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A B S T R A C T

The antioxidant capacity of commonly consumed South African foods was determined using the

fluorescein (FL)-based oxygen radical absorbance capacity (ORACFL) assay. The hydrophilic (H)-ORACFL

of these foods ranged from 15 to 4202 mmole Trolox equivalents (TE)/100 g, and the lipophilic (L)-

ORACFL from 11 to 109 mmole TE/100 g. The L-ORACFL of all the items analyzed contributed less than 5%

of the total antioxidant capacity (TAC), except for sunflower oil (42%). Cultivar and seasonal availability

influenced the H-ORACFL of some, but not all, fruits. The Golden Delicious apple cultivar has a lower

(P < 0.05) H-ORACFL (with peel and peeled) compared to the other apple cultivars analyzed. Household

thermal processing decreased the H-ORACFL of cabbage, brown onion and baby marrow (zucchini)

(P < 0.05) and the L-ORACFL of potato and green beans (P < 0.05). Although the H-ORACFL of refined

grains (e.g. maize porridge) is among the lowest, such foods make a substantial contribution to the daily

dietary intake of the South African population.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Oxidative stress, the process in which the balance between
oxidants and antioxidants in the human body is shifted towards
oxidative potentials, causes oxidative damage to body cells
(Halliwell and Gutteridge, 1989). This has an effect on cellular
processes implicated in chronic disease development, such as in
cardiovascular disease and cancer, and the pathogenesis of human
immunodeficiency virus (HIV) (Willcox et al., 2004), all disease
conditions of public health importance in South Africa (SA) (Steyn
et al., 2006).

There are two types of antioxidants, namely exogenous and
endogenous antioxidants (Willcox et al., 2004). Dietary intake of
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plant foods is vital for supplementing the exogenous antioxidant
defense system by providing essential nutrient antioxidants, such
as vitamins E and C and other non-nutrient antioxidants, such as
flavonoids, and essential trace minerals to support the endogenous
antioxidant defense system through enzyme functioning (Willcox
et al., 2004). The non-nutrient phytochemicals present in plant
foods, many of which have antioxidant activity (Tsao and Akhtar,
2005), have already been associated with protection from
degenerative diseases and other medical illnesses (Winston, 1997).

For health promotion and disease prevention it could be of
importance to know the total antioxidant capacity (TAC) of foods
and beverages that represents the cumulative capacity of the
dietary components to scavenge free radicals (Pellegrini et al.,
2003). This concept reflects the integrated and/or synergistic
effects of all the antioxidants (Wu et al., 2004a). The TAC may be
viewed as a functional measure of a food or beverage as it includes
all the components with antioxidant capacity (e.g. vitamin C and
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Table 1
Key foods list of core food items commonly consumed by South Africans (obtained from Nel and Steyn, 2002).

Fruits Vegetables Grains/legumes
Pear (Pyrus communis) Peas (Pisum sativum) Rice (Oryza sativa)

Apple (Malus domestica) Cabbage (Brassica oleracea) Spaghetti (Zea Maize)

Banana (Musa acuminate) Onion (Allium cepa) Macaroni (Zea Maize)

Peach (Prunus persica) Sweet potato (Ipomoea batatas) White bread (Zea Maize)

Red grape (Vitis vinifera) Potato (Solanum tuberosum) Brown bread (Triticum aestivum)

Baby marrow or Zucchini (Cucurbita pepo) Wheat cereal (Triticum aestivum)

Fats/oils Carrot (Daucus carota) Oats (Avena sativa)

Peanut butter (Arachis hypogaea) Tomato (Solanum lycopersicum) Maize (Zea Maize)

Sunflower oil (Helianthus annuus) Lettuce (Lactuca sativa) Samp and beans* (Zea Maize and Phaseolus vulgaris)

Beet (Beta vulgaris) Speckled beans (Phaseolus vulgaris)

Beverages Butternut (Cucurbita moschata)

Orange juice (Citrus sinensis) Green beans (Phaseolus vulgaris)

Coffee (Coffea arabica)

Black tea (Camellia sinensis)

* A mixture of samp (maize kernels from which the husk and germ have been removed) and beans (red kidney beans).
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the polyphenols). A determination of the TAC of dietary foods and
beverages could provide a possibly useful measure of their
functionality (Pennington, 2002). Such data will be useful in, for
example, identifying the most beneficial fruits and vegetables
having the potential to support antioxidant defenses in the body
(Halvorsen et al., 2002).

Although the focus of the possible health benefits of antiox-
idants has been on fruits, vegetables and beverages, consumption
of whole grains and grain based products also offer certain health
benefits (Anderson, 2004). In an investigation of the antioxidant
activity of grains, Adom and Liu (2002) showed that various grain
products are good sources of phenolic compounds, while Miller
et al. (2000) found that a serving of ready-to-eat breakfast cereals
provide more Trolox equivalents (TE) than the average serving of
fruit or vegetables.

The ultimate objective of this study is to develop and establish a
South African non-nutrient antioxidant database. It is important to
know the non-nutrient antioxidant content of South African foods,
as South Africans in general do not consume the daily recom-
mended fruit and vegetable servings and consume refined grain
food sources. This is not conducive to an eating behavior that
supports health and prevention of disease (Love and Sayed, 2001;
Vorster and Nell, 2001). It also implies that other ways may have to
be sought to increase the external antioxidant defenses in this
population group, such as improving the antioxidant capacity of
the core foods consumed if the TAC of these foods are generally low
and/or promoting the intake of foods with higher TAC (Battino and
Mezzetti, 2006).

