
  

Int. J. Electrochem. Sci., 8 (2013) 8464 - 8489 

 

International Journal of 

ELECTROCHEMICAL 
SCIENCE 

www.electrochemsci.org 

 

Review  

Electrochemistry as a Tool for Studying Antioxidant Properties 
 

Jiri Sochor
1,2

, Jiri Dobes
1
, Olga Krystofova

3
, Branislav Ruttkay-Nedecky

1,4
, Petr Babula

4
,  

Miroslav Pohanka
4
, Tunde Jurikova

5
, Ondrej Zitka

2,3,4
, Vojtech Adam

1,2,4
, Borivoj Klejdus

1,6
,  

Rene Kizek
1,2,4* 

1
Department of Chemistry and Biochemistry, Faculty of Agronomy, Mendel University in Brno, 

Zemedelska 1, CZ-613 00 Brno, Czech Republic 
2
Department of Microelectronics, Faculty of Electrical Engineering and Communication, Brno 

University of Technology, Technicka 10, CZ-616 00 Brno, Czech Republic 
3
Vysoka skola Karla Englise, Sujanovo square 356/1, CZ-602 00, Brno, Czech Republic,  

4
Central European Institute of Technology, Brno University of Technology, Technicka 3058/10, CZ-

616 00 Brno, Czech Republic, European Union 
5
Institute of Natural and Informatics Sciences, Faculty of Central European Studies, Constantine the 

Philosopher University in Nitra, Nabrezie mladeze 91, SK-949 76 Nitra, Slovakia, European Union 
6
CEITEC Central European Institute of Technology, Mendel University in Brno, Zemedelska 1, 

613 00 Brno, Czech Republic, European Union 
*
E-mail: kizek@sci.muni.cz 

 

Received:  22 October 2012  /  Accepted:  6 May 2013  /  Published: 1 June 2013 

 

 

Electrochemical methods provide high potential for investigation of antioxidant compounds, 

assessment of antioxidant capacity, and measurement of electrochemical index. Different types of 

electrodes can be used for the assay purposes. The devices can be stationary or flow through, and 

based on cyclic or differential pulse voltammetry as well as potentiostatic analysis. The methods are 

known for their suitability for food control and monitoring the levels of antioxidant capacity in other 

biological samples and matrices. In this review, the application of both stationary and flow 

electrochemical methods for analysis of plant and clinical samples with respect to study of their 

antioxidant properties is described. The advantages and disadvantages of the methods are discussed. 
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Abbreviations: 3,4-DHBA – 3,4-dihydroxybenzoic acid; 4-HBA – 4-hydroxybenzoic acid; CV – 

cyclic voltammetry; DNA – deoxyribonucleic acid; DPV – differential pulse voltammetry; DPPH – 

diphenyl-1-picrylhydrazyl; EDTA – ethylenediaminetetraacetic acid; EI – electrochemical index; FCR 

– Folin-Ciocalteu reagent; FIA – flow injection analysis; FIA-ED – flow injection analysis with 

electrochemical detection; FRAP – ferric reducing antioxidant power; GSH – reduced glutathione; 

GSSG – oxidized glutathione; H2O2 – hydrogen peroxide; HIV – human immunodeficiency virus; 

http://www.electrochemsci.org/
mailto:kizek@sci.muni.cz


Int. J. Electrochem. Sci., Vol. 8, 2013 

  

8465 

HMDE – hanging mercury drop electrode; HPLC – high-performance liquid chromatography; HPLC-

ED – high-performance liquid chromatography with electrochemical detection; LMWA – low 

molecular weight antioxidant; LOD – limit of detection; O2
.-
 – superoxide anion; OH

.
 – hydroxyl 

radical; PBS – phosphate buffered saline; RESAC – rapid electrochemical screening of antioxidant 

capacity; ROS – reactive oxygen species; RSD – relative standard deviation; SCE – saturated calomel 

electrode; SOD – superoxide dismutase; SW-AdCSV – square wave-adsorption cathodic stripping 

voltammetry; SWV – square wave voltammetry; TEAC – trolox equivalent antioxidant capacity; Trx 

ox – oxidized thioredoxin; Trx red – reduced thioredoxin; TrxPx – thioredoxin peroxidase; TrxR – 

thioredoxin reductase; UV – ultra violet 

 

1. INTRODUCTION 

An antioxidant capacity belongs to the most important antioxidant parameters. The capacity is 

defined as the ability of compound (or mixture of compounds) to inhibit the oxidative degradation of 

various compounds like preventing lipid peroxidation. These methods are usually based on the direct 

reaction between studied compounds and free radicals (quenching or scavenging) or on the reaction 

with transition metals [1-6]. Spectrometric methods are mainly used in the analysis of antioxidant 

properties. However, these methods are dependent on many parameters, such as temperature, time of 

the analysis, character of a compound or mixture of compounds (extracts), concentration of 

antioxidants and prooxidants and many other substances [7-15]. 

Electrochemical methods used for the determination of antioxidant capacity have been still 

developing. These provide rapid, simple and sensitive alternative method in the analysis of bioactive 

compounds associated with the scavenging of the radicals as well as the antioxidant capacity itself. 

They are low-cost and usually do not require time consuming sample preparation. They are used both 

in stationary systems, where differential pulse polarography and voltamperometric methods belong to 

the most used techniques, and dynamic, flow, eventually electromigration system, where the advantage 

of voltammetry and amperometry is considered. Dynamic systems are used and cover rapid and 

sensitive quantification of simple analytes; on the other hand, stationary systems are suitable for the 

quantification of limited amount of analytes and for studying formation of complexes of simple as well 

as more complicated biomolecules with target molecule(s). The development of the new 

instrumentation with the possibility of miniaturization in contrast to the conventional, routinely used 

systems is the main object of electrochemical techniques in the analysis of bioactive compounds [16-

21]. 

Antioxidant compounds can act as reduction agents and, in solutions, they tend to be easily 

oxidized on the inert electrodes. Based on this fact, the relationship between electrochemical behavior 

of compounds with antioxidant activity and their resulting “antioxidant power” (capacity) is very 

interesting, because the “low oxidation potential” corresponds to the “high antioxidant power” [22]. It 

is a common knowledge that oxidative stress relates with imbalance between concentration of 

prooxidants and the antioxidants. Moreover, it appears that these changes are very important in the 

pathophysiology of critically diseased patients. Direct measurement of reactive oxygen species and 

oxidative stress markers is still difficult task in clinical medicine. The level of oxidative stress is 

measured as the total change of antioxidant capacity or, alternatively, as antioxidant status [23-29]. 
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In the present review, there are summarized basic electrochemical techniques used for the 

determination of the characteristics of the antioxidants in a) plant samples and in b) clinical 

diagnostics, for which electrochemical methods have been proposed and developed. In the first part, 

the attention is focused on the using the carbon electrodes in stationary systems. The second part 

describes using the flow techniques. Advantages as well as disadvantages of the application of 

electrochemical methods for analysis of different types of samples are discussed. 

 

 

 

2. STATIONARY SYSTEMS 

A carbon working electrode is the most used sensor in the electrochemical detection. This 

electrode can be based on the fluid (carbon paste electrodes) [30] or solid (printed carbon electrode) 

[31-33] matrix (binder). Besides common graphite powders, both paraffin and silicone oils can be also 

mixed with other carbonaceous materials, forming more or less special carbon pastes [34,35]. The 

possibility of the modification of the carbon paste electrode as addition of inorganic or organic 

compounds, which increases the selectivity and specificity, is the most important advantage [36]. 

These electrodes are used in voltammetric as well as amperometric measurements, and cyclic 

voltammetry is the most used method. Voltammetric techniques are considered the most effective for 

studying antioxidant properties [37-42]. 

 

2.1 Cyclic voltammetry for determination of antioxidant capacity  

Cyclic voltammetry (CV) is the most commonly used technique for the characterization of 

redox system. It can provide information about the number of redox states as well as qualitative 

information about the stability of these oxidation states and the electron transfer kinetics [43-46]. CV 

involves scanning the voltage of a working electrode while recording the anodic current produced by 

the low molecular mass antioxidants in the solution, which are oxidized on the surface of the working 

electrode [47]. The current produced is proportional to the combined concentration of the antioxidants 

[48,49]. CV on the carbon electrode seems to be suitable method for the determination of antioxidant 

capacity, especially due to its simplicity, rapidity and possibility to be used directly in biological and 

crude samples [50-54]. Australian scientists  studied series of compounds based around combining the 

neuroprotective properties of non-competitive N-methyl D-aspartic acid  receptor antagonists with 

antioxidant functionalities [55]. The redox chemistry of these compounds has been evaluated using the 

cyclic voltammetry, and the results have been compared with their radical-scavenging properties 

obtained from two standard biological assays, the inhibition of lipid peroxidation and the Sapphire 

colorimetric assay. The antioxidant activity of a set of pyrimidines has been shown to be dependent on 

the presence of three amino substituents [55]. 
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2.1.1 Determination of antioxidant activity of food and polyphenolics compounds  

CV can be used in the food and plant products analysis. It is possible to determine total 

antioxidant capacity. On the other hand, experimental data must be related to standard, it means to 

compound with antioxidant properties and well-characterized chemical structure, which can be similar 

to structure of compounds present in evaluated sample [56]. Born et al. [57] determined compounds 

with low oxidation potential, which possessed only week antioxidant activity, by CV. The antioxidant 

properties of polyphenols chlorogenic acid, cordigol, cordigone, danthrone, 1,5-dihydroxy-3-

methoxyxanthone, eriosematin, flemichin D, frutinone A, mangiferin, quercetin, 1,3,6,7-

tetrahydroxyxanthone and verbascoside were investigated. The results revealed that compounds with a 

catechol group (meta arrangement) were oxidized below 0.4 V. Compounds having one or more 

isolated phenolic groups showed an oxidation potential between 0.45 and 0.8 V, excepting 1,5-

dihydroxy-3-methoxyxanthone (0.45 V), danthrone (0.96 V) and eriosematin, which showed no or 

modest antioxidant activity. Simic et al. [58] monitored antioxidant properties of phenolics 

compounds, namely salicylic acid, m-hydroxybenzoic acid, p-hydroxybenzoic acid, protocatechuic 

acid, o-coumaric acid, m-coumaric acid, p-coumaric acid, caffeic acid, quercetin and rutin, by using the 

CV. Authors were aimed at the structure-antioxidant capacity relationship. Their data point at the 

importance of multiple hydroxyl substitution and conjugation in the resulting antioxidant activity and 

electrochemical properties of studied compounds. The compounds with the low oxidation potential 

(Epa lower than 0.45) demonstrated significant antioxidant activity, whereas compounds with high 

oxidation potential (Epa values >0.45) acted as prooxidants [58]. Using the cyclic voltammetry, 

phenolics and flavonoids were characterized by Yakovleva et al. [59]. Artega et al. [60] performed 

extend study focused on the antioxidant activity of low-molecular antioxidants present in the spice and 

some pharmaceuticals (gallic acid, sesamol, eugenol, thymol, carvacrol, vanillin, salicylaldehyde, 

limonene, geraniol, 4-hexylresorcinol). Zhang et al. [61] studied the electrochemical properties of 14 

flavonoid standards using CV (area under anodic wave and oxidant peak potentials) and the structural 

parameters (bond dissociation enthalpy and ionization potential) were investigated. These results were 

compared with the results of four spectrophotometric assays, namely, diphenyl-1-picrylhydrazyl 

(DPPH) method, Folin-Ciocalteu reagent method, ferric reducing ability of plasma (FRAP) method, 

and trolox equivalent antioxidant capacity (TEAC), to analyze the chemical reasons for the varying 

antioxidant activities of flavonoids under different assays. They established that flavonoids showed 

inconsistent antioxidant activities depending on the assay used. Using CV, the antioxidant activity of 

the flavonoids in the DPPH, FCR, and FRAP assays were determined mainly by the ease of the charge 

transferring in the first oxidation step. The results of TEAC assays were primarily influenced by the 

amount of the charge transfer in the multiple oxidation steps of flavonoids. In the theoretical 

calculation, the bond dissociation enthalpy (BDE) values of the selected flavonoids had considerably 

higher correlations with the results of the DPPH assay (r = 0.89). Neither the ionization potential 

values nor BDE values had satisfactory correlation with the antioxidant activities of the flavonoids in 

the TEAC assay (r = 0.57, r= 0.54, respectively) [61]. 

