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bstract

This article lays out a new method to measure the antioxidant capacity of some flavonoids. The methodology developed is based on the kinetics of
he reaction of the antioxidant substrate with the superoxide radical (O2

•−). A cyclic voltammetric technique was used to generate O2
•− by reduction

f molecular oxygen in aprotic media. In the same experiment the consumption of the radical was directly measured by the anodic current decay
f the superoxide radical oxidation in the presence of increasing concentrations of antioxidant substrate. The method was statistically validated on

avonoid monomers and on the standard antioxidants: trolox, ascorbic acid and phloroglucinol. The linear correlations between the anodic current
f O2

•− and the substrate concentration allowed the determination of antioxidant index values expressed by the substrate concentration needed
o consume 30% (AI30) and 50% (AI50) of O2

•− in given conditions of oxygen concentration and scanning rate. The fidelity of the method was
xamined intraday and interlaboratories.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Oxidative stress which arises in biologic systems leads to
ellular death, contributes to faster aging and is responsible of
athology of many human diseases, like cancer, development
f neurodegenerative or cardiac disorders [1]. It is associated
ith or leads to the generation of reactive oxygen species (ROS)

ncluding free radicals [2] which are strongly implicated in
he pathophysiology of diseases [3,4]. In humans, defense sys-
em which protects against such oxidative damage includes
ndogenous enzymes like superoxide dismutase, glutathione
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eroxidase, catalase and non-enzymatic system as low molec-
lar antioxidants and vitamins [5]. It is well known that many
olyphenol compounds are brought by human nutrition and may

∗ Corresponding author. Tel.: +33 2 23 23 48 95; fax: +33 2 23 23 49 12.
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ct as exogenous molecules taking part in the antioxidant defense
ystem of the organism [6]. Their antioxidant capacity is defined
s the capability of a compound to protect against oxidative
egradation [7]. The mechanisms involved in the antioxidative
ctions of polyphenol compounds are described as scavenging
apacity, metal chelating capacity, reducing capacity, enzyme
nhibition and gene expression regulation [2].

Various methods have been developed to measure the in vitro
ntioxidant capacity of polyphenol compounds, phytochemicals
nd extracts although bioavailability, absorption, metabolism
nd pharmacokinetics must all be considered before attempt-
ng to extrapolate in vitro activity to the human in vivo situation.
hese methods are usually classified into two categories depend-

ng on the chemistry involved: (i) hydrogen atom transfer (HAT)
M.-L. (Auteur de
ctrogenerated superoxide

75 (4), 1098-1103. ,

ethods which quantify a hydrogen atom capacity and (ii)
lectron transfer (ET) methods which measure an antioxidant
educing capacity. Details on the procedures and the chemistry of
hese methods are extensively reviewed in the literature [7–14].

mailto:marie-laurence.abasq@univ-rennes1.fr
dx.doi.org/10.1016/j.talanta.2008.01.007
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wing to the different reactions occurring in an antioxidant pro-
ess, an antioxidant substrate may be fully characterized by
omplementary methods [7–14]. Consequently, as it has been
ointed out, data of antioxidant capacities arising from different
ethods cannot be correlated, particularly when the chemistry

nvolves different radical or oxidant sources. As a pertinent
xample, hydroxytyrosol which is a polyphenol from olive oil
eacts with hydrogen peroxide but not with superoxide anion
15].

Among the radicals involved into the HAT and ET methods,
eroxyl radicals ROO•, DPPH• and ABTS•+ are the most fre-
uently used. The peroxyl radicals appear as interesting reactants
ecause of their existence in vivo as ROS. Another ROS biolog-
cally relevant radical is the superoxide radical O2

•− and some
ethods were developed to determine specifically the superox-

de scavenging capacity. These assays are based on its generation
y photochemistry of by using an enzymatic system and the
nhibition reaction by the antioxidant substrate is usually mea-
ured by spectrophotometry, fluorescence or EPR techniques
7,12,14,16]. Electrochemical techniques for the generation of

