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SUMMARY. We hypothesize that the Ferric Reducing
Antioxidant Power (FRAP) assay that follows the reac-
tion of Fe3+-TPTZ at 593 nm underestimates the antio-
xidant capacity of fruits, since the standardized time of
the reaction (4 min) is not enough to titrate all the redu-
cing compounds available. We measured FRAP, total
phenolics and anthocyanins content in a variety of Chi-
lean berry fruits (blueberries, blackberries, raspberries
and strawberries) and apples (cv. Fuji, Granny Smith,
Pink Lady, Red Delicious and Royal Gala). Taking into
account the dependence of FRAP on the time course of
the reaction, we propose to measure FRAP indexes after
I min (FRAP-1), 30 min (FRAP-30) and 120 min
(FRAP-120) of incubation. Most fruit extracts showed
significant correlations between the antioxidant capacity
and the incubation time, although in some cases the
FRAP indexes did not correlate with the total phenolics
and/or anthocyanins content. In fact, in apples and be-
rries the correlation between anthocyanins content and
FRAP indexes decreased with the incubation time. It is
concluded that the fruit extracts analyzed require an in-
cubation period higher than the established in the origi-
nal experimental protocol to reach the equilibrium, due
to the presence of a complex mixture of antioxidant
compounds. In addition, a kinetic profile should be rea-
lized in each sample studied to establish the most suita-
ble incubation period to titrate all the reactive
antioxidant species.
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INTRODUCTION

Epidemiological studies and clinical trials have
established that a high dietary intake of fruits and
vegetables is associated with a reduced risk of de-
veloping some chronic diseases, including several

RESUMEN. Influencia del tiempo de incubacion sobre la
capacidad antioxidante medida segiin FRAP, en manzanas
y berries chilenos. Se plantea que ¢l ensayo de la capacidad
antioxidante de frutas, medido seglin el poder reductor de hie-
rro (FRAP), que sigue la reaccion de Fe3+-TPTZ a 593 nm,
subestima la capacidad antioxidante, debido a que el tiempo
de reaccion (4 min) no seria suficiente para que reaccionen
todos los compuestos reductores disponibles en las muestras.
Se analizo la capacidad antioxidante FRAP, el contenido de
fenoles y de antocianinas en diversos berries (arandano, mora,
frambuesa y frutilla) y manzanas (cv. Fuji, Granny Smith, Pink
Lady, Red Delicious y Royal Gala). Tomando en cuenta la de-
pendencia del tiempo de incubacién en el valor FRAP, se pro-
pone medir los indices FRAP después de 1 min (FRAP-1), 30
min (FRAP-30) y 120 min (FRAP-120). Diversos extractos de
las frutas analizadas mostraron una correlacion significativa
entre la capacidad antioxidante y el tiempo de incubacion; sin
embargo, en algunos casos los indices FRAP no se correlacio-
naron con el contenido de fenoles totales y/o antocianinas. En
efecto, en manzanas y berries la correlacion entre el contenido
de antocianinas e indices FRAP disminuy6 con el tiempo de
incubacion. Se concluye que los extractos analizados requieren
un tiempo de incubaciéon mayor al que establece el protocolo
analitico original para alcanzar el equilibrio, debido a la pre-
sencia de una compleja mezcla de compuestos antioxidantes.
Ademas, el perfil cinético de cada muestra deberia ser estu-
diado para establecer el periodo de incubacion mas adecuado
para titular todas las especies antioxidantes reactivas.
Palabras clave: FRAP, berries, manzanas, capacidad antioxi-
dante, tiempo de incubacion

types of cancer, cardiovascular diseases, diabetes and
other degenerative or age-related diseases (1,2). These
associations may be partly attributable to the presence of
antioxidant nutrients and phytochemicals, such as various
phenolic compounds that contribute to protect cells
against the oxidative damage caused by reactive oxygen
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and nitrogen species (3). Apples and berries are ranked
among the fruits with higher antioxidant capacity (4,5),
due to the presence of polyphenols (mainly flavonoids)
and phenolic acids, among other antioxidants (6-11).
Epidemiological studies indicate that the intake of ap-
ples and berries is associated with several risk-lowering
effects due to the occurrence of these putatively bioac-
tive compounds (8,12-14).

