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ABSTRACT

Electrophysiological systems are prone to release free radicals for functioning of biological system with
proper balancing of antioxidant-prooxidant ratio for establishing a healthy living system. The biostress
condition releases different reactive oxygen species, such as hydroxyl, alkoxyl, superoxide, hydrogen
peroxide, hydroperoxyl, ozone, singlet oxygen, hypochlorus acid, thiyl radical, etc. This review tries to
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discuss the general aspects of the antioxidant assay methodologies that are currently used for the
detection of antioxidant property. The entire review has been divided into three different sections. The
first deals with the release of free radical by mitochondrial dysfuctioning and its curbing action by local
antioxidants. The second and third sections discuss the general procedure adopted and reaction
mechanism involved in the assay procedure along with the limitations and advantages.

Introduction

Redox is an essential metabolic reaction in living system,
wherein the electrons are transferred from one species to
another. These redox processes are the main reactions in any
biological system, whereby the chain of chemical reactions
takes place in the living system that uses oxygen from air for
oxidation and to provide energy in the form of ATP."! In a
normal cell, balance persists between pro-oxidants and antioxi-
dants. Any imbalance in the release of electron and the oxygen
generates short-lived reactive species like superoxide, hydroxyl,
peroxyl, alkoxyl, and other nitrogen species. It has been esti-
mated that 1-3% of oxygen inhaled by human get converted
into superoxide radical anion.’”) When the equilibrium gets
shifted toward pro-oxidants, the free-radical reactive species
generation is enhanced greatly, leading to oxidative stress con-
dition. These free radicals being highly reactive in nature, com-
bines with macromolecules to produce, cross-linking and lipid
peroxidation. The controlled and periodical production of
derivatives of reactive oxygen species (ROS) during the respira-
tory burst are essential for the defense mechanism in killing
microorganisms without causing significant loss in the function
of the associated tissues in the biological counterpart.”’

The instability of these reactive species is a serious threat to
nearby cells and biomolecular system and damage caused by
them is an inevitable process and should be dealt by the repairing
processes. Reactive species been implied in aging and more than
100 diseases, including heart disease, diabetes, and cancer!** and
neurodegenerative disease. The cause of the initiation of these dis-
eases is attributed by damaging of crucial biomolecules such as

DNA, RNA, lipids, proteins, polyunsaturated fatty acids, carbohy-
drates, etc. The oxidant inhaled during the cigarette smoke,
industrial gases, ozone, and vehicular gases are reactive species
that can initiate degradation of biomolecules."®!

Reductant and oxidant are chemical terms, whereas antioxi-
dants and pro-oxidants have the meaning in the context of a bio-
logical system. Pro-oxidants and antioxidants initiate and inhibit
the oxidation process, respectively. An antioxidant is a reductant,
but a reductant is not necessarily an antioxidant. Antioxidants
inhibit or delay oxidative damage of a target molecule by the pro-
cess of neutralization of free radicals by donating one of the avail-
able electrons of its own by free radical stealing or by scavenging
mechanism. Hence, high antioxidant food content intake is neces-
sary for controlling the release of oxidants during different biolog-
ical stress conditions, such as inflammation, cardiac disease,
aging, cataract, autism, Alzheimer’s, and cancer.

Based on the nature of mechanism of interaction, antioxi-
dant can be classified as primary, secondary, endogenous, exog-
enous, enzymatic, and non-enzymatic. Generally antioxidants
are the molecules that contain reactive hydroxyl groups, which
may be phenolic or non-phenolic that includes ascorbic acid,
tocopherol, polyphenols, and flavanoids. This definition is not
rigid as there deviation in classical definition, for example,
ecdysteroids which although do not contain active hydroxyl
groups but still possess antioxidant property and free-radical-
scavenging tendency.”’

Antioxidant activity and antioxidant capacity are two terms,
the former corresponds to rate constant of single antioxidant
against a given free radical, whereas the latter is the number of
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moles of a given free radical scavenged by the test solution
independently by one antioxidant in the mixture.”® The antiox-
idant assay can be either distinct assay (e.g., Ascorbic acid,
Vitamin E, uric acid, etc) or total antioxidant potency that is
assayed by the combined reducing activities of the given sub-
stance. Indeed, the assay of individual antioxidant is not of
much use compared to total antioxidant assay capacity. The
individual antioxidant assay methods are especially useful in
understanding the structure-activity relationship of pure anti-
oxidant compounds in the determination of antioxidant contri-
bution to specific dietary components and in the study of
decrease in plasma antioxidant activity in individuals under
oxidative stress in specific disease states.'”! In the case of plasma
being a heterogeneous mixture, the antioxidant status can be
better reflected by capacity rather than activity. This capacity is
the total redox chain antioxidants, which includes thiol-bearing
antioxidants and uric acid. The strategic path in antioxidant
assay method depends upon the source and scavenging ability
of antioxidants. Antioxidant assay includes direct and indirect
methods; one direct method relies on the capacity of the free
radical to oxidize or reduce the reaction probe and the indirect
one adopts the inhibition of the antioxidant for the formation
of products. A same sample of heterogeneous mixture of anti-
oxidants is analyzed by different methodology, such as Ferric
reducing antioxidant parameter (FRAP), Copper reducing anti-
oxidant capacity (CUPRAC), 2,2’-azinobis (3-ethylbenzothia-
zolline-6-sulfonic acid) (ABTS), 2,2-Diphenyl-1-picrylhydrazyl
(DPPH) to evaluate single or mixed mechanisms of Electron
transfer (ET) or Hydrogen atom transfer (HAT). Nevertheless,
the activity will contribute to different values due to varied
experimental conditions and thus enabling full antioxidant
capacity of the sample extract.

Chemical diversity of antioxidants makes it difficult to sepa-
rate and determine individual components from the matrix. All
antioxidant assay mechanisms cannot be considered under one
roof of determination or detection due to uniqueness in mecha-
nistic steps, redox potential, pH, and solvent dependencies. The
coupling reactions are not consistent in its antioxidant capacity
assays due to their variable absorption maximum. The problem
associated with true biological consequences is the formation of
short-lived ROS, which are very difficult to quantify in vivo.
However, several trapping methods have been developed for
use in vitro. The total antioxidants can be assayed by different
methodologies that include luminol-enhanced chemiluminis-
cence, B-phycoerythrin bleaching, FRAP, CUPRAC, Cerric
reducing antioxidant capacity (CERAC), lipid peroxides gener-
ation, and Crocin bleaching assay (CBA).

The aim of the present review is to provide comprehensive
chemical investigation methods available for the assay of antioxi-
dants. There are quite number of research articles pertaining to
the assay of antioxidant methodology. But, few articles are con-
cerned on the analytical reaction mechanistic steps involved. In
this route, authors have made a modest attempting in fulfilling
the gap between the reaction mechanism and methodology
involved. Authors acknowledge the review carried out by other
researchers.'®) Amorati research group!""! highlights the advan-
tages and limitations of different antioxidant assay procedures.
However, there is no discussion on the core part in the process of
the reaction such as mechanistic steps involved. The present
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review discusses these aspects in a logical frame work that include
implication of ROS in the mitochondrial dysfunctioning, sites of
ROS production, and related self-defense mechanisms, structure
and activity relationship of different antioxidants and their rela-
tion to the chemistry of antioxidant assays.

Reactive species: A free radical and its implication

Free radical, also known as reactive oxygen or nitrogen or car-
bon that contains one or more unpaired electrons in the outer-
most orbital is an unstable species that exists independently. A
contributing factor for this unstability is lack of octet configura-
tion. Reactive species of oxygen and nitrogen have characteris-
tics such as short life, generation of new vulnerable ROS, and
damage to various tissues.

The four-step sequential univalent reduction of oxygen can
be presented as follows:

0,5 0,5 02 5 0HS H,0

Oxygen is reduced from a variety of sources, including either
the formation of superoxide or conversion into singlet oxygen
or formation of hydrogen peroxide. Most of the oxygen con-
sumed in the body is fully reduced to water in a single stage at
the terminal cytochrome of the oxygen transport chain in the
mitochondria. However, under certain conditions, while
reduced oxygen passes through two intermediate stages in the
formation of hydrogen peroxide, is accelerated by the intracel-
lular superoxide dismutase, widely distributed as a defense
mechanism against superoxide toxicity. The damage by ROS is
created by the partial reduction of oxygen. An imbalance
between the reduction of oxygen and electron transport chain
creates the havoc of ROS, which is modulated by the rate of
electron flow through respiratory chain complexes. Hydrogen
peroxide itself breaks down into water and oxygen under the
influence of CAT and various peroxidase enzymes. Indeed
most ROS are produced at low levels by normal aerobic metab-
olism and play important role in the redox-dependent regula-
tion of many signaling processes.

