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The antioxidant activities of eight apple cultivars were studied by using the ferric reducing/antioxidant
power (FRAP), the â-carotene-linoleic acid model system (â-CLAMS), and the photochemiluminescent
(PCL) assays. The antioxidant activity of apples is highly correlated to the total phenolic content
(TPC) measured by the Folin-Ciocalteu method and the total polyphenolic index (TPI) obtained by
HPLC. Extracts of the peel and flesh were analyzed and assayed separately. The FRAP activities of
both peel and flesh extracts correlate well with the TPC (r ) 0.95 and 0.99, respectively) and the TPI
(r ) 0.82 and 0.99, respectively). Similar results were found in the â-CLAMS activities, showing
correlation coefficients of r ) 0.90 and 0.91 with the TPC for the peel and flesh extracts and of r )
0.90 and 0.84 with the TPI for the peel and flesh extracts, respectively. The antioxidant activity
measured by the PCL assay was not correlated with TPC or TPI due to the lack of integratable lag
phase in this method with the flavan-3-ols/procyanidins. Among the five major polyphenolic groups,
flavan-3-ols/procyanidins had the highest positive correlation with the FRAP and â-CLAMS activi-
ties: r ) 0.84 and 0.88 for the peel extracts, respectively; and r ) 0.98 and 0.87 for the flesh extracts,
respectively. At individual compound level, epicatechin and procyanidin B2 were the major contributors
to the antioxidant activity of apple. Hydroxycinnamic acids may have a significant role in the flesh.
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INTRODUCTION

An apple a day keeps the doctor away. This saying has
encouraged many researchers to search for the “magic” ingredi-
ent of the apple that may reveal its validity. Recent epidemio-
logical andin Vitro experimental studies indeed have shown
the linkage between the consumption of apple or related products
and many chronic human diseases. Most noticeably, apples have
been associated with lowered risks of cancer, particularly
prostate, liver, colon, and lung cancers (1-4), and cardiovascular
diseases (5, 6). These chronic diseases are considered to be
caused by oxidative processes, especially those involving excess
free radicals and reactive oxygen species (ROS). Phytochemicals
such as polyphenolics have been found to be the major source
of antioxidants in apple, rather than essential vitamins such as
vitamin C (2,6, 7-13).

The mechanisms of the antioxidant activity of polyphenolics
have been studied extensively. They usually have high redox

potentials, which allow them to act as reducing agents, hydrogen
donors, and singlet oxygen quenchers (14). In addition, they
have a metal-chelating potential (15). The antioxidant activity
of individual polyphenolic compounds, however, may vary
significantly depending on the chemical characteristics and the
mechanisms of assays used.

There are five major groups of polyphenolic compounds in
apple, including hydroxycinnamic acids, flavan-3-ols, antho-
cyanidins, flavonols, and dihydrochalcones. The phenolic profile,
however, is much more complicated because of polymerization
of flavan-3-ols and glycosylation of other polyphenolics. More
specifically, flavan-3-ols can be found in their monomers,
oligomers, and polymers (procyanidins); flavonols are often
associated with sugar moieties. The predominant sugars involved
in glycosylation are galactose, glucose, rhamnose, arabinose,
and xylose; and the disaccharide, rutinose, has also been found
in apple. Dihydrochalcones are mainly associated with glucose
and xyloglucose, and the oxidization of the 3′-position in
dihydrochalcones further complicates the profiles (16-19). The
complexity of the chemical profile and the variations caused
by growth period, growing season, geographic location, and,
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most importantly, genetic variation (16, 18, 19) predispose the
variation in apple antioxidant activity.

Only one of the major apple flavonols, quercetin and its
derivatives, has been used in the variousin ViVo experiments.
Quercetin was found to inhibit human prostate and lung cancer
cell growth (3, 4) and to reduce the incidence of cardiovascular
diseases (20). However, investigating one particular component
may not represent the whole picture and can be misleading.
Quercetin derivatives are not the major polyphenolic component
of apple, and they are not necessarily the strongest antioxidants
among apple polyphenolics either (7). Other compounds, such
as the procyanidins, showed even greater antioxidant activity
(7, 21). This suggests that the roles of the individual compounds
are important in the total antioxidant activity of apple, and they
must be investigated thoroughly.

