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12.1 Introduction

The events of World War II directly led to the genesis of free radical biochemistry
and the deadly effects of ionizing radiations were attributed to the formation of
reactive oxygen species (ROS). Since then ROS and reactive nitrogen species (RNS)
have earned bad reputation (Gilbert 1981). ROS also include free radicals and
non-radical derivatives of oxygen (Namiki 1990). During respiration in biological
systems, a substantial fraction of oxygen is partly reduced. Such partially reduced
oxygen molecules and their derivatives are known as ROS, which are extremely
reactive pro-oxidants and lethal. The reactivity of ROS can cause functional impair-
ment in biological systems, eliciting a number of degenerative complications like
mutagenesis, circulatory disturbances, carcinogenesis and aging (Halliwell and
Gutteridge 1985). Inside the cell, free radicals are routinely produced in the metab-
olism within the peroxisomes, mitochondria through xanthine oxidase, phagocyto-
sis, inflammation processes, physical exercise, arachidonate pathways and ischemia.
Many external factors stimulate the production of free radicals viz., smoking,
pollutants, drugs, radiation, pesticides, industrial solvents and ozone. It is an irony
that essential elements for survival such as oxygen have harmful effects on the
human body through ROS generation by prooxidative enzyme systems, lipid per-
oxidation, glycoxidation etc. which creates an imbalance leading to oxidative stress
(Lobo et al. 2010; Kumar and Pandey 2015). However, living systems have natural
enzymatic and non-enzymatic antioxidant defenses which counteract the harmful
effects of free radicals and other oxidants (El-Bahr 2013; Kumar and Pandey 2014).

An antioxidant in biological systems has been defined as any compound that
when present at small level compared to that of an oxidizable substrate, considerably
retards or averts oxidation of the substrate (Halliwell 1990). But in food systems,
antioxidants have been categorized as compounds, which are able to prevent or delay
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the oxidation of easily oxidizable substances viz., lipids in small amounts (Chipault
1962). Antioxidants may interfere at any of the three main stages of the free radical
mediated oxidative processes i.e., initiation, propagation, and termination (Cui et al.
2004; Kumar et al. 2013a; Sharma et al. 2018). In foods, it is necessary to measure
the effectiveness of natural antioxidants for preservation and defense against oxida-
tive destruction to evade harmful changes and loss of nutritional and commercial
values. Thus, it is desirable to have a rapid method for qualitative and quantitative
assessment of the potential antioxidant capacity in food products. Such a method
would be a useful tool to make a choice among diverse species, varieties, degree of
maturation, and culture conditions, so as to obtain high content of natural antioxi-
dants in food products (Leonardi et al. 2000). Techniques that measure total antiox-
idant activities of foods can be used to assess the relationship between important
dietary factors and disease prevention, thus reducing human suffering by helping to
pick vital dietary sources of antioxidants. Various in-vitro methods used to study the
antioxidant property of food products, plant extracts, commercial antioxidants and
pure compounds are described below.

