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Abstract The antioxidant activity of equimolar binary com-
binations of ten natural phenolic compounds (vanillic acid,
vanillin, hydroquinone, caffeic acid, ellagic acid, resveratrol,
genistein, kaempferol, quercetin and catechin) with gallic
acid or its alkyl esters (propyl-, octyl- and dodecyl gallates)
was determined measuring the scavenging 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) radical cation activ-
ity. Statistical significant antagonism was found for all com-
binations with gallic acid and for most combinations with
alkyl esters. Statistical significant synergism was observed
only for three combinations of dodecyl gallate with resvera-
trol, genistein or catechin. The antagonistic and synergistic
effects were analysed from regeneration mechanisms, and
most of them can be explained according to the one-electron
reduction potentials of the phenolics selected. These results
may facilitate the use of combinations of antioxidants, as
part of the hurdle technology, which can be applied to dif-
ferent aspects of food preservation, in order to increase shelf
life and retain nutritional quality.
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Introduction

The phenolic antioxidant found in plants and beverages
provide a defence against the oxidation processes caused
by free radicals and reactive oxygen species (ROS). In
addition, these compounds have other biological properties
beneficial for health such as antiproliferative, antibacterial,
anti-inflammatory and anti-allergic, and thus, they may
decrease the risk of cancer, hypertension, brain dysfunc-
tion, and cardiovascular and neurodegenerative diseases [1]
even though, so far, it has been not provided clinical trial-
based evidences of these benefits. Many of these biological
functions have been attributed to their free radical scaveng-
ing capacity and antioxidant activity.

The addition of antioxidant compounds, in particular
synthetic compounds such as propyl gallate among others,
is a common method to increase the oxidative stability of
foods and therefore improve their quality and shelf life.
Many studies indicate the need to reduce the use of syn-
thetic antioxidants due to their potential toxicity at high dos-
age [2] which leads to increasing investigations on natural
compounds with antioxidant properties. The use of antioxi-
dant combinations is a part of the so-called hurdle technol-
ogy, by which the antioxidant and antimicrobial activity of
natural compounds are utilised to achieve target food safety
and nutritional quality. Phenolic antioxidants combinations
were found to increase the oxidative stability of some foods
[3, 4]. Similarly, phenolics antioxidant combinations have
been assayed to improve their different biological activities
[S, 6]. Interaction among different antioxidants coexisting in
real food matrices can be additive, synergistic or antagonis-
tic causing desired or undesired modification of their activi-
ties and changes in food safety and shelf life [7].

The objective of this study was to investigate the effect
on the total antioxidant activity of equimolar binary
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combinations of eleven natural phenolics (which naturally
occur in foods) and three synthetic phenolics (which have
been widely used as antioxidant additives in foods) in order
to establish the type of interaction and to attempt to eluci-
date the mechanism responsible of the antioxidant effect of
the mixture. We have used the ABTS assay as it is a use-
ful method for detecting antioxidant activity of hydrophilic,
lipophilic and high-pigmented antioxidant compounds [8].
The natural phenolic antioxidants include a simple phe-
nol (hydroquinone), a derivative of cinnamic acid (caffeic
acid), derivatives of benzoic acid (vanillic acid, vanillin,
gallic acid and ellagic acid), stilbenes (resveratrol) and fla-
vonoids (genistein, kaempferol, quercetin and catechin).
Among which, vanillin and gallic acid are also isolated
from foods and used as flavouring agents for foods like
dairy products [9]. The synthetic phenolic antioxidants
used in this study were gallic acid alkyl esters (propyl-,
octyl- and dodecyl gallates). They are currently permitted
for uses as additives in foods like dehydrated milk [10].
Gallic acid alkyl esters are also known for their chelating
capacity (to chelate transition metal ions, which can pro-
mote the damage caused by free radical in foods), and anti-
microbial agents specially the octyl- and dodecyl gallates
[11]. In previous works, we have reported the antibacterial
activity of gallic acid against Staphylococcus aureus [12]
as well as the antibacterial activity of octyl gallate against
several strains of Gram-positive and Gram-negative bac-
teria [13, 14]. A phenolic compound possessing both anti-
oxidant and antimicrobial activities would be of interest to
food industry, because the presence of this compound in
foods would reduce the total amount of additives required
for providing these activities.

