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Since antioxidants are health-beneficial compounds capable of removing reactive species, assay of total 
antioxidant capacity (T AC) by simple and low-cost methods is important. The magenta-coloured 

(Fe(H)-FZ) complex showing an absorbance maximum at 562 nm has previously been 
utilized for iron-binding assays, but not for antioxidant determination. Ferrozine is a highly ferrous-
stabilizing ligand such that ferric ion in the presence of ferrozine easily oxidizes antioxidants and is itself 
reduced to yielding a very high molar absorptivity and thus enhanced sensitivity for most 
antioxidants. The hierarchic order of antioxidant power for common antioxidants was in accordance 
with known structure-activity relationships. The Fe(m)-FZ assay was applied to synthetic antioxidant 
mixtures to yield additive absorbance values, which is a prerequisite for precise determination of 
antioxidant capacity of complex mixtures. The calibration curves (lines) of trolox and quercetin 
individually and in herbal infusions-by using the method of standard additions-were parallel, 
confirming that the herbal antioxidants and trolox did not chemically interact among each other so as 
to cause apparent deviations from Beer's law. The proposed method was applied to medicinal plant 
infusions for total antioxidant capacity assay as trolox-equivalents, and the results were compared to 
those found with CUPRAC (cupric reducing antioxidant capacity), FRAP (ferric reducing antioxidant 
power) and Folin total phenols assays, the highest correlation being achieved with CUPRAC. In short, 
a novel ferric reducing assay for food antioxidants was introduced, which was superior to FRAP in 
regard to its realistic pH, enhanced sensitivity, faster kinetics, and absence of free can 
cause Fenton-type oxidations-in the reaction products . 

Introduction 

Reactive oxygen species (ROS) such as superoxide anion (02 ' - ), 

hydrogen peroxide (H20 2), and hydroxyl radical ("OH) are 
produced in organisms and also can be induced by exogenous 
sources like tobacco smoke, ionizing radiation, certain pollut-
ants, organic solvents and pesticides. 1- 3 ROS may attack bio-
logical macromolecules, giving rise to tissue injury and a number 
of oxidative stress-originated diseases. Antioxidants are believed 
to have a significant role in preventing the hazards of ROS in the 
organism.4 Therefore consumption of antioxidants in food or as 
dietary supplements are believed to have a protective role against 
various physiological disorders. 

A variety of assays have been used to measure the total anti-
oxidant capacity (TAC) of pure substances, food extracts, and 
beverages. 4 Some representative assays are 2,2'-azinobis(3-eth-

acid) (ABTS)/trolox-equivalent 
antioxidant capacity (TEAC),5•6 Folin-Ciocalteu total phenols,7 
ferric reducing antioxidant power (FRAP), ferricyanide/ 
Prussian blue method, 11 cupric reducing antioxidant capacity 
(CUPRAC), 12- 14 reducing antioxidant capacity, 15 and 
2,2-diphenyl-l-picrylhydrazyl radical scavenging capacity 
(DPPH) 16 methods. These methods are either ET (electron 
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transfer)-based or a mixture of ET-and hydrogen atom 
transfer (HAT)-based assays in mechanism, measuring the 
absorbance difference of an oxidant reagent (at a prespecified 
wavelength) during the course of the oxidation of an antioxidant. 

Stookey used the disodium salt of 3-(2-pyridyl)-5,6-bis(4-
phenylsulfonic acid)-1,2,4-triazine (known as ferrozine: FZ) for 
determination of in acetic acid/sodium acetate buffer 
medium at pH 5.5. 17 The molar absorptivity found by Stookey17 

for the Fe(FZh4 - chelate was = 2.8 x 104 L at 562 
nm, with notable interference from only oxalate, nitrite, and 
cyanide. Pascual-Ruguera et al. used ferrozine for the sensitive 
and reproducible flow-injection (Fi) spectrophotometric analysis 
of iron. 18 Molina-Diaz et al. used ferrozine in hexamethylene-
tetramine-buffered medium at pH 5.5 as a reagent for indirect 
FI-determination of ascorbic acid after its oxidation with Fe(m) 
in acid solution. 19 Giokas et al. used ferrozine for speciation of 
Fe(u) and Fe(m) by using FI-spectrophotometry, and flame-AAS 
after cloud-point extraction.2° Ferrozine has generally been used 
in literature in the assay of iron or 'iron binding capacity' of food 
and human serum.21 •22 Among many examples of Fe(II) binding 
measurement, ferrozine has been used by Gülçin et al. (2003),2' 
Gülçin (2007),24 Ak and Gülçin (2008)25 as a reagent for deter-
mining 'ferrous ion chelating activity' of phenolic compounds 
and plant extracts via measuring the percentage inhibition of 
ferrozine-Fe2• complex, in accordance with the modified method 
of Dinis et al. (1994). 26 

A variety of ligands have been used in iron(m)-based assays 
in the determination of TAC or reducing capacity. These are 
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1, 10-phenanthroline, 4, 7-diphenyl-l, 10-phenanthroline 
phenanthroline), 2,4,6-tris(2-pyridyl)-1,3,5-triazine(TPTZ),8•27 

and ferricyanide. 11 The most widely used ferric reducing anti-
oxidant assay, FRAP, was extensively criticised for its unrealistic 
pH of 3.6 (where most phenolics would not dissociate their 
protons, and thus would be less susceptible to oxidative attack by 
the assay reagent), relatively slow kinetics which do not enable 
the completion of oxidation of certain hydroxycinnamic acids 
and thiols within the prcitocol time period of the assay, and 
higher affinity toward hydrophilic antioxidants than hydro-
phobic ones.28 Moreover, since the (Fe(m)ff PTZ) mole ratio in 
the FRAP reagent exceeds the stoichiometric value of complex 
formation , the associated redox reaction with antioxidants may 
produce unbound (free) Fe(u) which is suspected to cause redox 
cycling of antioxidants during the assay as a result of 
mediated Fenton-type reactions.29 No assay has been reported in 
literature capable of measuring TAC through reduction 
in the presence of ferrozine. Ferrozine is a partially selective and 
very sensitive reagent for which may emerge as a result of 
reduction of ferric ion by antioxidants, and the stoichiometric 
reaction ratio between and ferrozine is 1 : 3. 17• 19 

