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Abstract

The number of methods to measure antioxidants in botanicals, foods, nutraceuticals and other dietary supplements are increased con-
siderably in the last 10 years. However most techniques require long experimental times and high costs to determine antioxidant capacity
of hydrophilic or lipophilic compound in a food mixture. By means of a photochemiluminescence method, we assessed the Integral Anti-
oxidant Capacity (IAC) which represents the sum of the antioxidant capacity of hydrophilic and lipophilic antioxidants. In this study the
IAC of extracts from Adansonia digitatata (i.e. red fiber, fruit pulp and leaves), was assessed in comparison to those deriving from other
natural sources of antioxidants (i.e. orange, kiwi, apple and strawberry). When compared, IAC values for the examined product resulted
as follows: Adansonia digitata red fibre > Adansonia digitata fruit pulp > Adansonia digitata fresh leaves >> Adansonia digitata
seeds > Adansonia digitata radix cuticle > orange fresh pulp > strawberry fresh fruit pulp > Adansonia digitata radix > bilberry fresh
pulp > kiwi fruit pulp. Results clearly indicate the interesting antioxidants properties of Adansonia digitata red fibre, in particular
the IAC value of baobab red fibre was 66 time higher than that of orange pulp, with value of 1617.3 umol/g and 24.3 umol/g,

respectively.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction .

Clinical trials and epidemiological studies have estab-
lished an inverse correlation between the intake of fruits
and vegetables and the occurrence of diseases such as
inflammation, cardiovascular disease, cancer and aging-
related disorders (Willet, 2001). Dietary antioxidants,
including polyphenolic compounds, vitamins E and C,
and carotenoids, are believed to be the effective nutrients
in the prevention of these oxidative stress related diseases

* Corresponding author. Tel.: +39 0532 291292; fax: +39 0532 291296,
E-mail addresses: s.manfredini@unife.it, mv9@unife.it (S. Manfredi-
ni).

0308-8146/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.foodchem.2006.05.067

(Kaur & Kapoor, 2001). Taken this into account it is easy
to understand the considerably increase of researches on
antioxidants during the last 10 year. The number of meth-
ods to measure antioxidants in botanicals, foods, nutraceu-
ticals and other dietary supplements has also increased
considerably. Due to the complexity of the composition
of foods, the investigation of each single antioxidant com-
pound is costly and inefficient, moreover possible synergis-
tic interactions among the antioxidant compounds in a
food mixture are not taken into account (Prior, Wu, &
Schaich, 2005).

A number of assays has been developed for the detection
of both general and specific antioxidant action of complex
mixtures.
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TEAC assay was first reported by Miller and Rice-
Evans (Miller et al., 1993), and is based on the scavenging
ability of antioxidants on the long-life radical anion
ABTS™. In this assay, ABTS is oxidized by peroxyl radi-
cals or other oxidants to its radical cation, ABTS", which
is intensely colored and reacts rapidly with antioxidants,
typically within 30 min. Antioxidant capacity, referred to
Trolox, is measured as the ability of test compounds to
decrease the color reacting directly with the ABTS™ radi-
cal. Sanchez-Moreno suggested the 2,2-di(4-zertoctylphe-
nyl)-1-picrylhydrazyl (DPPH) assay as an easy and
accurate method for the measurement of the antioxidant
capacity of fruit and vegetable juices or extracts (San-
chez-Moreno, 2002). The assays is based on measurement
of the loss of DPPH color at 515 nm after reaction with test
compounds (Bondet, Brand-Williams, & Berset, 1997), and
the reaction is monitored by a spectrometer. The percent-
age of remaining DPPH' (DPPH' REM) is proportional
to the antioxidant concentration, and the concentration
that causes a decrease in the initial DPPH" concentration
by 50% is defined as EC50. The test is simple and rapid
and needs only a UV-Vis spectrophotometer to be per-
formed, however, interpretation is complicated when the
test compounds have spectra that overlap DPPH at
515 nm.

The total radical-trapping antioxidant parameter
(TRAP) assay has also been widely used (Ghiselli, Serafini,
Natella, & Scaccini, 2000). This method monitors the abil-
ity of antioxidant compounds to interfere with the reaction
between peroxyl radicals generated by AAPH or ABAP
[2,2’-azobis(2-amidinopropane) dihydrochloride] and a tar-
get probe. Requirements for the assay are that the probe
must be reactive with ROO" at low concentrations, there
must be a dramatic spectroscopic change between the
native and oxidized probe (to maximize sensitivity), and
no radical chain reaction beyond probe oxidation should
occur. Typically, oxidation of the probe is followed opti-
cally (Bartosz, Janaszewska, Ertel, & Bartosz, 1998) or
by fluorescence (Ghiselli, Serafini, Maiani, Azzini, &
Ferro-Luzzi, 1995). TRAP values are usually expressed as
a lag time or reaction time of the sample compared to cor-
responding times for Trolox. The TRAP assay involves the
initiation of lipid peroxidation by generating water-soluble
peroxyl radicals and is sensitive to all known chain break-
ing antioxidants, but it is relatively complex and time-con-
suming to perform, requiring a high degree of expertise and
experience.