In this study, we used three different assays, the ferric
reducing/antioxidant power (FRAP) assay, theâ-carotene-
linoleic acid model system (â-CLAMS), and the photochemi-
luminescent (PCL) assay, to evaluate the antioxidant activities
of the extracts of eight apple cultivars and the major individual
polyphenolics. Correlations between the antioxidant activity and
the total and individual phenolic concentrations were examined.

MATERIALS AND METHODS

Chemicals and Solvents.Phenolic standards were purchased from
various manufacturers. Gallic acid, chlorogenic acid,p-coumaric acid,
catechin, epicatechin, sodium carbonate (Na2CO3), and the Folin-
Ciocalteu reagent were purchased from Sigma Chemical Co. (St. Louis,
MO); quercetin-3-galactoside, quercetin-3-glucoside, quercetin-3-rham-
noside, and 2,4,6-tripyridyl-s-triazine (TPTZ) were from Fluka Chemie
GmbH (Buchs, Switzerland); quercetin-3-arabinoside and quercetin-
3-xyloside were from Apin Chemicals Ltd. (Abingdon, U.K.); procya-
nidins B1 and B2, phloridzin, and cyanidin-3-galactoside were from
Indofine Chemical Co. (Hillsborough, NJ). Water used for HPLC
analysis was purified in-house from distilled and deionized water using
a NanoPure system (Dubuque, IA). All other solvents were of HPLC
grade and were purchased from Caledon Laboratories Ltd. (Georgetown,
ON).

Sample Preparation. Sample preparation for the eight apple
cultivars (10 apples each), Golden Delicious, Red Delicious, McIntosh,
Empire, Ida Red, Northern Spy, Mutsu, and Cortland, followed the
same procedures as described in our previous paper (19). Peel and flesh
samples were separately extracted with 70% aqueous methanol at 1:1
(w/v) using a Polytron blender (Brinkmann Instruments, Westbury, NY),
filtered, and stored at-20°C before being analyzed and assayed (within
30 days).

Total Phenolic Content (TPC).The Folin-Ciocalteu (FC) reagent
method (22) was modified and followed as described in our previous
paper (19). TPCs were expressed as micrograms of gallic acid
equivalents (GAE) per milliliter of solution. All samples were prepared
and analyzed in duplicate.

Identification and Quantification of Polyphenols by HPLC
Method. The method of identification and quantification of polyphenols
in apples has been reported previously (19). Briefly, the separation was
carried out in a C18 column with a binary mobile phase consisting of
6% acetic acid in 2 mM sodium acetate buffer and acetonitrile and a
diode array detector. The total polyphenolic index (TPI) was calculated
according to the method given in our previous paper (23). TPI is the
sum of concentrations of all polyphenolic compounds separated and
detected by HPLC. All samples were prepared and analyzed in
duplicate.

Ferric Reducing/Antioxidant Power (FRAP) Assay.The FRAP
assay used was a modified version of that of Benzie and Strain (24).
The assay was based on the reducing power of a compound (antioxi-
dant). A potential antioxidant will reduce the ferric ion (Fe3+) to the
ferrous ion (Fe2+); the latter forms a blue complex (Fe2+/TPTZ), which
increases the absorption at 593 nm. In this study, the above method
was modified for the 96-well microplate reader. Briefly, the FRAP

reagent was prepared by mixing acetate buffer (300 mM, pH 3.6), a
solution of 10 mM TPTZ in 40 mM HCl, and 20 mM FeCl3 at 10:1:1
(v/v/v). All standards were prepared at 500µM in water or methanol,
and samples were diluted to ensure that the readings were in the linear
range of the standard curve. The reagent (300µL) and the standard or
sample solutions (10µL) were added to each well and mixed
thoroughly. The absorbance was taken at 593 nm immediately after
and at 1-min intervals up to 4 min using a UV-vis microplate kinetics
reader (EL 340, Bio-Tek Instruments, Inc., Winooski, VT). The plate
was incubated at 37°C for the duration of the reaction. All treatments
were run in triplicate. The FRAP value of the samples was calculated
on the basis of 500µM ascorbic acid (equivalent to 1000µM FRAP
values).

