hydroquinones, and derivatives,23 as shown in Scheme 1.
In Figure 2A, the use of a GCE yielded a cyclic voltammogram

with two anodic peaks at 0.59 V (peak I) and 0.84 V (peak II),
with a small current value. Using a CPE (Figure 2B), it was
observed that these peaks were shifted to 0.48 and 0.88 V, respec-
tively, and a significant increase on the anodic current peaks was
achieved. To improve these results in terms of selectivity and
sensitivity, a modified carbon paste electrode with 10% (m/m) of
carbon nanotubes (Figure 2C) was evaluated. An important
decrease in the overvoltages (0.42 and 0.80 V) and an increase in
the anodic peak values for the gallic acid oxidation were observed.
Thus, it was suggested that the carbon nanotubes can effectively
improve the electron-transfer kinetics, which can be attributed to
the nanotubes' dimensions, electronic structure, and/or topolo-
gical defects.24�26

Optimization Studies. The effect of several parameters, such
as the effect of the potential window, composition of the carbon
paste, pH variation, and scan rate, on the voltammetric response
for GA determination using the MCPE was investigated.

The amount of carbon nanotubes in the carbon paste had a
significant influence on the voltammetric response. The peak
currents increased with an increasing amount of carbon nano-
tubes up to 30% (m/m). For amounts higher than 30% (m/m),
the anodic peak current became almost constant, probably due to
a saturation of the conductive area at the electrode surface. In this
way, the best carbon paste composition was achieved with 30%
(m/m) carbon nanotubes, 45% (m/m) graphite powder, and
25% (m/m) mineral oil.
The effect of pH on the oxidation of GA (1.0� 10�4 mol L�1)

was investigated over a pH range between 2.0 and 7.0 using
phosphate buffer solutions. It was observed that GA presented a
well-defined peak at pH values of <4.0 (Figure 3A). In addition,
pH values of >7.0 were avoided because there are no defined
peaks for GA oxidation. The obtained results indicated that the
current values of the anodic peak reached amaximum value at pH
2.5, as shown in Figure 3B. The anodic peak potential (peak I)
obtained for GA oxidation at pH values ranging from 2.0 to 7.0
presented a shift of 61 mV by pH unit to more negative values
(Figure 3C), thereby indicating that the electrode process is
influenced by the protonation reactions, as observed by other
authors.16 For further studies, a phosphate buffer solution at pH
2.5 was selected.
The effect of the potential scan rate on the voltammetric

response for the oxidation of 1.0� 10�4 mol L�1 of GA using the
MCPE was investigated in the range of 5�200 mV s�1. The
anodic peak current varied linearly with the square root of the
scan rate, thereby demonstrating that GA oxidation was con-
trolled by diffusion to the electrode surface. From the obtained
results, a scan rate of 75 mV s�1 was chosen for further studies.
Under the optimization conditions, an analytical curve was

obtained using cyclic voltammetry and a linear relationship (Ipa
(μA) = 0.551 + 17.6 � CGA (mmol L�1)) between the anodic
peak current and the GA concentration ranging from 1.5� 10�5

to 9.9� 10�3mol L�1. A detection limit27 of 4.0� 10�6mol L�1

(3 times the standard deviation of the intercept/slope) was
obtained.
Differential Pulse Voltammetric Analysis. To obtain the best

performance of the MCPE, its voltammetric response was investi-
gated using differential pulse voltammetry. Under these conditions,
the gallic acid oxidation was observed at 0.35 V (vs Ag/AgCl).
The effect of the scan rate on the voltammetric response

of the MCPE with carbon nanotubes (solution containing

Scheme 1. Pathway Proposed for Gallic Acid Oxidation

Figure 3. (A) Effect of pH on the cyclic voltammograms recorded for
a 5.0 � 10�4 mol L�1 concentration solution of GA at a scan rate of
50 mV s�1. pH values: 2.0, 3.0, 5.0, and 7.0. Reference electrode = Ag/
AgCl. (B) Plot of Ipa versus pH. (C) Plot of Epc versus pH; solid line
corresponds to a slope of 61 mV per unit of pH.

