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Abstract: It would be desirable to establish and standardize methods that can measure the
total antioxidant capacity level directly from vegetable extracts containing phenolics.
Antioxidant capacity assays may be broadly classified as electron transfer (ET)− and
hydrogen atom transfer (HAT)−based assays. The majority of HAT assays are kineticsbased, and involve a competitive reaction scheme in which antioxidant and substrate
compete for peroxyl radicals thermally generated through the decomposition of azo
compounds. ET−based assays measure the capacity of an antioxidant in the reduction of an
oxidant, which changes colour when reduced. ET assays include the ABTS/TEAC,
CUPRAC, DPPH, Folin-Ciocalteu and FRAP methods, each using different chromogenic
redox reagents with different standard potentials. This review intends to offer a critical
evaluation of existing antioxidant assays applied to phenolics, and reports the development
by our research group of a simple and low-cost antioxidant capacity assay for dietary
polyphenols, vitamins C and E, and human serum antioxidants, utilizing the copper(II)neocuproine reagent as the chromogenic oxidizing agent, which we haved named the
CUPRAC (cupric ion reducing antioxidant capacity) method. This method offers distinct
advantages over other ET−based assays, namely the selection of working pH at
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physiological pH (as opposed to the Folin and FRAP methods, which work at alkaline and
acidic pHs, respectively), applicability to both hydrophilic and lipophilic antioxidants
(unlike Folin and DPPH), completion of the redox reactions for most common flavonoids
(unlike FRAP), selective oxidation of antioxidant compounds without affecting sugars and
citric acid commonly contained in foodstuffs and the capability to assay –SH bearing
antioxidants (unlike FRAP). Other similar ET–based antioxidant assays that we have
developed or modified for phenolics are the Fe(III)− and Ce(IV)−reducing capacity methods.
Keywords: Phenolic antioxidants; CUPRAC method; cupric ion reduction; antioxidant
capacity assays; Trolox® equivalent antioxidant capacity (TEAC); food polyphenols.

Introduction
Classification and properties of phenolic compounds
Plant polyphenols are aromatic hydroxylated compounds, commonly found in vegetables, fruits
and many food sources that form a significant portion of our diet, and which are among the most
potent and therapeutically useful bioactive substances. Phenolic derivatives represent the largest group
known as ‘secondary plant products’ synthesized by higher plants, probably as a result of antioxidative
strategies adapted in evolution by respirative organisms starting from precursors of cyanobacteria.
Many of these phenolic compounds are essential to plant life, e.g., by providing defense against
microbial attacks and by making food unpalatable to herbivorous predators [1]. Although a precise
chemical definition may be given for plant phenolics, it would inevitably include other structurally
similar compounds such as the terpenoid sex hormones. Therefore, an operational definition of
metabolic origin is preferable, and thus the plant phenols being regarded as those substances derived
from the shikimate pathway and phenylpropanoid metabolism, following the phosphoenolpyruvate →
phenylalanine → cinnamate → 4-coumarate course, leading to chalcone, flavanone, dihydroflavonol,
and anthocyanin [2]. Significant antioxidant, antitumoral, antiviral and antibiotic activities are
frequently reported for plant phenols. They have often been identified as active principles of numerous
folk herbal medicines. In recent years, the regular intake of fruits and vegetables has been highly
recommended, because the plant phenols and polyphenols they contain are thought to play important
roles in long term health and reduction in the risk of chronic and degenerative diseases. Recognition of
the benefits brought by these natural products to human health has encouraged the inclusion in
everyday diets of some typical plant-derived food and beverages, among the most preferred examples
being olive and vegetable oils, citrus and other fruit juices, chocolate, tea, coffee and wine.
Over eight thousand naturally occurring phenolic compounds are known [3]. These substances
contain at least one aromatic ring with one or more attached –OH groups, in addition to other
substituents [1], and can be divided into 15 major structural classes [4]. Major classes of plant
phenolics with ‘the type of carbon skeleton, class name (example)’ format include: C6, simple phenols
(resorcinol); C6-C1, phenolic acids (p-hydroxybenzoic acid); C6-C2, acetophenones and phenylacetic
acids; C6-C3, hydroxycinnamic acids (caffeic acid); C6-C4, hydroxyanthraquinones (physcion); C6-C2-
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C6, stilbenes (resveratrol); C6-C3-C6, flavonoids (quercetin); (C6-C3)2, lignans (matairesinol); (C6-C3C6)2, biflavonoids (agathisflavone); (C6-C3)n, lignins; (C6-C3-C6)n, condensed tannins (procyanidin)
[2]. Tannins are considered to be polyphenolic metabolites of plants with a molecular weight larger
than 500 and with the ability to precipitate gelatin and other proteins from solution [5], and to give
typical phenol reactions such as forming a blue colour with FeCl3 [6]. Tannins may be subdivided into
hydrolyzable and condensed tannins; the former are esters of gallic acid (gallo- and ellagi-tannins)
while the latter are polyhydroxyflavan-3-ols, also known as proanthocyanidins [7]. Bennic [1] defines
hydrolyzable tannins consisting of a polyhydric alcohol, such as glucose, to which gallic acid or its
dimer hexahydrodiphenic acid are linked in ester linkages, whereas the condensed tannins contain the
monomeric unit of a flavan-3-ol such as catechin or epicatechin that is linked through C-C bonds.
Basic plant phenolic structures with examples are shown in Figure 1. A number of selected food plants
harvested in different geographical locations of Turkey, with their speciation of major antioxidant
phenolics and the method of analysis, are summarized in Table 1.
Figure 1. Basic plant phenolic structures with examples.
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Figure 1. Cont.
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Table 1. A number of selected food plants harvested in different geographical locations of Turkey,
with their major speciation of antioxidant phenolics and the method of analysis.
Family and

Local name

Locality

species name

Major phenolics

Analysis method

contained

Therapeutic

Ref

use

Herbs
(Asteraceae)

Sarıçiçek

Achillea

Kayseri

Quercetagitrin,

UV, MS, PMR, IR

For abdominal

Sivas

Quercimeritrin

and hydrolytic

pain, stomach

methods

ache

Dimalonyldelphin,

DPPH method

To expel kidney

biebersteinii

[13]

Afan.
(Asteraceae)

Yabani

Cichorium

Hindiba

Unknown Flavone

(Radical scavenging

stones;

intybus L.

(Common

Copigment

activity), inhibition

decoction, as

of hydrogen peroxide

tea

Niğde

chicory)

[14]

2+

(H2O2), Fe chelating
activity
(Asteraceae)

Kenger

Gundelia

(acanthus)

Kayseri

Gallic Acid, Quercetin

Folin-Ciocalteu

For removing

method

water in spleen

tournefortii L.

[15]

and thirst

var.
tournefortii
(Brassicaceae)

Gerdemeotu

Nasturtium

(watercress)

Konya

Quercetin, Kaempferol

HPLC-MS

For abdominal

[16]

pain; chewed

officinale R.
Br.
(Hypericaceae)

Kantoron

Hypericum

(common

Adhyperforin,

healing;

perforatum L.

St. John's

Hypericin,

stomach ache

wort)

Protohypericin,

Niğde

Hyperforin,

Phenolic Acids,
Neochlorogenic Acid,
Chlorogenic Acid,
Rutin, Isoquercitrin,
Quercetin 3Glucuronate,
Hyperoside-Acetyl,
Kaempferol 3Rutinoside, Quercetin,
Kaempferol,
Biapigenin

HPLC–MS–MS

For wound

[17]
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(Lamiaceae)

Adaçayı

Salvia

(sage tea)

Kayseri

officinalis L.

Gallic Acid,

HPLC-DAD

For common

Caffeic Acid,

cold, abdominal

Rosmarinic Acid,

pain; decoction,

Hesperetin, Hispidulin,

as tea

[18]

Carnosol, Carnosic
Acid, Phenolic Acids,
Flavonoids
(Lamiaceae)

Kekik

Satureai

(thyme)

Niğde

cuneifolia Ten.

Caffeic Acid, Luteolin-

Folin-Ciocalteu

For common

7-O-Glucoside,

method HPLC

cold, abdominal

Rosmarinic Acid,

pain; infusion,

Apigenin

as tea

(Lamiaceae)

Mercanköşk

Muğla

Caffeic Acid,

1,1-Diphenyl-2-

For stomach,

Origonum

(marjoram)

Manisa

Rosmarinic Acid,

picrylhydrazyl

bowels and

Mersin

Apigenin,

(DPPH)Radical

gallbladder

Adana

Hydroxybenzoic Acid

Scavenging,

aches

Derivatives,

Folin-Ciocalteu

Hydroxycinamic Acid

method

onites L.

[18]

[18, 19]

Derivatives
(Lamiaceae)

Kokar Yavşan

Teucrium

(polymountai

polium L.

n)

Karaman

Flavonoids

Folin-Ciocalteu

For common

method HPLC

cold,

[20]

antipyretic;
decoction, as
tea

(Lamiaceae)

Kısa mahmut

Teucrium

(common

chamaedrys L.

germander)

(Linaceae)

Zeyrek/keten

Linum

tohumu

Coumaric Acid,

pounded seeds

usitatissimum

(flax seed)

Chlorogenic Acid,

are mixed with

Ferulic Acid

yoghurt and

Niğde

Gallic acid

Folin-Ciocalteu

For stomach

method,

aches; infusion,

[21]

as tea

Niğde

L.

Caffeic Acid, P-

HPLC

For abscesses;

[22]

applied on the
abscess
(Loranthaceae)

Güvelek otu/

Viscum album

ökseotu

L. ssp. Album

(mistletoe)

Niğde

Flavanon

DPPH

radical

method

For diarrhoea

[23]

and prostatitis;
decoction, as
tea

(Loranthaceae)

Ebegümeci

Malva neglecta

(mallow)

Wallr.

Kayseri

Propyl gallate

Folin-Ciocalteu

For pain in

method

mouth; fresh
leaves are eaten

[24]
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(Urticaceae)

Isırganotu

Kayseri

Quercetin,

Folin-Ciocalteu

As panacea;

Urtica dioicia

(nettle)

Niğde

Kaempferol,

method

decoction is

Ankara

Pyrocatechol

L.

[24, 25]

taken every
morning before
breakfast or
eaten fresh

Fruitsi
(Anacardiaceae)

Sumak

Kayseri

Tannins,

Rhus

(sumac)

Sivas

Fisetin,

Sulfuretin,

Butein,

Quercitrin,

coriaria

L.

Fustin,

Folin-Ciocalteu

For diarrhoea;

method

powdered fruits

[26]

or ‘sumach’ are

Myricetin

sprinkled on
boiled egg and
ingested

(Caprifoliaceae)

Gilaburu

Viburnum
opulus L.

Chlorogenic Acid, (+)-

Folin-Ciocalteu

To expel kidney

(European

Catechin, Epicatechin,

method HPLC

stones; juice

cranberrybus

Cyanidin-3-Glucoside,

obtained by

h)

Cyanidin-3-

squeezing is

Rutinoside, Quercetin

taken orally

Kayseri

(Cucurbitaceae)

Kestane

Cucurbita pepo

Kabağı

L.

(squash

grated and boiled

summer)

in milk or water

Ankara

Flavonols, Gallic Acid

Folin–Ciocalteu

For sore throat,

method

bronchitis;

[27]

[28]

and while warm,
applied
externally on
neck
(Cucurbitaceae)

Karpuz

Citrullus

(watermelon)

Ankara

Flavonols

HPLC

For wounds,
dried pericarp is

lanatus

burned and ash is

Matsum. and

spread on

Nakai

wounds

(Juglandaceae)

Ceviz

Juglans regia L.

(hickory)

[28a]

Niğde

Ellagitannins

Folin-Ciocalteu

For stomach

method HPLC

ache; small

[29]

fruits are
swallowed as
pills
(Moraceae)

Karadut

Ankara

Quercetin, Rutin,

HPLC,

For canker; fruit

Morus nigra L.

(black

İstanbul

Isoquercitrin,

Capillary

juice is used as

Chlorogenic Acid

electrophoresis

gargle

mulberry)

[30]
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(Punicaceae)

Nar

Punica

(pomegranate)

Niğde

granatum L.

Gallic Acid,

HPLC-MS

Protocatechuic Acid,

TRAP method

P-Hydroxybenzoic

For diarrhoea;
dried rind of the
fruit is ingested

[31]

For bruises;
ointment
prepared with
ash of the seeds
and butter is
applied on
affected parts
For cystitis;
fruit is cooked
in embers and
applied
externally on
vagina
For bronchitis,
cough and
mumps

[32]

For internal
diseases and
haemorrhoids;
decoction, as
tea
To expel kidney
stones

[35]

For stomach
ache; powdered
hot red pepper
fruits are
cooked in milk
and ingested
For burns; juice
is applied on
the affected
area

[37]

Acid, Vanillic Acid,
Caffeic Acid, pCoumaric Acid,
Ferulic Acid
(Rosaceae)

Zerdali / kayısı

Armeniaca

(apricot)

Ankara

Hydroxycinnamic Acid

HPLC

and Derivatives,

vulgaris Lam.

