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The chemical diversity of antioxidants makes it difficult to separate and quantify antioxidants from the
vegetable matrix. Therefore, it is desirable to establish a method that can measure the total antioxidant
activity level directly from vegetable extracts. The current literature clearly states that there is no “total
antioxidant” as a nutritional index available for food labeling because of the lack of standard quantitation
methods. Thus, this work reports the development of a simple, widely applicable antioxidant capacity index
for dietary polyphenols and vitamins C and E, utilizing the copper(ll)—neocuproine [Cu(ll)-Nc] reagent as
the chromogenic oxidizing agent. Because the copper(ll) (or cupric) ion reducing ability of polyphenols is
measured, the method is named by our research group “cupric reducing antioxidant capacity” abbreviated
as the CUPRAC method. This method should be advantageous over the ferric reducing antioxidant power
(FRAP) method because the redox chemistry of copper(ll)—as opposed to that of ferric ion—involves faster
kinetics. The method comprises mixing of the antioxidant solution (directly or after acid hydrolysis) with a
copper(ll) chloride solution, a neocuproine alcoholic solution, and an ammonium acetate aqueous buffer
at pH 7 and subsequent measurement of the developed absorbance at 450 nm after 30 min. Because the
color development is fast for compounds such as ascorbic acid, gallic acid, and quercetin but slow for
naringin and naringenin, the latter compounds were assayed after incubation at 50 °C on a water bath for
20 min [after Cu(ll)-Nc reagent addition] so as to force the oxidation reaction to reach completion. The
flavonoid glycosides were hydrolyzed to their corresponding aglycons by refluxing in 1.2 M HCl-containing
50% MeOH so as to exert maximal reducing power toward Cu(ll)-Nc. Certain compounds also needed
incubation after acid hydrolysis to fully exhibit their reducing capability. The CUPRAC antioxidant capacities
of synthetic mixtures of antioxidants 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
interaction between the mixture constituents. Because ascorbic acid is not resistant to elevated temperature
incubation, it should be assayed initially by measuring the absorbance (at 450 nm) difference of original
and ascorbate oxidase-added mixture solutions at the end of 1 min of Cu(ll)-Nc reagent addition. Thus,
the total CUPRAC antioxidant capacity of a mixture containing various antioxidants should be that finally
measured after a suitable combination of hydrolysis and incubation procedures, added to the initially
measured capacity due to ascorbate. The antioxidant polyphenolic compounds tested demonstrate that
the highest capacities in the CUPRAC method were observed for epicatechin gallate, epigallocatechin
gallate, quercetin, fisetin, epigallocatechin, catechin, and caffeic 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. The antioxidant potency of flavonoids is nearly proportional
to the total number of —OH groups and is positively affected by the presence of an o-dihydroxy moiety in
the B-ring. -Carotene, which did not react with the CUPRAC reagent in alcoholic aqueous medium, could
be assayed in dichloromethane solvent. Linear calibration curves for ascorbic acid and flavonoids were
redrawn in synthetic solutions containing a mixture of antioxidants, and also in real matrices such as grape
and orange juices, green tea, and blackberry tea, showing an initial nonzero absorbance with the CUPRAC
reagent. The parallellism of the linear calibration curves of pure compounds in a given complex matrix
effectively demonstrated that there were no interferent chemical interactions among the solution constituents
and that the antioxidant capacities of the tested antioxidants were additive. The CUPRAC reagent is
reasonably selective, stable, easily accessible, and sensitive toward thiol-type oxidants, unlike the FRAP
method. The reaction is carried out at nearly physiological pH as opposed to the unrealistic acidic pH of
FRAP.

KEYWORDS: Antioxidant activity; cupric reducing antioxidant capacity (CUPRAC); dietary antioxidants;
polyphenols; flavonoids; copper(ll)—neocuproine reagent

INTRODUCTION macromolecules such as cellular DNA, giving rise to single-
Oxygen free radicals that emerge as a result of the respirativeand double-strand breaks that may eventually cause cell aging,
cycle of oxidative phosphorylation may attack biological cardiovascular diseases, mutagenic changes, and cancerous
* Author to whom correspondence should be addressed (telephoneturnor grpwth. When thg naturgl defense_s of the organism (of
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by an excessive generation of reactive oxygen species, aupon the radical being trapped. In complex systems, it is very
situation of oxidative stress occurs, in which cellular and hard to determine which radical(s) is (are) being trapped. For
extracellular macromolecules (proteins, lipids, and nucleic acids) example, the improved oxygen radical absorbance capacity
can suffer oxidative damage, causing tissue injuty Z). (ORAC) assay measures only the antioxidant activity against
Consumption of foods naturally bearing antioxidant activity is peroxyl and hydroxyl radicals, not that against all reactive
the most efficient way of combating such tissue injuries, oxygen species (e.g., superoxides and singlet oxygen). The
undesired transformations, and health risks. The chemicalfluorescent probe of the ORAC method, B-phycoerythrin, may
diversity of antioxidants makes it difficult to separate and show inconsistency from lot to lot and photoinstabilig).(
quantify antioxidants from the vegetable matrix. Therefore, it e« Some methodologies are based on equating the total amount
is desirable to establish a method that can measure the totabf antioxidants to the reducing capacity of samples (reducing
antioxidant activity level directly from vegetable extracts (3). capacity tested by chemical methods or cyclic voltametry). These
Currently in the literature, enzymatic methods, which are too methods (e.g., FRAP) generally do not measure all antioxidants
much dependent on possible inhibitors coming from various in a complex matrix, and those antioxidants (reductants) giving
sources, as well as enzyme-free but lengthy chemiluminescenceslow reactions with the reagent may not be totally oxidized
methods have been applied as screening procedures for measuwithin the recommended time protocol of the method.