Figure 4. (A) Differential pulse voltammograms obtained using differ-
ent pulse amplitude values. (B) Effect of pulse amplitude on the anodic
current peak and ΔE1/2.
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5.0 � 10�5 mol L�1 gallic acid) was investigated in the range of
1�50 mV s�1. For scan rates higher than 20 mV s�1, the increase
in the values of the anodic peak currents was accompanied with a
broadening and distortion of the peaks. As a result, the optimum
scan rate of 20 mV s�1 was chosen, and this value was adopted
throughout the subsequent studies. Differential pulse voltammo-
grams (Figure 4A) recorded at several potential pulse amplitude
values (5�200 mV) showed that the values of the anodic peak
currents increased with an increase in the potential pulse ampli-
tude. However, the use of a potential pulse amplitude higher than
75mV led to an increase in the background currents as well as the
ΔE1/2 (Figure 4B). The above-mentioned values were linear with
the potential pulse amplitude, thereby suggesting that there was
no parallel reaction in the electrode surface. From the obtained
results, a potential pulse amplitude of 75 mV was chosen due to
the best voltammetric profile and higher sensibility.
After optimization of the operating conditions for the MCPE

(scan rate of 20 mVs�1, pulse amplitude of 75 mV, pH of 2.5,
electrode composition of 30% (m/m) carbon nanotubes, and
modulation time of 5 ms), differential pulse voltammetric mea-
surements were carried out in solutions containing different GA
concentrations. Figure 5 shows the voltammograms obtained
and the respective analytical curve (inset). A linear relationship
(Ipa (μA) = 0.306 + 8.27 � 102 � CGA (mmol L�1)) between
the anodic peak current and the GA concentration ranging from
5.0� 10�7 to 1.5� 10�5 mol L�1 with a detection limit of 3.0�
10�7 mol L�1 was observed. The nonlinear region observed for
the peak current as a function of GA concentration suggests that
the electrochemical oxidation of the GA at the electrode surface
is limited by the saturation of active sites. This could probably be
due to a slow process associated with the diffusion of the GA
molecules.
To investigate the concomitant effects of compounds usually

present in wines, DP voltammograms for the MCPE with carbon
nanotubes were carried out in a 0.10 mol L�1 phosphate buffer
solution, pH 2.5, containing 5.9� 10�6 mol L�1 (1 mg L�1) GA
in the absence and presence of glucose, caffeic acid, and ascorbic
acid (0.1, 1.0, and 10mg L�1). In the present study, no significant
influence in the voltammetric response for the GA was observed.
Analytical Application. An aliquot of 40 μL of white wine or

70 μL of diluted red wine sample was added directly in an
electrochemical cell containing 10 mL of the phosphate buffer
solution, pH 2.5, and the differential pulse voltammograms were
recorded, as described under Materials and Methods. Typical
results can be seen in Figure 6, where the dashed curves represent

a blank measurement and a real sample measurement, respec-
tively. The GA content in the wine samples was determined by
using the standard addition method and compared with the
spectrophometric method. The anodic current peak observed
around 350 mV could be attributed to o-dihydroxyphenol and
gallate groups. Thus, the above-mentioned species are the major
contributors to the antioxidant capacity in wine. In the present
study, the estimate of the antioxidant properties of the sample
wine was realized on the basis of gallic acid current oxidation. A
similar approach was proposed by Seruga et al.,28 whereby the
authors used a catechin as a standard for estimating the poly-
phenol content.
The obtained results with the MCPE for three samples each of

white wine and red wine are summarized in Table 1. The given
values correspond to the mean value of the three determinations.
The same wine samples were also analyzed using the spectro-
photometric method involving the use of Folin�Ciocalteu
reagent. The total amount of polyphenols was estimated in the
above-mentionedmethod by comparisonwith a calibration curve
with the gallic acid standard solutions. Despite the relative
differences observed for the polyphenol index value obtained
for one red wine sample, as a consequence of the completely dif-
ferent analytical methodologies employed, a good correlation
was found (r = 0.980) when the results obtained with the MCPE
were plotted versus the results achieved with the Folin�
Ciocalteu method. The results showed that the MCPE can be
used to give a good estimation of the content of phenolic
compounds in wines. Moreover, as expected, important differ-
ences were found in the polyphenol content of red and white