2
•− by reduction of dissolved oxygen in aprotic solvents is also

convenient method since no by-product are generated. O2
•− is

long-lived species in aprotic media and the procedure is easy
o carry out [17,18]. Moreover, cyclic voltammetry is adequate
Comment citer ce document :
 Bourvellec, C., Hauchard, D., Darchen, A., Burgot, J.-L., Abasq, M.
nce) (2008). Validation of a new method using the reactivity of elect
l in the antioxidant capacity determination of flavonoids. Talanta, 75
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o follow reaction of electrogenerated O2
•− with substrate. This

as already described for some sulfur amino acids [19], esters
20], antioxidative agent [21] and drugs [22–24] but no proto-
ol was really developed and statistically validated. Moreover,

e
F
A
d

Fig. 1. Chemical structure of th
manuscript published in :  
8.01.007 
a 75 (2008) 1098–1103 1099

o our knowledge the interaction with polyphenol compounds
ollowing this methodology has not been reported yet. Electro-
hemistry approaches are also of special advantage in evaluation
f antioxidant properties regarding the reducing capacity of a
ubstrate by measuring the oxidation potential of the substrates,
he studies on this subject has been reviewed recently [25].

In this work we report the procedure and the validation of
n electroanalytical method of the in vitro antioxidant capac-
ty determination of polyphenol compounds in a polar aprotic

edia. The methodology is based on the kinetic study by
yclic voltammetry of the interaction of the antioxidant sub-
trate with superoxide anion radical O2

•−. The validation of
he method was statistically performed on some flavonoid com-
ounds (Fig. 1) and the standard antioxidants trolox, ascorbic
cid and phloroglucinol.

. Experimental

.1. Reagents

Commercially available chemicals were used without
ny further purification. The N,N-dimethylformamide extra
ry ([H2O] ≤ 0.005%, stored over molecular sieve 3 Å) and
he tetrabutylammonium hexafluorophosphate Bu4NPF6 of
-L. (Auteur de
rogenerated superoxide
 (4), 1098-1103. ,

lectrochemical grade were purchased from Fluka Chemie.
lavonoid monomers: (−)-epicatechin was purchased from
ldrich, phlorizin dihydrate from Fluka, quercetin dihy-
rate and rutin were purchased from Sigma Chemical

e flavonoids investigated.
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o. Standard antioxidants: ascorbic acid and trolox ((±)-
-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid)
ere purchased from Acros Organics, phloroglucinol dihy-
rate (1,3,5-trihydroxybenzene·2H2O) was purchased from
ldrich.

.2. Equipment

Cyclic voltammetry experiments were performed on a
ual potentio-galvanostat PGSTAT100 in laboratory 1 or a
GSTAT30 in laboratory 2 (Autolab instrument, Eco Chemie
.V., Utrecht, The Netherlands). All measurements were carried
ut on a three-electrode thermostated cell. A glassy carbon disk
orking electrode (diameter 2 mm), a platinum wire counter

lectrode and a reference electrode, Ag/AgCl in EtOH satu-
ated by LiCl, were used for all electrochemical experiments.
he reference electrode was separated from the solution by a
alt bridge containing 0.5 M Bu4NPF6 in DMF. The glassy car-
on disk working electrode was polished using silicon carbide
000 paper with a LaboPol-5 (Struers, Ballerup, Denmark),
ashed with distilled water and then dried. For all mea-

urements, the temperature was maintained at 20 ± 0.02 ◦C
ith a Julabo heating circulator MP-5 (Julabo, Seelbach,
ermany).

.3. Method

.3.1. Cyclic voltammetry of oxygen
10 mL of an extra-dry DMF solution containing the support-

ng electrolyte 0.1 M Bu4NPF6 was saturated by dry air during
0 min. In these conditions the solubility of oxygen was assumed
o be 0.94 × 10−3 M, this value corresponding to a partial pres-
ure of 0.2 bar [26]. The cyclic voltammogramm (CV) of the
xygen reduction was then recorded at a scan rate 0.1 V s−1.
he initial potential was fixed at 0 V vs. Ag/AgCl. The scanning
otential was reversed at −0.9 V vs. Ag/AgCl.