12.2 Peroxyl Radical Scavenging Capacity Assay

One of the most important radicals generated due to oxidative stress is the peroxyl
radical (ROO"). It is associated with the oxygenation of unsaturated fatty acids which
is a reactive target in the biological system. Peroxyl radicals are naturally produced
by the electrophilic addition of molecular oxygen and the activated singlet oxygen
by abstraction of an allylic hydrogen atom from the 1,4-pentadien system of
the major part of unsaturated fatty acid carbon chains and is further stabilized by a
double-bond conjugation. ROOris involved in further decomposition and free radical
stabilization till production of fatty acid rancidity marker compounds. Hence,
these events explain the loss of membrane function triggered by the damage to the
lipid bilayer and eventually undesirably affecting the biological function. Generation
of free radicals and reaction monitoring are the most vital factors for the evaluation
of antioxidant activity against peroxyl radicals. Free radicals can be generated either
by the action of enzymes like lipoxygenase, or by the thermal decomposition of an
azo-bis compound (Fig. 12.1a) (Scalzo et al. 2012). A sensitive assay has been
developed to monitor peroxyl radical scavenging capacity of water- and lipid-soluble
antioxidant compounds, food stuffs and plant extracts. The assay is based on
the degree of inhibition of oxidation of the dye dichlorofluorescin diacetate
(DCFH-DA) by antioxidants that have the competence to scavenge peroxyl radicals,
produced by thermal degradation of 2,2’-azobis(amidinopropane) (ABAP). Thermal
degradation of ABAP produces peroxyl radicals (ROO®) which oxidize
non-fluorescent dichlorofluorescein (DCFH) to fluorescent dichlorofluorescein
(DCF) (Fig. 12.1b). The degree of retardation of DCFH oxidation, by antioxidants
that scavenge peroxyl radicals is used as the basis for calculation of antioxidant
activity (Adom and Liu 2005).
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Fig. 12.1 Mechanism of peroxyl radical production and scavenging action. (a) Thermal decom-
position of an azo-bis compound (R-N=N-R) by oxygen at physiological pH to yield peroxyl
radical (ROO"). (b) Reaction mechanism of peroxyl radical scavenging capacity assay. Abbrevia-
tions: DCFH-DA dichlorofluorescindiacetate, ABAP 2,2'-azobis(amidinopropane), DCFH
nonfluorescentdichlorofluorescein, DCF fluorescent dichlorofluorescein

Fe?* + 3Ferrozine® —> Fe(Ferrozine),*

Chelator ¢ olator -Fe?*

Fig. 12.2 Reaction mechanism of metal ion chelating assay

12.3 Metal Ion Chelating Assay

The metal ion chelating assay is based on the binding affinity of Ferrozine with Fe**
ions. Ferrozine is a sulfonated derivative of the parent compound 3-(2-pyridyl)-5,6-
bis-(4-phenylsulfonic acid)-1,2,4-triazine and forms a pink colored water soluble iron
(II) complex (Carter 1971) (Fig. 12.2). Thus, the chelating activity of the plant
extracts/samples and standard antioxidant compounds (BHA, BHT and EDTA) for
ferrous ions is measured based on this mechanism. Redox chemistry of iron has been
implicated in both the occurrence and the rate of lipid peroxidation (LPO). Reaction of
Fes;™ with lipid hydroperoxides produces radicals that begin a chain reaction by
reacting with other molecules producing MDA, a typical peroxidation marker.
LPO also inflicts damage to unsaturated fatty acids results in decreased membrane
fluidity and consequently leading to several pathological alterations. The transition
metal ion, Fe," has the capacity to move single electrons by which it can permit the
production and propagation of many radical reactions, even beginning with compar-
atively non-reactive radicals. To circumvent ROS generation related with redox active
metal catalysis, chelation of the metal ions is the major approach. Iron can trigger LPO
by the Fenton reaction and also speeds up peroxidation by breaking down lipid
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hydroperoxides into peroxyl and alkoxyl radicals that can abstract hydrogen and
further propagate the peroxidation chain reaction. Ferrozine can quantitatively form
complexes with Fe,". However, formation of pink-red colored complexes decreases in
the presence of compounds possessing chelating ability which can be measured
spectrophotometrically at 562 nm. Therefore, monitoring the rate of reduction of
color intensity helps to measure the chelating activity of the co-existing chelator
present in the reaction mixture (Dinis et al. 1994; Kumar and Pandey 2012).

12.4 Superoxide Anion Radical Scavenging Capacity Assay

Superoxide anion radical (O, ") isproduced by the reduction of molecular oxygen. It
is also formed in aerobic cells due to leakage of electrons from the electron transport
chain. Superoxide radicals (O, ) are also produced by activated phagocytes such as
monocytes, eosinophils, neutrophils and macrophages and play an important role in
the phagocytosis of bacteria. In living organisms, O,"~ is removed by the enzymes
called superoxide dismutases (SOD). Thus, SOD keeps in check the excess produc-
tion of superoxide radicals which may lead to oxidative damage (Halliwell and
Gutteridge 1985). The in-vitro superoxide radical scavenging activity is based on the
chemical anion radical generating system which includes phenazine methosulfate
(PMS), nicotinamide adenine dinucleotide (NADH) and nitroblue tetrazolium
(NBT). Superoxide radicals are produced within PMS-NADH systems by the
oxidation of NADH and are examined by the reduction of NBT. Briefly, the
generation of superoxide anion is measured in a reaction mixture containing
NADH, NBT and PMS in phosphate buffered saline (PBS) at pH 7.4. The reduction
of NBT is detected by measuring the change in absorbance at 560 nm (Liu et al.
1997; Shareef et al. 2014).