â-Carotene-Linoleic Acid Model System (â-CLAMS). The
â-CLAMS (25,26) method was based on the decoloration ofâ-carotene
by the peroxides generated during the oxidation of linoleic acid (a free
radical chain reaction) at elevated temperature. In this study, the
â-CLAMS was modified for the 96-well microplate reader. In brief,
â-carotene (0.5 mg) was dissolved in∼2 mL of CHCl3 in a 200-mL
round-bottom flask, to which 25µL of linoleic acid and 200 mg of
Tween 40 were added. CHCl3 was removed using a rotary evaporator.
Oxygenated HPLC grade water (100 mL) was added, and the flask
was shaken vigorously until all materials dissolved. This test mixture
was prepared fresh and used immediately. To each well were added
250 µL of the test mixture and 35µL of sample solution or solvent
(blank). The plate was incubated at 45°C. Readings were taken at 490
nm immediately after and at 120 min using the same microplate kinetics
reader as stated above. All antioxidant standards and samples were
prepared at 200 ppm, and all treatments were run in triplicate. The
results were expressed as percent inhibition of the degradation of
â-carotene at 120 min:

Photochemiluminescent (PCL) Assay. The principle of PCL was
based on an∼1000-fold acceleration of the oxidative reactionin Vitro
compared to normal conditions. This effect was achieved by optical
excitation of a suitable photosensitizer, which exclusively results in
the generation of the superoxide radical O2

•-. The radicals were
visualized with a chemiluminescent detection reagent. A synthetic
fluorescent compound, luminol, was used in this assay. This compound
plays a dual role, acting as both the photosensitizer and the radical
reaction agent (27). A commercial PCL instrument, the Photochem
(Berlin, Germany) system was used in this study. This system is very
flexible and can be used for both water-soluble and lipid-soluble
antioxidative substances. The company supplied the complete kits for
both. For water-soluble substances, the assay mixture contained 1 mL
of reagent 1 (sample solvent), 1.5 mL of reagent 2 (reaction buffer),
25 µL of diluted reagent 3 (luminol), and 10µL of reagent 4 (ascorbic
acid) for the calibration curve or 10µL of sample solution for the
antioxidant activity. For water-soluble antioxidants, the evaluation of
the activity was based on the lag phase in seconds (27). When necessary,
samples were diluted so that the PCL curves fell within the linear range
of the standard, ascorbic acid (0.05-0.3 mM).

Statistical Analysis.Statistical analysis was conducted using Unitstat
version 5.5 (London, U.K.). Tests for an association between the
concentration of a compound (or the total phenolic concentration) and
the antioxidant activity measured by three different methods, or between
two different antioxidant methods, were run using standard Pearson
correlation.

RESULTS AND DISCUSSION

Major Polyphenolics in Apple. The polyphenolic profiles
and concentrations of major groups in the peel and flesh of the
eight most popular apple cultivars grown in Ontario and the
TPIs and TPCs were reported in our earlier paper (19). The
major polyphenolic groups were hydroxycinnamic acids (chlo-
rogenic acid andp-coumaroylquinic acid), cyanidin-3-galacto-
side, flavan-3-ols/procyanidins (mainly catechin, epicatechin,

(%) inhibition ) [(120 minA490nm)/(0 minA490nm)] × 100
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and procyanidins B1 and B2), flavonols (quercetin galactoside,
glucoside, rhamnoside, arabinoside, and xyloside), and dihy-
drochalcones (mainly phloridzin and phloretin-2′-xyloglucoside).
No anthocyanins were detected in the flesh (19). The TPCs and
TPIs were extracted from our previous paper and are listed in
Table 1 together with the antioxidant activities obtained in this
study. Among all of the polyphenolics, the concentration of total
procyanidins was the greatest, representing more than half of
the total phenolics in both peel (60%) and flesh (56%) (19).
The antioxidant activity of procyanidins therefore will signifi-
cantly affect the total antioxidant activity of apple.