ing the antioxidant activity of food products. Among these « Other procedures do not conform to the previously described
chemiluminescence methods, the cobalt(I)/EDTA/luminol/ ones.

hydrogen peroxide method has been applied to aqueous and The common drawback of the existing antioxidant activity
aqueous—alcoholic media, and the iron(lll), cobalt(ll)/perox- assay methods for foodstuffs is that the measured variable is
alate/imidazole, and the 8-hydroxyquinoline system has beeneither the quantity or reactivity (or both) of antioxidant
applied to nonaqueous media. The common disadvantage of thecompounds, thereby posing a debate as to the objectivity of
latter two methods is their length as well as their dependence such procedures as high- and low-reactivity compounds produce
on numerous parameters such as the presence of transitiom wide range of stoichiometric factors compared to a reference
metals, chelators, and solvents and the gH ( compound such as Trolox. The range of tests used for antioxi-

Antioxidant activity assay methods existing in the literature dant activity measurement is also a testimony to the uncertainty
based on the measurement of radical scavenging activity of surrounding the chemistry of phenolic compounds. Thus, for
antioxidant compounds suffer from the difficulties encountered €xample, in tests when free radical oxidation is induced by a
in the formation and stability of colored radicals)(such as ~ Metal ion such as Cu(ll) or Fe(lll), it is uncertain whether the
2,2 -azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTE) (  test measures the ability of the phenolic to interact with a free
and 2,2'-diphenyl-1-picrylhydrazyl (DPPHJ). The inhibition radical or its ability to bind the metal ionl{). The current

of accumulation of colored radical reagents in the presence of literature taking a philosophical look at antioxidant indexes
antioxidants is expressed in the units of “lag time” (i.e., the clearly states that there is no “total antioxidant” as a nutritional

time period required for the colored radical to emerge in the index available for food Iabeling because of the lack of standard

reaction medium), constituting a rather unobjective approach guantitation methods3j. As a result, the antioxidant activities
for antioxidant assay, because “lag time” is not always linearly ©f common vegetables (total sample siz&27) collected from
correlated to antioxidant concentration. Measurement of oxygenthe U.S. market, analyzed using the ORAC and FRAP proce-
radical scavengers with methods such as the ORAC test ofdures, did not correlate welB]. To briefly summarize the
antioxidant capacity8) may be interfered with hydroxyl radical ~ current situation, there is no single, widely acceptable assay
scavengers such as benzoate, which are not true antioxidantsmethod applicable to a reasonable variety of compounds and
On the other hand, the ferric reducing ability (FRAP) assay of food matrices. Due to this difficulty, various food products may
antioxidants 9), which is based on ferric-to-ferrous reduction Not be classified with respect to their antioxidant activity index
in the presence of an Fe(ll)-stabilizing ligand such as tripy- (AAl), and, therefore, the public cannot easily understand and
ridyltriazine, is both unrealistic (i.e., the colored complex is compare the antioxidant content of foodstuffs and beverages
formed at a definitely acidic pH such as pH 3.6, much lower (€-9., like the hardness index of potable water products, which
than the physiological pH) and blind to thiol-type antioxidants S generally understood by everyone). Thus, the aim of this work
such as glutathione. The hydrophilic and lipophilic reagents used iS to develop a simple, widely applicable antioxidant capacity
for antioxidant assay are applicable only to a certain restricted index for dietary polyphenols and vitamins C and E, utilizing
class of compounds and sample matrices. Currently, there arehe copper(ll)—neocuproine [Cu(ll)-Nc] reagent as the chro-
at least five subclasses of methodologies for antioxidant assaysTogenic oxidizing agent. Because the copper(ll) (or cupric) ion
in foodstuffs and plasma, as classified by Llesuy et al. in a reducing ability of polyphenols is measured, the method is
comprehensive review (10): de_'slgnated by O,EJF research group the “copper reducing aqti-
« The consumption of a stable free radical is measured in the oxidant capacity”, abbreviated as the CL.JPRAC _methoq. '_I'h|s
method should be advantageous over ferric reducing antioxidant

presence of the tested compound. Generally, the radicals .
involved in these procedures may be far from those relevant power (FRAP) because t_he redox ch_emlstry of copp_efa_B
opposed to that of ferric ion—should involve faster kinetics.

under oxidative stress conditions, and the kinetics of the process

may be complex. MATERIALS AND METHODS
e The time required to consume all of the antioxidants

contained in a complex sample is measured, also known as the Guide to Methods for Total Antioxidant Capacity Assay. The
total reactive antioxidant potential (TRAP) assay. However, the Méthod comprises the mixing of the antioxidant solution (directly or

measured quantity (e.g., induction time) is not always directly alfterha‘;_id hyld“_"ySis) V&’“h a copper(ll) chloride solution, ag‘ef‘f’wpmi?{%
proportional to antioxidant Concentration. alcoholic solution, and an ammonium acetate agueous ourrer at P

: ] . and subsequent measurement of the developed absorbance at 450 nm
* The rate of a given free radical process is observed, and after 30-60 min (normal measurement). Because the color development

the way this rate decreases after addition of the antioxidant s fast for compounds such as ascorbic acid, gallic acid, and quercetin

sample is evaluated. These procedures are strongly dependertut slow for naringin and naringenin, the latter compounds were assayed
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Figure 1. Structural formulas of the tested antioxidants.

