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Abstract
A novel efficient differential pulse voltammetric (DPV) method for determination gallic acid
(GA) was developed by using an electrochemical sensor based on [Cu2tpmc](ClO4)4 immobilized
in PVC matrix and coated on graphite (CGE) or classy carbon rod (CGCE). The proposed
method is based on the gallic acid oxidation process at formed [Cu2tpmcGA]3+ complex at the
electrode surface. The complexation was explored by molecular modeling and DFT calculations.
Voltammograms for both sensors, recorded in a HNO3 as a supporting electrolyte at pH 2 and
measured in 2.5 u 10-7 to 1.0 u 10-4 M of GA, resulted with two linear calibration curves (for
higher and lower GA concentration range). The detection limit at CGE was 1.48 u 10-7 M, while
at CGCE was 4.6 u 10-6 M. CGE was successfully applied for the determination of the
antioxidant capacity based on GA equivalents for white, rosé and red wine samples.

Keywords: gallic acid, dinuclear copper(II) octaazamacrocyclic complex, PVC matrix,
voltammetric sensor

1. Introduction
Gallic acid, a type of phenolic acid, is occurring in plants in the form of free acids, esters,
catechin derivatives and hydrolysable tannins [1]. As one of the most biologically-active
phenolic compounds of plant origin, gallic acid is commonly used in the pharmaceutical and
food industry. Plant polyphenols are multifunctional and can be reducing agents, hydrogen
donating antioxidants, singlet oxygen quenchers and in some cases metal chelating agents [2].
Gallic acid is used as a standard for determining the phenol content of various analytes by the
Folin-Ciocalteau spectrophotometric method and the results are reported in gallic acid
equivalents. The measurement of “total phenols” is a good indication of the level of antioxidants
present in the sample [3].
The importance of the phenolic compounds has led to the development of various
methods for their determination in various types of samples, including chemiluminescence [4]
spectrophotometry [5] and capillary electrophoresis [6,7] as well as chromatography [8].
Electrochemical methods were also employed for this purpose. Gallic acid and other phenolic
compounds were determined in wine samples and plant extracts at a glassy carbon electrode [913], at hanging mercury drop electrode [14,15] and at carbon paste electrode modified with
nanotubes

[16,17].

Electrodes

with

polyphenols

at

carbon-polyvinil

chloride

[18],

polyepinephrine modified glassy carbon electrode [19] and a natural bentonite, modified with
different quaternary ammonium cations [20] have also been described and successfully
analytically applied. Cyclyc, diferential pulse and adsorptive stripping voltammetric techniques
were mostly used in those reported works [21]. Recently, a photoelectrochemical sensor applied
to sense gallic acid has been designed with polyaniline–reduced graphene oxide–titanium
dioxide [22], while a voltammetric electronic tongue system (ET) made from an array of

modified graphite-epoxy composites plus a gold microelectrode was used in qualitative and
quantitative analysis of polyphenols found in wine [23].
Bearing in mind the most of past research in electrochemical determination of GA and
other phenols, the main disadvantage of GCE was polymerization and adsorption of investigated
and other species on the electrode itself. Therefore, GCE should be polished to provide new
active surface before any electrochemical measurement. Inability for determination of more
samples in a row with the same electrode without previous preparation and better electrode
sensitivity were the reasons for the taken electrode modifications [16-20]. Polymer modified
electrodes however, have many advantages such as improved electro catalysis, absence of
surface fouling and prevention of undesirable reactions competing kinetically with the desired
electrode process. On the other hand, DPV technique has many advantages compared with
conventionally used CV, e.g. a better sensitivity, selectivity and response [24].
It is important to mention biosensors as powerful specific analytical devices that also
have been used for the detection of phenolic compounds. Biosensors based on several types of
copper-containing enzymes which catalyze the oxidation of a wide range of phenolic compounds
by utilizing molecular oxygen, such as tyrosinase [25,26] and laccase [27,28] were coupled to
electrochemical or optical techniques for this purpose.
The general idea of this work was to examine application possibility of simple and
efficient sensor for rapid differential pulse voltammetric determination of GA at low
concentrations, based on previously synthesized [Cu2tpmc](ClO4)4 complex immobilized in a
PVC matrix. To the best of our knowledge, there is no report which relates to the application of
complexation agent immobilized in PVC matrix as a modifier for graphite or classy carbon rod
and the determination of gallic acid or antioxidant capacity of real samples. Similarly as in the

case of copper containing enzymes, it could be very useful and interesting to examine the
possibility of polyphenols oxidation in a presence of synthetic copper macrocyclic complex.
Also, modification of the electrode surface should prevent polymerization on the electrode itself.
Furthermore, the probability of formation of GA sensitive reversible [Cu2tpmcGA]3+ complex
could be investigated by molecular modeling and Differential Function Theory (DFT)
calculations. The determination of structural parameters obtained by molecular modeling is a
powerful tool to add chemical and physical information to those obtained by other techniques.