Figure 5. Differential pulse voltammograms (A) obtained under opti-
mized conditions in 0.1 mol L�1 phosphate buffer (pH 2.5) solution
containing (a) 0.0, (b) 5.0� 10�7, (c) 1.5� 10�6, (d) 3.5� 10�6, (e)
7.4� 10�6, (f) 1.5� 10�5, (g) 3.1� 10�5, and (h) 6.2� 10�5 mol L�1

of GA. (B) Analytical curve. Figure 6. Differential pulse voltammetric response and standard addi-
tion curve (inset curve) obtained for determination of GA in the
commercial white wine sample.

Table 1. Determination of Total Polyphenol in Wine Sam-
ples Using the Proposed CPE Modified with Carbon Nano-
tube and Spectrophometric Methods

sample voltammetric spectrophometric Er
a (%)

red wine 1 1682mg L�1 2179mg L�1 - 22.8

red wine 2 2414mg L�1 2301mg L�1 + 4.91

red wine 3 1865mg L�1 1991mg L�1 �6.36

white wine 1 229.1mg L�1 244.2mg L�1 �6.59

white wine 2 219.6mg L�1 224.5mg L�1 �2.18

white wine 3 265.8mg L�1 275.3mg L�1 �3.45
a Er, relative error voltammetric vs spectrophotometric.
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wines by both methods, which confirmed the higher antioxidant
capacity of red wines. The statistical calculations realized for the
obtained results for white wine suggested a good precision for the
adopted voltammetric procedure when used for this type of a
sample. According to the t test, there were no significant dif-
ferences between the recovery and added values at the 95%
confidence level and within an acceptable range of error. The
relative standard deviation (RSD) for 15 replicates of a 5.0 �
10�5 mol L�1 GA solution was 5.3%, thereby indicating a very
reproducible response.
The analytical characteristics of the proposed and other elec-

trochemical methods applied to the estimation of the antioxidant
proprieties are shown in Table 2. For the first time, the present
study related the application of a carbon paste electrode modified
with carbon nanotubes for the antioxidation estimation in the
wine samples by using the differential pulse voltametry tech-
nique. The proposed MCPE represents a good and easy method
for monitoring polyphenols in real samples exhibiting a good
analytical performance due to its stability and reproducibility as-
sociated with an easy and rapid preparation, low cost, and longer
lifetime when compared with biosensors.17,29 Moreover, in com-
parison with the spectrophotometric procedures, the proposed
method exhibited better results in terms of selectivity, sensitivity,
and amount of waste yielded. The practical usefulness of the
MCPE was demonstrated by the estimation of the content of
phenolic compounds in white wine, using an extremely simple
procedure involving the direct addition of a sample aliquot in the
electrochemical cell dispensing any sample pretreatment.

’AUTHOR INFORMATION

Corresponding Author
*E-mail: bergamini@ufpr.br. Fax: 55 41 3361-3186.

Funding Sources
We gratefully acknowledge financial support from Fundac)~ao
Arauc�aria (Process 15687), CAPES, CNPq (Process 577536/
2008-7), Brazilian Network on Carbon Nanotube Research
(CNPq), INCT of Nanocarbon Materials (MCT/CNPq) and
NENNAM (PRONEX F. Arauc�aria/CNPq 17378).

’REFERENCES

(1) Naczk, M.; Shahidi, F. Phenolics in cereals, fruits and vegetables:
occurrence, extraction and analysis. J. Pharm. Biomed. Anal. 2006, 41,
1523–1542.

(2) Mudnic, I.; Modun, D.; Rastija, V.; Vukovic, J.; Brizic, I.;
Katalinic, V.; Kozina, B.; Medic-Saric, M.; Boban, M. Antioxidative and
vasodilatory effects of phenolic acids in wine. Food Chem. 2010,
119, 1205–1210.

(3) Nuengchamnong, N.; Ingkaninan, K. On-line HPLC-MS-DPPH
assay for the analysis of phenolic antioxidant compounds in fruit wine:
Antidesma thwaitesianum Muell. Food Chem. 2010, 118, 147–152.