CH

after incubation at 50C on a water bath for 20 min [after Cu(ll)-Nc  ascorbate oxidase-added mixture solutions at the end of 1 min of
reagent addition] so as to enable complete oxidation (incubated Cu(ll)-Nc reagent addition, similar to the route followed in the improved
measurement). The flavonoid glycosides were hydrolyzed to their FRAP method (12). Thus, the total CUPRAC antioxidant capacity of
corresponding aglycons by refluxing in 1.2 M HCl-containing 50% a mixture containing various antioxidants should be that finally
MeOH so as to exert maximal reducing power toward Cu(ll)-Nc measured after a suitable combination of hydrolysis and incubation
(hydrolyzed measurement). Certain compounds also needed incubatiorprocedures so as to obtain maximum absorbance at 450 nm, added to
after acid hydrolysis to fully exhibit their reducing capability (hydro- the initially measured capacity due to ascorbate, if hydrolysis and/or
lyzed and incubated measurement). The CUPRAC antioxidant capacitiesincubation was exercised.

of synthetic mixtures of antioxidants (i.e., polyphenols and vitamins C ~ Standards, Samples, and Reagent3he flavonoids fisetin, quer-
and E) were experimentally measured as Trolox equivalents and cetin, rutin, naringin, naringenin;)-epicatechin, {)-epigallocatechin,
compared to those theoretically found by making use of the principle (—)-epicatechin gallate, ane-j-epigallocatechin gallate were purchased
of additivity of absorbances, assuming no chemical interaction between from Sigma Chemical Co. and-}-catechin and gallic acid were from
the mixture constituents. Because ascorbic acid is not resistant toFluka Chemicals. Ferulic acid, coumaric acid, caffeic acid, ascorbic
elevated temperature incubation, it may be assayed initially by acid, and Trolox were supplied from Aldrich Chemical @eToco-
measuring the absorbance (at 450 nm) difference of simple and pherol, ammonium acetate, copper(ll) chloride, and 96% EtOH were
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Table 1. Trolox Equivalent Antioxidant Capacities of Various
Antioxidant Compounds Calculated with Respect to the Original ABTS
Method, FRAP Method, and the Developed (CUPRAC) Method

compound TEACQ[ig TEACFRAP TEACCUPRAC
quercetin (QR) 4.7 2.7 4.38
gallic acid (GA) 3.0 19 2.62
naringin (N) 0.2 0.13
naringenin (NG) 15 (2.28) [3.03]
caffeic acid (CFA) 13 2.0 2.8(2.96) [3.22]
ferulic acid (FRA) 19 0.83 1.2 (1.23)[1.34]
p-coumaric acid (CMA) 2.2 0.55 (1.00) [1.15]
catechin (CT) 2.4 0.9 3.09 (3.56)
rutin (RT) 2.4 1.0 [2.56, 3.80]
ascorbic acid (AA) 1.0 0.9 0.96
fisetin (FS) 3.9(4.18)
a-tocopherol (TP) 1.0 1.11(1.02)
epicatechin (EC) 2.2 25 2.77 (2.89)
epigallocatechin (EGC) 3.82 3.34 (3.60)
epigallocatechin gallate (EGCG) 4.75 4.88 (5.49)
epicatechin gallate (ECG) 5.0 493 (5.30, 5.64)
p-carotene (BC)? 24 33

@ 3-Carotene did not react with the CUPRAC reagent in aqueous EtOH
as described under Normal Sample Measurement, but was attacked by
Cu(ll)=neocuproine in dichloromethane.

from E. Merck. Neocuproine (2,9-dimethyl-1,10-phenanthroline) was
from Sigma Chemical Co. The real matrix media containing a mixture
of antioxidants were the following: Commercial samples of tea bags
were supplied from the Turkish food market, namely, as green tea from
Doga Bitki Urunleri Sanayi, blackberry tea from DIASA, grape juice
from Kavaklidere Sanayi, and orange juice freshly obtained from the
fruit at the time of measurement.

Preparation of Solutions. Copper(ll) chloride solution at a con-
centration of 10> M was prepared from CugRH,O weighing 0.4262
g, dissolving in HO, and diluting to 250 mL with water. Ammonium
acetate (NHAc) buffer at pH 7.0 was prepared by dissolving 19.27 g
of NH,Ac in water and diluting to 250 mL. Neocuproine (Nc) solution
at a concentration of 7.% 1072 M was prepared by dissolving 0.039
g of Nc in 96% EtOH and diluting to 25 mL with ethanol. All
polyphenolic compounds and vitamin solutions were freshly prepared
in 96% EtOH at 1 mM (1.0x 103 M) concentration prior to
measurement.