The present study focuses on the TAC determination of basic
food items such as fruits, vegetables, grains, legumes, fats/oils and
beverages commonly consumed by the South African population to
initiate the planned database development. Basic foods for the
purpose of this study are those foods assigned to the food groups in
food group plans (Whitney and Rolfes, 2005). The United States
Department of Agriculture (USDA) developed a method of
identifying key foods to set a priority list for food composition
analysis. This was initialized to effectively use resources for
analysis of those foods that contribute significant amounts of
nutrients to the diet (Haytowitz et al., 1996, 2000). The method
followed was to use nationally representative food consumption
data and existing food nutrient values in a nutrient consumption
scoring approach (Haytowitz et al., 2000, 2002). The South African
food consumption studies report of the Department of Health, as
compiled by Nel and Steyn (2002) summarizing various food
consumption studies were used as the basis for the development of
this database. From this report it was apparent that South Africans
consume some foods in greater amounts than most other foods,
particularly refined grain products, for which limited available
data on the TAC could be found in research publications. The
nutrient composition scoring approach for identification of the key
foods for analysis could therefore not be applied. The brief list of
core foods consumed by more than 3% of the adult population (Nel
and Steyn, 2002) was as a result used as a key foods list (Table 1)
and these items selected for the analysis. This publication only
provides the hydrophilic (H) and lipophilic (L) oxygen radical
absorbance capacity (ORACFL) determinations and the TAC of these
commonly consumed basic or core foods. Ultimately the database
would also include values for the total polyphenol, flavonoid and
carotenoid contents of various South African foods and beverages.

2. Experimental methods and materials

2.1. Food sampling

All the core foods were sampled from three different large retail
food stores in the Cape Town Metropolitan area. These food stores
were located in the Northern Suburbs, the Southern Suburbs and
the City Centre to provide for an urban strata division. Sampling
was done during three different months of the year to include for
variation caused by seasonal factors. These months were; April
(mid-autumn), July (mid-winter) and December (early summer).
National sales figures from two of the food store Head Offices were
obtained (Fourie, 2007; Van de Vyver, 2007) and used to sample
the top selling brands and cultivars of the core foods. Three
samples of each core food, representing the top selling brands and
cultivars, were randomly selected at each of the urban strata food
stores. Market quality fruits and vegetables were bought based on
visual cues, considering color and texture, as maturity could not be
accounted for. Vision seems to be the most frequently used sense in
the purchase of fruits and vegetables (Butz et al., 2005). Visual
images along with physical descriptions were used to verify
cultivar identification on the food packaging and on the labels at
the bins in the stores and a ripeness chart used to determine the
appropriate banana choice (Turbana, 2007). All the grains, legumes
and fats/oils bought at a time had similar ‘‘best-before’’ dates.
Twenty-seven units of each core food were bought over the three
seasonal periods. The three units purchased at a time were mixed
to provide a composite unit. An average of nine composite units
was formed for the analysis of each core food. This corresponds
closely to the standard of at least ten units adopted by most
sampling schemes (Greenfield and Southgate, 2003).

2.2. Food and beverage preparation

The raw and cooked foods were prepared for analysis following
the reduction by quartering method (Greenfield and Southgate,
2003). Following reduction, the foods were chopped, and the
samples of each food item combined and homogenized, using the



Table 2
Prepared vegetable recipe formulations as applied in this study.

Food item Total raw weight

for 6 servings (g)

Food preparation

Cooked items
Cabbage 675 Remove outer leaves and core, rinse, slice leaves in halve and then in quarters. Shred each quarter into

strips of approximately 5 mm. Add to boiling water (900 mL). Boil (HA6
*) for 6 min (or until just tender),

drain water, unsalted.

Potato 675 Rinse, slice into quarters. Add to boiling water (900 mL), boil (HA6) with skin for 15 min (or until just tender),

drain, unsalted.

Carrots 675 Rinse, trim ends, cut into rings. Add to boiling water (900 mL), boil (HA6) for 15 min (or until just tender), drain,

unsalted.

Butternut 1013 Peel and remove ends, seeds and pith. Cut into chunks (4.5�3.5�2.5 cm). Add to boiling water (1350 mL),

boil (HA6) for 10 min (or until just tender), drain, unsalted.

Green beans 506 Rinse, trim ends. Add to boiling water (675 mL), boil (HA6) for 6 min (or until just tender), drain, unsalted.

Peas 513 Frozen. Add to boiling water (684 mL), boil (HA6) for 10 min (or until just tender), drain, unsalted.

Onion 675 Peel and trim ends. Slice into 5 mm slices. Add to boiling water (900 mL), boil (HA6) for 9 min (or until

just tender), drain, unsalted.

Sweet potato 1013 Rinse, peel and trim ends. Cut into cubes (3�3�3 cm). Add to boiling water (1350 mL), boil (HA6) for

10 min (or until just tender), drain, unsalted.

Baby marrow 1350 Rinse, trim ends. Cut into slices (3 cm thick). Add to boiling water (1800 mL), boil (HA6) for 9 min

(or until just tender), drain, unsalted.

Raw items
Onion 390 Peel onion and trim ends. Slice into 5 mm slices.

Beetroot 720 Use commercially readymade beetroot salad.

Lettuce 480 Rinse, slice in halve then each halve into 5 mm slices.

Carrot 312 Rinse, trim ends. Slice in quarters lengthwise.

Tomato 600 Rinse, trim stalk-ends. Slice into rounds of 5 mm.