In recent years, several in vitro methodologies have
been proposed to determine the total antioxidant capa-
city of fruits, vegetables and beverages (15). The assays
differ in their chemistry (generation of different radicals
and/or target molecules) and the end points measured
(16). Among the various techniques available, the pro-
cedure developed by Benzie and Strain (17) is widely
used, rendering a FRAP (Ferric Reducing Antioxidant
Power) index related to the capacity of the sample to re-
duce ferric species. The method evaluates the reduction
of Fe**-tripyridyltriazine complex (Fe**-TPTZ) by tur-
ning it into a blue colored (A = 593 nm) ferrous form
(Fe**-TPTZ). The methodology was originally applied
to determine the antioxidant capacity of plasma, and
now it is currently employed in foods and plant extracts
(16,18-20). The experimental protocol establishes that
an incubation time of 4 min at 37°C is a suitable condi-
tion to assay the total antioxidant capacity of most sam-
ples, because the redox reactions proceed so rapidly that
they are completed during this period. However, FRAP
values may vary enormously, depending on the time
scale of the analysis (15,18). We investigated the hypo-
thesis that the standard application of the FRAP assay
underestimates the antioxidant capacity because the in-
cubation period is not long enough to titrate all the re-
ducing compounds available in the food samples.

Therefore, the aims of the present study were: 1) to
evaluate the antioxidant capacity of various apples and
berries using the standard FRAP methodology, 2) to
propose and apply new FRAP indexes, depending on
the reaction time allowing the formation of Fe?*-TPTZ.
In addition, the correlations between the antioxidants
content (phenolics and anthocyanins) and FRAP inde-
xes are evaluated.

MATERIALS AND METHODS

Samples
The berries studied were: blueberries (Vaccinium
corymbosum) (cv. Duke), blackberries (Rubus ulmifo-
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lius) (cv. Cherokee), raspberries (Rubus idaeus) (cv.
Heritage), and strawberries (Fragaria ananassa) (cv.
Camarosa). The apple (Malus domestica) cultivars stu-
died were: Fuji, Granny Smith, Pink Lady, Red Deli-
cious, and Royal Gala. All apples and berries were
harvested at the ripe stage, in a commercial plantation
located in Central Chile (latitude 34° 41° to 36° 33” S).
All samples were sorted to eliminate damaged, disea-
sed or poor quality fruits, obtaining samples that were
uniform in size, ripeness and color. The selected fruits
were stored at -20°C until analysis (within 2 months).

The moisture content of each sample was determi-
ned gravimetrically by weight difference after the sam-
ple was heated at 70°C for 16 h in an oven (21).

Sample preparation

Apples: Extracts of apple peel and pulp were obtai-
ned from a minimum of ten randomly selected fruits
that were carefully cut into quarters, eliminating their
seeds and core. Peel (portion without pulp) was obtai-
ned by cutting the fruit with a stainless steel vegetable
peeler. Pulp (portion without peel) was obtained from
the peeled fruits cut into small pieces, excluding the
core and seeds.

The extractive procedure applied for each assay was
as follows (7,22):

a) Phenolics: 10 g apple tissues were added to 90

mL extraction solvent (acetone:water 70:30).

b) FRAP and anthocyanins in apple peel: 10 g sam-

ple were added to 30 mL extraction solvent.

¢) FRAP and anthocyanins in apple pulp: 20 g sam-

ple were added to 60 mL extraction solvent.

In all cases, the mixtures were homogenized for 1
min in an Ultra Turrax homogenizer (OMNI Interna-
tional, GLH-02, Kennesaw, U.S.), and the extracts
were shaken in a water bath at 20°C for 60 min. Three
samples (1.5 mL) were centrifuged at 2500g for 15 min
at 4°C and the supernatants were stored at 4°C until
their analysis.