12.5 Hydroxyl Radical (OH") Scavenging Assay

In cell metabolism the hydroxyl radicals (OH) are the extremely reactive creations
of ROS generated by successive 1-electron reduction of molecular oxygen (O5).
Hydroxyl radicals are mainly accountable for the cytotoxic effects in aerobic organ-
isms. Several studies have reported protection from the harmful effects of hydroxyl
radical by several medicinal plants, thus endorsing their antioxidant properties. The
hydroxyl radical is one of the strongest known oxidants. It is capable of
nonspecifically oxidizing all classes of biological macromolecules including lipids,
carbohydrates, proteins, and nucleic acids at almost diffusion-limited rates. There-
fore, disturbance in "OH homeostasis may inflict oxidative injury that leads to many
diseases like atherosclerosis, diabetes, cancer, arthritis etc. (Ozyurek et al. 2008).
OH’ radicals are mainly generated in the body via the Haber-Weiss reaction where
the superoxide anion radical (O, ™) reduces cellular Fe(III) to Fe(II). Thus, it initiates
the Fenton reaction between Fe>* and H,0,™ (Fig. 12.3).
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Fig. 12.3 Hydroxyl radical generation by Haber-Weiss reaction and Fenton reaction

The hydroxyl radical scavenging assay is based on the inhibition of
p-nitrosodimethylaniline (pNDA) bleaching. Hydroxyl radicals are generated
through Fenton reaction in which iron (II) is oxidized by hydrogen peroxide to
iron (II) and are capable of bleaching pNDA specifically. The scavenging of these
radicals is measured by the extent of inhibition of bleaching in the presence of
antioxidants (Kunchandy and Rao 1990).

12.6 DPPH Radical Scavenging Assay

DPPH (2,2-diphenyl-1-picrylhydrazyl) is an organic compound composed of stable
free radical molecules. DPPH assay has been mostly used as a reliable, quick, and
reproducible method for screening in-vitro antioxidant activity of pure compounds,
food products as well as natural plant extracts. The violet coloured DPPH is
converted to a yellow product in the presence of antioxidants. Antioxidants react
with DPPH, a nitrogen-centered free radical, which is a stable, and convert it to a,
a-diphenyl-f#-picryl hydrazine. The degree of discoloration indicates the scavenging
potentials of the antioxidant extracts. The decrease in absorbance by the DPPH
radical with increasing concentration of the extracts in dose dependent manner
results in the rapid discolouration of the purple DPPH, suggesting that compounds
present in food material or plant extracts have radical scavenging antioxidant activity
owing to its proton donating ability. For assessment of the antioxidant prowess of
compounds or extracts, they are permitted to react with DPPH in methanolic
medium. A deep violet color of the DPPH radical in solution due to a strong
absorption band centered at about 520 nm and it turn into colorless or pale yellow
after neutralization (Fig. 12.4). The percentage inhibition (% scavenging activities)
at diverse concentrations of the test compounds or extracts are calculated using the
formula (Eq. 12.1).

(%Inhibition) = [(A, — Ay)] x 100 (12.1)

where A, and As are the absorbance values of the control and the sample, respec-
tively. Three replicates are made for each sample and results are expressed as
mean £ SD.
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Fig. 12.4 Reaction mechanism of DPPH radical scavenging assay

The reduction of DPPH molecules could be correlated with the number of
available hydroxyl groups. Chemical constituents present in food products or plant
extract fractions exhibit significantly higher inhibition percentage (stronger hydro-
gen —donating ability) which can be positively correlated with total phenolic content
(Sharma et al. 2016).