*HA: Heat application, 6 = maximum, 1 = minimum.
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same food processor. The food samples were stored at �40 8C, as
recommended by Greenfield and Southgate (2003), until the
extraction and analysis could be done.

Apples were cut in halve and one halve peeled, while the other
halve was left unpeeled. Bananas were peeled, while pears and
peaches were left unpeeled. Each fruit, represented by nine
quarters, was prepared as described above for each seasonal
analysis. Where a food item needed to be cooked, recipe
formulations from a variety of sources were scrutinized in order
to find a nationally representative means of such cooking in SA. The
recipe formulations of the South African Medical Research
Councils’ (MRC), Composition of South African Foods–Vegetables
and Fruit, were followed as far as possible for the thermal
processing of the vegetables (Kruger et al., 1998). Adjustments
were made during actual preparation of the food items and
incorporated into standardized base recipe formulations for each
thermally processed vegetable (Table 2). The raw vegetable
samples were prepared in the same way as the thermally
processed through peeling, cutting and slicing. The recipe
formulations for the grain and legume items were obtained from
the back panels of the food packaging and prepared to formulate a
standardized base recipe for each food (Table 3). An electric stove
(CMC, 2006) and stainless steel pots (18 cm inside diameter, 11 cm
height) (Kruger et al., 1998) were used for the thermal processing.
For each cooked food item, an amount was prepared to simulate six
servings. With all the cooked vegetable items (Table 2) the tap
water used was brought to boil in the stainless steel pot before
adding the raw vegetables. The raw vegetables used for producing
the thermally processed samples were prepared (peeled, cut and/
or sliced) immediately before boiling to limit oxidation of the
antioxidants. The lid of the pot was kept on partially during boiling.
A wooden spoon was used to stir where indicated (Table 3).
Coffee samples were prepared by measuring 2 g of coffee
granules and adding 200 mL (1% solution) of tap water brought to
boil in a domestic kettle. Tea was prepared by adding 180 mL of
boiled tap water to one tea bag (approximately 2.5 g) per sample.
Each tea sample was allowed to steep for 3 min. The tea was stirred
five rotations before the tea bag was removed at the end of the
3 min. Fruit juices were used as bought from the food store shelves.

2.3. Chemicals and apparatus for the ORACFL assay

2,20-Azobis (2-amidino-propane) dihydrochloride (AAPH), 6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox,
98%), b-cyclodextrin, fluorescein (sodium salt) (FL) and Nunclon
black 96-well flat bottom microplates were obtained from Sigma–
Aldrich (Johannesburg, SA). All solvents were obtained from Merck
(Johannesburg, SA). The ORACFL analysis was done using a
Fluoroskan Ascent plate reader (Thermo Electron Corporation,
USA).

2.4. Extraction method for lipophilic and hydrophilic components

A modified method of Prior et al. (2003) was used to extract the
lipophilic and hydrophilic fractions of the samples. In brief, 2 g of
each sample was extracted first with 20 mL hexane (lipophilic
fraction) and then with 30 mL of an acetone:water:acetic acid
(70:29.5:0.5, v/v/v) mixture (hydrophilic fraction). All the fractions
were centrifuged at 3220 � g for 10 min at 4 8C and stored at
�80 8C until analysis. On the day of the assay, a portion of the
lipophilic fraction was dried under nitrogen and re-dissolved in
water:acetone (1:1, v/v) containing 7% b-cyclodextrin. The
moisture content or soluble solids of the samples were determined
by placing 1 g or 1 mL of each sample in an oven set at 50 8C for two



Table 3
Prepared grain and legume recipe formulations as applied in this study.

Food item Total raw weight

for 6 servings (g)

Food preparation

Rice 200 Bring water (625 mL) and rice to boil (HA6
*). Reduce heat (HA1) and simmer with lid partially on

until water is absorbed and rice is soft (�25 min).

Red speckled sugar beans 185 Rinse, bring water (750 mL) and beans to boil (HA6). Reduce heat (HA4) and cook for a further

5 min. Remove from heat and soak for 60 min. Drain excess water. Add 650 mL boiling water to

beans and bring to boil (HA6). Reduce heat (HA3) and simmer with lid partially on for a

further 21 min. Stir once in a figure of 8 every 5 min during simmering. Drain excess water.

Macaroni 100 Fill pot with water (1000 mL) and bring to boil (HA6). Add 15 mL sunflower oil and then the pasta.

Cook for 9 min until tender but still firm. Stir 3 times every 3 min in a figure of 8. Drain excess water.

Spaghetti 100 Fill pot with water (1000 mL) and bring to boil (HA6). Add 15 mL sunflower oil and then the pasta.

Cook for 10 min until tender but still firm. Stir 3 times every 3 min in a figure of 8. Drain excess water.

Samp and beans 200 Rinse, bring water (750 mL) and beans to boil (HA6). Reduce heat (HA4) and cook for a further 5 min.

Remove from heat and soak for 60 min. Drain excess water. Add 650 mL boiling water to beans and

bring to boil (HA6). Reduce heat (HA3) and simmer with lid partially on for a further 45 min.

Stir once in a figure of 8 every 10 min during simmering. Drain excess water.

Oats 100 Place oats and boiled water (750 mL) in pot. Stir continuously in a figure of 8 until mixture starts to

boil (HA6). Reduce heat (HA2) and simmer for 3 min. Stir 3 times every minute in a figure of 8.

Maize meal 250 Bring water (1000 mL) to boil in pot (HA6). Add maize. Stir 6 times in a figure of 8. Replace lid and

reduce heat (HA4). After 3 min stir 6 times in a figure of 8. Repeat stirring every minute for 26 min.

