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Abstract

Owing to the importance of antioxidants in the protection of both natural and man-made materials, a
large variety of testing methods has been proposed and applied. These include methods based on
inhibited autoxidation studies, which are better followed by monitoring the kinetics of oxygen
consumption or that of formation of hydroperoxides, the primary oxidation products. Analytical
determination of secondary oxidation products (e.g. carbonyl compounds) has also been used. The
majority of testing methods, however, does not involve substrate autoxidation. They are based on
the competitive bleaching of a probe (e.g. ORAC assay, -carotene and crocine bleaching assays,
luminol assay), on reaction with a different probe (e.g. spin-trapping and TOSC assay), or they are
indirect methods based on the reduction of persistent radicals (e.g. galvinoxyl, DPPH and TEAC
assays), or of inorganic oxidizing species (e.g. FRAP, CUPRAC and Folin-Ciocalteu assays). Yet
other methods are specific for preventive antioxidants. The relevance, advantages and limitations of
these methods are critically discussed stepping from their chemistry and the mechanisms of
antioxidant activity. A variety of cell-based assays has also been proposed to investigate the
biological activity of antioxidants. Their importance and critical aspects are discussed, along with

arguments for the selection of the appropriate testing methods, according to the different needs.
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Introduction

The oxidation of organic materials is the unavoidable consequence of their existence under an
oxygen-rich atmosphere and it mainly occurs by a free-radical-mediated process called autoxidation
[1-4]. This condition equates man-made materials like plastics, pharmaceuticals, processed food, or
cosmetics to biomolecules in a living organism and the chemistry underlying the autoxidation of
such different compounds bears amazing similarity [1,5]. In nature as in manufacture, the most
effective and convenient way to protect molecules from oxygen reactivity is to use antioxidants [3].
As a consequence of their enormous importance in the protection of most materials, thousands of
potential antioxidants were developed in the last century and the need for practical ways to study
them has brought to the design and application of a variety of testing methods. From the second half
of the 20th century, the growing awareness of the importance of radical-mediated reactions in
biology [6], the clarification of the role of vitamin E [5] and vitamin C [7] and other dietary
antioxidants [4,8-10] in the protection of biomolecules and the theories relating aging and disease to
radical-mediated oxidative stress [11-14] have represented (and still represent) another major
impulse to the study of antioxidants. In several cases these studies aim at the rapid screening of a
large number of molecules, or the testing of natural extracts of complex or unknown composition
endowed with some potential “antioxidant activity”. To adapt to the different testing needs, an
impressively large array of rapid assays has been proposed and some of them has actually been
implemented in commercial testing kits allowing “one-button analysis” of the antioxidant capacity.
We anticipate that not all methods have the same soundness. Some are inappropriate, bringing to
numerical values or ranking of antioxidant performance of no physical or chemical meaning [4,15],
let alone the ability to predict a biological effect in vivo [12]. Yet other methods, under appropriate
settings, would bring to relevant and useful information, however they are often used with little
consideration of the chemistry behind them and how it is influenced by the experimental conditions.

As a consequence they often produce inconsistent or contradicting results [4,16,17], for instance



between testing methods, or between different labs nominally using the same method, clearly
hampering their usefulness and misleading future research.

Aim of this review is not to provide a comprehensive listing of all the proposed methods to test
antioxidants, but to focus on a representative variety of them, selected for their soundness or for
their popularity, and critically discuss their advantages and limitations stepping from their
chemistry. We will also provide elements to guide the selection of the most appropriate methods
according to the different needs, based on the experience of our research group. The review will
focus on “chemical” testing methods, being of more general use and better established, while a
shorter discussion will be dedicated to “cell-based” assays, which have been the subject of other
recent reviews [15,18-21]. We anticipate that his review uses a different approach with respect to
other reviews in this area [22-24]. For instance, Liu [22] offers a broad selection of chemical testing
methods and a detailed description of their chemistry; however, methods are presented in an
acritical fashion, not discussing their soundness, advantages and limits and providing no guidance
for method selection. The reviews by Huang et al. [23] and Prior et al. [24], instead, provide critical
discussion; however, classification of methods is based on the involved reaction with antioxidants,
either hydrogen-atom transfer (HAT) or electron transfer (ET or SET), which appears to need
revision in the light of the now deeper understanding of the mechanisms of reaction of antioxidants
[2,3]. Their guidance for method selection gives no attention to reaction kinetics, which is the main

focus of our discussion.

What is an antioxidant?

Possibly the major source of confusion in antioxidants testing arises from the uncertain definition of
what an antioxidant is and what it is expected to do. In keeping with the pioneering work of Keith
Ingold [1,5], we define an antioxidant as a substance (small molecule or complex system) that,
when added to an oxidizable molecule in small amount (for small molecules, usually < 1%

compared to the material to protect) is able to protect such molecule by delaying, retarding or



inhibiting its autoxidation [2,4]. Although this definition is of general applicability for any molecule
in solution, it also holds for biological systems and living organisms and is in accordance with the
definition given by Halliwell and Gutteridge in this context [6]. Classification of the antioxidants is
based on their mechanism of protection and is very important in order to set or select the most
appropriate testing method.
Oxidizable molecules are most commonly hydrocarbons, or hydrocarbon moieties, both saturated
and unsaturated, bearing other functional groups. In biological systems they are represented mainly
by lipids (e.g. triglycerides and cholesterol), proteins and carbohydrates. Linoleic acid is arguably
the most investigated and most representative oxidizable substrate and its autoxidation can be taken
as a model to classify antioxidants (scheme 1) [2]. Autoxidation is initiated by some radical species
Xe able to react with the substrate RH (most commonly by H-atom abstraction) to yield an alkyl
radical Re, which will react at diffusion-controlled rate with oxygen to form a peroxyl radical
(ROOp¢). The peroxyl radical ROO- attacks another molecule of the substrate to yield a
hydroperoxide ROOH (the oxidized substrate) and another radical, thereby establishing the chain-
reaction. The chain reaction proceeds for many cycles (propagation) before two radicals
incidentally quench each other (termination step) [1,2].

<scheme 1 here>
Compounds able to impair this radical chain reaction are called direct antioxidants and are divided
into two main groups. Preventive antioxidants interfere with the initiation process [2]. Examples of
such are the enzyme catalase [EC 1.11.1.6] and metal chelators such as phytic acid. One of the main
sources of initiation is the Fenton reaction (or similar) occurring between the reduced state of
transition metal ions (e.g. Fe?*) and hydrogen peroxide (HOOH) or organic hydroperoxides

(ROOH) yielding hydroxyl or hydroxyl and alcoxyl radicals (eg. 1), which initiate the chain.

H,0, + Fe?*—— HO* + HO™ +Fe®" (1)



By blocking redox active metal ions in an oxidized form (e.g. Fe**), metal chelators may prevent
the occurrence of Fenton-type chemistry. Catalase (CAT) similarly impairs initiation by removing
hydrogen peroxide, which is decomposed into non-radical species (eg. 2).

2 H,0, -CAT

2H,0 + O, (2)

Chain-breaking antioxidants (also called radical-trapping antioxidants, RTA [3]) slow-down (or
block) autoxidation by competing with the propagation reactions; i.e. they react with peroxyl
radicals more rapidly than they can attack the oxidizable substrate, and, very important, their
products of reaction do not propagate the autoxidation chain [2].

The most important and effective small-molecule-antioxidants are chain-breaking and phenols are
the prototypical examples [3]: they are able to trap 2 peroxyl radicals per molecule of antioxidant,
therefore they have a stoichiometric factor of n = 2. Polyphenols, like dietary flavonoids, might
instead trap more than 2 peroxyl radicals [25].

