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The measurement of antioxidant capacity in fruits differs from that of other biological samples due to
their low pH and very low lipophilic antioxidant capacity. In this report, we present a modified 2,2-
azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) method for fruits and compare its performance
with the other commonly used antioxidant methods of 2,2'-diphenyl-1-picrylhydrazyl (DPPH) and ferric
reducing antioxidant power (FRAP). The antioxidant capacity and reaction kinetics of four phenolic
compounds, two antioxidant standards, and five fruits were also investigated. The modified ABTS
method prepared at a pH of 4.5 with sodium acetate buffer is highly stable and easily applied to fruit
samples as compared to the standard (pH 7.4) version. The measured antioxidant capacity of samples
varied with the assay method used, pH, and time of reaction. Traditional antioxidant standards (trolox,
ascorbic acid) displayed stable, simple reaction kinetics, which allowed end point analysis with all of
assays. Of the phenolic compounds examined, chlorogenic and caffeic acids exhibited the most
complex reaction kinetics and reaction rates that precluded end point analysis while gallic acid and
quercetin reached stable end points. All fruit extracts exhibited complex and varied kinetics and
required long reaction times to approach an end point. Because the antioxidant capacity of fruit extracts
is a function of the array of individual antioxidants present, accurate comparisons among fruit samples
require that reaction times be standardized and of sufficient length to reach steady state conditions
and that more than one assay be used to describe the total antioxidant activity of fruit samples.

KEYWORDS: Natural antioxidants; polyphenols; phenolics; ABTS; phytonutrients; phytochemicals;
oxidative stress; berries; black raspberry; red raspberry; blackberry; strawberry; grape; free radicals;
antioxidant assay; dietary antioxidants

INTRODUCTION elements may act independently or in combination as anticancer
It is well-known that diets rich in fruits and vegetables are ©F cardioprotective agents by a variety of mechanisms.
capable of preventing or delaying the onset of certain chronic ~Several methods have been developed to determine the
degenerative diseases of aging, including cardiovascular mal-antioxidant potential of food products. The trolox equivalent
function and common cancers, ). With this in mind, many  antioxidant capacity (TEAC) using ABTS (2,2-azino-bis-3-
scientists have investigated the phytonutrient properties of theseethylbenzothiazoline-6-sulfonic acid) as an oxidant, the ferric
commodities and, specifically, have measured their complementsreducing antioxidant power (FRAP), the DPPH (Zjibhenyl-
of natural antioxidants3-8). The most thoroughly investigated ~ 1-picrylhydrazyl) free radical scavenging potential, the oxygen
natural antioxidants in fruits and vegetables are flavonoids, radical absorption capacity (ORAC), the total radical absorption
polyphenols, carotenoids, fiber, vitamins A, B, C, and E, potentials (TRAP), and the photochemiluminescence (PCL)
tocopherols, calcium, and seleniuB).(These compounds and ~ assays are some of the most commonly ud€d11). Antioxi-
dants can reduce radicals primarly by two mechanisms: single
* To whom correspondence should be addressed. Tel: 330-263-3669. €lectron transfer and hydrogen atom transfer. ABTS, FRAP,

E-rpéilt miller-S@OsuL-Jedu. ) and DPPH are methods that measure the former, and ORAC
+ ngtlgsgn;;(rgegsgtatgI\Ger:’i?/lé);.sity. and TRAP represent the latter. The mechanism of PLC is still
8 The Ohio State University. unclear (1).
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The initial development of many of these methods involved 08
measuring plasma antioxidant levell2{-14). As antioxidant 0.7 Lc\_‘—‘\‘
reactants, plasma and fruit differ in many ways. Fruit extracts 06 ¥
are far more acidic and typically have very low lipophilic . ¥
antioxidants (0.£2% of total antioxidant capacity)1§). £ Vi 0 —e—pH45
Although some comparative studies have been conducted in £ 0415 o pH 7.4
recent years 10, 16, 17), these investigations have focused 2 03+ i W
primarily on differences in the reaction kinetics of phenolic 024 o )
standards among assays. As food products, and specifically aal Tl .
fruits, typically contain mixtures of antioxidant moieties, their '0

assay reaction kinetics may be more complex than those of
standard compounds.