FRAP Assay of Polyphenolic Standards and Apple Ex-
tracts. Cyanidin-3-galactoside showed the highest activity,
whereas phloridzin showed the lowest (Table 2). For procya-
nidins (B1 and B2), the activities of dimers were∼2 times
greater than those of the monomers, possibly due to the fact
that there were two monomeric units in the dimers. The
antioxidant activity (FRAP) of epicatechin was greater than that
of catechin, and that of procyanidin B2 was greater than that of

B1. This implied that thecis-hydroxyl group on C-3 of the
C-ring is more effective than the trans configuration in making
a compound a strong reducing agent. Quercetin glycosides as a
group had only moderate FRAP activity, and the hydroxycin-
namic acid derivative, chlorogenic acid, had the second lowest
activity. On average, the antioxidant activities of the five
polyphenolic groups of apple were in the following decreasing
order: cyanidin-3-galactoside> procyanidins > quercetin
glycosides> chlorogenic acid> phloridzin.

For apple samples, peel extracts had much greater antioxidant
activities than the flesh extracts (Table 1). Red Delicious peel
extract had the highest antioxidant activity, whereas the Empire
peel extract had the lowest; this result was consistent with the
total polyphenolic concentration in Red Delicious and Empire
peels. The FRAP activity of the peels from different cultivars
positively correlated with both TPC and TPI of the samples (r
) 0.95 and 0.82, respectively) (Table 3). When calculated
against the major groups of polyphenols, the FRAP values of
the peel extracts were found to have the best positive linear
correlation with the total flavan-3-ols/procyanidins (r ) 0.84),
suggesting that the procyanidins are a major contributor to the
FRAP antioxidant activity of the peel. This result was not
surprising considering that flava-3-nols/procyanidins accounted
for 60% of the total phenolics in the peel and were strong
individual antioxidants (19; Table 2). Cyanidin-3-galactoside
had the highest antioxidant activity among all tested standards;
however, it accounted for only 5.4% of the total polyphenolics
of the peels (19), and its concentration did not correlate with
the FRAP activity (r ) 0.10;Table 3). Cyanidins were therefore
considered to have limited contribution to the total antioxidant
activity of apple. Similar observations were found in flesh
extracts; the FRAP activity had even better linear correlations
with the TPC and TPI (r) 0.99 and 0.99, respectively). Once
again, the antioxidant activity correlated well with only the
flavan-3-ols in the flesh (r ) 0.98;Table 3). Procyanidins were
also the major antioxidants in the flesh, which again was
supported by the high percentage (56%) in the TPC and TPI of
the flesh (19) and the high antioxidant activity of individual
flavan-3-ols/procyanidins. The FRAP assay clearly showed that
the flavan-3-ols, including monomers, dimers, and oligomers,
were the most important antioxidants in both apple peel and
flesh.

â-CLAMS of Polyphenolic Standards and Apple Extracts.
Although the mechanism of theâ-CLAMS assay was different
from that of the FRAP assay, among the individual polyphenolic
standards, cyanidin-3-galactoside again showed the highest
activity and phloridzin the lowest (Table 2). In the flavan-3-ol
group, catechin was a better antioxidant than epicatechin, and
procyanidin B1 was stronger than procyanidin B2. In this assay,
the trans-hydroxyl group of C-3 of the C-ring seemed to be
more effective than thecisconfiguration. Unlike the FRAP assay
where values can be stoichiometrically calculated, results from
theâ-CLAMS assay were difficult to quantify. This was perhaps
why procyanidin dimers did not show greater activity than the
monomers. Procyanidins as a group had lower activity than
quercetin glycosides in this assay. Overall, the average activities
of the five groups of apple polyphenolics (decreasing order)
were cyanidin-3-galactoside> quercetin glycosides> procya-
nidins > chlorogenic acid> phloridzin.

Despite the differences between the antioxidant activities of
the individual standards measured by the above two methods,
in the actual apple samples theâ-CLAMS activities followed
trends similar to those observed in the FRAP assay. In the peels,
the â-CLAMS values were closely correlated to the TPC and

