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This paper reports a simple, rapid, and sensitive assay for assessing peroxyl radical scavenging
capacity (PSC) of both hydrophilic and lipophilic antioxidant compounds and food extracts. The assay
is based on the degree of inhibition of dichlorofluorescin oxidation by antioxidants that scavenge
peroxyl radicals, generated from thermal degradation of 2,2'-azobis(amidinopropane). For hydrophilic
antioxidant activity, the dose required to cause a 50% inhibition of the reaction (ECsp) ranged from
2.41 4+ 0.02 (EGCG) to 21.26 + 0.38 uM (ferulic acid). ECsq values for the hydrophilic antioxidant
activity of food extracts ranged from 309.2 + 3.63 (apple) to 3345.1 4+ 151.5 umol of vitamin C equiv/
100 g for wheat bran. The ECs, values for lipophilic antioxidant activity were 1.58 + 0.11 (Trolox),
4.35 + 0.43 (a-tocopherol), 18.94 + 0.38 (BHA), and 182.69 + 13.7 uM (BHT). Whole grain lipophilic
antioxidant activity ranged from 3.49 + 0.57 (wheat) to 8.79 + 1.98 umol of a-tocopherol equiv/100
g of rice. Hydrophilic antioxidant activity contributed >98% of the total antioxidant activity (hydrophilic
plus lipophilic) of whole grains tested. The PSC assay was accurate (86—108% recovery), precise
(0.12—-11% CV), and reproducible (12% RSD) and produced results comparable to those of similar
published assays. The PSC assay can be routinely used to analyze or screen both hydrophilic and
lipophilic antioxidants or food extracts and will be a valuable alternative biomarker for future
epidemiological studies of chronic diseases.
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INTRODUCTION methods applied to all kinds of plant-based foogts 14). Most

of the data presented in the literature have been on antioxidant
ctivities of water-soluble food extracts. Of additional interest,
owever, is the antioxidant activity of lipid-soluble components

The destructive effects of free radicals have been linked to
the etiology of many chronic diseases and aging. This is becaus

reactive free radicals can attack important biomolecules such . . h : .
as proteins, DNA, and lipids and lead to chronic disease of foods, which are becoming very important in combating

initiation and progressionL-4). The human body has several specifiq types of r_adicals and diseases. Lipophilic antioxidants
mechanisms to combat reactive free radicals to maintain aP'@y unique roles in the bodyt§—19). Therefore, measurement
balance between oxidants and antioxidants. Under certain©f their contributions to the total antioxidant activity of foods
conditions, the body’s antioxidant defense mechanism may be can assist in elucidating the roI_e these comp_ounds play in d_ise_ase
overwhelmed. The resulting imbalance in favor of free radials Prévention and heaith promotion. Information on total antioxi-
leads to oxidative stress. Therefore, the body needs sufficientdant capacity (both lipophilic and hydrophilic) would therefore
external sources of antioxidants to keep this balance and to9ive & more complete spectrum of protection provided by foods
prevent oxidative stress and the accompanying chronic diseasegnd their contribution toward disease prevention. Most current
(5). The reduced risk of chronic diseases associated with dietaryantioxidant capacity assays are performed in aqueous solutions
antioxidant intakes have been reported 7, and are not suitable for lipophilic antioxidant capacity measure-
Techniques that measure total antioxidant activities of foods Ments.
can be valuable in studying the relationship between dietary Recent developments to measure antioxidant capacities of
factors and chronic disease prevention, as well as providing vital lipophilic compounds are mere modifications of methods for
information for selecting good dietary sources of antioxidants. hydrophilic compounds with major emphasis on increasing the
This has led to the development of diverse new or improved solubility of lipophilic compounds in the aqueous environments
used (8—12). Cyclodextrin has exhibited great potential for
* Address correspondence to this author at the Department of Food iNcorporating lipophilic compounds into agueous environments

Science, Stocking Hall, Cornell University, Ithaca, NY 14853-7201 (20, 21) and was used in lipophilic antioxidant activity assays.
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compound to be solubilized, and the medium (21). Randomly
methylateds-cyclodextrin was used to increase the solubility
of lipophilic antioxidants in aqueous solution in the modified
ORACk. (12).

Another major improvement in measuring antioxidant capac-

ity has been the introduction of fluorescein dyes as fluorescent

probes for monitoring the reactiodZ—14). Incorporation of
fluorescent probes and cyclodextrin into antioxidant capacity

assays have extended the application and usefulness of dat
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Figure 1. Proposed reaction mechanism of peroxyl radical scavenging

gapacity assay.

generated from such experiments. For example, the methods; ) at 75°C for 5 min, and the extracts were pooled. The solid

of Ou et al. (3) and Huang et al.1@) were recently adopted
by Wu et al. 22) to measure the hydrophilic and lipophilic
antioxidant capacities of over 100 common foods in the U.S.
market.