Quercetin,
Kaempferol, Apigenin,
Catechin, Epicatechin

(Rosaceae)

Ayva

Cydonia

(quince)

Ankara

oblonga Miller

Hydroxycinnamic Acid

Folin-Ciocalteu

and Derivatives,

method HPLC-MS

Catechin, Epicatechin

(Rosaceae)

Elma

Malus

(apple)

Ankara

sylvestris Miller

Anthocyanins,

Folin-Ciocalteu

Catechin, Epicatechin,

method HPLC-MS

Flavonols

[33]

[28a, 33,
34]

ssp.
(Rosaceae)

Kuşburnu

Kayseri

Proanthocyanidin,

Folin-Ciocalteu

Rosa canina L.

(rosehip)

Ankara

Flavonoids, Gallic

method HPLC

Acid

(Rutaceae)

Limon

Citrus limon L.

(lemon)

Kayseri

Flavanones, Flavones,

Liquid

Flavonols

Chromatography

[28a, 36]

HPLC
(Solanaceae)

Acı biber

Capsicum

(hot pepper)

Niğde

Flavonoids

HPLC

Ankara

Quercetin,

HPLC

Kaempferol, Myricetin

GC-MS

annum L.

(Solanaceae)

Domates

Lycopersicum

(tomatoe)

esculentum L.

[28a, 38]
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(Vitaceae)

Üzüm

Vitis vinifera L.

(grape)

Niğde

Anthocyanins,

1,1-Diphenyl-2-

For bruises;

Flavonols, Flavones

picrylhydrazyl

pounded dry

(DPPH) radical

raisins are

scavenging method

applied to

[28a, 39]

bruises to
relieve pain
Vegetables
(Brassicaceae)

Kelem / lahana

Brassica

(cabbage)

Ankara

oleracea L. Var.

Quercetin, Myricetin,

HPLC

For ulcer, fresh

[28a,

Kaempferol, Luteolin,

leaves are

40c]

Apigenin

ingested

Capitata DC.
(Liliaceae)

Soğan

Niğde

Kaempferol, Luteolin,

Davis method

For abscesses;

Allium cepa L.

(onion)

Ankara

Quercetin

Folin-Ciocalteu

bulb is

method HPLC

embedded in

HPLC/MS/NMR

embers and

[28a, 40]

applied to
abscess to
promote
suppuration
(Liliaceae)

Sarımsak

Niğde

Apigenin, Myricetin,

Davis method

For food

Allium sativum

(garlic)

Ankara

Quercetin

Folin-Ciocalteu

intoxication

method HPLC

pounded with

L.

[40b]

yoghurt and
applied on the
affected part
(Poaceae)

Mısır

Zea mays L.

(corn)

Ankara

Flavonols

DPPH radical

For

scavenging method

haemorrhoids;

[28a, 41]

boiled stylus is
taken orally
(Solanaceae)

Patlıcan

Solanum

(eggplant)

Ankara

Hydroxycinnamic Acid

HPLC-MS

As

and Derivatives

NMR

abortifacient ;

melongena L.

[42]

stalk of a fruit
is washed and
inserted in
vagina

(Solanaceae)

Patates

Kayseri

Solanum

(potatoes)

Ankara

tuberosum L

Flavans, Flavonols

Swain and Hillis

For headache;

methods, Brand-

sliced tubers are

Williams et al.

applied to burns

Methods

[43]
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Leguminous vegetables
(Fabaceae)

Mercimek

Lens culinaris

(lentils)

Ankara

Medik.

Flavans, Flavonols,

2,2-diphenyl-1-

For burns;

Hydroxybenzoic

picrylhydrazyl

roasted seeds

Acids,

(DPPH) method

are milled and

Hydroxycinnamic

applied on

Acids, Catechins,

affected area

[28a, 44]

Flavones,
Procyanidins,
Resveratrol
(Fabaceae)

Fasulye

Phaseolus

(beans, green)

Ankara

Isoflavonoid,

Folin-Ciocalteu

For wounds;

Flavonols

method

ashes of the

vulgaris L.

[28a, 45]

seeds are
applied on
wounds

(Poaceae)

Arpa

Niğde

Hordeum

(barley)

Ankara

Flavans , Flavones

Folin-Ciocalteu

For abscesses;

method

common cold

vulgare L.

[28a]

and cough in
pneumonia

Antioxidant/prooxidant properties, mechanisms, and structure-activity relationships
Flavonoids, with over 4,000 identifed species [8], constitute a special class of polyphenolic
compounds that are built upon a C6-C3-C6 flavone skeleton in which the two aromatic rings are linked
by three carbons cyclized with oxygen. Several classes of flavonoids differ with respect to the degree
of unsaturation and oxidation of the three-carbon segment, as shown with seven representative
structures in Figure 2. These structures correspond to the flavonoid aglycons, whereas the more
complex flavonoid glycosides have one or more hydroxyl groups bound to sugars (e.g., glucose,
rutinose, neohesperidose, etc.) by an acid-labile hemiacetal bond through certain positions (such as the
7-hydroxyl in flavones and isoflavones). Within each major class of flavonoids presented in Figure 2,
there are many further variations in structural details.
Figure 2. Representative classes of flavonoids
3'
'

2
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1'

O

7

2
A

4'
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5'
6'

C
3

6
5

4

Generic structure of a flavonoid molecule
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Figure 2. Cont.
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Flavonoids can exhibit their antioxidant activity (AO) in several ways [9]:
(i) Radical scavenging activity toward either reactive species (e.g., reactive oxygen species: ROS)
such as .OH, O2.-, 1O2, or toward lipid peroxidizing radicals such as R., RO., and ROO.; radical
scavenging action generally proceeds via hydrogen atom transfer or electron donation;
(ii) prevention of the transition metal− catalyzed production of reactive species (i.e., via Fentontype reactions) through metal chelation;
(iii) interaction with other antioxidants (such as cooperative actions), localization, and mobility of
the antioxidant at the microenvironment [10].
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An antioxidant may be defined as ‘any substance that when present at low concentrations,
compared with those of the oxidizable substrate, significanly delays or inhibits oxidation of that
substrate’ [11]. For convenience, antioxidants have been traditionally divided into two classes; primary
or chain-breaking antioxidants, and secondary or preventative antioxidants [12].
Chain-breaking mechanisms are represented by:
L. + AH → LH + A.
LO. + AH → LOH + A.
LOO. + AH → LOOH + A.

(1)
(2)
(3)

Thus radical initiation (by reacting with a lipid radical: L.) or propagation (by reacting with alkoxyl:
LO. or peroxyl: LOO. radicals) steps are inhibited by the antioxidant: AH.
On the other hand, secondary (preventive) antioxidants retard the rate of oxidation. For example,
metal chelators (e.g., iron-sequesterants) may inhibit Fenton-type reactions that produce hydroxyl
radicals [46]:
Fe2+ + H2O2 → Fe3+ + .OH + OH-

(4)

One important function of antioxidants toward free radicals such as .OH, O2.-, and ROO. is to
suppress free radical−mediated oxidation by inhibiting the formation of free radicals and/or by
scavenging radicals. The formation of free radicals may be inhibited by reducing hydroperoxides and
hydrogen peroxide and by sequestering metal ions [47] through complexation/chelation reactions.
Radical scavenging action is dependent on both reactivity and concentration of the antioxidant. In a
multiphase medium (such as an emulsion), the localization of the antioxidant at the interphases may be
important.
Evaluation of antioxidant activity is complicated by the prooxidative effect of antioxidants in the
presence of unsequestered metal ions such as iron and copper. Especially the lower oxidation states of
these metals (i.e., Fe(II) and Cu(I)) should not be present at significant levels in tests measuring
antioxidant status so as not to initiate Fenton-type reactions exemplified in Eq.4. The prooxidative
effect of phenolic antioxidants (ArOH), generally induced by transition metal ions like Cu(II) in the
presence of dissolved oxygen, gives rise to oxidative damage to lipids, and can be demonstrated by
the following reactions [48]:
Cu(II) + ArOH → Cu(I) + ArO. + H+
ArO. + LH → ArOH + L.
L. + O2 → LOO.
LOO. + LH → LOOH + L.
Cu(I) + LOOH → Cu(II) + LO. + OH-

(5)
(6)
(7)
(8)
(9)

The prooxidant activity of flavonoids is generally concentration-dependent, and both the
antioxidant and the copper-initiated prooxidant activities of a flavonoid depend on the number and
position of –OH substituents in its backbone structure [49]. Flavones and flavanones, which have
no -OH substituents, showed neither antioxidant nor Cu-iniated prooxidant activities in the automated
ORAC assays set for the purpose [49]. It was also observed that Cu(II)-induced prooxidant activity of
Ar-OH proceeds via intra- and inter-molecular electron transfer reactions accompanying ROS (reactive
oxygen species) formation, and copper complexation followed by oxidation of resveratrol analogues
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(e.g., 3,4-dihyroxystilbene) ended up with quinone (Ar=O) products [50]. The need for considering
the possible prooxidant effects of antioxidants is only valid for in vitro antioxidant tests where great
care should be taken in the design of experimental conditions. Since iron and copper are sequestered
by proteins in vivo, there has been no conclusive evidence which shows that an antioxidant acts as a
prooxidant in vivo by reducing metal ions, and it may be misleading to state that some antioxidants act
as prooxidants under these conditions [10].
According to kinetic studies of aryloxy (Ar-O.) radical formation and decomposition reactions, the
antioxidant (AO)-activity of a flavonoid is closely related to its chemical structure. Three structural
requirements are important for high AO-activity of a flavonoid [51]:
(i) the ortho-dihydroxy (catechol) structure in the B-ring, imparting a greater stability to the
formed aryloxy radicals as a result of flavonoid oxidation, possibly through H-bonding and electrondelocalization [52]. Another function of the catechol moiety in the B-ring is the possible chelation of
transition metal ions that may otherwise cause ROS formation via Fenton-type reactions [53];
(ii) the 2,3-double bond, in conjugation with the 4-oxo function, enhancing electron-transfer and
radical scavenging actions through electron-delocalization [53];
(iii) the presence of both 3- and 5-OH groups, enabling the formation of stable quinonic structures
upon flavonoid oxidation [54]. Substitution of the 3-OH results in increase in tortion angle and loss of
coplanarity, and subsequently reduced AO-activity [55]. A typical flavonoid which meets the above
three criteria is quercetin, showing the highest antioxidant capacity in all TAC tests.
Aside from these structural requirements, the number of hydroxyl substituents on the flavonoid
molecule, the position of these hydroxyls, the presence of glycosides (-OR) or aglycons (-OH), and the
overall degree of conjugation are important in determining AO-activity [56]. For phenolic compounds
having the same number of –OH groups, the presence of electron-donating –OMe groups in ortho- and
para- positions with respect to the –OH substituents (especially in hydroxycinnamic acids) stabilizes
the formed aryloxy radicals resulting from one-electron oxidation, and thereby increases AO-activity
[57]. With the same number of hydroxyl and methoxy groups, hydroxycinnamic acids tend to be more
effective in AO-capacity than the corresponding hydroxybenzoic acids, possibly due to the aryloxyradical stabilizing effect of the –CH=CH-COOH linked to the phenyl ring by resonance [58,59].
Total antioxidant capacity (TAC) assays applied to phenolics
Oxygen free radicals that emerge as a result of the respirative cycle of oxidative phosphorylation
may attack biological macromolecules like cellular DNA, giving rise to single- and double-strand
breaks that may eventually cause cell ageing, cardiovascular diseases, mutagenic changes and
cancerous tumor growth. When natural defences of the organism (of enzymatic, non-enzymatic or
dietary origin) are overwhelmed by an excessive generation of reactive oxygen species (ROS), a
situation of ‘oxidative stress’ occurs, in which cellular and extracellular macromolecules (proteins,
lipids and nucleic acids) can suffer oxidative damage, causing tissue injury [60,61]. Consumption of
foods naturally having antioxidant activity is the most efficient way of combating such tissue injuries,
undesired transformations and preventing health risks.
The chemical diversity of phenolic antioxidants makes it difficult to separate and quantify
individual antioxidants (i.e., parent compounds, glycosides, and many isomers) from the vegetable
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matrix. Moreover, the total antioxidant power as an ‘integrated parameter of antioxidants present in a
complex sample’ [62] is often more meaningful to evaluate health beneficial effects because of the
cooperative action of antioxidants. Therefore it is desirable to establish and standardize methods that
can measure the total antioxidant capacity level directly from vegetable extracts containing phenolics.
By means of standardized tests for TAC, the antioxidant values of foods, pharmaceuticals and other
commercial products can be meaningfully compared, and variations within or between products can be
controlled. By considering the changes in TAC values of human serum measured by standardized
methods, one can detect diseases and monitor the course of medical treatments. For the sake of
simplicity, only spectrophotometric or fluorometric assays using molecular probes (i.e., UV-Vis
absorbing or fluorescent probes) will be discussed in this review. Due to complexity and limitations of
directly following reaction kinetics of the inhibited autoxidation of lipids, molecular spectrometric
assays that may or may not apply a suitable radical, but without a chain-propagation step as in lipid
autoxidation, will be discussed. Antioxidant capacity assays may be broadly classified as electron
transfer (ET)− and hydrogen atom transfer (HAT)−based assays [48,63], though in some cases, these
two mechanisms may not be differentiated with distinct boundaries. In fact, most non-enzymatic
antioxidant activity (e.g., scavenging of free radicals, inhibition of lipid peroxidation, etc.) is mediated
by redox reactions [64]. In addition to these two basic classes considering mechanism, reactive oxygen
species (ROS) scavenging assays will also be taken into account.
HAT−based assays measure the capability of an antioxidant to quench free radicals (generally
peroxyl radicals) by H-atom donation. The HAT mechanisms of antioxidant action in which the
hydrogen atom (H.) of a phenol (Ar-OH) is transfered to an ROO. radical can be summarized by the
reaction:
ROO. + AH/ArOH → ROOH + A. / ArO.

