
 
Received: 11 February, 2007. Accepted: 27 February, 2007. Invited Mini-Review 

Plant Stress ©2007 Global Science Books 

 
Recommendations for Determining Antioxidant Activity  

to Study Redox Status and Plant Stress 
 

M. B. Arnao* • J. Hernández-Ruiz 

                                                                                                    
Department of Plant Biology (Plant Physiology), Faculty of Biology, University of Murcia, 30100 - Murcia, Spain 

Corresponding author: * marino@um.es 
                                                                                                    

ABSTRACT 
Antioxidant activity is a very useful parameter for characterizing the potential of biological samples to scavenge reactive oxygen and 
nitrogen species and other dangerous free radicals in specific reaction media. This parameter has been extensively used in fields such as 
phytochemistry, food chemistry, food science and technology, human and animal physiology, dietetics and nutrition. It has also been used 
in plant physiology, but to a lesser extent. Several methodological approaches for measuring antioxidative capacity in plant extracts are 
presented and the advantages and disadvantages of the most relevant methods from a physiological point of view are discussed. The 
discrimination between hydrophilic and lipophilic antioxidant activities is very important for identifying the specific antioxidants present 
in plant samples. The plant redox status of different tissues and its relationship with plant stress situations can be studied by reference to 
the antioxidant activity, which is an interesting parameter that permits us to investigate the overall antioxidative potential, its distribution, 
its evolution and its adaptation to different environmental situations. Possible future applications are also presented. 
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INTRODUCTION 
 
The determination of antioxidant activity arose as a conve-
nient way of ascertaining the overall content of antioxida-
tive metabolites in a biological sample. Antioxidant activity, 
also called antioxidant capacity or antioxidant potential, has 
been related with the presence of compounds capable of 
protecting a biological system against the potentially harm-
ful effect of processes or reactions normally, involving per-
oxyl radicals and reactive oxygen species (ROS), which 
cause excessive oxidation. More recently, other compounds 
such as reactive nitrogen species (RNS) and a variety of re-
active xenobiotic chemicals have been included in this list. 
The antioxidant activity methodology was first developed 
in the field of clinical analysis for application to human flu-
ids (plasma, serum, urine, seminal fluid, etc.). While inter-
esting data on the antioxidant activity in these samples was 
obtained, new methods were also proposed. Antioxidant ac-
tivity was rapidly identified as a parameter of importance in 
such diverse fields as food chemistry, phytochemistry, 
medical chemistry, food technology, nutrition, human and 

animal physiology and plant physiology. The limited exten-
sion of this work does not permit exhaustive mention of the 
enormous related bibliography, although some interesting 
reviews are suggested (Rice-Evans et al. 1994; Arnao et al. 
1999; Halliwell et al. 2000; Prior et al. 2005). 
 
DEVELOPMENT OF METHODOLOGY 

 
The determination of antioxidant activity is generally based 
on the inhibition of certain reactions in the presence of anti-
oxidants. The most widely used methods involve the gene-
ration of a radical compound which subsequently disappears 
in the presence of antioxidants. The measurement of these 
radicals, directly or indirectly, by fluorimetric, spectropho-
tometric, luminiscence or other techniques, and the mode of 
registering the course of the reaction (by signal inhibition, 
lag phase, etc.) determine the type of strategy to be used in 
the antioxidant activity determination. Some interesting re-
view on the progress made in antioxidant activity methodo-
logy can be consulted (Arnao et al. 1999; Niki 2002; Prior 
et al. 2005). Possibly the first method used to measure anti-
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oxidant activity was that developed by Wayner et al. (1985) 
and called TRAP (Total Reactive Antioxidant Potential) as-
say, which was applied to human blood plasma. Neverthe-
less, other approaches had previously been made, although 
without the same repercussions (Blois 1958). There is no 
doubt that it was the impulse of medical research that led to 
the search for a methodology with the desired requirements 
of sensitivity, accuracy and reproducibility. In the next sec-
tion, we present the most interesting methods that can be 
applied to plant physiology studies. 
 