Normal Sample Measurement.To a test tube were added 1 mL
each of Cu(ll), Nc, and NkEAc buffer solutions. Antioxidant sample
(or standard) solutionx(mL) and HO [(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 1 h, the absorbance at 450Am%) (vas
recorded against a reagent blank. The-tiNs spectrophotometer used
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was a Varian Cary 1E, equipped with quartz cuvettes. The standard
calibration curve 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
is summarized as follows:

1 mL of Cu(ll) + 1 mL of Nc +1 mL of buffer+
x mL of antioxidant solutiont
(1.1— x) mL of H,0; total volume=

4.1 mL, measuré,;,against a reagent blank
after 1 h of reagent addition

Normal Sample Measurement in Dichloromethane (DCM).
Cu(ll), Nc, and buffer were added in the same order and amount;
mL of 2.0 x 10" M f-carotene solution in DCM and (5 x) mL of
DCM were added and agitated. The phases were separated after 1 min,
and absorbance at 450 nm of the lower (DCM) phase was measured.
f-Carotene could be assayed only in DCM medium.

Incubated Sample MeasurementThe mixture solutions containing
sample and reagents were prepared as described under Normal
Measurement; the tubes were stoppered and incubated for 20 min in a
water bath at a temperature of 30. The tubes were cooled to room
temperature under running water, and thaif, values were measured.

Hydrolyzed Sample MeasurementA suitable mass of the polyphe-
nol or vitamin 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,

5 mL of 1.2 M HCI (aq) was added to each solution 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 hydrolysate was neutralized wit5 mL of

1 M NaOH. The neutralized hydrolysate was then subjected to “normal
measurement”.

Hydrolyzed and Incubated Sample MeasurementThe neutralized
hydrolysate was subjected to incubation at°&in a water bath for
20 min. TheAsso oOf 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 1 mL each
of Cu(ll), Nc, and NHAc buffer in this order. 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

Table 2. Molar Absorptivities and Linear Ranges of Various Antioxidant Compounds with the CUPRAC Method?

€, Lmol~tcm?

name en € €H €nal linear range, M
quercetin 7.33 x 104 5.19x1077-1.90 x 105
catechin 5.16 x 104 6.60 x 104 5.14 x 104 6.49 x 104 3.20 x 1077-2.50 x 105 (3.50 x 1078-1.90 x 10~5)
rutin 4.27 x 10* 4,77 x 10* 4,16 x 10* 7.06 x 104 1.16 x 1077-3.16 x 107°(7.78 x 10~7-2.80 x 1079)
gallic acid 439 x 10* 157 x1076-3.23 x 1075
fisetin 6.50 x 10* 7.78 x 104 7.02 x 1077-2.15 x 107° (4.50 x 10~7-1.70 x 1075)
naringin 3.40 x 10? 2.17 x 108 3.41 x 10? 2.20 x 10° 1.47 x 1074-3.98 x 1073 (4.60 x 1076-5.94 x 10~%)
naringenin 4.23 x 10* 5.63 x 10* (8.29 x 1077-3.28 x 1079)
ascorhic acid 1.59 x 10* 5.6 x1076-8.5x107°
ferulic acid 2.00 x 10* 2.28 x 10* 1.97 x 104 242 x 10* 2.46 x 1076-6.74 x 1075(2.29 x 1076-5.94 x 10~5)
coumaric acid 9.20 x 103 1.85 x 104 8.88 x 103 2.14 x 104 4,63 x 1076-1.51 x 107*(2.90 x 1076-7.60 x 1079)
caffeic acid 4.83 x 10* 551 x 104 4.80 x 10* 5.98 x 10* 1.24 x 1076-2.81 x 1075(1.42 x 1076-2.50 x 1075)
o-tocopherol 1.83 x 104 1.91 x 104 1.65 x 104 1.61 x 104 6.13 x 1076-7.73 x 107%(2.6 x 1075-7.00 x 10~5)
epicatechin 4.63 x 10 5.37 x 104 1.51x1077-2.80 x 107° (1.86 x 10~7-2.35 x 1079)
epicatechin gallate 8.88 x 10* 1.05 x 10° 9.34 x 1077-1.50 x 1075 (2.82 x 1077-1.21 x 1079)
epigallocatechin 5.59 x 104 6.68 x 104 7.64 x1077-2.40 x 1075 (2.10 x 10~7-1.97 x 1079)
epigallocatechin gallate 8.17 x 10* 1.02 x 10° 5.25x 1077-1.58 x 1075 (4.16 x 1077-1.27 x 1079)
p-carotene? 5.57 x 10* 323x1077-2.24 x 1075

aN, normal; |, incubated; H, hydrolyzed; H&I, hydrolyzed and incubated sample measurements. ? Measured in dichloromethane.
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Table 3. Comparison of Expected and Found CUPRAC Antioxidant Capacities of Synthetic Mixture Solutions (as Millimolar Trolox Equivalents

measurement composition capacity capacity measurement composition capacity capacity

method of mixture expected? found (exptl) method of mixture expected? found (exptl)

normal 10 uL of 1 mM QR 2.45 x 1072 2.55 x 1072 normal 20 uL of 1 mM FRA 2.46 x 1072 243 %1072
10 uL of LmM CT 50 uL of 1 mM CMA
10 uL of 1 mM RT 50 uL of 1mM TR

incubated 10 uL of 1 mM QR 2.56 x 1072 297 x 1072 incubated 20 uL of 1 mM FRA 3.04 x1072 2.85x 1072
10 uL of 1 mM CT 50 L of 1 mM CMA
10 uL of 1 mM RT 50 uL of 1 mM TR

