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The 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) radical cation (ABTS•+) assay was adapted
to a flow injection (FI) system to obtain a sensitive and rapid technique for the monitoring of antioxidant
activity of pure compounds and complex matrixes, such as beverages and food extracts. The FI
system includes a HPLC pump that flows the mobile phase (a solution of ABTS•+ in ethanol) through
a 20 µL loop injector, a single bead string reactor filled with acid-washed silanized beads, a delay
coil and a photodiode array UV-visible detector. The technique was very sensitive, with limits of
detection and of quantification of 4.14 and 9.29 µmol of Trolox/L, respectively, and demonstrated
high repeatability and reproducibility. The proposed technique was then applied to the evaluation of
the antioxidant activity of some pure compounds, demonstrating good agreement with published data
obtained by the original spectrophotometric ABTS•+ assay. Finally, the total antioxidant activity of 10
beverages was determined by both the proposed and the original method. The values ranged from
0.09 mmol L-1 for cola to 49.24 mmol L-1 for espresso coffee and did not result significantly different
from those obtained by the original spectrophotometric ABTS•+ assay (Student’s paired t-test: t )
1.4074, p ) 0.1929). In conclusion, the proposed FI technique seems suitable for the direct, rapid
and reliable monitoring of total antioxidant activity of pure compounds and beverages and, due to
the ability to operate in continuous, it allows the analysis of about 30 samples h-1 making the assay
particularly suitable for large screening of total antioxidant activity in food samples.
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INTRODUCTION

Due to their chemical reactivity, free radicals and other
reactive oxygen species, derived either from normal metabolic
processes or from external sources, can damage all types of
cellular macromolecules. These effects have been implicated
in the causation of some degenerative diseases, such as cataracts,
atherosclerosis, and certain types of cancer (1-4).

The consumption of antioxidant-rich foods might play an
important role in the maintenance of health and in disease
prevention (5). Epidemiological studies have demonstrated an
inverse association between the intake of antioxidants from fruits
and vegetables and the morbidity and mortality from coronary
heart diseases (6, 7) and cancer (8-10). Nevertheless, many
clinical studies have not shown direct beneficial effects of
individual antioxidant molecules, such as vitamin E and
â-carotene, on various chronic diseases (11-13) suggesting that
the functionality of dietary antioxidants might be strongly linked
to cooperative mechanisms among different antioxidant mol-

ecules present in the matrix. On the basis of these observations,
a number of assays have been introduced in the past decade for
determining the total antioxidant activity (intended as the
cumulative capacity of food components to scavenge free
radicals) of food extracts and beverages (14-16). These assays
diverge in that they relate to the generation of different radicals,
often acting through different mechanisms and/or target mol-
ecules, and the measures are made on a range of different end-
points (17). In general, two types of approach have been taken:
(1) inhibition assays, for which the extent of the scavenging of
a preformed free radical by hydrogen or electron donation is
the marker of antioxidant activity; (2) assays involving the
presence of antioxidant systems during the generation of the
radical, for which the activity is measured on the rate of
oxidation of a target molecule.

The quenching of the 2,2′-azinobis(3-ethylbenzothiazoline-
6-sulfonic acid) radical cation (ABTS•+) forms the basis of a
spectrophotometric method that, thanks to a recent improvement
in its chemistry, allows the evaluation of both water-soluble
and lipid-soluble antioxidants (18). The method is a decolori-
zation assay that, after the addition of an antioxidant, measures
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the reduction of absorbance at 734 nm of the ABTS•+ solution,
which in turn is proportional to the antioxidant concentration
and activity calculated in relation to the reactivity of a standard
of Trolox analyzed under the same conditions.

Even though spectrophotometric techniques, this included,
are simple procedures, these require time, extreme accuracy,
and good manual skill to give consistent results.

The purpose of our study was to adapt the original spectro-
photometric assay (18) to a flow injection (FI) system to obtain
a sensitive and rapid technique based on direct injection of the
sample in a flow of ABTS•+ solution. This technique was
applied for determining the antioxidant activity of some pure
water-soluble and lipid-soluble antioxidants. Moreover, total
antioxidant activity of some common beverages was determined
using both the proposed and the original spectrophotometric
method.