(4) Tabart, J.; Kevers, C.; Pincemail, J.; Defraigne, J. O.; Dommes, J.
Evaluation of spectrophotometric methods for antioxidant compound
measurement in relation to total antioxidant capacity in beverages. Food
Chem. 2010, 120, 607–614.

(5) Blasco, A. J.; Rogerio,M.C.;Gonz�alez,M.C.; Escarpa, A. “Electro-
chemical index” as a screening method to determine “total polyphenolics”
in foods: a proposal. Anal. Chim. Acta 2005, 539, 237–244.

(6) Aguirre, M. J.; Chen, Y. Y.; Isaacs, M.; Matsuhiro, B.; Mendoza,
L.; Torres, S. Electrochemical behaviour and antioxidant capacity of
anthocyanins from Chilean red wine, grape and raspberry. Food Chem.
2010, 121, 44–48.

(7) Kilmartin, P. A.; Zou, H.;Waterhouse, A. L. A cyclic voltammetry
method suitable for characterizing antioxidant properties of wine and
wine phenolics. J. Agric. Food Chem. 2001, 49, 1957–1965.

(8) Stevanato, R.; Fabris, S.; Momo, F. New enzymatic method for
the determination of total phenolic content in tea and wine. J. Agric. Food
Chem. 2004, 52, 6287–6293.

(9) Chen, R. L. C.; Lin, C. H.; Chung, C. Y.; Cheng, T. J. Determina-
tion of tannin in green tea infusion by flow-injection analysis based on
quenching the fluorescence of 3-aminophthalate. J. Agric. Food Chem.
2005, 53, 8443–8446.

(10) Magalh~aes, L. M.; Santos, M.; Segundo, M. A.; Reis, S.; Lima, J.
L. F. C. Flow injection based methods for fast screening of antioxidant
capacity. Talanta 2009, 77, 1559–1566.

(11) Fernandez-Pachon, M. S.; Villano, D.; Troncoso, A. M.; Garcıa-
Parrilla, M. C. Determination of the phenolic composition of sherry and
table white wines by liquid chromatography and their relation with
antioxidant activity. Anal. Chim. Acta 2006, 563, 101–108.

(12) Berli, F.; D’Angelo, J.; Cavagnaro, B.; Bottini, R.; Wuilloud, R.;
Silva, M. F. Phenolic composition in grape (Vitis vinifera L. cv. Malbec)
ripened with different solar UV-B radiation levels by capillary zone
electrophoresis. J. Agric. Food Chem. 2008, 56, 2892–2898.

Table 2. General Characteristics of the Electrochemical Methods Used for Antioxidant Estimation in Several Samples

electrode technique LDR sample ref

tyrosinase biosensor using glassy

carbon electrode modified

with gold nanoparticles (Tyr-nAu-GCE)

amperometry 2.5 � 10�5�9.0 � 10�5 mol L�1 wines 29

platinum based on change of a

[Fe(CN)6]
3�/[Fe(CN)6]

4�

redox-reagent solution

flow injection

pontentiometric detection

1.0 � 10�6�1.0 � 10�2 mol L�1 tea and fresh fruit extracts 15

glassy carbon electrode at

different potential of detection

flow injection

amperometric detection

0.4�60 mg L�1 (caffeic acid) apple, pear, wine, and

green bean

5

carbon paste electrode modified with

carbon nanotubes

differential pulse voltametry 5.0 � 10�7�1.5 � 10�5 mol L�1 or

0.085�2.55 mg L�1 (gallic acid)

wines a

glassy carbon electrode differential pulse voltammetry 1.0�15 mg L�1 (cathechin) wine 31
a Procedure proposed.



7625 dx.doi.org/10.1021/jf2005589 |J. Agric. Food Chem. 2011, 59, 7620–7625

Journal of Agricultural and Food Chemistry ARTICLE

(13) Shao, X.; Lv, L. S.; Parks, T.; Wu, H.; Ho, C. T.; Sang, S. M.
Quantitative analysis of ginger components in commercial products
using liquid chromatography with electrochemical array detection.
J. Agric. Food Chem. 2010, 58, 12608–12614.
(14) Makhotkina, O.; Kilmartin, P. A. Uncovering the influence of

antioxidants on polyphenol oxidation in wines using an electrochemical
method: cyclic voltammetry. J. Electroanal. Chem. 2009, 633, 165–174.
(15) Shpigun, L. K.; Arharova, M. A.; Brainina, K. Z.; Ivanova, A. V.