*HA: heat application, 6 = maximum, 1 = minimum; �: approximately.
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weeks. The remaining residues were then re-weighed and the
moisture content or soluble solids calculated.

2.5. ORACFL assay of the samples

The ORAC values for the samples were determined by using the
ORACFL assay as applied by Wu et al. (2004a). A standard stock
solution of Trolox (500 mM) was diluted with phosphate buffer
(75 mM, pH 7.4) for the H-ORACFL assay and with acetone:water
(1:1, v/v) containing 7% b-cyclodextrin for the L-ORACFL assay to
provide calibration standards ranging from 5 to 25 mM. The
fluoroskan ascent plate reader is equipped with an incubator
which was set at 37 8C. Fluorescence filters with an excitation
wavelength of 485 nm and emission wavelength of 538 nm were
used. A stock fluorescein solution was prepared in phosphate
buffer and further diluted to provide a final concentration of
14 mM per well. AAPH (150 mg/mL in phosphate buffer) was added
with a multichannel pipette to give a final AAPH concentration of
23 mM in each well. The fluorescence from each well of the 96-well
plate was read every 5 min for 2 h. Final ORACFL values were
calculated using the regression equation y = a + bX + cX2 between
Trolox concentration (mM) and the area under the curve. All
samples were assayed in triplicate and the mean and standard
deviation values calculated (Microsoft1 Office Excel 2003). Final
values were expressed as micromoles of TE per 100 grams fresh
weight (FW).

2.6. Accuracy, precision and reproducibility of the ORACFL assay

Due to the seasonal nature of the study, the samples were
measured on different times and over an extended period. The
ORACFL assay was therefore tested for its accuracy, precision and
reproducibility. Two Trolox concentrations (10 mM and 20 mM)
and three hydrophilic and lipophilic sample extracts (food items a,
b and c) were analyzed on the same day (in quadruplicate) and this
repeated on three different days for accuracy, precision and
reproducibility. To further improve the consistency of the results,
the side wells (columns 1 and 12) of the 96-well plate were not
used in any of the measurements. The precision for all quality
control concentrations was within 15%. For the three food items
analyzed, the average percentage coefficient of variation (COV) for
the intra H-ORACFL assay repeats was 3.86% and for the inter H-
ORACFL assay repeats 6.17%. For the same food items analyzed, the
COV for the intra L-ORACFL assay repeats was 7.56% and for the
inter L-ORACFL assay repeats 7.51%. These results are summarized
in Table 4.

2.7. Statistical analysis

Medcalc1 version 10.4.5.0 was used for the statistical analysis.
All the data were tested for normality and if found not to have a
normal distribution, a log transformation was performed. When
two food items were compared to one another an independent
sample t-test was used and when more than two food items were
compared to one another, ANOVA (one-way analysis of variance)
was used. The Pearson correlation coefficient was calculated when
two sets of data were tested for a correlation. The statistical
analysis on the difference caused by the thermal processing of
vegetables (raw versus cooked) was performed on the dry weight
ORACFL values in order to compensate for moisture loss or gain.
P < 0.05 was accepted to be statistical significant.

3. Results

The H-ORACFL and L-ORACFL values as determined and the TAC
are indicated in Tables 5 (fruits), 6 (vegetables), 7 (grains, legumes
and fats/oils), and 8 (beverages). The ORACFL values and the TAC are
listed together with the TAC published by the USDA (2007) for the
same foods and beverages analyzed. The H-ORACFL for the fruits
analyzed varied considerably and ranged from 1653 mmole TE/
100 g (Packham pear) to 3880 mmole TE/100 g (Top Red apples,
with peel). A large H-ORACFL range for fruits were also found by Wu
et al. (2004a). Within the pear fruit group, the Forelle cultivar has a
significantly higher (P < 0.05) H-ORACFL than the Packham
cultivar. Within the apple fruit group, the Golden Delicious
cultivar has a significantly lower (P < 0.05) H-ORACFL than the
other three cultivars tested. In all four the apple cultivars analyzed,
the peel contributed to the H-ORACFL of the apples. The H-ORACFL

increase attributed to the peel varied from 4.7% in the case of the
Golden Delicious apple cultivar to as much as 21.4% in the case of
the Top Red apple cultivar. However, the contributions of the peel
to the H-ORACFL did not result in a significant difference (P < 0.05)



Table 4
Accuracy, precision and reproducibility determination of ORAC assay application.