(10)

where the aryloxy radical (ArO.) formed from the reaction of antioxidant phenol with peroxyl radical
is stabilized by resonance. The AH and ArOH species denote the protected biomolecules and
antioxidants, respectively. Effective phenolic antioxidants need to react faster than biomolecules with
free radicals to protect the latter from oxidation. Since in HAT–based antioxidant assays, both the
fluorescent probe and antioxidants react with ROO., the antioxidant activity can be determined from
competition kinetics by measuring the fluorescence decay curve of the probe in the absence and
presence of antioxidants, and integrating the area under these curves [48,63]. As an example of
HAT−based assays, oxygen radical absorbance capacity (ORAC) assay [65] applies a competitive
reaction scheme in which antioxidant and substrate kinetically compete for thermally generated
peroxyl radicals through the decomposition of azo compounds such as ABAP (2,2’-azobis(2aminopropane) dihydrochloride) [48,63]. The net area under curve (AUC), found by subtracting the
AUC of blank from that of antioxidant-containing sample (the fluorescence decay of which is retarded),
is an indication of the total antioxidant concentration of the sample in the ORAC method. The
fluorescent probes used in the ORAC assay were initially β-phycoerythrin [66-68], and later
fluorescein [69]. ORAC measures inhibition of peroxyl radical induced oxidations by antioxidants and
thus reflects classical radical chain-breaking antioxidant activity by H-atom transfer [63,69]. The
reaction was reported to go to completion so that both inhibition time and inhibition degree are
considered in quantification of antioxidants [65]. Other HAT−based assays include total peroxyl
radical-trapping antioxidant parameter (TRAP assay) using R-phycoerythrin as the fluorescent probe,
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developed by Wayner et al. [70] and further developed by Ghiselli et al. [62,68], crocin bleaching
assay using AAPH as the radical generator [71], and β-carotene bleaching assay [72], although the
latter bleaches not only by peroxyl radical attack but by multiple pathways [63]. In general, HAT
reactions are relatively independent from solvent- and pH-effects, and are completed in a short time (at
the order of sec-min).
On the other hand, the ET mechanism of antioxidant action is based on the reactions:
ROO. + AH/ArOH → ROO- + AH.+/ArOH.+
AH.+ / ArOH.+ + H2O ↔ A. / ArO. + H3O+
ROO- + H3O+ ↔ ROOH + H2O

(11)
(12)
(13)

where the reactions are relatively slower than those of HAT– based assays, and are solvent– and pH–
dependent. The aryloxy radical (ArO.) is subsequently oxidized to the corresponding quinone (Ar=O).
The more stabilized the aryloxy radical is, the easier will be the oxidation from ArOH to Ar=O due to
reduced redox potential. In fact, in most ET–based assays, the antioxidant action is simulated with a
suitable redox-potential probe, i.e., the antioxidants react with a fluorescent or colored probe
(oxidizing agent) instead of peroxyl radicals. Spectrophotometric ET−based assays measure the
capacity of an antioxidant in the reduction of an oxidant, which changes colour when reduced. The
degree of colour change (either an increase or decrease of absorbance at a given wavelength) is
correlated to the concentration of antioxidants in the sample. ABTS/TEAC (Trolox®-equivalent
antioxidant capacity) [73,74] and DPPH [75-77] are decolorization assays, whereas in Folin total
phenols assay [78,79], FRAP (ferric reducing antioxidant power) [80,81] and CUPRAC (cupric
reducing antioxidant capacity) [82,83], there is an increase in absorbance at a prespecified wavelength
as the antioxidant reacts with the chromogenic reagent (i.e., in the latter two methods, the lower
valencies of iron and copper, namely Fe(II) and Cu(I), form charge-transfer complexes with the
ligands, respectively). The basic chromophores used in Folin, ABTS/TEAC, FRAP, ferricyanide,
ferric-phenanthroline, DPPH and CUPRAC assays are shown Figure 3. There is no visible
chromophore in the Ce4+–reducing antioxidant capacity assay developed recently by Ozyurt et al. [84],
as the remaining Ce(IV) in dilute sulfuric acid solution after polyphenol oxidation under carefully
controlled conditions was measured at 320 nm. These assays generally set a fixed time for the
concerned redox reaction, and measure thermodynamic conversion (oxidation) during that period.
ET−based assays include ABTS/TEAC, DPPH, Folin-Ciocalteu (FCR), FRAP, and CUPRAC using
different chromogenic redox reagents with different standard potentials. Although the reducing
capacity of a sample is not directly related to its radical scavenging capability, it is a very important
parameter of antioxidants. The reaction equations of various ET−based assays can be summarized as
follows:
Folin: Mo(VI) (yellow) + e- (from AH) → Mo(V) (blue)
(14)
λmax=765 nm
where the oxidizing reagent is a molybdophosphotungstic heteropolyacid comprised of 3H2O·P2O5·13
WO3·5 MoO3·10H2O, in which the hypothesized active center is Mo(VI).
FRAP: Fe(TPTZ)23+ + ArOH → Fe(TPTZ)22+ + ArO. + H+
λmax=595 nm
where TPTZ: 2,4,6-tripyridyl-s-triazine ligand.

(15)
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Prussian Blue: Fe(CN)63- + ArOH → Fe(CN)64- + ArO. + H+
Fe(CN)64- + Fe 3+ + K+ → KFe[Fe(CN)6]
λmax=700 nm

(16)
(17)

ABTS/TEAC: ABTS + K2S2O8 → ABTS.+
(18)
λmax=734 nm
.+
(19)
ABTS + ArOH → ABTS + ArO. + H+
®
where ABTS: 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) and TEAC is Trolox -equivalent
antioxidant capacity (also the name of the assay). Although other wavelengths such as 415 and 645 nm
have been used in the ABTS assay [63], the 734 nm peak wavelength has been predominantly
preferred due to less interference from plant pigments.
DPPH: DPPH. + ArOH → DPPH + ArO. + H+

(20)

where DPPH. is the [2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl] stable radical with λmax=515 nm.
CUPRAC: n Cu(Nc)22+ + Ar(OH)n → n Cu(Nc)2+ + Ar(=O)n + n H+

(21)