Production of reactive species by complexes in electron
transport chain

The complex IV is surrounded by hydrophilic arm from Ther-
mus thermophiles, which is unlikely to react with molecular oxy-
gen at a significant rate. The oxygen accesses only the live parts
of the complex at each end of the flavin moiety or the quinone
binding site. This complex produces minimum ROS under nor-
mal condition, but increases significantly by the addition of
inhibitors such as rotenone,'? cyanide, carbon monoxide, nitric
oxide, hydrogen sulphide,*! azide,"* chloropromazine,'* car-
boxin," and antimycin.'”! Electrons escaped from complex I
and IIT reacts with molecular oxygen to produce superoxide spe-
cies. The superoxide radical species in the presence of SOD gets
converted into hydrogen peroxide. If hydrogen peroxide is not
eliminated, it can generate the highly reactive hydroxyl radical
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by Fenton reaction.
Fe’* + H,0, - Fe’™ + OH+OH ™~

Short-lived hydroxyl radicals unspecifically attack the bio-
molecules in a diffusion limited reaction and thus able to crack
polysaccharides, proteins, and nucleic acids located within a
few nanometers from their site of generation.!'®'?!

Sites of ROS production and its self-defense organization

Mitochondria has two layers one inner and another outer
layer both composed of phospholipid bilayer. The inner
membrane has more surface area compared to outer layer
due to folding shelf like called “cristae,” which is filled with
matrix. It maintains high proton gradient created by the
mitochondrial complexes, which is necessary in the ATP
synthesis whereas outer layer is permeable to small mole-
cules. Mitochondria constitute a major critical region of site
for ROS production. The factor responsible for oxidative
stress is increased respiration that initiates chances of ROS
generation which in turn causes ATP depletion, mitochon-
drial permeability, and transition programmed cell death.
Most of the oxygen inhaled by the body gets converted into
water at the terminal cytochrome in the mitochondrion.
But under stress conditions this consumed oxygen passes
through two intermediate stages namely, formation of
superoxide and hydrogen peroxide. Formation of superoxide
ion is favorable due to its standard reduction potential that
is -160 mV at pH 7.0 under standard state 1 M O,, which
is practically an irreversible process involving kinetically
controlled reaction. The Nernst equation for both the spe-
cies in equilibrium is given as

(0]
[O;7]

E, = — 160+ 61.5log

where Ej, is the Nernst reduction potential.

Hydrogen peroxide can also be produced by several oxi-
dase enzymes such as amino acid oxidase and xanthine oxi-
dase. If this hydrogen peroxide comes in contact with the
Iron complex or copper complex (myoglobin, hemoglobin,
and cytochromes) in the vicinity, it further gets mobilized
to hydroxyl radical.?®’ Hydroxyl radical can also be formed
by the reaction of superoxide radical with hydrogen perox-
ide by Haber-Weiss reaction.!*’) Majority of the ROS in the
mitochondrion gets involved in the damage of the tissue
such as sulphydryl, deoxyribonucleic acid, and lipids which
may involve lipid peroxidation.!*?! The different species that
can initiate the formation of superoxide radical include
NAD(P)H oxidase, phagocytic cells,” PQ,**! hyperoxic,
and hypoxic conditions,’”* enzymes such as xanthine oxi-
dase'* and aldehyde oxidase,*®! drugs used in cancer med-
ication such as bleomycin®! and anthracyclines?®!
(Figure 1). Apart from this mineral dust particles such as
asbestos, silica and air pollutant ozone, X-rays, cigarette
smoking, and industrial chemicals are shown to generate
free radicals, which are direct inducers of lipid

20,+NADH —» 20, +NAD'+H'

PQ +0, — PQ + 0,

Xanthine
oxidase
ATP ———= Hypoxanthine ?’
2 O‘-

=

8
Xanthine

0, + H0; ——— 00, +OH +OH

fo] OH
fo] (o]

Quinone Semiquinone

Figure 1. Molecular species responsible for initiation in the formation of ROS.

peroxidation.’*?! Tt was also proposed two decades ago that
the reaction between mitochondrial aconitase and superox-
ide plays a major role in the production of hydroxy radi-
cal.”®! The free radical release takes place through the
reaction of iron released from mitochondrial aconitase with
the hydrogen peroxide.*”’ NADH produces superoxide ions
by the process of respiratory burst during phagocytosis. The
phagocytic cells produce increased levels of ROS by expo-
sure to increased levels of toxins. The exposure of living
organism to ionizing radiation homolytically splits water
molecule into hydrogen and hydroxyl radical and further
into hydroperoxyl radical, superoxide, hydrogen peroxide,
and further forms.*?!

Human cells have SOD, CAT, and GPx as enzymatic
antioxidant defense and non-enzymatic counterpart as
a-tocopherol, ascorbic acid, flavonoids, lipoic acid, glutathi-
one, L-arginine, co-enzyme QI10, melatonin, and uric acid
which are either nutrient or metabolic antioxidants. SOD is
classified as MnSOD and CuZnSOD. The former is present
in large concentration in the mitochondria, while the latter
is largely present in the cytosolic region. The main function
of the SOD is to accelerate the conversion of superoxide
into hydrogen peroxide. CAT converts hydrogen peroxide
into water and oxygen. GPx, a selenium-dependent enzyme
removes hydrogen peroxide by using it to oxidize the
reduced glutathione to oxidized glutathione (Figure 2d). A
healthy human body requires an appropriate balance
between the production of antioxidants and its defenses.
The primary function of the antioxidant is not only the pre-
vention of formation of ROS but also to develop a condu-
cive environment for repairing.

Structure and activity relationship of antioxidants

The most important among natural antioxidants are tocopher-
ols, flavanoids, and phenolics acids. Ascorbic acid, a hydroxyl
containing antioxidant, is one of the simple, powerful, and least
toxic and water soluble natural antioxidants found in many
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Figure 2. Mechanistic steps on antioxidant action (a) ascorbic acid (b) Flavanoids
() Tocopherols (d) enzymatic antioxidants.

dietary food and plants. Oxidation of ascorbic acid produces
two moles of electron along with its quinone analogue. But
some researchers claim single electron change through the for-
mation of vinylagous carboxylic acid where the double bond,
oxygen with a lone electron pair, and carbonyl group form a
conjugated system.!"! The hydroxyl group of ascorbic acid is
much more acidic than the alcohols due to the stabilization of
the deprotonated enolate form. Ascorbic is good scavenger of
superoxide radical anion, hydrogen peroxide, hydroxyl radical,
and singlet oxygen. In human system, ascorbic acid is con-
verted into dehydroascorbic acid which gets reversed to ascor-
bic acid by the enzyme dehydroascorbate reductase. Ascorbic is
capable of regenerating tocopherol from tocopheroxyl radical
(Figure 2a).

Tocopherols, a highly lipophillic and operative in lipo
membranes, can be classified into two main classes namely
tocopherols and tocotrienols, within this each is further
classified into four group; o, B, y, and § making a total of
eight tocopherol isomers. The hydrogen donating capacity
is in the order 6>p = y>a.*" a-tocopherol shows protec-
tion against Parkinson’s disease, Spinocerebellar ataxia, and
Myopathies. The common sharing in the structure is that
all these contain chromanol ring with a hydroxyl group
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that can donate hydrogen atom to reduce free/lipid peroxyl
radicals with hydrophobicity for penetration into the biolog-
ical membranes.®?) The tocopheryl radical is stabilized by
the presence of delocalized electron over the aromatic ring
system (Figure 2b).

Flavanoids are polyphenolic compounds which are very
effective antioxidants that serve against cardiovascular dis-
ease. Flavanoids include flavones, flavanols, isoflavones, fla-
vanones, and chalones are seen in higher plant tissues.
Flavanoids act as scavenger of superoxide anion radicals,
lipid peroxyl radicals hydroxyl radicals, singlet oxygen and
possess metal chelation ability. Their various functions
include protection against oxidative diseases, modulation of
enzyme activity and interaction with specific receptors. Fla-
vanoids are formed in plants from the aromatic amino acids
like phenylalanine, and tyrosine and malonate. They consist
of 15 carbon atoms arranged in three rings, which are
labeled as A, B, and C. The presence of double bonds, car-
bonyl group and hydroxyl group in the pyranyl group
serves as a base for classification into main and sub-classes.
Flavanoid has metal chelating potential which depends on
the arrangement of hydroxyl group and carbonyl group and
the presence of electron donating or withdrawing substitu-
ents and its ability to delocalize the electron for the forma-
tion of stable phenoxyl radical. The major contribution to
metal chelating ability is primarily due to the presence of
catechol moiety as demonstrated by the copper chelation to
keampferol and quercetin.** The generally accepted mech-
anisms for phenolics antioxidant action include HAT, single
electron transfer-proton transfer, and sequential proton loss
electron transfer. The antioxidant activity of flavanoids is
due to catechol moieties in B ring, the oxo group in conju-
gation with the double bond in the C ring and presence of
hydroxyl groups at the 3 and 5 positions (Figures 2c and
3a-d).