2. Experimental
2.1. Chemical and reagents
The

initial

macrocyclic

ligand

N,N’,N’’,N’’’-tetrakis(2-pyridylmethyl)-1,4,8,11-

tetraazacyclotetradecane (tpmc) (Scheme 1) and the next synthesized [Cu2tpmc](ClO4)4 complex
which was electroactive sensor material, were prepared by the procedure described in literature
[29,30]. 1,4.8.11-tetraaza-cyclotetradecane 98%, as a starting compound, was used as received
from Aldrich Chemical Company. The purity of synthesized ligand and complex were tested by
elemental analyses performed by standard micromethods (Anal. Calcd. for (C34H44N8) (%): C,
72.30; H, 7.85; N, 19.84. Found: C, 72.48; H, 7.89; N, 19.68). Poly(vinyl chloride), PVC, was
used as Pevicon made by Fostatbolaget, Sweden. Dibutyl phthalate (DBP) and gallic acid (GA)
were used as received from Fluka. Nitrite and sulfuric acid, potassium nitrate (all p.a.) and
appropriate mixture of acetic acid and sodium hydroxide for acetate buffer, all purchased from
Merck and Sigma-Aldrich, were used in supporting electrolyte investigations. Tetrahydrofuran
(THF) was available from Merck and distilled before use and high purity water (Millipore, 18
M cm resistivity) were used as solvents.

Scheme 1. N,N’,N’’,N’’’-tetrakis(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane (tpmc).

2.2. GA standard
Gallic acid (p.a) was used for preparation test solutions and as standard for measurement of the
antioxidant capacity. The stock solution of gallic acid (1 u 10-3M) was prepared in methanol
(HPLC grade). Once prepared standard was protected from light with aluminum foil and kept in
refrigerator. It was stable for at least 1 month. The working standards were prepared freshly from
the stock solutions for each new measurement.

2.3. Electrode preparation
The PVC membrane contained 5 % (w/w) [Cu2tpmc](ClO4)4, 38 % PVC and 57 %
dibutyl phthalate. A total of 0.270 g of these reagents was mixed with 2.5 mL THF. A glassy
carbon (GC) rod ( I 3 mm) (Sigardur-Sigri Electrographite, GmbH, Germany) was directly
coated by dipping two times in the mixture. The same procedure was used for coating graphite
rod ( I 6 mm) made by Sigma Aldrich. The formed coating bead on the GC and graphite was
allowed to dry in air over night and then, electrode was kept in 10-4 M GA solution for about 24
h. This modified GC and graphite electrodes were finally used as voltammetric sensors for
determination of GA. The voltammetric responses of the electrodes were measured in the series
of standard GA solutions within the range of 2.5 u 10-7 to 1.0 u 10-4 M in a 10-2 M solution of
HNO3 as a supporting electrolyte.

2.4. Electrochemical measurements
Cyclic and differential pulse voltammetric measurements were recorded on a Metrohm
797 VA Computance instrument (Herisau, Switzerland). The triple-electrode system was
consisted of a working electrode, GC or graphite electrode modified with PVC membrane with
activated dinuclear Cu(II)/tpmc complex as sensor component, a reference Ag/AgCl, KCl (3 M)
(Model 6.0728.010) and anauxiliary separate platinum rod electrode (Model 6.0340.000). The
cyclic and the differential pulse voltammograms of standard GA solutions were recorded in the
potential range from 0.0 to 1.0 V, using a scan rate of 100 mV/s (for CV) and 10 mV/s (for
DPV). A modulation time was varied from 20 to 80 ms, and pulse amplitude was changed in
range of 10 to 90 mV. The measurements were performed in unaerated solutions. The pH
measurements were carried out using a Hanna Instruments pH-meter with a Hanna Instruments
combined pH reference electrode. All of the experiments were done at room temperature (250C).

2.5. Sample preparation
Determination antioxidant capacity presented as mg/L of GA in white, rosé and red wine
samples were done using an extremely simple procedure involving the direct addition of a
sample aliquot in the electrochemical cell without any sample pretreatment. The wine samples in
triplicate, commercially available in Serbia were analyzed by the proposed voltammetric method
used as a standard for determination of antioxidant capacity. An aliquot of 1mL of wine was
added to 9 mL of 10-2 M HNO3 solution in electrolytic cell and homogenized with a magnetic
stirrer before voltammetric measures described in previous section.