The oxygen radical absorbance capacity (ORAC) assay
has found even broader application for measuring the anti-
oxidant capacity of botanical samples (Prior & Cao, 2000)
and biological samples (Cao & Prior, 1998). The ORAC
measures antioxidant inhibition of peroxy! radical induced
oxidations and thus reflects classical radical chain breaking
antioxidant activity by H atom transfer (Ou, Hampsch-
Woodill, & Prior, 2001). In the basic assay, the peroxyl rad-
ical reacts with a fluorescent probe to form a nonfluo-
rescent product, which can be quantitated easily by

fluorescence. Antioxidant capacity is determined by a
decreased rate and amount of product formed over time.
To be made more broadly applicable, the ORAC assay
has been adapted to measure lipophilic as well as hydro-
philic antioxidants using a solution of 50% acetone/50%
water (v/v) containing 7% randomly methylated a-cyclo-
dextrin (RMCD) to solubilize the antioxidants (Huang,
Ou, Hampsch-Woodill, Flanagan, & Deemer, 2002; Wu
et al., 2004.). The lipophilic and hydrophilic components
are selectively extracted before assay (Prior et al., 2003).
Therefore researchers are looking for a method that
allow a quick analyse of total antioxidant capacity.
Taking this into account, we have further investigated
antioxidant properties of Adansonia digitata products, by
the use of Photochemiluminescence (PCL) (Vertuani,
Braccioli, Buzzoni, & Manfredini, 2002). This assay
involves the photochemical generation of superoxide
(027) free radicals combined with chemiluminescence
detection. The integral antioxidant capacity (IAC) of Adan-
sonia digitata products in comparison with that of other,
vitamin C rich, known fruits in was evaluated in a compar-
ative study. By this assay was possible to evaluate antioxi-
dant capacity of both hydrophilic and lipophilic
compounds and their possible synergistic interactions.

2. Photochemiluminescence method (PCL)

In the PCL assay (photochemiluminescence) the photo-
chemical generation of free radicals is combined with the
sensitive detection by using chemiluminescence. The PCL
is based on the photo-induced autoxidation inhibition of
luminol by antioxidants, mediated from the radical anion
superoxide (O3 ) and is suitable to measure the radical
scavenging properties of single antioxidants as well as more
complex systems in the nanomolare range. Luminol works
as photosensitiser as well as oxygen radical detection
reagent. The antioxidant potential is measured by means
of the lag phase at different concentrations, calculated by
a Trolox calibration curve and expressed as mmol equiva-
lents in antioxidant activity of a reference compound (i.e.
Trolox). The PCL method was carried out with the proce-
dure described by Popov and Lewin (Popov, Lewin, &
Baehr, 1987; Popov & Lewin, 1999) and can be conducted
by two different protocols ACW and ACL that consent to
measure the antioxidant capacity of the water- and lipid-
soluble components respectively. In the water soluble frac-
tion antioxidants such are flavonoids, ascorbic acid,
aminoacids, etc. are detected, while in the lipid soluble frac-
tion tocopherols, tocotrienols, carotenoids, etc. are mea-
sured. The most widely used methods for measuring
antioxidant activity involve the generation of radical spe-
cies and the presence of antioxidants determining the dis-
appearance of these radicals. Most of the assays

determine the antioxidant activity in the micromolar range
needing minutes or hours. The PCL assay, which is easy
and rapid to perform, and although less reliable with lip-
ohilic substrates, presents numerous advantages: it does
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not requires high temperatures to generate radicals and it is
more sensitive to measure, in few minutes, the scavenging
activity of antioxidants against the superoxide radical
which is one of the most dangerous reactive oxygen species
(ROS) also occurring in human body (Schlesier, Harwat,
Bohm, & Bitsch, 2002).

2.1. The Adansonia digitata fruit

The baobab fruit pulp is contained in a woody epicarp;
the internal ripe fruit, endocarp, is split in small floury,
dehydrated and powdery slices that enclose multiple seeds
and filaments, the red fibers, that subdivide the pulp in seg-
ments (Nour, Magboul, & Kheiri, 1980). The ripe fruit
pulp appears as naturally dehydrated, powdery, whitish
colored and with a slightly acidulous taste, and its separa-
tion from the shell only needs of a single mechanical pro-
cess without any extraction, concentration or chemical
treatment (Obizoba et al., 1994). This ensure to the pulp
the characteristic of a slightly processed food.