Parameter Trolox (a) Food item (b) Food item (c) Food item

10 mmole/L 20 mmole/L H-ORAC L-ORAC H-ORAC L-ORAC H-ORAC L-ORAC

Run 1

Intra mean (mM) 9.967 19.630 19.286 0.742 11.195 0.353 29.880 0.116

Stdeva 0.280 0.224 0.692 0.040 0.600 0.028 1.004 0.010

COVb (%) 2.81 1.14 3.59 5.44 5.36 7.89 3.36 8.83

Recovery (%) 99.67 98.15

Number of repeats 4 4 4 4 4 4 4 4

Run 2

Intra mean 9.832 19.512 21.880 0.722 12.085 0.333 32.385 0.128

Stdev 0.219 0.119 0.471 0.035 0.820 0.033 0.762 0.019

COV (%) 2.23 0.61 2.15 4.82 6.79 9.88 2.35 14.66

Recovery (%) 98.32 97.56

Number of repeats 4 4 4 4 4 4 4 4

Run 3

Intra mean 9.965 19.551 19.980 0.761 11.214 0.341 33.677 0.118

Stdev 0.101 0.140 0.558 0.013 0.587 0.023 1.046 0.010

COV (%) 1.01 0.72 2.79 1.68 5.24 6.61 3.11 8.21

Recovery (%) 99.65 97.75

Number of repeats 4 4 4 4 4 4 4 4

Combined runs

Inter mean 9.921 19.564 20.382 0.741 11.498 0.343 31.981 0.120

Stdev 0.204 0.160 1.260 0.033 0.751 0.026 1.855 0.012

COV (%) 2.05 0.82 6.18 4.47 6.53 7.67 5.80 10.39

Recovery (%) 99.21 97.82

Number of repeats 12 12 12 12 12 12 12 12

a Stdev: standard deviation.
b COV: coefficient of variation.
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between the H-ORACFL of the peeled and unpeeled apple cultivars.
On average the apple cultivar contribution of the peel to the H-
ORACFL in this study is 12.1%, while that in the USDA report is 19.0%
(USDA, 2007).

Seasonal factors have a varying effect on the H-ORACFL of the
fruits. For example, the pear H-ORACFL showed little difference
between the three seasons tested. The lowest average H-ORACFL

(mid-autumn) for Packham pears is 1623 mmole TE/100 g, while
the highest average H-ORACFL (mid-winter) is 1709 mmole TE/
100 g. However, in the case of Yellow peaches, the lowest average
Table 5
Average ORACFL values (�standard deviation) of commonly consumed South African frui

Food item Cultivar and processed form NDB1

number

N Moisture

content (%

Pear Packham – 9 84.52

Forelle – 9 83.62

Raw (average) 09252 18 84.07

Apples Granny Smith, with peel 97070 9 85.65

Starking, with peel – 9 82.31

Top Red, with peel – 8 82.44

Golden Delicious, with peel 97069 9 83.38

Raw (average), with peel 09003 35 83.47

Granny Smith, peeled – 9 86.23

Starking, peeled – 9 84.15

Top Red, peeled – 8 83.62

Golden Delicious, peeled 97068 9 83.81

Raw (average), peeled 09004 35 84.48

Banana – 09040 9 76.74

Peach Yellow (Golden Tatura) – 8 88.36

Desert – 9 88.48

Raw (average) 09236 17 88.42

Grape Red (without seeds) 97074 9 84.52

1NDB: Nutrient databank; 2USDA: United States Department of Agriculture (USDA, 200
a,bSignificant difference (P<0.05) within food item cultivars.
c,d Significant difference (P<0.05) within apple cultivars with peel and peeled.
H-ORACFL (mid-winter) is 2689 mmole TE/100 g, while the highest
average H-ORACFL (mid-autumn) is 3882 mmole TE/100 g. Three of
the four apple cultivars analyzed (Starking, Top Red and Golden
Delicious), have their maximum average H-ORACFL (3962, 4443,
and 2997 mmole TE/100 g respectively) during the summer sample
collection; the only exception being the Granny Smith cultivar
(mid-autumn, 3995 mmole TE/100 g).

The L-ORACFL of the fruits are considerably lower and with the
exception of banana, has a much narrower range (14–24 mmole
TE/100 g) compared to the H-ORACFL. For the fruits analyzed in this
ts and that published by the USDA.

)

South African

H-ORAC

(mmole TE4/

100 g FW5)

South African

L-ORAC

(mmole TE4/

100 g FW5)

South African

TAC3 (mmole

TE4/100 g)

USDA2 TAC3

(mmole TE4/

100 g)

1653�416a 24�4a 1677�418a

2340�469b 21�8a 2361�473b –

2004�552 23�6 2027�555 2941

3372�716a,c 20�5a,c 3392�715a,c 3898

3466�745a,c 23�6a,c 3489�743a,c –

3880�654a,c 22�7a,c 3902�660a,c –

2553�867b,c 20�9a,c 2573�871b,c 2670

3302�867 21�7 3323�865 3082

3106�447a,c 18�3a,c 3124�449a,c –

3052�683a,c 17�5a,c 3069�687a,c –

3049�426a,c 17�2a,c 3066�426a,c –

2434�518b,c 16�6a,c 2450�521b,c 2210

2902�580 17�4 2919�581 2573

2107�548 74�14 2181�534 879

3199�751a 24�5a 3233�754a –

3324�1119a 23�5a 3347�1115a –

3295�935 23�5 3318�940 1814

1854�348 14�4 1868�346 1260

7); 3TAC: total antioxidant capacity; 4TE: Trolox equivalents; 5FW: fresh weight.



Table 6
Average ORACFL values (�standard deviation) of commonly consumed South African vegetables and that published by the USDA.

Food item Processed

form

NDB1

number

N Moisture

content (%)

South African

H-ORAC

(mmole TE4/

100 g FW5)

South African

L-ORAC

(mmole TE4/

100 g FW5)

South African

TAC3 (mmole

TE4/100 g)

USDA2 TAC3

(mmole TE4/

100 g)