Their efficacy, however, primarily relates to the rate of reaction with peroxyl radicals (the actual
chain-carrying species), which has to be compared to the rate of propagation, that is, the rate of RH
+ ROOe. The fact that a compound can react with “some radical species” does not mean

it is an antioxidant, unless (i) the radical species is a peroxyl radical; (ii) the reaction is much faster
than oxidative chain propagation; and (iii) the reaction products are species unable to propagate the
chain-reaction [2-5]. Many dietary antioxidants, like isothiocyanates from brassica vegetables [8],
are not provided of relevant antioxidant behavior, for example in the protection of linoleic acid in
model systems; nonetheless they increase the antioxidant defenses in living systems, for example by
inducing the expression of antioxidant enzymes (like glutathione reductase [EC 1.8.1.7] and
glutathione peroxidase [EC 1.11.1.9]). They can be classified as indirect antioxidants as they only
act by increasing the true (endogenous) antioxidants [2]. Conversely, compounds able to increase
the overall rate of autoxidation in a system or able to increase the oxidative damage in a living cell,
e.g. by depleting antioxidants or increasing the rate of radical generation, are called pro-oxidants

[2,6]. The distinction between antioxidants and pro-oxidants should not be seen as a dichotomy,
6



since it often depends on the system conditions and not infrequently known antioxidants in a model
chemical system can act as pro-oxidants in living cells or a different model system [8,11,12,26,27].
One typical mechanism by which antioxidants can behave as pro-oxidants is the reduction of
transition metal ions. By reducing, for instance, Fe3* to Fe?* or Cu?* to Cu*, antioxidants might
make these reduced forms available to reduce hydrogen peroxide or organic hydroperoxides in a
Fenton-type reaction (see eq. 1), thereby increasing the rate of initiation [17]. Indeed, the mixture of
iron salts and ascorbic acid is a well known pro-oxidant system (in the presence of H2O>) that turns
into antioxidant at high concentration of ascorbic acid [28]. On the other hand, some antioxidants
like flavonoids can simultaneously operate with the three different mechanisms, preventive, chain-
breaking and indirect [11], with relative contributions that depend on experimental conditions.

These aspects are actually a major source of controversy in antioxidant testing.

Why focusing on peroxyl radicals?

In the previous section we have stated that the quality of an antioxidant is related to its reactivity
with peroxyl radicals. In doing so, not only we have neglected the “unnatural” persistent radicals
commonly used in antioxidant assays (e.g. galvinoxyl, DPPHe, or ABTSe+, vide infra), whose
relevance as models has already been questioned both to test antioxidant activity [2,4] and to predict
biological activity [12], we have also overlooked a variety of biologically relevant radicals.

For instance, gamma radiolysis of water (e.g. exposure of a living system to ionizing radiations)

will produce the radical species summarized in eq. 3-6

H,O =W HO-, H+, H, egq, Ha, Hy0; (3)
H'+ ey — = H- 4)
€q+ Oy —> O, (5)
H' + O, — > HOO- === 0, + H" (6)

Solvated electron eaq” is extremely reactive and will undergo diffusion controlled reaction both with

protons (or oxonium Hz0O") to yield hydrogen atoms (eg. 4), and with oxygen to yield superoxide



radical anion (eg. 5) [29], which in turn will equilibrate with its neutral form HOO« as depicted in
eq. 6 (pKa = 4.7) [30]. Hydrogen atoms are also extremely reactive with oxygen, to yield, again,
superoxide (eq. 6). Hence the relevant radical species formed (in vivo as in vitro) in the early stages
following gamma radiolysis are He, HOe, O>™ in equilibrium with HOO<. Why not testing the
ability of antioxidants to quench them? Neutral superoxide HOO® is not the prevailing species at
physiological pH, furthermore it has identical electronic structure and similar reactivity to peroxyl
radicals [30]; therefore, knowing the reactivity of antioxidants with peroxyl radicals will also be
indicative of their reactivity with HOOe®. Conversely, superoxide anion has very modest reactivity
with most antioxidants; its oxidation potential (E° =-0.16 V vs HNE at pH 7-14) indicates it is a
reducing rather than an oxidizing species [30], and its role in biological systems is mainly as a
chemical messenger that influences a multitude of redox-regulated processes [6,18,31]. Arguably,

direct quenching of O2™ is not the prime role of exogenous antioxidants.

X Y X Y
HO- +HS &7 HoH + 2 =R (7)
H H H H

X Y

HO- + =(
H H

X Y
HOS—( =w: ®)
H H

R + O, ROO* 9)

Hydroxyl radical and hydrogen atom have instead very high but unselective reactivity. This means
that they react at close to diffusion controlled rate with most antioxidants; however, they react at
similar rate also with most organic molecules. For instance the reaction of hydroxyl radicals with
saturated hydrocarbons (C-H hydrogen abstractions, eg. 7) has been reported to occur with rate
constants in the range 108-10° M-%s’ in water, being ~2x10° M!s with saturated fatty acids [32],
while addition to C=C double bonds (eq. 8) has rate constants in the range 10°-10%° M-1s* [33].

Similar rate constants have been reported for the corresponding reactions of hydrogen atom in

organic solution [34] and in water [35].



The lack of selectivity of HO* and He indicates that it is impossible for an antioxidant to afford
significant protection of an organic material, be it rubber or biomolecules, from these radical
species under real-life conditions. It would require that the antioxidant and the material to protect
are mixed in close to 1:1 ratio — a “dose” that would be unacceptable for any technological
application and would Kill any living system.

In all cases these reactions yield a carbon centered radical R that will react with oxygen at
diffusion controlled rate to form a peroxyl radical (eq. 9). Peroxyl radicals would then propagate the
damage by carrying an autoxidation chain-reaction (see scheme 1). The only protection that can be
expected from an antioxidant comes from quenching those peroxyl radicals, thereby blocking the

propagation.

Chemical testing methods for antioxidants

Methods based on inhibited autoxidation

These methods test antioxidants in close-to-real settings, i.e. they challenge their ability to inhibit
the oxidation of a substrate. They are based on the comparison between the extent of the
autoxidation of the substrate in the presence and in the absence of antioxidants. When they are
performed with a constant rate of initiation (controlled conditions) and results are analyzed with a
proper Kinetic treatment, these methods are the most reliable to assess antioxidant activities.

The oxidizable substrate may be represented by purified natural compounds (e.g. linoleic acid and
its esters, phosphatidylcholine, 7-dehydrocholesterol), by pure synthetic chemicals (styrene or
cumene) or by natural lipid mixtures, such as egg yolk or lard, which however pose repeatability
problems because of the variability in the composition and the presence of endogenous antioxidants
[15].

The initiation of the autoxidation can be spontaneous or induced. Spontaneous initiation is
uncontrolled because it depends on traces of hydroperoxides in the starting material and on the

exposure to light and/or heat. The addition of initiators reduces the reaction time and improves the



reproducibility. Typical initiators are iron or copper ions which are able to decompose by
dissociative electron transfer hydroperoxides, already present in the oxidizable substrates, or added
on purpose (typically H20>). This kind of initiation is not recommended because it suffers from
autocatalysis due to the decomposition of hydroperoxides formed during the autoxidation, and from
the direct interaction between the antioxidant and the metallic ions as previously discussed [15].
Azo-initiators, such as the lipid soluble AIBN (2,2'-azobis-isobutyronitrile), or water-soluble AAPH
((2,2'-azobis(2-amidinopropane) dihydrochloride) are much more useful, because their homolytic
decomposition proceeds at a constant rate at a given temperature, during the entire course of
autoxidation, providing a constant rate of initiation (Ri). The main difference among methods based
on inhibited autoxidation is the way used to monitor the reaction.
A first group of methods is based on the measurement of oxygen consumption or of formation of
hydroperoxides, the early products of autoxidation. They allow measurement of the absolute rate
constants and of the stoichiometry of reaction between peroxyl radicals and antioxidants, hence they
are best suited to gain detailed information about the mechanisms underlying the antioxidant action.
Oximetry methods rely on the determination of O uptake in a closed system by using either a
pressure gauge [36-37] (see figure 1) or a polarographic probe [38]. The main shortcoming of these
techniques is their low throughput and the requirement of specialized instrumentation. A possible
solution to these limitations has been proposed by Huang and co-workers, who showed that the
autoxidation of methyl linoleate can be followed in a commercial 96-well microplate coated with an
oxygen-sensitive fluorescence probe [39].