where the polyphenol is oxidized to the corresponding quinone, and the reduction product, i.e.,
bis(neocuproine)copper(I) chelate, shows absorption maximum at 450 nm.
As for molecular probes used in the colorimetric/fluorometric detection of reactive oxygen species
(ROS), nitro blue tetrazolium (NBT) has been used for superoxide anion (O2.-), scopoletin for
hydrogen peroxide (H2O2), deoxyribose/thiobarbituric acid (TBA) or modified CUPRAC reagent for
hydroxyl radicals (.OH), and tetra-tert-butylphtalocyanine for singlet oxygen (1O2) [48]. Ewing and
Janero developed a superoxide dismutase (SOD) microassay based on spectrophotometric assessment
of O2.-–mediated NBT reduction by an aerobic mixture of NADH and phenazine methosulfate, which
produces superoxide chemically at non-acidic pH [85]. Hydrogen peroxide has been assayed by its
ability to oxidize scopoletin, a naturally occurring fluorescent compound, in the presence of
horseradish peroxidase as catalyst, to a non-fluorescent product, and the decrease in fluorescence is an
indication of H2O2 at nanomolar levels [86]. Hydroxyl radicals generated from a Fenton-reaction (Eq.
4) were most frequently detected by means of their oxidative attack on deoxyribose probe producing
malondialdehyde (MDA) as the end product; MDA was colorimetrically detected by formation of
colored products with TBA, forming the basis of the TBARS (thiobarbituric acid–reactive substances)
method [87, 88]. Bektasoglu et al. [89] used p-aminobenzoate, 2,4- and 3,5-dimethoxybenzoate probes
for detecting hydroxyl radicals generated from an equivalent mixture of Fe(II)+EDTA with hydrogen
peroxide. The produced hydroxyl radicals attacked both the probe and the water-soluble antioxidants
in 37oC-incubated solutions for 2 h. The CUPRAC absorbance of the ethylacetate extract due to the
reduction of Cu(II)-neocuproine reagent by the hydroxylated probe decreased in the presence of .OH
scavengers, the difference being proportional to the scavenging ability of the tested compound [89].
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Figure 3. Basic chromophores used in TAC (total antioxidant capacity) assays.
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Critical evaluation and comparison of total antioxidant capacity (TAC) assays
In comparing antioxidant activity / capacity assays, it should be borne in mind that AO-activity
assays deal with the kinetics of a reaction and measure the reaction rate, while AO-capacity assays
mainly concentrate on the thermodynamic conversion and measure the number of electrons or radicals
donated or quenched, respectively, by a given antioxidant molecule [62]. The area under curve (AUC)
method pertaining to ORAC and similar assays is actually an effort to simultaneously measure reaction
rate and efficiency.
Frankel and Meyer [90] criticized one-dimensional methods to evaluate the antioxidant status of
food and biological fluids, and questioned both ORAC and TRAP, two leading HAT–based assays, in
regard to the validity of their assumption whether the antioxidant mechanism of β-phycoerythrin
protection by antioxidants actually mimics critical biological substrates. The initial probe for the
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ORAC reaction, β-PE, showed inconsistent reactivity toward ROO. from lot-to-lot, was photobleached due to reasons other than peroxyl radical attack, and exhibited non-specific protein binding to
condensed tannins, therefore the probe of the ORAC test was later changed to fluorescein, though
reporting high Trolox®-equivalent antioxidant capacities (TEAC values) for most antioxidants [69]
incompatible with the findings of conventional assays. However, the ORAC assay is applicable to both
food samples and biological fluids, and therefore may be useful in detecting and therapeutical
monitoring of diseases. Antioxidant activity assays existing in literature based on the measurement of
radical scavenging activity of antioxidant compounds suffer from the difficulties encountered in the
formation and stability of colored radicals [91] such as ABTS (2,2’-azinobis-(3-ethylbenzothiazoline6-sulfonic acid)) [73] and DPPH (2,2’-diphenyl-1-picrylhydrazyl) [77].
Re et al. developed an improved ABTS radical cation decolorization assay using persulfate as the
oxidant, and thereby compensated for the weaknesses of the original ferryl myoglobulin/ABTS assay
[74]. Actually of the three TEAC tests developed at different periods, namely TEAC assay I (ABTS.+
generated enzymatically with metmyoglobin and hydrogen peroxide), TEAC II (radical generation
with filtration over the MnO2 oxidant), and TEAC III (with K2S2O8 oxidant) were totally different
from each other, were applicable to different solvent media, and their findings for a given antioxidant
could vary significantly [92]. The ‘pre-addition technique’ as in TEAC I, employed by adding
antioxidants before radical generation, could result in an overestimation of antioxidant capacity,
because many substances interfered with the formation of the radical; TEAC I measured the ability of
delaying radical formation as well as scavenging of the radical [92]. The advantages of ABTS/TEAC
were reported to be operational simplicity, reproducibility, diversity, and the most important of all,
flexible usage in multiple media to determine both hydrophilic and lipophilic antioxidant capacity of
food extracts and physiological fluids, since the reagent is soluble in both aqueous and organic solvent
media [93].
The total radical trapping parameter (TRAP) assay of Wayner et al. [70] was the most widely used
method of measuring total antioxidant capacity of plasma or serum during the last decade, however it
suffered from the major drawback of oxygen electrode end-point in that the electrode would not
maintain its stability over the required time period [94]. Antioxidant assays based on
spectrophotometric methods of thiobarbituric acid-reactive substances (TBARS) formation have poor
reproducibility due to instability of substrates used for lipid peroxidation [94]. The inhibition of
accumulation of colored radical reagents in the presence of antioxidants is expressed in the units of
“lag time” (i.e., the time period required for the colored radical to emerge in the reaction medium),
constituting a rather unobjective approach for antioxidant assay, because “lag time” is not always
linearly correlated to antioxidant concentration. On the other hand, the ferric reducing antioxidant
potency (FRAP) assay of antioxidants [80], which is based on ferric–to–ferrous reduction in the
presence of a Fe(II)-stabilizing ligand such as tripyridyltriazine (TPTZ), is both unrealistic (i.e., the
colored complex is formed at a definitely acidic pH such as pH=3.6, much lower than the
physiological pH) and insufficiently responsive to thiol- type (i.e., -SH containing) antioxidants [95]
like glutathione [96]. Moreover, the antioxidants detected by FRAP were limited to water-soluble ones
(i.e., soluble in aqueous ethanol solutions), and carotenoids had no ferric reducing ability [64]. Pulido
et al. [64] also reported that the absorbance of caffeic acid, ferulic acid, quercetin, and tannic acid did
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not stabilize within the measurement period of the FRAP protocol (4 min), and was slowly increasing
even after several hours of reaction time.
The range of tests used for antioxidant activity measurement is a testimony to the uncertainty
surrounding the chemistry of antioxidant compounds. Thus for example, in tests where free radical
oxidation is induced by a metal ion like Cu(II) or Fe(III), it is uncertain whether the test measures the
ability of the antioxidant to interact with a free radical or its ability to bind the metal ion [97]. Current
literature taking a philosophical look at antioxidant indexes clearly states that there is no ‘total
antioxidant’ as a nutritional index available for food labeling because of the lack of standard
quantitation methods [98]. Analogically, there is no single parameter for antioxidant status of food and
biological fluids that corresponds to the widely accepted ‘French hardness parameter’ of water,
defined as the mg-amount of CaCO3-equivalent hardness per 100 mL of water. Everybody understands
the same meaning from a given level of water hardness, but unfortunately, an analogic extraction of
useful knowledge is not possible from the results of antioxidant activity/capacity tests with different
mechanisms, procedures, and reporting units. The inevitable consequences of the current situation are
that the antioxidant values of foods cannot be effectively evaluated and compared, an objective
inventory of antioxidant plant foods may not be prepared, widely agreeable antioxidant-rich diets
cannot be designed, and total antioxidant status of human serum cannot serve as an active indicator for
detecting and monitoring diseases. In this regard, the antioxidant activities of common vegetables
(total sample size: 927) collected from the U.S. market, analyzed using the ORAC and FRAP
procedures, did not correlate well [98]. Exactly a similar situation exists for human plasma or serum
where different tests yield different results that do not correlate well. For example, Cao and Prior
observed a weak linear correlation between serum ORAC and serum FRAP, but no correlation either
between serum ORAC and serum TEAC, or between serum FRAP and serum TEAC [95]. Actually,
there may not be a point in comparing kinetic-based antioxidant activities with efficiency-based
antioxidant capacities, i.e., ET– and HAT–based methods should be compared among thremselves. On
the other hand, the authors do not share the opinion of Huang et al. [48] who state that “the excellent
linear correlations between the results of ET–based tests and those of Folin total phenolics assay are
not surprising, as one of the assays having similar chemistry must be redundant”. The redox potentials
and solvent dependencies of these ET–based TAC tests may be quite different from each other,
resulting in different TEAC values of food and plant phenolics, and it is a good idea to always
correlate those results to get a clear picture of the antioxidant status of complex samples. Besides,
Kähkönen et al. [99] clearly showed that antioxidant activity does not necessarily correlate with high
amounts of phenolics, and that is why both phenolic content and antioxidant activity information must
be discussed when evaluating the antioxidant potential of extracts. Likewise, a high flavonoid content
–assayed with aluminium chloride colorimetry– does not necessarily mean a high antioxidant capacity;
the low correlation Park et al. [100] observed between either ABTS/TEAC or CUPRAC results and
total flavonoids content was due to the nature of measurement technique. The AlCl3 colorimetric test
for flavonoids [101] does not measure those flavonoids that do not bear the characteristic chelating
functional groups for Al binding. Essentially flavones (e.g., chrysin, apigenin, luteolin, etc.) and
flavonols (e.g., quercetin, myricetin, morin, rutin, etc.) react with Al(III), while flavanones and
flavanonols do not complex to the same extent [101].
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Total antioxidant capacity (TAC) assays measure the capacity of biological samples only under
defined conditions prescribed by the given method using different oxidants in each case. If the
standard potential of the oxidant is too high (e.g., the potential of the ferric-ferrous couple is 0.77 V,
that may significantly increase in the presence of a ferrous-stabilizing ligand such as phenanthroline),
then compounds other than food and plasma antioxidants of interest, like glucose or citrate, the latter
being used to preserve food and plasma, may also be oxidized within sufficient time [102] causing
positive error. Berker et al. [103] examined in detail the Fe(III)–based TAC tests for phenolics, and
found that due to the slow kinetics of high-spin Fe(III), most redox reactions in iron-based assays may
be accelerated upon incubation of antioxidant samples with the Fe(III)-ligand complex at elevated
temperature. This proved to increase thermodynamic efficiency of oxidation of analytes at the expense
of the loss of valuable information on reaction kinetics, e.g., Firuzi et al. [54] consider that FRAP
value with 4-min absorbance reading takes into account the kinetics of the reaction with Fe(III) more
than the FRAP value with 60-min reading. Similar observations were made by FRAP users; due to
gradual increase of FRAP absorbance with time for some hydroxycinnamic acids and flavonoids [64],
one should find a compromise between measurement techniques (e.g., rapid versus delayed absorbance
measurement at 37 °C) as both reaction kinetics and thermodynamics should be reflected in the
obtained results to get useful information about food polyphenols. In a comparison with ORAC, Ou et
al. [98] described FRAP as a method having some drawbacks concerning interference, reaction
kinetics, and quantitation methods, but the reagents are inexpensive, stable, and the results are fairly
reproducible [80]. The fact that flavonoids with the highest FRAP activity were the most easily
oxidizable compounds with the lowest oxidation potentials [54] confirmed that FRAP was a true ET–
based assay.
Some methods measure only the hydrophilic antioxidants (like Folin and FRAP), while others
detect only those soluble in organic solvents, especially alcohols (like DPPH) [91]. Alhough widely
used for measuring and comparing the antioxidant status of phenolic compounds and foodstuffs, the