normal 30 uL of 1 mM GA 399 %1072 3.96 x 1072 normal 20 ulL of 1 mM FRA 321x1072 321x1072
20 uL of 1 mM CFA 20 uL of 1 mM CFA
50 uL of 1 mM CMA 50 uL of 1 mM TR

incubated 30 uL of 1 mM GA 4,58 x 102 4,25 x 1072 incubated 20 uL of 1 mM FRA 3.26 x 102 3.28 x 1072
20 uL of 1 mM CFA 20 ulL of 1 mM CFA
50 uL of 1 mM CMA 50 uL of LmM TR

normal 20 ulL of 1 mM GA 3.27x1072 3.09 x 102 normal 50 uL of 1 mM CMA 3.30 x 102 343 x1072
20 uL of 1 mM FRA 20 uL of 1 mM CFA
20 uL of 1 mM CFA 50 uL of 1 mM TR

incubated 20 uL of 1 mM GA 332x1072 311x1072 incubated 50 uL of 1 mM CMA 3.80x1072 3.70x 1072
20 uL of 1 mM FRA 20 uL of 1 mM CFA
20 uL of 1 mM CFA 50 uL of L mM TR

normal 20 ul of 1 mM FRA 2.66 x 102 2.62 %1072 normal 20 uL of 1 mM FRA 2.64 x 1072 2.46 x 1072
50 uL of 1 mM CMA 50 ulL of 1 mM CMA
20 ulL of 1 mM CFA 60 uL of 1 mM AA

incubated 20 uL of 1 mM FRA 3.26 x 1072 3.10 x 1072 incubated 0.4mLof ImMN 3.56 x 102 3.72x1072
50 uL of 1 mM CMA 20 uL of 1 mM NG
20 uL of 1 mM CFA 20 ulL of 1 mM GA

normal 20 uL of 1 mM FRA 2,53 x 1072 2.45 x 1072 normal 50 uL of L mM TP 3.63 x 1072 3.48 x 1072
50 uL of 1 mM CMA 10 uL of 1 mM QR
20 uL of 1 mM GA 50 uL of 1 MM TR

incubated 20 uL of 1 mM FRA 3.09 %1072 321x1072 incubated 50 uL of 1 mM TP 352x1072 347 %1072
50 uL of 1 mM CMA 10 uL of 1 mM QR
20 uL of 1 mM GA 50 uL of ImM TR

normal 10 uL of LmM QR 3.04 x1072 3.08x 102 normal 50 uL of L mM TP 379 %1072 359 %1072
10 uL of 1 mM CT 10 L of 1 mM QR
50 uL of 1 mM TR 60 uL of 1 mM AA

incubated 10 uL of 1 mM QR 3.15x 1072 3.09 x 102 normal 20 uL of LmM TP 4.00 x 102 3.71x1072
10 uL of 1 mM CT 20 uL of 1 mM GA
50 uL of LmM TR 60 uL of 1 mM AA

normal 10 uL of 1 mM QR 3.10 x 1072 3.25x 1072 normal 50 uL of L mM TP 3.70 x 1072 357 %1072
10 uL of 1 mM RT 20 uL of 1 mM GA
60 uL of 1 mM AA 10 uL of 1 mM QR

normal 10 uL of L mM RT 335x1072 348 %1072 incubated 50 uL of 1 mM TP 359 %1072 343x1072
20 uL of 1mM CT 20 uL of 1 mM GA
50 uL of 1 mM TR 10 uL of 1 mM QR

incubated 10 uL of 1 mM RT 3.58 x 102 3.38 x 1072 normal 20 uL of 1 mM FRA 3.34x 1072 3.20 x 102
20 uL of ImM CT 50 uL of 1 mM TP
50 uL of 1 mM TR 20 uL of 1 mM CFA

normal 10 uL of 1 mM RT 3.54 x 1072 3.42x1072 incubated 20 uL of 1 mM FRA 3.29 x 1072 3.13x 1072
20 uL of 1 mM CT 50 uL of 1 mM TP
60 uL of 1 mM AA 20 ulL of 1 mM CFA

@Found by means of the following equation: capacitymixwe = TEAC1-Cy + TEAC,-C, + TEAC;-Cs.

antioxidant, and the theoretically computed CUPRAC antioxidant capac- lie between 0.2 and 0.4 absorbance units. The suitable dilution ratios

ities of the mixtures were compared to those experimentally found. selected were 1:10 for grape and fresh orange juices and blackberry
Application of the Method to Real Mixtures. One tea bag of each  tea infusion and 1:15 for the green tea infusion. The standard calibration

of the commercial green tea and blackberry tea was dipped separatelycurves of some selected pure antioxidants were redrawn in these real

into 250 mL of freshly boiled water in a beaker, occasionally shaken solutions so as to observe the parallelism between the calibration lines

for 2 min, and allowed to stand in the same solution for an additional (of ascorbic acid, Trolox, and quercetin, individually) in water and in

3 min, enabling a total stewing time of 5 min. The tea solution was real solution.