<figure 1 here>
In these experiments, the trend of the O, consumption or hydroperoxides formation follows a
typical biphasic behaviour: a first period in which the autoxidation is inhibited by the antioxidant
(the induction period), followed by a fast rate of autoxidation, as shown in Figure 1. If the value of
Ri is known, it can be used to obtain meaningful parameters describing the antioxidant action: the

length of the inhibition period (7) affords the stoichiometry of the tested antioxidant, while the

10



comparison of the inhibited (Ran1 or Ran2) and uninhibited (Ro) oxygen-uptake rates afford the rate
constant for the reaction of antioxidants with peroxyl radicals kinn (see Figure 1). The equations 10

and 11 are used, respectively in the case of good (AH1) and weak (AH2) antioxidants [40]. In these
equations, kp, 2k are, respectively, the rate constants for propagation and termination of the chosen

substrate [2,40]

k, [substrate]R,
RAH1 = + Ri (10)
nk, . [AH1]
R0 _ I:QAHZ — nkinh[AH 2] (11)
RAHZ Ro 2kt Ri

<scheme 2 here>
A conceptually different approach to obtain inhibition rate constants (but not the stoichiometry) is
based on “peroxyl radical clocks”, which consists in the quantisation of the various isomeric
hydroperoxides formed during the autoxidation of linoleate or other oxidizable substrates [41].
Upon addition of an antioxidant to the autoxidizing substrate, as exemplified in scheme 2 (XH =
AH), the relative ratio of conjugated (E, F) over non conjugated (G) hydroperoxides depends on the
rate constant for reaction of the antioxidant with peroxyl radical (k+), which can be determined with
good accuracy by LC-MS analysis of the reaction mixture [41]. This approach has been
implemented also with simpler substrates, allowing analysis to be conveniently performed by GC
[42]. Kinetic data obtained by this method are usually in excellent agreement with those obtained by
oxygen uptake Kkinetics.
Hydroperoxides, early products of lipid oxidation, can be quantified at time intervals by the
iodometric assay, which consists in treating the sample with iodide: the oxidation of I~ to I> by
hydroperoxides is followed by titration of 1> with thiosulphate. This technique is not specific
because any compound that reacts with I~ or I, can interfere with it [43]. An improved method to

monitor the formation of hydroperoxides has recently been proposed: it uses a fluorescent

11



triphenylphosphine—coumarin probe whose emission increases upon oxidation by hydroperoxides,
allowing the measurement to be performed in a fluorimeter or a microplate reader [44].

In the case of the autoxidation of natural non-conjugated polyunsaturated lipids, the formation of
the typical absorption band of conjugated hydroperoxides at 232 nm can be monitored by
spectrophotometry [45]. Determination of conjugated hydroperoxides by HPLC-UV analysis is
however preferred to exclude interferences by other absorbing species that may be formed during
the autoxidation [46].

Methods belonging to the second group rely on the detection of advanced oxidation products and
provide only semi-quantitative information about antioxidant activity. Their main advantage is the
higher throughput so they can conveniently be used for screening purposes, where they should be
preferred to indirect assays (see below). These methods, as usually implemented, are unsuited to
gain mechanistic information as they don’t allow distinguishing preventive antioxidants from chain-
breaking, unless the autoxidation is initiated by azo-initiators under controlled conditions.

The TBARS (thiobarbituric acid reactive species) assay is a popular method used to quantify lipid
peroxidation. It based on the reaction of 2-thiobarbituric acid (TBA) with malondialdehyde (MDA),
which is one of the advanced oxidation products of unsaturated lipids (eq. 12). Under acidic
conditions and at high temperatures (~100 ° C), TBA and MDA react forming a pink coloured 2:1

adduct with a strong absorption (532 nm) and fluorescence emission (553 nm).

Q o) OH
HN Z
HN™ ZNH
2 Ay, O —— A
s N0 s“>N"o 07N s
H H (12)

Commercial TBARS assay Kits are also available. In a typical experiment, the lipid samples are first
peroxidized for a variable time lapse by using an initiating system (see above), then the extent of
peroxidation, in the presence and in the absence of antioxidants, is assessed after a fixed time [47].
This method cannot distinguish between the kinetics and the stoichiometry of reaction. It also

suffers from limitations due to reactions of TBA with other compounds not related to lipid

12



peroxidation, and to the formation of Schiff bases between malondialdehyde and amines,
misestimating the antioxidant protection [43].

Secondary oxidation products other than MDA can been used to follow the autoxidation of
unsaturated lipids: in particular volatile products such as hexanal, which can be analyzed by
headspace gas chromatography [48] or 4-hydroxynonenal (4-HNE) that can be analyzed by GC-MS
or HPLC after appropriate derivatization [49].

The Rancimat apparatus measures the release of volatile acids, formed upon the spontaneous
oxidation of fats (such as seed oils or lard) under an air stream at 90—120 °C, by a conductometric
method [50]. The antioxidant activity is described as a function of the induction time observed in
the oxidation profiles and it is indicated as Oil Stability Index (OSI). The antioxidant effect is
expressed as Protection Factor (PF), defined as the ratio between the OSI in the presence and that in
the absence of antioxidant. This method provides an estimate of the antioxidant stoichiometry
combined with threshold reactivity. The high temperature might cause the loss of low-boiling or

labile antioxidants, resulting in underestimation of their activity.

Methods Based on Competitive Probe Reaction.

In these assays, antioxidants prevent the reaction between peroxyl radicals and an oxidizable probe,
whose reaction can be easily detected by some spectroscopic technique (UV-vis, fluorescence,
EPR). The most important reaction underlying these methods are summarized by equations 13-17,
where PH (or P) and AH are, respectively, the probe and the antioxidant. The result is dependent on
the reactivity of the probe itself with peroxyl radicals (kis, by formal hydrogen abstraction or radical

addition) and on the thermodynamics of equilibrium 17 [51].