On the base of determination of anodic peak potential according to pH, Rene et al. [62] 

suggested two possible mechanisms of the behaviour of phenolics on the electrode, for both one- and 
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two-electron oxidation. The different polyphenols versus superoxide anion radical (O2
•-
) were 

investigated in an aprotic solvent dimethylformamide by CV. The results highlight that the proton-

transfer and radical-transfer pathways take place for polyphenols, with the relative contributions of the 

two pathways depending on the polyphenol structure. Polyphenols containing an o-diphenol ring (as in 

flavonoids) were found to have the highest reactivity. The electrochemical behavior and the 

antioxidant effectiveness of ascorbic acid, caffeic acid, quercetin, catechin, hesperetin and their 

equimolar binary mixtures were evaluated by means of CV and luminol Co(II)-EDTA 

chemiluminescence, respectively, with a view to the prediction of a potential prooxidant or synergistic 

behavior of mixtures of antioxidants [63]. 

Caffeic acid is very interesting polyphenolics with the ability to induce the highest oxidation 

current. Thus, it serves as the model compound in the determination of phenolics and their antioxidant 

activity in the biological samples as showing Photinon et al. [64], who used thick-film screen printed 

working electrode modified with an iridium-carbon as an electrochemical sensor. Oxidation 

mechanism of caffeic acid was also studied by CV with a plastic formed carbon and/or a glassy carbon 

electrode in a microflow electrolytic cell in connection with on-line electrochemistry/electrospray 

ionization mass spectrometry [65].  

CV can be utilized widely for identification of polyphenols and estimation of the relative 

reducing strength of flavonoids, phenolic acids and resveratrol in biological samples of red and white 

wine, tea, coffee, juices as well as in blood serum [66-68], for direct evaluation of antioxidant capacity 

in real samples of red wine and white wine [69,70] by ability to slower methyl linoleate oxidation. 

Kilmartin et al. [48] and Makhotkina et al. [71] used the CV for the quantification of antioxidants on a 

carbon electrode in wine samples. Anodic peak potentials in a model wine solution (pH 3.3) 

supplemented by standards within the concentration range from 0.1 to 0.2 mM were studied. In the 

study [72], the authors investigated the antioxidant potential of yellow dye synthesized by fermentation 

Epicoccum nigrum Link. strain. It was found that the fungal dye antioxidant activity in stable 

emulsions can be associated with its electrochemical behavior. 

 

2.1.2 Determination of antioxidant activity of clinical samples 

CV can be also widely applied in clinical studies. CV on a bare glassy carbon electrode was 

applied to determine human and horse plasma antioxidant activity [25]. The CV response of human 

plasma consisted of two broad voltammetric peaks observed within the potential range from 0.2 to 

0.6 V and from 0.6 to 0.9 V. Horse plasma showed no voltammetric response on the non-activated bare 

glassy carbon electrode. Parameters that indicate the antioxidant capacity of the samples, i.e. the peak 

potential Ep, the peak current density i(p) and the charge Q below voltammetric waves were calculated 

for both waves. Based on the CV scans measured in human and horse plasma, which have indicated 

considerably different concentration of low-redox potential low molecular weight antioxidants, it can 

be concluded that the Total Antioxidant Status results include contribution of the high formal redox-

potential low molecular weight antioxidants (LMWAs) comprising the second CV wave. 
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Interesting study was published by the scientific team from the university in Toulouse [73]. In 

this study, CV is proposed as a new method for the evaluating the antioxidant capacity of skin based 

on the reducing properties of low molecular weight antioxidants. Experiments were performed simply 

by recording the anodic current at 0.9 V of a platinum microelectrode placed directly on the epidermis 

surface without any gel or water. This method ensured a direct, rapid (less than 1 min), reliable 

(accuracy 12%) and non-invasive measurement of the global antioxidant capacity of the stratum 

corneum with a high spatiotemporal resolution. 

Further, CV was used for the evaluation of the antioxidant status and the oxidative stress in 

healthy subjects and in chronic (diabetes mellitus) and acute patients (subjected to total body 

irradiation prior to bone marrow transplantation) [74]. CV could be widely employed for rapid 

evaluation of the status of subjects (in health and disease) for monitoring of their response to treatment 

and/or nutritional supplementation as well as for screening of specific populations [74]. In the human 

blood plasma of patients suffering from diabetes mellitus, antioxidant properties of thioctic acid were 

determined [75]. CV method was also used for the monitoring of the total oxidant-scavenging 

capacities of plasma from glycogen storage disease type Ia patients, where focus was devoted 

especially to the determination of uric acid as one of the most powerful antioxidants in organisms [76]. 

Barroso et al. published interesting study entitled “Electrocatalytic evaluation of DNA damage by 

superoxide radical for antioxidant capacity assessment” [77]. The integrity of DNA purine bases was 

herein used to evaluate the antioxidant capacity. Unlike other DNA-based antioxidant sensors reported 

so far, the radical enzymatically generated by the xanthine/xanthine oxidase system was the selected 

damaging agent. An adenine-rich oligonucleotide was adsorbed on carbon paste electrodes and 

subjected to radical damage in the presence/absence of several antioxidant compounds. As a result, 

partial damage on DNA was observed. 

 

2.1.3. Study of the antioxidant activity in pathological processes and infectious diseases  

Though generation of oxidative stress and depletion of LMWAs is not the main pathological 

process of infection diseases, the process follows the other pathologies presented in infected hosts. The 

pathological processes become the most evident during sepsis [78,79]. Suitability of exogenous 

LMWAs application is discussed in several studies [80,81]. Especially, mitochondria seem to be the 

most vulnerable by oxidative stress during sepsis and LMWAs application would be useful for their 

protection against oxidative damage during sepsis [82,83]. Uric acid and glutathione are the two most 

important LMWAs (Fig. 1). They show strong antioxidant capacity and, in addition, there are also 

markers of the “antioxidant protection” of organism [6,84-86]. Total antioxidant capacity and 

oxidation stress in organism are two important markers of immunity failure and eventually seriousness 

of a disease [87-90]. Alterations in antioxidant status are clearly evident in chronically developing 

diseases as well. Human immunodeficiency virus (HIV) positive patients are recommended to intake 

elevated doses of ascorbic acid and vitamin E. An ascorbic acid in the dose of 750 mg per a day is 

recommended as the lower plasmatic level of ascorbic acid is associated with faster progression of the 

disease [80,81,91]. 
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In addition, we can example an effort to assess the role of oxidative stress in seriously infected 

laboratory animals. The hosts were infected with Francisella tularensis Dorofejev, a causative agent of 

tularemia disease, in a group of experiments. CV played a significant role in the assay. F. tularensis is 

able to survive stress conditions in macrophages where it proliferates [92]. Escape from the 

macrophages is caused by a pyroptotic process and reactive oxygen species are released, too. Use of 

CV for assay of LMWAs in tularemia infected hosts was chosen in some experiments as the method is 

gently to consumption of samples and fast enough to process high quantity of samples in a short time. 

The experiments were performed on screen printed sensor strips with platinum working and auxiliary 

electrodes. Reference electrodes were made as a composite of Ag/AgCl. In a total, 20 µl of sample was 

enough for one successful assay. The plasma sample was injected on sensor and antioxidants appeared 

as an anodic wave once antioxidants become electrochemically oxidized. The experiments proved 

different susceptibilities in murine and microtine hosts. Though CV proved depletion of antioxidants in 

plasma of mice [93], common voles and even European brown hares were able not only re-cover but 

also increase plasmatic level of the assayed antioxidants [93,94]. 

 

 

 

Figure 1. Scheme of the genesis of oxidative stress in the connection with reactive oxygen species 

(ROS) and protective systems provided by antioxidant enzymes superoxide dismutase (SOD, 

enzymes responsible for the conversion of the superoxide anion into hydrogen peroxide in the 

cytoplasm and in the mitochondrial matrix [95,96]), catalase (CAT, catalyzes the dismutation 

of hydrogen peroxide to oxygen and water [97]) and LMWAs, especially glutathione and uric 

acid (urate). Modified according to Graca-Souza et al. [98]. Abbreviations: ROS - reactive 

oxygen species; O2
.-
 - superoxide anion; H2O2 - hydrogen peroxide; SOD - superoxide 

dismutase; TrxR - thioredoxin reductase; TrxPx - thioredoxin peroxidase; Trx red - reduced 

thioredoxin; Trx ox - oxidized thioredoxin; GSH - reduced glutathione; GSSG - oxidized 

glutathione; LMWA - low molecular weight antioxidant.  

 

Chromatographic assay of reduced glutathione and antioxidants assayed by DPPH test 

confirmed the findings about antioxidants alterations assayed by CV. The level of reduced glutathione 

decreased to 25% of the original level, and the total level of low molecular weight antioxidants was 

less than 50% of the initial amount [99]. In the work entitled “Evaluation of the redox properties and 
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anti/pro-oxidant effects of selected flavonoids by means of a DNA-based electrochemical biosensor” 

of Lauda et al. [100], quercetin and rutin as well as catechin and epigallocatechin gallate were 

investigated, as widely distributed representatives of flavonols and flavanols, respectively, regarding 

their anti-/pro-oxidant properties. The flavonoids were irreversibly oxidized on a dsDNA-modified 

screen-printed electrode within 0.368 to 0.449 V vs. SHE without binding to DNA. Using the DNA 

biosensor the detection scheme of a DNA prevention/degradation exploits the [Co(phen)(3)]
3+

 complex 

as an electrochemical DNA marker. Antioxidant activity of flavonoids was tested in a model cleavage 

mixture composed of 5 × 10
-7

 M [Cu(phen)(2)]
2+

 as the catalyst, 1 × 10
-3

 M ascorbic acid as the 

chemical reducing agent and atmospheric oxygen as the natural oxidant, where reactive oxygen 

radicals are generated. The antioxidant activity increases with the concentration of flavonoids reaching 

a maximum where pro-oxidative behavior becomes of importance. The prooxidant potency of 

flavonoids depends on the presence of atmospheric oxygen and follows the order 

quercetin>rutin>epigallo-catechin gallate>catechin [100]. 