evaluation of antioxidant activity by the changes in DPPH absorbance should be carefully interpreted
since the absorbance of DPPH radical at 517 nm after reaction with a given antioxidant is decreased
by light, oxygen, pH, and type of solvent [104]. A further disadvantage of DPPH is steric
inaccessibility (i.e., small molecules may have a better chance to access the radical with subsequently
higher TAC values) and narrow linear range of absorbance versus concentration [63]. Not all methods
measure protein-thiols, or smaller molecule -SH compounds of different origin (such as GSH, with
FRAP). The exact chemistry and redox potential of the Folin reagent is unknown [48], and therefore it
may act as a nonspecific reagent, simultaneously oxidizing compounds (such as sugars) that are not
classified under the title ‘antioxidants’ [105]. Arnao criticized the decolorization assays like ABTS and
DPPH with the argument that, the more initial color there is in a sample, the smaller the absorbance
decrease and the less antioxidant activity is measured, even when one works with minimal sample
volumes [91]. Especially carotenoids were reported to interfere in the 515 nm-absorbance
measurement of DPPH [106]. Van den Berg concludes that ‘quantitative evaluation of antioxidant
capacity using the ABTS/TEAC can be troublesome and even impossible, but it can be used to provide
a ranking order of antioxidants’ [107].
To briefly summarize the current situation, it is believed that there is no single, widely-acceptable
assay method applicable to a reasonable variety of compounds in plasma and food matrices. Thus one
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aim of this review is to report a simple, widely applicable antioxidant capacity method for food
extracts and human serum, as successively performed previously for dietary polyphenols, vitamins C
and E [82], utilizing the copper(II)-neocuproine (Cu(II)-Nc) reagent as the chromogenic oxidizing
agent. Since copper(II) (or cupric) ion reducing ability is measured, the method is named by our
research group as “cupric reducing antioxidant capacity” abbreviated as the CUPRAC method. This
method should be advantageous over FRAP (ferric reducing antioxidant power) since the redox
chemistry of copper(II) -as opposed to that of chemically inert high-spin ferric ion having half-filled
d-orbitals in its electronic configuration- should involve faster kinetics. The bis(neocuproine)copper(I)
cation chromophore is soluble both in water and organic media, therefore the CUPRAC method is
capable to assay both hydrophilic and lipophilic antioxidants. Since the optimal pH of the method is
close to the physiological one, there would be no risk of underestimation (under acidic conditions) or
overestimation (under basic conditions) of TAC, due to either protonation of antioxidants or proton
dissociation of phenolic compounds, respectively. As in similar electron-transfer based assays, the
antioxidant capacity is assumed to be equal to reducing capacity [48]. Of the eight criteria proposed by
Prior et al. [63] for defining an ideally standardized method of antioxidant capacity measurement, the
CUPRAC method meets six, such as simplicity, clarity of end-point and mechanism, readily available
instrumentation, good intra- and inter-assay reproducibility, adaptibility to simultaneously assay
lipophilic and hydrophilic antioxidants, and high throughput for routine analyses. It should be
mentioned here that CUPRAC does not measure chemistry actually occurring in lipid oxidation, and it
does not utilize a biologically relevant radical source, however the latter must not be a prerequisite for
a widely accepted assay.
Antioxidant capacities of regularly consumed fruits, vegetables, and beverages due to phenolics
Phenolic substances can be extracted from plant material using a sequence of solvents with
divergent polarity. In general, useful solvents with decreasing order of polarity are: water, 80 %
methanol or 70 % ethanol, 80 % acetone and ethyl acetate. Among antioxidant phenolics, certain
classes of compounds such as phenolic acids, hydroxycinnamic acids, flavonoids, and carotenoids
require a decreasing order of solvent polarity for extraction, respectively, although suitable solvent
combinations may be tailored for specific purposes. Moreover, the dielectric constant of the solvent,
intra-/inter-molecular hydrogen bonding associations and standard redox potential of phenolics and
derived aryloxy radicals in a given solvent may be important for electron transfer kinetics in
antioxidant assays [48, 63]. Although it is difficult to define a universally acceptable solvent, 80 %
MeOH and 70 % EtOH are generally the most preferred solvents for phenolics extraction from plants.
Due to the diversity of phenolic antioxidant phytochemicals in botanicals, certain compromises have to
be made in solvent selection [63], which is beyond the scope of this review.
In antioxidant tests carried out by TEAC, ORAC and FRAP methods on regularly consumed fruits
and vegetables available on the U.K. market, fruits and vegetables rich in anthocyanins (e.g.,
strawberry, raspberry, and red plum) showed the highest TAC values, followed by those rich in
flavones (e.g., orange and grapefruit) and flavonols (e.g., onion, leek, spinach and green cabbage),
while the hydroxycinnamic acids–rich ones (e.g., apple, tomato, pear, and peach) exhibited the lower
values. The antioxidant capacities (in TEAC units, on fresh weight basis) followed the hierarchic order:
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strawberry >> raspberry = red plum >> red cabbage >>> grapefruit = orange > spinach > broccoli >
green grape ≈ onion > green cabbage > pea > apple > cauliflower ≈ pear > tomato ≈ peach = leek >
banana ≈ lettuce [108]. For plant foods consumed in the Italian market, spinach was the highest TAC
exhibiting vegetable, followed by peppers and asparagus, while in fruits, berries (i.e., blackberry,
redcurrant, and raspberry) showed the highest capacities; coffee and citrus juices among beverages,
and soybean oil and extra virgin olive oil among the vegetable oils, were the richest in antioxidants
[109]. For fruits consumed in the American diet, Vinson et al. [110] made a distinction between free
phenols (sample extracted with 50 % MeOH, incubated at 90 0C, cooled and centrifuged) and total
phenols (sample extracted with 1.2 M HCl in 50 % MeOH), and found that, on a fresh weight basis,
cranberry had the highest total phenols, and was distantly followed by red grape; fruits had
significantly better quantity and quality of phenolic antioxidants than vegetables. Only a few fruits
(avocado, cranberry, honeydew melon, and orange) had a large portion of their phenolic contents in
free form; the other fruits had a high percentage (31-94 %) of the phenols conjugated [110]. In the
American food market, the phenolic antioxidant capacity –analyzed with the DPPH method– of
various plant food were as follows: fruits; 600-1700 μmol Trolox® equivalent (TE)/100 g, with a high
2200 TE for plums; berries averaged 3700 TE and vegetables averaged 450 TE with a high 1400 TE
for red cabbage; whole grain breakfast cereals analyzed 2200-3500 TE [111]. A meal containing a
100-g serving of breakfast cereals, fruits, and vegetables provided an average antioxidant content of
2731, 1200, and 447 TE, respectively [111].
A total of 927 freeze-dried vegetable samples from the American market were analyzed using the
ORAC and FRAP methods, and the rank order with ORAC was: green pepper > spinach > purple
onion > broccoli > beet > cauliflower > red pepper > white onion > snap bean > tomato > white
cabbage > carrot > pea, whereas with FRAP, the order was: red pepper > green pepper > beet >
spinach > cauliflower > tomato > broccoli > white cabbage > purple onion > carrot > snap bean >
white onion > pea [98]. Aside from the inherent disagreement between the two assays (ORAC and
FRAP) of antioxidant status determination, the findings were observed not only to depend on species,
but also on geographical origin and harvest time. On the basis of ORAC findings, Ou et al. [98]
concluded that green pepper, spinach, purple onion, broccoli, beet, and cauliflower were the leading
sources of antioxidant activity against peroxyl radicals. Wu et al. [112] found from a survey of 100
different foods that hydrophilic and lipophilic ORAC values ranged between 0.9-2641 and 0.07-1611
μmol TE/g, respectively, lipophilic ORAC values being less than 10 % of the hydrophilic ones for a
great majority of samples. The fruits with hydrophilic ORAC values ranging between 14,000 and
2,000 μmol TE per serving were listed as: all berry fruits, red bean, apple (Red Delicious and Granny
Smith), pecan, sweet cherry, black plum, russet potato, black bean, Gala apple, walnut, Golden
Delicious and Fuji apple, date, pear, hazelnut, orange, raisin, fig, avocado, broccoli, red cabbage, red
potato, pistachio, and red grape [112]. Cao et al. [113] reported that based on the fresh weight of the
vegetable, garlic had the highest ORAC antioxidant activity (μmol TE/g) against peroxyl radicals (19.4)
followed by kale (17.7), spinach (12.6), Brussels sprouts, alfalfa sprouts, broccoli flowers, beets, red
bell pepper, onion, corn, eggplant (9.8-3.9), cauliflower, potato, sweet potato, cabbage, leaf lettuce,
string bean, carrot, yellow squash, iceberg lettuce, celery, and cucumber (3.8-0.5); the green and black
teas had much higher antioxidant activity against peroxyl radicals than all these vegetables [113].
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Apak et al. [114] investigated the TAC values of 25 different medicinal and food herbs with the aid
of Folin, ABTS and CUPRAC methods. The highest antioxidant capacities of some herbal teas
available in the Turkish market were observed for scarlet pimpernel (Anagallis arvensis), sweet basil
(Ocimum basilicum), green tea (Camellia sinensis), and lemon balm (Melissa officinalis) in this order
(1.63, 1.18, 1.07, and 0.99 mmol Trolox® equivalent (TE) per gram, respectively). For infusions
prepared from ready-to-use tea bags, the CUPRAC values were highest for Ceylon blended ordinary
tea (4.41), green tea with lemon (1.61), English breakfast ordinary tea (1.26), and green tea (0.94), all
of which were manufactured types of Camellia sinensis. Following the strongest antioxidant herbs
with capacities close to or slightly exceeding 1.0 mmol TE g-1, sage, thyme, coriander, coltsfoot,
blackberry and immortelle (Helichrysum) exhibited capacities around 0.5 mmol TE g-1. The
correlation of Folin total phenolics content of herbal teas with their CUPRAC and ABTS total
antioxidant capacities gave linear curves with correlation coefficients of 0.966 and 0.936, respectively,
showing that the CUPRAC assay results better correlated with total phenolics content of herbal
infusions [114].
Guclu et al. [115] determined the TAC values of five varieties of apricots harvested in Malatya
(Turkey), namely Hacihaliloglu, Cologlu, Kabaasi, Soganci, and Zerdali, using three different assays:
CUPRAC, ABTS/persulfate, and Folin (the TAC values in the units of μmol TE g-1 reported in this
order for the assays): fresh apricot (3.62 ± 0.65 ; 3.47 ± 0.60 ; 10.1 ± 1.27), sun-dried apricot (14.2 ±
3.1; 14.1 ± 2.9; 36.2 ± 5.8) , and desulphited apricot which was originally sulphited-dried (13.6 ± 2.7;
13.8 ± 2.4; 40.3 ± 3.5). In this study, the CUPRAC test was performed for the assay of both TAC and
sulphite content of apricots; sulphite, normally contributing to the color measured in the CUPRAC
method, could be removed prior to assay on a strongly basic anion exchanger at pH 3 in the form of
HSO3-, without affecting the analytical precision of phenolic TAC determination. The CUPRAC
results correlated well with those of ABTS and Folin (r = 0.93). The tests also showed that the sundried Malatya apricot completely preserved its antioxidant values unlike some other dried fruits, and
gave very close TAC values to the desulphited samples which were originally sulphited-dried [115].
Taking 100 g fresh weight of fruit, 150 mL-glass beverage and 500 mL-glass beer as the standard
serving amounts, Paganga et al. [116] reported that the hierarchic equalities of TE– total antioxidant
activities of some beverages and fruits were: 1 glass of red wine = 12 glasses of white wine = 2 cups of
tea = 4 apples = 5 portions of onion = 5.5 portions of eggplant = 3.5 glasses of blackcurrant juice = 3.5
glasses of beer = 7 glasses of orange juice = 20 glasses of apple juice (long-life). Naturally these
values are the results of in vitro TAC tests, and are not associated with the in vivo levels of
antioxidants when these food sources are ingested as diet. Velioglu et al. [117] state that when all plant
materials are included in statistical analysis, there is a positive and highly significant relationship
between total phenolics content (Folin) and antioxidant activity (β-carotene bleaching); however, for
plants with phenolics content largely consisting of anthocyanins, there may not be a significant
correlation between these two assay results. Among edible plant materials, Kähkönen et al. [99] found
remarkably high antioxidant activity and high phenolic content (gallic acid equivalents > 20 mg g-1)
for berries, though these two parameters did not have the same meaning for all samples. A list of
selected plant food, of which the total antioxidant contents were assayed using different methods, are
tabulated in Table 2.
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Table 2. Major phenolic components, total phenolic content, and total antioxidant
capacity of some selected fruits and vegetables