Trolox [6-hydroxy-2, 5, 7, 8-tetramethylchroman-2-car-
boxylic acid or vitamin E], serves as a positive control that
inhibits the formation of radical cation. The antioxidant
activity present in the biological fluids, cells, tissues, and
natural extracts is optimized by trolox as a standard. Trolox
is used as standard in the well-known assays like TEAC
and oxygen radical absorbance capacity (ORAC). The total
antioxidant assay or trolox equivalent antioxidant capacity
measures the concentration of trolox solution with reference
to the concentration of standard antioxidant solution under
investigation. The TEAC is defined as the equivalent con-
centration of trolox solution to 1 mM concentration tested
or investigated antioxidant with a similar antioxidant poten-
tial. The decay curves involve the dose-dependent lag phase
inhibition of trolox. Linoleic acid can be evaluated by the
relative degree of oxidation by measuring the ferric thiocya-
nate values.® The TEAC is consolidated in the following
discussions in terms of structure—activity relationship®**! by
antioxidant capacity by DPPH and ABTS assays. The scav-
enging activity of antioxidant is a factor that can be related
to the number and position of hydroxylation, methoxyla-
tion, and glycosylation position in the mother compound.
Generally, the radical scavenging activity decreases in the
following order: tannins, flavonoids, stilbenes, curcuminoids,
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Figure 3. Chemical structure of selected antioxidants (a) Flavanoids (b) Flavanones (c) Flavanonol (d) Isoflavones (e) Tocopherols (f) Benzoic acid (g) Cinnamic acid.

phenolic acids, coumarins, lignans, and quinones with some
variation in the class of compounds due to radical scaveng-
ing activity. The structural activity differences that can be
attributed include number and location of hydroxylation,
glycosylation, and methoxylation. Overall, it can be seen
that a general trend cannot be adopted in relating structure
and activity (Figure 3e).

Phenolic acids are hydroxyl derivatives of aromatic car-
boxylic acids. They include benzoic acid and cinnamic acid
derivatives. Cinnamic acid is more effective as an antioxi-
dant than the corresponding benzoic acid. Structure activity
relationship claims the presence of hydroxyl group in the
ortho or para position and carbonyl functional moieties,
such as acid, ester, or lactone markedly enhances the anti-
oxidant activity.**! The activities are controlled by a num-
ber of hydroxyl groups in the molecule. To complement
these observations it is known that L-dopa has higher anti-
oxidant and radical scavenging activity than that of L-tyro-
sinel®”® (Figure 3f, g).

Carotenoids are a class of natural fat-soluble compounds in
which their chemical properties are closely related to the pres-
ence of extended conjugated double bonds. In human system,
such carotenoids as S-carotene, lycopene, lutein, S-cryptoxan-
thin, zeaxanthin, and asthaxanthin are greatly associated in
mitigating cardiovascular diseases.*”’ In plants, carotenoids

play a major role in protecting them against photo-oxidative
process and acts as scavengers of singlet molecular oxygen and
peroxyl radicals. The structures of some antioxidants are shown
in Figure 3.

In vitro and in vivo assays of antioxidants

The formation of ROS can be monitored by a variety
of instrumental methods which include fluorometric, spec-
trophotometric, chemiluminiscence, and electron spin reso-
nance. The inactivation mechanism involved in the
antioxidant capacity assay methods can be generally classi-
fied into two categories namely, HAT and ET reactions. The
HAT- and ET-based assays rely on the hydrogen transfer
and electron transfer and are primarily redox type reactions.
The HAT- and ET-based reactions are pH dependent; partic-
ularly ET is also controlled by ionization potential. The ET-
based reactions are relatively slow as compared to HAT-
based assays due to stabilization of the charged species in
the solvent environment.'*”) The feasibility of the reaction
depends upon addressing different factors such as chemical
properties of the probes, chemical reactivity, and physical
properties such as homogeneity, biological distribution,
absorption, fluorescence spectra, lifetime in the exited state
and susceptibility to bleaching capacity. The antioxidant



capacity assays rely on the suppression or expression in the
photoluminescence or chemiluminiscence capacity of the
probe in the presence or absence of antioxidants. The extent
of change in the intensity is taken as a measure of antioxi-
dant efficiency. It is practically impossible to assay all the
available antioxidants by either ET or HAT, hence it is
expressed in standards such as ascorbic acid or trolox or gal-
lic acid equivalents. If possible, it is recommended to use
more than one assay methodology to identify ROS. The
choice of the method depends upon the source of ROS under
study. Further antioxidant capacity assay are classified as
under
e Ferric reducing
antioxidant paramete
e Cupric reducing
antioxidant power
® Ceric antioxidant
capacity assays

Metal reducing
antioxidant power
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Hydroxyl radical averting capacity

Oxygen radical absorbance capacity assays

Total radical antioxidant parameter

Crocin-bleaching assay

Total phenol assay — Folin Ciocalteau Reagent assay
Trolox equivalent antioxidant capacity assays - DPPH
radical scavenging and ABTS scavenging antioxidant
capacity assays

e Total oxidant scavenging capacity assays

¢ Chemiluminiscence assay

Table 1"~ and flow chart (Figure 4) provide quick look of
the chemistry behind the assay procedures.

Hydroxyl radical averting capacity (HORAC)

HORAC provides the direct measurement for antioxidant
against chain breaking hydrophillic hydroxyl radical. The

( REACTIVE OXYGEN SPECIES)

( Neutral )
|
( H,0,, R,0,, 05, OH", )
%202, R:0, )

( Charged )

( SUPEROXIDE RADICAL )
( TPPHE/XANTHINE/DMPO/ESR/DMl’9

4( IODOMETRIC METHOD )

{ CHEMILUMINISCENCE )

_( HORAC/ORAC/ESR )

( HYDROGEN ABSTRACTION ROS )

4(

CBA )

{REDUC ING CAPACITY ROS)

_C FRAP/CUPRAC/FCR )

—{ ROO® ,HO" ’

TOSC

4(

{ HOCI )

4( CHEMILUMINISCENCE )

Figure 4. Flow chart for antioxidant capacity assays.
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Figure 5. Mechanistic steps in the TBA-MLA antioxidant assay.

recent developments in HORAC have been surveyed by classi-
cal titrimetric, luminescence, fluorescence, and chro-
matographic methods. Numerous hydroxyl radical capacity
assays are available for the study of scavenging capacity that
include 2-deoxyribose/TBA, DNA, riboflavin/methionine, phe-
nolic acids, DMPO derivatives, Fluoroscence probes, -phyco-
erythrin, coumarin and its derivatives and chemiluminiscent
probes such as luminal and its derivatives. Fluorimetric
hydroxylation probing system includes fluorescein and its
derivatives, scoloptein, homovanillic acid, DCFH, dihydro-
rhodamine-123, folic acid, and 2’,7’-dichloroflorofluorescein
diacetate. The methods that are available for the evaluation of
hydroxylated product are HPLC in conjunction with electro-
chemical and UV detectors, ESR,°” HPLC-electrochemical/
UV methods,® trapping methods by the formation of hydrox-
ylated products,[67’68] molecular absorbance, fluorescence, GLC,
MS, capillary electrophoresis, and chemiluminiscence, or
photochemiluminiscence.

Iodometric procedures for peroxides scavenging
assay have been proposed by two different research groups
using potassium iodide. The liberated iodine is titrated with
sodium thiosulphate using starch as an indicator. The
results are reported as peroxide value. The peroxide value is
milliequivalents of peroxide oxygen per kilogram of the
sample. Limitations of this method include poor sensitivity
and selectivity, which may lead to erroneous results. Also
addition of iodide across the unsaturated double bond may
lead to lowering of the value and the presence of dissolved
oxygen may induce an excess in its value. This method is
not specific, because any compound that reacts with iodide
and iodine may interfere.

