
New Method To Determine Antioxidant Activity of Polyphenols

LUCRECIA L. CHAILLOU AND MÓNICA A. NAZARENO*
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The capacity of polyphenolic compounds to reduce the â-carotene-linoleic acid cooxidation
enzymatically induced by soybean lipoxygenase was assayed to determine their comprehensive
antioxidant ability. The inhibition of the coupled oxidation is a well-known spectrophotometric method
for the antioxidant activity measurement. A modification of this method is proposed to reduce assay
time and to gain simplicity. The antioxidant abilities of several polyphenols were determined, and
quercetin and sinapic acid were most active. These results were compared to those obtained by the
DPPH• procedure to evaluate the free radical scavenging contribution to the total protective action.
The highest values of antiradical activity were found for ellagic and quercetin.
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INTRODUCTION

In the last decades oxidation mechanisms and free radical
role in living systems have gained increased attention (1).
Oxygen uptake inherent to cell metabolism produces reactive
oxygen species such as superoxide and hydroxyl radicals. The
reaction of this species with lipid molecules originates peroxyl
radicals and their interaction with nucleic acids and proteins
conduces to certain alterations and, therefore, functional modi-
fications (2). There are also other oxidative reactions of
polyunsaturated fatty acids (PUFA) enzymatically catalyzed by
the action of dioxygenases such as cyclooxygenases and
lipoxygenases (3,4).

These processes are recognized as the cause of aging and
participate in the pathogenesis of several serious disorders as
cancer, atherosclerosis, inflammatory, and coronary heart dis-
eases (5-7). Oxidative reactions are also concerned with food
industry because lipids, natural constituents of cellular mem-
branes, are oxidized during peroxidation, producing partial or
total changes in food sensorial properties (color and flavor) and
in its nutritional value because of vitamin, essential fatty acid,
and protein losses (8).

There are substances that delay, inhibit, or even prevent
oxidative reactions by different mechanisms: (1) chain breaking
by donation of hydrogen atoms or electrons that convert free
radicals in more stable species; (2) chelating metal ions which
are involved in the generation of reactive oxygen species; (3)
decomposing lipid peroxides into stable final products; (4)
inhibiting the deleterious action of prooxidant enzymes (9).

Many natural substances such as carotenoids, tocopherols,
and polyphenols are able to act as antioxidants and are widely
spread in food and plants. Flavonoids and other polyphenols

have the ability to scavenge free radicals and, therefore, delay
lipid autoxidation (10). Several studies relate flavonoid radical
scavenging and antioxidative potential to some structural
features especially the presence of (i) a catechol group (ortho-
dihydroxyl substitution pattern) in the B ring, (ii) a hydroxyl
group in C3 in C ring, and (iii) a double bond conjugated with
theoxogroup (11,12). These characteristics are related to the
stability of the aroxyl radical formed after the flavonoid donates
an hydrogen atom to the radical (13). Other phenolic compounds
present in plants, derived from cinnamic acid (ferulic, caffeic,
coumaric, and sinapic acids) and from benzoic acid (ellagic,
gallic, and 4-hydroxybenzoic acids), have this kind of antioxi-
dant activity. Their action is associated with the number and
substitution pattern of phenolic hydroxyl groups (14).

In parallel to their free radical scavenging properties, fla-
vonoids are good inhibitors of lipoxygenases (LOX). LOX is a
metal-bound protein with an Fe atom in its active center and
oxidizes only fatty acids containing a 1-cis,4-cis-pentadiene
system. Therefore, linoleic acid is one of the preferred substrates
for this enzyme (15). Recent report correlated flavonoid activity
against LOX with structural features. Factors i and iii enhace
its inhibitory potency while factor ii diminishes instead of
reinforces this activity. Besides, in the absence of a catechol
arrangement there was an inverse correlation to total hydroxyl
group number (16).

There are several different methods to determine the anti-
oxidant ability by varying the oxidizing species and the
spectroscopic or chromatographic methodology used for moni-
toring the reaction progress. There are also many forms to
express the relative activity of the tested substances (17).