In this study, we measured T AC with the use of ferric-ferrozine 
reagent. The visible absorption spectrum of the ferrous complex 
of ferrozine exhibits a single sharp absorption peak with 
maximum absorbance at Amax = 562 nm. The TAC assay 
proceeds via reduction of to Fe(u), and subsequent 
determination of the formed with ferrozine using spec-
trophotometric absorbance measurement at Amax· The advan-
tages of ferrozine over other iron-based T AC assays are higher 
molar absorptivity, 17 relatively lower interference from foreign 
ions, 17 wide pH tolerance, 17 complex stability constant as high as 
fh = 3.4 x l 0'5, 30 water solubility, and low viscosity.' 9 The molar 
~bsorptivity is so high (at the order of 2.8 x 104 L moJ- 1cm- 1) 11 

that quite low concentrations of antioxidants can be determined. 
The maximum absorption wavelength is quite different from 
those characteristic of plant pigments, enabling the interference-
free measurement of TAC of plant food. By forming a stable 

a plant extract with a high antioxidant power 
strongly reduces the free ferrous ion concentration with the aid of 
ferrozine thereby decreasing the probability of a Fe(n)-based 
Fenton reaction 31 which is common to many iron-based assays32 

The standard redox potential of the Fe3+/Fe2+ couple at the order 
of0.77 V should be shifted to distinctly more positive potentials 
due to selective complexation of ferrous ions in preference to the 
ferric state, enabling the oxidation of antioxidants acting as weak 
reductants. Another advantage of the proposed method is that 
incubation (at a higher temperature) is not required. Gibbs 
suggested that in an aqueous solution with a pH of 3-6 and 
a temperature range of 10° -45 °C, a 5-min colour development 
would normally be adequate for ± 2% accuracy in iron deter-
mination. 30 Since use of hexamethylenetetramine buffer at pH 
5.5 causes precipitation, acetic acid/sodium acetate buffer is 
preferred. 

The proposed assay depends on the reduction of a ferric-fer-
rozine reagent with antioxidants to the stable ferrous-ferrozine 
chelate in buffered medium. The apparent molar absorptivity, 
linear concentration range and TEAC (trolox equivalent anti-
oxidant capacity) values of the studied antioxidants were found 
in the proposed assay. Additivity of TAC values of individual 
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antioxidants in the proposed method were tested for synthetic 
mixtures, and the found antioxidant capacities of certain 
medicinal plant extracts were compared with those of other 
similar assays. 

Experimental 

Chemicals 

3-(2-Pyridyl)-5,6-di( 4-phenylsulfonicacid)-1 ,2,4-triazine mono-
sodium salt (ferrozine: FZ), quercetin, ellagic acid, catechin were 
purchased from Fluka; caffeic acid, ferulic acid, trolox 
( 6-hydroxy-2,5, 7,8-tetramethy!chroman-2-carboxylic acid), ros-
marinic acid, and ascorbic acid were from Aldrich; glutathione, 
cysteine, FeC!3 · 6H2O, CH3COONa, · 12H2O, 
Na2CO3, NaKC4H4O6, CuSO4, and CH3COONH4 were 
from E. Merek; rutin and sodium dodecyl sulfate were from 
Sigma Chemical Co.; concd. HCI, concd. NH3, NaOH, 
CH3COOH, and C2H5OH (96%, by wt.) were purchased Riedel-
de Haen. The real sample matrices containing a mixture of 
antioxidants were as follows: Commercial samples of tea bags 
and herbal teas were supplied from the loca! food market in 
Istanbul-Turkey, namely as green tea bags sinensis) 
from Company Co., !inden tea bags (Tilia), nettle 
herbal tea bags ( Ur t ica diocial urens), min t ( M entha piper ita), sage 
herbal tea bags (Salvia officinalis) from Company Co., 
chamomile (Matricaria L.), ceylon tea 
sinensis) from Lipton Company Co. Ali polyphenolic 
compounds and vitamin solutions were freshly prepared in 96% 
ethanol at 1 mM concentration and were further diluted to 3.0 x 

M as required . Glutathione and cysteine solutions were 
freshly prepared in water at 1 mM concentration, and were 
further diluted to 7.0 x M as required. 

Instruments 

Ali spectrophotometric measurements were made with a pair of 
matched quartz cuvettes placed in a CARY 100 Bio UV-Yis 
spectrophotometer. The pH measurements were made with the 
aid ofa E512 Metrohm Herisau pH-meter using a glass elec-
trode. 

Procedures 

Ferric-ferrozine assay of total antioxidant capacity 
Preparation of solutions. An aqueous solution containing 

0.024 g of NH4Fe · l 2H2O (molecular weight = 482.2) and 
1 mL of 1 M HCI was mixed with a separate solution 
0.123 g ferrozine (molecular weight = 492.47) in water. These 
two solutions were mixed and the mixture diluted to 25 mL with 
distilled water so as to make the final iron(m) concentration 2.0 
x 10- 3 M and ferrozine concentration 1.0 x M . This ferric-
ferrozine complex solution, when kept in a stoppered, dark-col-
oured bottle and protected from sunlight, was shown to be stable 
for aday. 