Single electron transfer reactions can be relatively slow and
traditionally measure relative percent decrease in product ratherFigure 1. Absorbance over time of the ABTS** cation solution at pH 4.5
than kinetics or total antioxidant capacit{1j. The potential and pH 7.4.
for the generation of new antioxidants through polymerization
of phenolic compounds in fruit juiced, 19) may lead to the progress at 28 2 °C over extended periods a_lnd monitored at specific
underestimation of the true antioxidant potential when reactions Ntervals. Assay results were obtained using a Beckman DU 640
are not allowed to reach or near completion. The expression Ofspectrophotometer set at wavelengths appropriate to each assay. All

thi lexit tioxidant h t ived hassays of standards and fruit samples were performed in triplicate.
IS complexity among antioxidant assays nas not received much ¢, 1he standard TEAC assay, ABTSvas prepared by mixing an

attention in the antioxidant literature. o ABTS stock solution (7 mM in water) with 2.45 mM potassium

The goal of our study was to determine the total antioxidant persulfate 23). This mixture was allowed to stand for 26 h at room
capacity of small fruits and the most appropriate method for temperature in the dark until reaching a stable oxidative state. This
making these determinations. To measure the total antioxidantreagent was stable for several weeks when stored in the dark (data not
capacity of fruit extracts, we chose three methods (ABTS, shown). The performance of the original method was ascertained using
FRAP, and DPPH) that utilize the same single electron transfer & series of phenolic standards. On the day of analysis, the ABTS
mechanism. These methods were chosen for comparison becausi®!ution was diluted with PBS (pH 7.4) to an absorbance of 000
they are commonly used to evaluate plant mater|$,(16). 0.01 at 734 nm. For the spectrophotometric assay, 3 mL of the ABTS
All three methods can be used with antioxidants in an aqueous S0'ion @nd 2L of standard or fruit extract were mixed and the

. . . . absorbance was determined at 734 nm-a6,110, 60, 120, 180, 360,
media, are relatively simple to conduct, and are cost-effective. ;4 1440 min after mixing. The absorbance at each time point was
To d_etermlne th_e full antioxidant potential of fruits, the_ corrected for the absorbance of an ABTS blank.
experiments required stable reactants to measure the reactions For the modified ABTS assay, ABTS was dissolved in 20 mM
for a period of time long enough to reach equilibrium. Therefore, acetate (pH 4.5) and prepared with potassium persulfate as described
we modified the ABTS method to increase its stability and above and then diluted in acidic medium of 20 mM sodium acetate
compared the results with those given by the DPPH and FRAP buffer (pH 4.5) to an absorbance of 0.7800.01 at 734 nm. The
assays. performance of the modified ABTS method was compared to those of
the FRAP and DPPH methods using standards and fruit extracts. The
MATERIALS AND METHODS antioxidant_ ca_pacity of these samples was determined at 10, 30, 60,

and 120 min intervals.

Chemicals. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-car- The FRAP method was conducted according to Benzie and Strain
boxylic acid), TPTZ (2,4,6-tris-2,4,6-tripyridyl-2-triazine), ABTS, PBS  (13). A solution of 10 mM TPTZ and 20 mM ferric chloride was diluted
(phosphate-buffered saline), potassium persulfate, acetic acid (glacial),in 300 mM sodium acetate buffer (pH 3.6) at a ratio of 1:1:10. Standards
acetone, sodium acetate, and ethanol were purchased from Sigmasor fruit extracts (both 2@L) were added to 3 mL of the TPTZ solution,
Aldrich Chemical Co. as well as chlorogenic acid, quercetin, caffeic and the absorbance at 593 nm was determined after assay samples were
acid, gallic acid, and ascorbic acid. DPPH was purchased from allowed to react for 10, 30, 60, and 120 min.