The deoxyribose method is the most commonly used in test-
ing hydroxyl radical scavenging antioxidants in the aqueous
phase.”>7*! Tt adopts classical Fenton reaction in the liberation
of hydroxyl radical species to degrade 2-deoxyribose like com-
pounds to MLA products, the product formed is chromogenic
with thiobarbituric acid having absorption maximum at
532 nm. The indirect TBA-MLA has distinct steps involving
the generation of free radical from copper, iron, or ABAP. The
free radical released generates a coupled product of TBA and
MLA. The formation of the coupled product is shown in

[69-71]
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Figure 5.7°! The inhibitory effect of antioxidant in the coupling
process is taken as a measure of antioxidant capacity. It
involves the reduction in the absorbance of the solution by
increase in the concentration of antioxidant. This assay has
been adopted in the study of different antioxidants such as uric
acid, trolox, and mannitol as standards.”®””) This method can-
not distinguish between the kinetics and stoichiometry of the
reaction. It also suffers from serious limitations such as reaction
of TBA with other compounds not related to lipid peroxidation
and the formation of Schiff’s bases between malondialdehyde
and amines, leading to over estimation of the antioxidant
protection.

High reactivity of hydroxyl radical permits the formation of
hydroxycyclohexadienyl radical.!® Prevention of hydroxyl rad-
ical formation takes place either by deactivating metal ions
through chelation or converting hydrogen peroxide into harm-
less product. Interception of hydroxyl radical at the immediate
juncture of the cell is required for HORAC assay.”®) Among
the available oxidants, hydroxyl radical constitutes the chemi-
cally most ROS primarily responsible for the cytotoxic effects
of oxygen, for organisms living in an oxygenic environment."”!
There is a dose-dependent assay of antioxidant involving the
suppression of the formation of dihydroxybenzoic acid by the
reaction of salicylic acid and hydroxyl radicals.® The induced
formation of hydroxyl radical is indicated by the trapping pro-
cedure involving 4-hydroxybenzoic acid that extends to the
pico level concentration. Addition of DMSO resulted in a small
decrease in adduct formation because of the scavenging
property.[su

A simple method has been adopted by Botchway et al
(2007) in the detection and determination of hydroxyl radical,
involving DMSO that results in the formation of formaldehyde.
The formaldehyde reacts with ammonia and 1, 3-cyclohexane-
dione at pH 4.5 with a characteristic fluorescence having excita-
tion and emission wavelengths at 400.4 nm and 452.3 nm,
respectively. The major demerit of this procedure is that the
assay is performed at 95°C, which is unsuitable for biological
species and released free radical.!®

Hydroxyl radical scavenging activity was carried out for the
chickpea protein hydrosylate by using 1,10-phenanthroline in the
presence of ferrous sulphate and hydrogen peroxide.®® The
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Fluorescein + M(II) + H,0, — oxidized Fluorescein (loss of fluorescence)
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Figure 6. Reaction scheme for Fluorescein-based assay in the loss of fluorescence property.

inhibition in the formation of Fe (II)-1,10-phenanthroline by
hydroxyl radical is taken as quantitative measure of scavenging
activity.

The hydroxyl radical can be quantified by preventive antiox-
idant or scavenging procedure in which the metal gets deacti-
vated due to its co-ordination with the antioxidant (Figure 6).
The fluorescence decay curve of fluorescein is monitored in the
presence and absence of antioxidant. The area under the curve
(AUC) is integrated and net area gives the hydroxyl radical pre-
vention activity. Standards tested included gallic acids, flavo-
noids, and phenolic acid. Non-benzenoid antioxidants cannot
be assayed by this procedure due to their lack of complexation
with the metallic form. The formation of hydroxyl radical was
confirmed by p-hydroxybenzoic acid as a trapper.!®® Studies
have confirmed that the electron transfer reaction between
metal and hydrogen peroxide follows an inner sphere mecha-
nism.®* The loss in fluorescence is due to lack of structural
rigidity. The advantageous feature of this reaction procedure is
that the SOD enzyme has minimum effect on the oxidation of
fluorescein in the generation of superoxide enzymatically.!*>#¢!

The decrease in the fluorescence intensity either by scolople-
tin or homovanillic acid which is non-fluorescent in the pres-
ence of peroxidase and hydrogen peroxide has been studied by
two different research groups.*”®¥) Hydroxyl radical was
detected by ESR spin trapping using 5-di-ethoxyphosphoryl-5-
methylpyrroline N-oxide.*"!

The fluorogenic compound DCFH-DA has been extensively
used as a marker for oxidative stress, which reflects the overall
oxidative status of the cell. But one of the limitations in its use
is the presence of intracellular esterase activity that results in
the formation of DCFH, a non-fluorescent, which emits fluo-
rescence when oxidized to DCF. Different researchers claim
that the formation of DCF of high or low sensitivity for super-
oxide, hydrogen peroxide, and hydroxyl radical.’®”!

A novel hydroxyl radical scavenger was designed by Hiroshi
yoshida et al.*” involving edaravone, which inhibits hydroxyl
dependent/independent lipid peroxidation and tyrosine nitra-
tion induced by peroxynitrite. Electron donation from edara-
vone to free radicals produces peroxyl anion and edaravone
radical, which get transformed to 4,5-dione. 2-Oxo- 3-(phenyl-
hydrazono)-butanoic acid is generated by hydrolysis reaction
of the 4,5-dione (Figure 7).

The mechanism of HRP-catalyzed oxidation of DCFH to
DCF involves the formation of HRP-compound I. This oxidizes
DCFH to DCF semiquinone free radical, which is oxidized to
the fluorescent compound DCF by oxygen by the production
of superoxide. ESR in combination with spin trapping methods
has demonstrated the formation of superoxide and hydroxyl
radical adducts of DMPO and DEPMPO in the system contain-
ing DCFH, hydrogen peroxide, and HRP.

A cationic derivative of dihydroethidium, TPPHE is
designed for highly selective detection of superoxide in the
mitochondria of live cells. Oxidation of TPPHE by superoxide
results in hydroxylation at 2-position (2-hydroxyethidium)
derivative that exhibits a strong fluorescence excitation peak at
400 nm. The absence of excitation spectrum of ethidium oxida-
tion product generated by ROS other than superoxide clearly
claims its specificity toward superoxide radical. The mechanism
of TPPHE interaction with lysosomes and DNA has been
described in detail by Horobin research group'®'! (Figure 8).

The assay of superoxide generated by xanthine/xanthine
oxidase system is generally based on the inhibition capacity of
the probes such as autoxidation pyrogallol,'*? NBT-MTT,*>**
and ferricytochrome C.°*! The NBT and ferricytochrome C are
not applicable to non-enzymatic antioxidants. Upon reduction,
NBT-MTT water soluble colorless compounds form
uncharged, brightly colored formazans (Figure 9), which are
applicable in cytotoxicity assays.

The formation of adduct of superoxide (DMPO-OOH),
which spontaneously gets decomposed to DMPO-OH, was
analyzed by ESR using of manganese dioxide as an internal
standard.!*®!

The transformation of a non-fluorescent amplex red reagent
to a fluorescent resorufin can be carried out by peroxidase cata-
lyzed reaction (Figure 10).

Saturated group getting converted into conjugated organic
molecules by lipid peroxidation can be used in end point determi-
nation for antioxidant activity of the sample.'””! The lipid peroxi-
dation can be initiated by the addition of copper, iron, ABAP,
and thermolysis. Initially, lipid abstracts hydrogen from the meth-
ylene group, which is further stabilized by the molecular rear-
rangement to form a conjugated diene. Furthermore, the
quantification of antioxidant can be performed by the increase in
the absorbance per sample at a fixed time. The presence of
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Figure 7. Hydroxyl-dependent assay procedure of edaravone.
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Figure 8. Oxidation of TPPHE in the superoxide assay methodology.
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Figure 9. NBT-MTT cytotoxicity assays.
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Figure 10. Principle of the dual enzymatic systems in the use of amplex red as a peroxidative probe. Oxidation of oxidase enzyme produces hydrogen peroxide, which is
coupled to the conversion of amplex red to fluorescent resofurin by HRP.

distinct peak at 233 nm clearly indicates the presence of diene bands. The main peak will be observed at 268 nm with a second-
conjugated moiety. This conjugated diene moiety can be extended  ary peak at 278 nm. The increase in the absorption maximum is
to the triene system, which shows three signature absorption due to the stabilization of the LUMO and destabilization of the
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Figure 11. ORAC assay methodology in the antioxidant detection.

HOMO orbitals of the polyenes. The concentration of the conju-
gated dienes can be calculated by the relation

A

[CD] = o

A = Absorbance at 233 nm, ¢ = molar absorptivity of linoleic
acid hydroperoxide, 1 = optical path length = 1 cm and the con-
jugated diene value as,

[CD]2.5x10*
m

CD value —

that includes the correction factor 2.5 x 10* and m the mass of
the sample.

