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Abstract

This work aims to determine the antioxidants activity of individual antioxidants and natural extracts by isothermal calo-
rimetry. The proposed method is an adaptation of the “inhibited autoxidation method”. It consists of the monitoring of the
heat-flow signal evolved during the autoxidation of styrene, in the presence of 2,2'-azobis(isobutyronitrile) as radical initiator,
with individual antioxidants or plant extracts as inhibitors, and under isothermal conditions (303 K). The resulting calorimet-
ric traces were transformed in conversion fractions over time. The antioxidant activity was expressed with the initial slope
of the inhibited period of styrene autoxidation. Also, the induction period observed at the onset of the uninhibited styrene
autoxidation leaded the stoichiometry number of the reaction between antioxidants and free radicals. The approach was very
simple, and it allowed to rank individual antioxidants (a-tocopherol > > gallic acid =quercetin > syringic acid > > synap-
tic acid > 4-hydroxybenzoic acid) and plant extracts (Olea europea > Melissa officinalis > Fraxinus excelsior > > Papaver
rhoeas), based on their ability to decrease the conversion rate of styrene autoxidation. The results on plant extracts were
critically compared with those from the DPPH assay. Differently to the many antioxidant assays widely used nowadays, the
proposed approach has the merit to test the activity of micromolar quantities of antioxidants to inhibit the autoxidation of a
large excess of an oxidizable substrate, whose oxidation is induced by a constant rate of free radicals formation under well

controlled and reproducible experimental conditions.
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Introduction

Most processed foods, feeds or cosmetics contain a certain
amount of antioxidants. Their use is essential to protect
such products from degradative oxidation processes [1].
Recently, there is a growing trend, especially in the food
sector, to replace synthetic antioxidants (i.e., butylated
hydroxytolune (BHT), butylated hydroxyanisole (BHA))
with natural extracts (i.e., extracts from vegetables, botani-
cal herbs, spices and food by-products) [2-4]. However, the
development of formulations with the use of natural extracts
is often limited by the lack of methodologies available for
their testing and validation. The final decision on which
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antioxidant systems must be used in a formulation is gener-
ally based on very long shelf-life studies (which may take
months or years), or alternatively, with complex acceler-
ated stress testing studies, whose validity could be debated.
Moreover, because of the importance of antioxidants in the
protection of foods, feeds and cosmetics, a large variety of
quick tests have been also proposed in recent years, although
their capacity to predict the behavior of natural extracts in
complex systems (like foods) seems quite limited [5].

One of the most comprehensive methods to determine the
antioxidant activity is the “inhibited autoxidation method”
[6]. This method is based on quantitative kinetic studies that
measure the ability of antioxidants to inhibit the rate of an
autoxidation process of a reference substrate [7]. The choice
of the substrate is based on the effectiveness of the anti-
oxidants under investigation. For instance, fast antioxidants,
like tocopherols, require very fast oxidizable substrates, like
linoleic acid (having rate constant of chain propagation &, of
62 M~ 57! at 30 °C) or styrene (k,=41 M~" s7"). Instead,
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less effective antioxidants may be studied with cumene
(k,=0.34 M~" s7") [8]. To study quantitatively the kinet-
ics of antioxidants, it is essential to control the rate of free
radical initiation. This is generally achieved by using azo
initiators, like a,a-azo-bis-isobutyronitrile (AIBN), which
can generate radicals at a reproducible and constant rate [6].

Inhibited autoxidation methods may be classified based
on their detection principle. The extent of the autoxidation
can be followed by monitoring the consumption of oxy-
gen in the headspace [8], the oxidation of the substrate [9],
or through the hydroperoxides formation [10]. However,
regardless to the detection principle, the resulting transient
signal is characterized, generally, by two characteristic peri-
ods. The first is when autoxidation is inhibited by antioxi-
dants (this phase is called inhibited). The second is when
antioxidants are consumed, and autoxidation can proceed
uninhibited (this phase is called uninhibited). The rate of
styrene oxidation during the inhibited period is used to
characterize the antioxidant activity of pure molecules [11]
and raw extracts [4, 12, 13]. Furthermore, the time at which
the breakpoint or induction period occurs can be used to
determine the stoichiometry factor of the reaction between
antioxidants and radicals.