Materials and methods
Chemicals

ABTS (2,2'-azino-bis[3-ethylbenzothiazoline-6-sulphonic
acid]), potassium persulphate, caffeic acid, catechin, ellagic
acid, genistein, hydroquinone, kaempferol, quercetin, res-
veratrol, Trolox, vanillin, vanillic acid, gallic acid, propyl
gallate, octyl gallate and dodecyl gallate were purchased
from Sigma Chemical Company (St. Louis, MO, USA). All
other chemicals used were of analytical grade.

Antioxidant activity by ABTS assay

The modified ABTS assay at pH 4.5 was carried out as
described by Ozgen et al. [15] and Zyzelewicz et al. [16],
with minor modifications. The ABTS radical cations
(ABTS'*) were prepared as follows: ABTS stock solution
(7 mM) with 2.45 mM potassium persulphate was prepared
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in 20 mM sodium acetate buffer, pH 4.5, and was allowed
to stand for 12-16 h at room temperature in the dark
remaining stable for several weeks at 4 °C. On the day of
analysis, the ABTS* solution was diluted with the same
buffer to an absorbance of 0.7 £ 0.01 at 734 nm. For the
spectrophotometric assay, one mL of the ABTSt solution
and 10 nL of 0.2 mM of individual phenolic compounds
dissolved in ethanol or equimolar binary combinations of
these phenolic compounds (0.2 mM) were mixed, and the
absorbance at 734 nm was registered after 6 min at 30 °C.
Trolox was used as the antioxidant control, and the results
were expressed as mM Trolox equivalents. The concen-
tration of Trolox giving the same percentage reduction of
absorbance at 734 nm as the 0.2 mM antioxidant solution
was calculated using a Trolox standard curve (0-3.0 mM).

According to Peyrat-Maillard et al. [17], the mixture
effect (ME) on the antioxidant activity of binary combina-
tion is defined as the ratio of the experimental antioxidant
activity (AA) of a mixture of two compounds (A, and A,)
to the calculated by the sum of activity of each compound
separately (AA; and AA,):

ME = AA/AA| 4+ AA;

A ME value > 1 defines a synergistic effect, whereas
a ME value < 1 defines an antagonistic effect and a ME
value = 1 an additive effect between the implicated
antioxidants.

Statistical analysis

The antioxidant activity of each phenolic compound
was analysed at least 10 times alone and 10 times in the
binary mixture, each performed in duplicate. The results
were reported as mean =+ standard deviation (SD). One-
sample Student’s ¢ test was performed by using the SPSS
19.0 package (SPSS software available at the University of
Ledn).

Results and discussion

Firstly, we have determined the antioxidant activity of
the selected phenolic compounds, at a concentration of
0.2 mM, according to their capacity to scavenge the radical
cation ABTS . The results are shown in Table 1, where it
can be seen that the esterification of the carboxylate group
of gallic acid decreases the antioxidant activity as the alkyl
chain length of the ester group increases, following an
order: gallic acid > propyl gallate > octyl gallate > dodecyl
gallate, so that the antioxidant activity of dodecyl gallate is
35% of that of the gallic acid. Lu et al. [18] analysing the
scavenging efficiency of gallic acid derivatives on DPPH
in ethanol absolute reported a clear decline of antioxidant
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Table 1 Antioxidant activity of selected individual phenolics
(0.2 mM)

Phenolics Antioxidant activity®
(mM Trolox equivalents)
Genistein 0.16 = 0.06
Vanillic acid 0.22 +0.04
Vanillin 0.29 +0.04
Hydroquinone 0.34 £ 0.02
Kaempferol 0.38 £ 0.08
Caffeic acid 0.42 £0.10
Catechin 0.78 £ 0.09
Resveratrol 0.81 +£0.08
Ellagic acid 0.92 £0.10
Quercetin 0.93 £+ 0.09
Gallic acid 1.14 £0.18
Propyl gallate 0.85 £ 0.07
Octyl gallate 0.50 £ 0.08
Dodecyl gallate 0.40 £0.05