The overall objective of this study was to develop a rapid

and sensitive peroxyl radical scavenging capacity (PSC) assay"’

for accurately assessing both hydrophilic and lipophilic anti-
oxidants. Our specific objectives were (1) to develop a hydro-

residue was kept for further analysis. The pooled extracts were diluted
with 2 mL of water and extracted twice with 5 mL of hexane. Free
hydrophilic phytochemicals were then extracted from the acidified
aqueous phase using ethyl acetate. The ethyl acetate fraction was
evaporated to dryness under nitrogen gas at@band the extracts

ere redissolved in 12.5% acetone in water for hydrophilic antioxidant
capacity analysis (free hydrophilic). The remaining whole grain solid
residue was digested with 3 mL of 2 M NaOH, and the acidified digest
was extracted with ethyl acetate. Similarly, ethyl acetate fractions were

philic peroxyl radical scavenging capacity (hydro-PSC) assay pooled and evaporated, and the extracts were redissolved in 12.5%

incorporating dichlorofluorescin diacetate (DCFH-DA) as a
fluorescent probe to monitor the reaction; (2) to further modify

acetone in water for bound hydrophilic antioxidant capacity analyses.
Lipophilic phytochemicals in whole grain flour (5 g) were extracted

the hydro-PSC assay as a lipophilic peroxyl radical scavenging by sonication using 3 15 mL of hexane/dichloromethane (1:1, v/v)

capacity (lipo-PSC) assay, using randomly methylatedy-
clodextrin (RMCD) to increase the solubility of lipophilic

for 5 min at room temperature. The organic solvent was evaporated
under nitrogen gas stream at 35, and residues were redissolved in

compounds and extracts in aqueous solution; and (3) to test the300uL of acetone and further diluted with 2.7 mL of 12% RMCD for

accuracy, precision, and reproducibility of the two assays as

the methods for assessing both hydrophilic and lipophilic
antioxidants or food extracts.

MATERIALS AND METHODS

Chemicals. Ascorbic acid, catechin, butylated hydroxytoluene
(BHT), DCFH-DA, epigallocatechin (EGCG), chlorogenic acid, caffeic
acid, quercetin, Trolox, and ferulic acid were purchased from Sigma-
Aldrich (St. Louis, MO). RMCD was from Cyclodextrin Technologies
(High Springs, FL). Gallic acid and-tocopherol were purchased from
ICN Biomedicals, Inc. (Aurora, OH). 2,2'-Azobis(amidinopropane)
(ABAP) was purchased from Wako Chemicals (Richmond, VA).

Sample Description and Preparation.Pure compounds for hydro-
philic antioxidant activity analyses were dissolved in 12.5% acetone/
water mixtures, whereas pure compounds for lipophilic antioxidant
activity analyses were dissolved in acetone. All stock solutions were
further appropriately diluted with 75 mM phosphate buffer (pH 7.4)
for hydrophilic antioxidant activity analyses or 12% RMCD, prepared
in 50% acetone in water, for lipophilic antioxidant activity analyses

lipophilic antioxidant capacity analyses. Wine samples were centrifuged
at 13000gand appropriately diluted with buffer for analysis.
Hydrophilic Peroxyl Radical Scavenging Capacity Assay.The
underlying reaction mechanism for this assay is showRigure 1.
Thermal degradation of ABAP produces peroxyl radicals (RQZ5,
27), which oxidize nonfluorescent dichlorofluorescein (DCFH) to
fluorescent dichlorofluorescein (DCF). The degree of inhibition of
DCFH oxidation, by antioxidants that scavenge peroxyl radicals, was
used as the basis for calculating antioxidant activity. Just prior to use
in the reaction, 8Q:L of 2.48 mM DCFH-DA was hydrolyzed with
900uL of 1.0 mM KOH for 3—5 min in a vial to remove the diacetate
(DA) moiety and then diluted to 6 mL total volume with 75 mM
phosphate buffer (pH 7.4). DCFH-DA was stable to oxidation, whereas
DCFH was very slowly oxidized at ambient conditions without ABAP.
ABAP (200 mM) was prepared fresh in buffer, and each batch was
kept at 4°C between runs and discarded after 6 h. In a run,/00f
pure compounds or food extracts appropriately diluted in 75 mM
phosphate buffer (pH 7.4) was transferred into reaction cells on a
96-well plate, and 10@L of DCFH was added. The 96-well plate was
loaded into the plate holder for the Fluoroskan Ascent fluorescent
spectrophotometer (Thermo Labsystems, Franklin, MA), and the

(12). Fresh apple, grape, and cranberry fruits were obtained from the solution in each cell was mixed by shaking at 1200 rpm for 20 s. The

local market. Wheat was obtained from the Cornell Small Grains
Program in the Department of Plant Breeding at Cornell University
(Ithaca, NY). Corn, oats, and rice were obtained from General Mills
(Golden Valley, MN). All grain samples were milled into whole grain

reaction was then initiated by adding %0. of ABAP from the
autodispenser on the equipment. The autodispenser was emptied and
rinsed with fresh ABAP before each run. Each set of dilutions for a
replicate and control was analyzed three times in adjacent columns.

flour using 60-mesh size screen and thoroughly mixed. Also, the wheat The reaction was carried out at 3Z, and fluorescence was monitored

sample was milled into two fractions: endosperm and bran/germ flour
fractions by the U.S. Department of Agriculture Soft Wheat Quality
Laboratory in Wooster, OH. Each grain sample was stored2t°C
until used. White wine and red wine samples were provided by New
York State Wine and Grape Foundation (Penn Yan, NY). Plasma
samples were obtained in our laboratory from rats fed with and without
cranberry extracts.