Fruit

Strawberry

Raspberry

Red plum

Major phenolic
components [108]
Pelargonidin-3glucoside
Cinnamoyl glucose
Cyanidin-3sophoroside
Cyanidin-3-glucoside
Cyanidin-3-glucoside
3´-Caffeoylquinic
acid

Total phenols
[108, 110]
(mg GAE/
100 g Fw)

TEAC [108,
109, 116]
(µmol TE/
100 g Fw)

ORAC
[108, 112]
(µmol TE/
100 g Fw)

FRAP
[108, 109]
(µmol Fe2+/
100 g Fw)

330±4
78.3±12

2591±68
1134

2437±95
3577

3352±38
2800

3100

228±6

1846±10
1679

1849±232
4925

2325±53
4303

5100

320±12
133±12

1825±28
511

2564±185
6239

2057±25
1279

2200

DPPH [111]
(µmol TE/
100 g Fw)

Orange

Hesperidin
Narirutin
Neohesperidin

126±6
23.8±13

849±25
874

1904±259
1814

1181±6
2050

600

Banana

Quercetin-3glucoside /conjugates

38±4
191±36

181±39
64

331±59
879

164±32
228

1100

Apple

5´-Caffeoylquinic
acid
Rutin
Quercetin-3glucoside/conjugates
Flavonol conjugates
Hydroxycinnamate
conjugates
Hydroxycinnamate
conjugates
Flavonol conjugates
Quercetin conjugates

48±1
109±15

343±13
159
640±270

560±18
2936

394±8
384

1400

72±1

757±54
849

1655±115
2640

1009±35
2694

500

128±4

648±25
304

1335±62
1590

833±16
1167

600

88±1

988±30
1029

369±13
528

200

Chalconaringenin
5´-Caffeoylquinic
acid
Quercetin conjugates
5´-Caffeoylquinic
acid

30±1

532±29
182
580±320
255±14
165
160±60
171±12
133

420±39
460

344±7
512

200

319±37
1550

124±7
494

150

Spinach

Broccoli

Onion

Tomato

Lettuce

14±1

Notes: For the ORAC antioxidant capacities, the first values correspond to ORACβ-PE and second to
ORACFL. The ORAC test using fluorescein (FL) probe has been reported in the literature to yield much
higher values than the classical assay using β-phycoerythrin probe. The fruits and vegetables assayed
were collected from different food markets, as indicated in the text.
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Results and Discussion
Reaction, spectra, and conditions of the CUPRAC assay
The chromogenic redox reagent used for the CUPRAC assay was bis(neocuproine)copper(II)
chelate. This reagent was useful at pH 7, and the absorbance of the Cu(I)-chelate formed as a result of
redox reaction with reducing polyphenols was measured at 450 nm. The color was due to the Cu(I)-Nc
chelate formed (see Figure 4, for Cu(I)-Nc spectra obtained with reacting varying concentrations of
ascorbic acid with the CUPRAC reagent). The reaction conditions such as reagent concentration, pH,
and oxidation time at room and elevated temperatures were optimized as shown in the experimental
section, derived from other sources [82,83].
The chromogenic oxidizing reagent of the developed CUPRAC method, i.e.,
bis(neocuproine)copper(II) chloride (Cu(II)-Nc), reacts with n-electron reductant antioxidants (AO) in
the following manner:
n Cu(Nc)22+ + n-electron reductant (AO) ↔ n Cu(Nc)2+ + n-electron oxidized product + n H+

(22)

In this reaction, the reactive Ar-OH groups of polyphenolic antioxidants are oxidized to the
corresponding quinones (Ar=O) and Cu(II)-Nc is reduced to the highly colored Cu(Nc)2+ chelate
showing maximum absorption at 450 nm. Although the concentration of Cu2+ ions was in
stoichiometric excess of that of neocuproine in the CUPRAC reagent for driving the redox equilibrium
reaction represented by (Eq. 22) to the right, the actual oxidant was the Cu(Nc)22+ species and not the
sole Cu2+, because the standard redox potential of the Cu(II/I)-neocuproine was 0.6 V, much higher
that that of the Cu2+/Cu+ couple (0.17 V) [118]. As a result, polyphenols were oxidized much more
rapidly and efficiently with Cu(II)-Nc than with Cu2+, and the amount of colored product (i.e., Cu(I)Nc chelate) emerging at the end of the redox reaction was equivalent to that of reacted Cu(II)-Nc. The
liberated protons are buffered in ammonium acetate medium. In the normal CUPRAC method
(CUPRACN), the oxidation reactions were essentially complete within 30 min. Flavonoid glycosides
required acid hydrolysis to their corresponding aglycons for fully exhibiting their antioxidant potency.
Slow reacting antioxidants needed elevated temperature incubation so as to complete their oxidation
with the CUPRAC reagent [82, 83]. Special precautions to exclude oxygen from the freshly prepared
and analyzed solutions of pure antioxidants were not necessary since oxidation reactions with the
CUPRAC reagent were much more rapid than with dissolved O2 (i.e., the latter would not appreciably
occur during the period of CUPRAC protocol since there is a spin restriction for the ground state
triplet of dioxygen molecule to participate in fast reactions). However, plant extracts should be purged
with N2 to drive off O2, and should be kept in a refrigerator if not analyzed on the day of extraction,
since complex catalyzed reactions with unpredictable kinetics may take place in real systems.
Additionally, the oxidation of ascorbic acid with dissolved oxygen may take place more rapidly than
of polyphenolics, especially in the presence of transition metal salts.
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Figure 4. Visible spectra of Cu(I)-Nc chelate produced as a result of CUPRAC reaction
with varying concentrations of ascorbic acid.

Trolox® equivalent antioxidant capacites (TEAC coefficients) of antioxidants
The TEAC coefficients (i.e., the reducing potency −in Trolox® mM equivalents− of 1 mM
antioxidant solution under investigation) of various hydrophilic antioxidant compounds (the formulas
of which are given in Figure 5) found with the developed CUPRAC method and compared to those
measured with the reference methods are tabulated in Table 3. The TEAC coefficients of various
antioxidants using CUPRAC, ABTS/TEAC, Folin, FRAP (instant and incubated), ferricyanide,
Fe(III)-phenanthroline, and Ce(IV) reducing antioxidant capacity assays were experimentally found in
our laboratories with the exception of some FRAP data; the findings of Fe(III)–based assays were
reported by Berker et al. [103], and of Ce(IV) based assays by Ozyurt et al. [84]. The linear calibration
curves of the tested antioxidants as absorbance versus concentration with respect to the CUPRAC
method (figures not shown) generally gave correlation coefficients close to unity (r ≥ 0.999) within the
useful absorbance range of 0.1-1.1 The highest antioxidant capacities in the CUPRAC method were
observed for epicatechin gallate, epigallocatechin gallate, quercetin, fisetin, epigallocatechin, catechin,
caffeic acid, epicatechin, gallic acid, rutin, and chlorogenic acid in this order, in accordance with
theoretical expectations, because the number and position of the hydroxyl groups as well as the degree
of conjugation of the whole molecule are important for easy electron transfer. Among the Fe(III)–
reducing antioxidant assays developed by our research group, the ferric-phenanthroline and the
ferricyanide (i.e., hexacyanoferrate(III)+Fe(III)) assays gave comparable results with those of more
popular assays (Table 3), though with much less expensive and more stable reagents [103] than those
utilizing radicalic reagents. The TEAC coefficients of incubated FRAP assay were higher than those of
standard FRAP (the latter with absorbance measurement at the end of 6 min of reagent addition),
because the oxidation reactions for phenolic and hydroxycinnamic acids and for flavonoids were more
complete with the incubated FRAP assay. The ferric reducing tests of ferricyanide and ferricphenanthroline effectively competed with incubated FRAP, yielding compatible results [103], and the
ferricyanide test had the additional advantage of being carried out at near-neutral pH as opposed to the
common acidic media of iron–based methods.
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Figure 5. The formulas of the hydrophilic and lipophilic antioxidants (and of methyl-βcyclodextrin used in solubility enhancement) tested with the CUPRAC assay.
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OCH3
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OH
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O

O

O
O
R
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tert-butyl hydroquinone (TBHQ)

Methyl-β-cyclodextrin (M-β-CD)

The results obtained with the Folin method were generally higher than with others, because the
essential component of the Folin reagent, i.e., molybdo-phospho-tungstate heteropoly acid, had an
indefinite but much higher redox potential than those of the other reagents which lie in the range of E0
= 0.6-0.7 V. It may be concluded that the Folin reagent is a nonspecific oxidant for polyphenols, in
accord with relevant literature [105]. A similar conclusion may be drawn for TEACCe(IV) findings
(Table 3), where Ce(IV) in 0.3 M H2SO4 medium behaved as a powerful oxidant for polyphenols [84].
The rutin/quercetin pair showed TEACCe(IV) coefficients of 7.5/7.9, while the naringin/naringenin pair
exhibited TEAC values of 5.32/6.56 (Table 3). Thus it may be inferred that in the acidic Ce(IV)
reducing capacity method, flavonoid glycosides normally yielding much lower TEAC values in other
ET–based methods are hydrolyzed to their corresponding aglycons, and exhibit their full antioxidant
capacity.
Structure-acitivity relationships in CUPRAC
A novel antioxidant capacity assay eligible for standardization (i.e., to be used in determining the
antioxidant status of food and biological fluids) has to pay attention to some structural requirements of
antioxidant potency. For example, the presence of 5-hydroxy-4-keto group in A & C rings in flavonols,
the 2,3-double bond connecting the two ring systems of flavonol via conjugation, and the 3’,4’dihydroxy substitution of the B ring are considered as important structural characteristics for
antioxidant potency [51,57], all three of which are combined in quercetin (the formula of which is
given in Figure 5). As a result, the TEAC coefficient in the CUPRAC assay was highest among
flavonols for quercetin. Fisetin had one –OH group less than quercetin, and therefore gave the lower
TEAC value (Table 3). Rutin, having an O-rutinase substituent instead of –OH in the 3-position
(Figure 5), showed the lower capacity. In general, when flavonoid glycosides were hydrolyzed to the
corresponding aglycons (i.e., O-sugar substituent being converted to –OH), their CUPRAC antioxidant
capacities significantly improved.
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Table 3. Antioxidant capacities of the polyphenolic compounds (in the units of TEAC: Trolox®
equivalent antioxidant capacity) as measured by CUPRAC, ABTS/persulfate, Folin, FRAP,
Ferricyanide, Fe(III)-phenanthroline, and Ce(IV) assays.