Calbiochem Co. (San Diego, CA). The ability of standards and fruit extracts to scavenge the DPPH

Preparation of Standards. Caffeic acid, gallic acid, quercetin, and  radical was measured using the method of Brand-Williams e26). (
chlorogenic acid were dissolved in ethanol at a concentration of 1 mM DPPH (40 mg/L) was dissolved in 100% methanol. Standards and fruit
(20). A 1 mM standard stock solution of ascorbic acid was prepared in extracts (both 2@L) were added to 3 mL of the DPPH solution, and
Nanopure water. Fresh standard solutions were prepared prior to eaclthe absorbance was determined at 515 nm after 10, 30, 60, and 120
assay replication, held at80 °C, and used within 24 h. Solutions of ~ min.
trolox (1 mM) were prepared in ethanol and storee-80 °C in 1 mL

Eppendorf tubes. _ RESULTS AND DISCUSSION
Preparation of Fruit Extracts. Fruit samples of Jewel black

raspberry, Heritage red raspberry, Chester blackberry, Concord grape, ABTS and pH. Oxidized ABTS (ABTS") has been gener-

and Honeoye strawberry were harvested from local farms, frozen ated by different methods2{—24). The advantages and
immediately, and kept at20 °C until analyzed. Samples were thawed disadvantages of these methods were discussed by Schlesier et
at room temperature~21 °C) and homogenized in a food grade al. (10). In the present study, we used the method developed
blender. The resultant slurry was centrifuged (12§)Gor 30 min at 4 by Rice-Evans et al.2@), in which ABTS is oxidized with

°C to separate the juice from the pulp. The freshly obtained juice potassium persulfatdigure 1 shows the relative stability of
materials were diluted 6 with Nanopure water, divided into multiple the ABTS™ solution (standardized to an initid¥ss of 0.7) at
sample aliquots, and refrozen-a20 °C until used in antioxidant assay pH 4.5 and 7.4 over 72 h. Absorbance of the ABTSolution
procedures. prepared at pH 7.4 (without the addition of an antioxidant)

Antioxidant Assay Procedures.For each antioxidant assay, a trolox 0 0
aliquot was thawed and used to develop a100 umol/L standard ~ decréased 1.7, 11, and 64% as compared to 0, 0.1, and 3% for

curve. All data were then expressed as trolox equivalentsi{Tial). the ABTS™ solution at pH 4.5 after 10 min, 1 h, and 1 day,
Assays were conducted by combining antioxidant reactants with 20 respectively. The data clearly demonstrate that the solution is
uL of individual standards or fruit juices. Reactions were allowed to not stable enough at pH 7.4 to allow long-term monitoring of

0 1000 2000 3000 4000 5000

Time (min)
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Figure 2. Antioxidant capacity expressed as TEs (xmol) of six antioxidant . DPPH
standards measured using the ABTS method at pH 4.5 and 7.4. Gallic
acid, O0; quercetin, @; chlorogenic acid, A; caffeic acid, x; ascorbic acid,
W and trolox, O. 5
£
reactions. Although frequently used at pH 7.4, the stability of i
ABTS't at this pH has been reported to be problema2is, (
27) and confirmed by our work. Cano et aR5) showed that
ABTS'* is stable from pH 3.0 to pH 6.5 but optimal at pH 4.5
for the purpose of using it an indicator of total antioxidant 0 30 60 90 120
capacity. C Time (min)

Figure 2ab shows the antioxidant capacity for individual g6 3 Antioxidant capacity expressed as TEs («mol) of six standards

standard compounds. When employed to characterize themeagred with ABTS (at pH 4.5) (A), FRAP (B), and DPPH (C) assays.
oxidative behavior of phenolics and other antioxidant standards Gallic acid, CI; quercetin, ®; chlorogenic acid, A caffeic acid, x; ascorbic

(ascorbic acid and trolox), ABTS was sufficiently stable at  a¢jq m: and trolox, O.
pH 4.5 to accommodate the long reaction time necessary to reach

equilibrium (Figure 2a). However, when conducted at pH 7.4, previously @8, 29) and may be due to instability of ABTSat
the relatively rapid autodegradation of ABTS(Figure 1) the higher pH.

precluded an accurate determination of phenolic antioxidant Comparison of DPPH, FRAP, and Modified ABTS As-

behavior for even 60 minHigure 2b). When assayed with the . o S

modified ABTS method, quercetin and gallic acid approached an:;_rsgg the qu;;‘led '?rBT S a;'s?:’ OX|dat_|on o_;all standacrjdsé

equilibrium approximatel 6 h after the reaction was initiated. Y’ (espeua y cafteic and chiorogenic aci S) proceede
rapidly during the first 30 min of the reaction period and