MATERIALS AND METHODS

Beverages.All the beverages (juices of orange, peach, pear, apricot,
and tropical fruit; cola, lemon ice tea, and beer) were purchased in
local supermarkets. Black tea was prepared by 3-min infusion of a tea
bag (about 2 g) in 250 mL of boiling water. Espresso coffee was
prepared in local coffee shops. Four different brands of each beverage
were mixed in equal amounts and adequately diluted with pure
deionized water (between 10- and 200-fold, depending on their activity).
Carbon dioxide from cola and beer was completely removed by
magnetic stirring. Diluted beverages were centrifuged 5 min at 1000g,
and the supernatant was collected and analyzed without further
preparation.

Chemicals.6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox), 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) di-
ammonium salt (ABTS), 4-hydroxy-3-methoxycinnamic (ferulic), 3,4-
dihydroxycinnamic (caffeic), 3,4,5-trihydroxybenzoic (gallic), and
4-hydroxy-3-methoxybenzoic (vanillic) acids, quercetin, naringenin, and
R-tocopherol were purchased from Sigma-Aldrich (Sigma-Aldrich srl,
St. Louis, MO).L-Ascorbic acid was obtained from Merck (Merck,
Darmstadt, Germany). All chemicals and solvents used were HPLC-
grade and purchased from Carlo Erba (Carlo Erba, Milan, Italy).

Preparation of Standard Solutions.Stock solutions (10 mmol L-1)
of flavonoids, hydroxycinnamates, hydroxybenzoates, andR-tocopherol
were prepared in ethanol and stored at-20 °C for a maximum of 1
month. Working solutions were prepared daily in ethanol at five
different concentrations (between 10 and 400µmol L-1) within the
range of the dose-response curve of Trolox. A stock solution of
ascorbic acid (10 mmol L-1) was prepared daily in deionized ultrapure
water and then diluted with water to obtain appropriate concentrations
(between 10 and 300µmol L-1). Finally, a 5 mmol L-1 stock solution
of Trolox was prepared in ethanol and stored at-20 °C for a maximum
of 6 months. The stock solution of Trolox was diluted daily in ethanol
at different concentrations (see below) to obtain working solutions for
building the dose-response curve.

Flow Injection Method. Principle. The method is based on the
ability of antioxidant molecules to quench the long-lived ABTS•+, a
blue-green chromophore with characteristic absorption at 734 nm, in
comparison of that of Trolox, a water-soluble vitamin E analogue. The
addition of antioxidants to the preformed radical cation reduces it to
ABTS, determining a decolorization.

Apparatus.The flow injection system consisted of a Hewlett-Packard
1100 pump, a reohdyne injection valve equipped with a 20-µL loop, a
single bead string reactor (250µm × 30 cm× 0.5 mm i.d.) filled with
acid-washed silanized beads (Supelco, Bellefonte, PA), a delay coil
(0.5 mm i.d. x 1.58 mm o.d. x 306 cm) (Supelco), and a photodiode
array UV-visible detector (Waters Corporation, Milford, MA). The
flow of the mobile phase was set to 0.8 mL min-1 at room temperature,
and the acquisition, to 734 nm. A schematic configuration of the system
is shown inFigure 1.

Mobile Phase.A stable stock solution of ABTS•+ was produced by
reacting a 7 mmol L-1 aqueous solution of ABTS with 2.45 mmol L-1

potassium persulfate (final concentration) and allowing the mixture to

stand in the dark at room temperature for 12-16 h before use (18).
The solution was stable for at least 48 h. At the beginning of the analysis
day, an ABTS•+ working solution was obtained by dilution in ethanol
of the stock solution to reach an absorbance of 0.70 (( 0.02) AU at
734 nm, checked by a Hewlett-Packard 8453 diode array spectropho-
tometer (HP, Waldbronn, Germany), and used as mobile phase.