12.7 ABTS Radical Scavenging Assay

ABTS [2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)] is a chemical com-
pound commonly used as a free radical in in-vitro antioxidant assays. Generation of
the ABTS radical cation forms the basis of ABTS radical scavenging assay, which
measures the total antioxidant activity of sample compounds. Initially, this method
was based on the stimulation of metmyoglobin with H,O, in the presence of ABTS
to generate the radical cation, in the presence/absence of antioxidants, in which case
the faster reacting antioxidants could also add to the reduction of the ferryl myoglo-
bin radical. Therefore, the results in this method could be ambiguous. The decolor-
ization technique is a relatively more targeted and absolute form of the assay as the
radical is directly generated in a stable form prior to reaction with the antioxidants. In
this system, the reaction between ABTS and potassium persulfate results in the direct
formation of the blue/green ABTS chromophore which has absorption maxima at
734 nm (Fig. 12.5). Addition of antioxidants to the pre-formed radical cations
reduces it to ABTS, which varies with the concentration and activity of the antiox-
idant as well as the reaction duration. Therefore, the magnitude of decolorization as
% inhibition of the ABTS radical cation is measured with respect to concentration
and time and is computed in comparison with the reactivity of a standard under the
same conditions. The method is applicable for the study of both water-soluble and
lipid-soluble antioxidants, pure compounds, food and plant extracts (Re et al. 1999).
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Fig. 12.5 Oxidation of ABTS molecule by potassium persulfate (K,S,Og) to generate radical
cation ABTS™ (absorption maxima 734 nm) and its reaction with an antioxidant compound (AH)
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12.8 FRAP Assay

The ferric reducing antioxidant power (FRAP) assay is another in-vitro antioxidant
capacity assay. At low pH, when a ferric-tripyridyltriazine (Felll-TPTZ) complex is
reduced to the ferrous (Fell) form, a dark blue color develops which absorbs
spectrophotometrically at 593 nm (Fig. 12.6). This reaction is nonspecific, and any
half-reaction with a less-positive redox potential than the Fe-III/Fe-II-TPTZ half-
reaction, under similar reaction conditions, will impel the FellI-TPTZ reduction. The
complex is reduced in the presence of an antioxidant which acts as a reductant and
blue color is developed under favorable conditions. Ferrozine is commonly used
with ascorbic acid, which acts as an antioxidant and a reductant to measure iron
(Benzie and Strain 1996; Sharma et al. 2014, 2017a). FRAP values can be calculated
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by relating the change in absorbance of the reaction mixture with those obtained
from increasing concentrations of Fe>* using calibration curve and expressed as mM
of Fe** equivalents per kg (solid food) or per litre (liquid) of sample.

12.9 Nitric Oxide (NO) Radical Scavenging Assay

Nitric oxide (NO) and RNS are free radicals that originate from the interplay of NO
with oxygen or ROS. NO exhibits reactivity with certain proteins and other free
radicals such as superoxide due to its unpaired electron. The production of NO at
lower levels plays crucial role in physiological processes. However, the sustained
NO production can cause damaging effect in tissues and plays role in the patholog-
ical manifestation of disease states like inflammation and endotoxin shock (Gomes
et al. 2006). Moreover, NO and O, ", produced by cells of the immune system
during the oxidative burst, may react with each other, generating significant amounts
of the highly reactive peroxynitrite anion (ONOQO™), which is a strong oxidative
molecule. Therefore, toxicity of NO greatly increases when it reacts with the
superoxide radical, and hence scavenging of NO by antioxidants is crucial for
biological system homeostasis (Carr et al. 2000; Boora et al. 2014). The NO radical
scavenging assay is based on the reaction of NO produced from aqueous sodium
nitroprusside solution with oxygen to generate nitrite ions, at physiological pH. The
nitrite ions are further quantified by Griess Illosvoy reaction (Hazra et al. 2008).
Nitrite is detected and measured by formation of a red pink colour upon reaction with
Griess reagent, which typically comprises of naphthylethylene diamine
dihydrochloride, sulphanilamide and phosphoric acid.

12.10 Hydrogen Peroxide (H,0,) Scavenging Capacity
Assay

Among ROS, H,0; is a relatively stable, non-radical oxidant, having the ability to
diffuse across biological membranes. It is produced by reduction of molecular
oxygen via two electrons or by dismutation with or without the enzyme SOD
(Fig. 12.7).