METHODS APPLICABLE TO PLANT PHYSIOLOGY 
STUDIES 
 
In assays to determine antioxidant activity in biological 
samples the two main players, oxidants (generated by the 
assay) and antioxidants (present in the sample), show an ex-
traordinary diversity of physical and chemical characteris-
tics. Generally, antioxidant activity assays attempt to simu-
late the chemical behaviour of different oxidants with anti-
oxidants in the reaction media. Natural free radicals and 
oxidants derived from oxygen (ROS) or nitrogen (RNS), 
such as O2

•�, HO•, 1O2, H2O2, NO•, ONOO-, and others de-
rived, such as peroxyl radicals (ROO•, LOO•), are regarded 
as suitable for provoking the appearance of oxidative harm 
in diverse cell components (DNA, lipids, proteins). How-
ever, in recent years, ROS and RNS have also been pro-
posed to play an important role in plants as signals in phy-
siological processes (Apel et al. 2004; Mittler et al. 2004; 
Mori et al. 2004; Gapper et al. 2006; Kwak et al. 2006). 
Moreover, antioxidant metabolites can be classified accor-
ding to their molecular weight: large molecules, mainly 
proteins, and small molecules, such as ascorbic acid, gluta-
thione, retinoids, tocopherols, carotenoids, polyphenols, 
polyamines, thiols, ubiquinols, alkaloids, etc. The great var-
iety of small antioxidant molecules, especially in plant sam-
ples, means that they may each respond in a different man-
ner to different radical or oxidant sources in the assays used. 
Furthermore, cooperative effects (synergism) between dif-
ferent antioxidants can occur. Antioxidants can react with 
any radical by two mechanisms: hydrogen atom transfer 
(HAT), where the radical is quenched by hydrogen donation, 
and single electron transfer (SET) where the antioxidant 
transfers one electron, thereby reducing the free radical 
(Wright et al. 2001). Generally, the methods used for anti-
oxidant activity estimation involve HAT or SET mecha-
nisms, which show different kinetics, limitations and sec-
ondary reactions (Halliwell et al. 1990; Arnao et al. 1996). 

The numerous methods developed for antioxidant acti-
vity determination (to date, some 25 to 30) can be classified 
according to different parameters such as: type of radical 
generated (oxygen radical, free radical, lipid radical, etc.), 
type of mechanism reaction with antioxidants (HAT or 
SET), technique used (photometric, fluorimetric, luminis-
cence, oxygen uptake, gas chromatography, etc.), reaction 
medium (aqueous, organic), time of analysis, manipulation 
(simple or complex), versatility (pH, solvent, Tª, etc.) and 
properties such as sensitivity, accuracy, reproducibility, etc. 
However, is not the objective of this review to analyze and 
classify all the methods that actually exist. An exhaustive 
list of the antioxidant activity methods used in food charac-
terization can be consulted in Prior et al. (2005). Only the 
most significant characteristics of the most important as-
says used for antioxidant activity determination, according 
to our experience in food chemistry and plant physiology, 
are presented. The selected methods are those that have 
been extensively used to study plant samples in the main, 
and, among other aspects, we compare their accuracy, rep-
roducibility, standardization and possibility of automation 
for analyzing a high number of samples. 
 
ABTS assay 
 
This assay, also called TEAC (Trolox Equivalent Antioxi-
dant Capacity), was first reported by Miller and Rice-Evans 

(Miller et al. 1993), although a similar assay was used by 
Arnao et al. (1990) beforehand. It is based on the generation 
of a metastable chromogen radical, the ABTS radical cation 
(ABTS•+), which shows excellent reactivity with the most 
common antioxidants (ascorbic acid, trolox, glutathione, to-
copherols) and with all the antioxidants described to date, 
through a mixed SET/HAT mechanism (Wright et al 2001). 
Thus, the presence of antioxidants in a sample leads to the 
disappearance of ABTS•+, which has a characteristic absorp-
tion spectrum with maxima at 411, 414, 730 and 873 nm. 
One of the advantages of this assay is that it makes it pos-
sible to estimate the reaction at a high wavelength (730 nm), 
avoiding the absorption interference of natural compounds 
such as carotenoids, anthocyanins, etc., and its excellent ex-
tinction coefficients (12,947 M-1 cm-1 in aqueous media at 
730 nm) (Arnao 2000). Many variations of the original as-
say, involving improvements to the sensitivity, the analysis 
time, the quantification mode and the generation of ABTS•+ 
have been proposed (Arnao et al. 1999). This last can be 
carried out by a long-time chemical reaction using manga-
nese dioxide (Miller et al. 1996), potassium persulfate (�16 
h) (Re et al. 1999), ABAP (60ºC) (Van den Berg et al. 1999) 
or by a faster enzyme reaction using metmyoglogin, hemo-
globin (Miller et al. 1993) or horseradish peroxidase (Arnao 
et al. 1996; Cano et al. 1998). The assays using potassium 
persulfate and that which uses peroxidase have been the 
most widely applied to plant samples. The method using 
peroxidase makes it possible to generate ABTS•+ in media at 
different pH values and in organic media, which is very use-
ful for discriminating between antioxidants of a hydrophilic 
(ascorbic acid, glutathione, polyphenols, thiols) and lipophi-
lic (carotenoids, tocopherols) nature. This method shortens 
the analysis time to 2-10 min. The method has been adapted 
to microplate-reader and to HPLC (Cano et al. 1998, 2000; 
Arnao et al. 2002; Cano et al. 2002; Chen et al. 2004). 
 