2 The data are shown as means =+ deviation (n > 10)

activity with an increase in the acyl chain length, indicat-
ing that the steric freedom is also important for the antioxi-
dant activity. However, other authors found that the antioxi-
dant activity of gallates against the DPPH does not depend
on chain lengths [11, 19]. The antioxidant activity by the
ABTS assay was carried out at pH 4.5, so that the gallic
acid is mainly present (75%) in the monoanionic form (pK
value =~ 4.0). Ji et al. [20] indicated that the proton disso-
ciation from the carboxyl group is important to understand-
ing structure—activity relationships of gallic acid antioxi-
dant derivatives, since the deprotonated carboxyl becomes

electron-donating group, which favours radical scavenging
based on H-atom-transfer and electron donation. Although
the gallic acid monoanion form, present at pH 4.5, has big
influence on the radical scavenging behaviour, the steric
effect of alkyl chain of the gallic acid esters also appears
to play an important role in the antioxidant activity of these
compounds. In addition, the highest antioxidant activity of
resveratrol respect to genistein (0.81 vs 0.16) highlights the
importance of the conjugation of the two phenolic rings on
the efficiency of the first as antioxidant.

Table 2 shows the mixture effect on the antioxidant
activity of the binary combinations of the natural phenolic
compounds studied with gallic acid or propyl-, octyl- or
dodecyl gallate. The binary combinations with gallic acid
and with its derivatives produce mostly antagonistic effects
(ME < 1). Of the 43 possible binary combinations, 10 of
them show additive effects (ME = 1) and only 3 synergistic
effects (ME > 1). An analysis of variance by rows, but not
indicated in Table 2 (for clarity), revealed that the values of
the mixture effect (ME) of the binary combinations which
are significantly equal (p < 0.05) show also a similar behav-
iour, i.e., or are equal to 1 (additive effect) or different than
1 (synergistic/antagonistic effect). Combinations with gal-
lic acid, in all cases, lead to antagonistic effects. The higher
antagonistic effects appear in the binary combinations of
the vanillic acid and vanillin with gallic acid and its alkyl
esters showing an 18-30% reduction in antioxidant capac-
ity. For 6 of the natural phenolic compounds used in these
binary combinations, namely hydroquinone, caffeic acid,
resveratrol, genistein, quercetin and catechin, it can be said,
in a general way, that the alkyl chain length transforms the
observed antagonistic effects in combination with the gallic
acid, in additive and, even in synergistic effects for some of

Table 2 Mixture effect (ME)

o e Phenolics Gallic acid Propyl gallate Octyl gallate Dodecyl
on the antioxidant activity
. . gallate

of binary combinations of

Sellithed %ﬂtur;! Pheﬁg’ilcs with Vanillic acid 0.72 % 0.04* 0.80 % 0.07* 0.82 4 0.13* 0.70 + 0.12%

gatlic aciC anc 1ts 2 y” Ssters Vanillin 0.75 + 0.08* 0.92 + 0.06* 0.92 + 0.08* 0.87 +0.12%

at equimolar concentrations

(0.2 mM) Hydroquinone 0.88 + 0.08* 1.10+0.10 0.95 +0.07 1.05 + 0.06
Caffeic acid 0.90 + 0.07* 1.04 +0.05 1.03 +0.04 0.81 + 0.05*
Gallic acid 0.84 + 0.05* 0.89 + 0.06* 0.95 + 0.05*
Ellagic acid 0.80 £ 0.06* 0.94 £ 0.03* 0.86 + 0.15* 0.92 £ 0.10%*
Resveratrol 0.90 £ 0.06* 1.03 £ 0.05 0.96 + 0.09 1.17 £ 0.07*
Genistein 0.73 £ 0.12%* 0.77 £ 0.09%* 0.80 £ 0.10%* 1.30 £ 0.09*
Kaempferol 0.70 £ 0.05%* 0.86 £ 0.06* 0.77 £ 0.05%* 0.90 £ 0.08%*
Quercetin 0.87 £ 0.09%* 0.86 &+ 0.06* 0.87 £0.11* 1.06 £+ 0.25
Catechin 0.95 + 0.04* 0.99 + 0.06 0.99 + 0.07 1.11 £ 0.02*%

ME is defined in Materials and methods. The data are presented as means + deviation (n > 10). ME > 1
synergistic effect; ME < 1 antagonistic effect and ME = 1 additive effect

* Significant differences (p < 0.05) with to value 1. p values were calculated using one-sample Student’s ¢

test
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Table 3 Regeneration mechanisms in the antioxidant activity of
the binary combinations analysed that show antagonistic/synergistic
effects