The biological system generates the superoxide anion radical O," from molec-
ular oxygen and unquestionably produces H,O, by the dismutation reaction, the rate
of which depends on pH and O, concentration. H,O, induces the oxidative

Fig. 12.7 Hydrogen 0,+2e+2H" —» H,0,
peroxide production by

reduction of molecular O, +2H" _ sop H,O
oxygen

0:'_ +e+2H'—— H:O: +0:
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degradation of most biological macromolecules such as lipids, proteins or enzymes,
carbohydrates and nucleic acids, through generation of the hydroxyl radical (OH"),
the most potent and reactive ROS. H,O, in presence of Cu(I) or Fe(Il) salts in-vivo
produces OH radicals by using transition metal ion-catalyzed Fenton and Haber—
Weiss reactions (Ozyurek et al. 2010). Besides that, the most frequently used in-vitro
H,0, scavenging assay is carried out on the principle that there is a decrease in
absorbance of H,O, upon oxidation in the presence of antioxidants. A solution of
H,0, prepared in phosphate buffer (pH 7.4) is used and the solution of sample
extract or pure compound in phosphate buffer is added which acts as an antioxidant.
The absorbance of the reaction mixture is documented spectrophotometrically at
230 nm (Ak and Gulcin 2008). The percentage H,O, scavenging by standard
compounds is calculated as per equation (Eq. 12.2).

H,0; scavenging effect (%) = (1 — As/A. ) x 100 (12.2)

where A, is the absorbance of the control solution and A is the absorbance in the
presence of standard compound which acts as a scavenger.

12.11 Hypochlorous Acid (HOCI) Radical Scavenging
Capacity Assay

Hypochlorous Acid (HOCI) radicalis produced in the living system by the heme-
peroxidase enzyme myeloperoxidase from activated neutrophils, monocytes, and
macrophages. The HOCl is the well-known strongest oxidant formed by neutrophils
and is recognized as a powerful pro-inflammatory agent. Moreover, it can also react
with O, to produce one more microbicidal species OH". These HOCI radicals may be
regulated by the internal antioxidant systems such as SOD, catalase, glutathione
peroxidase (GPx), and glutatione S-transferase. However, when HOCI levels exceed
beyond control, they may directly react with amino acids, proteins, carbohydrates,
thiol-containing antioxidants, membrane lipids, and nucleic acids. These processes
cause several inflammatory diseases such as arthritis, cystic fibrosis, asthma, heart
diseases, and even certain forms of cancer. Thus, the use of external antioxidants
from natural sources is required for treating these oxidative stress mediated anom-
alies. The HOCI radical scavenging capacity assay is based on the elimination of the
catalase peak due to the destruction of the heme prosthetic group by HOCI and is
determined spectrophotometrically at 404 nm. The HOCI scavenging capacity of the
compounds is measured by the inability of HOCI to reduce the peak in a concentra-
tion dependent manner. A solution of catalase is mixed with HOCI with increasing
concentrations of sample compounds acting as HOCI radical scavengers (Arguello-
Garcia et al. 2010).
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12.12 Reducing Power Assay

Basic principle underlying the reducing power assay is that substances with a
reduction potential react with potassium ferricyanide (Fe**) to form potassium
ferrocyanide (Fe®*), which subsequently reacts with ferric chloride to form ferric
ferrous complex exhibiting an absorption maxima at 700 nm. Antioxidants acting as
electron donor reduce the Fe** complex to its Fe?* (Fig. 12.8) (Kumar et al. 2014a).

Ascorbic acid (various concentrations) is routinely used as standard antioxidant
compound and increased absorbance of the reaction mixture specifies increased
reducing power (Jayanthi and Lalitha 2011; Kumar et al. 2013b). Conversion of
the yellow coloured reaction mixture to the bluish green during assay signifies
reducing action of the compound and intensity of the colour produced further
depends upon the reducing ability of the test compound. Natural foods/vegetables/
plant extracts show considerable reducing power at higher concentrations as shown
by absorbance values signifying dose dependent response. There are several articles
on dose dependent reducing power of plant extracts. Phytochemicals particularly
flavonoids have been stated to function as reducing agents. So the reducing ability of
plant based natural products could be ascribed to the presence of phenolic com-
pounds which might act as reductones.