Berries: 5 g of each berry were mixed with 150 mL
extraction solvent (acetone:water 70:30) (7,23). The
mixture was homogenized for 5 min in an Ultra Turrax
homogenizer, and the extracts were shaken in a water
bath at 20°C for 60 min. Three samples (1.5 mL) were
centrifuged at 2500g for 15 min at 4°C and the super-
natants were stored at 4°C until their analysis.

All extractions were performed at 0-4°C to mini-
mize degradation.
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Chemical analysis

a) Total phenolics: was evaluated using the colori-
metric method described by Singleton and Rossi (24).
It involves the reduction of Folin-Ciocalteu reagent by
phenolic compounds, with the concomitant formation
of a blue complex. Briefly, an aliquot of the extract (0.5
mL) was mixed with 3 mL distilled water and 0.25 mL
Folin-Ciocalteu reagent (Merck, Darmstadt, Germany).
Immediately, 0.75 mL saturated sodium carbonate and
0.95 mL of distilled water was added. The mixture was
incubated for 30 min at 37°C, and the absorbance was
measured at 765 nm in a UV-Vis spectrophotometer
(Unicam Hehio o, Cambridge, UK). The measurements
were compared to a standard curve prepared with gallic
acid solution (Sigma-Aldrich, St. Louis, MO, USA),
and total phenolics content was expressed as mg gallic
acid equivalents per g dry weight (mg GAE/ g d.w.).

b) Anthocyanins: the monomeric anthocyanins con-
tent of berries and apple peels was measured using a
pH-differential protocol (25). Potassium chloride (0.025
M), and sodium acetate (0.4 M) buffers were used.
Apple peels were mixed (5:1, v:v) either in potassium
chloride (pH 1.0) or sodium acetate (pH 4.5) buffer. The
dilution of extracts in both buffer solutions were as fo-
llows: for blackberries and blueberries 1:5 (v:v), for
strawberries 1:2 (v:v), and for raspberries 1:1.4 (v:v).
The absorbance of these mixtures was then measured
at 520 and 700 nm using a UV-Vis spectrophotometer.
The absorption units of the anthocyanins in the samples
(A) were calculated from: A = (A520 — A700)pH1.0 —
(A520-A700)pH4.5, where A520 and A700 are the ab-
sorbance values measured at 520 and 700 nm.

The anthocyanins content was expressed as mg an-
thocyanin standard equivalents per 100 g dry weight
(mg anthocyanin/100 g d.w.). Different standard an-
thocyanins were used depending on the sample analy-
zed. Thereby, for apple peels cyanidin-3-galactoside
(e530 nm = 34300 M"'em™!', MW = 502.5 g mol™') was
used. For blueberries, blackberries and strawberries we
used cyanidin-3-glucoside (51 nm = 26900 M"'cm',
MW = 449.2 g mol ™), while for strawberries we used
pelargonidin-3-glucoside (53¢ nm = 22400 M"'cm’',
MW =486.5 g mol™).

¢) FRAP assay: was performed according to Benzie
and Strain (17) with some modifications. Firstly, we
performed the assay at 22°C and secondly, the Fe*'-
TPTZ reduction was followed during 120 min. FRAP
reagent was obtained from the mixture of sodium ace-
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tate (1020 pL, 300 mM) pH 3.6, TPTZ (100 pL, 10
mM), and ferric chloride (100 pL, 20 mM). FRAP re-
agent was prepared on a daily basis and was mixed
with 10 pL of each extract. The reaction was followed
at 593 nm using a UV-Vis spectrophotometer. FRAP-
indexes were obtained at 1 min (FRAP-1), 4 min
(FRAP-4), 30 min (FRAP-30), and 120 min (FRAP-
120) of incubation, using a standard curve produced by
the addition of ferrous sulphate to the FRAP reagent
(0—60 uM). All results were expressed as pumol Fe*" per
g dry weight (umol Fe*?/g d.w.). Additionally, the an-
tioxidant capacity FRAP of a standard (gallic acid) was
determined. For this purpose, gallic acid was dissolved
in acetone:water (70:30), and the reaction was followed
during 60 min.