 

2.2 Differential pulse voltammetry for determination of antioxidant capacity  

Differential pulse voltammetry (DPV) is a selective and sensitive technique, where the 

potential is changing linearly with the time (potential linear sweep) superimposed by the potential 

pulses of the amplitude between 10 and 100 mV for several milliseconds [30,101,102]. Voltage pulse 

is applied at the end of the drop time; the total time of the drop is directed electronically by a drop 

knocker. The difference between the currents applied immediately before the pulse application and at 

the end is registered. Dependence of the difference between these two currents on the applied potential 

goes through maximum, so it has a peak shape. The position of the peak on the potential axis is given 

by the quality of analyte, and its height depends on the concentration of the analyte [103,104]. 

 

2.2.1 Determination of antioxidant activity of food and polyphenolics compounds 

Possibilities of the DPV application have been explored in the detection of natural polyphenolic 

antioxidants in both complex biological samples and matrixes containing several phenolics classes 

such  phenolic acids and flavonoids, but also in the determination of antioxidant/oxidation damage of 

the clinical samples [105]. The analytical possibilities of this method can be used both, representative 

standards and real samples where the predominant flavonoid and phenolic acid classes are presented in 

different concentration. The DPV approach using graphite screen-printed electrodes could represent a 

quick screening method for the determination of polyphenols in natural extracts, derived from grape, 

olives, and green tea [106,107]. The pure compounds examined by this method include phenolic acids, 

flavones, flavonols, catechins, tannins, and oleuropein, a tyrosol esters of elenolic acid [108]. DPV has 

also helped establish the relationship between voltammetric behavior of samples and their in vitro 

antioxidant power [107]. Seruga et al. [109] analyzed samples of red wine in the view of total 

polyphenols content by DPV method. They determined strong correlations between the amount of total 

polyphenols determined by DPV, HPLC and spectrophotometrically using the Folin-Ciocalteu method. 
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In general term, the high antioxidant power was always related to predominant flavonoid and phenolic 

classes (acids and flavan-3-ols and flavonols) while the low antioxidant power was related to finger 

prints phenolic like dihydrochalcone phlorizin and glycosylated hydroquinone arbutin. In addition, a 

selective oxidation of flavonoids versus phenolic acids (at pH 7.5) was strategically proposed 

approaching the discrimination of different matrices and fruits (mainly at pH 2 the highest peak 

resolution was obtained Blasco et al. [110] RSDs < 9 %, recovery 100 %, LOD 0.1-4.2 µM) [107]. 

Antioxidant capacity of the wine samples was also investigated by Souza et al. [111]. In this study, the 

values obtained for gallic acid were used to estimate the antioxidant properties of the wine sample 

based on gallic acid oxidation. The suggested 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 M). Scientific team in Chile [112] used the DPV for the determination of 

electrochemical behavior of Chilean Cabernet Sauvignon red wine, Vitis vinifera L. grape and 

raspberry anthocyanin extracts in a model wine solution. Recently published study of Yardim [113] is 

focused on the determination of antioxidant capacity in the samples of coffee on the base of the 

oxidation peak of chlorogenic acid. Shapoval et al. [114] used DPV to study the antioxidant activity of 

thiamine (vitamin B 1) and its structural analogues at platinum and copper cathodes. The results 

indicate that the activity of thiamine relative to the hydroxyl radical is lower than the activity of 3-

benzyl-4-methyl-5-(2-hydroxyethyl)thiazolium chloride. At the same time, thiamine can more 

efficiently react with hydrogen peroxide and bind divalent iron ions. 

 

2.3 Square wave voltammetry for determination of antioxidant capacity  

Another pulsed voltammetry technique called square wave voltammetry (SWV) uses a 

potential waveform. The advantage of SWV is that the entire scan can be performed on a single 

mercury drop in about 10 seconds. SWV saves time, reduces the amount of mercury used per scan by a 

factor of 100 [115-119]. SWV was found to be more sensitive in comparison with differential pulse 

voltammetry [106,120-122] and has more extend dynamic range and lower limit of detection in 

comparison with the linear sweep voltammetry [123,124] and the CV [125-128].  

 

2.3.1 Determination of antioxidant activity of food and polyphenolics compounds 

Adam et al. [129] suggested and optimized SWV method employing a carbon paste electrode 

for the determination of selected flavonoids and semisynthetic derivatives (quercetin, quercitrin, rutin, 

diosmin and chrysin) in the body fluids. They were primarily focused on the basic electrochemical 

behavior of the studied compounds. In the case of quercetin, quercitrin and diosmin, authors observed 

three peaks, where the first peak provided the highest signal. The first peak was observed at the 

potential of 0.25 V (quercetin), however, this first peak occurred at the potential of 0.35 V in quercitrin 

and at 0.51 V in diosmin. Malagutti et al. [130] used SWV with solid carbon polyurethane electrode 

(rigid carbon-polyurethane composite electrode) for comparing antioxidant capacity of green tea 

samples and determination of rutin. Detection limit was 7.1 x 10
-9

 M. Giannakopoulos et al. [131] 
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studied electrochemical interphase adsorption of a plenty of polyphenolics (i.e. polyhydroxybenzoic 

acids) on a hanging mercury drop electrode (HMDE) using  the square wave-adsorption cathodic 

stripping voltammetry (SW-AdCSV) method at pH = 7.5. Polyhydroxybenzoic acids bearing one 4-

hydroxybenzoic acid, two 3,4-dihydroxybenzoic acid (protocatechuic) or three 3,4,5-

trihydroxybenzoic acid (gallic) hydroxyl groups at the positions C3, C4 and C5 on the benzene ring 

were studied. The complex interfacial electrochemical behavior of these molecules has been 

deconvoluted to (i) adsorption evens and (ii) redox formations at the HMDE interface. The approach 

presented was based on the comparative analysis of the SW-AdCSV signals in conjunction with the 

molecular structure of the molecules. Accordingly, theoretical calculations, involving nonlinear-fit, 

resulted in the identification of the interfacial reaction mechanism of adsorbed gallic acid on the 

HMDE. Moreover, a simple and sensitive electrochemical method for the determination of antioxidant 

capacity was investigated [20]. 4-hydroxybenzoic acid (4-HBA) was used as a trapping agent for 

photogenerated (center dot)OH radicals, leading to formation of 3,4-dihydroxybenzoic acid (3,4-

DHBA). Addition of antioxidants induced the competition between 4-HBA and antioxidants toward 

(center dot)OH elimination, resulting in a decrease of the measured current. The suggested method was 

successfully compared to a fluorimetric one. 

 

2.3.2 Determination of antioxidant activity of clinical samples 

Study of Pohanka et al. [132] introduced analysis of LMWAs in blood plasma by the use of 

SWV. Plasma samples from five Cinereous Vultures (Aegypius monachus Linnaeus) accidentally 

intoxicated with lead were used to represent real biological matrices with different levels of LMWAs. 

Blood was collected prior to and one month after treatment with Ca-EDTA from the birds. SWV 

measurements resulted in two peaks. The first peak, with the potential value of 466 ± 15 mV, was 

recognized as ascorbic and uric acids, while the second one (743 ± 30 mV) represented glutathione, 

tocopherol, ascorbic acid and in a minor effect by uric acid, too. Contribution of individual 

antioxidants was recognized by separate assays of LMWA standards.  

Scientific team from the Shandong Agricultural University [133] evaluated DNA damage and 

antioxidant capacity of protein sericin by a DNA electrochemical biosensor based on dendrimer - 

encapsulated Au-Pd/chitosan composite by SWV. The relationship between sericin concentration and 

scavenging percentage of ·OH was studied. With the increasing concentration of sericin, the 

scavenging percentage increased too. The antioxidant capacities of the sericin in comparison to that 

showed for the Trolox (89 %) were slightly differed.  

Determination of a DNA damage by SWV, but also by CV and the electrochemical impedance 

spectroscopy (EIS) is described in the study of Ziyatdinova and Labuda [134]. They assembled DNA 

biosensor composed of dsDNA adsorptive layer on a carboxylated single-walled carbon nanotubes-

chitosan composite deposited at a commercial carbon based screen-printed electrode. This sensor was 

prepared and applied for a complex investigation of damage to DNA by the Fenton type cleavage 

agent (hydroxyl radicals formed in the mixture of Cu
2+

, H2O2 and ascorbic acid) and copper(II)-

quercetin system in 0.1 M PBS pH 7.0 under aerobic conditions. Initial enhancement of the intrinsic 
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guanine and adenine moieties SWV response over that of original dsDNA one indicates opening of the 

helix structure in the first stage of damage. At the same time, decrease in the intercalated thioridazine 

response confirms damage of the helix structure in parallel to deep degradation of the DNA chain and 

its removal from the electrode surface [134]. Using SWV, oxidation stress induced by UV radiation 

was studied on DNA [135]. Techniques is based on the enzymatic conversion of the damaged DNA 

bases to single-strand breaks (ssb), single-stranded (ss)DNA regions, or both. Supercoiled DNA 

exposed to UV light was specifically cleaved by T4 endonuclease V, an enzyme recognizing 

pyrimidine dimers, the major products of photochemical DNA damage. This technique offers much 

better sensitivity and selectivity of DNA base damage detection than any other electrochemical 

method. It is not limited to DNA damage in vitro, but it can detect also DNA base damage induced in 

living bacterial cells [135]. 

We decided to use SWV method on graphite screen printed electrodes for the determination of 

antioxidant capacity of blood samples of patient suffering from malignant head disease in our internal 

study. This patient (6 years old child) has diagnosed neuroblastoma. Voltammogram showed two 

peaks marked as a1 and a2. Peaks a1 and a2 were positioned at 562 ± 20 mV and 839 ± 17 mV, 

respectively. Typical voltammogram of a plasma sample is shown in Fig. 2. Average square of the 

peaks was 6.88 × 10
-3

 µAV for the peak a1 and 4.24 × 10
-3

 µAV for the peak a2. Though the peak a1 

was present in all of the tested samples, the peak a2 was nearly depleted in some samples. It could be 

appointed that significant pathology related to not all of the endogenous antioxidants but to only a 

specific group of them, but their effect is not fully understood.  

 

 
Figure 2. Typical voltammogram achieved by a plasma assay. Two peaks are measured: peak a1 at the 

lower and a2 at the higher potential. 