Procedure. To (x) mL antioxidant solution-where x is 
variable volume-was added (0.5 - x) mL EtOH (96%), 1.5 
of ferric-ferrozine solution, 2.0 mL of pH 5.5 buffer solution 
(0.2 M CH3COOH/CH3COONa), and 0.5 mL water so as to 
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make the final volume 4.5 mL. The absorbance against a reagent 
blank was measured at 562 nm after 30 min standing at room 
temperature. 

CUPRAC assay of total antioxidant capacity 
Preparation of solutions. chloride stock solution 

(l0- 2 M) was prepared by dissolving 0.4262 g dihydrate salt in 
distilled water, and diluting to a final volume of 250 mL. 

acetate (NH4AcJ buffer at pH 7 was prepared by 
dissolving 19.27 g NH4Ac in water and diluting to 250 mL. 
Neocuproine solution (7.5 x 10-3 M) was prepared by dissolving 
0.039 g neocuproine (free base) in 96% ethanol, and diluting to 25 
mL with the solvent (should be freshly prepared). 12- 1• 

Procedure. To a test tube 1 mL CuCl2 solution (1.0 x 10-2 M), 
l mL neocuproine alcoholic solution (7.5 x 10- 3 M) and 1 mL 
NH4Ac buffer solution were added and mixed. Then, (x) 
antioxidant followed by (1.1 - x) mL water were added (total 
volume, 4.1 mL) and mixed well. The absorbance against 
a reagent blank was measured at 450 nm after 30 min. 12- 1• 

FRAP assay of reducing antioxidant power 
Preparation of The FRAP solutions were prepared 

as follows: a suitable mass of FeCb · 6H2O was weighed so that 
the final concentration of in solution would be 2.0 x 1 O - 2 

M; l mL of 1 M HCl solution was added, dissolved in some water 
and diluted to 50 mL with H2O. A suitable mass of TPTZ 
was weighed such that its final concentration would be 1.0 x I O - 2 

M, dissolved in absolute EtOH, and diluted to 50 mL. In order to 
prepare 0.3 M CH3COOH/CH3COONa buffer solution at pH 
3.6, 3.1 g CH3COONa·3H2O was weighed and 16 mL glacial 
acetic acid was added, diluted with water to I L. The FRAP 
reagent was prepared as follows: the pH 3.6 acetic acid buffer, 
1.0 x 10-2 M TPTZ solution, and 2.0 x M FeC13 • 6H2O 
solution were mixed in this order ata volume ratio of 10: 1 : 1. 
The FRAP reagent was prepared and used freshly.•- 10 

To 3 mL of the FRAP reagent, x mL antioxidant 
solution, (0 .1 - x) mL of EtOH, and 0.3 mL H2O were added 
such that the final volume was 3.4 mL. The absorbance at 595 nm 
(As9s) was read against a reagent blank at the end of 6 min.s-10 

Folin-Ciocalteau method of total phenolics assay 
Preparation of so/utions. Folin-Ciocalteu's phenol reagent was 

diluted at a volume ratio of 1 : 3 with 96% EtOH prior to use. 
Lowry A solution was prepared from sodium carbonate such 
that the strength ofNa2CO3 in 0.1 M NaOH solution was 2% (w/ 
v). Lowry B solution was prepared from sulfate such 
that the strength of CuSO4 in 1% sodium potassium tartrate 
(NaKC4H4O6) solution was 0.5% (w/v). Lowry C solution was 
prepared by freshly mixing 50 mL Lowry A with 1 mL Lowry B. 7 

To (x) mL phenolic sample solution was added 
(2 - x) mL HzO. An aliquot of 2.5 mL Lowry C solution was 
added, and the mixture was let to stand for 10 min. At the end of 
this period, 0.25 mL Folin reagent was added, and 30 more min 
was allowed for stabilization of the blue colour formed. The 
absorbance against a reagent blank was read at 750 nm.7 
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Application of TAC assays to real samples 
Preparation of tea and tea bag üne gram of 

each of the commercial tea bags and herbal teas were dipped 
separately into 250 mL of freshly boiled water in a beaker, 
occasionally shaken for 2 min, and allowed to stand in the same 
solution foran additional 3 min, enabling a total steeping time of 
5 min. The herbal tea solution (infusion) was allowed to cool to 
room temperature, and filtered through a Whatman black-band 
filter paper for removing particulates. Tea infusions were 
appropriately diluted with water such that their initial absor-
bance using the mentioned antioxidant assays was around 0.2 
absorbance units, and standard additions of antioxidants were 
made to these solutions as required. The dilution ratios of nettle 
and green tea were 1 : 2 and 1 : 20, respectively, and the aliquot 
volume taken from each infusion was 0.1 mL for applymg 
the 'method of standard additions'. 

Preparation of extracts. 1 g of each medicinal 
plant (in dried form) was weighed. These plant samples were 
extracted in stoppered flasks with 80% (v/v) methanol; three 
successive batch extractions were carried out using an ultrasonic 

The first extraction was made with 20 mL MeOH for 60 
min, the second with 20 mL MeOH for 45 min, and the third 
1 O mL MeOH for 15 min. The three extracts were filtered, 
filtrates combined in a single graduated flask, and diluted to 50 
mL with 80% MeOH. The dilution ratio of the final extracts and 
the appropriate volumes taken for T AC measurement from each 
extract with respect to the antioxidant assay selected were as 
follows: method 1 : 8 dilution, 0.1 mL; 
CUPRAC method 1 : 8 dilution, 0.1 mL; FRAP method 1 : 8 
dilution, 0.05--0.1 mL; and Folin-Ciocalteau method 1 : 4 dilu-
tion, 0.2 mL. 