2.6. Spectrophotometric determination of total phenolic content

The total phenolic content (TP) of the wines was determined using the Folin –Ciocalteu
micro method (F–C) as adapted for wine analysis [31]. Gallic acid was used to obtain the
calibration curve and results were expressed as mg gallic acid equivalents per litre of wine (mg/L
of GA). Red and rosé wine samples required dilution.

2.7. Computation details
Based on Cambridge Structural Database search published in our previous paper [32]
starting structure for optimization copper complexes with tpmc ligand were chosen. Geometries
of all structures were fully optimized with DFT (Differential Function Theory) method,
according to procedure described before [32]. Reaction energies were calculated as a difference
between ZPE corrected electronic energies of reaction products and reactants [33].

3. Results and Discussion
For better understanding the general idea of this work, the attention should be drown to
several issues regarding the construction and operation of working electrode. Polymer modified
electrodes are often prepared by casting solution droplet containing dissolved polymer onto the
surface and allowing the solvent to evaporate, by dip or spin coatings, or via
electropolymerization in the presence of the dissolved monomer. The purpose of polymer film,
from the chemical point of view is to immobilize sensor component, promote electron transfer
and to prevent electrode surface contamination by other species presented in the sample [34].
This electrode was prepared by simple coating technique using PVC matrix as carrier of active
component. The more conductive polymer nafion was not compatible with [Cu2tpmc](ClO4)4
complex, so less conductive but more durable polymer matrix consisted from PVC and DBP as

plasticizer was used instead. Membrane was coated on a GCE and graphite for comparison.
[Cu2tpmc](ClO4)4 complex immobilized in PVC matrix is activated by GA solution. The
probable operation mechanism of the sensor involved complexation between dinuclear
Cu(II)/tpmc complex immobilized in membrane and GA determined in the solution, and two step
electrochemical oxidation of captured GA, probably in the complex ion [Cu2tpmcGA]3+.
A number of dinuclear metal(II) complexes with tpmc and additional bidentate ligand are
known [35,36], but there is no evidence of dinuclear copper tpmc complex with GA. Assuming
that reversible formation of this complex on the surface of the membrane is sensitive to different
concentration of GA in solution, the next step was to investigate formation possibility of
proposed dinuclear copper tpmc complex with GA.

3.1 Structure of [Cu2tpmcGA]3+ complex ion and DFT calculations
Based on the results of the extensive CSD search [32] and molecular modeling, the
structure of optimized [Cu2tpmcGA]3+ complex ion was obtained (Figure 1). Details are given in
supplementary materials. This structure is in agreement with other structures found in CSD [30,
37- 39].

Figure 1. Optimized structure of [Cu2tpmcGA]3+ complex ion. Colors: yellow-copper; redoxygen; blue-nitrogen; grey-carbon. Hydrogen atoms are omitted for clarity.

Complex stability was examined by calculation of value for the energy of reaction (please
see supplementary material) which is 10.4 kcal/mol in favor of [Cu2tpmcGA]3+complex. The
results of energy calculations clearly indicated that gallic acid would have high preference for
binding to [Cu2tpmc]4+ complex in aqueous solution, and that the [Cu2tpmcGA]3+complex will
be formed even in the case of very low concentration of gallic acid.

3.2. Electrochemical investigation
Electrochemical behavior of GA on the surface of bare and coated glassy carbon and
graphite electrode was investigated by CV technique. Cyclic voltammograms of 10-4M GA in
HNO3 solution as supporting electrolyte (pH about 2) at graphite a) and glassy carbon electrode
b) (GE and GCE) are presented in Fig. 2. CV at modified both electrodes with activated
[Cu2tpmc](ClO4)4 complex immobilized in PVC matrix (CGE and CGCE) (Fig. 3) were recorded

under thee same cond
ditions. Voltammogramss exhibited two
t
anodic oxidation
o
peeaks on bothh bare
electrodees (both parts of Fig 2). The
T first peaak of GA apppeared in thhe region of 0.5
0 - 0.6 V and
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o
off the ortho-hhydroquinonne group inn the ring of
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moleculee. The secon
nd oxidation peak about 0.9 V was caused
c
by thhe oxidation of the third –OH
group off GA [40]. On
O the basis on analysiss of the volttammogramss it could bee noticed thaat the
peak currrent decreassed in every next cycle due to absorption and polymerizati
p
on of GA on
o the
bare elecctrodes surfaaces. On thee other handd, coating of
o the membbrane over thhe GCE andd GE
decreasedd a current density on the
t electrode, but preveent polymeriization Fig.33. In both cooated
electrodees cycling baarely changeed the shapee of the cycclovoltammoograms. The most signifficant
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ved betweenn the first annd second cyycles. Furtheer cycling leed to stabilizzation
of the eleectrodes, wh
hich achievedd steady state already aftter 2-3 cyclees.