 

2.4 Amperometric measurement 

The amperometric method is based on measurement of electric current resulting from oxidation 

of the substance (or the mixture) being studied on the surface of a working electrode at a certain 

voltage potential. The nature of the working electrode as well as the voltage potential applied 

determines the sensitivity of the amperometric method. The antioxidant activity may be measured by 

using the value of oxidation of such compounds on the working electrode of the amperometric 
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detector. The signal is registered as differential dynamic curves [136]. In the summarizing review of 

Balsco et al. [106] there is clearly concluded that the amperometric method used for an evaluation of 

antioxidant capacity had the same advantages and disadvantages as the compared spectrophotometric 

methods. 

 

2.4.1 Determination of antioxidant activity of food and polyphenolics compounds 

Large study focused on the determination of compounds with antioxidant properties in the food 

by the help of amperometric detection was carried out by Yashin et al. [136], who analyzed 1140 food 

products and beverages and determined total antioxidant capacity of these products. Moreover, in the 

study of Ignatov et al. [137] a method for the electrochemical detection of antioxidants, which is based 

on a radical measurement with a cytochrome c modified electrode, was developed. A controlled 

enzymatic production system for superoxide radicals based on xanthine oxidase was used. The 

addition of antioxidants facilitated the decomposition of the radical in addition to the spontaneous 

dismutation. The steady-state of superoxide generation and decomposition was thus shifted to a new 

situation due to the higher decomposition rate after antioxidant addition. This resulted in a decreased 

current level at the electrode. Antioxidant activity could be quantified from the response of the sensor 

electrode by the percentage of the signal decrease. The applicability of this method was showed by 

analyzing the hierarchy of antioxidant capacity of flavonoids. 

Korotkova et al. [37] introduced a highly attractive, convenient and especially sensitive 

amperometric approach for the study of antioxidant properties and determination of their activity in the 

work, where antioxidants are substances, which interrupt radical-chain oxidation processes in organic 

and inorganic molecules. The comparative analysis of the activity of well-known antioxidants such as 

ascorbic and citric acids, glucose, their compound solutions, some food products (green tea extract, 

apple vinegar) and pharmaceuticals (Haemodesum, Polyglucinum, Ringer solution) was carried out. 

The character of the antioxidant influence on the oxygen electrochemical reduction was investigated. 

Moreover, a new approach for antioxidant capacity determination was suggested  in order to 

reduce the risk of electrochemical interferences [138]. New method takes advantage of using a H2O2 

amperometric biosensor (based on horseradish peroxidase wired by Os-redox polymer), measured at 

low applied potential (-0.100 V vs. Ag/AgCl). This biosensor was coupled with the xanthine-xanthine 

oxidase system which, as a result of the spontaneous dismutation of superoxide radicals (O2·), 

generates H2O2. The addition of an antioxidant, by its scavenging ability for O2· radicals as well as by 

consumption of H2O2 decreased the H2O2 concentration. Finally, the antioxidant capacity for real 

samples of citrus juices were assessed by using the new approach, and were found in good correlation 

with those provided by the method based on electrochemical detection of DPPH·, as well as with their 

polyphenolics content, estimated using the Folin-Ciocalteu method, and their antioxidant activity 

content, assessed using a titrimetric method [138].  
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2.4.2 Determination of antioxidant activity of clinical samples  

A novel version of a chronoamperometric method of antioxidant determination is described 

[139]. It is based on the use of the oxidation current of ferrocyanide formed in the reaction of 

antioxidants to be determined with potassium ferricyanide as an analytical signal. Thus, the total 

concentration of all antioxidants present in the analyzed solution, i.e. total antioxidant capacity, is 

measured. The results of blood plasma analysis by the newly presented and certified potentiometry 

method are in good agreement with each other, R = 0.9980. Study of Brainan et al. [140] describes the 

monitoring of antioxidant and oxidative activity of blood and blood fractions by the new 

potentiometric method. The source of information is the electrode potential shift observed when the 

analyzed sample is introduced into the medium containing a mediator system. Mediator system, 

measuring electrode, method of blood hemolysis, anticoagulant are selected. 

 

 

 

3. FLOW SYSTEMS 

The flow injection techniques are main techniques competitive to discrete systems, developed 

mainly for clinical analysis and environmental field measurements. Their present new trend of 

development is focused on the miniaturization of fluidics and detectors, design of multianalyte 

detection systems, and also hyphenation with high-performance separation instruments [141-144]. 

Their great advantage compared to stationary systems is based on the possibility of the automation of 

these systems [145-148]. 

 

3.1 Flow injection analysis with the electrochemical detection 

Flow injection analysis with the electrochemical detection (FIA-ED) has a predominant role in 

the evaluation of antioxidant capacity because it allows to work at selective target potential giving an 

easy and direct way for both, evaluation of antioxidant capacity, and the quantification of the total 

antioxidants involved [106,149]. It has similar characteristic as high performance liquid 

chromatography with electrochemical detection (HPLC-ED), however, the HPLC technique enables to 

separate individual analytes compared to FIA-ED. In the light of the above-mentioned fact, FIA-ED is 

more rapid and needs only simple instrumentation. On the other hand, these electrochemical systems 

that work at the electrochemically constant potential are not able to “distinguish” analytes that are 

electroactive and electrochemical process on the applied potential [150-152]. 

 

3.1.1 Determination of antioxidant activity of food and polyphenolics compounds 

FIA with amperometric detection is the commonly used method for the evaluation of 

antioxidant capacity of phenolic compounds. In addition, this method is adequate for measuring the 

total phenolics content in food samples, but values are usually lower than those found using the 

spectrometric method. This fact indicates higher selectivity of electrochemical approach [153]. 
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Mannino et al. [154] developed simple method for determination of antioxidant capacity of wine 

samples based on the FIA system with amperometric detection with glassy carbon electrode as a 

working electrode at the potential of +0.4 V. The same research team used the suggested method for 

determination of antioxidant capacity of olive oil [155] and plant extracts [156]. New method was 

further tested for the determination of antioxidant capacity of red wine samples, and satisfactory 

correlation with the Folin-Ciocalteu method was obtained [157]. FIA with amperometric detection was 

also used for determination of antioxidant activity of total polyphenols and o-dihydroxyphenols in 

extra virgin olive oil samples [158,159]. Blasco et al. [153] used the FIA method with amperometric 

detection for determination of antioxidant capacity of various food matrices as apple and pear juices, 

fresh apples, pears and beans, processed beans and wine samples. The same method was used for 

determination of antioxidant capacity of total polyphenols in honey, propolis and royal jelly [149,160]. 

 

3.2 High-performance liquid chromatography with electrochemical detection 

Recently, the method for robust and rapid electrochemical screening of antioxidant capacity 

(RESAC) which was correlated with common used photometric assays, was developed [19]. It has 

been shown that RESAC and classical HPLC-ED of antioxidant activity has many advantages as easy 

to use, high speed and a low price of analysis as well. These systems are especially valuable for 

detection of electroactive molecules, which can be also separated by reverse phase column i.e. that 

nonpolar character of the determined substance, is required. Majority of flow electrochemical detectors 

used in clinical or nutrition diagnostic applications uses the potentiostatic principles [70,161-163]. In 

HPLC-ED systems, the detector is consisting from counter electrode, reference electrode and working 

electrode. The working electrode can be made from different materials and based on its total area. We 

can easily distinguish between planar electrodes for amperometric detection and spherical electrodes as 

flow-through electrodes for coulometric detection. The planar electrodes represented by gold, 

platinum, silver, glassy carbon or boron doped diamond electrode have different upper potential 

limitation for oxidation of the substances but they allows to detect mostly 1 - to 5 % of the analyte, 

which is passing over the surface of the cell based on the redox change. In the case of the flow-through 

electrodes represented by porous graphite more than 90 % of analyte passing through the electrode can 

be changed and therefore total electric charge of the passing analyte can be detected in Coulombs 

[164].  

 

3.2.1 Determination of antioxidant activity of food and polyphenolics compounds 

Array techniques are frequently applied for determination of polyphenolics profile and 

antioxidant activity of plant matrices, which include vegetables and fruits. Aaby et al. [165] analyzed 

phenolic compounds in strawberry (Fragaria x ananassa (Weston) Duchesne ex Rozier) fruits. 

Electrochemical profiles obtained from the coulometric array detector contributed to the structural 

elucidation of 40 compounds. Quercetin-3-malonylhexoside and a deoxyhexoside of the ellagic acid 

were reported for the first time as a result of this method. Antioxidative properties of individual 
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components in strawberries were estimated by their electrochemical responses. Fedina et al. [166] 

determined the content of total antioxidants in the food of plant origin by the HPLC with amperometric 

detection. They investigated herb extracts, tea, coffee, wine, brandy, balsams, beer, vegetables, fruit, 

and berries. Hoai et al. showed possibility of using HPLC fingerprinting methodology [167]. In that 

paper, HPLC fingerprints of different lengths (time of analysis) were developed for a number of 

Mallotus Lour. species. Further, a multivariate regression model was constructed to model the 

antioxidant activity of the Mallotus samples from the HPLC fingerprints with the aim to indicate peaks 

possibly responsible for this activity. For this purpose, after data pre-treatment, the calibration 

technique partial least squares (PLS) was applied [167]. In addition, determination of antioxidant 

capacity of less common fruits, such as honeysuckles, Saskatoon berry and Chinese hawthorn was 

performed by Gazdík et al. [168]. The antioxidant content evaluation was based on the total flavonoid 

amount, determined by HPLC-ED. Sochor et al. [11] monitored the antioxidant capacity of apricot 

fruits (20 cultivars in total). The results of study confirmed correlation with photometric methods. 

Described method is suitable for the evaluation of the biological value of fruit using the value of 

antioxidant capacity. Comparative analysis of radical scavenging and antioxidant activity of phenolic 

compounds occurring in everyday use spice plants was carried out by team of Stankevicius et al. [169]. 

Studies using HPLC system with electrochemical detector showed that bioactive phytochemicals can 

be separated and antioxidant activities of individual compounds evaluated without the need of a 

complex HPLC system with reaction detector. The results obtained using electrochemical detection 

correlate with the radical scavenging activity assayed using spectrophotometric method (r = 0.893). 

Moreover to these results, electrochemical analysis with the use of the HPLC technique of the total 

content of phenolic acids with antioxidant activity and polyhydroxylated derivatives of flavan was the 

technique selected for the determination of the total antioxidant capacity in the extracts of the berries 

of less common fruit species. Peaks showing detected antioxidant complex were summarized and their 

areas were then integrated to obtain the relative values. Obtained data was interpreted as a relative 

antioxidant capacity [170]. Polish team of scientists [171] determined total antioxidant potential of 

biogenic amines in alcoholic and non-alcoholic beverages. The results of this study revealed that 

suggested assay gives additional information about the OH· scavenging performance and antioxidant 

properties of pure chemicals and complex food samples, in contrary to the described assays based on 

weaker radicals (peroxyl radical, DPPH radical, NO radicals, ABTS cation radical or superoxide anion 

radical). 