ORAC assay 
 
The ORAC (Oxygen Radical Absorbance Capacity) assay 
was developed by Cao et al. (1993) from an original idea of 
Delange and Glazer (1989). The assay measures the inhibit-
tion of fluorescence due to �-phycoerythrin (a protein iso-
lated from Porphyridium cruentum) by the presence of anti-
oxidants coupled to the peroxyl radical generation from 
AAPH and O2, in a classic HAT mechanism. The original �-
phycoerythrin was later substituted by fluorescein or dichlo-
rofluorescein, two more stable probes (Ou et al. 2001; 
Ishige et al. 2001). However, the assay requires exhaustive 
plots to integrate the areas of decay curves to avoid under-
estimating the antioxidant activity, while careful tempera-
ture control is also essential. Recently, the assay has been 
adapted to measuring lipophilic antioxidants using a compli-
cated water/acetone medium incorporating methylated �-
cyclodextrin to solubilize the lipophilic antioxidants. ORAC 
is possibly the most used assay for the characterization of 
foodstuffs in the USA, where a database for total antioxi-
dant activity in food will soon be incorporated into the 
USDA Nutrient Database (Huang et al. 2002; Wu et al. 
2004). Nevertheless, this assay has never been used in plant 
physiology studies. 
 
DPPH assay 
 
This assay uses the free metastable radical DPPH, which 
has a maximum absorbance peak at 515 nm with an ex-
cellent extinction molar coefficient of 12,500 M-1 cm-1 in 
methanolic media (Blois 1958; Brand-Williams et al. 1995). 
DPPH reacts with many antioxidants showing bi-phasic ki-
netic behaviour involving mixed SET/HAT mechanisms. 
The assay is very simple and possibly the most widely used 
because it is not necessary to generate the DPPH radical 
which can be purchased, and only a photometer is required. 
Nevertheless, the assay has many drawbacks, the most 
relevant being the underestimation of antioxidant activity 
due to sample interferences at 515 nm. Plant compounds 

33



Antioxidant activity in plant physiology. Arnao and Hernández-Ruiz 

 

such as carotenes, xantophylls and anthocyanins among 
others, show substantial overlap at this wavelength, the 
level of interference clearly being dependent on the plant 
material in question (Prior et al. 2005). This problem can be 
avoided by using the ABTS assay (Arnao 2000). Also, the 
insolubility of DPPH in water limits the study of antioxi-
dants in biological buffered media. 

Others assays, such as �-carotene bleaching (oxidizing 
this carotenoid by heat, light, AAPH, etc.) or LDL oxida-
tion, have the advantages of using biological targets, al-
though data interpretation is often complicated. In �-caro-
tene bleaching, temperature control is critical, and for LDL 
oxidation, it is necessary to obtain homogenous LDL frac-
tions, which is a serious handicap (Halliwell et al. 2000). 
 