Figure 2.Cyclic
2
volttammetric prrofiles for thhe electrocheemical oxidaation of 10-4 M gallic aciid in
HNO3 solutiion (pH abouut 2) at bare GE (a) and GCE (b); sccan rate of 1000 mV/s

Figure 3.. Cyclic volttammetric prrofiles for thhe electrocheemical oxidaation of 10-44 M gallic accid in
HNO3 solution (pH about
a
2) at CGE
C
(a) and CGCE
C
(b); scan
s
rate of 100 mV/s
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died by variaation of moddulation tim
me and moduulation ampllitude in ordder to
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voltamm
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Figure 4. Differential pulse voltammograms of 10-5 M GA in 10-2 M HNO3, H2SO4 and 0.1 M
acetate buffer as supporting electrolyte at CGE (a); The influence of the pH on peak potential
and peak current obtained from differential pulse voltammograms of 10-6 M GA in aqueous
solution of different concentrations of HNO3 (b).

3.4. DPV study with different electrodes
In order to investigate impact of PVC matrix and different electrode material on
voltammetric response, DPV was recorded at coated graphite and GC with and without complex
in the polymer matrix (Fig. 5). It was obvious that supporting electrolyte in absence of GA gave
a good baseline and electrode coated with PVC matrix without sensory component [Cu2tpmc](ClO4)4 respond barely even to large amounts of GA in the standard solution. In such
way, DPV response of the CGE and also CGCE came only from the dinuclear copper/tpmc
complex immobilized in a polymer matrix. The peaks were now well-defined (Fig. 5). The origin
of forego peak as a consequence of oxidation of obtained nitrate bridged dinuclear copper
complex itself, made by complexation of [Cu2tpmc](ClO4)4 and nitrate from supporting
electrolyte, is confirmed due to absence of this peak in voltammogram of CGE coated only with
PVC matrix. The first oxidation peak of GA on both electrodes was recorded on 0.50 V, while
second less expressive oxidation peak appeared on 0.87, but it was lost for GA concentrations
smaller than 10-6 M for CGE and 10-5 M for CGCE. Although CGCE exhibited higher peak
current, it was found that faster loses its response to GA concentrations (limit was about 10-6 M),
while with CGE it was possible to detect concentrations of 10-7 M order of magnitude. Larger
surface and porosity of the graphite electrode could be a possible reason for that behavior.

Figure 5. . Comparison of voltammetric responses provided by GC and graphite electrodes
modified with/without copper complex: [Cu2tpmc](ClO4)4 complex incorporated in polymer
matrix, recorded in 10-4 M GA and supporting electrolyte (solid line); [Cu2tpmc](ClO4)4 complex
incorporated in polymer matrix, recorded only in a HNO3 as a supporting electrolyte, pH about 2
(dash line); polymer matrix without [Cu2tpmc](ClO4)4 complex, recorded in 10-4 M GA (doth
line); scan rate, 10 mV/s.

3.5. Construction of the calibration curve
Differential pulse voltammograms of various concentrations of GA from 2.5 u 10-7 to 1.0
u 10-4 M recorded on more sensitive CGE (compared with CGCE) were shown in Fig.6 (a). The
first anodic peak of GA was chosen for quantification of GA due to its reversibility, very good
reproducibility and linear dependence on current density of this peak vs. the concentration of
gallic acid. The calibration curve was constructed by plotting the current density of first anodic
peak vs. the concentration of GA. There were two resulting calibration linear plots (Fig.6, (b)).
The higher concentration range is described by the regression equation: Ip (10-7 A) = 5.06 u 104
u CGA + 6.8209, where Ip is the current density of first anodic peak and CGA is the concentration
of gallic acid expressed in mol/L. The lower concentration range is expressed by the relationship:
Ip (10-7 A) = 3.895 u CGA + 1.14 u 106 (R = 0.9857), and with detection limit (LOD) of GA
determination of 1.48 u 10-7 M. Detection limit was estimated from three times the standard

deviationn. The limitin
ng point, 2.663 u 10-6 M vs. 6.9310-77 A, obtainedd by extrapollating of the
linear ploots, determin
ned which off these two mentioned
m
eqquations shoould be used. Standard
deviationns of 0.025 A
 in the oxiidation peakk current andd 0.006 V in the peak pottential for thhree
repeated detections of
o GA concentration of 5 u 10-5 M as
a well as thhe decrease inn peak curreent to
23.5% off the initial current
c
after three monthhs, suggests good
g
reproduucibility andd stability off
results when
w
the mod
dified electroode was usedd.
Two regrression equaations were obtained
o
from
m voltammoograms for CGCE:
C
Ip (A
A) = 4.4 u 10
1 3u
CGA + 0.993 for higheer concentrattion range, annd Ip (A) = 2.4 u 105 u CGA + 0.033 for lower
concentraation range, with LOD of
o 4.6 u 10-66 M of GA.