Peas Raw (frozen) 11312 5 82.10 1610�588a 32�3a 1642�585a 600

Cooked – 9 79.92 1157�414a 26�5a 1183�416a –

Cabbage Raw 11109 6 91.63 1446�757a 23�3a 1469�754a 508

Cooked 11110 9 94.37 725�365b 20�6a 745�371b –

Onion, brown Raw 99056 9 91.54 2354�476a 21�3a 2830�475a –

Cooked – 9 92.82 1754�411b 18�7a 1772�414b –

Sweet potato Raw 11507 5 83.51 1161�362a 20�4a 1181�360a 902

Cooked 11510 9 84.42 1207�272a 16�6a 1223�275a 766

Potato Raw 11354 5 85.52 1571�351a 47�13a 1618�357a 1058

Cooked 11357 9 83.75 1682�726a 18�8b 1700�729a 11386

Baby marrow Raw 11477 6 96.47 2706�745a 34�7a 2740�748a –

Cooked – 9 95.58 1618�708b 24�7a 1642�710b –

Carrot Raw 11124 8 91.92 1343�603a 24�9a 1367�607a 666

Cooked 11125 9 91.48 1256�455a 19�10a 1264�459a 317

Beetroot Raw 11080 9 81.37 2110�211 28�6 2138�213 1767

Lettuce, iceberg Raw 11252 9 96.85 679�375 31�6 710�379 438

Tomato Raw 11529 9 95.39 727�240 17�11 744�246 367

Butternut Raw 11485 5 90.25 1390�455a 23�3a 1413�453a –

Cooked – 9 90.62 1193�175a 18�6a 1211�178a –

Green beans Raw 11052 9 94.54 1067�371a 42�12a 1109�376a 759

Cooked – 9 92.09 1119�213a 19�5b 1138�216a –

1NDB: Nutrient databank; 2USDA: United States Department of Agriculture (USDA, 2007); 3TAC: total antioxidant capacity; 4TE: Trolox equivalents; 5FW: fresh weight;
6baked.
a,b Significant difference (P<0.05) within food item processed forms.
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study, the average L-ORACFL is 23.4 mmole TE/100 g compared to
the 2804 mmole TE/100 g for the H-ORACFL and the average TAC
2827 mmole TE/100 g. The L-ORACFL contribution to the TAC of the
fruits analyzed is therefore only 0.83%. The average USDA L-ORACFL

and H-ORACFL for the same fruits tested were 32 mmole TE/100 g
and 2418 mmole TE/100 g respectively and the average TAC
2450 mmole TE/100 g (USDA, 2007). In this study, banana has
the highest L-ORACFL of 74 mmole TE/100 g, while the L-ORACFL for
banana listed in the USDA report is 66 mmole TE/100 g (USDA,
2007). As found by Wu et al. (2004a), the average L-ORACFL of the
unpeeled apples (17 mmole TE/100 g) in this study are higher than
those of their peeled counterparts (21 mmole TE/100 g) (Table 5).
Table 7
Average ORACFL values (�standard deviation) of commonly consumed South African grai

Food item Variety NDB1

number

N Moisture

content (%)

S

H

(

1

Bread Brown – 9 40.84

White – 9 40.29

Porridge Wheat cereal – 9 4.69 2

Oats – 9 83.09

Maize – 8 83.24

Legumes Samp and beans – 9 64.43

Speckled beans – 9 63.16 1

Starch Rice – 9 69.35

Spaghetti – 9 62.51

Macaroni – 9 60.88

Fats/oils Peanut butter 16098 9 0.47 4

Sunflower oil – 9 –

1NDB: Nutrient databank; 2USDA: United States Department of Agriculture (USDA, 200
a,b,cSignificant difference (P<0.05) within food item varieties.
However, unlike the findings of Wu et al. (2004a), the contribution
of the peel to the L-ORACFL of the four apple varieties in this study
are not significant (P > 0.05).

The H-ORACFL for the raw vegetables ranged from 679 mmole
TE/100 g (lettuce) to 2706 mmole TE/100 g (baby marrow or
zucchini). Household thermal processing furthermore increased
the H-ORACFL of the sweet potato, potato and green beans. The H-
ORACFL increased from raw to cooked by 9.1%, 7.1% and 4.9%
respectively in these vegetables, but none of these increases are
significant (P > 0.05) (Table 6). An increase in the H-ORACFL may be
due to an enhancement of the antioxidant properties of naturally
occurring compounds or formation of novel compounds that have
ns, legumes and fats/oils and that published by the USDA.

outh African

-ORAC

mmole TE4/

00 g FW5)

South African

L-ORAC

(mmole TE4/

100 g FW5)

South African

TAC3 (mmole

TE4/100 g)

USDA2 L-ORAC

(mmole TE4/100 g)

922�245a 78�20a 1000�264a –

779�127a 74�11a 853�135a –

669�621a 109�30a 2778�648a –

374�71b 44�7b 418�76b –

297�65b 73�9c 370�73b –

862�328a 50�11a 912�336a –

867�273b 29�6b 1896�277b –

373�55a 35�12a 408�63a –

470�181a 41�15a 511�183a –

413�58a 34�6a 447�60a –

202�1569a 88�37a 4290�1579a 3432

15�8b 11�6b 31�7b –

7); 3TAC: total antioxidant capacity; 4TE: Trolox equivalents; 5FW: fresh weight.



Table 8
Average ORACFL values (�standard deviation) of commonly consumed South African beverages and that published by the USDA.