One of the most frequently used techniques for antiradical
capacity measurements is following the depletion of the free
radical 2,2-diphenyl-1-picrylhydrazyl (DPPH•) by addition of
scavenger compounds (18). It determines the ability of pure
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substances or crude extracts for trapping this unpaired-electron
species by donating hydrogen atoms or electrons, producing in
consequence the radical disappearance and the formation of less
reactive species derived from the antioxidant (19). The inhibition
of â-carotene bleaching in a coupled oxidation with linoleic
acid is a well-known methodology used for evaluating the
antioxidant activity (18). This spectrophotometric technique
monitors the bleaching of the carotenoid caused by its interaction
with peroxyl radicals produced during linoleic acid oxidation.
The reaction that takes place is an addition of the peroxyl radical
to the polyenic system of the carotenoid producing a resonance-
stabilized radical (20,21). This carbon-centered radical is able
to react with other radicals yielding nonradical products
(termination step); otherwise, it is able to add molecular oxygen
in a fast process producing a very reactive carotene-peroxyl
radical in a propagation step of the chain reaction (22-24). With
the addition of a radical scavenger, the consumption of the
carotenoid is reduced as a function of the antioxidant concentra-
tion and its intrinsic potency (25).

This methodology is very time-consuming: each determina-
tion implies 2 h of reaction at 50°C (18, 26), being a real
limitation for very numerous samples. Besides, it requires an
arduous control of the experimental conditions for accomplishing
reproducibility. This thermically induced oxidation is quite
unspecific and involves evenâ-carotene thermal degradation.
Thermal treatment produces carotenoid isomerization at the very
first stage thus generating products with different reactivities
even though their absorptivity is close to that ofâ-carotene (27).
Carotenoid oxidation takes place during polyunsaturated fatty
acid peroxidation also induced by LOX (28, 29). In conse-
quence, the peroxidation of linoleic acid can be initiated by LOX
at room temperature in a specific reaction, generating the same
oxidizing species as the thermally induced reaction. The
initiation step of the peroxidation in the system can be modulated
by modification of the pH (30). Soybean LOX catalyzes
â-carotene bleaching in the presence of linoleic acid in aerobic
conditions (31,32).

Consequently, from this preceding knowledge we propose
to modify this widely used thermically induced method to
simplify the experimental conditions and make it adequate for
a large number of samples.

The main objective of this work was to determine the
antioxidant capacity of a polyphenol series frequently present
in food and natural products discriminating the contribution of
radical scavenging action (DPPH• producedure) from enzymatic
inhibition (modifiedâ-carotene bleaching method).

MATERIALS AND METHODS

Materials. All commercially available chemicals were purchased
from Sigma-Aldrich (Buenos Aires, Argentina): Aldrich (radical 2,2-
diphenyl-1-picrylhydrazyl, gallic acid, 98%, coumaric acid, 98%; ferulic
acid, 99%; caffeic acid, 97%; cinnamic acid, 99%; sinapic acid, 98%;
chlorogenic, 4-hydroxy-3-methoxybenzoic acid, 97%); Sigma (ellagic,
benzoic, salicylic, 4-hydroxybenzoic, and 3,4-dihydroxybenzoic acids;
kaempferol, 98%; galangin, 98%; apigenin, 98%; chrysin, 98%;
quercetin, 99%; soybean lipoxygenase type 1-S,â-carotene, 95%);
Riedel de Haën (99% linoleic acid).

Solution Preparations.Buffer solution was prepared by dissolving
6.80 g of KH2PO4 and 2.00 g of NaOH in tridistilled water and adjusted
to pH 7.0 with 1 mol L-1 NaOH with dilution to 1 L with tridistilled
water. An aliquot of 500µL off a saturated solution ofâ-carotene in
chloroform was mixtured with the same amount of Tween 20.
Chloroform was removed using a stream of nitrogen for 20 min. The
final solution was obtained by adding pH 7 buffer to absorbance at
460 nm equal to 0.68. Linoleic acid solution was prepared by mixturing
50 µL of this compound and 500µL of Tween 20 and diluting with

pH 7 buffer to 10 mL. LOX solution was obtained by dissolving 10.0
mg of the enzyme in pH 7 buffer to a 10 mL solution. DPPH• was
dissolved in methanol to absorbance (517 nm) equal to 1.00. All the
solutions were prepared daily before use.