Procedure.The direct injection of standards and samples through
the injection valve into the FI system determined a decolorization peak
whose negative area was proportional to the loss of absorbance of the
ABTS•+ working solution. The quantitation of the antioxidant activity
of the solutions injected was achieved by comparing the negative area
of their decolorization peak to the dose-response curve obtained by
injection of increasing concentrations of the Trolox standard. Results
were expressed as Trolox equivalent antioxidant capacity (TEAC) for
pure compounds and total antioxidant activity (TAA) for beverages.
TEAC is defined as the concentration (mmol L-1) of Trolox having
the antioxidant activity equivalent to a 1.0 mmol L-1 of the compound
under investigation. TAA is expressed as mmol of Trolox per liter of
sample.

The activity of pure compounds was estimated in duplicate over
three different days at five different concentrations ranging within the
Trolox dose-response curve.

Optimization of the System. The optimization of the FI system
conditions was carried out to obtain reaction times (about 1 min) and
values of TEAC of pure compounds close to those obtained with the
original spectrophotometric assay. To this aim, three phenolic acids
(gallic, ferulic and caffeic acids, which present high, medium, and low
TEAC values, respectively), were analyzed using three delay coils with
the same length and different internal diameters (0.3, 0.5, and 0.8 mm)
in combination with different flow rates (0.5, 0.8, 1.0, and 2.0 mL
min-1).

Validation of the Method. To investigate the linearity of response,
ten concentrations of Trolox, ranging from 10 to 500µmol L-1, were
injected over three different days.

The limits of detection and quantification were calculated from ten
injections of the appropriate solvent blanks (i.e., ethanol for Trolox or
deionized ultrapure water for ascorbic acid) according to EURACHEM
guidelines (19).

Repeatability and reproducibility were evaluated by injecting five
times two different concentrations of Trolox standard solutions (20 and
300µmol L-1) both in the same day and in different days by different
operators.

Figure 1. Schematics of the flow injection system.
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Method Comparison. For beverages, the TAA values obtained by
the proposed flow injection system were compared to those achieved
by applying the original spectrophotometric assay (18).

Statistical Analysis. Data are reported as mean( SD. Student’s
paired t-test analysis (two tails) was performed using a statistical
package running on a PC (Statistical Statsoft Inc., Tulsa, OK);p values
less than 0.05 were considered significant.

RESULTS AND DISCUSSION

Optimization of the Flow Injection System.The choice of
the analytical conditions were based on the most recent
knowledge on the chemistry of the ABTS•+ assay. Regarding
the temperature of analysis, according to Cano et al. (20) who
reported that the development of the reaction between ABTS•+

and the antioxidant is constant between 20 and 30°C, we
avoided to thermostatize the reaction coil.

With respect to the time-point of reaction, all published papers
related to the determination of antioxidant activity by the
ABTS•+ assay demonstrated the time dependency of the reaction
between ABTS•+ and antioxidant compounds, and thus the
influence of the selected time-point of measurement on the
reported antioxidant activity. In the case of the complex mixtures
of antioxidants such as beverages or food extracts, this influence
results more evident. Thus, Arnao (21) determined the antioxi-
dant activity of wine at 20 min, whereas that of juice at 5 min
was determined to guarantee a complete reaction. However,
Pannala et al. (22), studying the reaction by a stop-flow kinetic
system, affirmed that the reaction between ABTS•+ and anti-
oxidants occurs more rapidly than the first measured value (i.e.,
0.1 s). On the basis of these observations, we chose 1 min as
the time-point for monitoring the reaction between all reacting
functional hydroxyl groups present in the antioxidant molecules
and ABTS•+. This is supported by the most recent paper of the
research group who first set up the method, in which the
measurement of TAA of food extracts was carried out at 1 min,
as in our system (23).

In Table 1, the TEAC values of the three phenolic com-
pounds, obtained with different combinations of flow rate and
volumes of the delay coil, are shown. The combination of a
delay coil of 0.5 mm internal diameter with a flow rate of 0.8
mL min-1 gave a reaction time of about 1 min, the same time-

point used by the spectrophotometric method, and provided
TEAC values similar to those obtained using the original assay
procedure (24).