Extraction of Phytochemicals.Phenolic compounds of fruits were
extracted using a previously reported metha@)( Briefly, 200 g of

at 485 nm excitation and 538 nm emission with the fluorescent
spectrophotometer. The buffer was used for control reactions. Reaction
conditions were all optimized from preliminary studies for the control
reaction to be completed (to reach maximum fluorescence) in 40 min.
Data were acquired with Ascent software, version 2.6 (Thermo
Labsystems, Franklin, MA) running on a PC. Fluorescence values were
averaged across columns for each set of dilutions. The areas under the
average fluorescence—reaction time kinetic curve (AUC) for both
control and samples (up to 36 min) were integrated and used as the

fresh fruit was extracted with 80% acetone in water. The solvent was basis for calculating antioxidant activity according to eq 1

evaporated at 45C, and the extracts were dissolved in water. Water-
soluble phytochemicals from wheat bran were obtained by alkaline
digestion with 2 M NaOH followed by extraction of the acidified digest
with ethyl acetated4, 25). Hydrophilic phytochemicals of whole grain
flours of corn, oats, wheat, and rice were extracted using modified
versions of methods previously describ@d ,(25). Whole grain flour
(0.7 g) was extracted with & 2 mL of methanol/tetrahydrofuran (1:

PSC unit= 1 — (SA/CA) 1)
where SA is AUC for sample or standard dilution and CA is AUC for
the control reaction using only buffer. Compounds inhibiting the
oxidation of DCFH produced smaller SA and higher PSC units. The
median effective concentration (efLwas defined as the dose required
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to cause a 50% inhibition (PSC umit 0.5) for each pure compound 3000 —
or sample extract and was used as the basis for comparing different e Control Ascorbic acid a

compounds or samples. More powerful antioxidants would have lower
EGCso values. Results obtained for sample extract antioxidant activities
were expressed as micromoles of vitamin C equivalents per 100 g or
100 mL of samplet standard deviation (SD) for triplicate analyses.
Lipophilic Peroxyl Radical Scavenging Capacity AssayA modi-

fied version of the method described above was adopted for measuring
the antioxidant activity of lipophilic compounds. The focus here was
to increase the solubility of nonpolar compounds to enable their reaction
in an otherwise aqueous environment. Solubility of lipophilic com-
pounds was ensured by dissolving them in 12% RMCD prepared in
50% acetone in water (12). The fluorescent dye was prepared by

uorescence
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hydrolyzing 11uL of 2.48 mM DCFH-DA with 1.0 mL of 1.0 mM Gallic acid b
KOH and then diluted to a total volume of 8 mL with 75 mM phosphate 2500 { | —®— Control

buffer (pH 7.4). The reaction mix of the lipo-PSC assay contained 100 —O— 0.38ug/mL

uL of appropriate dilutions of pure compounds or extracts in 12% 5400 4 I ﬂfﬁgf:t

RMCD, 100uL of DCFH, and 50uL of 200 mM ABAP. Control § —=— 2.65.g/mL

reactions used 12% RMCD. The reaction conditions, data acquisition, § 5, | | ~= &7t

and processing were as described above for the hydro-PSC assay. Th%

control reaction of the lipo-PSC assay was completed (to reach 2 1000 4

maximum fluorescence) in 45 min; therefore, AUC was calculated up

to 40 min as described previousl®7). Results obtained for lipophilic 500

antioxidant activity for sample extracts were expressed as micromoles

of a-tocopherol equivalent per 100 g of sampteSD for triplicate Ny

analyses. Catechin c

Method Validation. Hydro-PSC Assay—Interactions with DCFH,
Accuracy, Precision, and Reproducibilityo investigate the possible
interactions of samples with DCFH, sample concentrations that
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generated PSC units0.5 were analyzed and the reaction was carried
—— 13.07 ug/imL

out until control and sample reactions were completed and their
maximum fluorescence values compared. Quality control standards of
gallic acid (54ug/mL) were prepared in 12.5% acetone in water, and
4 mL aliquots were stored at40 °C. These were analyzed over time

to test the accuracy, precision, and reproducibility of the hydro-PSC

1500 4
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assay. 500 1
Lipo-PSC Assay—Interactions with DCFH and RMCD, Accuracy,
Precision, and ReproducibilityPossible interaction of pure lipophilic 0

standards and sample extracts with DCFH was investigated by analyzing o 10 2 %

concentrations that generated PSC uniis5. Analysis with and without

RMCD were also done to test interactions between DCFH and RMCD. o 5 - Time kinetics and dose-response of hydrophilic antioxidant
Similarly, all reactions were carried out to completion and their