Although inhibited autoxidation methods have the advan-
tage to test antioxidants in highly controlled experimental
conditions, the complexity of the setup has often limited
their widespread use. For this reason, during the last dec-
ades, antioxidant properties have been often studied with
fast and simple in vitro assays, like the ferric reducing
antioxidant power (FRAP), the total radical-trapping anti-
oxidant potential (TRAP), the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and the oxygen radical absorbing capacity (ORAC)
assays [11-14]. With only a few exceptions [15], such rapid
in vitro assays are generally designed to measure merely a
change in color before and after an arbitrary reaction time.
The payback for such oversimplified procedures is that they
are rarely useful to express an antioxidant activity. Also,
such assays investigate the performance of an antioxi-
dants without the presence of an oxidizable substrate. This
impedes to predict the performance of an antioxidants when
applied to food or biological systems. Finally, such assays
are designed to express the capacity of antioxidants (e.g.,
how many?), rather than their activity (e.g., how fast?). For
these reasons, the use of such in vitro assays has been often
debated [10].

In this work, a calorimetric adaptation of the classical
“inhibited autoxidation methods” was proposed to deter-
mine the activity of individual antioxidants (4-hydroxyben-
zoic acid, synaptic acid, syringic acid, quercetin, gallic acid
and a-tocopherol) or natural extracts (Papaver rhoeas, Olea
europea, Melissa officinalis, Fraxinus excelsior). The results
have been compared with those based on the bleaching of
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radical probes (DPPH) [16]. Overall, this work investigated
the possibility to use isothermal calorimetry to test the
activity of antioxidants (in micromolar concentration) to
inhibit the autoxidation of an oxidizable substrate (in large
excess), induced by a constant flux of free radicals, under
well controlled and reproducible conditions of temperature.
This effort was intended to promote the development of a
standardized method for testing the antioxidant activity of
plant extracts.

Materials and methods
Reagents

Styrene, azo-bis-isobutyronitrile (AIBN), antioxidants
(a-tocopherol, gallic acid, syringic acid, 4-hydroxybenzoic
acid, quercetin, synaptic acid), acetonitrile, Folin—Ciocal-
teu’s reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH) and
sodium carbonate were purchased from Sigma-Aldrich
(Milano, Italy).

Solutions

Known concentrations (0-50 pM) of a-tocopherol, gal-
lic acid, hydroxybenzoic acid, quercetin, synapic acid and
syringic acid were prepared in acetonitrile and mixed with
styrene (3.96 M). AIBN (4, 10, 30 mM) was added as a radi-
cal initiator. Antioxidant solutions and AIBN stock solutions
were prepared daily. Each mixture was thoroughly vortex for
10 s to obtain a homogeneous clear solution, which was then
used for the analysis.

Kinetic model of the inhibited autoxidation
of styrene

The autoxidation of styrene in aprotic solvents was described
by a simplified kinetic model based on Scheme 1.

Where AIBN is the azo-initiator, RH is styrene, ROOH
are polyperoxides, AH is the antioxidant and 7 is the stoi-
chiometric factor. The latter expresses the number of radi-
cals trapped by one molecule of antioxidant. Finally, &, ki,
and k;,,, are, respectively, the rate constant of propagation,
termination, and inhibition. k, is the rate constant of oxy-
gen association with alkyl radicals, and it is generally very
fast and not rate limiting [17]. Also, k is the rate constant of
AIBN decomposition, which can be predicted by Eq. 6 [18]:

ky = 10'°EXP(~127500/RT) (6)

where R is expressed as 8.314 J mol~! K=,
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Isothermal calorimetry measurements

Experiments were performed by a twin-type calorim-
eter (Thermal Activity Monitor, Model 421 TAM III, TA
Instruments) consisting of a sample cell, which is placed
over a reference. The sample cell holds a glass ampoule
(4.0 - 1073 L), which is filled with the sample (2.0 - 107 L)
and sealed with a silicone septum. The reference cell con-
sists of a sealed empty ampoule. The sample and reference
cells are surrounded by a thermostat, which assure long-
term stability better than + 10~ K/24 h. Each run requires
a first equilibration step, in which the sample ampoule is
lowered at mid height inside the microcalorimeter and held
for at least 15 min. In such period, the temperature of the
sample is equilibrated with that of the thermostat. When the
glass ampoule is lowered into the measurement position, the
recording of the heat-flow signal is collected every 10 s [19].