allowed to cool to room temperature, and filtration was applied to the

green tea sample using a Whatman black-band filter paper for removingRESULTS AND DISCUSSION

particulates. Blackberry tea was directly used as decantate. - I ) : )
A commercial orange sample was freshly supplied from the market, The  copper(ll)-neocuproine (2,9-dimethyl-1,10-phenan

pressed in a suitable apparatus, and the extracted juice was filteredth_m“ne,) reagent, Introduceq for various reducing agents as a
three times through a black-band filter paper. The commercial grape Mild oxidant (L3), was previously used by our research team
juice kept in a glass bottle was used as such. to determine the biochemically important reductants such as
These tea infusions and fruit juices were appropriately diluted with Cysteine (14) and vitamin E (15). It has recently been used for
water such that their original CUPRAC absorbances at 450 nm would ascorbic acid assay in foods and beverad#s,(and a novel
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spectrophotometric method we developed for protein assay 120
using this reagent is now on the way. The present method
correctly reports lower antioxidant activity for singly hy-
droxy-substituted flavanones such as naringenin than'fét-3 1.00 .
dihydroxy-substituted flavonoids with conjugated structure '
such as quercetin, as the theory preditts)(Likewise, the de-
veloped method reports lower antioxidant activity for glyco- 0.80
sides such as naringin than for the corresponding aglycon,
naringenin, again in accord with theoretical expectatidrig.(
The Trolox equivalent antioxidant capacities (TEAfPraQ
for gallic acid and quercetin were close to 3 and 4, respec-
tively, although the capacity of quercetin was higher than that
of fisetin, a one—OH group analogue. Structural formulas 0.40 °
of some of the tested antioxidant polyphenols are shown in u
Figure 1.
The Trolox equivalent antioxidant capacity (TEAC) is defined 020 #
as the millimolar concentration of a Trolox solution having the | .
antioxidant capacity equivalent to a 1.0 mM solution of the
substance under investigation. The TEAC values of various 0.00
antioxidants found according to the original ABTS method T 1' ; ; “1 é (‘5 ;
(TEACuig) (6, 17), FRAP method (TEA&ap) (9, 18), and C kIO M
calculated with respect to the developed CUPRAC method
(TEACcuprag are listed inTable 1. The TEAGuprac Values
were simply calculated by dividing the molar absorptivity () 1.20
of the species under investigation by that of Trolox under
corresponding conditions (e.g., tkevalues of normal and
incubated solutions of Trolox are 1.6710* and 1.86x 10* L 1.00
mol~1 cm™1, respectively). The normal TEAC valuesTiable
1 were found from the absorbances of solutions allowed to stand
for 30 min at room temperature after reagent addition. The 0.80
values in parentheses were found from the absorbances of ° -
solutions incubated at 5CC , and finally the values in square
brackets were computed from the absorbances of acid hydro-
lyzed solutions that were incubated at 50 (seeTable 1).
Quercetin and gallic acid did not show a capacity change after
incubation or hydrolysis. 0.40 4 o
The antioxidant polyphenolic compounds listedTiable 1 =
demonstrate that the highest capacities in the CUPRAC method
were observed for epicatechin gallate, epigallocatechin gallate,
quercetin, fisetin, epigallocatechin, catechin, and caffeic acid
in this order. This is in accordance with theoretical expectations,
because the number and position of the hydroxyl groups as well 0.00
as the degree of conjugation of the whole molecule are important | ) . 6 s 0 M .
(19). The antioxidant potency of flavonoids of similar conjuga- Coro. M
tion level is roughly proportional to the total number-eOH o . ] o
groups and is positively affected by the presence of an Figure 3. Calibration curve of quercetin (QR) in ascorbic acid (AA).
o-dihydroxy moiety in the B-ringX1). The decreasing order ) ]
of antioxidant capacities using the CUPRAC method were Whereasp-coumaric acid lacks such a group. As opposed to
observed for epicatechin gallate [7 OH; 5.30, (5.64)], epigal- the suc_cess_ful result_s of _the develo_ped _CUPRAC method on
locatechin gallate [8 OH; 4.88, (5.49)], quercetin (5 OH; 4.38), Cinnamic acids, caffelc ac!q anq ferqllc acid have been reported
fisetin [4 OH; 3.9, (4.18)], epigallocatechin [6 OH; 3.34, (3.60)], o give rise to color intensification with the FRAP reagent after

0.60 . -

Absorbance

® AA alone
. AA in QR solution of initial A450=0.2

Figure 2. Calibration curve of ascorbic acid (AA) in quercetin (QR).

0.60

Absorbance

020 9 -

® QR aleone
I QR inAA solution of initial A,g=0.2

catechin [5 OH; 3.09, (3.56)], caffeic acj@ OH, —CH=CH— several hours of reaction time, indicating incomplete oxidation
COOH; 2.8, (2.96), [3.22]}, epicatechin [5 OH; 2.77, (2.89)], (20). . ' o '
gallic acid (3 OH; 2.62), and rutifi4 OH, —O-rutinose; 2.56, The glycoside rutin (RT) initially having a TEAC of 2.56