Statistical analysis

All results were expressed as mean + standard error
(SE) of three samples taken under every condition eva-
luated. All the analyses were run in triplicate. The eva-
luations were performed by one-way analysis of
variance and Tukey-Kramer test was carried to esta-
blish significant differences among means. Differences
among means at 5% level (p<0.05) were considered
statistically significant. The correlations between the
antioxidant capacity and total phenolics and anthocya-
nins content were examined using Pearson correlation.
All statistical analysis and correlations were made with
SAS® (Version 8.0, SAS Institute, Inc, Cary, North Ca-
roline, USA).

RESULTS

The total phenolics content of peel and pulp of all
apple cultivars and berries are shown in Figures 1A and
B, respectively. The total phenolics content was depen-
dent on the apple cultivars and the fruit tissue. In ap-
ples, peel samples showed 2.5 to 4.8-fold higher
phenolics content than pulp samples (p<0.05) (Fig 1A).
In berry fruits, total phenolics were dependent on the
type of crops (p<0.05) (Fig 1B). Blackberries showed
the highest phenolics content (28.1 mg GAE/g d.w.),
followed by strawberries, raspberries and blueberries.
Blackberries exhibited values near two-fold higher
content than the other berries studied.

The anthocyanins content of apple peel and berries
are depicted in Figure 2A and B, respectively. Since
apple pulp does not contain anthocyanins, these com-
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pounds were not analyzed (24). The mean content of
anthocyanins in apple peel ranged from 75.9 to 2.5 mg
cyanidin 3-galactoside/100 g d.w. (p<0.05). Interes-
tingly, Red Delicious apples exhibited the highest an-
thocyanins content, almost threefold higher than cv.
Pink Lady and Fuji. On the other hand, Royal Gala and
Granny Smith showed lower contents (5.2 and 2.5 mg
cyanidin 3-galactoside/100 g d.w., respectively). In be-
rries, the anthocyanins content ranged from 939.5 to
397.9 mg/100 g d.w. Blueberries and blackberries sho-
wed similar amounts, two-fold higher than the values
observed in raspberries and strawberries.

Figure 3 shows the FRAP values of apple peel and
pulp samples and berries (A and B, respectively). Apple
peel exhibited higher FRAP in all the cultivars studied
(p<0.05). In apple peel, FRAP ranged from 493.2 to
379.1 umol Fe?"/g d.w. The decreasing antioxidant ca-
pacity order in the cultivars was: Granny Smith >
Royal Gala > Red Delicious > Fuji > Pink Lady. FRAP
values of apple pulp ranged from 267.0 to 206.5 umol

FIGURE 1
Total phenolics content of apples and berries
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Fe?*/g d.w. Depending on the cultivar, the antioxidant
capacity of apple peel was 2.4 to 1.8-fold higher than
the respective values of the pulp. As shown in Fig 3B,
FRAP of berries ranged from 157.5 to 90.8 pmoles
Fe?'/g d.w. (p<0.05). The decreasing order of FRAP
values was: blackberries > blueberries > strawberries
> raspberries.

Figures 4 A and B show the time-course of the Fe**-
TPTZ formation in apples and berries, respectively. As
seen in these figures, FRAP increased with the incuba-
tion time. Fig 4A (upper) depicts the kinetic profiles of
apple peel. The FRAP-120 capacity of Red Delicious
peel was nearly 2.6 and 1.2-fold higher than the FRAP-
1 and FRAP-30 values, respectively. In the other apple
cultivars, FRAP-120 increased in a lower ratio. Fig 4A
(lower) shows the kinetic profiles of Fe*-TPTZ for-
mation in apple pulp. In this case, smaller variations
were observed between FRAP values obtained after 1,
4, 30, or 120 min of reaction. Figure 4B depicts the
time-dependence of the antioxidant capacity of berry