Figure 6.. DPV of CG
GE with GA added in conncentration of
o 2.5 u 107
– 1 u 1044 M, pH = 2 (a);
calibratioon curves forr GA (b).

For comparattive purposees, relevant characteristtics of somee of the moodified electrrodes
[16-19] were
w
listed with data of the propossed electrodde for GA determination
d
n (Table 1).. The
proposedd CGE is co
omparable inn LOD and in
i linear rannge with repported ones. In some cases it
had betteer characterisstics.

Table 1. Some response characteristics of different modified electrodes for GA determination
Supporting
electrolytes and
working pH

Electrode

Technique

CPE modified with
carbon nanotubes

DPV

phosphate buffer
solution, pH 2.5

DPV

Britton-Robinson buffer
solution, pH 2

DPV

phosphate buffer
solutions, pH 5.0

AdSV

phosphate buffer
solution, pH 1.88

DPV

Nitric acid, pH 2

CPE modified with
multi-walled carbon
nanotubes
Carbon – Poly(vinyl
chloride) composite
electrode
polyepinephrine/GCE
Graphite modified
with
[Cu2tpmc](ClO4)4
immobilized in PVC
matrix

Detection
limit
(LOD)

Ref

0.3 M

[16]

1.00–6.25 M,

0.27 nM

[17]

29 μg/L –0.45
mg/L

0.16 μg/L

[18]

1.0–20.0 M

0.663 M

[19]

0.25–1 M
5 M–0.1 mM

0.148 M

Proposed
electrode

Linear range

15–0.5 M

3.6. Interference study
The potential interfering agents for electrochemical determination of gallic acid are
phenolic acids, flavonoids and other organic molecules in minor amounts such as ascorbic acid.
The studied compounds (ascorbic acid-AS, naringin-NA, p-coumaric acid-COU, vanillin-VA,
caffetic acid-CAF and quercetin-QUE) were chosen due to differences and complexity in
structure. The influence of possible interfering compound was examined by comparing peak
current produced by GA and peak current of GA and studied compound mixture (1:1,
concentrations of 10-5 M). Higher interferences were obtained in presence of caffeic acid and
quercetin while the other substances (vanillin, naringin, ascorbic and p-coumaric acid) produced

smaller change of the signal (Fig.7). According to the literature [3,10], the first anodic peak
could be ascribed to the oxidation of different polyphenolic compounds that had a structure with
orthodiphenol (catechol) groups at B-ring, like catechin, gallic, caffeic, quercetin and some
others.

Figure 7. Histogram of the influence of interfering compounds on current obtained for
determination of GA under optimized experimental conditions. Some molecule structures are
with and without electroactive OH- groups.

3.7. Determination of the antioxidant capacity of the wine samples
In the present study, the estimation of the antioxidant capacity of the wine samples was
based of gallic acid current oxidation using DPV technique. As the first anodic peak could be
ascribed to the oxidation of different polyphenolic compounds present in wines that had a
structure with orthodiphenol groups at B-ring, thus, these compounds were the major
contributors to the antioxidant capacity in wine determined by electrochemical method. Five

different wine samples were analyzed with proposed CGE. The results of antioxidant properties
of the wine samples were presented as mg/L of GA calculated from calibration curve and
presented in Table 2. The same wine samples were determined at a bare GCE by CV technique.
The surface of GC was refreshed before each experiment because surface polymerization, while
the same CGE electrode was used for all determinations. The total phenols were determined by
Folin–Ciocalteu method and results were not comparable with those obtained by the
electrochemical methods. The reason is detection of all phenols by spectrophotometric method
(not only polyphenols with orthodiphenol groups at B-ring). Furthermore, F–C reagent may react
with many non-phenolic organic substances (sugars, proteins, ascorbic acid, etc.) and inorganic
substances (Fe(II), metabisulfite, sodium phosphite, etc.), giving an overestimation of the
phenolic content [41].