[3.8]}, the values in parentheses showing the number of was effectively hydrolyzed to the aglycon, presumably QR, and
hydroxyl groups in the molecule; the normal, incubated, eventually showed a TEA&prac value of 3.80 (close to that
hydrolyzed, and incubated TEAGrrac coefficients of these of QR). Such hydrolysis reactions already take place en-
compounds, respectively, whichever is applicable (@ateri- zymatically in the human organism, and the glycosides dem-
als and Methodsfor the definitions of these terms). onstrate full antioxidant potential in vivo. Thus, the sugar bond
Differences in the activity of cinnamic acids may be ascribed is broken so that the parent flavonoid may exert full antioxi-
to variations in hydroxylation and methylation patterns of dant potency, nearly approaching that of the corresponding
the aromatic ring 19). For example, caffeic acid (CFA) is aglycon. The acid hydrolysis conditions in methanolic solu-
one hydroxyl group richer than the other two cinnamic acids tion chosen for this task were as mentioned by other re-
(FRA and CMA). Ferulic acid has the electron-donating Searchersl, 22). This method of hydrolysis of glycosides of
—OCH; group in the ortho-position to the phenolieOH, flavones and flavonols was also recommended in the literature
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Figure 4. Calibration curve of ascorbic acid (AA) in gallic acid (GA). Figure 6. Calibration curve of quercetin (QR) in grape juice (GJ).
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Figure 5. Calibration curve of gallic acid (GA) in ascorbic acid (AA). Figure 7. Calibration curve of gallic acid (GA) in grape juice (GJ).

(23) in sample preparation for HPLC analysis. Thus, such a
hydrolytic procedure may serve the double function of
sample preparation for HPLC analysis and for antioxidant
capacity assay by the CUPRAC method. Again in accord with c :
theory, naringenin exerts a much higher TEAC value than the n phenolic ~OH groups theoretlcglly acts as am—2e_ don_or.
. - S - . Because Trolox, vitamin E, and vitamin C (ascorbic acid) are

corresponding glycoside, naringin. Acid hydrolysis followed

. : A, : 2—e donors toward the Cu(ll)-Nc chelate, the TEAC of such
by incubation significantly increases the TEAC value of . : .

polyphenols will theoretically ba, and the corresponding molar

naringenin. L .
The chromogenic oxidizing reagent of the developed abS?{ptIVLt}/ of the polyphenol will be (758'5>.< 103) xank
S . .~ mol~! cm™L. For example, the molar absorptivities—normally
CUPRAC method, that is, bis(neocuproine)copper(ll) chloride " .
[Cu(I)-Nc], reacts with polyphenols [Ar(OH) in the manner measur_ed upon 30 min pf standl_ng at room_temperatufe
’ quercetin, fisetin, catechin, caffeic acid, gallic acidtoco-
2+ _ pherol, and Trolox were 7.33 10 6.50 x 10% 5.16 x 10%,
2nCu(Nc)™ + Ar(OH), = 4.83x 10%, 439 x 10%, 1.83x 10%, and 1.67x 10", respec-
2n Cu(Nc); + Ar(=0),+ 2n H™ (1) tively, whereas the (normal—incubated—hydrolyzed & incu-
bated) absorptivities of rutin were (4.24.77—7.06) x 10* (see
where the liberated protons may be buffered with the relatively Table 2). All of the easily oxidized flavonoids exhibited stand-
concentrated ammonium acetate buffer solution. In this reaction, ard reduction potentials 0f0.2 V, whereas naringenin, having
the reactive Ar-OH groups of polyphenols are oxidized to the a potential close to that of the Cu(N¢)}-Cu(Nc)™ couple,

corresponding quinones and Cu(ll)-Nc is reduced to the highly
colored Cu(l)-Nc chelate showing maximum absorption at 450
nm. In this reaction, each flavonoid (in the aglycon form) having
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Figure 8. Calibration curve of Trolox (TR) in grape juice (GJ).

Figure 10. Calibration curve of quercetin (QR) in orange juice (0J).
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Figure 9. Calibration curve of ascorbic acid (AA) in grape juice (GJ). Figure 11. Calibration curve of gallic acid (GA) in orange juice (0J).
underwent a slow reaction with the reagent. Naringenin oxida- t5ple 3. The expected and experimentally found CUPRAC
tion could only be forced to completion after 30 incubation 505 jties were generally in accord with each other. The slight
(€ =4.23x 10%), and hydrolysis followed by incubation yielded jiscrepancies observed in some of the ascorbic acid-containing
€= 5.6_3 x 104 _ o mixtures were further explored by inspection of linear calibration
Possible ternary mixtures of the antioxidants (QR, C_:T, RT, curves of AA in OR and QR in AA (seEigures 2—5). The
GA, CFA, FRA, CMA, AA, NG, and TR) were synthetically  5ccordance of theoretical and experimental findings, combined
prepared, and the suitably diluted solutions were analyzed for it the parallellism of the linear calibration curves of each
antioxidant capacity using the CUPRAC method. The experi- 4niioxidant compound tested in the presence of the other
mentally measured capacities were generally withif)5¢6 compound, effectively demonstrated that there were no chemical
interval of the theoretically computed values using the formula jnaractions of intereferent nature among the synthetic solution
constituents and that the antioxidant capacities of the tested
antioxidants were additive. This reasoning was also applied to
grape and orange juices, green tea, and blackberry tea as real
complex mixtures, and standard calibration curves of four
where 1, 2, ...j denote the corresponding constituents of the selected antioxidant compounds (QR, GA, TR, and AA) were
synthetic mixture. Comparisons of expected (using eq 2) and redrawn in a solution of grape juice (GJ), orange juice (OJ),
experimentally found antioxidant capacities of synthetic mixture green tea (GT), and blackberry tea (BT), showing good
solutions (as mM Trolox equiv) were made and are given in parallelism of linear curves in pure aqueous solution and in real

capacity,,,, = TEAC, concn + TEAC, concn, +
TEAC;concny + ... (2)
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Figure 13. Calibration curve of ascorbic acid (AA) in orange juice (OJ). Figure 15. Calibration curve of gallic acid (GA) in green tea (GT).