It is noteworthy that TEAC values of gallic and ferulic acid
were strongly influenced by the different conditions of analysis.
As already demonstrated by Pannala et al. (22), compounds
containing trihydroxy B ring structures, such as gallic acid, or
hindered phenols, such as ferulic acid, react very rapidly with
ABTS•+, but they are followed by a slow secondary phase. Thus,
for these compounds, the increasing time of acquisition deter-
mines an increase of TEAC value. Conversely, TEAC values
of caffeic acid were less affected by the acquisition time, in
agreement with Re et al. (17).

Moreover, it is of interest to notice that at the same acquisition
time (i.e., 42 s), but under different conditions of analysis (i.e.,
internal diameter of the delay coil and flow rate), all the pure
compounds exhibited different TEAC values. This difference
was related to the profile of the decolorization peaks: a slow
flow rate associated with a narrow internal diameter of the delay
coil produced narrow and symmetric peaks, but the system was
already saturated at low standard concentrations, decreasing the
response range. On the contrary, high flow rate associated with
a larger internal diameter of the delay coil generated bimodal
decolorization peaks, that were difficult to integrate.

Validation of Method. The dose-response curve of Trolox
(Figure 2) was linear over a range of concentration from 10 to
300 µmol L-1, and the average slope calculated from twelve
calibration curves measured over seven weeks was 4.48× 104

( 0.2 × 104 AU µmol-1 L. On the basis of these results, for
each day of analysis a dose-response curve was prepared by
injecting five concentrations of Trolox (10-300 µmol L-1) in
duplicate.

The limit of detection (LOD) and the limit of quantification
(LOQ), expressed as micromoles of Trolox per liter, were 4.14
and 9.29, respectively, and, expressed as micromoles of ascorbic
acid per liter, were 7.90 and 17.74, respectively. Repeatability
and reproducibility of Trolox standard solutions were 1.67%
(n ) 5) and 1.30% (n ) 5) for 20 µmol L-1 and 1.30% (n )
5) and 1.90% for 300µmol L-1, respectively.

These analytical parameters demonstrate that the proposed
FI technique is very sensitive and adequate to determine
antioxidant activity even in solutions containing low concentra-
tions of antioxidants. Moreover, with the proposed analytical
procedure, the limit of quantification was lower by at least 2
orders of magnitude with respect to the original spectrophoto-
metric method, possibly due to the geometry of the system.

Application of Method. In Figure 3, typical decolorization
peaks obtained for increasing concentrations of Trolox are
displayed. The peaks show good symmetry and can be ac-
curately integrated. Moreover, the absorbance of the ABTS•+

Table 1. Trolox Equivalent Antioxidant Capacity (TEAC) Values and
Acquisition Times of the Analyzed Phenolic Acids Obtained with
Different Conditions of Flow Rate and Internal Diameter of the Delay
Coil

compound
internal

diameter (mm)
flow rate

(mL min-1)
TEAC

(mmol L-1)
acquisition

time (s)

0.3 0.5 1.72 42
0.3 1.0 2.22 20

gallic acid 0.5 0.8 2.46 66
0.5 1.0 1.92 48
0.8 1.0 2.35 80
0.8 2.0 2.30 42
0.3 0.5 1.31 42
0.3 1.0 1.14 20

ferulic acid 0.5 0.8 1.66 66
0.5 1.0 1.63 48
0.8 1.0 1.53 80
0.8 2.0 1.49 42
0.3 0.5 0.83 42
0.3 1.0 0.92 20

caffeic acid 0.5 0.8 0.92 66
0.5 1.0 0.92 48
0.8 1.0 0.91 80
0.8 2.0 0.91 42

Figure 2. Dose−response curve from five Trolox concentrations (10, 50,
100, 200, and 300 µmol L-1) injected in triplicate.
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working solution was stable over a sufficiently long analysis
time (about 3 h) and did not significantly affect the detection
limits.