Table 1. Total Phenolic Concentrations and Antioxidant Activities of
the Apple Peel and Flesh Extracts

apple TPCa TPIb FRAPc PCLd â-CLAMSe

Peel
Empire 782 ± 4 1017 ± 11 2736 ± 57 3800 ± 4 17 ± 2
Mutsu 1017 ± 26 1089 ± 25 6820 ± 55 4643 ± 24 20 ± 3
McIntosh 1163 ± 17 1636 ± 22 6436 ± 46 5531 ± 23 31 ± 3
Golden Delicious 1265 ± 22 1249 ± 6 9616 ± 66 5223 ± 11 22 ± 0
Cortland 1323 ± 21 1659 ± 28 11908 ± 42 4133 ± 16 32 ± 2
Ida Red 1479 ± 21 1763 ± 16 12083 ± 37 5958 ± 17 26 ± 1
Northern Spy 1548 ± 24 2073 ± 12 10044 ± 20 6112 ± 14 36 ± 1
Red Delicious 2012 ± 20 2350 ± 29 17851 ± 42 4112 ± 13 59 ± 1

Flesh
Empire 164 ± 4 177 ± 1 550 ± 12 1457 ± 3 8 ± 0
Mutsu 198 ± 10 313 ± 13 1584 ± 20 1895 ± 14 39 ± 1
Ida Red 237 ± 2 489 ± 1 2749 ± 41 3069 ± 0 51 ± 1
MacIntosh 255 ± 3 488 ± 10 2785 ± 19 2967 ± 1 58 ± 1
Golden Delicious 260 ± 1 417 ± 15 2036 ± 20 2192 ± 4 45 ± 2
Red Delicious 358 ± 12 534 ± 6 3215 ± 27 2192 ± 4 49 ± 2
Cortland 364 ± 5 498 ± 11 3660 ± 23 1629 ± 1 65 ± 1
Northern Spy 561 ± 7 934 ± 7 6425 ± 6 5049 ± 1 71 ± 2

a Total phenolic content (TPC) measured by Folin−Ciocalteu method in
micrograms of gallic acid equivalent per gram of fresh weight (data were taken
from ref 19). b Total polyphenolic index (TPI) calculated according to the HPLC
method in ref 23; data were taken from ref 19. c FRAP values in micromolar.
d Ascorbic acid equivalent in micromolar. Values are for extracts obtained from
1:1 fresh sample/70% methanol (w/v) extraction (see ref 19). e Relative inhibition
values (percent) at 120 min; apple peel samples were diluted by a factor of 4
before being assayed.

Table 2. Antioxidant Activity of Polyphenol Standards

compound FRAPa â-CLAMSb PCLc

phloridzin 37 ± 3 24 ± 1 NDd

quercetin-3-xyloside 934 ± 5 58 ± 2 305 ± 6
quercetin-3-galactoside 1017 ± 24 68 ± 1 296 ± 15
chlorogenic acid 1023 ± 13 40 ± 0 590 ± 2
catechin 1042 ± 70 56 ± 0 NOe

quercetin-3-glucoside 1049 ± 12 46 ± 2 241 ± 6
epicatechin 1209 ± 35 47 ± 3 NO
quercetin-3-rhamnoside 1382 ± 8 66 ± 1 457 ± 5
procyanidin B1 2338 ± 11 56 ± 3 NO
procyanidin B2 2645 ± 18 53 ± 2 NO
cyanidin-3- galactoside 3232 ± 43 81 ± 1 485 ± 1

a All standards were measured at 500 µM; FRAP values in micromolar. b All
standards were at 200 ppm; the relative inhibition values (percent) were at 120
min. c Ascorbic acid equivalent in micromolar. d Not detectable. e Not obtainable.
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TPI (r ) 0.90 and 0.90, respectively) (Table 3). Although pure
flavan-3-ols were of moderate strength in terms of antioxidant
activity in theâ-CLAMS assay, the flavan-3-ols/procyanidins
as a group again had the best positive correlation with the
â-CLAMS activity (r ) 0.88). Very similar correlations were
observed in the flesh samples;r ) 0.91 and 0.84 with TPC and
TPI, respectively, andr ) 0.87 with the total flavan-3-ols.
Among the flavan-3-ols, epicatechin and procyanidin B2 again
had the best linear correlation with theâ-CLAMS values (r)
0.95 and 0.80, respectively). Theâ-CLAMS results led to a
similar conclusion; that is, the flavan-3-ols/procyanidins are
likely to be the major antioxidants in apple, and epicatechin
and procyanidin B2 are the two most important flavan-3-ols.