Flow injection potentiometric determination of total antioxidant activity
of plant extracts. Anal. Chim. Acta 2006, 573, 419–426.
(16) Gunckel, S.; Santander, P.; Cordano, G.; Ferreira, J.; Munoz, S.;

Nunez-Vergara, L. J.; Squella, J. A. Antioxidant activity of gallates: an
electrochemical study in aqueous media. Chem.-Biol. Interact. 1998, 114,
45–59.
(17) Di Fusco, M.; Tortolini, C.; Deriua, D.; Mazzei, F. Laccase-

based biosensor for the determination of polyphenol index in wine.
Talanta 2010, 85, 235–240.
(18) Piljac-Zegarac, J.; Valek, L.; Stipcevic, T.; Martinez, S. Electro-

chemical determination of antioxidant capacity of fruit tea infusions.
Food Chem. 2010, 121, 820–825.
(19) Tang, D. P.; Tang, J. A.; Su, B. L.; Chen, G. N. Ultrasensitive

electrochemical immunoassay of Staphylococcal Enterotoxin B in food
using enzyme-nanosilica-doped carbon nanotubes for signal amplifica-
tion. J. Agric. Food Chem. 2010, 58, 10824–10830.

(20) Aguı, L.; Yanez-Sedeno, P.; Pingarron, J. M. Role of carbon
nanotubes in electroanalytical chemistry: a review. Anal. Chim. Acta
2008, 622, 11–47.
(21) Wildgoose, G. G.; Banks, C. E.; Leventis, H. C.; Compton, R. G.

Chemically modified carbon nanotubes for use in electroanalysis.
Microchim. Acta 2006, 152, 187–214.

(22) Schnitzler, M. C.; Oliveira, M. M.; Ugarte, D.; Zarbin, A. J. G.
One-step route to iron oxide-filled carbon nanotubes and bucky-onions
based on the pyrolysis of organometallic precursors. Chem. Phys. Lett.
2003, 381, 541–548.
(23) Lund, H.; Hammerich, O. Organic Electrochemistry, 4th ed.;

Dekker: New York, 2001.
(24) Banks, C. E.; Crossley, A.; Salter, C.; Wilkins, S. J.; Compton,

R. G. Carbon nanotubes contain metal impurities which are responsible
for the “electrocatalysis” seen at some nanotube-modified electrodes.
Angew. Chem., Int. Ed. 2006, 45, 2533–2537.
(25) Rivas, G. A.; Rubianes, M. D.; Pedano, M. L.; Ferreyra, N. F.;

Luque, G. L.; Rodriguez, M. C.; Miscoria, S. A. Carbon nanotubes paste
electrodes. A new alternative for the development of electrochemical
sensors. Electroanalysis 2007, 19, 823–831.

(26) Moore, R. R.; Banks, C. E.; Compton, R. G. Basal plane
pyrolytic graphite modified electrodes: comparison of carbon nano-
tubes and graphite powder as electrocatalysts. Anal. Chem. 2004, 76,
2677–2682.

(27) Kaus, R. Detection limits and quantitation limits in the view of
international harmonization and the consequences for analytical labora-
tories. Accr. Qual. Assur. 1998, 3, 150–154.
(28) �Seruga, M.; Novak, I.; Jakobek, L. Determination of polyphe-

nols content and antioxidant activity of some red wines by differential
pulse voltammetry, HPLC and spectrophotometric methods. Food
Chem. 2011, 124, 1208–1216.
(29) Sanz, V. C.; Mena, M. L.; Gonzalez-Cortes, A.; Yanez-Sedeno,

P.; Pingaron, J. M. Development of a tyrosinase biosensor based on gold
nanoparticles-modified glassy carbon electrodes. Application to the
measurement of a bioelectrochemical polyphenols index in wines. Anal.
Chim. Acta 2005, 528, 1.