Beverage item Variety NDB1 number N Soluble

solids (%)

South African H-ORAC

(mmole TE3/100 g FW4)

USDA2 H-ORAC

(mmole TE3 /100 g)

Orange juice Brand 1 (milk blend) – 9 14.70 406�94a –

Brand 2 (pure) 09206 9 13.75 768�144b 726

Coffee (instant) Brand 3 (pure) – 9 1.10 2489�375a –

Brand 4 (chicory blend) – 9 1.13 860�105b –

Brand 5 (chicory blend) – 9 1.11 1017�139c –

Black tea Brand 6 – 9 0.23 1122�265a –

Brand 7 – 9 0.21 1392�289a –

Brand 8 – 9 0.23 1245�170a –

Brand 9 – 9 0.27 1422�329a –

Average 14355 36 0.24 1295�285 1128

1NDB: Nutrient databank; 2USDA: United States Department of Agriculture (USDA, 2007); 3TE: Trolox equivalents; 4FW: fresh weight.
a,b,cSignificant difference (P<0.05) within beverage item varieties.
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antioxidant activity (Nicoli et al., 1999). All other cooked
vegetables (peas, cabbage, brown onion, baby marrow, carrot
and butternut) showed decreases in the H-ORACFL on thermal
processing. Decreases in the H-ORACFL caused by thermal
processing were as low as 6.5% in the case of carrots, to as high
as 49.9% in the case of cabbage. For the cooked cabbage, brown
onion and baby marrow, these decreases are significant (P < 0.05)
(Table 6). Bacchiocca et al. (2006) found a 10–40% reduction in
ORAC values in minimally processed vegetables compared to fresh
vegetables. Events such as thermal degradation and leaching can
lead to lower levels of antioxidants in processed compared with
fresh food (Kalt, 2005).

As with the fruit results, the L-ORACFL of the vegetables are also
considerably lower than the H-ORACFL. For the vegetables analyzed
in this study, the average L-ORACFL is 24.6 mmole TE/100 g (raw
and cooked) compared to 1434 mmole TE/100 g for the average H-
ORACFL (raw and cooked) with the average TAC 1459 mmole TE/
100 g. The L-ORACFL contribution to the TAC of the vegetables
analyzed is therefore only 1.7%. In this study, raw potato has the
highest L-ORACFL of 47 mmole TE/100 g, while the USDA reported
49 mmole TE/100 g (USDA, 2007). In the USDA report, raw peas had
the highest L-ORACFL (95 mmole TE/100 g) (USDA, 2007). All the
cooked vegetables have lower L-ORACFL values than their raw
counterparts. However, the cooked vegetable L-ORACFL compared
to the raw vegetable L-ORACFL were only significantly different
(P < 0.05) for potato and green beans. On average the decrease in
the L-ORACFL is 33.1%, ranging from as little as 13.0% for cabbage
and as high as 61.7% for potato (Table 6).

The USDA report contains ORACFL values for a variety of breads,
cereals, and beans (USDA, 2007) compiled mainly from the
publications of Wu et al. (2004a) and Xu et al. (2007). However,
it lacks data on products such as plain white and brown bread and
other high starch containing foods such as macaroni, spaghetti and
maize meal which are food items commonly consumed by South
Africans. The H-ORACFL of the plain brown bread and plain white
bread determined in this study (Table 7) are respectively 29% and
40% lower than the mixed grain bread listed in the USDA report
(USDA, 2007). This is to be expected due to wheat bran (Baublis
et al., 2000) present in the latter foodstuff. Although the wheat
cereal (weetbix, a wheat biscuit, brick-like in appearance, analyzed
as the wheat cereal representative) appears to have a much higher
H-ORACFL (P < 0.05) than the other two porridges (oats and maize
meal) analyzed, the moisture content of the wheat cereal is much
lower (Table 6). When expressed per dry weight, wheat cereal has
an H-ORACFL of 2800 mmole TE/100 g, compared to 2212 mmole
TE/100 g of oats and 1772 mmole TE/100 g of maize meal. Peanut
butter has an H-ORACFL of 4202 mmole TE/100 g (Table 7) while
that published in the USDA report is 3127 mmole TE/100 g (USDA,
2007).
For the grains, legumes and fats (excluding the sunflower oil)
analyzed in this study, the average L-ORACFL is 56 mmole TE/100 g
compared to the 1508 mmole TE/100 g for the H-ORACFL with a
TAC of 1564 mmole TE/100 g, therefore contributing 3.57% to the
TAC. In this study, weetbix and peanut butter have the highest L-
ORACFL of 109 mmole TE/100 g and 88 mmole TE/100 g (305 mmole
TE/100 g in the USDA report) respectively (Table 7).

Gómez-Ruiz et al. (2007) showed that the compounds in coffee
and the metabolites produced in the colon after coffee consump-
tion have a high antioxidant activity. The pure coffee tested in this
study has twice the H-ORACFL compared to the black teas (Table 8).
Pellegrini et al. (2003) also found higher antioxidant capacities for
coffee in comparison with black and green teas. Chicory blended
coffees (brands 4 and 5 in Table 8), however, have average H-
ORACFL values more than two and a half times less (P < 0.05) than
that of the pure coffee and these values are also lower than the
black tea average H-ORACFL. The average black tea H-ORACFL

determined in this study is 1295 mmole TE/100 g, while that
published in the USDA report is 1128 mmole TE/g (USDA, 2007).
The orange juice H-ORACFL determined in this study is 768 mmole
TE/100 g and in the USDA report it is 726 mmole TE/100 g (USDA,
2007). The H-ORACFL of pure orange juice is significantly different
(P < 0.05) to that of the milk blend orange juice also consumed by
South Africans. The milk blend orange juice H-ORACFL (406 mmole
TE/100 g) is slightly more than half that of the pure orange juice
(768 mmole TE/100 g) (Table 8).