Oxygen radical absorbance capacity

ORAC could provide a great value in the prevention of oxida-
tion reaction in food processing and storage in dietery industry.
These are based on the AUC technique, which combines both
inhibition time and degree of inhibition of free radical action
by an antioxidant. The basis of the assay is inhibition of the
intensity of the fluorescent molecule, 8-phycoerythrin by per-
oxyl radical generated by thermal decomposition of azo
compounds such as ABAP in aqueous buffer. Initially, 8-phy-
coerythrin, a protein isolated from porphyridium cruentum is
used as a fluorescent probe that reacts with peroxyl radical to
form a non-fluorescent product (Figure 11).

But later on the shortcoming of B-phycoerythrin, which
included large variability in reactivity to peroxyl radicals, photo
bleaching, and interaction with polyphenols by non-specific
binding, paved the way for the search for new fluorescent
probes. To overcome these limitations, fluoro probes that were
tested included 3,6’ -dihydroxyspiro[isobenzofuran-1[3H],9’
[9H]-xanthen]-3-one®® and dichlorofluorescein.”®’ ORAC
can be adapted to detect hydrophilic and hydrophobic antioxi-
dants by varying the radical source and solvent.°® In the sam-
ples that contain slow and fast reacting antioxidants, ORAC is
especially beneficial as it measures the samples with and with-
out antioxidant samples. Fluorescent markers though sensitive
require expensive instrumentation that may not be available in
the routine analytical laboratories. The major criticism is the
time of analysis for the assay, which can be overcome by the
high throughput assay methodology.'°” Several modified and
higher techniques are adopted, including the measurement of
decrease in the radical concentration of ABAP by EPR.I"Y The
limitation of ORAC is use of AUC as a parameter of study and
low reactivity of peroxyl radical. An improvement was
suggested by Lopez-Alarcon and lissi’® which involved
the use of pyrogallol red as an alternative for competitive
antioxidant probe.

Metal reducing antioxidant parameter

The metals that are used in the study of antioxidants are iron,
copper, and cerium. These can be classified under electron
transfer mechanism. The essential requisite is that the metal
should either be stable in the reduced state or it gets complexes
with the ligand in which oxidized and reduced forms have large
differences in the absorption maximum. The metal reducing
antioxidant parameter quantifies the total concentration of the
metal rather than the antioxidant activity. Metal reducing anti-
oxidant parameter is defined as the reduction of 1 mol of metal
ion.

FRAP, originally applied to assay of plasma later on
extended to other biological fluids, foods, plant extracts, juices,
etc., which is based on the ability of phenolic compounds to
reduce yellow [Fe (III)-TPTZ] to intensely blue colored [Fe(II)-
TPTZ] in acidic medium (Figure 12a). Frankel et al.l'%! claims
that the measured reducing capacity does not necessarily reflect
antioxidant activity, it provides useful “total antioxidant con-
centration” or the summation of concentration of all antioxi-
dants involved. The redox potential of Fe (700 mV) is
comparable with that of the ABTS (680 mV). An acidic pH of
3.6 should be maintained for essential solubility of iron.

The copper reducing ability is measured by complexation of
Cu (I) with bathocuproine (2, 9-dimethyl-4,7-diphenyl-1,10-
phenanthroline) and neocuproine at 490 nm and 450 nm,
respectively (Figure 12b). FRAP and CUPRAC have compara-
ble values with TEAC values with some exceptions because of
similar redox potential probes used in the assay because both
assay methodology are based on the ability of the antioxidant
to reduce metal complexes.!'® The factors responsible under
the reaction conditions for antioxidant capacity assays include
pH, temperature, and stability constant.

Cerric reducing antioxidant capacity determination is based
on the redox reaction between antioxidant, amaranth!!°*!/
indigo carmine dye,"° and Ce (IV) at room temperature
and measurement of the unreacted dye (Figure 13). The quanti-
fication is directly proportional to the concentration of
antioxidants.

Fe (II) is a pro-oxidant, which in the presence of hydrogen
peroxide produces hydroxyl radical. A species with redox
potential less than the Fe (III)/Fe (II) system can also contrib-
ute to antioxidant parameter, which adds to false high values.
Another potential problem with the FRAP system is that some
of the chelators in the food extract can bind to Fe system, thus
resulting in low values. FRAP system is not applicable to thiols,
glutathione, and proteins that contain —~SH groups. CUPRAC
method can be adopted for both hydrophilic and lipophillic
antioxidants. Slow reacting antioxidants should be heated in
order to increase the rate of reaction with CUPRAC complex-
ing ligand. CUPRAC overcomes the oxidization of thiol-type
antioxidants that cannot be assayed by FRAP procedure. More-
over, it is selective due to its lower redox potential than that of
redox couples like Ce (IV)/Ce(III) and Fe (III)/Fe (11).1107)

Spectrophotometric radical probing system

DPPH relies on hydrogen transfer and ABTS on electron trans-
fer mechanism. When DPPH reacts with an antioxidant the
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Figure 12. (a) FRAP and (b) CUPRAC in the total reducing parameter assay methodology.

Dil. H;S0,
Antioxidant + Ce (IV)

Unreacted Ce (1V) + oxidised Dye

—  Oxidised Antioxidant + Ce (IIT) + Ce (IV)
(Unreacted)

——  (Ce (III) + Unreacted Dye

Figure 13. Dye-based antioxidant parameter assay involving cerium.

free radical property of DPPH is lost due to chain breakage or
hydrogen transfer or radical transfer process (Figure 14). The
molar absorptivity on its reaction reduces to 1640 from 9660.
DPPH has deep blue color and it is a long-lived nitrogen
radical species, due to its inability to undergo dimerization. It is
an extensively used antioxidant parameter molecule with wide
applicability. The reduced form of DPPH is generated by the
antioxidant, which is accompanied by the disappearance of the
violet color. The decrease in intensity of the color due to pho-
tons is also contributing factor during the assay that requires
careful control of the experimental parameters. During the
assay procedure, Trolox is used as an internal antioxidant stan-
dard."%'%°! This DPPH can be used to study anticoagulant,
antitumor, antiviral, anti-inflammatory, antioxidants, antimi-
crobial, and enzyme inhibition properties of variety of drugs.

The reducing ability is usually studied by the decrease in the
intensity of color at wavelength range of 515-528 nm or by
ESR monitoring technique.

ABTS radical cation has absorption maxima at 414, 734, and
815 nm in aqueous medium and at 414, 730, and 873 nm in
ethanolic medium. The hydrogen transfer TEAC assay is the
hydrogen donating ability of the antioxidants to scavenge
ABTS radical cation at 734, 645, and 815 nm by comparing
with trolox, a water-soluble vitamin E analog.!"'®! Measuring at
the absorption maximum of 734 nm, eliminates the color and
turbidity interferences therefore, it is suitable for antioxidant
assay of plant extracts.!"'") The ABTS radical cation can be gen-
erated either enzymatically or non-enzymatically (Figure 15a).
Addition of exogenous antioxidants reduces back the ABTS
radical cation to neutral ABTS molecule. The extent of

O,N O,N
Ph Ph
. R \
N——N NOy ——————————— = N-—ﬁ NO,
Phi Ph/
O,N O,N

Figure 14. Decolorization assay methodology of DPPH.
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Figure 15. Generation of free radical/cations by ABTS, DMPD, and Galvinoxyl.

decolorization is determined as a function of concentration and
time, which is normally calculated as Trolox equivalents under
similar experimental conditions

Peroxidase and myoglobin are used in enzymatic generation,
whereas manganese dioxide, potassium persulfate, ABAP, and
phosphate buffer saline are used in non-enzymatic generation.
The non-enzymatic chemical reactions require longer time
(upto 16 h for potassium persulphate) or high temperature
(60°C for ABAP) for generation. The generation of ABTS radi-
cal cation by persulphate system involves the scission of the
peroxodisulphate after the transfer of electron.!!!

$,0;~ + ABST — SO;~ +SO,” + ABTS' *
SO,” +2ABTS " — SO}~ +2ABTS *

that leads to overall reaction represented as
S,02” +3ABTS — 2SO3~ +3ABTS *

The enzymatic generation is faster and requires mild experi-
mental condition. The generation of ABTS radical cation can
also be carried out electrochemically. Thermodynamically, an
antioxidant with low redox potential can react.!"'?) TEAC is
often taken as a measure to rank antioxidants and to construct
the structural activity relationship!''*! as it measures the ability
of antioxidants to quench a radical cation (ABTS") in both
lypophillic and hydrophilic environments,!'*!