In contrast, the oxidation of caffeic and chlorogenic acids . dtoi i h iod b |
continued for over 1440 min, failing to reach equilibrium before continued to increase overd assay period but at a slower

the assay was terminated. For these long experiments, it wad ate Figure 3a). The oxidation of caffeic acid and chlorogenic
essential to keep the ABTSantioxidant ratio high (up to 50: acid in the FRAP assay continued throughout the entire reaction

1) as was shown by Cano et a25]. As a practical reference, ~ Period but at a more moderate raféigure 3b). In contrast,
the absorbanceA¢ss) should not decrease below 50% of the these two phenolic standards appeared to reach a stable end
initial absorbance of the assay solution. Because of the rapidPoint after approximatgl1 h ofwhen DPPH was employed as
decay of the ABTS solution at pH 7.4 Figure 1), the the oxidizing (free radical) agent in the ass&jgrre 3c). The
reliability of data from reactions with antioxidants is of concern 0xidation of gallic acid and quercetin also appeared to be
at this pH(Figure 2b). complete afte 1 h of reaction with DPPH, but quercetin
For standard antioxidants such as trolox or ascorbic acid, @PParently did not reach equilibrium afté h using FRAP.
ABTS™* at pH 7.4 provided reliable end point values after 10 O_)(ldatlon of gallic acid was complete in as little as 30 min
min (24). However, with standard phenolics, the results at 10 With FRAP.
min are estimates only and do not represent equilibrium end  Itis doubtful that differences in measured antioxidant capacity
point values based on oxidation. Also, with ABTSt pH 7.4, among the assays in our study could be attributed to the pH of
values for the antioxidant capacity of the standard phenolics the reaction mixture (pH 4.5 for the modified ABTS, pH 3.6
were 5-20% greater than the values determined at pH 4.5. This for FRAP), since the I§; values of the oxidizeable hydroxyl
effect of pH on the observed antioxidant capacity has been notedgroups on the standard compounds used are pH 7.0 or above
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(29). For the DDPH assay, pH is irrelevant due to the use of (data not shown). These reaction products become brown in
methanol as the solvent. color and produce a noticeable shift in the UV/vis spectrum
The oxidation kinetics of the standards varied greatly with that is consistent with autooxidation and condensation of plant
the assay used. In all three assays, quercetin had the highegehenols observed in processed foo@3)( The process of
antioxidant capacity and the reaction progress described acondensation can result in the generation of new antioxidants
quadratic curveRigure 3 a—c). Chlorogenic and caffeic acids ~and account for TE values that exceed the number of available
behaved in a manner similar to each other in all three assayshydroxyls on the phenolic monomers8j. The complex
but showed very different oxidation profiles depending upon OXidation kinetics of phenolics such as quercetin, caffeic acid,
the assay. In the aqueous medium of the FRAP and ABTS chlorogenic acid, and gallic acid therefore may result from their
assays, these two phenolic acids showed linear reactions ovegbility to polymerize after oxidation and with the ability of the
the 2 h period, never reaching equilibrium. However, with new polymer to contribute new antioxidant capacity.
DPPH, which uses a methanol matrix, the reaction yielded a  Fruit Extracts. Antioxidant capacity varied among the five
hyperbolic plot that approached an end point at 2 h. In contrast, fruit types and among antioxidant assaffg(re 4a—d). For
gallic acid reached an end point almost immediately in the instance, antioxidant values for all fruits studied were highest
DPPH assay but required more than 60 min to approach thewith FRAP, intermediate with DPPH, and lowest with modified
end point in the FRAP and ABTS assays. ABTS assay, regardless of reaction time. The initial values
Other researchers have equated the absolute antioxidanfreaction times less than 10 min) are comparable to those
capacity of several phenolics to the number of available reported in most studies that have used short time frames for
hydroxyls on a given molecul@g, 23, 30, 31). Depending on  these assays5( 16, 17). However, sample ranking was not
which of the assays was utilized, the particular phenolic affected by the antioxidant assay used. The black raspberry
compound measured, and especially the length of incubationsample had the highest antioxidant capacity in all assays
times used, our datdrigure 3) show that absolute antioxidant ~ followed by blackberry, red raspberry, strawberry, and red grape,
capacity cannot be predicted simply by determining the number respectively.
of oxidizeable hydroxyl groups present in a given compound  Similar to the reactions of phenolic standards, fruit extracts
(23). showed complex oxidation kinetics that required more than 2 h