Antioxidant combinations AYA$ Combination effect X (%)
Vanillic acid/gallic acid Antagonism 58
Vanillic acid/propyl gallate Antagonism 27
Vanillic acid/octyl gallate Antagonism 43
Vanillic acid/dodecyl gallate Antagonism 100
Vanillin/gallic acid Antagonism 60
Vanillin/propyl gallate Antagonism 7
Vanillin/octyl gallate Antagonism 34
Vanillin/dodecyl gallate Antagonism 82
Hydroquinone/gallic acid Antagonism 45
Caffeic acid/gallic acid Antagonism 43
Dodecyl gallate/cafteic acid Antagonism >100
Propyl gallate/gallic acid Antagonism >100
Octyl gallate/gallic acid Antagonism 7.3
Dodecyl gallate/gallic acid Antagonism 8
Ellagic acid/gallic acid Antagonism >100
Propyl gallate/ellagic acid Antagonism 86
Octyl gallate/ellagic acid Antagonism 48
Dodecyl gallate/ellagic acid Antagonism 19
Resveratrol/gallic acid Antagonism >100
Resveratrol/dodecyl gallate Synergism 46
Genistein/gallic acid Antagonism 51
Genistein/propyl gallate Antagonism 25
Genistein/octyl gallate Antagonism 38
Dodecyl gallate/genistein Synergism 71
Kaempferol/gallic acid Antagonism 78
Kaempferol/propyl gallate Antagonism 28
Kaempferol/octyl gallate Antagonism >100
Kaempferol/dodecyl gallate Antagonism >100
Quercetin/gallic acid Antagonism >100
Propyl gallate/quercetin Antagonism >100
Octyl gallate/quercetin Antagonism 44
Catechin/gallic acid Antagonism 83
Catechin/dodecyl gallate Synergism 34

# A, is the antioxidant that acts only as a scavenger of radical
ABTS™*

b A, is the antioxidant that acts as scavenger of radical ABTS* and
as a regenerator of A,

¢ X is the part of A, that regenerates A, calculated from Eq. (1)

them. Synergistic effects were only found in the combina-
tions of dodecyl gallate with resveratrol, catechin and gen-
istein, showing the last combination the biggest synergistic
effect (30% increases in antioxidant activity). Probably, not
only the length of the alkyl chain, but also the role that can
play the structure of the partner present in the combination,
contributes to change the mixture effect from antagonist to
an additive effect, and finally, to synergistic.

@ Springer

Understanding the mechanisms underlying the func-
tionality of combinations of antioxidant is important to
their potential development. Several hypotheses have been
developed to explain the effects found in binary combina-
tions of antioxidants. Peyrat-Maillard et al. [17] described
coupled reactions of regeneration between antioxidants:
a synergistic effect if the less efficient antioxidant regen-
erates the more efficient one and an antagonistic effect if
the more efficient molecule regenerates the less efficient
one. In addition, other phenomena postulated to explain
the interactions of antioxidants include the polarity of the
interacting molecules, the reaction rates of antioxidants, the
effective concentration of the antioxidants at the oxidation
site and even the possibility of complex formation between
antioxidants [21-23].

We have analysed the mixture effect of binary combi-
nations of the studied phenolics to probe if they could be
explained by regeneration mechanisms between antioxi-
dants [17]. In these binary combinations, one of the antiox-
idants (A,) may react either with ABTS* or with phenolic
radical derived from the oxidation of other antioxidant (A,)
by reaction with ABTSt, regenerating the latter antioxi-
dant. We have considering that one mol of a phenolic anti-
oxidant regenerates one mol of another one, and so equi-
molar concentrations of the two antioxidants were tested.
The experimental antioxidant activity (AA) of binary com-
bination can be expressed by the Eq. (1) from which we
have deduced the fraction X of antioxidant A, that acts as a
regenerator of antioxidant A ;:

Experimental AA = AA; + X AA; + (1 — X) AA, (1)

where AA, and AA, were the individual antioxidant activ-
ity of A and A,, respectively.