Calculation of trolox equivalent antioxidant capacity (TEAC) of 
antioxidant compounds and of total antioxidant capacity (T AC) 
of mixtures and complex samples 

The TEAC value ofa pure antioxidant compound is defined as 
the equivalent trolox concentration (mM) giving the same 
response asa 1 mM solution ofthe tested antioxidant compound 
in a given antioxidant assay. Practically this definition reduces 
the ratio of the 'apparent molar absorptivity' of the tested anti-
oxidant compound to that of trolox measured under identical 
conditions of the given assay. Since TEAC is calculated from the 
indicated ratio, it is unitless. The apparent molar absorptivity 
values of trolox in the aforementioned methods are shown in 
Table 1. Although trolox is not the authentic light-absorbing 
species itself in these assays, it is converted into a coloured 
product after having a redox reaction with the oxidizing 

Table l The apparent molar absorptivity of trolox in the developed and 
reference methods 

Antioxidant capacity methods 

Ferric-ferrozine method 
CUPRAC method 
FRAP method 
Folin-Ciocalteau method 

The apparent molar absorptivity of 
trolox/L mo1- 1cm- 1 

fTR = 6.01 X 104 
<TR= 1.67 X 104 
ETR = 4.62 X 104 
<TR= 4.65 X JQ' 
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chrornogenic reagent, and thus its apparent rnolar absorptivity 
can be calculated. 

The TAC value of an unknown sample (in the units of gram-
trolox equivalent antioxidant content per g-weight of sample) 
was calculated as follows: If a herbal infusion or extract (initial 
volurne = Vcup) prepared frorn g dry matter was diluted (r) 
tim es prior to analysis, anda sample volurne of ( V,) was tak en for 
analysis from the diluted extract, and colour development (after 
addition of reagents) was made in a final volume ( Vr) to yield an 
absorbance (Ar), then the total antioxidant capacity (T AC) of the 
herb (mmol TR/g dry matter, or simply mmol TR/g) was found 
using the equation: TAC (mmol TR/g) =(ArlcTR) x (Vrf V,) x 
r( Vcup/m). 33 

The calculation of expected and found antioxidant capacity (in 
the units of mM TR-equivalent) of synthetic rnixtures was per-
formed as follows: Possible binary, ternary and quaternary 
mixtures of antioxidant compounds were synthetically prepared, 
and the suitably diluted solutions were analyzed for TAC using 
the proposed ferric-ferrozine method. Since 1-cm optical cells 
were used in absorbance measurements, the experimental T AC 
was found by dividing the measured absorbance to the apparent 
molar absorptivity of trolox (ETR) measured under identical 
conditions of the given assay, and multiplying the quotient by 
1000. The theoretical T AC of the synthetic mixture was calcu-
lated using eqn (1) where 1,2, ... , i denote the corresponding 
constituents of the mixture 

(TAC)cxpected = (TEAC), + (TEAC)2 + ... + 
(TEAC),. (concn)n (1) 

Results and discussion 
Hierarchic order of antioxidants, structure-activity 
relationships, and correlations with other electron transfer-based 
assays 

The proposed ferric-ferrozine antioxidant assay had a high 
sensitivity for antioxidants; the molar absorptivities achieved for 
trolox (TR), quercetin (QR), caffeic acid (CF), ferulic acid (FR), 
rutin (RT), ascorbic acid (AA), catechin (CT), gallic acid (GA), 
rosmarinic acid (RA), ellagic acid (EA) being 6.01 x 104 , 2. 19 x 
]05, 7.42 X 104, 5.52 X \04, 9.02 X \04, 6.07 X ]04, 7.95 xJ04, 

1.58 x 105, 1.59 x 105, 1.47 x 10' L respectively 
(Table 2). The hierarchic order of TEAC coefficients of the 
proposed method reflecting relative antioxidant power were: QR 
> RA 2! GA 2! EA > RT > CT > CF >AA= TR> FR > CYS. 
This order quite resembled that of CUPRAC, i.e., QR 2! RA > 
CF > CT > GA > RT > FR >AA= TR> CYS,28•34 meaning in 
common that QR and RA had the highest antioxidant power 
while AA, TR, and CYS had the lowest, and CF, CT, GA, RT, 
and FR lying in between. On the other hand, though generally 
conforming to the above order, the ABTS/persulfate assay" 
assigns an abnormally high TEAC value to GA, and inter-
changes the order of CF and FR. The proposed method assigns 
a CUPRAC-harmonious TEAC value of 0.5 to cysteine 
(Table 2), corresponding to its reversible 1-e oxidation to the 
disulfide, while the low TEAC value of GSH combined with its 
poor linearity (Table 2) reflects the inherent thiol responsiveness 
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Table 2 The slope (Si. x intercept (lnt. x l O'), linear concentra-
tion range (LCR x 105), trolox equivalent antioxidant capacity (TEAC) 
values, and correlation coefficients of the tested antioxidants with respect 
to the developed ferric-ferrozine assay 

Slope x lntercept x LCR X Correlation 
Antioxidams 10-• 10' 10' coefficient TEAC 

Trolox 6.01 1.34 0.3--0.6 0.9992 1.00 
(TR) 

Ascorbic acid (AA) 6.07 1.21 0.3--0.6 0.9994 1.01 
Caffeic acid (CF) 7.42 4.56 0.3--0.6 0.9998 1.23 
Ferulic acid (FR) 5.52 -2.37 0.3--0.6 0.9994 0.92 
Gallic acid (GA) 15.8 -6.47 0.2--0. 7 0.9996 2.63 
Quercelin 21.9 -7.01 0.1--0.5 0.9992 3.64 

(QR) 
Rutin (RT) 9.02 -0.93 0.2-1.3 0.9999 1.50 
Catechin 7.95 -l.66 0.2-1.3 0.9999 1.32 