13



initator — ROO- (13)
2 ROO* — non radic. prod. (14)
kis
ROO: + PH ——> ROOH+P- (15a)
k
ROO: +P —» ROO—P- (15b)
kie
ROO- + AH — % ROOH +A- (16)
K17

P-(or ROOP-) + AH

PH (or ROOPH) + A+ (17)

ORAC (oxygen-radical antioxidant capacity) is a popular method used to estimate the content of
antioxidants in food. The antioxidant competes with a fluorescent probe for quenching peroxyl
radicals generated from AAPH. The first probe that was proposed was a fluorescent protein,
phycoerythrin [52], that was later replaced by the more practical fluorescein (Scheme 3), a phenolic
derivative with a fluorescent emission at 520 nm on excitation at 480 nm [53]. This assay is suitable
to be performed in a parallel fashion in thermostatted microplate readers for high throughput
analysis of several samples, so that extensive databases of the antioxidant power of foods measured
by the ORAC method are available, although the nutritional relevance of these data has recently
been questioned [54]. The main limitation of ORAC assay is the use of the Area Under the Curve
(AUC) approach to measure the protective effect of antioxidants (see next section for a discussion
about AUC) and the low reactivity of fluorescein toward ROO- radicals, that even out the result for
good antioxidants. An interesting improvement of the ORAC assay has been reported by Lopez-
Alarcon and Lissi, who suggested the use of pyrogallol red (Scheme 3) as a probe for competitive
antioxidant assays [55]. As pyrogallol red reacts faster than fluorescein with ROO- radicals, its
consumption does not present induction times, even in the presence of very reactive antioxidants,
with the exception of ascorbic acid. The authors suggested that pyrogallol red should be used as a
complementary probe of fluorescein to estimate the antioxidant behaviour of complex mixtures.
The p-carotene bleaching test consists in measuring the decay of the absorption at 470 nm due to

[3-carotene under a flux of free radicals in the presence or absence of antioxidants. The reaction is

14



performed in an aqueous emulsion of linoleic acid prepared using Tween®40 as phase stabilizer.
Radicals are generated by the spontaneous oxidation of linoleic acid at the temperature of the test
(50 °C). The antioxidant activity is expressed as % inhibition with reference to the control after 60
min incubation [56]. The lack of reproducibility of initiation, the complexity of the reaction
involving carotenes under O - they have antioxidant action at low Oz concentration, while they
propagate the oxidative chain in air saturated solutions [57] - and the crude Kinetic treatment are the
main limits of this test.
Crocin bleaching test is based on the reaction between crocin (Scheme 3), a natural water soluble
carotenoid contained in flowers of the Crocus genus, and peroxyl radicals generated by thermal
decomposition of AAPH. Antioxidants are able to retard the decrease of the 443 nm absorbance of
crocin caused by the attack of peroxyl radicals. The antioxidant activity is expressed as the ratio
between the rates of crocin bleaching in the absence and in the presence of antioxidants; therefore,
it provides the reactivity and not the stoichiometry of the antioxidant [58].

<scheme 3 here>
Spin-trapping methods. Peroxyl radicals generated by the decomposition of AAPH react with a
spin-trap, such as CYPMPO [5-(2,2-dimethyl-1,3-propoxy cyclophosphoryl)-5-methyl-1-pyrroline-
N-oxide], forming a relatively stable nitroxide that can be quantified by electron paramagnetic
resonance (EPR) at a fixed time (eq. 18) [59]. The antioxidant reacts with peroxyl radicals faster
than the spin-trap, thus inhibiting the formation of the nitroxide. These methods have no
interference from the sample colour and turbidity, since EPR is selectively sensitive to unpaired
electrons, but they don’t distinguish between kinetics and stoichiometry, and may be influenced by
the possible antioxidant action of the nitroxides [60]. These methods typically provide semi-
guantitative data, since most spin adducts have limited life-time and their decay in the time lapse
between trapping and measurement needs to be taken into account to achieve really quantitative

results.

15
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CYPMPO (18)

Luminol method. Peroxyl radicals generated by the decomposition of AAPH react with luminol
(LH>), to generate a luminol radical (LH¢) which is further oxidized in the presence of Oz (scheme
4), with a mechanism not completely understood, to an endoperoxide with the loss of N». Finally,
the bond between oxygen atoms in the endoperoxide group breaks, generating aminophthalic acid
and emission of blue light centred at ~425 nm [61]. Luminescence is measured by a luminometer or
a scintillation counter. When antioxidants are present, luminescence is inhibited until the
antioxidants are exhausted, and the time of inhibition is proportional to the total concentration of
antioxidants. Thus this technique affords a measure of the stoichiometry of the antioxidants or their
concentration in a matrix of unknown composition. They provide no indication of their reactivity or
efficacy. It is also unclear if the lag time is due to the scavenging of peroxyl radicals by

antioxidants, or it is due to the back reduction of LHe radicals [62].
<scheme 4 here>

Total oxidant scavenging capacity (TOSC) assay is based on oxidation of alpha-keto-gamma-
(methylthio)butyric acid (KMBA) to ethylene by peroxyl radicals produced from AAPH. The
antioxidant capacity of a molecule is quantified from its ability to inhibit ethylene formation by
measuring the area under the curve (AUC) of ethylene concentration versus time. The reaction is
followed by headspace gas-chromatography (HS-GC), so it doesn’t suffer the interference of
coloured matrices [63]. The main limitation of this technique is the long reaction time and the
necessity of multiple chromatographic analyses for each experiment. The use of AUC approach also

reduces the chemical significance of results.
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Indirect Methods.

In these methods, coloured persistent radicals are used as probes. They are reduced by the
antioxidant, and the colour change in the solution is measured by spectrophotometric techniques
[58]. The seemingly convenience of these methods is obscured by their major limitations, which
make them suitable only for preliminary screening procedures. The probes are chemically very
different from the radicals responsible for the autoxidation of real systems, so the scavenging
reaction doesn’t often follow the same mechanism as observed with peroxyl radicals [15]. Due to
their experimental design, these assays make it impossible to test if the investigated compound is
really capable of interrupting the chain reaction of autoxidation, or if it is simply able to reduce the
probe, as we and others have previously discussed in detail in the case of very oxidizable essential
oils [4,64]. These stable radicals may react with reductants having no antioxidant activity, for
instance DPPHe is completely reduced to DPPHH also by H20z, that can hardly be considered an
antioxidant [65]. Therefore, the results obtained with these methods indicate a “radical trapping
power” or a “reducing power” rather than true antioxidant activity. Single-point measurements of
absorbance decay after a fixed time (which usually arbitrarily varies from laboratory to laboratory)
further reduces the meaning of these methods (see the following section).

DPPH Test. An antioxidant, or any molecule with a weak X—H bond, reacts with the coloured and
highly persistent radical DPPHe (2,2-diphenyl-1-picrylhydrazyl, Amax ~ 520 nm) causing

discoloration of the solution (eq. 19) [50,55].

O5N N02/© O2N NO,
koppH
\@N/N +X-H —— ”/N\ + X

DPPH DPPH-H (19)

Results are commonly expressed as ICso (or ECsp), defined as the concentration of the potential
antioxidant needed to decrease by 50% the initial absorbance of the coloured radical. Because it

depends on the reaction time, taken alone this parameter does not provide meaningful information
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of the actual reactivity of the antioxidant; furthermore, data can only be compared when obtained
under identical settings. The significance of this method could be greatly improved by monitoring
the entire time evolution of the reaction instead of performing single-point measurements. Due to
the similar electronic configuration between DPPHe and peroxyl radicals, the rate constants for the
reaction between the two radicals and phenolic antioxidants, although different by about three
orders of magnitude (see Table 1), have the same ranking [66]. The bimolecular rate constant for
the reaction between DPPHe and various phenols, that is usually measured by using an excess of
antioxidant under pseudo-first order conditions, allows to clarify the structure-activity relationship
of families of antioxidants, such as flavonoids [67], and their reaction mechanisms [68]. However,
the linear relationship between the rate constants with DPPHe and ROO-* only holds in aprotic
solvents, whereas in polar protic solvents (i.e. ethanol or methanol: DPPH« is insoluble in water)
the reaction between DPPHe and phenols is strongly accelerated by a stepwise proton-transfer
electron-transfer mechanism (named SPLET) [69] (see Scheme 5).