DMPD radical cation is an unstable species that can be gen-
erated in situ by oxidation with potassium persulphate and fer-
ric chloride. Galvinoxyl radical is commercially available due to
high stability (Figure 15b, c¢). The DMPD radical-based assays
are particularly suitable for hydrophilic antioxidants as com-
pared to hydrophobic bioactive compounds. Hence the

B ——

N Nl

Oxidation
—_—

THNOS, SO;NH,"

| |

N
A
Pal 7 {W<

standards like tocopherol and butylated hydroxyl toluene are
avoided in the anti-radical assay.!''*! The formation of radical
cation is very slow which results in the continuous increase in
the absorbance with better reaction with ferric chloride.!"*¢!
The principle involved in the DMPD is similar to that of ABTS,
which shows a maximum absorption at 505 nm involving the
transfer of hydrogen atom to DMPD radical cation for quench-
ing the color in decolorization process. The galvinoxyl radical
exhibits a strong UV absorption at 429 nm. DMPD and ABTS
are involved in single electron reduction process in the antioxi-
dant quantification. The exact stoichiometry of the antiradical
action is not known and the end point is taken as a measure of
antioxidant efficiency.

CPH is a drug used in psychopharmacology that forms a
colored cation through partial oxidation, which is stable in
both aqueous and non-aqueous medium. Our research
group!'”) proposed an antioxidant activity study by CPH. The
mechanistic approach involves the generation of a pink colored
CPH radical with an absorption maximum at 530 nm by Cr
(VI) in 1:1 O-phosphoric acid and methanol mixture. Under
this reaction condition, CPH loses one electron upon oxidation
in the presence of Cr (VI) forming an electrophillic species.
The radical cationic nature of CPH was confirmed by Dowex-
50 cationic exchange resin column and ESR. On addition of
antioxidant solution, the radical decolorizes (Figure 16). The
main advantage of this method is that the pink colored radical
cation turns colorless upon addition of antioxidant and it is
economical as it uses metal during the oxidation process. The
standard antioxidants that were tested include trolox, ascorbic
acid, gallic acid, quercetin, Rutin, eugenol, catechin, TBHQ,
and BHA.

The parameters adopted in the assay of radical scavenging
activity are ECs, and antiradical efficiency. ECs is the concen-
tration of antioxidant that causes a decrease in the initial
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Figure 16. CPH antiradical action by antioxidant assay procedure.

concentration by 50%. TEC;, is the time needed to reach the
steady state with ECs,. Based on the fastness of the reaction it
can be classified as rapid, intermediate, or slow.!""!

The antioxidant capacity was measured by the ability of the
antioxidant to reduce potassium ferricyanide to ferrocyanide,
which reacts with ferric chloride yielding a blue colored ferri-
ferrocyanide complex with absorption maximum at 700 nm
(Figure 17). Further addition of sodium dodecylsulphate over-
comes the precipitation and pH of 1.7 was maintained for
redox activity of Fe (III) with prevention for hydrolytic activity
by Isil Berker et al.''®! The order of trolox equivalents are in
the order quercetin, rosmarinic acid, gallic acid, ferulic acid,
catechin, caffeic acid, rutin, ascorbic acid, and Trolox, which
was non-responsive to simple sugars and citric acid and
responsive to biologically important thiols which did not get
oxidized by other ferric-based antioxidant assays.!"*"!

Linoleic acid oxidation generates its corresponding hydro-
peroxide, which in turn decomposes the secondary oxidation
products. The Ferric-thiocyanate method was taken as a mea-
sure to quantify the peroxide level during the initial level of oxi-
dation. Peroxides formed during the oxidation of linoleic acid
oxidation react with ferrous, to get oxidized to ferric. The ferric
ion gets complexed with thiocyanate to form Fe (III)-thiocya-
nate complex with maximum absorbance at 500 nm. In the
presence of antioxidants, oxidation of linoleic acid will be sup-
pressed influencing the intensity of color formation of the
complex.!?"!

[Fe(CN)g]* + ArOH ————————  [Fe (CN)g]* + AsO" + H

K+
[Fe (CN)s]* + Fe't =

KFe[Fe (CN)gl

Figure 17. Reaction scheme for ferro-ferricyanide assay of antioxidants.
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In case of either DPPH, ABTS, DMPD, or gavinoxyl radical-
based assay method, the absorption decreases proportionally
with the increase in the concentration of antioxidant that
involves either electron transfer or hydrogen atom transfer
mechanism. In fact, DPPH, ABTS, and CPH are nitrogen cen-
tered and hinder-free radical where the size the incoming probe
plays an important role rather than the chemical reaction.
Although, DPPH and ABTS methods belong to ET and HAT
mechanisms, the kinetics of reaction depends upon the solvent
ratio."”) In addition, none of these methods have strong con-
firmation to show that they have antiradical action. DPPH and
gavinoxyl are commercially available due to stable nature
whereas ABTS and DMPD cationic radical should be generated
in situ by oxidation with potassium persulphate and ferric chlo-
ride, respectively. One of the advantages is that ABTS radical
cation assay can be performed under wide range of pH values
as it is not affected by the ionic strength and is soluble in water
and organic solvents enabling the determination of antioxidant
activity of both lypophillic and hydrophilic compounds. Single
point measurement of absorbance decay of DPPH after a fixed
time varies from lab to lab which tells lack of reproducibility.
Also DPPH assay procedure leads to color interference with
those samples that contain anthocyanins leading to underesti-
mation of antioxidant activity.

ESR methodology

ESR is the only available analytical technique in establishing the
free-radical nature of some ROS released during the auto-oxi-
dation and related processes. One of the major disadvantages is
the insensitivity to detect transient species. To overcome this,
various cross-routes have been adopted such as spin trapping
methods to convert into stable free-radical derivative with
increased life time, pulse radiolysis, plasma initiated UV
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photolysis, and continuous flow systems. Spin trapping method
involves the reaction of unstable free radicals with the probe
resulting in free radical adduct with considerably longer life
time which can be detected by ESR without any difficulty. The
intensity of spin adduct is taken as a quantitative marker of
free-radical concentration. The decrease in the intensity of sig-
nal is a dose dependent in the presence of antioxidant. The
spin trapping probe involves nitroso or nitrones, which include
AC-TMPO, proxyl fluorescamine, DEPMPO, 5, 5-dimethyl-1-
pyrroline-N-oxide, and 4-((9-acridinecarbonyl)amino-2,2,6,6-
tetramethylpiperidin. Each molecule containing nitroxide moi-
ety is non-fluorescent but restores its fluorescence property on
reacting with hydroxyl radical or superoxide radical thus
destroying the electron spin resonance signal. Thus probes can
be used in the assay either by fluorescence or ESR spectroscopy.
AC-TMPO and proxyl fluorescamine can also be used to detect
glutathionyl,"*") methyl">?) and hydroxyl radicals,""** respec-
tively. Since the ESR selectively responds to the unpaired elec-
tron which do not distinguish between kinetics and
stoichiometry, it may be influenced by the possible antioxidant
action of the nitroxides."'**

TMPD reacts with singlet oxygen to form the radical adduct
TAN, which can be measured by ESR. This method is highly
specific to singlet oxygen. The advantage of this reaction is that
superoxide and hydroxyl radicals cannot convert TMPD to
TAN."* The reaction of KMBA with XOD/xanthine has been
used by GC for detecting superoxide.!"* A 5-ethoxycarbonyl-
5-methyl-pyrroline-N-oxide was adopted by Calliste research
group as a superoxide trapper."?”) The formation of carbon
centered free radicals such as «-hydroxyethyl and hydroxy-
methyl involving the proton abstraction from the solvent such
as ethanol, methanol, and DMSO by the reaction of hydroxyl
radical with DMPO/solvent system was confirmed by ESR
spectroscopy.“zz]

Crocin bleaching or -carotene assay

Isolation of crocin was carried out from saffron by water/meth-
anol extraction after repeated extractions with diethylether as
described by Lussignoli research group.!"*®! Crocin is highly
conjugated structure with molar extinction coefficient of 8.9 x
10> M~" cm™". Crocin is considered as probe in hydrophilic
and related radical scavengers but when lipophillic compounds
are to be tested, canthaxanthin is selected as a probe.

CBA provides a reliable and straight forward method for
peroxyl radical scavenging activity.'**) This was first suggested
by Bors et al."*”) for radical scavenging activity. In this assay
abstraction of hydrogen or addition of radical to polyene struc-
ture of Crocin resulted in the destruction of conjugated system
that accounted for bleaching assay. CBA can be performed to
test antioxidant activity of variety of samples such as plasma,
plant extracts, and serum. This assay is based on simple com-
petitive reaction between the colored probe, Crocin and the test
antioxidant compound for scavenging of peroxyl radicals gen-
erated by thermolysis or photolysis of hydrophilic azo initiator.
The azo initiator selected for CBA assay is ABAP. The inhibi-
tion of B-carotene bleaching is caused by the addition of sample
of antioxidant. Decrease in rate is spectrophotometrically

=N, " 02 .
R—N=—/N—R ————» 2R — 2R00

ROO
ROOH

A

A. +Crocin —— o AH + Crocin’

Figure 18. Reaction scheme for CBA by competitive methodology.

followed at 443 nm by antioxidants with reference to the blank,
containing Crocin and peroxyl radicals (Figure 18).