FIGURE 2
Total anthocyanins content of apples and berries
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fruits. All berries showed a high FRAP-120 index, dou-
bling the initial values obtained at 1 and 4 min. In ad-
dition, at 120 min the results were 1.3 and 1.4-fold
higher than the value obtained at 30 min. These results
demonstrate that the antioxidant ability, evaluated by
the FRAP assay, is dependent on the incubation time.
Consequently, we propose the use of different FRAP
indexes, depending on the time of incubation. Thereby,
from the data shown in Figure 4, a FRAP-1, FRAP-30
and a FRAP-120, evaluated after 1 min, 30 min and 120
min of reaction, respectively, were determined. These
indexes for apples and berries are shown in Tables 1.
Table 2 shows that FRAP-30 and FRAP-120 were
highly correlated with the total phenolics in the apple
peel samples (r = 0.80 and 0.83, respectively). Howe-
ver, the standard FRAP value (FRAP-4) showed a weak
correlation, indicating that under this condition the de-
pendence on the phenolics is lower (r = 0.56). FRAP-
1 showed no relationship with the phenolics content,
revealing that the determination at initial times of in-

FIGURE 3
FRAP values of apples and berries
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cubation underestimates the real antioxidant capacity.
No relationship was observed between FRAP-4 and
FRAP-1 with the total phenolics content in apple pulp.
However, when we augmented the incubation time,
these correlations increased significantly. Thus, the co-
rrelation observed between FRAP-30 or FRAP-120
with the phenolics content was 0.53 and 0.65, respec-
tively. Similar results were observed in berry fruits,
since the correlation between FRAP indexes and total
phenolics increased with the incubation time.

The correlation coefficients between FRAP at 1, 4,

FIGURE 4
Time-course of the Fe**-TPTZ formation mediated
by apple (A) and berries (B) extracts

A 1000 4
900 4 PEEL
._F-——'—r__-_—.__-_F
: S00 4 g
; TiMY A
E AU ; AT
; S00 457
= A0 1 o Red Delicious
00 RayalGala
—o— Pink Lady
200
~ == Pt
100 Cimnny Smiith
i
0 m 40 L] 8O (L] 120
Time of incubation (min)
4000 5
3500 4
300G
¥l
T 2500
S
2 2000
- : —o e Delierous
E 1504 T Rovalial
1000 —&— Pink Lady
— Fuji
500 A — Lirnny Smeh
L1 y + ™
0 20 40 il bl |1 120
Time of incubation (min)
b
B 403 1)
5000 e
aM‘-‘"‘”"“
n”—«-ﬂ‘w
3000 d ey
2 2500 4
E
§ 200,00 4
e B
;'- 1500 4 —0- Strawbemics
- —— Raspherries
1ong ¢ A »
— Blucberrics
U0 A —— Blackberries
nu
0 20 40 [} ] 110k 120

Time of incubation (min)

Fe3*-TPTZ complex was incubated with extracts of apples
and berry fruits



328

30 and 120 min values and anthocyanins are shown in
Table 3. In apple peel, the correlation was low and not
significant at 30 and 120 min of incubation (r = 0.21
and 0.29, respectively). Opposing what was observed
with total phenolics, the correlation between anthocya-
nins and FRAP decreased with the time of incubation.
Similar results were observed in berries, indicating that
the anthocyanins contained in these fruits are titrated
at short reaction times.

Figure 5 shows the kinetic profile of FRAP of Pink

FIGURE 5
Time-course of the Fe*"-TPTZ formation mediated
by Pink Lady apple pulp and blackberries
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Lady apple pulp and blackberries. The FRAP capacity
of apple pulp was 1.6 and 1.3 times higher than black-
berries at 1 and 4 min of reaction, respectively. Howe-
ver, when FRAP-120 is measured, blackberries showed
values 1.4 fold higher than the apple pulp values. This
effect is better illustrated if we consider the FRAP-30
index: in this case, of Pink Lady apple pulp had FRAP-
30 values 1.4 times lower than blackberry (Table 1).