ANTIOXIDANT ACTIVITY IN PLANT REDOX 
STATUS AND STRESS 
 
The major source of ROS in plant cells are organelles 
which show highly oxidizing metabolic activity, such as 
chloroplasts, mitochondria, peroxisomes and glyosyxomes. 
The production of ROS is enhanced in plants by limiting 
conditions such as drought, salinity, light and temperature 
stress and, in general, by biotic and abiotic induced stress 
(Mullineaux et al. 2006; Rhoads et al. 2006; Suzuki et al. 
2006). For each situation, the steady-state level of ROS in 
cells needs to be precisely regulated, possibly being this 
balance, the responsible signal in the regulation of impor-
tant cellular processes. In Arabidopsis thaliana, a network 
of at least 152 genes is involved in managing the levels of 
ROS. This network is highly dynamic and encodes ROS-
producing and ROS-scavenging agents. The major ROS-
scavenging enzymes in plants include superoxide dismutase, 
ascorbate peroxidase, monodehydro-ascorbate reductase, 
dehydroascorbate reductase, catalase, glutathione peroxi-
dase, glutathione reductase, NADPH oxidase and peroxi-
redoxins (Apel et al. 2004; Mittler et al. 2004). The ROS-
scavenging enzymes need a cellular pool of the antioxidants 
ascorbic acid and glutathione to operate (Potters et al. 
2002). The reduced state of these antioxidative metabolites 
is maintained by enzymes capable of using NADP(H) to re-
generate oxidized forms of glutathione and ascorbic acid. In 
addition, the protection of membrane integrity against oxi-
dative stress is guaranteed by the �-tocopherol (vitamin E) 
pool, which is kept in its reduced state by the pool of ascor-
bic acid. Also, ascorbic acid and glutathione are metabolites 
involved in the violaxanthin/antheraxanthin/zeaxanthin sys-
tem (VAZ cycle), a protective mechanism against light 
stress (Eskling et al. 1997). Thus, in the antioxidative pool 
of cellular metabolites, compounds other than ascorbic acid 
and glutathione, such as phenolic compounds or other se-
condary metabolites, could also act on antioxidative en-
zymes in specific organelles (Foyer et al. 2003; Conklin et 
al. 2004). 

One way of monitoring the antioxidative status or anti-
oxidative pool of cells, tissues, organs or of the entire plant 
could be to determine antioxidant activity. Physiological 
studies can establish some specific requirements in the anti-
oxidant activity assays applied: i) the most relevant plant 
antioxidants (ascorbic acid, glutathione, tocopherols, etc.) 
should be measured; ii) there should be no interference; iii) 
a clear quantitative response (signal-antioxidant) should be 
obtained; iv) there should be some versatility with respect 
to buffered media and pH, and also for organic media; v) it 
should be possible to measure and discriminate between 
antioxidant activity due to hydrophilic and lipophilic anti-
oxidants, and vi) the assays need to be simple, rapid and 
low cost, and offer the possibilities of high sample through-
put and automatization. 

The physiological aspects where antioxidant activity 
may be an interesting parameter to determine would be ca-
ses where antioxidative fluctuations might be expected, 
such as germination, growth and development, plant onto-
geny, fruit ripening and senescence, stress situations caused 
by biotic or abiotic agents, etc. It could also be useful in the 

characterization of standard plant materials and varieties. 
We have developed and adapted the ABTS assay to 

study and characterize several physiological situations. The 
applicability of the antioxidant activity parameter in plant 
physiology has been demonstrated in many studies. For 
example, the time-course of hydrophilic antioxidant activity 
(HAA) and of lipophilic antioxidant activity (LAA) during 
four ripening-stages of on-vine tomatoes (Lycopersicum es-
culentum Mill.) (green, breaker, pink and red ripe) has been 
shown. The strong correlation between the levels of ascor-
bic acid and HAA (r = 0.90, P < 0.1) and between the lyco-
pene content and LAA (r = 0.91, P < 0.05), using the same 
assay, has been demonstrated (Cano et al. 2003). Other au-
thors have studied the ripening process of tomatoes using 
our methods (Lana et al. 2006) or a similar ABTS assay 
(Javanmardi et al. 2006). As regards plant material charac-
terization, many authors have used the ABTS assay, until 
now the most extensively used method in studies with some 
physiological objective. For example, this assay has been 
applied in studies of pepper fruit ripening (Jimenez et al. 
2003), sweet cherry ripening (Serrano et al. 2005), kiwifruit 
ripening (Park et al. 2006), apple fruit quality in different 
farming systems (Peck et al. 2006), broccoli head conserva-
tion (Serrano et al. 2006), fruit characterization of orange 
and grape varieties (Alcolea et al. 2002; Pretel et al. 2004), 
woody plant germplasm of different species (Johnston et al. 
2006), etc. Also, we studied the growth and development of 
different varieties of lettuce, determining the changes in 
HAA and LAA in leaves of different ages and different posi-
tions. Thus, LAA increased sharply from stem to outermost 
leaves, demonstrating the protective role of lipophilic anti-
oxidants in mature and light-exposed leaves (Cano et al. 
2005). Also, a direct relationship between citrus leaf age and 
LAA has been described (Arnao et al. 2001). 