<scheme 5 here>
Litwinienko and Ingold have shown that, when using MeOH as solvent, acidic phenols react much
faster than expected with DPPHe [69], which would subvert the order of reactivity with respect to
their actual antioxidant activity. In Table 1 are collected some results that they obtained in the case

of the family of phenols, compared to their reactivity with peroxyl radicals [70].

<table 1 here>

It is unfortunate that ethanol or methanol are the most typical solvents used to perform the DPPH

assay, particularly when testing natural extracts: acetonitrile or dioxane would act equally well in

solubilising modest concentrations of polar antioxidants and would yield results unbiased by the

SPLET mechanism.
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The TEAC Test (Trolox-Equivalent Antioxidant Capacity) is based on the reaction with the
colored and relatively persistent 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS™)
radical cation (or monoanion, if the two sulfonate groups are considered), which has a strong

absorption band at 734 nm (g734 = 0.015 uM~' cm™) (eq. 20).
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The radical is generated in buffered water just before the test by reacting ABTS with an oxidizer,
such as potassium persulfate or MnO.. The antioxidant activity is defined as the amount of ABTS™
quenched after a fixed time (usually 5 min) and is compared with that produced by Trolox® [71]. If
performed in this way, this test does not distinguish between kinetics of radical trapping and
stoichiometry, and the outcome may depend on the time chosen before reading the absorbance [72].
By following the time course of the reaction for longer periods, Perez-Jimenez and Saura-Calixto
have shown that a-tocopherol and ascorbic acid have a stoichiometry slightly larger than n = 2, that
is the number expected from the “usual” radical trapping mechanism of phenolic antioxidants, while
other inhibitors have significantly larger values (resveratrol: n = 6; quercetin: n =7). On the other
hand, the time required to reach the stationary concentration, which inversely depends on the rate
constant for the reaction between antioxidants and ABTS™, widely varies among antioxidants,
being smaller for a-tocopherol and ascorbic acid [73]. An important limitation of this assay is that
ABTS™ is a radical cation while the peroxyl radical is neutral, so antioxidants react with ABTS™ by
an electron transfer mechanism, whereas with peroxyl radicals they react by formal H-atom transfer
[66].

Galvinoxyl test. Galvinoxyl is a stable phenoxyl radical having a strong absorption peak at 428 nm
in ethanol. In the presence of phenolic compounds or other antioxidants, it is reduced by electron

(and proton) or hydrogen-atom transfer to the colourless phenol (eq. 21) [74]. Its use to assess
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antioxidant activity has similar advantages and limitation of the other indirect methods, previously

described.

(21)

Indirect methods not involving (s-p) radical chemistry.

These methods are based on the reaction of potential antioxidants with inorganic oxidants. Although
some of such inorganic species might be paramagnetic (e.g. Fe* or Cu?*), their unpaired electrons
(if present) reside in d-f orbitals and their reactivity is not representative of that of organic radicals
like peroxyls (with the unpaired electron in s-p orbitals). These methods test the reducing ability
not the antioxidant activity.

FRAP Test (Ferric Reducing Antioxidant Power). The antioxidant reduces Fe3* to Fe?*, which
forms a coloured complex (593 nm) with 2,4,6-tripyridyl-s-triazine (Fe'-TPTZ) in acetate buffer,
pH 3.6. The amount of Fe''-TPTZ produced is measured spectrophotometrically after a fixed time (4
min) [75] Alternatively, iron reduction can be assessed by the potassium ferricyanide—ferric
chloride method [50]. This method essentially provides the stoichiometry of antioxidants, which for
instance has been determined as two for ascorbic acid, uric acid and a-tocopherol, about 4 for
bilirubin and zero for albumin. The reaction with ascorbic acid is instantaneous, whereas with uric
acid it takes about two minutes to occur, so after 4 min both antioxidants have the same FRAP
power. However, in the case of other antioxidants the reaction is not complete after 4 minutes, so
the result of this test is expected to arbitrarily depend on the reaction time. The reaction is
nonspecific, and any compound with a suitable redox potential will drive Fe'"-TPTZ reduction [75]

The CUPRAC test (Cupric Reducing Antioxidant Capacity) is conceptually similar to the FRAP
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test, but is based on the reduction of Cu?* ions in the presence of neocuproine (2,9-dimethyl-1,10-
phenanthroline) at pH 7, which involves faster kinetics [76].

Folin—Ciocalteu Test. The test was originally designed to titrate polyphenols in wine, but it has
then been arbitrarily extended as a method to measure phenols or antioxidants in food or vegetable
extracts. Phenols are oxidized in a basic medium by a mixture of tungstate and molybdate
(Folin—Ciocalteu reagent) with the consequent formation of coloured molybdenum ions, MoO**
(750 nm) [50]. Although this test is claimed to provide the total phenolic content of a sample, it is
not specific for phenols, or in general for antioxidants: any reducing agent will get good score with
this test and be assigned as an antioxidant. Results are reported relative to gallic acid, although other
phenols have also been used.

Nanoparticle-Based Assays of Antioxidant Activity. These methods are based on the peculiar
properties of metal nanoparticles: large superficial area, which facilitates surface redox reactions,
and the presence of plasmonic bands that confer high absorbance in the visible. Despite their
conceptually innovative chemistry, their limitations are the same as the other indirect methods not
involving radical chemistry. A test based on gold nanoparticles has been proposed by Scampicchio
et al. Antioxidants reduce Au"" ions to Au®, thus causing the formation of coloured nanoparticles in
the presence of citrate and a surfactant. The formation of nanoparticles is assessed by
spectrophotometric readings at 555 nm. The results of this test are reported to be similar to the
Folin—Ciocalteu test [77]. Another example is that of cerium oxide (CeO2) nanoparticles used for
developing a portable colorimetric assay for antioxidants. The test is based on the reduction of Ce'V
into Ce'"" on the surface of the nanoparticles, with the development of a brownish colour. CeO;
nanoparticles can be immobilized on filter paper, to obtain an easy to use sensor.

Also in the case of these tests, a reducing activity rather than antioxidant activity is determined [78].

The importance of kinetic data treatment

In the previous section we have discussed the chemistry behind some typical assays of antioxidant
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activity. An important aspect that has major influence on the significance of results is the way data,
obtained by those assays, are treated and presented. We will illustrate the concept taking the very

popular ORAC assay as example.

<figure 2 here>

Figure 2 shows simulated ORAC plots for three antioxidants differing for reactivity with peroxyl

radicals (kroo*) and stoichiometry of reaction (n) as indicated in the insert. Each plot illustrates the
ability of the corresponding antioxidant in sparing fluorescein from attack by peroxyl radicals (with
loss of fluorescence), by reacting faster than fluorescein with peroxyl radicals. In other words, in
ORAC assay fluorescein represents the “biomolecule” to protect. From the plots it is clear that
antioxidant AH1 is the most effective, being able to completely spare fluorescence until it is
consumed. By comparison, antioxidant AH2, being 2-fold slower in trapping peroxyl radical and
having the same stoichiometry of reaction (n = 2), does not give neat inhibition and allows loss of
fluorescence at any time, albeit at reduced rate. Analysis of those data with the standard method of
the area under the curve (AUC) of each plot (minus the AUC of the reference plot without
antioxidant to yield AAUC), indicates that antioxidant AH1 is only marginally more effective than
AH2, (15 vs 11 a.u.), while kinetic analysis of those plots would reveal it is actually twice as
effective. Comparison with antioxidant AH3 is even more striking. This compound is 5-fold less
effective than AH1 in trapping peroxyl radicals but has double stoichiometric factor, meaning that
its action will last longer. Graphical inspection of the corresponding ORAC plot indicates that AH3
gives much lower protection than AH1 being only able to slow down the decay of fluorescein. This
will correspond to similar differences in real-life antioxidant performance. However, AAUC values
indicate that AH3 is a better antioxidant than AH1. Therefore, while kinetic analysis would allow
distinguishing the stoichiometry of reaction (the duration of protection) from the rate constant of

peroxyl radical trapping (the efficacy of protection), the method of AUC mixes the two parameters,
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giving more weight to stoichiometry than to reactivity and yielding numerical values of no physical
meaning, which might be completely misleading in judging the antioxidant performance. This
represents the main limit of the ORAC assay, and its significance could be largely improved by
performing full kinetic data analysis.