DISCUSSION

The total phenolics measured in various apple cul-
tivars are consistent with previous reports showing that
the peel fraction contain higher amounts of these com-
pounds than other edible parts of this fruit (10,26-29).
Depending on the cultivar, phenolics in apple peel

u::: _ p— range from two to five times over the respective pulp
%g‘ o . L fractions (27,28,30). In agreement with Tsao et al. (26),
T 0o 4 Red Delicious peel exhibited the highest phenolics con-
2 is00 tent. The anthocyanins content of apple peel is associa-
1000 { = Pk Lady gl pulp ted with their appearance (27), and Red Delicious
500 8- Blackberrics apples, deeply red colored, exhibited the highest
b amounts. The color is attributed mainly to the presence
PR Eh s T e i3 of @ mix of cyanidin glycosides, of which cyanidin 3-
e galactoside is the main one, followed by traces of cya-
TABLE 1
FRAP values of apple peel and pulp and berries
Specics Cultivar  Tissue FRAP index pmoles Fe™?/g dry weight
FRAP-1 FRAP-4 FRAP-30 FRAP-120
R. Delicious 363.4+26.5°0 493.2+23.12¢ 75994228 947.0%+10.824A
Royal Gala 456.7+£28.45C  51594£34.22¢  655.5£47.8>8  773.2£49.0°4
G. Smith Peel  448.5+21.0°C 532.0£11.1*C  739.045.508 887.7% 56.8*4
Fuji 378.5£29.0"¢  422.8£223%C  5557F12B  655.7*F18.6%"
Pink Lady 337.8+£6.5%8 379.1£22.8*8  468.7%£39.8%A  536.7F44.5%A
Apple R. Delicious 189.4£17.6°C  209.1%£19.6°8C€ 259.8%25.6248 306.1+29.0%4
G. Smith 247.5+21.1C  265.8424.128¢  318.3*23. 448 363,424 724
Fuji Pulp  216.2%21.2:cB 232.0%£20.98 272.8F22.9:®4AB 304 1 £24 6ebA
Royal Gala 256.8+26.6%8  269.9+27.3*4B  305.2%29.6%A 339.4+3(.92A
Pink Lady 201.9£2.2b%¢  206.4%3.2°¢ 223.1%6.28 238.4%5.5%4A
Blackberries Cherokee 122.7£12.9*¢  157.5% 8.52¢C 256.6+ 4. 48 344.1% 11.9*4
Blueberries  Duke prait 1174 F13.10C 1340 F13.505C 1982 F14.7048 257.4 £17.304
Raspberries  Heritage 70.3£3.15¢ 90.8+£3.35¢ 1643*7.18  229.6F14.5¢*
Strawberries Camarosa 105.0+13.12>¢  132.3+£12.6®C 219.2%10.0*8  303.1*£]12.2:04

Values are presented as mean of three replicates = standard error. Values in the same column for fruit or fruit tissue (FRAP indexes)
followed by different small letters denote significant difference (p < 0.05). Values in the same row followed by different capital letter

denote significant difference (p < 0.05).
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nidin 3-glucoside, 3-arabinoside, 3-xyloside, and 7-ara-
binoside (26,27).

In agreement with our results, Heinonen et al. (23)
and Wu et al. (4) showed that blackberries exhibit the
highest total phenolics content, while Wu et al. (4) re-
ported that blueberries exhibit a low value in compari-
son with blackberries and strawberries. On the other
hand, the ranking observed in the anthocyanins content
in the berry samples is in agreement with Kalt et al.
(31). Similarly, Wang and Lin (32) reported that black-
berries have higher anthocyanins contents than raspbe-
rries and strawberries.