 

3.2.2 Determination of antioxidant activity of clinical samples 

The application of electrochemical detectors is useful in nutrition dependent clinical studies 

prior to cancer based on antioxidants because of the noise is reduced and this system enabled 

identification of the target substance in one retention time due to detection cell which can contain two-

channel electrode [172,173]. Tea polyphenols, such as epicatechine and epigallocatechine, in urine and 

plasma samples using identification based on retention time and electrochemical profile is very useful 

method in studies concerning chemically induced tumourigenesis [173]. Determination of 



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

8479 

polyphenolics level in blood, which shows on its antioxidant status, urine and rectal tissue after 

consummation of green tee by subjects suffering from colorectal carcinoma, and correlation with 

prostaglandin levels was determined by enzyme-linked immunosorbent assay (ELISA). Decreased 

levels of prostaglandin in rectal mucosa were observed at 4 and 8 h after consumption of green tea. 

Ten of 14 subjects demonstrated a response to green tea, as evidenced by at least a 50% inhibition of 

prostaglandin levels at 4 h. The conclusion of this study is that green tea constituents have biological 

activity in inhibiting prostaglandin synthesis [172]. The method for easy extraction of catechins or 

theaflavines from plasma, urine or tissue samples was suggested [174]. In addition, more sophisticated 

extraction method based on column switching and thus on the completely automated online extraction 

was designed and successfully tested for determination of vitamin E and Coenzyme Q10 in reduced 

and oxidized form in serum [175]. Next to the nutrition antioxidant questions the diagnosis the 

vascular diseases based on the determination of total homocysteine in plasma was done using the 

optimized isocratic elution and amperometric detection using glassy carbon working electrode [176]. 

There is a number of studies, which are using multi-channel coulometric detector for 

determination mainly the nutrient dependent studies of antioxidant levels as polyphenols in body fluids 

because it enables higher sensitivity and lower noise compared to amperometric detectors [177]. The 

catecholamines quantification in body fluids belongs to the most frequent application for the Coularray 

detector (coulometric detector manufactured by ESA Inc., USA) in antioxidation research area. 

Stability, sensitivity and reproducibility of the detector were estimated [178]. The complex study 

focused on the bioavalability of gallated and non-gallated forms of catechins were done through 

electrochemical determination of catechins in the samples of plasma, urine and faces of the tested 

subject after consumption of black tea [179] and in the plasma of subjects after the consummation of 

green tea [180]. Observation of the formation of conjugates of quercetin in blood by the determination 

of various forms of conjugates in the plasma was performed [181]. Determination of hydroquinone in 

human urine supported by the computer assisted verification was designed [182]. For the detection of 

some specific metabolites like homocysteine, the clinical marker of cardiovascular diseases, which 

normally must be derivatized because of fluorescent detection, the coulometric detector does not 

require any of these steps and thus avoids the complications with stability of derivative and the 

possibility of sample storing can be prolonged [183]. The homocysteine also was precisely detected in 

neonates [184]. The similar conclusions were achieved during determination of cysteamine, cystamine, 

thialysine and other sulfur containing metabolites in plasma and in the brain of the rats [185]. Even for 

metabolomics studies is the usage of coulometric detector for determination of the compounds of 

interest in the human plasma very beneficial [186]. In contrast to the increasing of numbers of 

applications for coulometric detection the issues, which can critically influence this type of detector, 

must be properly clarified and tested [170]. Glod et al. [187] determined antioxidant potential of blood 

plasma by the use of an improved of reversed-phase HPLC with electrochemical detection. Method 

was used for the estimation of antioxidant profile in blood plasma of patients treated with various 

drugs. In the study “Application of RP-HPLC-ED assay to analysis of the blood of Parkinson's disease 

patients” [188], there was determined total antioxidant potential in blood serum of patients treated with 

anti-Parkinson drugs. It was found that it increases in the concentration of hydroxyl radicals in blood 

serum, and of the total antioxidant potential related to the hydroxyl radical was inversely correlated 
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with the concentration of catecholamines in the serum. This suggests that catecholamines are pro-

oxidants of hydroxyl radicals. 

 

3.2.3. Electrochemical index 

Content of compounds with antioxidant activity may be expressed as the electrochemical index. 

This term was originally established by Blasco et al. [153]. The most important aspects involved in it 

are: a) All phenolics react chemically with Folin-Ciocalteu reagent under specific experimental 

conditions (presence of Folin-Ciocalteu reagent, Na2CO3, room temperature). In the electrochemical 

protocol, other experimental conditions at which all polyphenolics should give a suitable 

electrochemical signal have been optimized. b) The spectrophotometric protocol is based on the 

chemical reaction of phenolic compounds (chemical reaction: complex formation), and this reaction 

being the basis of the method. Once the chemical reaction produces a “total signal” (absorbance at 750 

nm). The electroanalytical protocol is based on the oxidation of polyphenolic compounds 

(electrochemical reaction: oxidation of alcohol(hydroxyl) group/s (OH) to ketone groups (C=O), and 

this reaction being the basis of the method. c) The total signal obtained in the spectrophotometric 

protocol is transferred to concentration units using a suitable standard. The previously established total 

signal in the electrochemical protocol is also transferred to concentration units using a representative 

standard. The choice of the standard is very difficult, because several phenolics classes occur in the 

extract. The most appropriate standard is selected considering the nature of the food medium studied. 

The “total signal” could be defined as (i.e.) the total amperometric current obtained at controlled 

potential (0.8 V) and neutral media (pH 7.5) from the oxidation of all polyphenolics. We suggest that 

the corresponding concentration obtained (“total phenolics”) from this “total signal” could be defined 

as the “Electrochemical Index”. In this way, the “Electrochemical Index” could be also understood as 

an approach for quantification of “total polyphenols” in samples without ascorbic acid (or alpha-

tocopherol) and an approach for quantification of the “total natural antioxidants” index in those 

samples where ascorbic acid (or alpha-tocopherol) could be present [153]. All these data are 

summarized in Fig. 3. 

Gazdík et al. described methodology for the determination of relative antioxidant capacity of 

samples of less common fruit [161,168]. This methodology directly corresponds to determination of 

electrochemical index. The antioxidant content evaluation was based on the total flavonoid content 

determined by HPLC-ED. Peaks showing detected antioxidant complex(es) were summarized and their 

areas were then integrated (derived) to obtain the relative values. Thanks to ED it is possible to 

observe reactive kinetics of antioxidants in applied potentials, evaluate the structure of antioxidant 

complexes and their concern in total antioxidant capacity, whose different functional basis was 

determined in examined samples [168]. We used this published methodology for the determination of 

antioxidant capacity of three samples of Canadian blueberry (Vaccinium myrtilloides Michx.). Typical 

obtained chromatograms are shown in Fig. 4. 
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Figure 3. Definition/introduction of the “Electrochemical Index” concept. Scheme shows the keys to 

introduce the Electrochemical Index concept by comparison with the spectrophotometric 

protocol. Modified according to Blasco et al. [153].  

 

 

Figure 4. HPLC-ED chromatograms of the samples of Canadian blueberry, respectively its cultivars: 

a) Sinoglaska, b) Gerda and c) Kamcadalka. Coul-array detector was used.  The potentials 

applied on the electrode were -80, 0, 80, 160, 240, 320, 400, 480, 560, 640, 720 and 800 mV. 

Summary of peaks of all potentials (summary of all electroactive molecules) is evaluated as the 

total antioxidant activity.  



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

8482 

Electrochemical index is commonly used in the determination of antioxidants in the 

agricultural products, such as vegetables and fruits, or for the determination of antioxidants in herbs 

and herb extracts [189]. Polyphenols, ascorbic acid and alpha-tocopherol are the most important 

antioxidants in food. Electrochemical determination of “total” polyphenols, ascorbic acid and alpha-

tocopherol may correspond to the oxidation measurement of all compounds with naturally antioxidant 

properties, which are common in food. In this view, we can understand electrochemical index as an 

expression of “total natural antioxidants”. On the other hand, it can be interpreted also as a content of 

total polyphenols, especially in samples without ascorbic acid and alpha-tocopherol, it means as a 

“polyphenol index” [107,153,189,190]. Electrochemical index well correlated with the content of total 

phenolics determined spectrophotometrically in wine samples (r=0.99), in soya products samples 

(r=0.95) and in samples of honey. All these results indicate the possibility and suitability of the test for 

the determination of polyphenolics as an alternative method to spectrophotometric measurement. In 

addition, electrochemical index highly correlated with the antioxidant capacity (r=0.90). This fact 

indicates that the electrochemical protocol is becoming the new tool for the determination of 

antioxidant capacity [149,191]. Due to this fact, electrochemical index can be also called “antioxidant 

index”.  

 

 

 

4. CONCLUSION 

This contribution accentuates the role of electrochemical techniques in the determination of 

antioxidant activity/capacity in the biological samples of plant origin and in clinical samples. 

Electrochemical techniques represent due to selectivity and sensitivity suitable tool for the 

determination of antioxidant capacity in biological samples, where these method are sensitive under 

the low concentrations of antioxidants. In addition, obtained peaks and their position enable to estimate 

possible antioxidant present in a sample. There are high demands on the rapid, accurate and specific 

analysis in the field of clinical diagnostics. Possibility of continuous monitoring and multiplexing is 

also very important. 

Because total and direct antioxidant determination versus individual ones is highly desired, the 

main electrochemical approaches have been used the potential-controlled techniques: cyclic 

voltammetry, differential pulse voltammetry, other voltammetric approaches as well as a flow injection 

with amperometric detection. All these techniques must be appreciated in the light of the correlation 

with commonly used spectrophotometric methods [192].  

 

 

ACKNOWLEDGEMENTS 

The work was supported by OP Education for Competitiveness (European Social Fund and the state 

budget of the Czech Republic) CZ.1.07/2.3.00/30.0017 Postdocs in Biological Sciences at 

MENDELU, by project IGA VSKE, SIX CZ.1.05/2.1.00/03.0072 and CEITEC - Central European 

Institute of Technology with research infrastructure supported by the project CZ.1.05/1.1.00/02.0068 

financed from European Regional Development Fund. 

 

 



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

8483 

References 

 

1. M. Antolovich, P. D. Prenzler, E. Patsalides, S. McDonald and K. Robards, Analyst, 127 (2002) 

183. 

2. C. A. RiceEvans, N. J. Miller and G. Paganga, Free Radic. Biol. Med., 20 (1996) 933. 

3. J. Sochor, M. Ryvolova, O. Krystofova, P. Salas, J. Hubalek, V. Adam, L. Trnkova, L. Havel, 

M. Beklova, J. Zehnalek, I. Provaznik and R. Kizek, Molecules, 15 (2010) 8618. 

4. J. Sochor, P. Salas, J. Zehnalek, B. Krska, V. Adam, L. Havel and R. Kizek, Lis. Cukrov. 

Repar., 126 (2010) 416. 

5. C. A. Riceevans, N. J. Miller, G. P. Bolwell, P. M. Bramley and J. B. Pridham, Free Radic. 

Res., 22 (1995) 375. 

6. M. Zloczower, A. Z. Reznick, R. O. Zouby and R. M. Nagler, Antioxid. Redox Signal., 9 (2007) 

765. 