As discussed in the previous section, the very popular DPPH assay is based on the quenching by the
antioxidant of violet and persistent DPPHe radical, monitoring the reaction by spectrophotometry.
Figure 3 displays the simulated time-course of the reaction for three antioxidants differing for
reactivity (koppH) and stoichiometry of reaction (n) with DPPHe. In the example, the order of
efficacy of antioxidants in quenching DPPHe is: AH1 > AH2 > AH3, reflecting the corresponding
rate constants, which is immediately obvious from visual inspection of the plots. However, it is
common practice in DPPH assay to express results as IC50 or as % discoloration of the solution
after a fixed time. The two forms are equivalent and are referred to a single measurement at fixed
time. Typical reaction time is 30 minutes, however it may vary from lab to lab. Reaction of faster
antioxidant AH1 is completed after about 12 minutes, antioxidant AH2 takes about 30 minutes to
completion while reaction of AH3 is still continuing after 60 minutes. In the example, if the %
discoloration is determined at 30 minutes the three antioxidants appear having identical
performance, despite the substantial difference in reactivity. Instead, measurement at 10 minutes
would give the correct order of reactivity (AH1 > AH2 > AH3), although numerical values are not
in scale with the actual rate constants. It should be noted that a measurement taken at 60 minutes
would yield a completely different order of performance, AH3 > AH1 = AH2, merely reflecting the
stoichiometry of reaction.

<figure 3 here>

As a consequence, assays based on single—point measurements after long reaction time should be
regarded as titrations of the reducing components in an extract, for instance, but provide no

information on the antioxidant activity of the test compound(s). Assays based on short reaction time
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(1-10 minutes, depending on the type and concentration of the reactants) are more likely to yield at
least the correct ranking of efficacy among different antioxidants. Since recording the full time
course of the reaction (as in figure 3) is straightforward with today equipment, it would be equally
convenient and much more valuable to perform full kinetic analysis of DPPHe quenching, obtaining
actual rate constants as a significant indicator of the reactivity with this model species [45,67].

The DPPHe example explains, at least in part, the large variability encountered from study to study
on measurements performed in a single-point fashion. Indeed the same considerations also apply,
for instance, to TEAC test and all indirect tests, TBARS or secondary products measured in
autoxidizing mixtures, 3-carotene and crocine bleaching tests, the luminol method, etc. In all such
cases, results depend on the chosen reaction time and conditions, as well as on the stoichiometry of
reaction and concentration of the test compound, beside its reactivity, often yielding inconsistent

results.

Cell-based assays and in vivo testing of antioxidants

Appropriate chemical assays can provide valuable data on the performance of antioxidants in
protecting molecules from oxidative damage. However, when antioxidants are investigated as
potential drugs or bioactive food factors, a number of additional parameters become relevant in
determining their efficacy in a living system. First of all, their “bioavailability”, meant, in a broad
sense, as their ability to localize at useful concentration where they are needed. Compartmentation
of biological systems is a main issue to consider: even excellent water-soluble antioxidants like
vitamin C will perform poorly in protecting from radical damage localized in the core of a
phospholipids bilayer (e.g. a cell membrane) [79]. On increasing the complexity of the biological
system, factors like absorption by the selected way of administration, distribution and metabolism
will become more and more relevant. These aspects cannot be accounted for by chemical assays.
Furthermore, chemical assays cannot measure indirect antioxidant activity, which is only expressed

in a living system. While in vivo testing implies high costs and may raise ethical issues, a wealth of
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cell-based assays have been described as surrogates or preliminary screening. They are typically
based on: (a) selecting a representative cell line, (b) culturing it under standardized conditions, (c)
subjecting the cell culture to some source of oxidative stress in the presence or absence of the
antioxidant, (d) assessing oxidative damage in treated versus untreated cells. Each of those steps
represents a critical point that will influence the results, and differences among the many assays
described in the literature mainly consist in different choices concerning such points.

Selecting representative cells is arguably a major issue that might compromise the significance of
results [19,80]. Primary cells isolated from animal or human tissues might have close to in vivo
metabolism; however they live shortly in culture and are often supplied by different donors, causing
low reproducibility of results [19]; they also easily change gene expression and metabolism,
becoming less representative than expected [81]. Immortalized cell lines are easier to handle and of
broader use: a variety of models have been proposed for specific investigations [21]. Since liver has
a major role in lipid metabolism, human liver HepG2 cell line has been proposed as golden
reference for antioxidant testing [82]; however this choice has been criticized, based on the finding
that HepG2 cells have increased catalase expression and altered response to oxidative stress [83].
Among other proposed models, human colon HT29 and Caco-2 lines are often encountered in the
literature [19]. Different results can be found by testing the same antioxidants in different cell-lines,
and human erythrocytes have been suggested as representative biological model [83,84]. Beside the
chosen cell line, the culture medium with its influence on cell metabolism plays a very critical role.
Cell culturing itself may induce oxidative stress, for instance due to the non-physiological absence
of some antioxidants in the culture medium [19]. This may exaggerate the benefits of antioxidant
treatment or, conversely, may induce adaptation mechanisms, thereby altering cell response.
Decreased sensitivity to oxidative stressors could occur, for instance, by induced production or
release of metabolites like pyruvate or oxaloacetate, both increasing resistance to H.O> [85].
Interactions of the culture medium with the antioxidant, such as precipitation, complexation or

chemical reaction should also be taken into account. Another frequently overlooked criticism could
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come from the artificial induction of oxidative stress: oxidative insult is often massive and not
representative of physiological conditions. It is obtained, for instance, by addition in the culture
medium of variable amounts of AAPH, hydrogen peroxide, tert-butyl hydroperoxide or other
stressors. Under “extreme” conditions the protection offered by antioxidants may not be
representative of their performance in vivo. Recently, dietary fatty acids have been proposed as
more physiological stressors [86]. Finally, a very important point that varies among different assays
is the method chosen to assess oxidative damage. The most frequent end-point is analysis of cell
survival in the presence/absence of the antioxidant, commonly performed via the MTT assay [87].
Although this is clearly a relevant end-point, it implies rather extreme test conditions, as the study
needs to be set-up so that modest cell survival is registered in untreated cells. As previously
discussed, this may not be representative of physiological settings.