Table 2. The antioxidant capacity of wine samples determined by electrochemical and
spectrophotometric methods
Samples
White wine
Rosé wine
Red wine 1
Red wine 2
Red wine 3

DPV on CGE
(mg/L of GA)
406.58
406.58
420.17
365.76
581.81

CV on GCE
(mg/L of GA)
437.38
445.20
448.37
368.99
611.41

F–C
(mg/L of GA)
748.34
671.75
534.19
578.88
701.42

Conclusion
The application of complexation agent [Cu2tpmc](ClO4)4 immobilized in PVC matrix as a
modifier for coating graphite or classy carbon rod and the determination of gallic acid and
antioxidative capacity of wine samples was presented in this paper. Electrode with synthesized
macrocyclic complex showed the same effect on oxidation of polyphenols as a biosensors based

on natural macrocycles in copper-containing enzymes. Electroactive [Cu2tpmcGA]3+ was used as
a sensor material for determination of low concentrations of GA at simple coated CGE and
CGCE by sensitive DPV technique. The practical usefulness of the CGE was demonstrated by
the estimation of the antioxidant capacity, expressed as gallic acid equivalents, in white, rosé and
red wine samples, using an extremely simple procedure without any sample pretreatment.
The proposed electrode had advantages such as simple preparation, good reproducibility and
electrochemical surface stability. Its detection limit is quite comparable with reported modified
and unmodified electrodes for determination of GA. CGE was chosen for real sample analysis
due to better voltammetric response and lower LOD, which is 1.48 u 10-7 M. Still, we rightly
assumed that application of more conductive polymer matrix coated on transducer surface could
provide lower LOD of the electrode. Hence, the next task would be to find suitable and
compatible CP for better adopting of complexation agent [Cu2tpmc](ClO4)4 and to provide
electrode which might have better analytical characteristics.

Acknowledgement
Financial support for this study was provided by the Ministry of Education, Science and
Technical Developmentof the Republic of Serbia, Projects Number 45022 and 172030.

References
[1] M.Naczk, F.Shahidi, Phenolics in cereals, fruits and vegetables: occurrence, extraction and
analysis, J. Pharm. Biomed. Anal. 41 (2006) 1523–1542.
[2] C.A. Rice-Evans, B.J. Miller, G. Paganga, Structure–-antioxidant activity relationships of
flavonoids and phenolic acids, Free Radic. Boil. Med. 20 (1996) 933–956.
[3] P.A Kilmartin, H.Zou, A.L. Waterhouse, A cyclic voltammetry method suitable for
characterizing antioxidant properties of wine and wine phenolics. J. Agric. Food Chem. 49
(2001) 1957–1965.

[4] R.L.C Chen, C.H. Lin, C.Y. Chung, T.J. Cheng, Determination of tannin in green tea infusion
by flow-injection analysis based on quenching the fluorescence of 3-aminophthalate, J. Agric.
Food Chem.53 (2005) 8443–8446.
[5] L.M. Magalhães, M. Santos, M.A. Segundo, S. Reis, J.L.F.C. Lima, Flow injection based
methods for fast screening of antioxidant capacity, Talanta 77 (2009) 1559–1566.
[6] M.S. Fernandez-Pachon, D. Villano, A. M.Troncoso, M.C. Garca-Parrilla, Determination of
the phenolic composition of sherry and table white wines by liquid chromatography and their
relation with antioxidant activity, Anal. Chim. Acta 563 (2006) 101–108.
[7] F. Berli, J. D’Angelo, B. Cavagnaro, R. Bottini, R. Wuilloud, M.F. Silva, Phenolic
composition in grape (Vitisvinifera L. cv. Malbec) ripened with different solar UV-B radiation
levels by capillary zone electrophoresis, J. Agric. Food Chem. 56 (2008) 2892–2898.
[8] X. Shao, L.S Lv, T. Parks, H. Wu, C.T. Ho, S.M. Sang, Quantitative analysis of ginger
components in commercial products using liquid chromatography with electrochemical array
detection, J. Agric. Food Chem. 58 (2010) 12608–12614.
[9] P.A. Kilmartin, H. Zou, A.L. Waterhouse, A cyclic voltammetry method suitable for
characterizing antioxidant properties of wine and wine phenolics, J. Agric. Food Chem. 49
(2001) 1957–1965.
[10] P.A. Kilmartin, H. Zou, A.L. Waterhouse, Correlation of Wine Phenolic Composition
versus Cyclic Voltammetry Response, Am. J. Enol. Vitic. 53 (2002) 294–302.
[11] M. Šeruga, I. Novak, L. Jakobek, Determination of polyphenols content and antioxidant
activity of some red wines by differential pulse voltammetry, HPLC and spectrophotometric
methods, Food Chem. 124 (2011) 1208–1216.