Flavonoids
Epicatechin gallate (ECG)
Epigallocatechingallate
(EGCG)
Quercetin (QR)
Fisetin (FS)
Epigallocatechin (EGC)
Catechin (CT)
Epicatechin (EC)
Rutin (RT)
Morin (MR)
Kaempherol
Hesperetin (HT)
Hesperidin (HD)
Naringenin (NG)
Naringin (N)
Hydroxycinnamic Acids
Caffeic acid (CFA)
Chlorogenic acid (CGA)
Ferulic acid (FRA)
p-Coumaric acid (CMA)
Vitamins
α-Tocopherol (TP)
Ascorbic acid (AA)
Benzoic Acids
Gallic acid(GA)
Sinapic acid (SNA)
Vanillic acid (VA)
Syringic Acid (SA)

TEACABTS

TEACCUPRAC

Antioxidant Name
TEACN

TEACI

5.32
4.89

5.65
5.49

TEACH

TEACH&I

TEAC6min
3.51
3.15

4.35
2.78

2.77
2.62

5.17
3.90

3.14
2.69
1.15
1.79
0.90
1.11
1.40
0.64
0.62

4.09
3.22
6.75
3.37
2.01
4.50
3.29
5.52
1.12
3.27
2.84
3.49
2.54

4.38
3.90
3.35
3.09
2.77
2.56
1.88
1.58
0.99
0.97
0.05
0.02

3.32
1.87
1.05
1.11
2.28
0.13

0.85
0.79

0.98
0.95
3.03

2.89
2.47
1.20
0.55

2.96
2.72
1.23
1.00

2.87
1.20
1.18
0.53

3.22
1.42
1.34
1.15

1.39
1.21
2.16
1.63

1.10
0.96

1.02

0.99

0.87

1.02
1.03

2.62
1.24
1.24
1.12

4.18
3.60
3.56
2.89

3.08

3.49
3.80

2.17
1.52
1.64

1.32
1.13

1.57
1.67

TEACFolin

3.48
1.11
1.25
1.50

1.23
3.39
3.05
2.49
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Table 3. Cont.

Antioxidant Name
Flavonoids
Epicatechin gallate (ECG)
Epigallocatechingallate
(EGCG)
Quercetin (QR)
Fisetin (FS)
Epigallocatechin (EGC)
Catechin (CT)
Epicatechin (EC)
Rutin (RT)
Morin (MR)
Kaempherol
Hesperetin (HT)
Hesperidin (HD)
Naringenin (NG)
Naringin (N)
Hydroxycinnamic Acids
Caffeic acid (CFA)
Chlorogenic acid (CGA)
Ferulic acid (FRA)
p-Coumaric acid (CMA)
Vitamins
α-Tocopherol (TP)
Ascorbic acid (AA)
Benzoic Acids
Gallic acid(GA)
Sinapic acid (SNA)
Vanillic acid (VA)
Syringic Acid (SA)

TEACFRAP
TEACOrig

TEACFerricyanide

TEACFe(III)-Phen

TEACCe(IV)

3.27

4.16

7.90

TEACI

3.52
4.02
2.92
2.00
1.24
1.45
1.12

4.32

3.44
2.20

2.07

2.35

7.50

0.98

0.22

6.56
5.32

1.13
1.61
0.87

1.84

2.48

1.94

1.94
2.38
2.70
2.22

1.12

0.70

1.18

1.01

1.14

0.99

1.01

1.08

1.85

3.03

2.78

3.86

4.20

As for hydroxycinnamic acids which are almost the most abundant phenolic components in the
citrus family and in some other fruits, the TEAC coefficients with respect to the CUPRAC method
(and with respect to the ABTS assay, as shown in parantheses) were as follows: caffeic acid 2.9 (1.4),
chlorogenic acid 2.5 (1.2), ferulic acid 1.2 (2.2), and p-coumaric acid 0.6 (1.6). The Trolox® equivalent
capacity order for these phenolic acids was just the opposite of that of the most widely used ABTS
assay [57]. Structural properties of hydroxycinnamic acids would normally dictate that two –OH
bearing caffeic and chlorogenic acids should exhibit higher TEAC coefficients than one –OH bearing
ferulic and p-coumaric acids (see Figure 5 for formulas). Furthermore, ferulic acid having an electrondonating methoxy group in ortho-position relative to the phenolic –OH, thereby allowing increased
stabilization of the resulting aryloxyl radical through electron delocalization after H-atom donation by
the hydroxyl group, should show a higher TEAC coefficient than para-coumaric acid which lacks such
a group. Thus structural requirements dictate that hydroxycinnamic acids should have a TEAC order as
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measured by the CUPRAC and not by the ABTS assay. Moreover, the order of peroxyl radical
scavenging ability of hydroxycinnamic acids, and thus the order for their ability to enhance the
resistance of LDL to oxidation, was measured as caffeic acid > chlorogenic acid > ferulic acid > pcoumaric acid [57,119,120], again entirely consistent with the results of the CUPRAC method.
Although the antioxidant activity of rosmarinic acid, another powerful antioxidant hydroxycinnamic
acid, was reported to be much higher than those of Trolox® [121], α-tocopherol, caffeic acid, ferulic
acid, BHT [122] and other plant phenolics [123], the ABTS/TEAC and DPPH methods applied by
different researchers report low TEAC values within the interval of 1.5-2.0 for rosmarinic acid
[124,125] while the CUPRAC method finds a TEAC value close to that of quercetin. The TEAC order
of hydroxycinnamic acids (Table 3) clearly reflects the superiority of CUPRAC over other similar ET–
based methods.
Gallic acid had one more –OH group than chlorogenic acid, and therefore showed the higher
capacity. The catechin group, also known as “tea antioxidants”, gave a capacity order in accord with
the number and position of their –OH groups, together with the overall extent of conjugation in the
molecule. Inspection of Table 3 reveals that all these structural requirements for antioxidant potency
are met by the TEAC results of the CUPRAC assay. The TEAC values found with CUPRAC
correlated linearly (r=0.8) to those of ABTS but the correlation of both assays to Folin were poor
(Table 3), because both CUPRAC and ABTS were similar ET–based antioxidant assays with close
reduction potentials while the exact potential of the Folin reagent with the presumably higher potential
is not definitely known. The phenols are essentially dissociated to phenolates in the Folin assay carried
out in alkaline medium, facilitating oxidation. As a result, the high TEAC values listed in Table 3
achieved with the Folin assay reveal that the Folin reagent should have oxidized the tested phenolics to
a greater extent than either CUPRAC or ABTS/TEAC. Nevertheless, the CUPRAC and Folin results of
TAC values of herbal teas, as reported by Apak et al. [114], correlated very well (Figure 6), as the
hierarchy for TAC of real samples follows almost the same trend for ET–based assays.
Among the antioxidants tested by the CUPRAC assay, those of which the oxidation potentials were
measured with cyclic voltammetry (CV) by Firuzi et al. [54] were quercetin (0.39 V), fisetin (0.39 V),
catechin (0.45 V), rutin (0.46 V), uric acid (0.53 V), and naringenin (0.89 V). The standard potentials
and TEAC values (with respect to the normal CUPRAC method) of these antioxidants correlated
linearly with a high correlation coefficient (in absolute value), i.e., r = - 0.986, meaning that
antioxidants within a given class (flavonoids, hydroxycinnamic acids, etc.) with the lowest oxidation
potentials were the most active compounds in the CUPRAC assay, showing the highest TEAC
coefficients. Briefly, oxidizability of an antioxidant correlates well with its CUPRAC capacity (in
TEAC units), confirming that CUPRAC is a genuine ET–based assay.
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Figure 6. The correlation of CUPRAC assays results with those of Folin for herbal extracts.
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Simultaneous CUPRAC assay of lipophilic and hydrophilic antioxidants
In the CUPRAC testing of synthetic (lipophilic) antioxidants in DCM solution, BHT (butylated
hydroxytoluene) showed less TAC than other similar compounds. This low TAC of BHT in individual
solution could be enhanced in the presence of other synthetic antioxidants like BHA (butylated
hydroxyanisole), and its molar absorptivity rose to the level of ε = 1.61x104 Lmol-1cm-1. Thus, in DCM
medium, the TEAC coefficients of synthetic antioxidants were as follows: BHA (0.96), BHT (0.95 in
DCM solution containing a fixed amount of BHA), TBHQ (0.90), lauryl gallate: LG (2.40), and propyl
gallate: PG (2.31). The use of BHA as an internal standard in DCM medium−measurements showed an
improvement only on the TEAC value of BHT, and not on those of other synthetic antioxidants.
Intermolecular hydrogen bonding associations in a non-aqueous solvent such as DCM may restrict full
display of antioxidant potency of bulky substituents−containing phenolics like BHT (which may show
steric hindrance to the CUPRAC reaction). On the other hand, addition of BHA to DCM may give rise
to new possibilities of H-bonding interactions, releasing BHT molecules from possible associates to
exhibit an antioxidant potency close to that of BHA (which has a single phenolic –OH, like BHT).
Although β-carotene did not react with the CUPRAC reagent in aqueous ethanol, its TEAC coefficient
in DCM medium was 3.3 [82]. The capability of the CUPRAC method to measure antioxidants in
DCM solution as a result of the solubility of the CUPRAC chromophore, i.e., Cu(I)-Nc, in DCM
constituted a clear advantage over other ET−based assays like Folin and FRAP which cannot measure
such antioxidants.
The TEAC coefficients of various lipophilic and hydrophilic antioxidants (the formulas of which
are given in Figure 5) in 7 % methyl-β-cyclodextrin (M-β-CD) aqueous medium using the modified
CUPRAC method [126] were as follows: BHA (1.50), BHT (0.68), TBHQ (0.90), LG (1.97), PG
(2.75), vitamin E (0.90), Trolox® (1.00), ascorbic acid (0.91), quercetin (5.16), caffeic acid (2.77), and
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ferulic acid (1.18). Both propyl gallate and lauryl gallate contained the 3,4,5-trihydroxy benzoic acid
moiety in their molecular structures, and therefore exhibited greater antioxidant potency than BHA,
BHT, or TBHQ, in proportion to the number of their –OH groups. The TEAC for BHT was lower than
that of BHA, although they contained the same number of phenolic -OH groups. This may be
explained by the steric hindrance of the two bulky butyl groups in BHT compared to the single butyl
group in BHA, and by the presence of a para-methoxy group (relative to phenolic –OH) in BHA,
increasing the electron density in the para-position thereby stabilizing the aryloxy radical when the
parent compound (BHA) loses one electron.
The ‘antioxidant polarity paradox’ states that hydrophilic antioxidants are often less effective in
oil-in-water emulsions than lipophilic antioxidants, whereas lipophilic antioxidants are less effective in
bulk oils than hydrophilic antioxidants [127,128]. The single solvent convenience incorporating M-βCD of a modified CUPRAC procedure capable of measuring both hydrophilic and lipophilic
antioxidants [126] is expected to partly solve the ‘antioxidant polarity paradox’ in the sense of
developing an antioxidant assay relatively independent of solvent effects so that each antioxidant,
disregarding its lipophilicity level, may exhibit its characteristic antioxidant capacity merely arising
from its structural property, i.e., electron-transfer capability, in an aqueous-rich medium.
Apak et al. [83] were also able to apply the CUPRAC method to a complete series of plasma
antioxidants for the assay of total antioxidant capacity of serum, and the resulting absorbance at 450
nm was recorded either directly (e.g., for ascorbic acid, α-tocopherol, and glutathione) or after
incubation at 500C for 20 min (e.g., for uric acid, bilirubin and albumin), quantitation being made by
means of a calibration curve. The lipophilic antioxidants, α-tocopherol and β-carotene, were assayed in
dichloromethane. Lipophilic antioxidants of serum were extracted with n-hexane from an ethanolic
solution of serum subjected to centrifugation. Hydrophilic antioxidants of serum were assayed after
perchloric acid precipitation of proteins in the centrifugate [83]. The TAC determination of human
serum constitutes another example of the simultaneous assay of lipophilic and hydrophilic antioxidants
by the CUPRAC method.
CUPRAC assay of synthetic and real mixtures
Synthetic mixtures −prepared by mixing standard solutions of antioxidants− obeyed Beer’s law
fairly well. Ternary and quaternary mixtures of lipophilic and hydrophilic antioxidants, assayed in the
same aqueous medium in the presence of M-β-CD, exhibited the theoretically expected antioxidant
capacity (AOC) within ± 9 %, meaning that chemical deviations from Beer’s law essentially did not
exist and the CUPRAC absorbances of constituents were additive. The original CUPRAC method was
previously shown to be free from chemical deviations from Beer’s law, as demonstrated on synthetic
mixtures of hydrophilic phenolic compounds [82]. Possible combinations of ternary mixtures of the
antioxidants (quercetin, catechin, rutin, galllic acid, hydroxycinnamic acids, ascorbic acid, naringenin,
and Trolox®) were synthetically prepared, and the suitably diluted solutions were analyzed for
antioxidant capacity using the CUPRAC method. The experimentally measured capacities were
generally within (+/-) 5 % interval of the theoretically computed values using the formula:
Capacitytotal = TEAC1 concn.1+ TEAC2 concn.2 +TEAC3 concn.3 + ....+TEAC n concn.n
(23)
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where 1,2,........,n denote the corresponding constituents of the synthetic mixture. The comparison of
expected (using Eq. 23) and experimentally found antioxidant capacities of synthetic mixture solutions
(as mM Trolox®-equivalents) found with CUPRAC were generally in accord with each other.
Figure 7. CUPRAC calibration curves of quercetin in grape juice.
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The accordance of theoretical and experimental findings, combined with the parallellism of the
linear calibration curves of each antioxidant compound tested in the presence of the other compound,
effectively demonstrated that there were no chemical interactions of intereferent nature among the
synthetic solution constituents, and that the antioxidant capacities of the tested antioxidants were
additive [82]. This reasoning was also applied to plant extracts like grape and orange juices and green
tea as real complex mixtures, and standard calibration curves of selected antioxidant compounds
(quercetin, gallic acid, Trolox® and ascorbic acid) were redrawn in these plant extracts showing good
parallelism of linear curves in pure aqueous solution and in real complex mixtures having an initial
non-zero absorbance with the CUPRAC reagent (see Figure 7 for parallelism of CUPRAC calibration
curves of quercetin in grape juice). Again, this showed that that the constituents of a real matrix
solution did not chemically interact with selected pure antioxidants, and that the antioxidant capacities
were additive. Thus the proposed CUPRAC method may be effectively used for the antioxidant
capacity assay of synthetic mixtures and real solutions.
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Sensitivity enhancement with preconcentration in CUPRAC
The CUPRAC method was also useful in concentrating the colored cations derived from the
antioxidant values of dilute solutions where ordinary TAC assay gave negligible absorbances [129].
When an antioxidant reduced the chromogenic reagent Cu(II)-Nc, the resulting large cation of
Cu(Nc)2+ could selectively be retained at pH 7 on a weakly acidic cation exchanger Amberlite IRC-50
resin in Na+-form. The resin–retained species was eluted with (1:1 (v/v) EtOH + 1 M aqueous HClO4)
mixture solution, neutralized, and subjected to absorbance reading, yielding preconcentration factors
between 5-10, thereby increasing analytical sensitivity [129]. Since it is known that the large Cu(Nc)2+
cation can be extracted with large anions into O-donor organic solvents in the form of ion associates,
solvent extraction–preconcentration of the CUPRAC chromophore is another possibility for sensitivity
enhancement, and merits further research.
The findings of other CUPRAC users in plant, food, and biological materials
Prior et al. [63] have classified CUPRAC as one of the electron transfer-based methods, and
summarized the superiorities of the CUPRAC method over other antioxidant assays. They state that
due to the lower redox potential of the CUPRAC reagent, reducing sugars and citric acid –which are
not true antioxidants but oxidizable substrates in other similar assays– are not oxidized with the
CUPRAC reagent. Gorinstein et al. [130] have acknowledged that the highest capacities of
polyphenolic compounds measured with CUPRAC were noted for catechin, caffeic acid, and gallic
acid, in accordance with the capacity order of ABTS. CUPRAC and ABTS/TEAC antioxidant
capacities for the raw and boiled garlic extracts were similar with a linear correlation. The authors
state that “as an advantage to other electron transfer- based assays as ABTS and Folin, CUPRAC
values were acceptable in regard to its realistic pH close to the physiological pH” [130]. In another
research of the Gorinstein group, Park et al. [100] have correctly acknowledged that the CUPRAC and
total polyphenols measurement results in the extracts of kiwifruit (that underwent ethylene treatment)
correlated very well (R2 =0.81), better than with other total antioxidant capacity (TAC) assays (such as
ABTS/TEAC). The low correlation the authors observed between CUPRAC results and flavonoids
content [100] was due to the nature of measurement technique. The AlCl3 test for flavonoids does not
measure those flavonoids that do not bear the characteristic chelating functional groups for Al binding,
such as the 5-hydroxy-4-keto group. Essentially flavones (e.g., chrysin, apigenin, luteolin, etc.) and
flavonols (e.g., quercetin, myricetin, morin, rutin, etc.) react with Al(III), while flavanones and
flavanonols do not complex to the same extent [101]. Fruhwirth et al. [131] have stated that the
CUPRAC assay, being applicable at pH 7.0 and responsive to thiol-type antioxidants, is a significant
improvement over the conventional FRAP assay. The authors note that among the hydroxycinnamic
acids, the conventional ABTS/TEAC method gave a much higher TEAC coefficient for ferulic acid
than for caffeic acid, while their “αPROX” anti-protein fluorescence screening assay results were in
accordance with theory and with the findings of CUPRAC. The authors also think that the
conventional ABTS and FRAP methods dramatically overestimate the TEAC value of gallic acid,
while their measurement was in accord with that of CUPRAC [131]. Mazor et al. [132] measured the
Trolox®- (TEAC), CUPRAC-, and Fe(II)- equivalents (as FRAP values) of some antioxidants, i.e.,