PCL Assay of Apple Polyphenolic Standards and Extracts.
According to the manufacturer, PCL can be used to assess nearly
all water-soluble and fat-soluble phytochemical antioxidants;
however, we found that due to the way the activity was
calculated, that is, according to the retarded lag phase (27), PCL
could not be used to evaluate the antioxidant activity of flavan-
3-ols/procyanidins. These compounds did not have suitably
retarded lag phases necessary for our calculation. The lack of a
proper lag phase may not be caused by the concentration, as
we found that neither dilution nor concentration generated
integratable lag phases. Unlike weak antioxidants such as
phloridzin, which had a very short integratable lag phase,
procyanidins seemed to strongly inhibit the generation of
superoxide as demonstrated by catechin inFigure 1. The lag
phase appeared to be formed and the curve was very flat, but
the shape could not be integrated properly by the software
(Figure 1). Using the kit for fat-soluble antioxidants did not
improve the calculation of the antioxidant activity of the flavan-
3-ols/procyanidins. Without proper quantitative data, it was

therefore difficult to compare the antioxidant activity of the
flavan-3-ols with other compounds. In all of the tested standards
except for the flavan-3-ols, chlorogenic acid turned out to have
the greatest activity and phloridzin remained the least. The
overall PCL activity in decreasing order was chlorogenic acid
> cyanidin-3-galactoside> quercetin glycosides> phloridzin
(Table 1).

For the same reason mentioned above, when PCL was
performed for actual apple samples, no correlation was observed
between the peel PCL activity and the peel TPC or TPI (r )
0.19 and 0.27, respectively) (Table 3). The lack of correlation,
in turn, may be indirect proof that the flavan-3-ols/procyanidins
were the major contributors to the total antioxidant activity of
the peel extracts, because these were the major components in
the peel. In flesh samples, however, the correlation was relatively
high; r ) 0.78 and 0.89 with TPC and TPI, respectively. This
was probably because of the high percentage of total hydroxy-
cinnamic acids in the total polyphenolic content (40% including
p-coumaroylquinic acid) and the strong PCL activity of chlo-

Table 3. Correlation Coefficients (r) between Total or Individual Polyphenolic Concentrations and the Antioxidant Activities Measured with Three
Different Methods and between Two Antioxidant Methods

peel flesh

method/concentrationa FRAP â-CLAMSd PCL FRAP â-CLAMSd PCL

FRAP 1.00 1.00
â-CLAMS 0.83 1.00 0.85 1.00
PCL 0.04 −0.08 1.00 0.82 0.62 1.00

chlorogenic acid −0.48 −0.47 0.67 0.61 0.37 0.93
p-coumaroylquinic acid −0.22 0.01 0.42 0.55 0.77 0.29
total hydroxycinnamics b −0.50 −0.47 0.71 0.67 0.46 0.95

catechin 0.49 0.52 0.94 0.81
epicatechin 0.88 0.95 0.87 0.85
procyanidin B1 0.49 0.58 0.92 0.70
procyanidin B2 0.81 0.80 0.91 0.87
other procyanidins 0.86 0.87
total flavan-3-ols b 0.84 0.88 0.98 0.87

cyanidin-3-galactoside 0.10 0.18 −0.65
total anthocyanins b 0.10 0.18 −0.65

quercetin-3-galactoside 0.34 −0.01 −0.43
quercetin-3-glucoside −0.49 −0.35 −0.54
quercetin-3-xyloside −0.06 0.12 −0.16
quercetin-3-arabinoside 0.04 0.08 0.26
quercetin-3-rhamnoside −0.57 −0.41 0.46 −0.14 −0.05 −0.19
total flavonols b −0.46 −0.37 −0.27 −0.14 −0.05 −0.19

3-hydroxyphloretin-2′-xyloglucoside −0.75 −0.64
3-hydroxyphloretin-2′-glucoside 0.38 0.53
phloretin-2′-xyloglucoside 0.07 0.10 0.25 0.35
phloridzin 0.64 0.74 0.13 −0.02
total dihydrochalcones b 0.51 0.62 0.22 0.10

TPI (HPLC)c 0.82 0.90 0.27 0.99 0.84 0.89
TPC (FC)c 0.95 0.90 0.19 0.99 0.91 0.78

a Average of concentrations of each compound found in all eight apple varieties, in micrograms per gram of fresh weight. b Sum of all compounds in the respective
categories. Total flavan-3-ols included all monomeric and oligomeric flavan-3-ols. c Data were taken from ref 19. d Correlation with the percent inhibition at 120 min.