4. Discussion

The various production and processing factors that can
influence the non-nutrient levels in food and ultimately the TAC
have been reviewed (Nicoli et al., 1999; Kalt, 2005; Atkinson et al.,
2005). For example, in a study by Wu et al. (2004a) it was noticed
that the antioxidant capacity of certain foods was affected by the
time of year the samples were taken that was also found for some,
but not all, fruit cultivar H-ORACFL values in this study. Apart from
seasonal factors, geographic effects have also been noted. Stewart
et al. (2000) found that tomatoes from the warmer sunny climates
of Spain and SA contained more flavonols compared to those from
Britain. Different cultivars for the same food product also showed
variation in non-nutrient antioxidant levels. The study by Eisele
and Drake (2005) indicated that the phenolic content from various
cultivars of apple juices was highly variable. This study also
confirmed the H-ORACFL variability within some, but again not all,
fruit cultivars. Thermal processing can have a range of positive or
negative effects on non-nutrient levels. Wu et al. (2004a) showed
that cooking decreased the H-ORACFL of carrots, while that of
tomato and potato increased. Cooking also increased the L-ORACFL

of broccoli, tomatoes and carrots while decreasing that of potatoes.
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In this study, household thermal processing also increased the H-
ORACFL of potatoes and decreased that of carrots, while decreasing
the L-ORACFL of all the analyzed vegetables. Wu et al. (2004a) also
found that peeled fruits had a lower hydrophilic and lipophilic
antioxidant capacity than unpeeled fruits. Apart for some
exceptions, e.g. certain spices and avocado (Wu et al., 2004b),
the L-ORACFL contributes a small percentage to the TAC (<15%)
(Prior, 2003). For the food items analyzed in this study the
contribution of the L-ORACFL to the TAC was in all cases less than
5%, except for sunflower oil (42%).

Fruit and vegetable cultivars should be identified and men-
tioned in publications, as this will make comparisons between
studies more practicable. The lack of identifying the different
vegetable cultivars is also a limitation of this study. Different
cultivars are also mentioned by Wu et al. (2004a) as a possible
reason for variation in results between the different published
studies. Beverage comparisons between studies are often compli-
cated as coffees and teas are prepared differently (for example
weight to volume ratio and brewing time). Several orange juices in
different concentrations are available; therefore, the percentage
purity of a particular juice should be given if it is known. It should
be kept in mind that in the case of a blended fruit juice, the base
fruit juice (apple, white grape or pear juice) may vary during the
year depending on availability, contributing to varying results over
seasons. Special attention was given in this publication to table the
thermal processing methods followed to prepare some of the
vegetable and grain products. This detail and other indicators such
as the moisture and soluble solid content should make data
comparisons more practical. However, generalization of the
antioxidant capacity of food will always be imperfect due to
difficulties in describing the particular conditions of growth,
harvesting, handling, storage, preparation and processing until it
reaches the consumer. The food chain can bring about a
considerable variation in the level of bioactive components in
products as consumed (Dekker and Verkerk, 2003). The analysis of
the foods representative of that available and commonly eaten by
consumers can be considered a strength of this study. However, the
database currently in its inception is limited to the ORACFL analysis
of foods available in the urban Cape Town Metropolitan area of the
Western Cape Province in SA.

The ORAC assay is furthermore just one of several assays
available to measure the in vitro antioxidant capacity of foods and
beverages. Halvorsen et al. (2006) measured the antioxidant
capacity of more than a thousand food products using the Ferric
Reducing Ability of Plasma (FRAP) assay. Although these two
assays are mechanistically different (Prior et al., 2005), positive
correlations have been found in comparative studies of human
serum (Cao and Prior, 1998) and some vegetables (Ou et al., 2002).
A comparison between the H-ORAC results of this study and the
FRAP results of Halvorsen et al. (2006) for similar food products
analyzed shows a positive correlation for fruits (r = 0.64, P = 0.17)
(N = 6; pear, banana and four apple cultivars), vegetables (r = 0.59,
P = 0.22) (N = 6, lettuce, tomato, raw and cooked potatoes and raw
and cooked sweet potatoes) and grains/fats (r = 0.98, P < 0.0001)
(N = 8, white and brown bread, oats, kidney beans, rice, spaghetti,
macaroni and peanut butter).

Cereals and grains form the staple foods of many developing
populations as they are the most economic sources of dietary
energy. Starchy foods such as maize, bread and rice, of which the
ORACFL was not previously published (USDA, 2007), are consumed
by most South Africans (Vorster and Nell, 2001). Therefore,
although the H-ORACFL of maize porridge, brown bread and white
bread is below 1000 mmole TE/100 g in all three cases, these food
items will be main contributors to the daily ORAC of the diet of the
South African population. South Africans, in particular those
residing in urban areas, also commonly consume foods not
included in the basic food groups, such as savory snacks and
confectionary (Nel and Steyn, 2002). It is expected that the TAC of
many of these foods, such as that of the staple foods consumed,
would be marginal.

5. Conclusion

In developing countries, such as SA, attention should be given to
the analysis of core food items consumed by the larger percentage
of the population. Although fruits, vegetables, unrefined grains and
some beverages remain the beneficial foods to support the
antioxidant defenses in the body, ways to enhance the functional
quality of staple foods, while still minimizing increases in the price
and maintaining the taste, should be attended to when the
beneficial plant foods are not consumed in adequate amounts—
such as in SA (Love and Sayed, 2001; Vorster and Nell, 2001). It is
therefore important for the database development to continue and
expand as it can be used to guide decisions on the antioxidant
capacity of the total South African diet and the dietary and other
potential ways (i.e. more ‘‘aggressive’’, proactive food and nutrition
education, biotechnology (Battino and Mezzetti, 2006)) to improve
antioxidant delivery—an important facet for reducing oxidative
stress and disease risk in this population.
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