12.13 Phosphomolybdate Assay

The phosphomolybdate assay is based on the reduction of Mo(V]) at acidic pH. It is
regularly used to assess the total antioxidant capacity of food supplements/plant
extracts and other compounds using propyl gallate as standard (Negi and
Jayaprakasha 2004). In this method molybdenum (VI) is reduced to a green coloured
molybdenum (V) complex by antioxidants which shows maximum absorption at
695 nm. The total antioxidant capacity is expressed as ug propyl gallate equivalents
per gram of sample. The difference in antioxidant capacity of different samples is a
function of differences in their chemical composition. The antioxidant activities of
the specific phenolic compounds depend on structural features namely, the number
and position of phenolic hydroxyl or methoxyl groups, flavone hydroxyl, free
carboxylic groups, keto groups (Kumar et al. 2014b).

2Fe(CN)¢ + CgH,Of —> 2Fe(CN),* + CHO, + H’
(Ferricyanide)  (Ascorbate) (Ferrocyanide) (Dehydroascorbate)
At pH 5.6, phosphate buffer 0.2M

4Fe’* + 3 Fe(CN)* —>  Fe,[Fe(CN)g];
(Ferric ion)  (Ferrocyanide) (Prussian blue)
(Amax 700nm)

Fig. 12.8 Mechanism of reducing power assay
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12.14 Singlet Oxygen ('0,) Scavenging Capacity Assay

Singlet oxygen ('0,) is a high energy form of oxygen which exists in the singlet state
with a total quantum spin of zero. It was first predicted in 1931 as a meta-stable
intermediate state of oxygen in dye-sensitized photo-oxygenations. However, in
1964, it was finally recognized that 'O, was same entity whether generated in
sensitized photo-oxygenations, through radio frequency or via chemical reactions
with H,O,/NaOCl. It is an important free radical in the living system associated with
cell signaling and oxidative stress (Lugman et al. 2016). The 'O,-scavenging
capacity is determined by a fluorescence method that consists of monitoring the
oxidation of the non-fluorescent dihydrorhodamine 123 (DHR) to fluorescent rho-
damine by the reaction with 'O, The singlet oxygen species is generated by thermal
breakdown of an earlier synthesized water-soluble endoperoxide [disodium 3,3-
'-(1,4-naphthalene)bispropionate] at 37 °C. The results are expressed in terms of
percentage inhibition of '0,-induced oxidation of DHR (Rebeiro et al. 2015).

12.15 Lipid Peroxidation Inhibition Assay

The magnitude of oxidative damage caused in a lipid based system is difficult to
determine because of the short half-lives of free radicals as well as many of the
products primarily formed by attack of free radical on polyunsaturated fatty acids,
the electron rich substrates. Therefore, the revealing of oxidative stress depends
typically on the quantification of compounds known as thiobarbituric acid reactive
substances (TBARS) such as malondialdehyde (MDA). The TBARS are the
byproducts resulting from the degradation of primary products of free radical attack
on lipids (Antolovich et al. 2002; Kumar and Pandey 2013). The reaction between
MDA and 2-thiobarbituric acid at high temperature and low pH produces a pink
colored compound which is a measured spectrophotometrically at 532 nm. The
intensity of the color produced varies with the degree of lipid peroxidation induced
by free radicals. It is very frequently used method for lipid peroxidation assay (Oakes
and Kraak 2003; Sharma et al. 2017b).

12.16 Conclusion

Interest in antioxidants, especially those intended to thwart the apparent harmful
effects of free radicals in the human system along with the deterioration of lipids and
other components of foodstuffs, is rising. This chapter describes a comprehensive
account of the in-vitro methods commonly used for the evaluation of antioxidant
potential of different food substances, plant extracts and other compounds. Most of
the in-vitro models for determining antioxidant activity rely on three important
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mechanisms namely, free radical scavenging, reducing property and metal ion
chelating abilities. Mechanisms related with different in-vitro assays have been
described in specific methods. These methods are very useful for the assessment
of antioxidant evaluation of vegetables, fruits and other food products, food supple-
ments, neutraceuticals and pharmaceutical agents.
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