The proposed FI technique was then applied for the evaluation
of antioxidant activity of eight pure compounds. InTable 2
the TEAC values are reported, compared with published data
obtained using the original spectrophotometric assay (17, 24).
In general, the two sets of TEAC values were in good
agreement, with the exception of naringenin that exhibited a
TEAC value 50% lower than that reported using the original
spectrophotometric assay (17).

Finally, the applicability of the technique was tested by
measuring the TAA of ten beverages commonly consumed in
Italy. The results obtained by the proposed assay are shown in
Table 3and compared to those achieved by applying the original
spectrophotometric procedure (18). The statistical analysis
demonstrates that the TAA values obtained by the two methods
are not significantly different (t ) 1.4074,p ) 0.1929). Among
drinks, considerable differences in TAA were found; in fact,
the total antioxidant activity ranged from 0.09 mmol L-1 for
cola to 49.24 mmol L-1 for espresso coffee and fruit juices
showed TAA values from 2.31 to 3.40 mmol L-1. Finally, as
already showed by Richelle et al. (25), the antioxidant activity
of coffee was very high, more than 10 times that of black tea.
This result is likely due to the method for coffee preparation
used in Italy that determines a strong extraction of the coffee
powder.

In conclusion, the proposed technique results suitable for the
direct, rapid, and reliable analysis of total antioxidant activity

of pure compounds and beverages, demonstrating wide linearity
of response and a very low detection limit and giving results
similar to those obtained from the original spectrophotometric
method. Due to the ability to operate continuously, it is possible
to analyze about 30 samples h-1, making the assay particularly
suitable for large screening of total antioxidant activity in food
samples or for on-line quality control. Moreover, the assay is
made on whole extracts without any chromatographic separation,
allowing the assessment of TAA, a parameter that takes into
account all the synergistic and cumulative interactions between
the known and unknown antioxidants present in the sample.

ABBREVIATIONS USED

ABTS, 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic) acid;
ABTS•+, 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
radical cation; Trolox,6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid; TEAC, Trolox equivalent antioxidant capac-
ity; TAA, total antioxidant activity.

ACKNOWLEDGMENT

We thank Francesca Finocchiaro and Andrea Ghini for their
skillful technical assistance.

LITERATURE CITED

(1) Taylor, A.; Nowell, T. Oxidative stress and antioxidant function
in relation to risk for cataract.AdV. Pharmacol.1997,38, 515-
536.

Figure 3. Typical decolorization peaks obtained by repeated injections of Trolox standard solutions (50, 100, and 200 µmol L-1).

Table 2. Trolox Equivalent Antioxidant Capacity (TEAC) Values of
Pure Compounds Obtained by the Proposed Technique in Comparison
to Literature Values

compound
TEACa

(mmol L-1)
TEAC

(mmol L-1)

hydroxybenzoates
gallic acid 2.45 ± 0.10 2.45 ± 0.10b

vanillic acid 1.49 ± 0.01 1.42 ± 0.03b

hydroxycinnamates
caffeic acid 0.92 ± 0.04 0.99 ± 0.02b

ferulic acid 1.62 ± 0.06 1.87 ± 0.06b

flavon-3-ols
quercetin 2.49 ± 0.03 2.77 ± 0.02c

flavanones
naringenin 0.26 ± 0.01 0.58 ± 0.09c

other compounds
ascorbic acid 1.03 ± 0.04 1.05 ± 0.02c

R-tocopherol 1.08 ± 0.01 0.99 ± 0.02b

a Results are expressed as mean ± standard deviation (n ) 3). b Data from
Pellegrini et al. (24). c Data from Re et al. (17).