The mechanism involves the following steps:

Peroxyl radical is formed by the unimolecular thermal deg-
radation of an initiator in the presence of oxygen in air. The
Peroxyl radical formed can either bleach the Crocin or abstract
a proton from radical scavengers. The radical derived from rad-
ical scavengers can also bleach Crocin. The bleaching of Crocin
can either be abstraction of hydrogen atom or addition of radi-
cal to polyene system."*") The hydroxyl and azyl radicals can-
not be assayed because of their high reactivity toward organic
compounds. Superoxide and alkyl radicals are not found suit-
able due to least reactivity.

The antioxidant activity can be calculated by the following
relation:

Abs, — Abssample

x 100
Abs,

where Abs, and Absgmpie are the absorbances in the absence
and presence of samples, respectively.

Total phenolic and total flavonoids assay techniques

So far, about 8000 species of aromatic hydroxyl nucleus have
been identified in nature. The polyphenolics acts as a reducing
agent, hydrogen atoms donor, scavenger of singlet oxygen, and
some phenolics antioxidants act as chelators of metal that other-
wise react with hydrogen peroxide to liberate hydroxyl radical.

FCR is the modification of FDR, which was applied to indi-
rect total determination of tyrosine and tryptophan with higher
sensitivity and good reproducibility. The basic principle of each
method relies on the reaction between FCR, an oxidizing agent
with either tryptophan or tyrosine resulting in the formation of
reduced molybdenum blue proportional to the concentration
of the protein. The basic difference between FCR and FDR lies
in the molybdate concentration used in the preparation. The
amount of molybdate added is more in FCR to avoid the white
precipitate formed during the assay involving FDR.

The FCR can be prepared by dissolving 100 g of sodium
tungstate with 25 g of sodium molybdate in 700 ml distilled
water followed by acidification with 50 ml of concentrated HCI
and 50 ml of 85% orthophosphoric acid. The acidified solution
is boiled for 10 h and 150 g of lithium sulphate is added for
intense yellow solution called FCR.!"*?!

The oxidizing mixture comprises molybdophosphotungstic
heteropolyacid (3H,0-P,0s-13W0O;-5 Mo0O;-10 H,O



(heteropoly anion: P,MosW1506,"") with hypothetical Mo (VI)
as the action center and thus is still in experimental stage. The
exact nature of the reduced blue color species that can spectro-
photometrically monitored at 750-765 nm is still not known
due to the complexity of reaction. However, it may involve one
or two electron process of molybdate because of ease of reduc-
tion. The addition of sodium carbonate facilitates the formation
of phenolate ion which is capable of reducing FCR. Phenolics
are generally oxidized in basic medium resulting in the forma-
tion of superoxide, which inturn reacts with molybdate with
the formation of molybdenum oxide (MoO*") with a strong
absorption in the region of 750 nm. The absorption maximum
is independent of the nature of the phenolics group that over-
rules the formation of the complex between the metal and phe-
nolics antioxidants.

Among the reducing species that can interfere with FCR are
ascorbic acid and sugars like glucose and fructose due to the
alcoholic groups in the oxidized form. Under acidic condition
near to pH 3.0, presence of ascorbic acid glucose and fructose
hampers the accuracy due to the formation of blue color by the
reaction with polyphosphotungstate. This can be taken as a
measure to qualify the presence of ascorbic acid, dehydroascor-
bic acid, or other reducing compounds. However, it is also
claimed that the oxidation of ascorbic acid takes place prior to
the addition of alkali and subsequently the oxidation of phe-
nolics."*?! Methods that are adopted in the purification step
include: (i) Partial purification by using SPE cartridges (ii). Cal-
culation of the corrected total phenolics content by subtracting
the ascorbic acid reducing activity. (iii). Treatment of phenolics
extract with oxidative agents prior to FCR assay procedure.

It is common to use total phenolic assay capacity applicable
to all hydrophilic reducing substances but not to lypophillic
antioxidants. The standards that are being used as reference
compounds from phenolics and flavonoids are gallic acid, pyro-
catechol, catechin, tannic acid, chlorogenic acid, caffeic acid,
protocatechuic acid, ferulic acid, vanillic acid, hydroxycinnamic
acid, flavanols, and anthocyanins. The advantage of the FCR
total phenolic assay being the excellent correlation among
DPPH, FRAP, TEAC, and ORAC methodology in terms of
total phenolic profiles and antioxidant activity."'** In addition,
the main advantage of FCR is its simplicity, reproducibility,
and the commercial availability of reagents. The absorption at
the higher absorption maximum reduces the interference from
sample matrix. The disadvantage of this assay is that it is not
only specific to phenolic compounds but other non-phenolic
compound also gets reduced. Earlier it was believed that FCR
method is useful only for hydrophilic antioxidants, but very
recently a modified procedure involving NaOH-isobutanol-
water was developed for the quantification of lypophillic
antioxidants.!"**!

A modified CERAC procedure by tuning the redox potential
of Ce (IV) by a mixture of sodium sulphate and sulphuric acid
was carried out by Ozyurt research group for oxidizing true
antioxidants but not citric acid, reducing sugars, and other
pharmaceutical ingredients in which TEAC followed an order:
quercetin, rutin, gallic acid, catechin, caffeic acid, ferulic acid,
naringenin, naringin, trolox, and ascorbic acid.”® Further-
more, Cerric metric procedure based on the oxidation of anti-
oxidants with Ce (IV) in acidic medium involves the
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measurement of Ce (III), a fluorescent product at 360 nm."*!

A colorimetric technique was adopted by Zhishen research
group!*® for the quantification of total flavonoids involving
sodium nitrite, and aluminum in sodium hydroxide medium.

Total oxidant scavenging capacity assays

Total radical antioxidant assays refers to the integrated parame-
ter present in a complex mixture, which is often more meaning-
ful to evaluate the beneficial health effects due to cooperative
action of antioxidants.'®”! These were originally developed to
study marine organisms such as Mediterranean demosponge
petrosia ficiformis, scallops, mussels, penguins, and red mullet
for their susceptibility to oxidative stress. TOSC assay was later
extended to measure antioxidant activity of food samples such
as tomatoes and fruit such as strawberries. The assay is based
on the formation of ethylene by ROS with a-keto-y-methiobu-
tyric acid that can be monitored by gas chromatographic tech-
nique.!*”'*®! The time course of the ethylene formation during
TOSC assay is monitored by repeated GC analysis of aliquots
from the head space reaction vessels. The assay conditions lead
to equivalent ethylene yield by all the applied ROS such as per-
oxyl radicals, peroxynitrite, and hydroxyl radicals. Peroxyl radi-
cals can be generated by thermal homolysis of 2,2'-azobis-(2-
methylpropionamide)dichloride, whereas Peroxy nitrite by
decomposition of  3-morpholinosynnonime-N-ethylcarba-
mide.!"* Hydroxyl radicals by iron-ascorbate solution!'*"!
(Figure 19).

In TOSC assay, an antioxidant is characterized by its capac-
ity to inhibit the production of ethylene by respective ROS as
compared to an uninhibited control reaction. A kinetic curve
that fits the experimental GC data for ethylene production and
AUC is calculated mathematically. TOSC values are quantified
by comparing AUC for sample and control in accordance with
the formula

J Sample

J control x

TOSCy, =100 —

A compound that suppresses the formation of ethylene
completely possess a 100% TOSC activity. Antioxidant and
pro-oxidant achieve positive and negative values, respectively,
because AUC is lesser and greater, respectively, than that of
control reaction. Results are displayed by two different general
approaches such as relative TOSC and comparative TOSC.

Apart from usual ROS (peroxyl, peroxynitrite, and hydroxyl
radicals) hypochlorous acid, alkoxy radicals, and ascorbate rad-
icals can also be detected in the lower M range. This is appli-
cable to lipophillic, hydrophilic antioxidants, pro-oxidants, and
complex biological fluids and tissues. The limitations include
long-time requirement and GC expert labor consumption,
which makes it unsuitable for common analytical laboratories.
The test solution should be prepared whenever in need as the
shelf life is of very short duration. This involves complex and
time-consuming calculations and limited possibility of display-
ing result. The main limitation of this technique is long-reac-
tion time and necessity of multiple chromatographic analyses
for each experiment.
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Figure 19. Assay methodology of (a) TOSC assay. Generation of (b) peroxyl radicals (c) peroxy nitrite (d) superoxide and hydroxyl radical during TOSC assays.