(CT) 
Rosrnarinic 15.9 -2.44 0.1--0.7 0.9998 2.65 

acid (RA) 
Ellagic acid 14.7 -0.88 0.1--0.8 0.9983 2.45 

(EA) 
Glutathione 1.43 -17.7 l.5-7.7 0.9990 0.24 

(GSH) 
Cysteine 3.o3 -5.23 1.1-8.8 0.9997 0.50 

(CYS) 

problems of ferric ion-based assays like FRAP.28 The TEAC 
values found with the proposed assay (Table 2) were correlated 
to those existing in literature for the reference methods of FRAP 
and ABTS/persulfate (separate table not shown), and the 
resulting correlation equations (for the first seven antioxidant 
compounds listed in Table 2, excluding glutathione and cysteine, 
which lower the correlation coefficient) were: 

TEACFRAP = 0.701 TEACrerri~-ferrozine + 0.222 (r = 0.982) 

TEACABTS = 1.12 TEACrerric-ferrozine + 0.444 (r = 0.932) 

Since FRAP is a ferric reducing assay of similar (ET: electron 
transfer) mechanism to that of the ferric-ferrozine assay, it 
showed a higher correlation compared to the ABTS assay which 
is considered to be a mixed ET- and HA T-based method. A 
further advantage to ABTS may be the TEAC coefficient of 
cysteine which was measured by the proposed method as 0.5, 
corresponding to its physiological role as reversible 1-e oxida-
tion to cystine. The ABTS/persulfate antioxidant assay method 
was shown to treat GSH as a reductant capable of giving 2! 2 
electrons (TEAC of ABTS/persulfate method for GSH varied 
between 1.3 and 1.5). 13 However, reversible oxidation reactions 
of protein thiols asa part of antioxidant action involving two- or 
more electrons are less likely in 

The hierarchy of antioxidant power involves some structure-
activity relationships, discussed in detail by Apak et al. 28 

According to kinetic studies of aryloxy (Ar-O") radical forma-
tion and decomposition reactions, the antioxidant activity 
(AOA) ofa flavonoid is closely related to its chemical structure. 
Three structural requirements are important for high AOA of 
a flavonoid .36 
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(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 
electron-delocalization. 37 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; 36 

(ii) the 2,3-double bond, in conjugation with the 4-oxo func-
tion, enhancing electron-transfer and radical scavenging actions 
through electron-delocalization;36 

(iii) the presence of both 3- and 5-OH groups, enabling the 
formation of stable quinonic structures upon flavonoid oxida-
tion. 38 Substitution of the 3-OH results in increase in tortion 
angle and loss of coplanarity, and subsequently reduced AOA.39 

A typical flavonoid which meets the above three criteria is 
quercetin, showing the highest antioxidant capacity in both the 
proposed method and CUPRAC. 

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 AOA28•40 applying for the medium power antioxi-
dants RT and CT. For hydroxycinnamic acids, the number of 
phenolic -OH groups is important, and thus, caffeic acid having 
two -OH substituents should have a higher AOA than one -OH 
bearing ferulic acid.41 Likewise, rosmarinic acid having four 
phenolic -OH groups in a perfectly conjugated molecule should 
exhibit the highest AOA among hydroxycinnamic acids28 which 
is the case for both the proposed method and CUPRAC (Fig. 1) . 

The expected and found total antioxidant capacities (T AC, as 
mM trolox-equivalent) of binary, ternary and quaternary 
synthetic mixtures of antioxidants using the proposed ferric-
ferrozine assay are shown in Table 3, verifying the additivity of 
TAC values of constituents forming the mixtures. The proposed 
method was also applied to green tea, nettle tea, ceylon tea, 
!inden, chamomile, mint and sage herbal tea as real sample 
solutions of complex nature. The calibration curves of QR in 
pure aqueous solution and in two selected herbal tea (green tea 
and nettle) infusions were parallel to each other (Fig. 2), and the 
same was observed for TR (figure not shown). The calibration 
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Fig. 1 UV-visible absorption spectra of reduced iron-ferrozine 
FZ) complex asa result of redox reaction with varying concentrations of 
trolox. 
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lines of trolox (TR) in different media, namely alone. in nettle 
infusion having an initial absorbance of A562nm = 0.161, and in 
green tea infusion having an initial absorbance of = 
0.240): TR alone; A = 1.34 x 10-1 + 6.01 x 104 CTR, TR in nettle 
infusion; A = l.65 x 10-1 + 6.04 x 104 CTR, and TR in green tea 
infusion; A = 2.48 x + 6.03 x 104 CTR. The obtained cali-
bration lines ofthe tested antioxidants in pure solution and in the 
real sample extracts showed good parallelism. A similar paral-
lelism was observed for the calibration curves of CF in QR 
solution, and of FR in TR solution (figures not shown). These 
findings verified that in the proposed ferric-ferrozine assay of 
T AC, either antioxidant compounds among themselves or 
constituents of real matrix solutions with pure antioxidants did 
not show chemical interactions so as to cause a chemical devia-
tion from Beer's law disrupting the additivity of optical absor-
bances. This means the T AC of real mixtures measured with the 
proposed method is approximately equal to the sum of T AC 
values of constituents forrning the mixture, an essential property 
in reliable comparison of TAC of food matrices. 