maximum fluorescence values compared. Quality control standards of actiyities of ascorbic acid, gallic acid, and catechin. Reaction was at 37
a-tocopherol (3 mg/mL) were prepared in acetone, and 0.5 mL aliquots C i the presence of 25 mM phosphate buffer, pH 7.4.
of this solution were stored at40 °C. These were analyzed over time
to test the accuracy, precision, and reproducibility of the lipo-PSC assay. maximum fluorescence values when reactions were completed.
Statistical Analysis.Data from this study were reported as mean The precision and accuracy results of the hydro-PSC assay are
SD for at least three replicates for each antioxidant or sample extract. presented inTable 2. The accuracy of measurement was
Results were subjected to ANOVA and differences among means determined for low to high concentrations of gallic acid. The
determined using Fisher’s pairwise comparison tests run on Minitab percent recovery (accuracy) ranged from 86 to 107% within
release 12 software (State College, PA). batches and from 96 to 101% among all batches. The precision
of the hydro-PSC assay was expressed as the coefficient of
RESULTS variation (% CV) and was 0.12—8.7% within and 1.2—9.7%
Hydro-PSC Assay. The kinetics of DCFH oxidation by  between batches. To test assay ruggedness, gallic acid quality
peroxyl radicals monitored as fluorescence generation is showncontrol standards were assayed over time with at least 2 days
in Figure 2 for ascorbic acid, gallic acid, and catechin. The between analyses. The results show the assay is consistent in
results indicate that peroxyl radicals (RQ@enerated from producing reproducible results over time, and the overall rela-
thermal degradation of ABAP oxidize DCFH into fluorescent tive standard deviation (% RSD) between analyses was 1hl1% (
products over time (control reaction) and that antioxidants, such = 24).
as ascorbic acid, gallic acid, and catechin, could scavenge Pure Compounds and Sample Analy$&ssults from analyz-
peroxyl radicals and inhibit the oxidation reaction in a dose- ing several pure antioxidants and sample extracts are sum-
dependent manner. The desesponse curve and median effect marized inTables 1and 3. They show concentration ranges
plot are shown irFigure 3 for gallic acid. The concentration  for inhibiting DCFH oxidationR2 of dose-response and median
range within which various antioxidants inhibit DCFH oxidation effect plots, and E§ values. The concentration of pure
and the concentration of each antioxidant required to cause aantioxidants required to cause 50% inhibition of DCFH oxida-
50% inhibition of the reaction (Efg or PSC unit= 0.5) are tion under our experimental condition ranges from 244 for
presented iMTable 1. EGCG to 21.26uM for ferulic acid. The results expressed in
Interactions with DCFH, Accuracy, Precision, and Reproduc- reference to the antioxidant power of ascorbic acid correspond-
ibility. Both control and sample reactions achieved similar ingly ranged from 3.8%mol of Vit C equivjzmol for EGCG

Reaction time (min})
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Figure 3. Dose response (a) and median effect (b) plots of gallic acid
inhibition of DCFH oxidation by ABAP.

Table 1. Hydrophilic Antioxidant Activity of Pure Compounds

hydro-PSC
concn value? (umol
range dose ECso (uM) of VitC

compound (ug/mL) curve R2  (mean+SD)  equiviumol)
EGCG 0.27-5.32 0.9978 2.41+0.02 3.89
chlorogenic acid ~ 0.20-4.0 0.9990 333+0.21 281
caffeic acid 0.21-4.17 0.9968 341+0.14 2.75
quercetin 0.39-8.90 0.9995 3.42+0.30 2.74
gallic acid 0.38-6.17 0.9986 4.64 £0.02 2.02
ascorbic acid 0.823-6.39 0.9985 9.36 + 0.65 1.00
Trolox 0.40-11.43 0.9984 10.98 £ 0.87 0.85
catechin 0.78-13.33 0.996 12.23+0.19 0.77
ferulic acid 0.78-17.78 0.9968 21.26 £0.38 0.44

aPSC value is the ECsq expressed as micromoles of ascorbic acid equivalents
per micromole of antioxidant.

to 0.44umol of Vit C equiviumol for ferulic acid. The developed
method was then applied to measuring the hydrophilic antioxi-
dant activity of fruit, whole grain, wine, and plasma samples.
The results show significant differencegs< 0.05) in antioxidant
activities of fruit extracts with the following order: grape
cranberry> apple Table 3). There were significant differences
in antioxidant activity between the different types of whole
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Table 2. Accuracy and Precision of Hydro-PSC Assay

av gallic acid concn

0.75 ug/mL 2.40 ug/mL 5.78 ug/mL

recovery run 1

% recovery 107.98 100.70 101.63

% CV 8.70 0.12 0.13

N 3 3 3
recovery run 2

% recovery 91.68 98.95 99.58

% CV 2.86 135 1.56

N 3 3 3
recovery run 3

% recovery 86.31 100.40 99.64

% CV 7.18 041 1.65

N 3 3 3
recovery run 4

% recovery 98.44 103.13 98.87

%CV 5.05 0.84 127

N 3 3 3
pooled runs

% recovery 96.10 100.79 99.93

% CV 9.72 1.72 119

N 12 12 12

compounds had to be solubilized in an otherwise aqueous
environment. Increased solubility was achieved using RMCD
and also by dissolving the pure compounds and sample ex-
tracts in acetone. More-tocopherol was dissolved at higher
RMCD concentrations with an accompanying increase in
antioxidant power (lower E& value). Increasing RMCD
concentrations significantly decreased< 0.05)a-tocopherol’s
ECso from 547 ug/mL at 3% RMCD to 12.96ug/mL at
11-15% RMCD.a-Tocopherol was completely solubilized at
11% RMCD, and its antioxidant activity was not significantly
different from that using 15% RMCDp(> 0.05). On the basis

of these results, 12% RMCD was selected for all subse-
guent analyses and also to accommodate dilutions and future
solubility problems with new compounds or sample extracts.
For equilibration studiesa-tocopherol (22.4ug/mL) was
equilibrated in 12% RMCD and analyzed at 15 min time
intervals. Longer equilibration times resulted in lower PSC units,
although mean values at 0 and 60 min were not significantly
different (p> 0.05).

Interactions with DCFH, Accuracy, Precision, and Reproduc-
ibility. No sample or standard interference with DCFH was
observed as both control and sample/standard reactions achieved
similar maximum fluorescence when reactions were completed.
The accuracy of measurement was determined for low to high
concentration ranges using-tocopherol as quality control
standardTable 4). The percent recovery (accuracy) ranged from
91 to 100% within batches and from 92 to 99% among all
batches. The precision of the lipo-PSC assay expressed as %
CV and was 0.3111% within and 0.44% between batches.
Reproducibility results for the lipo-PSC assay were obtained
usingo-tocopherol as quality control standard assayed over time
with at least 2 days between analyses. The assay produced
reproducible results over time with an overall % RSD between
analyses of 12% (& 17).

grains; corn, wheat, oats, and rice. The red wine sample had Pure Compounds and Sample Analysksble 5 shows for

significantly higher (p< 0.05) antioxidant activities than the

various lipophilic antioxidants the concentration range for

white wine sample. Plasma from rats on a cranberry diet had inhibiting DCFH oxidation, thé¥? of dose-response and median

higher (p < 0.05) antioxidant capacity than plasma from rats
on a normal dietTable 3).