Chemiluminiscence

Chemiluminscence take place by the transfer of energy to
chemical compound with compatible energy background,
which then becomes an emitter of the light either by direct or
sensitized procedure. These light producing reactions can be
adopted in the quantitative feature of the concentration in
terms of emission intensity measurement.' 4

These assays are based on the attack of ROS with chemilu-
miniscence active compounds. This can be a sensitive detection
assay method involving the production of radical. But one of
the serious disadvantage is that this process produces low-
intensity light emission that may decay rapidly; addition of p-
iodophenol gives a prolonged and stable emission. The light
emission will be restored when all the added antioxidants get
depleted.

ROS formation was measured by chemiluminescence assay
using luminol (5 mM, 5-amino-2, 3-dihydro-1, 4-phthalazine-
dione."* Luminol is sensitive toward HOCI, while lucigenin is

oxidized by superoxide.®” Some authors suggest that the

hydroxyl radical or superoxide may oxidize lucigenin and lumi-
nal." ! The specificity of the latter is questioned since the probe
itself may act as a source of superoxide generation."*" When
used alone, luminol can detect the oxidative damage in cells with
sufficient peroxidases, granulaocytes, and spermatozoa.

Antioxidative and pro-oxidative properties of many
biologically important compounds were evaluated by the
formation high luminescent superoxide radical from potas-
sium superoxide and 18-crown-6 in dimethylsulphoxide
medium.'*!

Antioxidants which are phenolic and polyphenolic in nature
have received greater attention by permangnometric chemilumi-

Oxidation: [Ru(bipy);]*" — g [Ru(bipy);*" + ¢
Reduction by antioxidant: |Ru(bipy)3]3++ g —- [Ru[hip}:}s]!*‘
Chemiluniscence : [Ru(bipy);*"" — =  [Ru(bipy);]** + light

Figure 20. Chemiluminiscence property of Ruthenium-bipyridyl complex.
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light

¢]

Figure 21. Chemiluminiscent lucigenin in the assay of superoxide.

niscence assay methodology,"*® which was later extended to

flow injection based analysis, considered as a good technique in
the analysis of individual antioxidants.*”***! These include anti-
oxidants like ascorbic acid, quercetin, catechin, melatonin, caffeic
acid, resveratrol, rosmarinic acid with detection limits ranging
from 1 to 10 nM. This method is ineffective without chro-
matographic method of separation as it monitors the total
antioxidant capacity in terms of phenolic content. A good corre-
lation between DPPH and ABTS commercial assay kit method
was observed by Francis et al along with the rapidity.!">"!

Potassium permanganate exhibits characteristic red chemi-
luminiscence emission property at wavelength of 689 nm due
to the relaxation of Mn (II) species from an excited species.
The presence of polyphosphates increases the intensity pro-
portionately by 50 times as demonstrated by two different
research groups.!'**'*!) The exact mechanism of the chemilu-
miniscence property of potassium permanganate was eluci-
dated recently.""?) A radical intermediate generates by the
oxidation of antioxidant by Mn (IV). This transient radical
species reacts with Mn (III) previously present in the solution
to produce Mn (L) emission source. The enhancement in the
chemiluminiscence intensity is due to the prevention of dis-
proportionate Mn (III) intermediate in which polyphosphates
form a cage like structure around Mn (II), limiting non-
radioactive pathways.

The chemiluminiscence property of [Ru(bipy) relies on
oxidation to produce [Ru(bipy)s]>* which in turn gets reduced
by an antioxidant leaving behind Ruthenium (II) complex in

2
S

the electronically exited state which subsequently returns to the
ground state by emission of photon.'**7'*) The significant
property is its inherent stability in the aqueous solution (due to
its ability to oxidize water) that makes analytical utilization of
[Ru(bipy)3]2+ chemiluminiscence reagent. The instability was
overcome by electrochemical oxidation process involving in
situ production of the exited state species."**! The production
of chemilumiscent [Ru(bipy)3]2+ is shown in Figure 20.

As  [Ru(bipy)s]*" chemiluminescence is primarily
employed in the determination of compounds containing
amine moieties such as alkaloids, amino acids, organic
acids, pesticides, and proteins."*”) Further Nana research
group extends this chemiluminiscence property of [Ru
(bipy)s]** for the determination of amine containing anti-
oxidants such as GSH.!"*®

The commonly used Manganous dioxide is of limited appli-
cation due to its minimum solubility in most of the solvents.
Permanganate can be reduced to non-colloidal brown solution
of Mn (IV) by sodium formate in 3 M phosphoric acid with
agitation. Recently soluble Mn (IV) with broad spectral distri-
bution at 730 & 5 nm was adopted in the determination of opi-
ate alkaloids, indoles, and analytes of forensic interest.!"*” The
emission of light between 725 and 740 nm claims the character-
istic Mn (II). The intensity of light can be enhanced by
reagents such as formaldehyde.

The chemiluminiscent lucigenin assay involves several steps
that gives rise to the formation of dioxetane. The dioxetane
decomposes into two molecules of N-methylacridone, one
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among this is in an electronically excited state, which emits a
photon on its de-exitation to the ground state !'®°! (Figure 21).

Conclusion

Biological stress is a condition that results in elevated risk for
different types of disease states such as inflammation, cardiac
disease, aging, cataract, autism, Alzheimer’s, and cancer. Anti-
oxidant has definite roles to play such as that it may directly
react with the free radicals released or may decrease the forma-
tion of free radical by inhibiting the activities of free radical
releasing enzymes or enhancing the activities of antioxidant
releasing enzymes.

Many research efforts are devoted toward the assay of anti-
oxidants with the objective of studying the mechanism of their
action and also to explore new naturally available antioxidants.
Some of the assay methodologies are concentrated toward spe-
cific ROS, while others tabulate the total antioxidant activity. A
standardized antioxidant assay procedure which meets the
maximum underlying requirements such as; simple and within
run and between day reproducible with less adamant experi-
mental features, defined end point and chemically relevant
mechanism, biologically relevant species as a source of free rad-
ical, adaptability for both hydrophilic and lypophillic antioxi-
dants, high through analysis with good quality control, easy
instrumentation, and less hazardous chemicals is the need of
the time. However, all these assessment may be considered and
appear exaggerated for screening purpose and it is hard to get
an antioxidant assay procedure that satisfies the all criteria. The
methods cannot assess all the available reactive species due to
the nature of the probe selected. For a complete antioxidant
profile, a difficult process can be created by the selection of the
probe for assay. Hence several procedures are required to evalu-
ate the total antioxidant activity.

Abbreviations

ABAP 2,2-azobis-(2-amidinopropane) dihydrochloride

ABTS 2,2'-azinobis(3-ethylbenzothiazolline-6-sulfonic
acid

ATP Adenosine triphosphate

CAT Catalase

CBA Crocin bleaching assay

CPH Chloropromazine hydrochloride

CERAC Cerric reducing antioxidant capacity

CUPRAC  Copper reducing antioxidant capacity

DEPMPO  5-(diethoxyphosphoryl)-5-methyl-1-pyrroline N-
oxide

DMPD N,N-dimethyl-p-
phenylenediaminedihydrochloride

DMPO 5,5-dimethyl-1-pyrroline-N-oxide

DMSO Dimethylsulphoxide

DPPH 2,2-Diphenyl-1-picrylhydrazyl

ESR Electron spin resonance

ET Electron transfer

FCR Folin-ciocalteu reagent

FDR Folin-Denis reagent

FRAP Ferric reducing antioxidant parameter

GPx Glutathione peroxidase

GSH Reduced glutathione

HAT Hydrogen atom transfer

HRP Horseradish Peroxidase

MLA Malondialdehyde

NBT-MTT Nitroblue tetrazolium-3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide

ORAC Oxygen radical absorbance capacity

PQ Paraquat

ROS Reactive oxygen species

SOD Superoxide dismutase

TAN 2,2,6,6-Tetramethyl-4-piperidone-N-oxyl

TBA Thiobarbituric acid

TEAC Trolox equivalents antioxidant capacity

AC-TMPO 4-((9-Acridinecarbonyl)amino)-2,2,6,6-tetra-
methyl piperidine-1-oxyl

TMPD 2,2,6,6-Tetramethyl-4-piperidone

TOSC Total oxidant scavenging capacity

TPPHE Triphenylphosphonium dihydroethidium

TPTZ Tripyridyltriazine
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