Table 3 shows the mixture effects of the binary com-
bination as well as the regeneration percentage (X) of the
antioxidant A, that acts as a regenerator of the other anti-
oxidant A;. The antagonistic effects found in the binary
combinations of gallic acid with vanillic acid, vanillin,
hydroquinone, caffeic acid, genistein, kaempferol and cat-
echin, respectively, can be explained by the fact that any
of these phenolic compounds could be regenerated by the
gallic acid with higher antioxidant activity. It is worth men-
tioning the regeneration of antioxidant flavonoids such as
catechin (83%), kaempferol (78%) and genistein (51%),
as well as that of the vanillic acid and vanillin (58-60%)
and to a lesser extent those of hydroquinone (45%) and
caffeic acid (43%), suggesting that gallic acid seems to
act better as a scavenger of the radical of these phenolic
compounds than ABTS™ radical cation. Therefore, the
gallic acid seems to reduce to the radical derived from
catechin > kaempferol > vanillic acid ~ vanillin > gen-
istein > hydroquinone = caffeic acid. Antagonistic effects
observed in the binary combinations of resveratrol, propyl
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gallate, ellagic acid or quercetin with gallic acid cannot be
explained by this process of regeneration on the basis of
a 1:1 stoichiometry, since in these cases the X values are
greater than 100%. This could be due that these phenolic
compounds have an antioxidant activity similar to the gal-
lic acid (Table 1). In addition, as already mentioned above
other many processes could be involved in these interac-
tions, including a stoichiometry higher than 1:1.

The antagonistic effects of binary combinations of the
selected phenolics with the gallic acid alkyl esters in the
majority of cases can be explained by regeneration mecha-
nisms. In some combinations, the regenerator capacity of
the alkyl ester diminishes and/or ceases with the increase in
the length of the alkyl chain. However, for the combinations
with vanillic acid and vanillin the increase in the length of
the alkyl chain increases the regenerative capacity of the
gallic acid alkyl ester. In this sense, it is noteworthy that the
dodecyl gallate seems to act almost exclusively as a regen-
erator of vanillic acid and vanillin, respectively, suggesting
that it may have much more affinity for the radical deriva-
tives of vanillic acid and vanillin than for ABTS* radical
cation. On the other hand, ellagic acid is a good regenera-
tor of the gallic acid alkyl esters, although its regeneration
capacity diminishes with the increase in the length of the
alkyl chain. The synergistic effects shown in the binary
combinations of resveratrol/dodecyl gallate, catechin/dode-
cyl gallate and dodecyl gallate/genistein (Table 3) can also
be explained by a regeneration mechanism. In the first two
combinations is the dodecyl gallate which should regener-
ate to resveratrol (46%) and the catechin (34%). In these
cases, the presence of a synthetic antioxidant, as dodecyl
gallate, enhances the antioxidant capacity of natural fla-
vonoid. We believe this can be potentially important for
the resveratrol as scientific evidences have highlighted its
potential as therapeutic agent for cerebral and cardiovas-
cular diseases [24]. However, it is striking that in the third
combination, genistein, a natural flavonoid, regenerates in
a very high percentage (71%) to the dodecyl gallate under
these experimental conditions. This result shows that gen-
istein has much more capacity to scavenge the radical of
the dodecyl gallate than the ABTS . Gunckel et al. [25],
from a carried out electrochemical study with the gallic
acid and the alkyl gallates, found that the introduction of
alkyl group did not greatly influence the energetics of the
electron transfer, although less stable semiquinone radicals
are produced. This could explain why genistein is capable
of regenerate the dodecyl gallate but not gallic acid, propyl
gallate and octyl gallate.

In addition, we have found that almost all the effects
of the binary combinations of the phenolics tested can
also be explained theoretically according to the one-elec-
tron reduction potentials (E’®) of the studied phenolics.
The hierarchy of electron donation is clearly based on the

Table 4 Electrochemical properties of some of the antioxidant phe-
nolics used in this study

Phenolics E°(V)* E, (V)" References

Ellagic acid 0.278 Komorsky-Lovri¢ and Novak
[31]

Quercetin 0.330 Jovanovic et al. [32]

Caffeic acid 0.534 Foley et al. [33]

Gallic acid 0.560 Jovanovic et al. [34]

Catechin 0.570 Jovanovic et al. [35]

Resveratrol 0.620 Fang and Zhou [36]

Hydroquinone  0.700 Kung and McBride [37]

Genistein 0.730 Han et al. [38]

Kaempferol 0.750 Jovanovic and Simic [39]

Vanillin 0.942 Khopde and Priyadarsini [40]

Vanillic acid 0.952 Khopde and Priyadarsini [40]