General Procedure.For the control-reaction measurements, 2.5 mL
of the â-carotene solution and 200µL of linoleic acid solution were
mixtured in a 3 mL cuvette. Finally, 200µL of LOX solution was
added to initiate the reaction, which was measured by monitoring the
absorbance at 460 nm in cycles of 30 s during 10 min.

For antioxidant activity determinations of polyphenolic compounds,
the previous procedure was performed by adding an aliquot of 10µL
of 200 µg/mL methanolic solutions of the pure compounds. All the
assays were carried out in triplicate at room temperature (25( 1 °C).

Antioxidant activity (AOA) is calculated as suggested by Burda and
Oleszek as the percentage of inhibition of theâ-carotene bleaching of
the samples compared to that of the control (26):

HereAs
0 is the absorbance of the sample at 0 min,Ac

0 is the absorbance
of the control at 0 min, andAc

∞ and As
∞ are the absorbances of the

control and the sample, respectively, in the steady state.
The absorbance of the system in a steady state was estimated by

mathematical fitting of kinetic curves performed with Origin 7.0
software.

DPPH• Procedure. For each compound an aliquot containing 20
µg of a methanolic solution was added to 3 mL of DPPH•solution.
The decrease in absorbance at 517 nm was determined by spectropho-
tometric monitoring during 70 min. The percentage inhibition of the
DPPH•radical by the samples was calculated according to the equation
(26)

whereASS is the absorbance of the solution in a steady state andA0 is
the absorbance of DPPH•solution before adding the antioxidant. All
determinations were performed in triplicate. The absorbance of the
system in a steady state was estimated by mathematical fitting of kinetic
curves performed with Origin 7.0 software.

RESULTS AND DISCUSSION

A modification of the previously mentioned thermally induced
method is proposed. This consists in an enzymatic initiation of
the reaction reducing assay time and gaining in simplicity and
reproducibility. The assay is based on the protective ability of
antioxidant substances or natural extracts to reduceâ-carotene
disappearance produced by an enzymatic initiation of the
cooxidation system by LOX.Figure 1ashows conjugated diene
spectral evolution as well as carotenoid bleaching in the
cooxidation system ofâ-carotene and linoleic acid with
enzymatic induction by LOX. The effect of an antioxidant
compound addition to prevent the oxidation reaction is shown
in Figure 1b.

AOA Determination of Pure Polyphenolic Compounds.
This modified method was used for screening the AOA
determination of a polyphenolic compound series including
flavonoids and hydroxylated cinnamic and benzoic acids. The
kinetic behavior of the system in the presence of some phenolic
compounds (galangin, quercetin, and caffeic acid), expressed
as absorbance at 460 nm vs time, is presented inFigure 2.

The AOA values determined for the 18 phenolic compounds
analyzed are shown inTable 1. The greatest antioxidant
activities were detected for quercetin, sinapic acid, and kaempfer-
ol (5.30, 3.7, and 3.00% mmol-1, respectively) followed by
caffeic, chlorogenic, and 3,4-dihydroxybenzoic acids (2.00, 2.0,

% AOA ) 100× [1 -
As

0 - As
∞

Ac
0 - Ac

∞] (1)

% AAR ) 100× [1 -
ASS

A0
] (2)
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and 1.9% mmol-1, respectively). Compounds exhibiting moder-
ate activity were gallic, ellagic, ferulic, and salicylic acids (1.5,
1.5, 1.30, and 1.00% mmol-1) as well as coumaric acid and
apigenin (both with 0.90% mmol-1). Lower activities were

presented by galangin, 4-hydroxy-3-methoxybenzoic acid, chrysin,
and 4-hydroxybenzoic acid (0.7, 0.60, 0.60, and 0.50% mmol-1)
and, finally, benzoic and cinnamic acids (0.20 and-0.100%
mmol-1). This negative value may represent a prooxidant effect
of cinnamic acid in this system.

As an example of the determination of the comprehensive
AOA of complex mixture of polyphenols, the analysis of
propolis samples was carried out. For this purpose, the addition
of the pure compound solution was replaced by an aliquot of
ethanolic extract of propolis (bee glue) from different prov-
enances and polyphenolic compound composition.Figure 3
shows the results obtained from some of the analyzed samples.