Phenolic extracts from herbs

Samples of Melissa officinalis, Fraxinus excelsior, Olea euro-
pea leaves and Papaver rhoeas flowers were kindly provided
by Naturalsalus®. The freeze-dried herbs were grounded into
fine powders using a laboratory hammer mill (Perten Instru-
ments, Hagersten Sweden). A porous cellulose thimble con-
taining 10 g of each dried sample was set into a Soxhlet appa-
ratus. The extraction was carried out for 6 h using 150 mL
of ethanol placed in a round bottom flask. At the end of the
process, the solvent was removed using a rotary evaporator
(Laborota 4000, Heidolph, Schwabach, Germany) and further
dried overnight at 40 °C.

Total phenolic content

The total phenolic content of plant extracts was obtained
by the Folin—Ciocalteu method proposed by Singleton and
Rossi [20] with slight modifications. A blue color was devel-
oped by the reaction between the phenolic compounds and

phosphomolybdic/phosphotungstic acid complexes. The
absorbance was measured with a spectrophotometer (Cary
100 Series UV—Vis Spectrophotometer, Agilent Technolo-
gies, Italy) at 765 nm and compared with a calibration curve
of gallic acid. Methanolic plant extracts were incubated for
2 h in the dark before measuring the absorbance. The results
were expressed as mol of gallic acid equivalent (GAE) per
mg of extract.

DPPH assay

The antioxidant activity of plant extracts was estimated the
classical DPPH assay, as described by Brand-Williams [21]
with small modifications [22]. DPPH solution was character-
ized by a violet color, which was reduced in the presence of
an antioxidant. For this purpose, 10 mg of DPPH were dis-
solved in 250 mL of methanol and sonicated for 1 min. Trolox
(6-hydroxy-2, 5, 7, 8-tetramethylchroman-2-carboxylic acid)
was used as reference. Different concentrations of Trolox
(0-800 uM) were prepared to build the calibration curve. To
perform the measurements, 1.9 mL of DPPH solution were
transferred into cuvettes and 100 pL of the Trolox solutions
or the methanolic plant extracts were added. The samples
were kept in dark for 30 min at room temperature and the
absorbance was recorded at 515 nm with a spectrophotometer
(Cary 100 Series UV-Vis Spectrophotometer, Agilent Tech-
nologies, Italy). The antioxidant capacity of the extracts was
determined using the standard Trolox calibration curve and
all results were expressed as mol of Trolox equivalent (TEA)
per mg of extract.

Statistical analysis

The results are expressed as mean and standard deviation.
The propagation of the uncertainty of symbolic expressions
composed by variables with mean and standard deviation was
calculated by first- or second-order Taylor expansion with the
software R [23] and the package “propagate” [24].
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Results and discussion
Styrene oxidation

Figure 1A (line a) shows the isothermal calorimetry traces
observed during the autoxidation of styrene initiated by
10 mM of AIBN at 303 K. The reason for using styrene as
oxidizable substrate have been previously reported by Bur-
ton and Ingold [25]. Briefly, styrene has been widely used
in previous quantitative kinetic studies of phenol-inhibited
autoxidation [4-8]. Second, its propagation rate constant is
relatively large (k, = 41 M~'s™" at 303 K). This means, in
practice, that styrene oxidation occurs fast enough to allow
the testing of very efficient antioxidants. Also, as styrene
contains no readily abstracted hydrogen atom, its oxida-
tion forms polyperoxides rather than hydroperoxides [26].
This is a further advantage as it prevents the complication
of backward reactions, which are typically observed when
hydroperoxides give back a hydrogen atom to the antioxidant
radicals (A *) generated in Eq. 5 [27].

The autoxidation of styrene was induced by the addition
of an artificial radical initiator, which was able to gener-
ate radicals at a reproducible and constant rate. At this pur-
pose, 2,2'-azobis(isobutyronitrile) (AIBN) (1.0 - 1072 M)
was chosen because of its well-established use in the radical
reactions of styrene [8]. Also, AIBN decomposes with the
formation of a pairs of carbon-centered radicals (e.g., alkyl
radicals, R*), which react very rapidly with oxygen to form
peroxyl radicals (ROO"). During its decomposition, AIBN
continuously supplies initiating radicals, even at moderate
temperatures, following a first order rate law regardless of
the solvent or initiator concentration [28].