& E'° is the standard one-electron reduction potential

b . . .
E,, is the peak potential from cyclic voltammetry

reduction potentials, and this allows us to predict the effect
of the mixture in most binary combinations studied. Table 4
shows the E’® value for the most of the phenolics used in
this study with the exceptions of ellagic acid and resvera-
trol, for which reduction potentials could not be found. For
these two cases, we have used the peak potentials (Ep) (Ep
is defined as the peak oxidation potential value that reflects
the redox properties of the antioxidant [26]), which could
not be directly comparable. A low oxidation potential is
associated with a greater facility or strength of a given mol-
ecule for the electrodonation and, thus, to act as antioxi-
dant. Likewise, we have assumed that the gallic acid alkyl
esters have values of E’® very similar to the gallic acid,
based on the values of half-wave potential (E,,,) described
by Gunckel et al. [25] for some alkyl esters of gallic acid.
The results shown in this paper suggest that the effects
of the most binary combinations of phenolic compounds
tested can be explained by an electron transfer mechanism,
according to the experimental conditions used in this work
and the theoretical data of the reduction potential values.
Of the 30 antagonistic effects estimated (Table 3), 29 of
them are thermodynamically possible and also they match
to the experimentally obtained effect (antagonism), taking
into account the E’° values (Table 4). Only the antagonistic
effect of caffeic acid regeneration by the gallic acid is not
thermodynamically explainable. Furthermore, of the three
binary combinations showing synergistic effects only the
regeneration of dodecyl gallate by genistein is not thermo-
dynamically feasible. The value of the E’® only indicates
that the process can be thermodynamically favourable, but
its rate may be too slow to occur. So, it is possible that of
the ten combinations with additive effects found (Table 2),
seven of them could produce antagonistic effects and three
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synergistic ones if the processes occur at sufficient rate to
be detected.

The ability of gallic acid to regenerate caffeic acid may
be linked to a lesser bond dissociation enthalpy (BDE) of
the 4-OH bond of gallic acid (82.28 kcal mol™') versus
of the 4-OH bond of the caffeic acid (86.02 kcal mol™").
These BDEs values have been obtained by Leopoldini et al.
[27] from density functional theory (DFT) calculation in
water solvent and refer to the bond dissociation enthalpy
of the most easily dehydrogenable OH group. The lower
the BDE value, the higher the dissociation of the phenolic
O-H bond and the transfer of the H atom to free radicals,
and thus, the caffeic acid regeneration by gallic acid can be
possible.

No published thermodynamic parameters in water
solution to explain the regeneration of dodecyl gallate by
genistein. From DFT studies, the hydrogen atom trans-
fer (HAT) mechanism appeared as the thermodynamically
preferred pathway in gas phase for several isoflavonoids
including genistein [28]. However, the influence of the sol-
vents can be important on the value of the thermodynamic
parameters that even cannot follow the same trends [27].
Senthil Kumar and Kumaresan [29] in a DFT study about
free radical scavenger mechanism of several isoflavonoids
revealed that the thermodynamic parameters that define
a single-electron transfer-proton transfer (SET-PT) and
sequential proton loss-electron transfer (SPLET) are sig-
nificantly lower in water than in the gas phase, as a con-
sequence of the stabilisation of charged species in polar
solvents, suggesting that the SPLET mechanism will be
the thermodynamically preferred pathway in polar solvent.
Recently, Lengyel et al. [30] indicated that HAT mecha-
nism can be attributed predominantly to the B ring, while
SPLET takes place preferentially in the A ring of isofla-
vones. Thus, in water solution genistein could regenerate
dodecyl gallate by SPLET mechanism.

With all the data shown in this study, and in the exper-
imental conditions used, it is possible to predict, in most
cases the type of interaction that can occur in the binary
combinations of gallic acid or its alkyl esters with natu-
ral phenolics selected using the ABTS assay. The results
obtained can provide information which may be useful to
prevent the use of phenolic compounds that can produce
antagonistic effects in binary combinations, either when
added as additives to food or if any of these phenolic com-
pounds is present naturally in foods.

Conclusions
The antioxidant behaviour analysis, determined by ABTS

assay at pH 4.5, showed statistical significant antagonism
for the most of the equimolar binary combinations of
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natural phenolics with gallic acid or its alkyl esters. Only
the combinations of dodecyl gallate with resveratrol, gen-
istein or catechin showed statistical significant synergism.
The mixture effects found were analysed in the light of
regeneration mechanisms and can explain most of them
according to the one-electron reduction potentials of the
studied phenolics. We think that the two analyses per-
formed represent a useful approach for understanding the
interactions between antioxidant phenolics.
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