Ruggedness.The reproducibility of this new method was
evaluated by a ruggedness study, which was performed by
analyzing quercetin AOA. The variability observed for these
determinations was<5% day to day and<1% during the same
day.

ARA Determination of Pure Polyphenolic Compounds.
To estimate the contribution of free radical scavenging action
in the comprehensive AOA of pure compounds, the results found
by this modified method were compared with those obtained
by the DPPH• procedure. The measurements of the consumption

Figure 1. Spectral evolution in the cooxidation system of â-carotene and linoleic acid induced by LOX at room temperature. Experiments were carried
out (a) without and (b) with the addition of an antioxidant compound aliquot.

Figure 2. Kinetic behavior of â-carotene−linoleic acid oxidation system
induced by LOX in the presence of phenolic antioxidants: galangin (b);
quercetin ([); caffeic acid (2); control reaction (9).

Table 1. AOA of Phenolic Compounds Determined by
â-Carotene−Linoleic Acid Cooxidation Induced by the LOX Methoda

phenolic compds % AOA mmol-1

quercetin 5.30 ± 0.05
sinapic acid 3.7 ± 0.1
kaempferol 3.00 ± 0.01
caffeic acid 2.00 ± 0.05
chlorogenic acid 2.0 ± 0.5
3,4-dihydroxybenzoic acid 1.9 ± 0.1
gallic acid 1.5 ± 0.1
ellagic acid 1.5 ± 0.2
ferulic acid 1.30 ± 0.05
salicylic acid 1.00 ± 0.02
coumaric acid 0.90 ± 0.05
apigenin 0.90 ± 0.04
galangin 0.7 ± 0.1
4-hydroxy-3-methoxybenzoic acid 0.60 ± 0.01
chrysin 0.60 ± 0.01
4-hydroxybenzoic acid 0.50 ± 0.02
benzoic acid 0.20 ± 0.01
cinnamic acid −0.100 ± 0.001

a Values indicate the mean ± standard deviation.

Figure 3. Kinetic behavior of â-carotene−linoleic acid oxidation system
induced by LOX in the presence of propolis extracts from a different
provenance: Villa Silı́pica ([); Nueva Francia (2); Arraga (b); La abrita
(O); control reaction (9).
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of DPPH• radical allow one to determine exclusively the
intrinsic ability of a substance or a complex mixture to donate
hydrogen atoms or electrons to this reactive species in a
homogeneus system. This technique does not consider the
partition in organized mediums or antioxidant mechanisms other
than radical scavenging. These results cannot be directly
extrapolated to biological systems, where the species are
distributed in microheterogenous systems according to their
lipophilicities.

The kinetic behavior of the radical disappearance in the
presence of some phenolic compounds (galangin, quercetin, and
caffeic acid), expressed as absorbance at 517 nm vs time, is
presented inFigure 4.

The results obtained for the polyphenolic compound interac-
tion toward DPPH• radicals show the highest scavenging activity
for ellagic (3.5% mmol-1) followed by quercetin, chlorogenic,
3,4-dihydroxybenzoic, and gallic acids, 2.9, 2.2, 2.2, and 2.1%
mmol-1, respectively. Moderate activities were presented by
caffeic, ferulic, and sinapic acids and kaempferol (1.5, 0.9, 0.7,
and 0.7% mmol-1). Cinnamic, benzoic, 4-hydroxybenzoic,
4-hydroxy-3-methoxybenzoic, and coumaric acids and the
flavonoids apigenin, galangin, and chrysin presented antiradical
activity valuese0.2% mmol-1.

Chemical Structure-Activity Relation . Antioxidant activity
of flavonoids strongly depends on their structure. In decreasing
order of activity, they are as follows: quercetin> kaempferol
> apigenin> galangin> chrysin. This order is related with
the diminution of phenolic group number in the molecules
(Figure 5), and it is consistent with the report of Burda and
Oleszek measured by the thermally induced peroxidation (26).
The most active compound is quercetin. This flavonol presents
four phenolic hydroxyl groups (in the 5, 7, 3′, and 4′ positions)
and a vinylic hydroxyl in position 3. This substitution pattern
represents the three structural groups required for exhibiting this
very high activity: the catechol group in the B-ring, the 2,3-
double bond in conjugation with a 4-oxo functional group, and
the presence of both 3- and 5-hydroxyl groups as informed by
Benavente et al. (11).