Lipo-PSC Assay. Optimizing RMCD Concentration and
Equilibration Time.To be effective in the reaction, lipophilic

effect plots, and E§ values. The antioxidant activity of
o-tocopherol was 4 and 42 times highpr< 0.01) than that of
BHA and BHT, respectively. Trolox was a more powerful
antioxidant (p< 0.05) thana-tocopherol.
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Table 3. Antioxidant Activity of Samples

Hydrophilic Antioxidant Activity

Adom and Liu

concn range dose ECso (mg/mL) hydro-PSC value?
sample (mg/mL) curve R? (mean + SD) («mol of Vit C equiv/100 g)
apple 1.02-14.91 0.9995 3.03+0.04 309.2 +3.63
cranberry 0.38-5.58 0.9975 0.92+0.10 1019.9 +104.4
grape 0.12-1.81 0.9991 0.45+0.03 2108.9 +148.8
wheat bran 0.23-4.10 0.9972 0.28 £0.01 3345.1+ 1515
whole corn, free 32.9-168.0 0.9981 49.92 £0.33 18.74 £ 0.13
bound 0.55-5.60 0.9979 1.43+0.08 655.8 + 36.11
whole wheat, free 32.94-168.0 0.9969 90.44 £0.69 10.35+£0.08
bound 1.71-10.77 0.9989 325+0.22 288.6 +£19.75
whole oats, free 32.94-168.0 0.9949 54.48 +5.44 17.26 £ 1.72
bound 2.55-11.20 0.9983 3.50+0.08 267.654 £ 6.38
whole rice, free 32.94-168.0 0.9864 113.06 + 15.24 8.35+1.13
bound 1.33-14.0 0.9996 4.29 +0.46 219.70 £22.41
concn range dose ECso (uL/mL) hydro-PSC value?
sample (uL/mL) curve R? (mean + SD) («mol of Vit C equiv/100 mL)
red wine 0.40-9.23 0.9968 1.24+0.07 7575 +41.02
white wine 2.82-54.42 0.9943 8.13+0.05 1152 +0.70
plasma (normal diet) 2.06-27.27 0.9986 10.30+£0.32 90.87 £2.74
plasma (cranberry diet) 2.06-27.27 0.9959 8.73+0.22 107.2+£2.70
Lipophilic Antioxidant Activity
concn range dose ECso (mg/mL) lipo-PSC value?
sample (mg/mL) curve R? (mean + SD) (umol of Vit E equiv/100 g)
whole corn 124.9-1967.6 0.9990 96.09 + 15.03 4.60 £0.69
whole wheat 124.9-1967.6 0.9998 126.9 £ 20.81 349057
whole oats 88.18-1388.9 0.9985 82.78 £9.09 5.30 +0.59
whole rice 88.18-1388.9 0.9989 51.45+13.23 8.79+1.98

2PSC value is the ECsy expressed as micromoles of ascorbic acid equivalents per 100 g or 100 mL of sample. © PSC value is the ECso expressed as micromoles of
o-tocopherol equivalents per 100 g of flour.

Table 4. Accuracy and Precision of Lipo-PSC Assay Table 5. Lipophilic Antioxidant Activity of Pure Compounds

av o-tocopherol concn lipo-PSC value?

1.88 ug/mL 4.45 ug/ml 9.49 ug/mlL concn range dose ECso («M) (umql of VitE
. compound (ug/mL) curve R2  (mean % SD) equiv/umol)
recovery run
% r?(lzovery 100.36 91.24 99.03 Trolox 0.121-1.742 0.9974 1.58+0.11 2.754
% CV 3.35 3.26 1.15 o-tocopherol 1.01-9.51 0.9983 435+043 1.000
N 3 3 3 BHA 1.87-16.53  0.9964 18.94+0.38 0.230
fecovery run 2 BHT 75-1140 09905  182.69+13.76 0.024
% recovery 90.96 94.15 98.47
% CV 10.88 0.62 2.69 2pSC value is the ECsp values expressed as micromoles of a-tocopherol
N 3 3 3 equivalents per micromole of antioxidant.
recovery run 3
% recovery 95.89 91.04 99.33 ECso Calculations. There are several methods available for
% CV 0.56 175 0.31 . o L .
N 3 3 3 calculating antioxidant activities. Most are based on the relation-
recovery run 4 ship between the doses of antioxidants and the effects (AUC,
% recovery 94.45 92.46 98.60 lag times, amount of substance produced or consumed, etc.)
%Cv 721 5.95 048 they produce under the given sets of experimental conditions.
pooll\vle d runs 8 8 3 These relations often follow typical doseesponse relationships.
% recovery 0541 9292 08.86 Therefore, these effects should be quantified by taking into
% CV 4.08 155 0.40 consideration the overall effects of antioxidants over a wide
N 12 12 12 concentration range, characterized by the éa@ssponse curves
or median effect plots that are unique to each antioxidant under
the given experimental conditions. In the literature, however,
DISCUSSION