.3.2. Cyclic voltammetry of oxygen in the presence of
ntioxidant substrate

A stock solution of the flavonoid monomer or the standard
ntioxidant was prepared at about 2.5 × 10−2 M. Aliquots of
he stock solution were successively added to the 10 mL oxygen
olution in order to get an antioxidant substrate concentration in
he range (0–2.50 mM). After each aliquot addition, CV of the
xygen solution was recorded at a scan rate 0.1 V s−1.

.3.3. Statistical evaluation of the method
The statistical analysis of the results was performed according

o the well-recognized analytical parameters established by the
fficial compendiums, scientific literature and Pharmacopeias.
nalysis of variance and linear correlations tests were performed
sing the AVA V3-1 qualilab software package. A maximum risk
Comment citer ce document :
Le Bourvellec, C., Hauchard, D., Darchen, A., Burgot, J.-L., Abasq, 
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f 5% of the measures outside the acceptance limits was consid-
red statistically significant. Two independent laboratories, two
quipments and two operators were involved in the statistical
valuation of the method.

t
d
r
a

ig. 2. Cyclic voltammogram of oxygen at a steady glassy carbon disk electrode
n DMF/0.1 M Bu4NPF6. Scan rate 0.1 V s−1.

. Results and discussion

.1. Electrogeneration of superoxide radical

Cyclic voltammetry technique [27] is used to generate the
uperoxide radical O2

•− in the diffusion layer of a glassy carbon
lectrode by the one-electron reduction of molecular oxygen in
MF media (Fig. 2; peak C). The presence of the radical O2

•−
s easily detected by its anodic oxidation current measured at
he same electrode during the reverse scan (Fig. 2; peak A). The
eduction of O2 is a reversible reaction and it is known that O2

•−
adical is stable in aprotic media and dismutation does not occur
uring the time scale of the cyclic voltammetry in DMF solution
17,18]. Consequently, it is a convenient way to generate O2

•−
ithout enzyme systems and to study its reaction with a molecule
r an extract provided the substrate is not active in the poten-
ial range of the reduction of oxygen. Interferences restrictions
ave been related in the article of Arnao concerning the radicals
PPH• and ABTS•+ and the spectrophotometric detection [28].

n voltammetric detection, the substrate has not to be active in
he potential range of the couple molecular oxygen/superoxide
nion in order to avoid interference or a complex interpretation of
he data. Fortunately, this was observed in this study despite the
henols are reducing agents. Indeed, the investigated substrates
ere oxidized at positive potentials.
In the development of the procedure, the CV was firstly

ecorded in the absence of the substrate to determine the current
alue Io

pa
as the anodic peak current of O2

•− oxidation (Fig. 2).
o
pa

is directly related to the O2
•− concentration at the electrode

urface and depends on the solubility of oxygen in DMF and the
xperimental parameters chosen to record the CV.

Clearly it is important that the Io
pa

value is determined in iden-
ical conditions for each experiment. It means that the time scale
f the CV and the electrode surface have to be the same. The time
cale was controlled by the scan rate 0.1 V s−1 and the poten-
ial range was from 0 to −0.9 V vs. Ag/AgCl. The precision was
M.-L. (Auteur de
ctrogenerated superoxide

75 (4), 1098-1103. ,

etermined on the Io
pa

value over a period of 3 months and gave a
elative standard deviation of 2.14% for interdays values (RSDr)
nd of 2.21% for interlaboratories values (RSDR) (n = 18). These
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Fig. 3. Cyclic voltammograms of O reduction in the presence of increas-
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ng concentrations of phloroglucinol at a steady glassy carbon disk electrode
n DMF/0.1 M Bu4NPF6. Scan rate 0.1 V s−1. Phloroglucinol concentrations:

) 0 mM; ( ) 0.49 mM; ( ) 1.64 mM.

esults show a good precision on the Io
pa

value and consequently
n the solubility of atmospheric oxygen in DMF which was a
ey point in the validation of the method.