As regards plant stress, not fewer studies have applied 
the antioxidant activity assays. However, this is a field 
where expectations are high in this respect. When our 
methods were applied to the study of the post-fire re-emer-
gence of leaf sprouts of the Mediterranean tree Quercus ilex 
(El Omari et al. 2003), high correlations between LAA and 
certain chloroplast pigments such as �-carotene and the ca-
rotenoids of the xanthophyll cycle (VAZ) were obtained. 
Also, in leaves and stems, a seasonal pattern of antioxidant 
activity appeared, being twice as great in summer as in 
spring and winter. This pattern also correlated with the ac-
cumulation of small heat-shock proteins, which were clearly 
related with the general adaptation syndrome described in 
plants exposed to seasonal alterations in environmental con-
ditions (Verdaguer et al. 2003). Thus, antioxidant activity 
determination, together with other physiological parameters, 
can provide valuable information for ecophysiological stu-
dies. More recently, we studied the de-etiolation transition 
of seedlings and the behaviour of leaves after light stress in-
duction in oat and wheat. The changes observed in antioxi-
dant activity and ascorbic acid levels clearly reflected varia-
tions in environmental conditions. Thus, in oat and wheat 
seedlings, the HAA increased during the de-etiolation pro-
cess, reaching an antioxidative status similar to that of ever-
green plants of the same age. Ascorbic acid levels and HAA 
values, on the other hand, were maximum in young leaves 
and decreased with age, indicating that young leaves were 
more efficiently prepared to confront oxidative stress. The 
variations observed in HAA and ascorbic levels in oat and 
wheat leaves after a high-light treatment confirmed the 
above assertion. HAA decreased in response to high-light 
treatment and totally or partially recovered in the dark. 
However, this capacity depends on age and species, the anti-
oxidant activity acting as indicator in the stress process 
(Cano et al. 2006). Other studies that applied the antioxidant 
activity assays in stress studies suggested that an optimal re-
dox status or capacity to limit the oxidative damage is very 
important in plant protection (Ben Amor et al. 2006; John-
ston et al. 2007). 
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CONCLUSION AND FUTURE PERSPECTIVES 
 
Although in physiological studies, antioxidant activity can 
contribute to our understanding of the plant redox state, this 
parameter must be interpreted with caution since it should 
act as a complement to specific antioxidant determinations. 
The detailed analysis of overall plant antioxidants involved 
in defence redox system can be difficult. However, the 
analysis of the most important individual antioxidants (as-
corbic acid, glutathione, antioxidative enzymes) and their 
variations with respect to antioxidant activity could be a 
practical approach to studying physiologically normal and 
stress situations. Many approaches have been developed for 
there determination, ranging from classical analysis using 
photometric techniques to sophisticated tools such as elec-
tron spin resonance, pulse radiolysis and proteomic markers 
(Punchard et al. 1996; Halliwell et al. 2000; Shulaev et al. 
2006; Navrot et al. 2007). 

Antioxidant activity determinations could contribute to 
the study of many physiological aspects, as mentioned 
above, specially concerning the role that the hydrophilic 
antioxidant pool plays in plant organelles, such as mito-
chondria, chloroplasts and peroxisomes (Potters et al. 2002; 
Foyer et al. 2003; Asada 2006; Rhoads et al. 2006; Shulaev 
et al. 2006; Navrot  et al. 2007). Such determinations 
might also throw light on the variations that these antioxi-
dants show in the apoplastic space, related with cellular 
growth and stress. Another important aspect will be studies 
of the photosynthetic process. The determination of chan-
ges in lipophilic antioxidant activity in chloroplasts of 
leaves or in chromoplasts in a variety of situations can con-
tribute to this study. Lastly, the use of these assays as a first 
screening for the antioxidant content of plant materials may 
be helpful for detecting little understood molecules in plant, 
such as melatonin, serotonin, catecholamines, lipoic acid, 
etc. (Navari-Izzo et al. 2002 ; Arnao et al. 2006; Kulma et 
al. 2007). 
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