Figure 1. Typical time courses of antioxidants in the photochemilumi-
nescent assays using the Photochem system: blank, without addition of
any antioxidants; phloridzin, quercetin-3-galactoside, and catechin were
measured at the same concentration (20 µM).
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rogenic acid (Table 2). The high correlation (r ) 0.95) between
the total hydroxycinnamic acids and the PCL activity suggests
that hydroxycinnamic acids may be another group contributing
to the antioxidant activity of apple flesh.

Comparison of the Three Antioxidant Assays.Among the
three assay methods, FRAP and PCL are more quantitative than
â-CLAMS. PCL, which detects the antioxidants in the nanomole
range, is more sensitive than the other two; however, as our
data have shown, it may not provide quantitative data for certain
groups of phytochemical antioxidants. Therefore, when samples
are rich in certain compounds, for example, flavan-3-ols, PCL
will not reflect the true antioxidant activity of these samples.
The FRAP assay provides quantitative values of the reducing
power of a compound (it is simple and of low cost). The
â-CLAMS assay provides an alternative mechanism by measur-
ing the capability of a compound to resist peroxidation and free
radical chain reaction; however, the quantification is arbitrary;
in our study, we took the readings at 120 min, and most
â-CLAMS protocols in the literature took measurements
anywhere from 15 to 300 min (28, 29). Such “arbitrary
quantification” can sometimes lead to different conclusions.

The complexity of the chemical profiles in apple makes it
difficult to evaluate the activity based on any one single assay
method. Some compounds, such as phloridzin in this study, may
display low activity in all assays, whereas others such as
cyanidin-3-galactoside always show high activity. Conclusions
based on these compounds were readily made; however, not
all phytochemicals were like these two extreme examples. For
instance, chlorogenic acid showed very low activity in the FRAP
(the second lowest) and theâ-CLAMS (the third lowest), but
the highest in PCL; on the other hand, quercetin-3-galactoside
was one of the strongest in theâ-CLAMS but one of the weakest
in the FRAP and of moderate strength in the PCL assay. This
inconsistency reconfirms that it is necessary to have at least
two methods with different modes of actions in one study to
accurately evaluate the antioxidant activity (30).

Comparison of Results with Previous Studies.The positive
correlation between the antioxidant activity and the total
polyphenolic content that was observed in this study has also
been found by numerous others (7, 21). The antioxidant activity
of apple was not only correlated to the total polyphenolic
concentration but was also dependent on the polyphenolic
composition. Our results clearly indicate that the flavan-3-ols/
procyanidins contributed the most to the total antioxidant
activities of both apple peel and flesh. This conclusion was
consistent with a number of previous studies using different
assay methods (21, 31, 32), but not all (10). By using the DPPH
radical scavenging assay, Chinnici and co-workers (21) found
that the antioxidant activity of individual compounds followed

the order of quercetin glycosides> procyanidins> chlorogenic
> phloridzin; however, in the actual apple samples, procyanidins
(including monomeric flavonols) contributed the most to the
total antioxidant activity (r) 0.94). The results were similar
to our â-CLAMS assay, which was essentially based on the
free radical chain reaction of fatty acids. Other studies (31,32)
also found that flavan-3-ols were the top contributor, followed
by quercetin glycosides, chlorogenic acid, cyanidin-3-galacto-
side, and phloridzin. In a study using the ABTS radical
scavenging activity assay, however, Lee and co-workers (10)
found that quercetin glycosides were the dominating contributor
to the antioxidant activity of apple. It should be noted that the
concentrations of flavan-3-ols in their study were underestimated
(only epicatechin and procyanidin B2 were quantified); second,
because of the underestimation of the flavan-3-ols, the assump-
tion that quercetin derivatives were the major contributor to the
antioxidant activity of apple due to their high activity as pure
quercetin glycosides may be unconvincing; third, the high
antioxidant activity of individual quercetin glycosides may not
lead to good correlation between these compounds and the
antioxidant activity of actual apple samples, as shown in this
study and others (21).