.2. Electrochemical behavior of oxygen in the presence of
n antioxidant substrate

The CV of the O2 reduction was recorded in the presence
f a flavonoid monomer or a standard antioxidant with a view
o evaluating the antioxidant capacity of the molecule looking
t its reactivity toward O2

•−. The increase of the antioxidant
ubstrate concentration leads to a decrease of O2

•− anodic peak
urrent (IS

pa
) while the intensity of O2 cathodic current is not

ignificantly modified as shown in Fig. 3 in the case of phloroglu-
inol. The decrease of the anodic peak current of O2

•− suggests
hat the polyphenol substrate reacts irreversibly with O2

•−. For
ach antioxidant compound, a series of IS

pa
values is determined

rom the CVs recorded for increasing antioxidant concentrations
Fig. 3). All antioxidant substrates exhibited a similar effect upon
he O2 reduction.

At higher concentrations of some antioxidant substrates, a
ot-well defined reduction peak was observed at a potential more
ositive than the oxygen reduction peak. We could not attribute
his peak to the reduction of an acidic hydrogen since the work-
ng electrode was vitreous carbon and not platinum [19]. The
oncentration range where we observed a significant additional
eak was not within the linear range used in the determination
f the antioxidant capacity values (Section 3.3.2).

The electrochemical behavior of oxygen may be summarized
y the following Eqs. (1)–(3) where AH represents a flavonoid
ompound or a standard antioxidant. After the reversible reduc-
ion of oxygen (1) the electrogenerated superoxide anion reacts
ith AH (2) leading to products which are not electroactive in

he scanned potential range. For this reaction we can follow
he hypothesis of an H atom transfer (3) leading to radical A•,
Comment citer ce document :
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hich may be a phenoxy radical, and to the conjugated base of
ydrogen peroxide [29–31].

Literature reports that some proton donating substrates
17,22,32,33] increase the cathodic current of oxygen from a

m
a
f

ig. 4. Dimensionless parameter related to the decrease of superoxide anodic
urrent vs. the substrate concentration in the linear range (data reported for
nalysis over 3 days) (( ) trolox; (�) quercetin).

ne-electron to a two-electron reduction. The mechanism may be
escribed by a first proton transfer (4) followed by electron trans-
er (5). With a second proton transfer (6) the overall reaction is a
wo-electron reduction of oxygen (7). In our experimental con-
itions we did not observe with flavonoid substrates the increase
f oxygen current reduction which is expected in the hypothesis
f a proton donating mechanism. Moreover, during the reverse
can until 0.6 V vs. Ag/AgCl we never observed an anodic peak
hich could be attributed to the oxidation of a phenoxide (A−)

rising from the proton transfer (4). So our observations suggest
hat the flavonoid compounds reacted with superoxide radical as

atom donors, as already reported with other methods [29–31].

2 + e− � O2
•− (1)

2
•− + AH → electroinactive compounds (2)

2
•− + AH → O2H− + A• (3)

2
•− + AH → HO2

• + A− (4)

O2
• + O2

•− → HO2
− + O2 (5)

O2
− + AH → H2O2 + A− (6)

2 + 2e− + 2 AH → H2O2 + 2A− (7)

.3. Development and statistical evaluation of the method

The Io
pa

and IS
pa

values were determined as described above.
he consumption of O2

•− was expressed by a dimensionless
arameter (Io

pa
− IS

pa
)/Io

pa
which was plotted vs. the substrate

oncentration (Fig. 4). When the antioxidant concentration
ncreased, the calculated values for (Io

pa
− IS

pa
)/Io

pa
, were out of

he straight line. These points were not represented in Fig. 4.