Molecules 2007, 12

1531

bucillamine (BUC), N-acetyl cysteine (NAC), glutathione (GSH), ascorbic acid, and Trolox®. The
reduction yield of the CUPRAC reagent (i.e., to the Cu(I)-Nc chelate) was proportional to the
antioxidant concentrations, and doubled for the 2-e reducing agents like ascorbic acid, Trolox® and
BUC (the latter containing 2 –SH groups), relative to the 1-e reducing agents, NAC and GSH
(containing 1 –SH group). On the other hand, the widely used FRAP method, although being capable
of detecting BUC and NAC, was unable to detect the 1 –SH bearing tripeptide GSH [132], pointing
out to a distinct inferiority of FRAP. The research group of Topcu measured the antioxidant activity of
rhubarb (Rheum ribes) extract with CUPRAC and other methods in comparison to the performance of
BHT and α-tocopherol, and correlated the CUPRAC findings with those of FRAP [133].
Advantages of the CUPRAC method over other ET–based antioxidant capacity assays
The advantages of the CUPRAC method over other similar assays are summarized below:
1) The CUPRAC reagent is fast enough to oxidize thiol-type antioxidants [83,134], whereas
according to the protocol developed by Benzie and Strain [80], the FRAP method may only measure
with serious negative error certain thiol-type antioxidants like glutathione (i.e., the major low
molecular-weight thiol compound of the living cell). The CUPRAC assay also responds much faster
than FRAP to certain hydroxycinnamic acids. The possible reason for this with respect to electronic
configurations is the kinetic inertness of high-spin d5-Fe(III) having half-filled d-orbitals, while
CUPRAC utilizing d9-Cu(II) oxidant involves faster kinetics.
2) The CUPRAC reagent is selective, because it has a lower redox potential than that of the
Fe(III)/Fe(II) couple in the presence of phenanthroline or other Fe(II)-stabilizing similar ligands. The
standard potential of the Cu(II,I)-Nc redox couple is about 0.6 V [118], close to that of ABTS+./ABTS,
i.e., 0.68 V. Simple sugars and citric acid, which are not true antioxidants, are not oxidized in the
CUPRAC method.
3) The reagent is much more stable and easily accessible than the chromogenic radical reagents
(e.g., ABTS, DPPH). The cupric reducing ability measured for a biological sample may indirectly but
efficiently reflect the total antioxidant power of the sample even though no major radicalic species is
utilized in the assay.
4) The method is easily applicable to conventional laboratories using standard equipment like a
colorimeter rather than more sophisticated but costly insrumental techniques of analysis.
5) The redox reaction giving rise to a colored chelate of Cu(I)-Nc is relatively insensitive to a
number of parameters adversely affecting certain radicalic reagents such as DPPH [104], i.e., air,
sunlight, solvent type, and pH, the latter to a certain extent.
6) The CUPRAC absorbance versus concentration curves are perfectly linear over a wide
concentration range, unlike those of other methods yielding polynomial curves. The method perfectly
complied with dilution, as the absorbance versus concentration curves of diluted extracts passed
through the origin [114]. The molar absorptivity (e.g., ε = 7.3 x 104 L mol-1cm-1 for quercetin) is
sufficiently high to sensitively determine most phenolic antioxidants. Preconcentration of the
CUPRAC chromophore using a weakly acidic cation-exchange resin is also possible for very sensitive
applications.
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7) The TAC values of antioxidants found with CUPRAC are perfectly additive, i.e., the TAC of a
phenolic mixture is equal to the sum of TAC values of its constituent polyphenols.
8) The method involves minimal sample preparation, the experimental procedure is flexible and
suitable for automation.
9) The method proved to correlate well with ABTS or Folin-Ciocalteu assays in herbal plant
infusions [114] and apricot extracts [115].
10) The redox reaction producing colored species is carried out at nearly physiological pH (pH 7 of
ammonium acetate buffer) as opposed to the unrealistic acidic conditions (pH 3.6) of FRAP, or basic
conditions (pH 10) of Folin-Ciocalteu (FCR) assay. At more acidic conditions than the physiological
pH, the reducing capacity may be suppressed due to protonation on phenolics, whereas in more basic
conditions, proton dissociation of phenolics (converted into phenolates) would enhance a sample’s
reducing capacity.
11) The method can simultaneously measure hydrophilic as well as lipophilic antioxidants (e.g., βcarotene and α-tocopherol). BHA, BHT, α-tocopherol, and most other oil-soluble antioxidants may be
easily assayed in MeOH, while β-carotene requires dichloromethane (DCM) for fully exhibiting its
antioxidant potency (as the bis(neocuproine)copper(I) chelate is also soluble in DCM). The lipophilic
antioxidants of serum may be assayed separately from the hydrophilic ones by hexane extraction of
serum, followed by colour development in DCM [83]. As an advantage over the widely used Folin and
FRAP reagents, CUPRAC can measure lipophilic antioxidants.
12) The within-run and between-run coefficients of variation (CV) of the CUPRAC method for
human serum (0.7 and 1.5 %) are much lower than those of most methods that find wide use in total
antioxidant assays [83]. The CV of CUPRAC is much lower than those of most kinetic-based assays.
13) Since the Cu(I) ion produced as the product of the CUPRAC redox reaction is in chelated state
(i.e., Cu(I)-Nc), it cannot act as a prooxidant that may cause oxidative damage to lipids. The ferric ionbased assays were criticized for producing Fe2+, which may act as a prooxidant to produce .OH
radicals as a result of its Fenton-type reaction with H2O2 [135]. The stable Cu(I)-chelate was
previously shown by us not to react with hydrogen peroxide, but the reverse reaction, i.e., oxidation of
H2O2 with Cu(II)-Nc, is possible [118]. Since a cascade of ROS-generating reactions oxidizing lipids
is not possible with CUPRAC, there is no negative error of antioxidant determination due to possible
prooxidant effect of Cu(I).
Conclusions
This review makes a critical evaluation of existing antioxidant assays applied to phenolics, and
reports the CUPRAC method in detail as a simple and inexpensive antioxidant capacity assay for
dietary polyphenols (both natural and synthetic antioxidant phenols), vitamins C and E, and human
serum antioxidants, utilizing the copper(II)-neocuproine reagent as the chromogenic oxidizing agent.
This method has distinct advantages over other ET−based assays, namely simplicity, availability and
stability of reagents, reproducibility over a wide concentration range, selection of working pH at
physiological pH (as opposed to Folin and FRAP methods, which work at alkaline and acidic pH,
respectively), applicability to both hydrophilic and lipophilic antioxidants (unlike Folin and DPPH),
completion of the redox reactions for most common flavonoids within reasonable time (unlike FRAP),
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selective oxidation of antioxidant compounds without affecting sugars and citric acid commonly
contained in foodstuffs, and the capability to assay –SH bearing antioxidants (unlike FRAP).
Although at the First International Congress on Antioxidant Methods held in Orlando, FL, in June
2004, it was proposed that procedures and applications for three assays, namely ORAC, Folin, and
ABTS/TEAC, be considered for standardization [63], we propose that CUPRAC, considering its
enormous advantages over other similar ET–based assays, should be added to the list of assays that
merit standardization. We recommend the use of CUPRAC to scientists preparing an inventory of food
plants rich in phenolic antioxidants.
Experimental
General
The CUPRAC method is comprised of mixing the antioxidant solution (directly or after acid
hydrolysis) with a copper(II) chloride solution, a neocuproine (2,9-dimethyl-1,10-phenanthroline)
alcoholic solution, and an ammonium acetate aqueous buffer at pH 7, and subsequently measuring the
developed absorbance at 450 nm after 30 min (normal measurement). Since the color development is
fast for compounds like ascorbic acid, gallic acid and quercetin but slow for naringin and naringenin,
the latter compounds were assayed after incubation at 50 0C on a water bath for 20 min (after Cu(II)Nc reagent addition) so as to enable complete oxidation (incubated measurement). The flavonoid
glycosides were hydrolyzed to their corresponding aglycones by refluxing in 1.2 M HCl-containing
50% MeOH so as to exert maximal reducing power towards Cu(II)-Nc (hydrolyzed measurement).
Certain compounds also needed incubation after acid hydrolysis to fully exhibit their reducing
capability (hydrolyzed and incubated measurement). The CUPRAC antioxidant capacities of synthetic
mixtures of antioxidants (i.e., polyphenols, vitamins C and E) were experimentally measured as
Trolox® equivalents, and compared to those theoretically found by making use of the principle of
additivity of absorbances assuming no chemical deviations from Beer’s law concerning mixtures. Thus
the total CUPRAC antioxidant capacity of a mixture containing various antioxidants should be finally
measured after a suitable combination of hydrolysis and incubation procedures so as to obtain
maximum absorbance at 450 nm.
Standards, samples and reagents
The flavonoids; fisetin, quercetin, rutin, naringin, naringenin, (-) epicatechin, (-) epigallocatechin,
(-) epicatechin gallate, and (-) epigallocatechin gallate, as well as lipophilic (synthetic) antioxidants;
butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), tert-butylhydroquinone (TBHQ),
and propyl gallate (PG), methanol, and the CUPRAC ligand: neocuproine (2,9-dimethyl-1,10phenanthroline) were purchased from Sigma Chemical Co.; (-) catechin, gallic acid, lauryl gallate
(LG), and methyl-β-cyclodextrin (M-β-CD) from Fluka Chemicals and dichloromethane (DCM) from
Riedel de Haen. Hydroxycinnamic acids like ferulic acid, p-coumaric acid, caffeic acid and ascorbic
acid, and Trolox® (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) were supplied by
Aldrich Chemicals Co. α-Tocopherol, ammonium acetate, copper(II) chloride, 96% EtOH, and all
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other chemicals were from E. Merck. The real matrix media containing a mixture of antioxidants were
the following: dried food plants and commercial samples of herbal tea bags were supplied from the
Turkish food market (Malatya Pazari & Doga Bitki Urunleri Sanayi), fruit juices were squeezed from
the fresh fruit at the time of measurement.
Preparation of solutions
A 1.0x10-2 M copper(II) chloride solution was prepared from CuCl2·2H2O (0.4262 g) dissolved in
H2O and diluted to 250 mL with additional water. Ammonium acetate (NH4Ac) buffer at pH=7.0 was
prepared by dissolving NH4Ac (19.27 g) in water and diluting to 250 mL. Neocuproine (Nc) solution
(7.5x10-3 M) was prepared by dissolving Nc (0.039 g) in 96% EtOH, and diluting to 25 mL with
ethanol. All hydrophilic polyphenolic compounds and vitamin solutions were freshly prepared in 96%
EtOH at 1 mM (1.0x10-3 M) concentration prior to measurement. The standard solutions of synthetic
antioxidants, namely BHA, BHT, TBHQ, LG and PG well as of the carotenoid β-carotene were
prepared at 1.0x10-3 M concentrations in dichloromethane (DCM), and diluted to the desired
concentration suitable for absorbance measurement within the applicability range of Beer’s law.
For CUPRAC testing of both hydrophilic and lipophilic antioxidants in the same aqueous solution
containing the macrocylic oligosaccharide methyl-β-cyclodextrin (M-β-CD) as the solubility enhancer
ligand, the standard solutions at 1.0x10-3 M concentration of lipophilic antioxidants BHA, TBHQ, LG,
PG, and α-tocopherol; of hydrophilic antioxidants ascorbic acid, ferulic acid, caffeic acid, Trolox® and
quercetin; and at 1.0x10-2 M concentration of BHT were all prepared in EtOH. The cyclodextrin stock
solution was prepared in water at 7 % (w/v) for M-β-CD.
Normal sample measurement
To a test tube were added Cu(II), Nc, and NH4Ac buffer solutions (1 mL each). Antioxidant
sample (or standard) solution (x mL) and H2O (1.1-x) mL were added to the initial mixture so as to
make the final volume 4.1 mL. The tubes were stoppered, and after ½ h, the absorbance at 450 nm
(A450) was recorded against a reagent blank. The UV-Vis spectrophotometer used was Varian CARY
1E, equipped with quartz cuvettes. The standard calibration curves of each antioxidant compound was
constructed in this manner as absorbance versus concentration, and the molar absorptivitiy of the
CUPRAC method for each antioxidant was found from the slope of the calibration line concerned. The
scheme for normal measurement of hydrophilic antioxidants can be summarized as follows:
1 mL Cu(II) + 1 mL Nc + 1 mL buffer + x mL antioxidant soln. + (1.1 – x ) mL H2O; total vol.=
4.1 mL, measure A450 against a reagent blank 30 min after reagent addition.
The scheme for normal measurement of lipophilic antioxidants was:
1 mL Cu(II) + 1 mL Nc + 1 mL buffer + x mL antioxidant soln. in DCM+ (1.1 – x ) mL DCM;
measure A450 against a reagent blank 30 min after reagent addition.
The scheme for normal measurement of both hydrophilic and lipophilic antioxidants in aqueous
solution containing 7 % M-β-CD as the solubility enhancer was as follows:
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Five mL-aliquots of ethanolic antioxidant solutions were taken, water (15 mL) was added to each,
and an aliquot of the resulting mixture (2 mL) was taken for analysis. This was completely solubilized
by adding 7 % M-β-CD solution (2 mL) to the aqueous mixture. The subsequent CUPRAC assay was
performed by adding CuCl2 (1 mL), Nc solution (1 mL) and NH4Ac solution (1 mL) to the M-β-CD–
containing final analyte mixture (x mL), followed by water (1.1-x mL). The absorbance of the final
solution (of 4.1 mL total volume) at 450 nm was recorded against a reagent blank after 30 min
standing at room temperature.
Incubated sample measurement
The mixture solutions containing sample and reagents were prepared as described in ‘normal
measurement’; the tubes were stoppered and incubated for 20 min in a water bath at temperature 50 0C.
The tubes were cooled to room temperature under running water, and their A450 values were measured.
Hydrolyzed sample measurement
A suitable mass of the polyphenol standard was weighed such that the final antioxidant
concentration of the methanolic solution would be 1 mM. Each standard was dissolved in a suitable
volume of 50% MeOH. In a 100 mL flask, sufficient hydrochloric acid was added to each solution
until the final HCl molarity was 1.2 M, and diluted to the mark with 50% MeOH. This solution was
decanted to a distillation flask into which a few pieces of boiling stone were added, and refluxed at
80 °C for 2 h. The flask was cooled to room temperature under running tap water. The hydrolyzate was
neutralized with 1 M NaOH. The neutralized solution was then subjected to ‘normal measurement’.
Hydrolyzed and incubated sample measurement
The neutralized hydrolyzate was subjected to incubation at 50 °C in a water bath for 20 min. The
A450 of running water-cooled samples were ‘normally measured’.
Measurement of ternary synthetic solutions
Individual 1 mM solutions of the antioxidant compounds were prepared in 96% EtOH. Ternary
mixtures of the antioxidants were prepared in suitable volume ratios such that the final absorbance of
the mixture did not exceed 0.80 using the CUPRAC method. To the mixtures were added Cu(II), Nc,
and NH4Ac buffer in this order (1 mL each). Water was added for dilution to a final volume of 4.1 mL.
The ternary mixture solutions were subjected to both ‘normal’ and ‘incubated measurement’ so as to
test the hypothesis of the additivity of absorbances due to each antioxidant, and the theoretically
calculated CUPRAC antioxidant capacities of the mixtures were compared to those experimentally
found.
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Application of the method to real mixtures (e.g. plant extracts and beverages)
One tea bag of the commercial herbal teas was dipped separately into freshly boiled water (250 mL)
in a beaker, occasionally shaken for 2 min, and let to stand in the same solution for 3 more min,
enabling a total stewing time of 5 min. The herbal tea solution was let to cool to room temperature, and
filtration was applied to the sample using a Whatman black-band filter paper for removing particulates.
Steeping was applied only to herbal tea samples of which the infusions were measured for antioxidant
capacity. Other plant extracts and fruit juices were directly measured after filtration and dilution.
In cases when the technique of standard additions was employed (i,.e., increasing amounts of
quercetin or other polyphenolic standard added to a plant extract or beverage), the real sample solution
was appropriately diluted with water such that its original CUPRAC absorbance at 450 nm would lie
between 0.2-0.4 abs. units. The standard calibration curves of the selected polyphenolic standard were
redrawn in these real solutions so as to observe the parallelism between the calibration lines (e.g., of
quercetin) individually in water and in real solution.
Calculation of total antioxidant capacity and polyphenolic content
The molar absorptivity of Trolox® in the tested TAC methods were as follows:
ε Trolox = 1.67x104 L mol-1 cm-1 (CUPRAC method); ε Trolox = 2.6x104 L mol-1 cm-1 (ABTS method);
ε Trolox = 4.65x103 L mol-1 cm-1 (Folin method).
The TEACCUPRAC coefficients of phenolic compounds having linear calibration curves passing
through the origin were simply calculated by dividing the molar absorptivity (ε) of the species under
investigation by that of Trolox® under corresponding conditions (e.g., the ε values of normal and
incubated solutions of Trolox® were 1.67x104 and 1.86x104 L mol-1 cm-1, respectively). For example,
the molar absorptivity of catechin was ε = 5.16x104 in the normal CUPRAC method; the TEAC
coefficient of catechin was found as εcatechin / εTrolox = 5.16x104 / 1.67x104 = 3.09.
If a herbal infusion (initial volume = Vcup) prepared from (m) grams of dry matter was diluted (r)
times prior to analysis, and a sample volume of (Vs) was taken for analysis from the diluted extract,
and colour development (after 30 min of reagent addition) was made in a final volume of (Vf) to yield
an absorbance of (Af), then the Trolox® equivalent antioxidant capacity of the plant material (in mmol
Trolox® per gram of dry matter, or simply mmol TE/g) was found using the equation:
Capacity (in mmol TE/g) = (Af / εTR) (Vf / Vs) r (Vcup / m)
Example calculation [114]: lemon balm (dry herbal tea material, 1.5465 g) was weighed and
prepared into a 250 mL-infusion; this infusion (8 mL) was diluted to 100 mL prior to analysis (dilution
ratio = r = 12.5). The volume of sample solution taken for analysis was Vs = 0.2 mL, and the total
volume of final solution (in which colour development was made) in the CUPRAC method was Vf =
4.1 mL. The Trolox® equivalent capacity of lemon balm using the above equation was (0.401/1.67x104)
(4.1/0.2)12.5 (250/1.5465) = 0.99 mmol TE/g.
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Abbreviations
AAPH: 2,2’-Azobis(2-amidinopropane) hydrochloride
ABAP: 2,2’-Azobis(2-aminopropane)
ABTS: 2,2’-Azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)
AO: Antioxidant
AOC: Antioxidant capacity
AUC: Area under curve
BHA: Butylated hydroxyanisole
BHT: Butylated hydroxytoluene
BUC: Bucillamine
CD: Cyclodextrin
CV: Coefficient of variation
CUPRAC: Cupric reducing antioxidant capacity
DCM: Dichloromethane
DPPH: 2,2-Di(4-tert-octylphenyl)-1-picrylhydrazyl
ET: Electron transfer
EtOH: Ethanol
FCR: Folin-Ciocalteu reagent
FRAP: Ferric reducing antioxidant power
GSH: Glutathione
HAT: Hydrogen atom transfer
LDL: Low-density lipoprotein
LG: Lauryl gallate
M-β-CD: Methyl-β-cyclodextrin
MDA: Malondialdehyde
MeOH: Methanol
NAC: N-acetyl cysteine
NBT: Nitro blue tetrazolium
ORAC: Oxygen radical absorbance capacity
PG: Propyl gallate
ROS: Reactive oxygen species
SOD: Superoxide dismutase
TAC: Total antioxidant capacity
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TBA: Thiobarbituric acid
TBARS: Thiobarbituric acid–reactive substances
TBHQ: Tert-butyl hydroquinone
TEAC: Trolox® equivalent antioxidant capacity
TPTZ: Tripyridyltriazine
TRAP: Total peroxyl radical-trapping antioxidant parameter
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