Without antioxidants, the area of the calorimetric trace
resulted in an overall exothermic heat Q,, of (6.31+0.22)J
(n=35). The Q,, value reflected the sum of the heats associ-
ated with several simultaneous reactions, at least, initiation,

propagation, and many kinds of terminations. The process
was even more complicated by the fact that, toward the
end of the autoxidation process, the oxygen present in the
ampoule headspace became rate limiting. However, at point
a,, the consumption of oxygen was completed. This was ver-
ified with independent autoxidation experiments performed
with different substrates (e.g., AIBN dissolved in vegetable
oils) with the extent of oxygen consumption monitored over
time by an optical oxygen measurement system. The com-
plete oxygen consumption was possible thanks to the use
of the azo-initiator AIBN. This consistently generated free
radicals (R"), which reacted very rapidly with all the remain-
ing oxygen (see Eq. 2). This explains the sudden decrease of
the heat-flow signal as well in the immediate vicinity prior to
point a;. Based on such finding, the heat generated following
point a; was not associated with the autoxidation of styrene
and, therefore, was neglected.

Thus, assuming that the main exothermic event observed
in Fig. 1 was attributed to the heat released during the autox-
idation of styrene, then, the cumulative integration of the
heat flow signal ( f gq - dt) and the overall integral of the
heat-flow rate Q,, can be used to calculate the conversion
fraction of the process (Eq. 7):

Jog-de

a(r) o @)

The conversion fraction a(¢) is a value that changes from
0 to 1 during the conversion of reactants to products. Fig-
ure 1B (line a) shows its evolution over time during the
uninhibited autoxidation of styrene. It should be noted that
the autoxidation process did not start immediately. This
was because the bulk styrene reagent contained a stabilizer
(4-tert-butylcatechol, < 15 mg/kg). Until the stabilizer was
present, the conversion fraction remained negligible. Acci-
dentally, the presence of this stabilizer was desired because
it allowed the preliminary operations of the experiment,

Fig. 1 Calorimetric trace A
resulting from the oxidation of
styrene (3.96 M) induced by
AIBN at 303 K in the presence 20
of increasing concentrations of
a-tocopherol [from (a) O to (f)
50 uM]. Exo signal is positive.
Also shown B the conversion
fraction over time, and C, inset
the induction time vs concentra-
tion of a-tocopherol
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such as the addition of the sample in the ampoule and its
loading into the calorimetric cell, to be performed without
the occurrence of autoxidation. Only when all the stabi-
lizer was consumed, the autoxidation process could start
[29]. Indeed, from that point on, the heat flow value, and
the conversion fraction increased linearly and steady. The
slope of the styrene conversion (line a) during the unin-
hibited period resulted in an apparent rate (da,,;/dt) of
3.98 +0.08 - 107 s~!. Such rate was very important because
it was used later as reference value to express the percentage
of inhibition exerted by antioxidants.

Rate of free radical initiation

Subsequent experiments aimed to determine the rate of ini-
tiation (R;). This rate was defined as the amount of free radi-
cals (R*) generated during the decomposition of AIBN [30].
Such rate was experimentally determined by the “induction
period method” [5]. The method consists of measuring the
induction period (z) (i.e., the onset time of the uninhibited
oxidation of styrene) in the presence of different concen-
trations of an efficient antioxidant, like a-tocopherol. The
resulting R; was calculated by Eq. 8 [16]:

R = "X [AH], )

T
where n is the stoichiometric factor, which expresses the
number of radicals trapped by one antioxidant molecule. For
a-tocopherol n was assumed equal to 2.0.

Accordingly, Fig. 1A (from b to f) shows some typical
calorimetric traces recorded during the inhibited autoxi-
dation of styrene by a-tocopherol (10-50 uM). Figure 1B
shows the corresponding styrene conversion fractions
over time, based on Eq. 9. All the conversions broke when
a-tocopherol was consumed. Such breakpoints were sharp
because a-tocopherol is one of the most efficient antioxi-
dants, and because the heat generated during the follow-
ing uninhibited styrene oxidation was largely exothermic.
Notably, the times at which such breakpoints occurred were
proportional to the concentration of a-tocopherol. Thus,
they were considered a reliable measure of the induction
periods (7), provided that their value was corrected by the
induction time required to consume the stabilizer (which
was initially present in the styrene bulk reagent, vide supra).
After 7, the conversion of styrene increased suddenly and
linearly, with a slope matching the one observed in the
absence of antioxidants (line a) [25, 31]. Thus, after T, the
reaction proceeded uninhibited, regardless to the concentra-
tion of a-tocopherol (or stabilizers eventually present). By
plotting the t (corrected by the presence of stabilizers) as
a function of a-tocopherol concentration (inset C), a linear
relationship was obtained (R>=0.999), with slope equal to

n/R; = (1.55+0.02) - 10° s ML This led to a rate of initia-
tion R, of (1.29+0.06)-10° M s~