Furthermore, decreased or increased cell viability could be unrelated to the actual antioxidant
activity and depend on different pharmacological activity [88]. This is particularly the case when
vegetable extracts of uncertain or complex composition are tested as potential antioxidants. Other
popular assays are not free of fault. The use of 2°,7’-dichlorofluorescein (DCF) to measure
oxidative stress in cells is very popular [18-20,86] and convenient since it does not require
sophisticated equipment or analytical skills. It is based on administration to the cell culture of the
reduced diacetate form, DCFH-DA, which is hydrolyzed to DCFH inside the cell and yields intense
fluorescence upon oxidation to DCF. Therefore the intensity of fluorescence is taken as a measure
of radical production or the oxidative stress inside the cell. Unfortunately, it has been shown by
EPR studies that DCFH itself is able to generate radicals and oxidative stress inside the cell, under
aerobic conditions, in a visible light-dependent process [89]. As a consequence, using the DCF
assay to probe or measure oxidative stress in biological systems has been judged a “self-fulfilling
prophesy”, exposing results to serious artifacts [90]. A recent better approach to measure the
oxidative status of cells is based on a novel fluorescent probe built by connecting the a-tocopherol

core to a BODIPY fluorophore, whose fluorescence is activated when the tocopherol moiety traps a
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peroxyl radical [91]. An alternative approach is based on the radical-probe technique: cells are
shortly incubated with an hydroxylamine probe, which is readily oxidized to the spin-active
persistent nitroxide inside the cells by most physiological oxidizing species, and the nitroxide can

be reduced back, still inside the cell, by physiological reducing systems as illustrated in eq. 22 [92].

cell oxidants R 22)

cell reducing
system

Therefore, measuring the equilibrium concentration of nitroxide will provide a quantitative estimate
of the red-ox balance inside the cell [92]. One advantage of this method is that it can be applied also
in animal or human tissues ex-vivo [93-95], as well as in whole animals [14], following in vivo
treatment with antioxidants. Other testing methods include the analytical determination of specific
post-facto markers of oxidative damage, such as isoprostanes, aldehydes (e.g. MDA,
malondialdehyde), DNA damage markers (e.g. BOHdG, 8-hydroxy-2’-deoxyguanosine): their
advantages and limitations have been discussed in detail [18]. None of them, taken individually,
appears to represent a “‘best” reference marker of oxidative damage; however, determination of a
selection of them can provide a representative picture. All these markers can also be determined in
animal tissues ex-vivo following in vivo treatments [18]. Another interesting approach consists in
measuring the activity/expression of antioxidant or pro-oxidant enzymes following antioxidant
treatment in cell culture or in vivo [96,97]. These studies may not offer a global picture of the
antioxidant performance but bring very relevant mechanistic information [98] that is difficult to
obtain by other assays: they allow measuring the indirect antioxidant (or pro-oxidant) behavior of
test molecules [8]. Measuring multiple markers of oxidative damage as well as the activity of
antioxidant enzymes offers a valuable overview of the biological potential of antioxidants, although
the analytical work behind such kind of investigation could be highly time-consuming and not

suited to the rapid screening of many samples.
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Testing of preventive antioxidant activity

Preventive antioxidant activity is most commonly expressed by inhibition of the Fenton-type
chemistry, which might be involved in the initiation process. On a mechanistic perspective this
could be due to chelation of transition metal ions and/or removal of peroxides, hydroperoxides or
hydrogen peroxide. Inhibited autoxidation studies could be useful also in testing preventive
antioxidants, in case initiation is obtained by Fenton chemistry (i.e. addition of H2O, and Fe?* or
Cu" to the oxidizable mixture), by comparing the results with those obtained in identical
autoxidations initiated by azo-compounds (whose decomposition is normally not affected by
antioxidants), so to distinguish chain-breaking from preventive antioxidant behaviour [99].
Additionally, metal-binding studies could serve to quantify the ability of the antioxidant in chelating
transition metal ions [100]. Removal of hydroperoxides and hydrogen peroxide could be achieved
in a stoichiometric reaction, as illustrated in eq. 23 for glucoerucine being converted in
glucoraphanine. The reaction kinetics can conveniently be monitored by mass spectrometry [101].

H,0, H,O

GIu/SWS/ N Glu/SWﬁ/ (23)

‘og,so/N ‘og,so/N ©
Other preventive antioxidants, however, remove peroxides in a catalytic fashion, i.e. they catalyze
the dismutation of hydrogen peroxide, thereby mimicking CAT, or the reduction of peroxides at the
expenses of sacrificial reductants, thereby mimicking peroxidases like glutathione peroxidase (GPx;
[EC 1.11.1.9)]).

CAT-mimetic activity. Hydrogen peroxide has a broad unresolved absorption band in the UV
region up to 400 nm, hence its kinetics of disappearance in the presence of a CAT-mimic,
prompting its decomposition to water and molecular oxygen (eq 2), can be monitored directly by
spectrophotometry in the range 200-300 nm (tipycally 240 nm), as illustrated in the original work of
Beers and Sizer, which, together with its modifications, is the best established method in the

literature [102].
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The method has recently been implemented for use in a 96-dwell microplate reader to increase the
throughput [103].

Commercial assay Kits, offering improved sensitivity with respect to the classical
spectrophotometric method, are based on the reaction of unconverted hydrogen peroxide with a
probe such as N-acetyl-3,7-dihydroxyphenoxazine (Amplex Red) in the presence of horseradish
peroxidase (HRP; EC 1.11.1.7) to form a coloured and fluorescent product, resorufin, that can be
quantified either by spectrophotometry or by fluorimetry [104]. The method is sensitive and can be
applied directly in microplate readers; however, when testing synthetic CAT-mimics, care should be
taken to avoid artifacts related to interaction of the test molecule with HRP or with the probe. For
instance, it has been reported that production of resorufin by the Amplex Red/HRP system is
promoted by NADH and reduced glutathione in biological systems, leading to aberrant signals
[105].

Since the spectrophotometric measurement of hydrogen peroxide can be biased by other species
having absorbance in the same region, polarographic detection of oxygen formation by a Clark-type
electrode has been proposed as alternative, which can be implemented both in aqueous [106] or
apolar media [107].

On monitoring oxygen release, however, the linearity might be limited for high CAT activity by the
evolution of oxygen from the solution. This limit has actually been exploited to design a recent very
simple method that provides quantitative CAT activity data with minimal equipment. It is based on
monitoring the height of foam formation when oxygen bubbles are formed in the presence of the
neutral surfactant Triton X-100, upon calibration with standard CAT solutions [108].

The authors claim lower sensitivity but similar linearity and precision than conventional
spectrophotometric methods [102].

GPx-mimetic activity. One of the most efficient way to remove hydrogen peroxide in nature is the
catalytic cycle of glutathione peroxidase, a family of Se-containing enzymes which convert H>O> in

water (eg. 24) using glutathione (GSH), a thiol, as stoichiometric reducing agent.
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The major interest in the search of GPx-mimic antioxidants has stimulated the development of
several assays, which have been the subject of a specific review [109]. The most typical assay is
indirect, requiring the GPx-mimic, hydrogen peroxide, glutathione reductase (GR) and NADPH in
buffered solution, and monitors spectrophotometrically the initial rate of decrease of NADPH
absorbance in consequence of its consumption by GR to reduce GSSG, formed upon reduction of
H202 [110]. We found particularly useful the method originally described by lwaoka and Tomoda
[111], which uses thiophenol in place of GSH in the absence of any enzyme and co-factor, and
directly monitors the initial rate of formation of diphenyl disulfide (eq. 24, R = Ph) at 305 nm, in
the presence/absence of the test antioxidant, using diphenyl diselenide as reference antioxidant.
Although the method affords a thiol peroxidase activity rather than true glutathione peroxidase, it is
suitable for a variety of solvents and avoids complications due to interference of the test compound
with GR or NADPH [110].
SOD-mimetic activity. Removal of superoxide by superoxide dismutase [EC 1.15.1.1] is an
important preventive antioxidant process in biological systems and testing SOD-mimic antioxidants

is a relevant need.