Table 3. Total Antioxidant Activity (TAA) Values of Some Beverages
Obtained by the Proposed Assay Compared to Those Achieved by
Applying the Original Spectrophotometric Assay (18)a

beverage
TAAb,c (mmol of

Trolox L-1)
TAAb,d (mmol of

Trolox L-1)

cola 0.09 ± 0.01 0.19 ± 0.06
beer 1.10 ± 0.05 0.88 ± 0.06
orange juice 3.32 ± 0.08 3.20 ± 0.27
apricot juice 3.32 ± 0.05 3.15 ± 0.20
pear juice 3.40 ± 0.01 3.70 ± 0.28
peach juice 2.88 ± 0.03 2.34 ± 0.02
tropical fruit juice 2.31 ± 0.23 2.32 ± 0.11
lemon ice tea 3.56 ± 0.18 4.81 ± 0.22
black tea 2.81 ± 0.02 3.72 ± 0.18
espresso coffee 49.24 ± 2.61 51.12 ± 1.38

a Student’s paired t-test (two tails) (proposed assay versus original assay): t
) 1.4074, p ) 0.1929. b Results are expressed as mean ± standard deviation.
c Values obtained by the proposed assay. d Values obtained by the original
spectrophotometric assay.

Flow Injection System for Determining Antioxidant Activity J. Agric. Food Chem., Vol. 51, No. 1, 2003 263



(2) Hertog, M. G. L.; Kromhout, D.; Aravanis, C.; Blackburn, H.;
Buzina, R.; Fidanza, F.; Giampaoli, S.; Jansen, A.; Menotti, A.;
Nedeljkovic, S.; Pekkarinen, M.; Simic, B. S.; Toshima, H.;
Feskens, E. J. M.; Hollman, P. C. H.; Katan, M. B. Flavonoid
intake and long-term risk of coronary heart disease and cancer
in the Seven Countries Study.Arch. Intern. Med.1995, 155,
381-386.

(3) Steinberg, D. Clinical trials of antioxidants in atherosclerosis:
are we doing the right thing?Lancet1995,346, 36-38.

(4) Babbs, C. F. Free radicals and the etiology of colon cancer.Free
Radical Biol. Med.1990,8, 191-200.

(5) Ziegler, R. G. Vegetables, fruits, and carotenoids and the risk
of cancer.Am. J. Clin. Nutr.1991, 53, 251S-259S.

(6) Stephens, N. G.; Parsons, A.; Schofield, P. M.; Kelly, F.;
Cheeseman, K.; Mitchinson, M. J. Randomised controlled trial
of vitamin E in patients with coronary disease: Cambridge Heart
Antioxidant Study (CHAOS).Lancet1996, 347,781-786.

(7) Cook, N. C.; Samman, S. Flavonoids- Chemistry, metabolism,
cardioprotective effects, and dietary sources.J. Nutr. Biochem.
1996,7, 66-76.

(8) La Vecchia, C.; Altieri, A.; Tavani, A. Vegetables, fruit,
antioxidants and cancer: a review of Italian studies.Eur. J. Nutr.
2001, 40, 261-267.

(9) Terry, P.; Terry, J. B.; Wolk, A. Fruit and vegetable consumption
in the prevention of cancer: an update.J. Int. Med.2001, 250,
280-290.

(10) Cohen, J. H.; Kristal, A. R.; Stanford, J. L. Fruit and vegetable
intakes and prostate cancer risk.J. Natl. Cancer Inst.2000, 92,
61-68.

(11) Omenn, G. S.; Goodman, G. E.; Thornquist, M. D.; Balmes, J.;
Cullen, M. R.; Glass, A.; Keogh, J. P.; Meyskens, F. L. Jr.;
Valanis, B.; Williams, J. H. Jr.; Barnhart, S.; Cherniack, M. G.;
Brodkin, C. A.; Hammar, S. Risk factors for lung cancer and
for intervention effects in CARET, the Beta-Carotene and Retinol
Efficacy Trial. J. Natl. Cancer Inst.1996,88, 1550-1559.

(12) Hennekens, C. H.; Buring, J. E.; Manson, J. E.; Stampfer, M.;
Rosner, B.; Cook, N. R.; Belanger, C.; LaMotte, F.; Gaziano, J.
M.; Ridker, P. M.; Willett, W.; Peto, R. Lack of effect of long-
term supplementation with beta carotene on the incidence of
malignant neoplasms and cardiovascular disease.N. Engl. J. Med.
1996,2, 1145-1149.