It should be highlighted that, when a-tocopherol was
higher than 10 uM, the resulting heat-flow signal was
slightly endothermic for most of the inhibited period. This
happened because, at higher concentrations of a-tocopherol,
the rate of the inhibited period (R;,,) approached the rate of
radical initiation (R;). When this happened, the radical chain
length was close to 1. This means that styrene autoxidation
was completely inhibited and that the observed process was
no longer a radical chain. Also, since no sign of styrene
oxidation could be measured in such periods, any small
endothermic contribution to the overall heat, like the AIBN
decomposition process or the interactions between R* and
ROO" radicals with a-tocopherol, may prevail. Accordingly,
when the recorded heat flow was endothermic, the conver-
sion fraction was considered equal to zero. Overall, because
of the lack of a radical chain process, the results achievable
from the induction period method were used uniquely to
determine R;, as suggested also by many Authors [32, 33].

Given R;, the corresponding rate constant (k;) of the radi-
cal initiation process could be estimated. The rate law fol-
lows a first order (R; = k; - [AIBN]) [25]. This was verified
with different concentrations of AIBN. Consistently, when
AIBN concentration triplicated (3.0-1072 M), the resulting
R; increased of three times (3.8- 107°M s‘l), whereas, when
AIBN was reduced of 2.5 times (4.0-107> M), the result-
ing R, decreased proportionally to 5.1-107' M s~!. Thus,
regardless of the initial AIBN concentration, the resulting
rate constant k; was (1.29 + 0.06)-1077 s~ 1.

Moreover, the value of k; was related to the rate constant
of AIBN decomposition (k,) by Eq. 9:

R, = k; X [AIBN], = 2 X £ X ks X [AIBN], ©)

where € is the cage factor, a number between 0 and 1 that
expresses the capacity of the solvent to cage or hinder the
reactivity of the pairs of free radicals generated during the
thermal decomposition of AIBN. In other words, such cage
represents an overall effectiveness of the initiator to gener-
ate free radicals. Given R;, and with k, predicted by Eq. 6,
(1.05 - 1077 M~'s™!, 20% error), [18], the cage value resulted
equal to 0.62+0.12. This value was consistent with those
previously reported [32-34].

Antioxidant activity of synthetic antioxidants

Figure 2 shows the conversion fractions of styrene autoxida-
tion inhibited by equimolar concentrations of different anti-
oxidants (2.5 - 10~ M). The antioxidants were ranked based
on the conversion rates observed during the inhibited period
of styrene autoxidation. Accordingly, salicylic and hydroxy-
benzoic acid (traces 2 and trace 3 of Fig. 2) were defined as
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Fig.2 A Calorimetric traces 30
(exo signal is positive) and

B conversion fraction result-

ing from the oxidation of (1)

styrene (3.96 M), induced 20

by AIBN initiator (10 mM), %_
and inhibited by 25 uM of (2) %
4-hydroxybenzoic acid; (3) =
synaptic acid; (4) syringic acid; § 10
(5) BHT; (6) gallic acid; (7) T
quercetin; (8) a-tocopherol