The T AC values of these herbal tea extracts were measured in 
the units of mmol TR/g (Table 4). The TAC values of these real 
extracts, as assayed by the proposed ferric-ferrozine and refer-
ence antioxidant assay methods, showed the following binary 
correlations: 

T ACcUPRAC = 1. 19 T + 0.063 (r = 0.966) 

TACFRAP = 0.386 + 0.108 (r = 0.888) 

T ACFolin = 0.560 T + 0.275 (r = 0.862) 

These TAC relationships reveal that the best correlation and 
one-to-one correspondence to the proposed assay is supplied by 
the CUPRAC assay also based on the same principle of reducing 
power measurement. Both the proposed ferric ferrozine and the 
widely used CUPRAC assays are electron-transfer (ET)-based 
assays, producing coloured species when the corresponding 
reagents are reduced by antioxidants. in literature, it has been 
observed that the results of ET-based assays show a much better 
agreement among themselves than with those of HAT-based 
assays, due to the similarity in mechanism. in regard to kinetics, 
the CUPRAC reagent is fast enough to oxidize thiol-type anti-
oxidants, whereas according to the protocol developed by Benzie 
and Strain," the FRAP method does not measure thiol-type 
antioxidants like glutathione42 and slowly responds to certain 
hydroxycinnamic acids. 28 The reason for this may be the half-
filled d-orbitals of high spin Fe(m) attributing it a chemical 
inertness, while the electronic structure of enables fast 
kinetics. Another reason for this difference between the kinetic 
behaviours of Fe(m) and toward thiols may be the softer 
character (with respect to the "Hard and Soft Acids and Bases", 
HSAB Theory) of enabling the coordination of the latter 
to the soft -SH groups as the electron donor. However, in spite of 
these kinetic differences, the proposed assay gave a close 
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Table 3 Expected and found total antioxidant capacities (TAC, as mM trolox-equivalent) of binary, ternary and quaternary synthetic mixtures of 
antioxidants using the proposed ferric-ferrozine assay. 

Composition of mixture Capacity expected Capacity found 

RT (3 x M 30 ,tL) 7.40 X \0- 3 8.94 X \0- 3 

CA (3 x M 50 ,tL) 

GA (3 x M 30 ,,LJ 9.66 X \0- 3 1.08 X ] O-' 
CA (3 x M 50 ,tLJ 

RA (3 x M 20 ,tLJ 7.24 X [0- 3 9.39 X \0- 3 

FR (3 x M 75 ,tL) 

CF (3 x M 50 ,tL) 1.27 X \0- 2 1.20 X \0 -2 

TR (3 x M 50 ,tL) 
GA (3 x M 30 ,tL) 

RA (3 x M 20 ,,L) 1.05 X [0- 2 1.03 x 0-2 

FR (3 x M 75 ,tL) 
TR o x M 50 ,tL) 

RA (3 x M 20 ,tL) 1.06 X [ 0- 2 l.l9 X 10-2 

FR (3 x M 75 ,,L) 
TR (3 x M 50 ,tL) 

TR (3 x M 50 ,tL) J.08 X [0- 2 l.] 5 X ] 0-2 

QR (3 x M 20 ,tL) 
RA (3 x M 20 ,tL) 

GA (3 x M 30 ,tL) 1.25 X 10-2 1.39 X 10-2 

RA (3 x M 20 ,tL) 
FR <3 x M 75 ,tL) 

QR (3 x M 20 ,tL) 1.34 X l 0- 2 1.58 X [0- 2 

CA (3 x M 50 ,,L) 
CF (3 x M 50 ,,L) 

GA (3 x M 30 ,tL) 1.21 x 1.57 X J0-2 

CA (3 x M 50 ,tL) 
RT (3 x M 30 

QR (3 x M 20 ,tL) 1.45 X [0-2 \.47 X 10-2 

GA (3 x M 30 ,tL) 
CA (3 x M 50 ,,L) 

RA (3 x 10-• M 20 1.37 X 10-2 1.30 X 10-o 
AA (3 x M 50 ,,L) 
CA (3 x M 50 ,tL) 
TR (3 x M 50 

agreement with CUPRAC, showing that the higher stabilization 
of ferrous ion in the presence of ferrozine probably provides 
faster kinetics for Fe(m) oxidation ofa number of antioxidants 
than the conventional FRAP assay. 

Reaction kinetics and solvent dependency 

The oxidation reactions of cysteine (1.0 x mmol), gluta-
thione (3.5 x 1 o-• mmol), caffeic acid (3.0 x w-s mmol), and 
ferulic asid (7.5 x mmol) with the ferric ferrozine reagent 
were followed for a time period of 30 min (absorbance <lata 
recorded at the end of l, 2, 4, 8, 12, 15, 20, 25 and 30 min, as the 
mean of N = 3 measurements). in general, the reaction kinetics 
for the proposed assay was definitely faster than for the FRAP 
assay. The reaction kinetics (shown in Fig. 3) demonstrate that 
while the oxidations of caffeic acid and cysteine to stable prod-
ucts were almost complete within 1 O min, the corresponding 
reaction in 30 min was almost complete for ferulic acid and 

This journal is cJ The Royal Society of Chemistry 2010 

Composition of mixture Capacity expected Capacity found 

QR (3 x M 20 ,,L) 8.95 X \0-3 8.35 X J0-3 

CF (3 x M 50 µL) 

QR (3 x M 20 µL) 8.12 X \0- 3 7.96 X \0- 3 

EA (3 x M 20 ,tL) 

TR (3 x M 50 ,tL) 7.92 X [0-3 8.36 X J0- 3 

FR (3 x M 75 ,tL) 

CF (3 x M 50 ,tL) 1.20 X l 0-2 9.87 X \0-3 

FR (3 x M 75 ,tL) 
TR (3 x M 50 µL) 

AA (3 x M 50 ,tL) 1.27 X 10-2 1.29 X 10-2 

CF (3 x M 50 ,tL) 
GA (3 x M 30 µL) 

RA (3 x M 20 ,tL) 1.()() X 10-2 9.27 X 10-3 

AA (3 x M 50 µL) 
CF (3 x M 50 µL) 

TR (3 x M 50 ,,L) 1.09 X J0-2 \.()() X 10-2 

RT (3 x M 30 µL) 
FR (3 x M 75 ,,L) 

AA (3 x M 50 ,tL) 1.20 X 10-2 1.18 x 
CF (3 x M 50 ,,L) 
FR (3 x M 75 µL) 

RT (3 x 10-• M 30 µL) 1.15 X 10-2 1.26 X 10-2 

CA (3 x M 50 ,,L) 
CF (3 x M 50 µL) 