.3.1. Linearity
-L. (Auteur de
rogenerated superoxide
 (4), 1098-1103. ,

The linearity of response was studied statistically for each
olecule to establish an antioxidant capacity value in the

dequate linear range (Table 1). The statistical analysis was per-
ormed using the ANOVA regression analysis option of the AVA



V
er

si
on

 p
os

tp
rin

t

correspon
rad

M
an

us
cr

it 
d’

au
te

ur
 / 

A
ut

ho
r m

an
us

cr
ip

t 
M

an
us

cr
it 

d’
au

te
ur

 / 
A

ut
ho

r m
an

us
cr

ip
t 

M
an

us
cr

it 
d’

au
te

ur
 / 

A
ut

ho
r m

an
us

cr
ip

t 
 

Version définitive du manuscrit publiée dans / Final version of the manuscript published in :  
Talanta (2008), Vol. 75, p. 1098-1103, DOI: 10.1016/j.talanta.2008.01.007 
Journal homepage : www.elsevier.com/locate/talanta1102 C. Le Bourvellec et al. / Talanta 75 (2008) 1098–1103

Table 1
Characteristic parameters for the regression equation for standard antioxidants
and flavonoids monomers

Compounds Linear range (mM) Slope y-Intercept r2

Standard antioxidants
Trolox 0.25–1.63 0.239 0.020 0.995
Phloroglucinol 0.25–1.22 0.262 0.037 0.995
Ascorbic acid 0.10–0.75 0.740 0.031 0.987

Flavonoid monomers
Phlorizin 0.25–1.65 0.275 0.026 0.993
Rutin 0.20–0.90 0.405 0.024 0.991

V
s

t
l
t
t
a
a
t
t
a
o

3

r
c
T
s
q
r
B

F
(

w
i
i
a
0

w
i
s

3

c
t
t

T
P

C

S

F

Epicatechin 0.10–0.50 0.761 0.034 0.994
Quercetin 0.05–0.45 0.976 0.025 0.994

3-1 program. A value of p < 0.05 was considered statistically
ignificant.

Data for linearity of (Io
pa

− IS
pa

)/Io
pa

vs. the substrate concen-
ration were determined three times (one time a day) (Table 1). A
inear correlation was found for each substrate in a given concen-
ration range which is dependent on the reactivity of the substrate
oward superoxide. Correlation coefficients, intercepts, slopes
nd linear range for the calibration data are given in Table 1 from
minimum of five-point linear plot with three replicates. All sta-

istical tests performed by AVA V3-1 were validated except for
he intercept test. The key point in this study was to demonstrate
linear interval in the current decay allowing the determination
f antioxidant capacity values.

.3.2. Antioxidant capacity
Under the same experimental conditions, the kinetics of the

eaction between the antioxidant substrate and superoxide radi-
al anion may be expressed by the slopes of straight lines (Fig. 4).
hese slope values are gathered in Table 1. For example, the
Comment citer ce document :
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tandard trolox is four times less reactive than the flavon-3-ol
uercetin. Instead of these slopes we preferred characterize the
eactivity of antioxidant substrates by an antioxidant index AI.
y analogy with the inhibiting concentration of antioxidant (IC),

a
t
a
A

able 2
recision data concerning the AI50 and AI30 values

ompounds AI (mM) (n = 9) Confidence in

tandard antioxidants
Trolox AI50 1.97 [1.92–2.02]

AI30 1.14 [1.10–1.17]
Phloroglucinol AI50 1.77 [1.71–1.83]

AC30 1.01 [0.98–1.05]
Ascorbic acid AI50 0.64 [0.60–0.68]

AI30 0.37 [0.35–0.39]

lavonoid monomers
Phlorizin AI50 1.69 [1.66–1.71]

AI30 0.98 [0.95–1.01]
Rutin AI50 1.24 [1.20–1.29]

AI30 0.72 [0.69–0.74]
Epicatechin AI50 0.63 [0.61–0.65]

AI30 0.35 [0.33–0.36]
Quercetin AI50 0.46 [0.45–0.48]

AI30 0.27 [0.26–0.28]
ig. 5. Histogram of AI50 and AI30 values (n = 9). ( ): AI50 (mM); (�): AI30

mM); ( ): standard deviation of interday values.

e determined two indexes AI30 and AI50 by the concentration
n mM of antioxidant substrate needed to consume superox-
de radical as revealed by a current decrease, respectively 30%
nd 50% of the initial anodic current Io

pa
(Al = (Io

pa
− IS

pa
)/Io

pa
=

.3 or 0.5) (Fig. 4).
Fig. 4 shows that AI30 is within the linear interval response

hether the AI50 value is an extrapolated value. With this antiox-
dant characterization, more the AI values are low, more the
ubstrate has an antioxidant capacity toward superoxide.