(13) Heinonn, O. P.; Albanes, D.; Virtamo, J.; Taylor, P. R.; Huttunen,
J. K.; Hartman, A. M.; Haapakoski, J.; Malila, N.; Rautalahti,
M.; Ripatti, S.; Maenpaa, H.; Teerenhovi, L.; Koss, L.; Viro-
lainen, M.; Edwards, B. K. Prostate cancer and supplementation
with alpha-tocopherol and beta-carotene: incidence and mortality
in a controlled trial.J. Natl. Cancer Inst.1998,6, 440-446.

(14) Wang, H.; Cao, G.; Prior, R. L. Total antioxidant capacity of
fruits. J. Agric. Food Chem.1996,44, 701-705.

(15) Serafini, M.; Ghiselli, A.; Ferro-Luzzi, A. In vivo antioxidant
effect of green and black tea in man.Eur. J. Clin. Nutr.1996,
50, 28-32.

(16) Pellegrini, N.; Simonetti, P.; Gardana, C.; Brenna, O.; Brighenti,
F.; Pietta, P. G. Polyphenol content and total antioxidant activity
of Vini noVelli (young red wines).J. Agric. Food Chem.2000,
48, 732-735.

(17) Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.;
Rice-Evans, C. A. Antioxidant activity applying an improved
ABTS radical cation decolorization assay.Free Radical Biol.
Med.1999,26, 1231-1237.

(18) Pellegrini, N.; Re, R.; Yang, M.; Rice-Evans, C. A. Screening
of dietary carotenoids and carotenoid-rich fruit extracts for
antioxidant activities applying the 2,2′-azobis(3-ethylenebenzo-
thiazoline-6-sulfonic) acid radical cation decolorization assay.
Methods Enzymol.1999,299, 379-389.

(19) EURACHEM.The Fitness of Purpose Analytical Methods, 1st
Internet Version; 1998.

(20) Cano, A.; Hernandez-Ruiz, J.; Garcia-Canovas, F.; Acosta, M.;
Arnao, M. B. An end-point method for the estimation of the
total antioxidant activity in plant material.Phytochem. Anal.
1998,9, 196-202.

(21) Arnao, M. B. Some methodological problems in the determina-
tion of antioxidant activity using chromogen radicals: a practical
case.Trends Food Sci. Technol.2000,11, 419-421.

(22) Pannala, S. A.; Chan, T. S.; O’Brien, P. J.; Rice-Evans, C. A.
Flavonoid B-ring chemistry and antioxidant activity: fast reaction
kinetics.Biochem. Biophys. Res. Commun.2001,282, 1161-
1168.

(23) Proteggente, A. R.; Pannala, A. S.; Paganga, G.; van Buren, L.;
Wagner, E.; Wiseman, S.; van de Put, F.; Dacombe, C.; Rice-
Evans, C. A. The antioxidant activity of regularly consumed fruit
and vegetables reflects their phenolic and vitamin C composition.
Free Radical Res.2002,36, 217-233.

(24) Pellegrini, N.; Visioli, F.; Buratti, S.; Brighenti, F. Direct analysis
of total antioxidant activity of olive oil and studies on the
influence of heating.J. Agric. Food Chem.2001, 49, 2532-
2538.

(25) Richelle, M.; Tavazzi, I.; Offord, E. Comparison of the antioxi-
dant activity of commonly consumed polyphenolic beverages
(coffee, cocoa, and tea) prepared per cup serving.J. Agric. Food
Chem.2001,49, 3438-3442.

Received for review June 11, 2002. Revised manuscript received
September 30, 2002. Accepted September 30, 2002. This work was
founded by the EC project Healthy Market (IST-2001-33204) and the
National Research Council of Italy (CNR 01.00923.CT26/115.25178).
Data were presented in part to the COST 916 Final conference
“Bioactive compounds in plant foods”, 26-28 April 2001, Tenerife,
Spain.

JF020657Z

264 J. Agric. Food Chem., Vol. 51, No. 1, 2003 Pellegrini et al.