Kaempferol, a flavonoid where the catechol present in
quercetin is replaced by a single OH phenolic, has shown lower
antioxidant activity confirming the importance of the catechol
presence.

Although kaempferol and apigenin have the same number
of phenolic hydroxyls, the former exhibits higher activity than

the latter. This result suggests that the presence of the hydroxyl
in C3 is also an important factor responsible for this behavior.

This methodology considers the inhibitory activity of LOX
as well as the capacity of breaking the radical propagation chain;
hence, this determined activity represents a comprehensive
value.

According to Sadik et al. (16), a hydroxyl in C3 produces a
diminution in the inhibitory activity toward an oxidative enzyme.
In spite of its substitution pattern, our results suggest that the
preponderant mechanism for the flavonoid kaempferol is the
enzymatic inhibition and not the radical scavenging action
considering the low ARA for this compound. Same behavior
was found for sinapic where very high AOA and even low ARA
values are observed. Finally, galangin and chrysin present the
lowest activities attributed to the reduced degree of hydroxyl-
ation compared to the other analyzed flavonoids. These results
are in agreement with Melo and Guerra report (33).

For the phenolic acids, in decreasing order the AOA found
is as follows: sinapic> caffeic > chlorogenic > 3,4-
dihydroxybenzoic> gallic > ellagic > ferulic > salicylic >
coumaric> 4-hydroxy-3-methoxybenzoic> 4-hydroxybenzoic
> benzoic> cinnamic acids. The highest antioxidant activity
observed for sinapic acid is attributed to its substitution
features: two methoxyl groups in positions 3 and 5 and a
hydroxyl group in position 4. This is in accordance with the
conclusions of Dziedzic and Hudson (34). Some evidence of
the role of the double bond conjugated with the aromatic ring
in the enhancement of the activity was found. The double bond
characteristic of cinnamic derivatives (-HCdCH-COOH) are
able to participate in the radical stabilization by resonance of
the unpaired electron. Melo and Guerra (33) explain the higher
activities shown by cinnamic derivatives compared with the
benzoic acid group.

Figure 6 presents a comparative scheme of AOA and ARA
for the compounds analyzed showing a general tendency where
good free radical scavenging compounds have high compre-
hensive antioxidant capacity. ARA corresponds to one of the
possible mechanisms consider in the AOA. The behavior of
those compounds that do not follow this tendency can be
explained in terms of their inhibitory activity toward LOX.

Ellagic and gallic acid present high free radical scavenging
capacity in the homogeneous DPPH• solution but moderate
activity in the micellar medium because of their limited
distribution in the lipophilic phase having scarce participation
in the lipid oxidation chain. Even though these polyphenols are

Figure 4. Kinetic behavior of DPPH• solution in the presence of phenolic
antioxidants: galangin (9); quercetin (2); caffeic acid (b)

Figure 5. Comparative scheme of AOA of some flavonoids and their
number of OH phenolic groups.
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distributed in the same phase as LOX, their inhibitory activity
would be reduced by their structure limiting the access to the
enzyme active site.

An enzymatic initiation by soybean lipoxygenase is proposed
as an improvement of theâ-carotene-linoleic acid cooxidation
method. The modification proposed for this widely used
technique has some advantages compared to the original
thermally induced reaction. The main features of these improve-
ments are there is a reduction of assay time, from 2 h to 10
min, the definition of the initial time of the reaction is very
clear, and the reaction takes place at room temperature avoiding
undesirable reactions making the experimental conditions more
simple and gaining reproducibility. For these reasons the assay
is a very useful technique for analyzing numerous samples in a
short time. This determination also considers another possible
mechanism of antioxidant action such as enzymatic inhibition
closer to biological systems for other frequently used procedures.

ABBREVIATIONS USED

LOX, lipoxygenase; AOA, antioxidant activity; ARA, anti-
radical activity; DPPH•, 2,2-diphenyl-1-picrylhydrazyl.
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