[12] P.A. Kilmartin, Electrochemical detection of natural antioxidants: principles and protocols,
Antioxid. Redox. Signal. 3 (2001) 941–955.
[13] A.J. Blasco, A. González Crevillén, M.C. González, A. Escarpa, Direct Electrochemical
Sensing and Detection of Natural Antioxidants and Antioxidant Capacity in Vitro Systems,
Electroanalysis, 19 (2007) 2275–2286.
[14] E. Giannakopoulos, Y. Deligiannakis, G. Salahas, Electrochemical interfacial adsorption
mechanism of polyphenolic molecules onto Hanging Mercury Drop Electrode surface (HMDE),
J. Electroanal. Chem. 664 (2012) 117–125.
[15] S. Abbasi., A. Daneshfar, S. Hamdghadareh, A. Farmany, Quantification of SubNanomolar Levels of Gallic Acid by Adsorptive Stripping Voltammetry Int. J. Electrochem.
Sci. 6 (2011) 4843–4852.
[16] L.P. Souza, F. Calagari, A.J. Zarbin, L.H. marcolino-Junior, M.F. Begramini, Voltammetric
Determination of the Antioxidant Capacity in Wine Samples Using a Carbon Nanotube Modified
Electrode, J. Agric. Food Chem. 59 (2011) 7620–7625. J.
[17] S.M. Ghoreishi, M. Behpour, M. Khayatkashani, M.H. Motaghedifard, Simultaneous
determination of ellagic and gallic acid in Punicagranatum, Myrtuscommunis and Itriphal
formulation by an electrochemical sensor based on a carbon paste electrode modified with multiwalled carbon nanotubes, Anal. Methods 3 (2011) 636–645.
[18] M.M. Davila, M. Marino, F. Ahuatl, M. Elizalde, J. Mattusch, R. Wennrich,
Electrochemical Detection of Polyphenolic Compounds using Carbon Composite Electrodes,
ESC Trans. 3 (2006) 69–80
[19] R. Abdel-Hamid, E.F. Newair, Adsorptive stripping voltammetric determination
of gallic acid using an electrochemical sensor based on polyepinephrine/glassycarbon

electrode and its determination in black tea sample, J. Electroanal. Chem. 704 (2013)
32–37
[20] A. Abu Rabi-Stankovi , Z. Mojovi, A. Milutinovi-Nikoli, N. Jovi-Jovii, P. Bankovi,
M. Žuni, D. Jovanovi, Electrooxidation of p-nitrophenol on organobentonite modified
electrodes, Appl. Clay Sci. 77–78 (2013) 61–67.
[21] A. Sánchez Arribas, M. Martínez-Fernández, M. Chicharro, The role of electroanalytical
techniques in analysis of polyphenols in wine, Trends in Analytical Chemistry, 34 (2012) 78–96.
[22] W. Ma, D. Han, S. Gan, N. Zhang, S. Liu, T. Wu, Q. Zhang, X. Dong, L. Niu, Rapid and
specific sensing of gallic acid with a photoelectrochemical platform based on polyaniline–
reduced graphene oxide–TiO2, Chem. Commun.49 (2013) 7842–7844.
[23] X. Cetóa, J.M. Gutiérrezb, M. Gutiérrezc, F. Céspedesa, J. Capdevilad, S. Mínguezd, C.
Jiménez-Jorquerac, M. del Vallea, Determination of total polyphenol index in wines employing a
voltammetric electronic tongue, Anal. Chim. Acta 732 (2012) 172–179.
[24] C.M.A. Brett andA.M.O. Brett, Electrochemistry – Principles, methods and applications.
Oxford Science Publications (1993).
[25] J. Yu, H. Ju, Pure organic phase phenol biosensor based on tyrosinase entrapped in a vapor
deposited titania sol-gel membrane, Electroanalysis 16 (2004) 1305–1310.
[26] R.S. Freire, N. Durana, L.T. Kubota, Electrochemical biosensor-based devices for
continuous phenols monitoring in environmental matrices, J. Braz. Chem. Soc. 13 (2002) 119–
123
[27] S.A.S.S. Gomes, M.J.F. Rebelo, A new laccasse biosensor for polyphenol determination,
Sensors 3 (2003) 166–175.