GA (3 x 10-• M 30 ,tL) J.24 X 10-2 l.61 X 10-2 

RT (3 x 10-• M 30 µL) 
CF (3 x M 50 ,,L) 

TR (3 x M 50 ,,L) 1.42 X 10-2 1.46 X 10-2 

RT (3 x M 30 µL) 
RT (3 x M 30 µL) 
AA (3 x 10-• M 50 

incomplete for glutathione (Fig. 3). While the redox 
potential of the ferric ferrozine reagent is not known in literature, 
it can be estimated that this potential should be higher than the 
standard ferric-ferrous potential of 0.77 V due to preferential 
stabilization of the ferrous state with ferrozine binding. Since the 
standard potentials of most antioxidants lie in the range of 0.2-
0.8 V, it can be estimated that ferric ferrozine should be able to 
oxidize these antioxidants. Asa general rule, it may be envisaged 
that as the redox potentials of the oxidant and reductant 
approach each other, complete oxidation ofthe antioxidant with 
the oxidizing should take more time. The forma! 
potentials (E"), estimated by the equation: E'' = (Ep,a + Ep12)/2, 
where Ep.a and Ep12 are the anodic peak potential and half-peak 
potential of the oxidation wave, respectively, were measured 
against a Ag/AgCI electrode, and found to be 0.546 V for caffeic 
acid and 0.740 V for ferulic acid.43 The standard redox potential 
of (GSH) was rneasured as E0 osso,osH = 0.85 v•• 

higher than of i.e., E°cssc,cys = 0.22 Vat 
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Fig. 2 Calibration !ine of quercetin (QR) in pure aqueous solution, in 
green tea infusion, and in nettle infusion with respect to the ferric-fer-
rozine method. QR alone A = -7.01 x 10-2 + 2.19 x 10' CQR, QR in 
nettle infusion A = 1.46 x + 2.02 x 105 C0 R, QR in green tea 
infusion A = 2.88 x + 2.02 x 10' CQR· 

pH = 7. 45 Thus, the oxidations of both ferulic acid and gluta-
thione with ferric ferrozine were slower, in accordance with their 
high redox potentials, though these reactions were definitely 
faster than encountered in FRAP. 

When the apparent molar absorptivities of quercetin and 
ferulic acid as a result of ferrozine oxidation in media of 
different ethanol contents (being progressively varied from 50% 
to 100% EtOH) were examined, the relative change was within 
7% for ferulic acid and 9% for quercetin, demonstrating that the 
composition of alcohol-aqueous mixtures do not have a signifi-
cant effect on the formation of the ferrous ferrozine chromo-
phore (table not shown). So, the proposed methodology can 
easily assay antioxidants from plant extracts containing different 
levels of alcohol, without a special consideration for the 
composition of extracting solvent mixture. 

Interferences 

The following potential interferents common in plant food and 
related foodstuffs did not affect the determination of I x 
mM trolox at 1 : 50 fold concentration levels (i.e., caused less 

ID0 

0.110 

0.80 

010 

., o.eo .. 
C 
'" e 050 
&l 
,C 

0 .40 

030 

020 

0 .10 

0D0 

+ ... 
•• 
•• 

" • 

O.DO 

• 
• 

• 

... 

• 
• 
" 

10.DO 

+ 

• 
• 

+ 

" • 
• 

• 

• 
• 

20.DO 

" 

• • 

• 

• 
• 

C acod 
F ulic 

30.00 

Fig. 3 The change of absorbance of cysteine, caffeic 
and ferulic acid as a of (oxidant: ferric ferrozine reagent). 

than 5% relative error): 0.5 mM levels of dextrose, fructose. 
tartaric acid, mannitol, serine, valine, proline, and 
alan ine. Also, a 5-fold concentration !eve! of citric (at 5.0 x 
10-2 mM) and 5.56 x mg mL- 1 starch did not affect the 
determination . This proved that the proposed 
assay has a favourable redox potential enabling oxida-
tion of true antioxidant compounds without affecting other 
similar substances not genuinely belonging to the antioxidant 
class. 

Advantages over the FRAP assay 

The most widely used antioxidant assay based on Fe(m) reduc-
tion, the FRAP method,8•9 has been criticised for not measuring 
thiol-type antioxidants like glutathione42 and slowly responding 
to certain hydroxycinnamic acids. 28 The trolox-equivalent anti-
oxidant capacity (TEAC) coefficients for cysteine and gluta-
thione measured by FRAP were very low (0.060 and 0.042, 
respectively), with calibration lines not passing · through the 
origin.46 in this work, the TEAC value of the proposed ferric 
ferrozine assay for cysteine was 0.5, in accordance with its 
physiological role regarding reversible l -e of 
compound to (e.g., 2 CSH - 2 e- <-+ CSSC) and in total 
agreement with the results of the CUPRAC assay.13 Moreover, 

Table 4 The total antioxidan t capacities (TAC) of medicinal plant extracts found by the proposed ferric-ferrozine, CUPRAC, FRAP. and Folin-
Ciocalteau methods (in the units of mmol TR/g) 

Extracted medicinal plants 

Nettle tea, ( 
Mint, 
Chamomile, 

chamomilla L .) 
Sage herbal tea, (Salvia 
Linden, (Tilia) 
Green tea, ( Camellia 
Ceylon tea, ( 

1776 1 Ana/. Methods, 201 O, 2, 1770-1778 

Ferric-F errozine 

1.46 X I 
1.33 X 

6.69 X !0-2 

3.12 X 10- I 
1.34 X !O-' 
6.32 X 

7.80 X !0- 1 

CUPRAC FRAP Folin-Ciocalteu 

3.26 X !0-I 1.17 X !0-I 2.76 X 

1.17 X I0-I 2.54 X !0-I 4.64 X 

1.17 X !0-I 5.52 X i.85 X !0-I 

6.0 X !0-l 2.74 X 5.38 X 10 1 

2.76 X 1.13 X 3.35 X !0-i 
7.52 X 3.72 X 5.34 X !0-I 
9.76 X 3,73 X 7.59 X 

This journal is l. The Royal Society of Chemistry 201 O 
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though being less responsive to glutathione (GSH), the TEAC 
value of the proposed method for this compound (i. e., 0.24) was 
better than that of FRAP. Thus, the proposed method is superior 
to the widely used FRAP in regard to thiols response. 