7. O. Rop, T. Jurikova, J. Sochor, J. Mlcek and D. Kramarova, J. Food Qual., 34 (2011) 187. 

8. O. Rop, J. Mlcek, T. Jurikova, M. Valsikova, J. Sochor, V. Reznicek and D. Kramarova, J. 

Med. Plants Res., 4 (2010) 2431. 

9. O. Rop, V. Reznicek, J. Mlcek, T. Jurikova, J. Balik, J. Sochor and D. Kramarova, Hortic. Sci., 

38 (2011) 63. 

10. O. Rop, J. Sochor, T. Jurikova, O. Zitka, H. Skutkova, J. Mlcek, P. Salas, B. Krska, P. Babula, 

V. Adam, D. Kramarova, M. Beklova, I. Provaznik and R. Kizek, Molecules, 16 (2011) 74. 

11. J. Sochor, P. Babula, B. Krska, A. Horna, I. Provaznik, J. Hubalek and R. Kizek, in J. Jan, R. 

Jirik, R. Kolar, J. Kolarova, J. Kozumplik, I. Provaznik (Editors), Analysis of Biomedical 

Signals and Images, Brno Univ Technology Vut Press, Brno, 2010, p. 209. 

12. J. Sochor, P. Majzlik, P. Salas, V. Adam, L. Trnkova, J. Hubalek and R. Kizek, Lis. Cukrov. 

Repar., 126 (2010) 414. 

13. J. Sochor, H. Skutkova, P. Babula, O. Zitka, N. Cernei, O. Rop, B. Krska, V. Adam, I. 

Provaznik and R. Kizek, Molecules, 16 (2011) 7428. 

14. J. Sochor, O. Zitka, H. Skutkova, D. Pavlik, P. Babula, B. Krska, A. Horna, V. Adam, I. 

Provaznik and R. Kizek, Molecules, 15 (2010) 6285. 

15. M. Pohanka, J. Sochor, B. Ruttkay-Nedecky, N. Cernei, V. Adam, J. Hubalek, M. Stiborova, T. 

Eckschlager and R. Kizek, J. Appl. Biomed., 10 (2012) 155. 

16. B. Prieto-Simon, M. Cortina, M. Campas and C. Calas-Blanchard, Sens. Actuator B-Chem., 

129 (2008) 459. 

17. L. Campanella, E. Martini and M. Tomassetti, Talanta, 66 (2005) 902. 

18. M. F. Barroso, C. Delerue-Matos and M. Oliveira, Food Chem., 132 (2012) 1055. 

19. W. Andlauer and J. Heritier, Food Chem., 125 (2011) 1517. 

20. W. Ying, C. Calas-Blanchard, M. Cortina-Puig, B. H. Liu and J. L. Marty, Electroanalysis, 21 

(2009) 1395. 

21. M. Kremplova, L. Krejcova, D. Hynek, P. Barath, P. Majzlik, V. Horak, V. Adam, J. Sochor, 

N. Cernei, J. Hubalek, R. Vrba and R. Kizek, Int. J. Electrochem. Sci., 7 (2012) 5893. 

22. L. Barros, S. Falcao, P. Baptista, C. Freire, M. Vilas-Boas and I. Ferreira, Food Chem., 111 

(2008) 61. 

23. R. Kohen, D. Fanberstein and O. Tirosh, Arch. Gerontol. Geriatr., 24 (1997) 103. 

24. R. Kostecki, X. Y. Song and K. Kinoshita, Carbon microstructures for electrochemical studies, 

Electrochemical Society Inc, Pennington, 2004. 

25. S. Martinez, L. Valek, J. Resetic and D. F. Ruzic, J. Electroanal. Chem., 588 (2006) 68. 

26. R. C. Martins, R. Oliveira, F. Bento, D. Geraldo, V. V. Lopes, P. G. de Pinho, C. M. Oliveira 

and A. C. S. Ferreira, J. Agric. Food Chem., 56 (2008) 12092. 

27. D. C. McMillan, S. D. Sarvate, J. E. Oatis and D. J. Jollow, Toxicol. Sci., 82 (2004) 647. 



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

8484 

28. A. Mittal, R. J. Flint, M. Fanous, B. Delahunt, P. A. Kilmartin, G. J. S. Cooper, J. A. Windsor 

and A. R. J. Phillips, Crit. Care Med., 36 (2008) 866. 

29. A. S. Arribas, M. Martinez-Fernandez and M. Chicharro, Trac-Trends Anal. Chem., 34 (2012) 

78. 

30. D. Dospivova, K. Smerkova, M. Ryvolova, D. Hynek, V. Adam, P. Kopel, M. Stiborova, T. 

Eckschlager, J. Hubalek and R. Kizek, Int. J. Electrochem. Sci., 7 (2012) 3072. 

31. A. Mandil, R. Pauliukaite, A. Amine and C. M. A. Brett, Anal. Lett., 45 (2012) 395. 

32. J. Prasek, L. Trnkova, I. Gablech, P. Businova, J. Drbohlavova, J. Chomoucka, V. Adam, R. 

Kizek and J. Hubalek, Int. J. Electrochem. Sci., 7 (2012) 1785. 

33. C. M. A. Brett and A. M. Oliveira-Brett, J. Solid State Electrochem., 15 (2011) 1487. 

34. I. Svancara, A. Walcarius, K. Kalcher and K. Vytras, Cent. Eur. J. Chem, 7 (2009) 598. 

35. D. Gligor, L. M. Muresan, A. Dumitru and I. C. Popescu, J. Appl. Electrochem., 37 (2007) 261. 

36. D. Hynek, S. Krizkova, L. Krejcova, J. Gumulec, M. Ryvolova, N. Cernei, M. Masarik, V. 

Adam, L. Trnkova, M. Stiborova, T. Eckschlager, J. Hubalek and R. Kizek, Int. J. Electrochem. 

Sci., 7 (2012) 1749. 

37. E. I. Korotkova, Y. A. Karbainov and A. Shevchuk, J. Electroanal. Chem., 518 (2002) 56. 

38. E. V. Dorozhko and E. I. Korotkova, Pharm. Chem. J., 44 (2011) 581. 

39. M. Tomaskova, J. Chylkova, T. Mikysek and R. Selesovska, Voltammetric Determination of 

Phenolic Antioxidants in Selected Petroleum Products, Lenka Srsenova-Best Servis, Usti Nad 

Labem, 2011. 

40. D. Zielinska, D. Szawara-Nowak and H. Zielinski, J. Agric. Food Chem., 55 (2007) 6124. 

41. I. Švancara, K. Kalcher, A. Walcarius and K. Vytras, Electroanalysis With Carbon Paste 

Electrodes, Taylor & Francis, 2012. 

42. I. Fabrik, S. Krizkova, D. Huska, V. Adam, J. Hubalek, L. Trnkova, T. Eckschlager, J. 

Kukacka, R. Prusa and R. Kizek, Electroanalysis, 20 (2008) 1521. 

43. F. Jelen, A. Kourilova, S. Hason, R. Kizek and L. Trnkova, Electroanalysis, 21 (2009) 439. 

44. V. Adam, I. Fabrik, T. Eckschlager, M. Stiborova, L. Trnkova and R. Kizek, Trac-Trends Anal. 

Chem., 29 (2010) 409. 

45. A. J. Bard and L. R. Faulkner, Electrochemical methods - Fundamentals and applications, 

Wiley-VCH, New York, 2001. 

46. J. Wang, Analytical electrochemistry, Wiley-VCH, New York, 2000. 

47. D. Hynek, L. Krejcova, J. Sochor, N. Cernei, J. Kynicky, V. Adam, L. Trnkova, J. Hubalek, R. 

Vrba and R. Kizek, Int. J. Electrochem. Sci., 7 (2012) 1802. 

48. P. A. Kilmartin, H. L. Zou and A. L. Waterhouse, Am. J. Enol. Vitic. , 53 (2002) 294. 

49. A. Mittal, F. Goke, R. Flint, B. P. T. Loveday, N. Thompson, B. Delahunt, P. A. Kilmartin, G. 

J. S. Cooper, J. MacDonald, A. Hickey, J. A. Windsor and A. R. J. Phillips, Shock, 33 (2010) 

460. 

50. R. Abdel-Hamid and E. F. Newair, J. Electroanal. Chem., 657 (2011) 107. 

51. C. Apetrei, I. M. Apetrei, J. A. De Saja and M. L. Rodriguez-Mendez, Sensors, 11 (2011) 1328. 

52. M. Medvidovic-Kosanovic, M. Seruga, L. Jakobek and I. Novak, Collect. Czech. Chem. 

Commun., 75 (2010) 547. 

53. N. S. Reis, S. H. P. Serrano, R. Meneghatti and E. D. Gil, Lat. Am. J. Pharm., 28 (2009) 949. 

54. V. Diopan, P. Babula, V. Shestivska, V. Adam, M. Zemlicka, M. Dvorska, J. Hubalek, L. 

Trnkova, L. Havel and R. Kizek, J. Pharm. Biomed. Anal., 48 (2008) 127. 

55. A. Papanikos, J. Eklund, W. R. Jackson, V. B. Kenche, E. M. Campi, A. D. Robertson, B. 

Jarrott, P. M. Beart, F. E. Munro and J. K. Callaway, Aust. J. Chem., 55 (2002) 205. 

56. R. D. O'Neill, J. P. Lowry and M. Mas, Crit. Rev. Neurobiol., 12 (1998) 69. 

57. M. Born, P. A. Carrupt, R. Zini, F. Bree, J. P. Tillement, K. Hostettmann and B. Testa, Helv. 

Chim. Acta, 79 (1996) 1147. 

58. A. Simic, D. Manojlovic, D. Segan and M. Todorovic, Molecules, 12 (2007) 2327. 



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

8485 

59. K. E. Yakovleva, S. A. Kurzeev, E. V. Stepanova, T. V. Fedorova, B. A. Kuznetsov and O. V. 

Koroleva, Appl. Biochem. Microbiol., 43 (2007) 661. 

60. J. F. Arteaga, M. Ruiz-Montoya, A. Palma, G. Alonso-Garrido, S. Pintado and J. M. 

Rodriguez-Mellado, Molecules, 17 (2012) 5126. 

61. D. Zhang, L. Chu, Y. X. Liu, A. L. Wang, B. P. Ji, W. Wu, F. Zhou, Y. Wei, Q. Cheng, S. B. 

Cai, L. Y. Xie and G. Jia, J. Agric. Food Chem., 59 (2011) 10277. 

62. A. Rene, M. L. Abasq, D. Hauchard and P. Hapiot, Anal. Chem., 82 (2010) 8703. 

63. M. Abou Samra, V. S. Chedea, A. Economou, A. Calokerinos and P. Kefalas, Food Chem., 125 

(2011) 622. 

64. K. Photinon, Y. Chalermchart, C. Khanongnuch, S. H. Wang and C. C. Liu, Sensors, 10 (2010) 

1670. 

65. R. Arakawa, M. Yamaguchi, H. Hotta, T. Osakai and T. Kimoto, J. Am. Soc. Mass Spectrom., 

15 (2004) 1228. 