Our results also provide interesting insights into the relative to reach equilibrium as compared to those of the assay standard,
effectiveness of specific phenolics as antixoidants. For thosetrolox. The reaction of some fruit extracts, most specifically,
compounds exhibiting complex oxidation kinetics, the relative black raspberry, did not reach a steady state withih using
antioxidant capacity determined with short assay times may any of the assay methods employed. However, increased stability
significantly underestimate the full antioxidant capacity of these of the modified ABTS assay at pH 4.5 allowed the most accurate
compounds. Gallic and caffeic acidsigure 3) provide good estimate of antioxidant capacity for all fruit samples, including
examples of these differences in response to the variousblack raspberry Kigure 4a). More remarkably, when fruit
protocols. In the DPPH solution, gallic acid reacts almost samples were assayed using the modified ABTS method for
immediately to yield three TEs. This level of oxidation is periods between 10 min to 6 h, antioxidant values for each of
consistent with previous reports that the antioxidant potential the fruit crops maintained their relative position to one another
of phenolics is dependent upon the number of hydroxyls (gallic (Table 1). For instance, when the antioxidant capacity value
acid has three) and the amount and types of conjugafién ( for strawberry was used as a reference point, the value received
30, 31), and the rapidity of reaction suggests that all of the for red raspberry would be 1.23.26 as large, etc. The stable
hydroxyls are open to attack by the DPPH radical in the ratio among fruit samples associated with the modified ABTS
methanol solution. In the FRAP assay, the reaction is hyperbolic method (pH 4.5) would allow for the accurate comparison of
and requires about 60 min for the reduction to slow with just the relative antioxidant value of a series of fruits samples over
more than three TE of Fe ultimately being reduced. However, a broad range of reaction times.
in the modified ABTS" assay, the reaction at 1 min shows that ~ The actual (absolute) antioxidant capacity of individual
there is a reduction of approximately three TEs, but at 1 h, itis compounds and mixtures may be determined only when
over five TEs and reaches more than six TEs at 2 h. reactions have reached near equilibrium (steady state) conditions.
In contrast, caffeic acid, which has only two phenolic Our results show that, due to the complex oxidation kinetics of
hydroxyl groups, reacted slowly in the modified ABTS and plant phenolics, reactions must proceed for more than 1
FRAP assays showing a linear increase over time, with both min as prescribed by previous studi€s 12, 21, 22). Reaction
measuring just less than 2 TEs affeh and about 2.5 after 2  times of 60 min may provide relative values for individual
h. The reaction with DPPH shows very different kinetics, with antioxidants that are representative of the average antioxidant
the reaction being hyperbolic starting at about 2 TEs at 10 min value, but even longer times may not produce antioxidant
and proceeding to almost 5 TEs after 2 h. With both gallic and capacity values that represent the absolute antioxidant capacity.
caffeic acid as well as with many of the other plant phenolic In our experiments, all reactions (except chlorogenic acid and
compounds, the long time periods needed for the reactions tocaffeic acid standards in ABTS and FRAP assays) became
approach equilibrium suggest that polymerization may occur asymptotic after 120 min, thus indicating that equilibrium had
during the oxidation process, which may regenerate oxidizable been achievedjgures 3and4). On the basis of measurements
phenolic hydroxyl groups. Autooxidation of plant phenols made at 120 minTable 2 presents the end point antioxidant
including anthocyanins can result in the formation of polymers capacity of the phenolic standards and fruit samples. Using these
(18, 19, 32—35). Oxidation of the phenols by the chemical near equilibrium values, quercetin and gallic acid exhibit the
oxidants used in the antioxidant assays may also result in thehighest antioxidant capacities of the phenolic standards tested
formation of polymers36). When chlorogenic acid reacts with  in the ABTS and FRAP assays, whereas quercetin, chlorogenic
ABTS't and the resulting mixture is purified by reverse phase acid, and caffeic acid had the highest antioxidant capacities in
and size permeation chromatography, there appears to be a shifthe DPPH assay. In the ABTS assay, the antioxidant capacity
in some of the products to higher apparent molecular weights of quercetin and gallic acid was approximately three times higher
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Figure 4. Antioxidant capacity expressed as TEs (umol) of five fruits measured with ABTS (at pH 4.5) (A and B), FRAP (C), and DPPH (D) assays.
Black raspberry, OJ; blackberry, B; red raspberry, A; strawberry, O; purple grape, x; and Trolox, @.