results have often been obtained using only the linear sections
Free radicals are involved in the etiology of many chronic of the dose—response curve, probably on the basis of assump-
diseases. Dietary antioxidants are very important in combating tions of the need for linearity in analytical measurements. There
the destructive actions of these free radicals in the b@8y. ( is a possibility to overestimate or underestimate antioxidant
Hence, it is necessary to assess dietary intakes of antioxidantscapacities because deseffect relationships may appear to be
Several methods are available for assessing the antioxidantinear with close data points.
capacity of foods. More recent methods were modifications of  In this assay, we adopt the method proposed by Winston et
older methods to make them more reliable, stable, faster, andal. (27) and later modified by Eberhardt et &9] as presented
simpler to run. In this study, we developed a rapid PSC assayin eq 1. Basically, the PSC unit represents the extent of inhibition
for assessing both hydrophilic and lipophilic antioxidants. of the control reaction by antioxidants. A plot of PSC unit
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against antioxidant concentration gives a typical dassponse than catechinTable 1). However, our results were in agreement
curve that depicts the true and characteristic inhibition profile with studies showing ascorbic acid (ORAC= 0.95) was as
of the antioxidant under the given experimental condition powerful as Trolox 13). Gallic acid was approximately 2 times
(Figure 3a). EGsp values extrapolated from such a curve become more potent than ascorbic acid & 0.01) and 3 times more
unique and characteristic values for the particular antioxidant. potent than catechimp(< 0.01). We attribute the discrepancies
EGs is the concentration of antioxidant that causes a 50% to different experimental conditions and methods used for
inhibition of the control reaction and therefore produce a PSC calculating antioxidant activity from the dat&igure 2 also
unit of 0.5 according to eq 1. Because thesgE@ay not shows the rate of reaction of antioxidants with free peroxyl
necessarily occur in the linear range of PSC unit versus radicals, allowing the antioxidants to be classified as fast acting
antioxidant concentration curve, we decided to use antioxidant or slow acting 26, 27). These results suggest that ascorbic acid
concentration ranges that include thesg@nd fit the points to is a fast-acting antioxidant that rapidly reacts with peroxyl
the curves depicted iRigure 3. This fit represents the typical  radicals until the ascorbic acid present is exhausted. The kinetic
dose—response curve and shows the true nature of inhibitioncurves show well-defined lag times or induction periods, which
or antioxidant effect over all concentration ranges, in this case, increase with increasing concentrations of ascorbic acid. In
for gallic acid. Therefore, it may not be necessary to find the contrast, catechin reacts more slowly with peroxyl radicals and
linear range of antioxidant concentration for the analysis. For thus offers a more constant protection during the reaction. The
accuracy and reproducibility, the concentration range that kinetic curves of catechin do not show a well-defined lag phase
includes the Egp can be used for analyses using this approach. or induction period. The kinetic curves for gallic acid show an
Hydro-PSC assay.Method Deelopment and Validation. intermediate reaction rate pattern between rates for ascorbic acid
Results from tests of the ruggedness of the hydro-PSC assayand catechinKigure 2). The rate at which antioxidants compete
(11% RSD) show the assay can produce fairly consistent resultsfor or react with free radicals, fast or slow, may partly contribute
over time comparable to previous dal8(14, 30). This assay o their effectiveness in protecting the body during acute or
therefore meets the necessary criteria for antioxidant measure-chronic free radical influxes (27).
ments. Also, the assay demonstrated a high degree of accuracy Sample ExtractsHydrophilic extract antioxidant activities
(% recovery) and precision (% CVYéble 2). No significant of grape, cranberry, and apple were significantly different(
interference between DCFH and all samples was noted, as botl0.05) (Table 3). These results contrast those reported elsewhere
control and sample finally attained similar maximum fluores- showing the order of hydrophilic antioxidant activity as
cence values at the end of their respective reactions. Similarcranberry> apple > grape (22). These differences may be
effects have been demonstrated for fluoresc&B).(For very mainly attributed to varietal effects or different extraction
powerful antioxidants, a higher concentration of ABAP (600 procedures used in the two separate studies. Fruits samples were
mM) was required to complete the reaction within a reasonable first extracted with a hexane/dichloromethane mixture before
time. In this case, interference results were the same as thahydrophilic antioxidants were extracted with an acetone/water
when 200 mM ABAP was used. mixture (22). On the other hand, extracts in this study were
Autoxidation of DCFH at 37°C in the absence of ABAP  obtained using only an acetone/water extraction solution.
was insignificant when compared with the control with ABAP  Significant differences in antioxidant activity of whole grains
present. The ability of pure antioxidants and sample extracts to (Table 3) have previously been reported4( 25, 32). We
cause oxidation of DCFH in the absence of ABAP was also previously reported the same order and similar number-of-fold
tested. Only ascorbic acid was noted to cause low but significantdifference in total hydrophilic antioxidant activities for corn,
oxidation of DCFH in a dose-dependent manner. We suspectedwheat, oats, and rice (24), although mean values are different
this was due to the formation of hydroxyl radicals from ascorbic from current results. Wine samples were significantly different
acid reaction with transition metals in the soluti®). The (p < 0.05) in antioxidant activities (Table 3), similar to
problem was resolved by incorporating EDTA at low levels to previously reported date88, 34). Inclusion of grape skin in
chelate trace metals from reagents such as acetone, KOH, anded wine production adds more phenolic compounds that result
phosphate buffer. It was also noted that EDTA addition was in higher antioxidant activities for red wine83). Cranberries
most important for the initial dissolution of ascorbic acid in contribute more antioxidant activity to blood plasma when
12.5% acetone in water. Therefore, ascorbic acid was dissolvedincluded in the diet (Table 3). This effect was also documented
in 12.5% acetone in water containing 50 mg/L EDTA. Subse- in human subjects who consumed blueberries (35).