0

Conversion fraction/a

0 5

Time/10%s

inefficient antioxidants since no distinctive inhibition period
was observed. Their effect was only to slightly decrease the
rate of styrene autoxidation (trace 1), from 5 to 8% rela-
tive to the rate of the uninhibited process. Instead, trace 4
reflected the strong radical scavenging activity of syringic
acid, whose activity was able to decrease the rate of styrene
oxidation of 74%. Syringic acid showed an induction period
of 4.5 - 10* s. This corresponded to a stoichiometry factor of
2.2. This value reflected the presence of one free hydroxyl
group (at position 5), which was supported by two adjacent
methoxyl groups at positions 4 and 6 of the aromatic ring.
Then, trace 5-7 refer to BHT, gallic acid and quercetin,
respectively. All these antioxidants greatly reduced the rate
of styrene oxidation of about 80-95%. In particular, gallic
acid and quercetin showed similar capacity to inhibit styrene
autoxidation (92-95% reduction). However, they differed
for their induction periods, respectively, of 4.6 - 10* s and
5.5 - 10* s. This resulted in stoichiometric factors of about
2.3 and 3.0. Finally, trace (8) refers to a-tocopherol, which
was by far the most efficient antioxidant, able to inhibit
almost completely the styrene autoxidation.

Antioxidant activity of botanical plants extracts

The determination of the antioxidant activity is of great impor-
tance for revealing the value of plant species as a source of
new antioxidant compounds. Since plant extracts contain sev-
eral antioxidant compounds, an apparent antioxidant activity
could be estimated only if the total antioxidant content was
known. Accordingly, the total phenolic content of (1) Papaver
rhoeas leaves, (2) Olea europea leaves, (3) Melissa officinalis
leaves and (4) Fraxinus excelsior leaves was determined by
the Folin—Ciocalteu assay and reported in Table 1. Then, a
fixed volume of each plant extract was mixed with styrene
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Table 1 Values of Folin—Ciocalteau, DPPH and the conversion rate
for selected plant extracts

Extract Folin—Ciocalteau = DPPH (d_a )
47 /inh
1073 mol/mg mol mg~! 106571
extract extract
Papaver rhoeas 0.1+0.1 0.02+0.05 3.46+0.12
Olea europea 52+0.5 2.85+0.08 0.34+0.02
Melissa officinalis  3.5+0.2 4.04+0.06 0.18+0.01
Fraxinus excelsior 2.1+0.1 5.55+0.03 0.14+0.01

*n.d. =not detected

and AIBN. Figure 3 shows the resulting calorimetric traces,
together with the corresponding conversion fractions. As
for the individual antioxidants, each plant extract showed a
distinctive ability to inhibit styrene autoxidation. In details,
extracts from Papaver rhoeas leaves (trace 1) did not show a
distinctive induction period, but only a modest decrement of
the styrene autoxidation rate. Instead, the extracts from Olea
europea leaves (trace 2), Melissa officinalis leaves (trace 3)
and Fraxinus excelsior leaves (trace 4) resulted in clear inhib-
ited periods, decreasing the conversion rate of styrene oxida-
tion, respectively, of 91, 95 and 98%. Finally, based on the
induction period (7) and the total phenol content ([AH],), the
extracts of Olea europea leaves and Melissa officinalis leaves
were characterized by an equivalent stoichiometry factor of
2.0, whereas it was close to 1.0 for Fraxinus excelsior leaves.
The results of conversion rate are only weakly correlated with
the results of the antioxidant activity measured by the classical
DPPH assay. This is likely because the classical DPPH assays
fails to estimate the kinetic behavior of antioxidants, while it
provides an apparent antioxidant capacity.
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Fig.3 A Calorimetric traces 30[(a)
(exo signal is positive) resulting
from the oxidation of styrene I (1)
(3.96 M) initiated by AIBN I
(10 mM) in the presence of: (1)
Papaver rhoeas flowers (diluted
1:10 in acetonitrile), (2) Olea
europea leaves (diluted 1:10

in acetonitrile), (3) Melissa
officinalis leaves (diluted 1:10
in acetonitrile) and (4) Fraxinus
excelsior leaves (pure extract)

Heat flow/uwW

10 H

(4)

(b)
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Conversion fraction/a.
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Conclusions

This study has shown how isothermal calorimetry can be
used to characterize the activity of individual antioxidants
and complex plant extracts to inhibit the autoxidation of
styrene, in the presence of the radical initiator AIBN. The
proposed approach allowed to derive the rate of radical ini-
tiation (R;), and the conversion rates of the inhibited and
uninhibited period of styrene oxidation. Furthermore, based
on the induction period, the stoichiometry factor was also
assessed. Overall, the proposed approach is very simple
and requires little experimental effort. Also, the results are
superior to those achievable with the bleaching of radical
probes (i.e., the classical DPPH assay), whose results fail to
determine the antioxidant activity, but can provide only an
apparent antioxidant capacity.
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