FRAP is a convenient method widely used to esti-
mate the antioxidant capacity of pure compounds as
well as complex mixtures, such as fruits and vegeta-
bles. As already stated, FRAP assay measures the total
capacity of a sample to reduce Fe*" into Fe*" after 4 min
(FRAP-4) and equates such reducing ability to the total
antioxidant capacity of the sample. The results obtained
in FRAP-4 indicate that apple peel possess highly re-
active antioxidants, which is in agreement with pre-
vious results (10,29,30,33). Interestingly, Chinnici et
al. (34) associated the antioxidant capacity of apple
peel (duplicating those in apple pulp) with a high con-
centration of phytochemicals such as quercetin glyco-
sides and procyanidins. The apple cultivar exhibiting
the highest FRAP value at 30 and 120 min was Red
Delicious, which is in agreement with the values repor-
ted by Tsao et al. (33) and Lotito and Frei (35) in apple
extracts. Depending on the cultivar, the antioxidant ca-
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pacities of apple peels were 2.4 to 1.8-fold higher than
the respective pulp values. These proportions are in
agreement with Wolfe et al. (27), Drogoudi et al. (28),
and Chinnici et al. (34). Considering the putative health
protective compounds found in apple peel, this fraction
may be freshly consumed in various forms as a valua-
ble source of natural antioxidant phenolics and has a
potential use as a valuable ingredient in the formulation
of functional foods (36).

The high antioxidant capacity of blackberries is at-
tributed to their content of phenolic acids and anthoc-
yanins, which possess strong antioxidant activity (16).
The ranking order of FRAP-4 values observed in be-
rries is consistent with previous reports (37). However,
Pellegrini et al. (16) and Halvorsen et al. (38) reported
a different order. This is probably associated with the
genetic characteristics (cultivars), environmental fac-
tors, agronomic practices, maturity and/or post-harvest
conditions, all of which affect their chemical constitu-
tion and therefore, their antioxidants content (8,39).

The FRAP methodology has been proposed consi-
dering the evaluation of the visible absorption (at 593
nm) of Fe*-TPTZ complex after 4 min of reaction.
This end point has been associated with a stabilization
of the absorbance of the ferrous complex (17). Howe-
ver, when these conditions were applied to apple and
berry samples, a continuous increase of the absorbance
at 593 nm was observed. Thus, FRAP values showed
a strong dependence on the time of incubation. In ef-
fect, mean initial FRAP-1 and FRAP 120 values ranged

TABLE 2
Correlation coefficients (r) between total phenolics content and FRAP indexes

Correlation coefficients (r)

Fruit Tissue
FRAP-1 FRAP-4 FRAP- 30 FRAP- 120
Apples Peel 0.14 (p > 0.05) 0.56 (p < 0.05) 0.80(p<0.01) 0.83 ( p<0.01)
Pulp 0.10(p>0.05) 025(p>0.05) 053(p<0.05) 0.65(p<0.01)
Berries Fruit 029 (p>0.05) 049(p<0.01) 0.68(p<0.01) 0.71(p=<0.01)

The correlation coefficient (r) and the corresponding significance values (p) are indicated; Differences at p<0.05 are considered to be
significant.
TABLE 3
Correlation coefficients (r) between anthocyanins content and FRAP
Correlation coefficient (r)

Fruit Tissue
FRAP-1 FRAP-4 FRAP - 30 FRAP - 120
Apples Peel 0.66 (p<0.01) 0.19 (p > 0.05) 0.21 (p>0.05) 0.29 (p>0.05)
Berries Fruit 0.75 (p<0.01) 0.69 (p <0.01) 0.51 (p<0.01) 0.37 (p<0.05)

The correlation coeflicient (r) and the corresponding significance values (p) are indicated; Differences at p<().05 are considered to be
significant.
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from 390 to 760, and 100 to 280umoles Fe**/g d.w for
apples and berries, respectively. These FRAP-1 values
may be related to the presence of very efficient antio-
xidants such as ascorbic acid, quercetin and catechin
(18,20,40). When we applied incubation periods longer
than 4 min, FRAP values differed significantly
(p<0.05), revealing that the evaluation at short times (1
to 15 min) underestimates the total antioxidant capacity
that may be assessed at 120 min. Therefore, it is of
major importance to standardize and apply the ade-
quate time of reaction to compare the total antioxidant
capacity of fruits and vegetables. If this is not taken
into consideration, underestimations of the real antio-
xidant capacity will occur.