quent analyses showed EDTA had no effgct(0.05) on EGo Lipo-PSC Assay.Method Development and Validatione
values for gallic acid and Trolox and that its application was modified the hydro-PSC assay for measuring the antioxidant
necessary for only ascorbic acid. activity of lipophilic compounds by incorporating RMCD as a

Pure Antioxidants.Hydrophilic antioxidants inhibited the  solubility enhancer?2). In this study, the E&; for a-tocopherol
oxidation of DCFH by scavenging peroxyl radicals generated decreased with increasing RMCD levels to a minimum at 11%
from the thermal degradation of ABARFigure 2). The rate RMCD and remained constant up to 15% RMCD (data not
and extent of inhibition were different for all compounds shown). On the basis of these results, the reaction would be
analyzed (Table 1). Both similarities and differences may be less sensitive to slight variations in RMCD content between 11
observed when our results are compared with previously and 15% RMCD. These results also demonstrate that, at higher
published results, but, in general, the order of antioxidant RMCD concentrations, lipophilic antioxidants suchcatoco-
activities of pure compounds was similar. Thus, differences pherol tend to be more soluble in an otherwise aqueous
could be attributed to only specific experimental conditions used, environment and hence more effective in inhibiting the oxidation
as well as methods for calculating antioxidant capacities. For of DCFH. Similar effects of RMCD on-tocopherol antioxidant
example, relative ORAE values obtained for ascorbic acid capacity have been reportetif. RMCD did not contribute
and catechin were 0.95 and 6.76 Trolox equiv, respectively, antioxidant activity and also did not interfere with the antioxi-
indicating ascorbic acid was 7 times less potent than catechindant activity of compounds with which it complexek?]. We
(13). Our results show ascorbic acid was 1.3 times more potentconfirmed this by running control reactions with and without
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Table 6. Percentage Contributions to the Total Antioxidant Activity percentage contributions. Our results showed that the hydrophilic
antioxidant activity contribution to total antioxidant activity of
hydro-PSC value lipo-PSC value % hydro-PSC whole grain flours was>98% and was consistent with the
sample (Trolox equiv/100 g) (Trolox equiv/100 g) contribution? reported values (22).
corn 873.5 167 99.81 We expressed hydrophilic and lipophilic antioxidant activities
‘(')V:tiat gg;é 132 gg% of analyzed food extracts as vitamin C equivalents per 100 g
ice 205.3 3.19 08.93 and a-tocopherol equivalents per 100 g, respectivelalfle
3). The objective was to demonstrate how physiologically
aPercentage contribution of hydrophilic antioxidant activity to the total anti- important antioxidants combat physiologically important peroxyl
oxidant activity. radicals. For practical purposes, this should give a more practical

and consumer-friendly interpretation of the antioxidant capacity
RMCD. Maximum fluorescence values at the end of the reaction of foods to combat radicals that cause chronic diseases.
were similar with or without RMCD. However, RMCD sig- However, in order to compare contributions from hydrophilic
nificantly lowered initial fluorescence values, probably from and lipophilic antioxidant activities, the results had to be
physical protection of DCFH from peroxyl radical®1(). expressed in terms of Trolox equivalents. This is because Trolox
Therefore, a longer reaction time was necessary to completeconveniently performs well in both the hydro-PSC and lipo-
the reaction. The time needed to solubilize lipophilic antioxi- PSC assays. It should be noted that DCFH was relatively stable
dants in 12% RMCD was also investigated in this work. Longer in both hydro-PSC and lipo-PSC assays, with only 2 and 3%
equilibration times resulted in lowep (> 0.05) antioxidant  loss in fluorescence, respectively, 30 min after maximum
activity for o-tocopherol and BHT (data not shown). This fluorescence was achieved. Discrepancies in results obtained
could be attributed to autoxidation of antioxidants over time. by the PSC assay compared to other methods could be attributed
This may have significant implications with regard to the final to type of radical source used, the ratio of ABAP to DCFH, the
relative capacities of different antioxidants because their au- concentrations of ABAP and DCFH relative to sample concen-
toxidations may proceed at different rates. For example, the trations, and other experimental conditions. For the PSC assay,
modified ORAG assay for lipophilic antioxidants requires Wwe observed that the antioxidants were slightly less effective
standards to be dissolved in 7% RMCD and shaken for 1 h in inhibiting DCFH oxidation when either ABAP or DFCH
before analysis 12). The final antioxidant activity of the  concentrations were increased with the other held constant. This
solutions may be different after 1 h. In the lipo-PSC assay, pattern was consistent with competitive reactions and has also
samples were dissolved in acetone and then further diluted inbeen noted by other researche&$)( The concentrations of
12% RMCD, vortexed, and used immediately. This provides ABAP and DCFH used were optimized for reactions to be
for high sample throughput while maintaining sample integrity. completed in~40 min.
The lipo-PSC assay demonstrated good accuracy, precision |n this study, we developed a rapid, simple, and reliable
(Table 4), and reproducibility comparable to other published approach for measuring both hydrophilic and lipophilic anti-

results (1222, 35). oxidant capacity of pure antioxidant compounds, food extracts,
Pure Antioxidants.The order of antioxidant activity for  and biological fluids toward biologically relevant radicals, based
lipophilic compounds was Trolox o-tocopherol> BHA > on the oxidation of DCFH by peroxyl radicals. The partial