. N SOD
20, + 2H

H,0, + O, (25)

The most popular method uses xantine/xantine oxidase system at pH 7.8 to produce at a constant
rate superoxide, which is revealed by reaction with nitro blue tetrazolium (NBT assay) that is
reduced to blue formazane, determined spectrophotometrically at 560 nm. SOD-mimetic activity is
determined from % inhibition of colour formation with respect of control experiments and
expressed as 1C50, the concentration that gives 50% inhibition of NBT reduction [112]. Although
popular, the main limit of this method is the inability to provide actual rate data for the dismutation

of superoxide (the catalytic activity), furthermore it is prone to artifacts since the antioxidant could
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directly reduce NBT or inhibit xantine oxidase, thereby misestimating antioxidant performance.
Direct kinetic measurements of superoxide dismutation by pulse radiolysis or stopped-flow kinetics
bring more valuable data [113] but require sophisticated equipment.

Additionally, SOD-mimetic activity can be investigated in cell-based assays, e.g. by assessing the
survival of SOD-deficient yeasts (S. cerevisiae) [112]. Similar cell-based approaches have also been

described for other enzyme-mimetic activities.

Selection of the most appropriate testing method

Most if not all the compounds from a chemical catalogue might show some remarkable activity
when tested with some assay under some conditions. Unfortunately, the selection of the “best
method” cannot be guided by its popularity in the scientific literature, which tends to favor
simplicity over soundness and may become a self-supporting parameter.

On the basis of our previous discussion, inhibited autoxidation studies, initiated under controlled
conditions by an azo-compound, should be regarded as the golden standard in antioxidants testing,
because they distinctively provide information on the kinetics and stoichiometry of reaction with
peroxyl radicals, as well as direct evidence of the ability of test compounds to act as antioxidants.

A distinction needs to be made with regard of the testing needs. When pure molecules have to be
tested as antioxidants or redox-active drugs, it is very important to achieve mechanistic insights that
will enable drawing structure-activity relationships. In this case inhibited autoxidation studies are
the most valuable. They should monitor the time course of reaction and/or focus on the kinetic
aspects, while single-point measurements of secondary oxidation products might serve as
preliminary tests. Similarly, methods based on competitive probe reaction or indirect methods based
on persistent radicals should only be used for preliminary screening purposes. Whenever it is
possible they should be used in kinetic mode, i.e. by monitoring the time evolution of the reaction;
this is especially the case for DPPH test, which might provide valuable data. Due to their simplicity

they might be useful to screen the antioxidant content of natural extracts or matrices of unknown

31



composition. In this case, a clear distinction should be made between titrating the “potential
antioxidant content” of the extract and achieving knowledge on the antioxidant activity or
performance of those antioxidants. Titrations can conveniently be performed with indirect methods
(e.g. DPPH or TEAC assays), however one should be aware that overestimation of antioxidant
content is a likely possibility (e.g. by exchanging a highly oxidizable or reducing compound for a
real antioxidant) [4] and those assays cannot replace full analytical characterization of the extract
[114]. Assessing the antioxidant activity of extracts of unknown composition requires a Kinetic
investigation. Inhibited autoxidation studies can be very useful and should be preferred, however
methods based on competitive probe reaction or indirect methods can be used as preliminary tests,
but should be performed and analyzed in kinetic mode. Clearly Kinetic studies referred to an extract
possibly containing many active molecules can’t provide real rate constants or stoichiometries of
reaction, but they could provide apparent “specific” rate constants (e.g. rate constants per mg/mL of
extract) [88].

In no case assays based on single-point measurements should be used in structure-activity or
mechanistic studies. It is the authors’ opinion that indirect methods not involving organic radicals,
such as those based on the reduction of transition metals, should not be used in antioxidant testing.
They are unable to distinguish an antioxidant from any other reducing agent; therefore, beside the
limitations noted for any indirect method, they are particularly prone to artefacts, often resulting in
large overestimation of the antioxidant activity.

Specific testing needs might require specific additional studies not considered here [115,116].
Furthermore, preventive antioxidant behavior can be investigated by metal binding studies [99,100],
or by kinetic studies aimed at mimicking the chemistry of glutathione peroxidase [110], or SOD and
CAT, as discussed in the previous section.

None of the above assays can be expected to provide the biological activity of antioxidants,

therefore cell-based assays could bring useful complementary information, upon careful
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consideration of their critical aspects. In general, however, no test is free of criticism or can be

applied in a “blind” fashion.
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Table 1. Rate constants for the reaction of three phenolic antioxidants with DPPH and with ROO«

radicals, showing the abnormal increase of kpppr in a protic solvent.?

2,6-'Buz-PhOH koppH / M1s™t kroo / M5t
heptane MeCN MeOH PhCI
4-OMe 22.6 15 3.9 1.1x10°
4-Me 11 0.09 3.7 1.4x10*
4-CN 0.022 0.05 16 9.9x102

a) Data from references 67 and 68.
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Legend to figures and schemes
Scheme 1. Simplified chain-reaction of autoxidation for a substrate RH (e.g. linoleic acid) and

mode of interferece by direct antioxidants.

Scheme 2. Simplified distribution of primary and secondary products from autoxidation of linoleic

acid. XH represents a H-atom donor, be it an antioxidant or linoleic acid itself.

Scheme 3. Chemical structure of some oxidation probes.

Scheme 4. Mechanism that leads to light emission after the reaction of luminol with radicals.

Scheme 5. Mechanisms for the reaction of phenols with radicals, formal hydrogen atom transfer

(HAT) and sequential proton-loss electron transfer (SPLET), in a H-bond accepting solvent.

Figure 1. Typical oxygen consumption plot obtained during the autoxidation of styrene (A) in the
absence of antioxidants, (B) in the presence of a very good antioxidant, (C) in the presence of a

weak antioxidant. Upon Kinetic treatment the plots can provide rate constants and stoichiometry.

Figure 2. Simulation of the decrease of the fluorescence and calculation of the differential area
under the curve (AAUC) during the ORAC assay in the absence and in the presence of three
antioxidants (AH1, AH2, AH3) having different rate constants (kroo) and stoichiometries (n) for the

reaction with peroxyl radicals.

Figure 3. Simulation of the decrease of absorbance of DPPHe and calculation of the percent DPPHe
quenching at three reaction times (i1, t2, t3) in the presence of three antioxidants (AH1, AH2, AH3)

having different rate constants (korpH) and stoichiometries (n) for the reaction with DPPHe.
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Scheme 1. Simplified chain-reaction of autoxidation for a substrate RH (e.g. linoleic acid) and

mode of interferece by direct antioxidants.
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Scheme 2. Simplified distribution of primary and secondary products from autoxidation of linoleic

acid. XH represents a H-atom donor, be it an antioxidant or linoleic acid itself.
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Scheme 4. Mechanism that leads to light emission after the reaction of luminol with radicals.
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Scheme 5. Mechanisms for the reaction of phenols with radicals, formal hydrogen atom transfer

(HAT) and sequential proton-loss electron transfer (SPLET), in a H-bond accepting solvent.
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Figure 1. Typical oxygen consumption plot obtained during the autoxidation of styrene (A) in the
absence of antioxidants, (B) in the presence of a very good antioxidant, (C) in the presence of a

weak antioxidant. Upon Kinetic treatment the plots can provide rate constants and stoichiometry.
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Figure 2. Simulation of the decrease of the fluorescence and calculation of the differential area
under the curve (AAUC) during the ORAC assay in the absence and in the presence of three
antioxidants (AH1, AH2, AH3) having different rate constants (kroo) and stoichiometries (n) for the

reaction with peroxyl radicals.
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Figure 3. Simulation of the decrease of absorbance of DPPHe and calculation of the percent DPPHe
quenching at three reaction times (t1, t2, t3) in the presence of three antioxidants (AH1, AH2, AH3)
having different rate constants (korpH) and stoichiometries (n) for the reaction with DPPHe.
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