complex mixtures having an initial nonzero absorbance with al. (9)]; the FRAP method does not measure thiol-type anti-
the CUPRAC reagent (ség@gures 6—21). Again, this showed  oxidants such as glutathion2Q), the major low molecular
that the constituents of a real matrix solution did not chemically weight thiol compound of the living plant and animal cell. The
interact with selected pure antioxidants and that the antioxidant reason for this may be the half-filled d orbitals of high-spin
capacities were additive. Thus, the proposed CUPRAC methodFe(lll), attributing to it a chemical inertness, whereas the
may be effectively used for the antioxidant capacity assay of electronic structure of Cu(ll) enables fast kinetics. A redox
synthetic mixtures and real mixtures. reaction of cysteine with iron(lll) has been reported to proceed

Thus, it is very important to develop a simple, cost-effective, slowly in the presence of 1,10-phenanthroline, but the reaction
and efficient method capable of being used in conventional has been accelerated in the presence of copper(ll) as catalyst
laboratories to measure the antioxidant activity of foods and (24). On the other hand, glutathione and cysteine are fast one-
beverages using this developed reagent. Because the coloelectron reductants toward the Cu(ll)-Nc reagent (13),
development is relatively fast and the required reagents areexhibiting 8.5 x 10* and 7.5x 10* L mol~! cm™! molar
relatively stable and cheap, the developed method is muchabsorptivities, respectively, within 2 min at room temperature.
simpler and more widely applicable than the existing methods. « The reagent is selective, because it has a lower redox

The advantages of the CUPRAC method may be summarizedpotential than that of the ferric—ferrous couple in the presence
as follows: of phenanthroline- or tripyridyltriazine-type ligands. Simple

o The CUPRAC reagent is fast enough to oxidize thiol-type sugars and citric acid are not oxidized with the CUPRAC
antioxidants [according to the protocol developed by Benzie et reagent.
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Figure 17. Calibration curve of ascorbic acid (AA) in green tea (GT).
 The analytical response (i.e., absorbance) versus concentra-
« The reagent is much more stable and easily accessible thartion curves are perfectly linear in the CUPRAC method over a
the chromogenic radical reagents (e.g., ABTS and DPPH).  wide range, unlike those of other methods yielding polynomial
o The method is easily and diversely applicable in conven- CUrves.
tional laboratories using standard colorimeters rather than e The redox reaction producing colored species is carried out
necessitating sophisticated equipment and highly qualified at nearly physiological pH (pH 7 of ammonium acetate buffer)
operators. as opposed to the unrealistic acidic conditions (pH 3.6) of FRAP.
e The redox reaction giving rise to a colored chelate of e The method can simultaneously measure hydrophilic as well
Cu(l)-Nc is relatively insensitive to a number of parameters, as lipophilic antioxidants (e.ga-tocopherol).
for example, air, sunlight, humidity, and pH to a certain extent.  « The single weakness of the CUPRAC method is that the
e The redox reactions concerned may be easily forced to isolated hydrocarbon double bonds of (ACH=CHCOOH)
reach completion by incubation at 53C (e.g., the TEAC of ferulic andp-coumaric acids are probably not attacked by the
naringenin having a high redox potential is 1.5 with respect to Cu(ll)-Nc reagent. Potential antioxidants with alternating hy-
the ABTS method, but is 3.0 in the CUPRAC method using drocarbon double bonds (without accompanyif@H groups)
hydrolysis plus incubation, as expected from the three hydroxyl such ag3-carotene would probably requireacceptor oxidants
groups of the naringenin molecule. Also, the incompletely forming az-complex intermediate during electron transfer (e.g.,
oxidized rutin and catechin by the FRAP reageas observed  with halogens), whereas the copper{ljeocuproine reagent
from Table 1—exert their full antioxidant potency in the may not attack such double bonds due to the lack of coordinating
CUPRAC method). functional groups in the host antioxidant molecule before
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o A widely acceptable, practical, and versatile AAIl capable
of being applied to both water- and oil-soluble antioxidants
present in various foodstuffs is needed.

» A wide variety of foodstuffs must be classified with respect
to their AAI, and new types of foods and beverages, for which
the antioxidant properties were not publicly known before, must
be evaluated.

« An inventory of existing and emerging natural food products
with respect to their AAl should be prepared.

« Identification and separation of antioxidant-rich fractions
of foodstuffs must be performed, and new diet supplements
using natural vegetative food material rich in antioxidants should
be designed.

» AAl variations of foods processed or stored under different
conditions (e.g., of pH, temperature, relative humidity, time,
etc.) need to be monitored, and better conditions of storage and
food processing that would not adversely alter the AAI of
foodstuffs should be proposed.

e Internationally accredited reference laboratories that are
responsible for food quality and safety should be organized.

o New health care and diet supplement products (e.g., for
the elderly people, children, and possible risk groups that may
be adversely affected from antioxidant-poor diets) should be
entered in the world food and medical market.

e Research into the prevention and treatment of cardiovascular
diseases and cancer through antioxidant-enriched diets should
be performed, thereby strengthening public health.
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dants.
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activity index (AAIl) can be summarized as follows:
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