Measured versus Calculated Antioxidant Activity.Due to
the above-discussed shortcomings of theâ-CLAM (lack of
definite quantification) and PCL (lack of lag phase for the
procyanidins) assays, we attempted to use only the FRAP values
and the concentrations of the polyphenolics (HPLC data) for
the “calculated antioxidant activity”. The total calculated FRAP
values were a sum of all calculated FRAP values of the detected
polyphenols in each sample; the calculated FRAP value of a
compound was obtained as follows:

C is the molar concentration of the individual compound,
FRAPstd is the FRAP value of the corresponding standard, and
Cstd is the molar concentration at which the FRAPstd was
obtained. For polyphenols without commercially available
standards, we used chlorogenic acid, procyanidin B2, quercetin-
3-galactoside, and phloridzin for their respective groups. It
should be noted that the total calculated antioxidant activity does
not reflect any synergistic, antagonistic, or other effects of the
polyphenols in the samples. As shown inTable 4, on average,
in the peels, 68% (between 42 and 124%) of the measured
antioxidant activity was explained by the calculated FRAP
values; in the flesh, 62% (between 49 and 83%) was attributed
to the detected polyphenols. Except for the Empire peel sample,
all calculated results were smaller than those of the measured
values, suggesting possible synergism among the polyphenols

Table 4. Comparison of Measured and Calculated FRAP Values

peel flesh

apple measured calculateda %b measured calculateda %b

Empire 2736 ± 57 3403 ± 10 124 ± 0 550 ± 12 459 ± 19 83 ± 5
McIntosh 6436 ± 46 5699 ± 20 89 ± 2 2785 ± 19 1593 ± 7 57 ± 1
Mustu 6820 ± 55 3545 ± 33 52 ± 2 1584 ± 20 1050 ± 37 66 ± 4
Golden Delicious 9616 ± 66 4069 ± 35 42 ± 2 2037 ± 20 1407 ± 19 69 ± 1
Northern Spy 10044 ± 20 7737 ± 41 77 ± 2 6425 ± 6 3353 ± 30 52 ± 1
Cortland 11908 ± 42 6448 ± 51 54 ± 4 3660 ± 23 1799 ± 28 49 ± 1
Ida Red 12083 ± 37 6473 ± 38 54 ± 0 2749 ± 41 1647 ± 19 60 ± 1
Red Delicious 17851 ± 42 8858 ± 14 50 ± 0 3215 ± 27 1912 ± 36 60 ± 2

average 9687 ± 19 5779 ± 23 50 ± 0 2876 ± 1 1653 ± 1 60 ± 1

a See text for calculation. b Percent calculated FRAP value versus measured FRAP value.

calculated FRAP value) C × FRAPstd/Cstd
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and the effect of other antioxidants such as ascorbic acid. Our
calculated numbers were higher than the 35-50% reported by
Van der Sluis et al. (31, 32) and lower than the 85% reported
by Chinnici et al. (21). The variation may be due to the different
assay methods, apple cultivars, and methods for quantification
of polyphenolics. At group levels, in apple flesh (Figure 2A),
an average of 69% of the calculated antioxidant activity was
attributed to the flavan-3-ols, 31% to the hydroxycinnamic acids,
and the rest (<0.1%) to the quercetin glycosides and dihydro-
chalcones; in the peels, an average of 71% of the calculated
antioxidant activity derived from the total polyphenolic content
can be ascribed to the flavan-3-ols (Figure 2B), followed by
quercetin glycosides (12%), cyanidin-3-galactoside (10%), hy-
droxycinnamic acids (7%), and dihydrochalcones (0.1%). These
results were consistent with the correlation results (Table 3).

Conclusion.The antioxidant activity of apple was positively
correlated with the total polyphenolic concentrations of both
TPC and TPI, the concentration of flavan-3-ols/procyanidins
at the group level, and procyanidin B2 and epicatechin at the
individual compound level. We therefore conclude that the
flavan-3-ols/procyanidins are the most important contributors
to thein Vitro antioxidant activity of apple and that procyanidin
B2 and epicatechin are the most important individual antioxi-

dants in apple. Hydroxycinnamic acids may have a significant
role in the flesh.
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