66. P. A. Kilmartin, Antioxid. Redox Signal., 3 (2001) 941. 

67. P. A. Kilmartin and C. F. Hsu, Food Chem., 82 (2003) 501. 

68. W. R. Sousa, C. da Rocha, C. L. Cardoso, D. H. S. Silva and M. V. B. Zanoni, Journal of Food 

Composition and Analysis, 17 (2004) 619. 

69. V. Roginsky, D. de Beer, J. F. Harbertson, P. A. Kilmartin, T. Barsukoval and D. O. Adams, 

Journal of the Science of Food and Agriculture, 86 (2006) 834. 

70. D. De Beer, J. F. Harbertson, P. A. Kilmartin, V. Roginsky, T. Barsukova, D. O. Adams and A. 

L. Waterhouse, Am. J. Enol. Vitic., 55 (2004) 389. 

71. O. Makhotkina and P. A. Kilmartin, Anal. Chim. Acta 668 (2010) 155. 

72. R. Cretu, S. Dima and G. Bahrim, Romanian Biotechnological Letters, 16 (2011) 19. 

73. A. Ruffien-Ciszak, P. Gros, M. Comtat, A. M. Schmitt, E. Questel, C. Casas and D. Redoules, 

Journal of Pharmaceutical and Biomedical Analysis, 40 (2006) 162. 

74. S. Chevion and M. Chevion, in C.C. Chiueh (Editor), Reactive Oxygen Species: From 

Radiation to Molecular Biology: A Festschrift in Honor of Daniel L Gilbert, New York Acad 

Sciences, New York, 2000, p. 308. 

75. S. Chevion, M. Hofmann, R. Ziegler, M. Chevion and P. P. Nawroth, Biochemistry and 

Molecular Biology International, 41 (1997) 317. 

76. E. Koren, J. Lipkin, A. Klar, E. Hershkovitz, I. Ginsburg and R. Kohen, Journal of Inherited 

Metabolic Disease, 32 (2009) 651. 

77. M. F. Barroso, N. de-los-Santos-Alvarez, M. J. Lobo-Castanon, A. J. Miranda-Ordieres, C. 

Delerue-Matos, M. Oliveira and P. Tunon-Blanco, Journal of Electroanalytical Chemistry, 659 

(2011) 43. 

78. S. Kurosawa, D. J. Stearns-Kurosawa, C. W. Carson, A. D'Angelo, P. Della Valle and C. T. 

Esmon, Blood, 91 (1998) 725. 

79. I. Cinel and S. M. Opal, Critical Care Medicine, 37 (2009) 291. 

80. J. P. Allard, E. Aghdassi, J. Chau, C. Tam, C. M. Kovacs, I. E. Salit and S. L. Walmsley, Aids, 

12 (1998) 1653. 

81. C. B. Stephensen, G. S. Marquis, R. A. Jacob, L. A. Kruzich, S. D. Douglas and C. M. Wilson, 

American Journal of Clinical Nutrition, 83 (2006) 870. 

82. H. F. Galley, British Journal of Anaesthesia, 107 (2011) 57. 

83. L. Saleh and C. Plieth, Nature Protocols, 5 (2010) 1627. 

84. I. Giovannini, C. Chiarla, F. Giuliante, F. Pallavicini, M. Vellone, F. Ardito and G. Nuzzo, 

Critical Care, 10 (2006) 1. 

85. J. Lewerenz and P. Maher, Antioxidants & Redox Signaling, 14 (2011) 1449. 

86. J. Hubalek, J. Hradecky, V. Adam, O. Krystofova, D. Huska, M. Masarik, L. Trnkova, A. 

Horna, K. Klosova, M. Adamek, J. Zehnalek and R. Kizek, Sensors, 7 (2007) 1238. 



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

8486 

87. C. C. Chuang, S. C. Shiesh, C. H. Chi, Y. F. Tu, L. I. Hor, C. C. Shieh and M. F. Chen, Critical 

Care, 10 (2006) 1. 

88. R. R. Bartz and C. A. Piantadosi, Critical Care, 14 (2010) 1. 

89. R. S. Balaban, S. Nemoto and T. Finkel, Cell, 120 (2005) 483. 

90. M. L. Circu and T. Y. Aw, Free Radical Biology and Medicine, 48 (2010) 749. 

91. M. Pohanka, J. Pejchal, S. Snopkova, K. Havlickova, J. Z. Karasova, P. Bostik and J. Pikula, 

Mini-Reviews in Medicinal Chemistry, 12 (2012) 35. 

92. C. S. Bakshi, M. Malik, K. Regan, J. A. Melendez, D. W. Metzger, V. M. Pavlov and T. J. 

Sellati, Journal of Bacteriology, 188 (2006) 6443. 

93. H. Bandouchova, M. Pohanka, K. Vlckova, V. Damkova, L. Peckova, J. Sedlackova, F. Treml, 

F. Vitula and J. Pikula, Acta Veterinaria Scandinavica, 53 (2011) 1. 

94. M. Pohanka, H. Bandouchova, L. Novotny, O. Pavlis, F. Treml, J. Sedlackova and J. Pikula, 

Neuroendocrinology Letters, 30 (2009) 186. 

95. I. Fridovich, Annual Review of Biochemistry, 64 (1995) 97. 

96. Y. Arimura, T. Yano, M. Hirano, Y. Sakamoto, N. Egashira and R. Oishi, Free Radical 

Biology and Medicine, 52 (2012) 1865. 

97. P. A. Mitozo, L. F. de Souza, G. Loch-Neckel, S. Flesch, A. F. Maris, C. P. Figueiredo, A. R. 

S. dos Santos, M. Farina and A. L. Dafre, Free Radical Biology and Medicine, 51 (2011) 69. 

98. A. V. Graca-Souza, C. Maya-Monteiro, G. O. Paiva-Silva, G. R. C. Braz, M. C. Paes, M. H. F. 

Sorgine, M. F. Oliveira and P. L. Oliveira, Insect Biochemistry and Molecular Biology, 36 

(2006) 322. 

99. M. Pohanka, O. Pavlis, B. Ruttkay-Nedecky, J. Sochor, J. Sobotka, J. Pikula, V. Adam and R. 

Kizek, J. Microbiol., 50 (2012) 401. 

100. J. Labuda, M. Buckova, L. Heilerova, S. Silhar and I. Stepanek, Analytical and Bioanalytical 

Chemistry, 376 (2003) 168. 

101. V. Adam, J. Baloun, I. Fabrik, L. Trnkova and R. Kizek, Sensors, 8 (2008) 2293. 

102. V. Adam, O. Blastik, S. Krizkova, P. Lubal, J. Kukacka, R. Prusa and R. Kizek, Chemicke 

Listy, 102 (2008) 51. 

103. D. Hynek, J. Prasek, J. Pikula, V. Adam, P. Hajkova, L. Krejcova, L. Trnkova, J. Sochor, M. 

Pohanka, J. Hubalek, M. Beklova, R. Vrba and R. Kizek, International Journal of 

Electrochemical Science, 6 (2011) 5980. 

104. J. Sochor, D. Hynek, L. Krejcova, I. Fabrik, S. Krizkova, J. Gumulec, V. Adam, P. Babula, L. 

Trnkova, M. Stiborova, J. Hubalek, M. Masarik, H. Binkova, T. Eckschlager and R. Kizek, 

International Journal of Electrochemical Science, 7 (2012) 2136. 

105. V. C. Diculescu, M. Vivan and A. M. O. Brett, Electroanalysis, 18 (2006) 1963. 

106. A. J. Blasco, A. G. Crevillen, M. C. Gonzalez and A. Escarpa, Electroanalysis, 19 (2007) 2275. 

107. A. J. Blasco, M. C. Gonzalez and A. Escarpa, Anal. Chim. Acta 511 (2004) 71. 

108. A. Romani, M. Minunni, N. Mulinacci, P. Pinelli and F. F. Vincieri, Journal of Agricultural 

and Food Chemistry, 48 (2000) 1197. 

109. M. Seruga, I. Novak and L. Jakobek, Food Chemistry, 124 (2011) 1208. 

110. M. Ferreira, H. Varela, R. M. Torresi and G. Tremiliosi, Electrochimica Acta, 52 (2006) 434. 

111. L. P. Souza, F. Calegari, A. J. G. Zarbin, L. H. Marcolino and M. F. Bergamini, Journal of 

Agricultural and Food Chemistry, 59 (2011) 7620. 

112. M. J. Aguirre, Y. Y. Chen, M. Isaacs, B. Matsuhiro, L. Mendoza and S. Torres, Food 

Chemistry, 121 (2010) 44. 

113. Y. Yardim, Journal of Food Science, 77 (2012) C408. 

114. G. S. Shapoval, L. V. Babii, O. S. Kruglyak and A. I. Vovk, Theoretical and Experimental 

Chemistry, 47 (2011) 55. 

115. C. D. Ceballos, M. A. Zon and H. Fernandez, Journal of Chemical Education, 83 (2006) 1349. 



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

8487 

116. M. Cuartero, J. A. Ortuno, P. Truchado, M. S. Garcia, F. A. Tomas-Barberan and M. I. Albero, 

Food Chemistry, 128 (2011) 549. 

117. C. Ceballos and H. Fernandez, Journal of the American Oil Chemists Society, 77 (2000) 731. 

118. D. Dospivova, D. Hynek, P. Kopel, A. Bezdekova, J. Sochor, S. Krizkova, V. Adam, L. 

Trnkova, J. Hubalek, P. Babula, I. Provaznik, R. Vrba and R. Kizek, International Journal of 

Electrochemical Science, 7 (2012) 6378. 

119. S. Billova, R. Kizek, F. Jelen and P. Novotna, Analytical and Bioanalytical Chemistry, 377 

(2003) 362. 

120. E. Laborda, A. Molina, Q. Li, C. Batchelor-McAuley and R. G. Compton, Physical Chemistry 

Chemical Physics, 14 (2012) 8319. 

121. X. N. Shan, S. P. Wang, W. Wang and N. J. Tao, Analytical Chemistry, 83 (2011) 7394. 

122. C. M. A. Brett, M. B. Q. Garcia and J. Lima, Electroanalysis, 8 (1996) 1169. 

123. V. Viswanathan, H. A. Hansen, J. Rossmeisl, T. F. Jaramillo, H. Pitsch and J. K. Norskov, 

Journal of Physical Chemistry C, 116 (2012) 4698. 

124. K. Zarei, M. Atabati and M. Golmohammadi, Journal of Analytical Chemistry, 66 (2011) 646. 

125. J. J. O'Connor and J. P. Lowry, European Journal of Pharmacology, 686 (2012) 60. 

126. E. Rozoy, S. Simard, Y. Z. Liu, D. Kitts, J. Lessard and L. Bazinet, Food Chemistry, 132 

(2012) 1429. 

127. S. Ren, F. H. Li and S. L. Ma, Russian Journal of Coordination Chemistry, 38 (2012) 342. 

128. D. Huska, J. Hubalek, V. Adam and R. Kizek, Electrophoresis, 29 (2008) 4964. 

129. V. Adam, R. Mikelova, J. Hubalek, P. Hanustiak, M. Beklova, P. Hodek, A. Horna, L. 

Trnkova, M. Stiborova, L. Zeman and R. Kizek, Sensors, 7 (2007) 2402. 