Table 1. Relative Ratios of Antioxidant Capacity Measured as TEs of Table 2. Near Equilibrium (Steady State) Antioxidant Capacity
Five Fruits Measured with ABTS, DPPH, and FRAP Assays at a Expressed as TEs (umol) of Six Antioxidant Standards and Five Fruits
Given Time Measured by ABTS (at pH 4.5), FRAP, and DPPH Assays after a 120
min Reaction Time?
time black red purple
method  (min)  strawberry  raspberry  raspberry  blackberry  grape assay method
ABTS 1 1.00 4.19 1.46 1.82 0.79 ABTS FRAP DPPH
(PH4.5) 10 100 3.86 128 167 076 antioxidant standards
60 100 380 126 167018 quercetin 63403 5400 4701
120 1.00 381 1.26 167 0.79 gallic acid 63+04 34+01 28+0.0
180 1.00 3.82 1.25 167 0.80 chlorogenic acid 23+0.1 27400 47+01
SGORS 100 382 125 167 080 caffeic acid 23+0.1 2600 4900
1440 100 3.7l 124 164 080 ascorbic acid 10+0.1 1200 0.9£0.0
ABTS 1 1.00 4.93 1.32 213 0.84 trolox 10400 10400 10400
(pH 7.4) 10 1.00 4.38 1.29 2.06 0.82 fruit extracts
60 1.00 3.85 135 2.00 0.84 black raspberry 438+19 931425 754+15
120 1.00 370 137 2.02 0.88 red raspberry 145+0.2 347+0.1 253+04
180 1.00 3.69 1.40 2.05 0.92 blackberry 19.2+0.6 46.0 £2.6 35.0+£31
360 100 3.80 151 2.24 1.04 purple grape 9.1+0.2 266£09 142£04
1440 1.00 367 1.54 241 1.09 strawberry 115+0.4 24907 159+0.1
DPPH 10 1.00 6.82 1.93 3.28 0.79
30 1.00 5.95 171 2.77 0.79 .
60 1.00 5.48 165 252 082 Means are presented + standard error.
120 1.00 474 1.59 2.20 0.89
FRAP ég 188 j-gg 153 gfg igg 3), which is not surprising since ascorbic acid is a simple
60 1.00 414 136 109 104 antioxidant with only one oxidizable hydroxyl group. Thus, for
120 1.00 3.73 1.39 1.84 1.07 compounds with multiple oxidizable hydroxyl groups or with

complex mixtures of antioxidants (i.e., fruit extracts), long
reaction times are necessary to determine total antioxidant
than chlorogenic acid or caffeic acid and six times higher than capacity. Furthermore, regardless of assay, the coefficient of
ascorbic acid or trolox. These differences in antioxidant capacity variation decreased for individual compounds and fruit samples
among the standards were not as great in the FRAP and DPPHas the reaction time increased and equilibrium conditions were
assays. For the fruit tested, black raspberry had the highestachieved (data not shown), indicating that more reproducible
antioxidant capacity, regardless of assay method, and wasestimates of antioxidant capacity are possible with longer
approximately two times higher than blackberrjable 2). reaction times than with short reaction times, which are
Purple grape and strawberry antioxidant capacity was orty 20 commonly used by other researchebs12, 21, 22).