BHT (Table 5) and was similar to previous reports using'2,2 inhibition of DCFH oxidation is the basis for the PSC assay, in
azobis(2-amidinopropane) dihydrochloride (AAPH) as peroxyl that the protection offered by an antioxidant is a function of
radical source¥2). These results were different from reports the ratio of AUC for sample versus control reactions. The PSC
thato-tocopherol (ORAG= 0.5) was~3 times more powerful assay requires a maximum 40 min run when compared to
than BHT (ORAC= 0.16) in the ORAG_-jipo assay (12). On  60—120 min required for a TOSC assay for a range of
the contrary, our results are in agreement with previous reportsantioxidant concentration27, 29). By using a 96-well plate,
that Trolox was approximately 2 times as powerfuloaco- four samples in triplicate can be analyzed in 40 min, allowing
pherol (12). Differences in these results could be attributed to for high sample throughput. In comparison, the TOSC assay
the different experimental conditions and different methods used can analyze only one replicate of a sample each hour.
to calculate antioxidant activity from the data. The structure  |ncorporation of the fluorescence probe DCFH allows for less
activity relationship that explains the order of antioxidant activity interference and variation in the data due to the specificity of
among these lipophilic compounds is discussed by Huang etthe measurement. Using RMCD simplifies the preparations steps
al. (12). and most importantly ensures enhanced solubility of lipophilic
Sample ExtractsThe lipo-PSC assay was applied to measur- compounds without any interfering side reactions, because
ing the lipophilic antioxidant activity of lipophilic extracts of RMCD is chemically inert in this reaction. Use of both hydro-
whole corn, wheat, oats, and rice (Table 3). Significant PSC and lipo-PSC assays extends the applicability of this
differences (p< 0.05) in lipophilic antioxidant activities were  method to include both hydrophilic and lipophilic antioxidant
observed among the four whole grains tested, with whole rice capacities of foods. Results from such analyses should give more
flour having the highest lipo-PSC value of 8/ @mol of complete information on the antioxidant protection offered by
o-tocopherol equiv/100 g of flour. Lipophilic compounds in  a large diversity of foods. The PSC assay also generates results
whole grain flour that may contribute to antioxidant activity comparable to similar more modern assays using fluorescein
include carotenoids, tocopherols, and tocotriend& 86, 37). derivatives as probes and may even have certain additional
To find the percentage contributions of both hydrophilic and advantages. For instance, with the hydroxyl radical averting
lipophilic antioxidant activities to the total antioxidant activities capacity (HORAC) assay, it was observed that the intercept of
of food extracts (Table 6), the whole grain samples were the linear standard curves keep changing with each run,
selected for both hydrophilic and lipophilic PSC assay analyses. suggesting that, to eliminate the uncertainty of the intercept, it
Results obtained in this study were also expressed as Troloxmay be necessary to obtain standard curves within the run to
equivalents per 100 g of flour and used to calculate the compute final values (14). The PSC assay does not require a
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linear standard curve, and for practical purposes using a (13) Ou, B.; Hampsch-Woodill, M.; Prior, R. L. Development and

concentration range that includes thesgE@roduces accurate

and reproducible results. The PSC assay is also very sensitive,

being able to run in the low micromolar range. Adapting the

validation of an improved oxygen radical absorbance capacity
assay using fluorescein as the fluorescent prdbAgric. Food
Chem.2001,49, 4619—4626.

PSC assay to run in a 96-well plate and also using a fluorescent (14) Ou, B.; Hampsch-Woodill, M.; Flanagan, J.; Deemer, E. K.;

dye allows the assay to be performed on simple fluorescent
spectrophotometers, which are more readily available to other
researchers. The method can be easily automated as has beerals)

done for the ORAC assa0). During initial method develop-

ment, dilutions were done in glass test tubes and samples
transferred to reaction cells on a 96-well plate. In subsequent

analyses, dilutions carried out in 96-well plates with 680
cell volumes achieved similar results. In usingsg@alues to
compare antioxidant activities of unknown samples, we recom-

Prior, R. L.; Huang, D. Novel fluorometric assay for hydroxyl
radical prevention capacity using fluorescein as the prdbe.
Agric. Food Chem?2002,50, 2772—2777.

Bernstein, P. S.; Khachik, F.; Carvalho, L. S.; Muir, G. J.; Zhao,
D. Y.; Katz, N. B. Identification and quantitation of carotenoids
and their metabolites in the tissues of the human Eye. Eye
Res.2001,72 (3), 215—223.

(16) Snodderly, D. M. Evidence for protection against age-related

macular degeneration by carotenoids and antioxidant vitamins.
Am. J. Clin. Nutr.1995,62 (6), 1448S—1461S.

mend that the original sample concentration should give a PSC (17) Beatty, S.; Koh, H.; Phil, M.; Henson, D.; Boulton, M. The role

unit of >0.5 to allow adequate dilutions. We believe this assay

is sensitive enough to accommodate even low concentrations

of most food extracts. The use of CA in eq 1 corrects for minor

variations in experimental conditions and ensures reproducible

results.
In this paper, we present a new approach for analyzing both
hydrophilic and lipophilic antioxidant activities of pure com-

pounds and food extracts. The new method is simple, reliable,
robust, sensitive, and precise and can produce acceptable results
comparable to those obtained with similar published assays.

Further work would analyze a wider range of pure compounds,
foods, and biological fluids.
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