130. A. R. Malagutti, V. G. Zuin, E. T. G. Cavalheiro and L. H. Mazo, Electroanalysis, 18 (2006) 

1028. 

131. E. Giannakopoulos, Y. Deligiannakis and G. Salahas, Journal of Electroanalytical Chemistry, 

664 (2012) 117. 

132. M. Pohanka, H. Bandouchova, J. Sobotka, J. Sedlackova, I. Soukupova and J. Pikula, Sensors, 

9 (2009) 9094. 

133. P. Qian, S. Y. Ai, H. S. Yin and J. H. Li, Microchimica Acta, 168 (2010) 347. 

134. G. Ziyatdinova and J. Labuda, Analytical Methods, 3 (2011) 2777. 

135. K. Cahova-Kucharikova, M. Fojta, T. Mozga and E. Palecek, Analytical Chemistry, 77 (2005) 

2920. 

136. Y. I. Yashin, B. V. Nemzer, V. Y. Ryzhnev, A. Y. Yashin, N. I. Chernousova and P. A. Fedina, 

Molecules, 15 (2010) 7450. 

137. S. Ignatov, D. Shishniashvili, B. Ge, F. W. Scheller and F. Lisdat, Biosensors & Bioelectronics, 

17 (2002) 191. 

138. L. Varvari, V. Lates and I. C. Popescu, Revue Roumaine De Chimie, 56 (2011) 735. 

139. K. Z. Brainina, D. P. Varzakova and E. L. Gerasimova, Journal of Analytical Chemistry, 67 

(2012) 364. 

140. K. Z. Brainina, L. V. Alyoshina, E. L. Gerasimova, Y. E. Kazakov, A. V. Ivanova, Y. B. 

Beykin, S. V. Belyaeva, T. I. Usatova and M. Y. Khodos, Electroanalysis, 21 (2009) 618. 

141. F. C. de Souza, D. A. I. da Silva, M. Simoes, R. B. Faria, M. A. de Melo, R. M. Toledo and E. 

D'Elia, Journal of Applied Electrochemistry, 42 (2012) 585. 

142. C. Y. Cheng, K. C. Chang and D. G. Pijanowska, Journal of Electroanalytical Chemistry, 666 

(2012) 32. 

143. A. F. A. Youssef, Y. M. Issa and M. S. Mohamed, Toxicological and Environmental 

Chemistry, 94 (2012) 220. 

144. S. Krizkova, M. Ryvolova, J. Gumulec, M. Masarik, V. Adam, P. Majzlik, J. Hubalek, I. 

Provaznik and R. Kizek, Electrophoresis, 32 (2011) 1952. 



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

8488 

145. L. M. Magalhaes, J. P. N. Ribeiro, M. A. Segundo, S. Reis and J. Lima, Trac-Trends in 

Analytical Chemistry, 28 (2009) 952. 

146. J. Ruzicka and E. H. Hansen, Trac-Trends in Analytical Chemistry, 27 (2008) 390. 

147. O. Zitka, S. Krizkova, L. Krejcova, D. Hynek, J. Gumulec, M. Masarik, J. Sochor, V. Adam, J. 

Hubalek, L. Trnkova and R. Kizek, Electrophoresis, 32 (2011) 3207. 

148. A. J. Blasco, I. Barrigas, M. C. Gonzalez and A. Escarpa, Electrophoresis, 26 (2005) 4664. 

149. M. Avila, A. G. Crevillen, M. C. Gonzalez, A. Escarpa, L. V. Hortiguela, C. D. Carretero and 

R. A. P. Martin, Electroanalysis, 18 (2006) 1821. 

150. O. Chailapakul, P. Ngamukot, A. Yoosamran, W. Siangproh and N. Wangfuengkanagul, 

Sensors, 6 (2006) 1383. 

151. M. Trojanowicz, M. Szewczynska and M. Wcislo, Electroanalysis, 15 (2003) 347. 

152. C. M. A. Brett, A. M. O. Brett and L. C. Mitoseriu, Electroanalysis, 7 (1995) 225. 

153. A. J. Blasco, M. C. Rogerio, M. C. Gonzalez and A. Escarpa, Anal. Chim. Acta 539 (2005) 237. 

154. S. Mannino, O. Brenna, S. Buratti and M. S. Cosio, Electroanalysis, 10 (1998) 908. 

155. S. Mannino, S. Buratti, M. S. Cosio and N. Pellegrini, Analyst, 124 (1999) 1115. 

156. M. S. Cosio, S. Buratti, S. Mannino and S. Benedetti, Food Chemistry, 97 (2006) 725. 

157. O. V. Brenna and E. Pagliarini, Journal of Agricultural and Food Chemistry, 49 (2001) 4841. 

158. M. Del Carlo, G. Sacchetti, C. Di Mattia, D. Compagnone, D. Mastrocola, L. Liberatore and A. 

Cichelli, Journal of Agricultural and Food Chemistry, 52 (2004) 4072. 

159. M. Del Carlo, A. Amine, M. Haddam, F. della Pelle, G. C. Fusella and D. Compagnone, 

Electroanalysis, 24 (2012) 889. 

160. S. Buratti, S. Benedetti and M. S. Cosio, Talanta, 71 (2007) 1387. 

161. Z. Gazdik, V. Reznicek, V. Adam, O. Zitka, T. Jurikova, B. Krska, J. Matuskovic, J. Plsek, J. 

Saloun, A. Horna and R. Kizek, Molecules, 13 (2008) 2823. 

162. R. Bugianesi, M. Serafini, F. Simone, D. Y. Wu, S. Meydani, A. Ferro-Luzzi, E. Azzini and G. 

Maiani, Analytical Biochemistry, 284 (2000) 296. 

163. O. Zitka, K. Stejskal, A. Kleckerova, V. Adam, M. Beklova, A. Horna, V. Supalkova, L. Havel 

and R. Kizek, Chemicke Listy, 101 (2007) 225. 

164. C. N. Svendsen, Analyst, 118 (1993) 123. 

165. K. Aaby, D. Ekeberg and G. Skrede, Journal of Agricultural and Food Chemistry, 55 (2007) 

4395. 

166. P. A. Fedina, A. Y. Yashin and N. I. Chernousova, Russian Journal of Bioorganic Chemistry, 

37 (2011) 899. 

167. N. N. Hoai, B. Dejaegher, C. Tistaert, V. N. T. Hong, C. Riviere, G. Chataigne, K. P. Van, M. 

C. Van, J. Quetin-Leclercq and Y. V. Heyden, Journal of Pharmaceutical and Biomedical 

Analysis, 50 (2009) 753. 

168. Z. Gazdik, B. Krska, V. Adam, J. Saloun, T. Pokorna, V. Reznicek, A. Horna and R. Kizek, 

Sensors, 8 (2008) 7564. 

169. M. Stankevicius, I. Akuneca, I. Jakobsone and A. Maruska, Journal of Separation Science, 34 

(2011) 1261. 

170. H. C. Yen and Y. T. Hsu, Clinical Chemistry and Laboratory Medicine, 42 (2004) 390. 

171. B. K. Glod, P. Piszcz, J. Czajka and P. K. Zarzycki, Food Chemistry, 131 (2012) 1026. 

172. D. A. August, J. Landau, D. Caputo, J. G. Hong, M. J. Lee and C. S. Yang, Cancer 

Epidemiology Biomarkers & Prevention, 8 (1999) 709. 

173. M. J. Lee, Z. Y. Wang, H. Li, L. S. Chen, Y. Sun, S. Gobbo, D. A. Balentine and C. S. Yang, 

Cancer Epidemiology Biomarkers & Prevention, 4 (1995) 393. 

174. M. J. Lee, S. Prabhu, X. F. Meng, C. Li and C. S. Yang, Analytical Biochemistry, 279 (2000) 

164. 

175. S. Bompadre, S. Tulipani, S. Romandini, R. Giorgetti and M. Battino, Biofactors, 32 (2008) 

257. 



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

8489 

176. J. L. D'Eramo, A. E. Finkelstein, F. O. Boccazzi and O. Fridman, Journal of Chromatography 

B, 720 (1998) 205. 

177. K. Ouchi, P. Gamache, I. Acworth and S. Watanabe, Biofactors, 22 (2004) 353. 

178. A. M. Kumar, B. Fernandez, M. H. Antoni, S. Eisdorfer and M. Kumar, Journal of Liquid 

Chromatography & Related Technologies, 26 (2003) 3433. 

179. B. A. Warden, L. S. Smith, G. R. Beecher, D. A. Balentine and B. A. Clevidence, Journal of 

Nutrition, 131 (2001) 1731. 

180. K. O. Chu, C. C. Wang, M. S. Rogers, K. W. Choy and C. P. Pang, Anal. Chim. Acta, 510 

(2004) 69. 

181. A. L. A. Sesink, K. A. O'Leary and P. C. H. Hollman, Journal of Nutrition, 131 (2001) 1938. 

182. J. Wittig, S. Wittemer and M. Veit, Journal of Chromatography B, 761 (2001) 125. 

183. M. Zhang and C. M. Pfeiffer, Clinica Chimica Acta, 340 (2004) 195. 

184. R. Accinni, S. Bartesaghi, G. De Leo, C. F. Cursano, G. Achilli, A. Loaldi, C. Cellerino and O. 

Parodi, J. Chromatogr. A, 896 (2000) 183. 

185. J. T. Pinto, T. Khomenko, S. Szabo, G. D. McLaren, T. T. Denton, B. F. Krasnikov, T. M. 

Jeitner and A. J. L. Cooper, Journal of Chromatography B, 877 (2009) 3434. 

186. H. T. Luo, S. B. Cox, W. M. Gao, J. H. Yu, L. L. Tang and J. S. Wang, Metabolomics, 2 (2006) 

235. 

187. B. K. Glod, K. I. Stanczak, A. Wozniak and W. Pakszys, Acta Chromatographica, 14 (2004) 

142. 

188. B. K. Glod and K. I. Stanczak, Acta Chromatographica, 15 (2005) 276. 

189. D. M. A. Gil, P. L. V. Fale, M. L. M. Serralheiro and M. J. F. Rebelo, Food Chemistry, 129 

(2011) 1537. 

190. M. Gamella, S. Campuzano, A. J. Reviejo and J. M. Pingarron, Journal of Agricultural and 

Food Chemistry, 54 (2006) 7960. 

191. A. Escarpa, M. C. Gonzalez, A. J. Blasco, M. D. Rogerio and M. Hervas, Electroanalysis, 19 

(2007) 952. 

192. O. Firuzi, A. Lacanna, R. Petrucci, G. Marrosu and L. Saso, Biochimica Et Biophysica Acta-

General Subjects, 1721 (2005) 174. 

 

 

© 2013 by ESG (www.electrochemsci.org) 

 

http://www.electrochemsci.org/