[28] J. Abdullah, M. Ahmad, N. Karuppiah, L.Y. Heng, H. Sidek, An optical biosensor based on
immobilization of laccase and MBTH in stacked films for the detection of catechol. Sensors 7
(2007) 2238–2250
[29] S. Chandrasekhar, W.L. Wallz, L. Prasad, J.W. Quail, Structural studies and redox reactivity
of platinum complexes of 14-membered tetraazamacrocyclic ligands, Can. J. Chem. 75 (1997)
1363–1374.
[30] E. Asato, H. Toftlund, S. Kida, M. Mikuriya, K. Murray, Preparation and characterization of
copper(II) complexes with 1,4,8,11-tetrakis(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane,
Inorg. Chim. Acta 165 (1989) 207–214.
[31] A Waterhouse,. Folin–Ciocalteau micro method for total phenol in wine, (2009).
(<http://www.waterhouse.ucdavis.edu/phenol/folinmicro.htm>).
[32] B.B. Petkovi, M. Mili, D. Stankovi, I. Stamboli, D. Manojlovi, V.M. Jovanovi, S.P.
Sovilj, Complexation Ability of Octaazamacrocyclic Ligand Towards Co2+, Ni2+, Cu2+and Zn2+
Metal Cations; Experimental and Theoretical Study, Electrochim. Acta 89 (2013) 680–687.
[33] A.V. Marenich, C.J. Cramer, and D.G. Truhlar, Universal solvation model based on solute
electron density and a continuum model of the solvent defined by the bulk dielectric constant and
atomic surface tensions, J. Phys. Chem. B113 (2009) 6378–6396.
[34] J. Wang, Analytical Electrochemistry, 2nd ed., Wiley, 2000.
[35] G. Vukovi, D. Opsenica, S.P. Sovilj, D. Poleti, M. Avramov-Ivi, Preparation,
characterization and redox properties of O,O '-geometrical isomers of mu-alpha and mu-betaaminoisobutyrato

Co(II)

complexes

with

N,N,N ,NԤ-tetrakis(2-pyridylmethyl)-1,4,8,11-

tetraazacyclotetradecane, J. Coord. Chem. 42 (1997) 241–251.

[36]. S.P. Sovilj, G. Vukovi, K. Babi, N. Matsumoto, M. Avramov-Ivi, V.M. Jovanovi,
Synthesis, Characterisation and Possible Catalytic Properties of cis-Oxalato(1,4,8,11tetraazocyclatetetradecane)cobalt(III) Nitrate, J. Coord. Chem. 31 (1994) 167-179

[37] A.M. Appel, R. Newell, D.L. Du Bois, M.R. Du Bois, Concentration of Carbon Dioxide by
Electrochemically Modulated Complexation with a Binuclear Copper Complex, Inorg. Chem. 44
(2005) 3046–3056.
[38] G.A. Bogdanovi, Z.M. Miodragovi, G. Vukovi, R. Markovi, A. Spasojevi-de Bire,
Synthesis

and

X-raycrystal

[Cu2(CH3COO)tpmc](ClO4)6·6H2O(tpmc

analysis
=

of

[Cu2(HCOO)tpmc]-

N,N,N ,NԤ-tetrakis-(2-pyrydimethil)-1,4,8,11-

tetraazacyclotetradecane). Preparation and characterization of [Cu2(HCOO)tpmc](ClO4)3·H2O,
Synth. React. Inorg. Met-Org. Chem. 31 (2001) 1189–1203.
[39] G. Vukovi, M. Antonijevi-Nikoli, T. Lis, J. Mrozinski, M. Korabik, D.D. Radanovi,
X-ray analyses, spectroscopic and magnetic properties of [Cu4(succinato)(tpmc)2](ClO4)6 ·
2C2H5OH · 4H2O and [Cu2(C6H5COO)tpmc](ClO4)3 · 0.5CH3OH · 0.5H2O complexes, J. Mol.
Struct. 872 (2008) 135–144.
[40] B. Yang, A. Kotani, K. Arai, F. Kusu, Relationship of Electrochemical Oxidation of
Catechins on Their Antioxidant Activity in Microsomal Lipid Peroxidation, Chem. Pharm. Bull.
49 (2001) 747–751.
[40] A. Escarpa, M.C. González, Approach to the content of total extractable phenolic
compounds

from

different

food

samples

by

comparison

spectrophotometric methods, Anal. Chim. Acta 427 (2001) 119–127.

of

chromatographic

and

Highlights:



x

Synthesized copper/macrocyclic complex is sensitive to detect gallic acid

x

Voltammetric sensor based on copper/macrocyclic complex is developed

x

The lower detection limit is recorded at modified graphite then glassy carbon electrode

x

Sensor was applied for the determination of the antioxidative capacity of wine samples

x

Copper macrocyclic complex is explored by molecular modeling and DFT calculations

*Graphical Abstract (for review)