When the reactions are not allowed to reach the
equilibrium, FRAP may be underestimated, among
other reasons, due to the generation of new antioxidants
through polymerization of phenolics that contribute to
the total antioxidant capacity (20). Due to the complex
mixture of antioxidant compounds present in fruits and
vegetables, it is important to allow periods long enough
to reach the equilibrium when comparing their total an-
tioxidant capacity. In effect, after 60 min, the FRAP re-
action kinetics of gallic acid after 1 and 4 min increased
significantly (1.4 and 1.3 times at 1 and 4 min, respec-
tively) since the reduction of the ferric-TPTZ complex
was uninterrupted (data not shown). Pulido et al. (18)
reported similar results, determining that the antioxi-
dant capacity duplicated after 30 min, while the blank
samples showed no modification of the absorbance du-
ring this time of incubation, confirming that the incre-
ments in the absorbance values were not caused by
alterations of the reaction mixture with time. The fact
that all assayed samples (apples and berries extracts,
gallic acid solution) increased their reducing capacity
with the incubation time probably reflects the ability
of the antioxidant species to remain active. In food
systems this process would offer protection over an ex-
tended period and therefore, aid in the prevention of
early oxidative deterioration (41). On the other hand,
if these molecules maintain an adequate antioxidant
status in vivo, they would be able to protect the tissues
from the oxidative damage caused by free radicals.

The time dependence of FRAP may be associa-
ted to different rates of Fe**-TPTZ — phenols reaction,
due to the presence of phenolics with different reacti-
vity (antioxidant molecules with fast, medium and slow
reactivity) that would interact independently, and/or the
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presence of metabolites that are highly reactive towards
the Fe**-TPTZ complex. Independently of the reasons
underlying the time-dependence of FRAP, the values
obtained at 4 min of incubation does not show the
“total” antioxidant capacity of the samples. This is sup-
ported since FRAP-30 and FRAP-120 indexes of apple
peel correlated significantly and strongly with the total
phenolics content. Therefore, in order to establish a re-
lative ranking of the antioxidant capacity of different
samples, it would be necessary to know the kinetic pro-
files of the Fe?*-TPTZ formation. In addition, the weak
correlations observed between FRAP-1 and FRAP-4
and total phenolics of apple peel would indicate that
these compounds possess different reactivity. Our re-
sults demonstrate that not all antioxidants are able to
reduce the Fe*-TPTZ rapidly enough to complete the
reaction in a short time. For this reason, when we in-
creased the time of incubation of these samples with
the FRAP reagent, the correlations increased signifi-
cantly (FRAP-30 and FRAP-120), indicating that these
extracts contain a complex mixture of phenolics exhi-
biting lower reactivity, thus requiring longer time to re-
duce the Fe™*-TPTZ into the ferrous form. Similar
results were obtained in berries. The low correlations
observed indicate that compounds other than phenolics,
such as vitamin antioxidants, and/or synergism among
these compounds and phenolics are contributing to the
antioxidant capacity of the samples (18,41).

The FRAP assay should consider periods of incu-
bation long enough to allow the reaction of all the dif-
ferent antioxidants contained in the extracts.
Otherwise, the total antioxidant capacity is underes-
timated. Figure 5 shows that the FRAP-4 value of
Pink Lady apple pulp was higher than that the black-
berry value, while the opposite is seen in the FRAP-
120 index, where the value measured in blackberry is
1.4 times higher than apple pulp. Therefore, extreme
care must be taken when conclusions are obtained
from FRAP results estimated at a single time of Fe*'-
TPTZ — sample reaction.

CONCLUSIONS

FRAP values of apple and berry extracts are
strongly dependent upon the incubation time. There-
fore, the FRAP index evaluated at 4 min (standard
method) does not necessarily reflect the “total antio-
xidant capacity” of these samples. This implies that
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the determination of the total antioxidant capacity of
these fruit extracts, evaluated through the FRAP
assay, requires longer periods of incubation. In effect,
the FRAP values obtained at different incubation
times (so-called FRAP-1, FRAP-4, FRAP-30 and
FRAP-120, according to the incubation time used) for
different samples produce contradictory results. In
consequence, a kinetic FRAP profile should be reali-
zed for each type of sample analyzed in order to esta-
blish the most suitable incubation period to titrate all
the reactive antioxidant species.
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