25% of that observed in black raspberry, regardless of assay Data inFigure 4 andTable 2 also demonstrate the variation
method. Cano et al.2b) described an end point method to in total antioxidant capacities of fruit when measured using the
estimate total antioxidant capacity of ascorbic acid and citrus three assays. The modified ABTS method yields antioxidant
juices using the ABTS assay. In our experiments, ascorbic acidvalues that are consistently lower than those determined by
reached equilibrium in approximately 1 min in all assdig\re FRAP and DPPH. These differences are especially noticeable
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when comparisons are made between the measured antioxidantowever, for samples having a physiological pH near 7 (e.g.,
capacities of dark-colored fruits (black raspberries and black blood plasma), neither the modified ABTS assay nor the FRAP
berries) vs the lighter, red-colored fruits or Concord grape. The assay described here would be suitable to determine absolute
most probable explanation for these differences is that the antioxidant capacity, although one could use values determined
anthocyanins in the dark-colored fruits, which make up a at pH 4.5 to estimate capacity near pH 7. The DPPH assay is
substantial portion of antioxidant capacity, do not react as readily more suited for samples with lipophilic antioxidants or those
with the ABTS™* moiety as they do with those in the FRAP having a high lipid content.

and DPPH assays. The modified ABTS method provides for a sensitive, long-

Because fruit extracts contain a number of different phenolic term measurement of antioxidant capacity of fruit samples.
compounds, true determination or comparison of antioxidant Ratios of the antioxidant capacity of fruit samples were the same
capacity of these samples is complicated by not only the at 10 min as they were afte 6 h ofreaction time Table 1),
averages of the different compounds but also by the capacity Providing a reproducible assessment of the relative antioxidant
for polymerization. The three assays give very different values potentials. Longer incubation period&igure 4) allow the
for the fruit in absolute terms but show the same relative ranking. reactions to approach near steady state values if the ratio of
The continual progress of the reactions (as shown by the linesindicator (i.e., ABTS", Fe, DPPH) is kept relatively high (50:
in Figure 4) for all three assays suggests that for all practical 1), and we recommend reaction times of at least 1 h.
purposes these assays can only provide relative antioxidant The differences in the kinetics and the TE measurements of
capacities (TE) for these complex mixtures of phenolics and the phenolic compounds illustrate two important facts when
other antioxidants with reaction times of less than 120 min. The trying to determine the antioxidant capacity of natural plant
continuous reaction with FRAP and DPPH suggests that theseproducts. First, each of the methods provides only an estimate
assays underestimate the absolute antioxidant capacity of theof the capacity that is dependent upon time of reaction, method
berries, but data taken after long reaction times (2 h) provide a used, and the complexity of the reaction kinetics. Second, the
better estimate of the absolute antioxidant capacity than shortpotential for interaction/polymerization of phenolic compounds
reaction times. We have also determined antioxidant capacity may cause antioxidant capacity to be underestimated in fruit
of acetone-extracted fruit samples (data not shown). Thesesamples and with individual compounds. Therefore, no single
samples exhibited higher values as compared to raw fruit juice antioxidant assay method can provide a complete picture of the
samples. However, the trends in antioxidant capacity betweenantioxidant capacity of compounds that show complex kinetics,

the fruits using the different extraction methods were the same, i-€., most complex natural products. Using at least two different
regardless of extraction method. antioxidant methods to compare fruits samples provides the

opportunity to identify variations in response that may otherwise
¢ be missed. The modified ABTS assay offers a stable method
4nd is a good choice for combination with the FRAP or DPPH
methods. DPPH can provide an advantage if the antioxidants
being tested are more soluble in organic solvents. Therefore,
these three protocols provide a good selection of methods to
use for antioxidant measurements, which can meet the needs
of most research into fruits and fruit juices.

Conclusions.Measuring and reporting antioxidant capacity
for fruits and other natural products requires selection o
appropriate assays depending upon the hypothesis and types
potential antioxidants being teste®%. Variability in the
hydrophilicity of the reaction mixtures and the products being
tested greatly influence the data derived from the various
protocols (0, 30). Selectivity and stability of the various
antioxidant methods currently in use have posed a serious
obstacle to measuring the absolute potential of many of the plant
phenolic compounds. Earlier workers have postulated an as-ABBREVIATIONS USED

sociation between the antioxidant capacity and the number of = T1ojox, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic

available hydroxyl groups on a given molecul, (23, 30, 31). acid; TPTZ, 2,4,6-tris-2,4,6-tripyridyl-2-triazine; ABTS, 2,2-
However, this postulate is not supported by our data when 5zino-bis-3-ethylbenzothiazoline-6-sulfonic acid; ABTABTS
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