.3.3. Precision on the AI30 and AI50 values
Data are listed in Table 2 and are expressed as mean and

onfidence interval of AI30 and AI50 values. The precision on
he AI30 and AI50 values calculated as relative standard devia-
ion (RSD%) was obtained in two levels: interdays RSDr (three
M.-L. (Auteur de
ctrogenerated superoxide

75 (4), 1098-1103. ,

nalysis for three days) and interlaboratories RSDR (two labora-
ories, two equipments, two operators, three days, three analysis
day, the third day values were determined in lab2) (Table 2).
ll linear correlations used for the determination of the antiox-

terval (mM) Interday RSDr (%) Interlaboratory RSDR (%)

3.4 3.3
4.8 4.2
2.1 4.4
2.9 4.7
5.9 7.4
7.2 8.5

1.8 1.9
3.3 3.6
3.2 5.0
3.4 5.5
4.4 4.9
4.6 5.8
4.1 4.0
4.8 5.4
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dant values were obtained from independent stock solutions
f the antioxidant substrate. The relative standard deviations
ere <5% for the AI50 values except for the ascorbic acid sub-

trate whether the AI30 values showed higher relative standard
eviations.

.3.4. Comparison in the antioxidant capacity of the
ifferent substrates

Histogram of Fig. 5 shows the decrease of the antioxi-
ant capacity of the substrates from quercetin to trolox. Our
esults follow the same order of antioxidant capacity values
iven in the literature with independent methods for these
olecules [34–38]. There is a general agreement that in
avonoid monomers the structural features that favors the rad-

cal scavenging activity is (i) the degree of hydroxylation (the
rtho-diphenolic structure in the B ring and the 3-OH group on
he C ring) and (ii) the 2,3-double bond in conjugation with

4-oxo function in the C ring. These criteria are related to
he stabilization by conjugation of the phenoxy intermediate
btained after the H-abstraction scavenging reaction [34–38].
n the flavonoid series, the flavon-3-ol quercetin, which is the
ost active (AI50 = 0.46 mM), fulfils all the conditions whether

he dihydrochalcone phlorizin (AI50 = 1.69 mM) does not have
hese structural characteristics.

Ascorbic acid, a well-known antioxidant, exhibits the same
ntioxidant capacity than the flavan-3-ol epicatechin. The other
tandard antioxidants, trolox and phloroglucinol, are the less
ctive substrates which we studied.

. Conclusion

The electrochemical method described developed in this
tudy allows the determination of an in vitro antioxidant capacity
alue of some flavonoid monomers and standard molecules.

The cyclic voltammetry technique is well-appropriated for
he measurement of the antioxidant capacity of phenol substrate
oward superoxide radical. Indeed the generation of the radical
nd the measurement of its consumption are conducted at the
ame electrode. An important requirement of the method is that
he antioxidant substrate is not electroactive in the same potential
ange where the oxygen reduction occurs.

Superoxide is electrogenerated by the one-electron reduc-
ion of dioxygen and therefore its generation involves neither
nzymes nor chelating metals as it is usually used in the meth-
ds testing the superoxide scavenging capacity. Consequently
his method measures specifically the radical scavenging effect
oward superoxide whether the other methods cannot discrim-
nate possible synergic actions of the antioxidant activity of
olyphenols [38].

cknowledgements
Comment citer ce document :
 Bourvellec, C., Hauchard, D., Darchen, A., Burgot, J.-L., Abasq, M.
nce) (2008). Validation of a new method using the reactivity of elect
l in the antioxidant capacity determination of flavonoids. Talanta, 75

DOI : 10.1016/j.talanta.2008.01.007

This study received financial support from “Conseil Régional
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109 (2005) 23720–23729.
32] C.P. Andrieux, P. Hapiot, J.M. Savéant, J. Am. Chem. Soc. 109 (1987)
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