A second advantage is that this new reagent (FZ) for a modi-
fied ferric reducing assay provides a very high apparent molar 
absorptivity for antioxidants (e.g., E = 6.0 x 104 for 
trolox and ascorbic acid), and therefore enhanced sensitivity in 
total antioxidant capacity (T AC) measurement. Since most 
laboratories dealing with plant antioxidants already use the FZ 
reagent for 'iron-binding capacity' assays, this reagent may also 
be used for an additional aim of T AC measurement in such 
laboratories. The proposed method is easy, flexible, and of low-
cost. The extremely high sensitivity provided by the proposed 
assay (due to preferential stabilization of divalent iron over 
trivalent iron by ferrozine) may also be advantage for on-line 
HPLC applications using a chromogenic derivatizing agent in the 
post-column mode,47 because in post-column applications, only 
authentically antioxidant compounds give a signal, often with 
weak sensitivity, and very sensitive indirect methods of antioxi-
dant characterization need to be used in such assays. 

A third advantage over FRAP may be the relatively stronger 
chelation of ferrous ion-produced as a result of reaction with 
antioxidants-using ferrozine, hindering Fenton-type reac-
tions.48 The FRAP reagent contains excessive Fe(m)-higher 
than the stochiometric ratio required for complex formation-
compared to the ferric ferrozine reagent. As a result, some free 

accompanying chelate may form after the 
reaction with antioxidants. The FRAP method was previously 
criticised for producing which may cause redox cycling of 
antioxidants during the assay as a result of 
Fenton-type reactions.19 

A fourth advantage is that the near-neutral pH of this work 
(pH 5.5) is significantly higher than that of the widely used 
FRAP test having a working pH of 3.6. As the solubility product 
of ferric hydroxide is very low, i.e., K,p [Fe(OHh] = 6.0 x 
ferric ion-based assays are usually performed at low pH to 
prevent the hydrolysis of Fe(rn), which would otherwise lower 
the potential and consequently obstruct the oxida-
tion of antioxidants by the ferric-based reagent. The acidic 
medium of FRAP is rather unrealistic (pH 3.6) in regard to 
simulation of antioxidant action under physiological conditions, 
because at significantly more acidic conditions than the physio-
logical pH, the reducing capacity may be suppressed due to 
protonation on antioxidant compounds. Another widely used 
antioxidant test is the Folin phenolics assay, which provides 
a redox reaction at pH 10, again not in accordance with physi-
ological requirements. Therefore, a pH of 5.5 should not be 
considered out ofbiological relevance. Such a high (near-neutral) 
pH in conjunction with a ferric-based reagent in the proposed 
assay was only possible by virtue of extra stabilization of the 
ferrous state by ferrozine complexation. 

The only possible disadvantage compared to FRAP may be 
the higher redox potential of the ferric ferrozine reagent due to 
extreme stabilization of the lower oxidation state of iron. 
However, higher potential compounds such as the food preser-
vative citric acid (which is not classified asa true antioxidant) has 
been shown in this work not to be oxidized by the ferric ferrozine 
reagent at 5-fold concentrations (i.e., 5.0 x 10-2 mM). 

This journal is ,r;; The Royal Society ·of Chemistry 201 O 
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Conclusions 

A ferric-ferrozine method of antioxidant capacity measurement 
has been developed for the simple, low-cost and versatile assay of 
food antioxidants. In the presence of ferrozine ligand, ferric ion 
easily oxidizes antioxidants and is itself reduced to 
yielding a very high molar absorptivity (for at the order of 
2.8 x 104 Lmol-'cm- 1) and thus enhanced sensitivity for most 
antioxiçlants. The order of antioxidant power for common 
antioxidants measured with the proposed method is in accor-
dance with theoretical considerations expected from structure-
activity relationships. The necessary equipment (a colorimeter or 
a spectrophotometer) is available to most common laboratories 
and the method is non-laborious. Ferrozine is already purchased 
by food laboratories for iron-binding capacity assays, and may 
also be advantageously used for T AC measurement. The stability 
with respect to pH of Fe(11)-ferrozine chelate covers a wide range 
(i.e., pH 4-9) . The method is not susceptible to serious interfer-
ence from common food ions; heavy metal cations capable of 
complexing with ferrozine do not affect the results when the 
reagent is used in excess, while the only anionic interferences are 
oxalate (at 2: 500 mg L- 1), cyanide and nitrite, the latter being 
decomposed upon acid heating. 17•11 As the conditional stability 
constant (Log /33) of the complex is very high, at the 
order of 15.5 (e.g., as compared to that of ferrous-tripyridyl-
triazine complex of the widely used FRAP method, where Log {32 

of is 11.4)49, FZ preferentially stabilizes the ferrous 
state compared to ferric ion, resulting in increased redox 
potential of the couple, and consequently, the ferric-
ferrozine reagent is even capable of oxidizing antioxidants 
having a weak reducing ability. The assay has a wide Iinear 
concentration range and low blank values, and is not adversely 
affected either from dissolved oxygen or common food ingredi-
ents such as simple sugars and citrate. The ferric-ferrozine assay 
results for food T AC well compare with those of CUPRAC, and 
show good additivity. The assay is expected to be useful to 
conventional food laboratories not necessitating sophisticated 
equipment and highly skilled operators. 
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