3. Materials and methods

ACW (Antioxidant Capacity of Water soluble sub-
stance) and ACL (Antioxidant Capacity of Liposoluble
substance) kits (no. 400.801) were purchased from, Analy-
tik Jena AG, Jena, Germany; Trolox ((S)-(2)-6-hydroxy-
2,5,7,8-tetramethyl-chroman-2-carboxylic ~ acid)  (no.
39,192-1) was purchased from Aldrich, Sigma-Aldrich,
Taufkirchen, Germany. Sample of Baobab red fibre, fruit
pulp, dry leaves, seeds, radix, were purchased from Baobab
Fruit Co., Verona, Italy. Several varieties of each fruit and
vegetable, depending on their availability, were purchased
at local supermarkets and then processed through disper-
sion by sonication in water (ACW) or methanol (ACL),
centrifuged and the supernatant filtered by a 0.45 p filter
before measurements.

3.1. Preparation of samples for PCL analysis

3.1.1. Preparation of the Trolox standard solution (ACL
protocol)

Five hundred microlitre of Reagent 1 (Kit ACL, Analy-
tikJena) were added to the vial containing Trolox (Reagent
4, Kit ACL, AnalytikJena) and mixed by vortex for 20-
30s. The obtained stock solution was then diluted 1:100
with Reagent 1. Ten pl of this working solution contain
1 nmol Trolox as calibration standard.

Measurements were done using 5, 10, 20 and 25 pl vol-
umes of the sample, and were repeated two times.

3.1.2. Preparation of the ascorbic acid standard solution
(ACW protocol)

Four ninety microlitre of Reagent 1 (Kit ACW, Analy-
tikJena) and 10 pl H,SO, were added to the vial containing
ascorbic acid (Reagent 4, Kit ACW, AnalytikJena) and
mixed by vortex for 20-30s. The obtained stock solution

was then diluted 1:100 with Reagent 1. 10 pl of this work-
ing solution contain 1 nmol ascorbic acid as calibration
standard.

Measurements were done using 5, 10, 20 and 25 pl vol-
umes of the sample, and were repeated two times.

3.1.3. ACW and ACL sample preparation — general
procedure

An exact quantity of Adansonia digitata products or
fruit sample (0.5 g) was accurately suspended in 10 mL
methanol (ACL) or water (ACW) HPLC grade, sonicated,
centrifuged and the surnatant was then filtered through
HPLC filter (Chemtek Analitica, Bologna, Italy) by a syr-
inge and diluted with Reagent 1 of ACL or ACW kit
(AnalytikJena, Jena, Germany).

Results are expressed as umol equivalents, in antioxi-
dant activity, of Trolox for each gram of product under
examination.

4, Results and discussion

In view of the ever increasing importance of health pro-
motion and of the benefits related to the use of antioxidant
rich preparations, we have undertaken the present work to
determine the integral antioxidant capacity of several fruits
products: Adansonia digitata and other, vitamin C rich,
known fruits in order to conduce a comparative evaluation.
All fruit products were examined in their natural form as
fresh wet preparation, avoiding any further chemical-phys-
ical process. To this end we have used a simple and quick
assay and we have introduced a new parameter termed as
TAC (Integral Antioxidant Capacity) which represents the
sum of the antioxidant capacity of hydrophilic and lipo-
philic antioxidants, calculated as pmol equivalents in activ-
ity of Trolox, determined in the best experimental
conditions, for each kind of plant product. In our opinion,
it is important to conduce separated determinations
because of the different nature of the single antioxidants
contained in the product under examination. Thus,
potency of lipophilic antioxidants cannot be properly mea-
sured in the same experimental conditions as for the hydro-
philic ones. As a consequence, the true antioxidant
capacity of a sample will be then better described by the
sum of the two separated values. Indeed, the products we
have tested, might have both lipid- and water-soluble anti-
oxidant capacities at the same time. In these regards, the
IAC value better describe the whole antioxidant capacity,
a higher IAC means a wider spectrum of activity because
the ROS species will be counteracted by a mixture of anti-
oxidant compounds, typically contained in the products
under examination, some of them able to work, in a con-
certed manner, in hydrophilic and others in lipophilic body
compartments.

Among the different methods available for the determi-
nation of antioxidant capacity, the photochemilumines-
cence method (PCL) has been chosen for its sensitivity
and reliability. Moreover, it gives a measure of the protec-
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Table 1
Ascorbic acid contents in some fruits, expressed as mg of vitamin each
100 g of product®

Fruit Latin name mg ascorbic
acid/100 g
Baobab Adansonia digitata 150-499
Kiwi, green Actinidia deliciosa 98
Orange Citrus sinensis 53
Strawberry Fragaria x ananassa 61
Bilberry Vaccinium myrtillus 1

? Data taken from the US Dept. of Agricolture (USDA) Nutrient
database for standard reference.

tive capacity of a plant product against ROS which are,
among the many, the most dangerous species of free radi-
cals for leaving beings.

As it can be seen in Table 2, and taking into account the
water content of each product, the highest water-soluble
antioxidant capacity was observed for some of baobab
products, in particular for red fibre that resulted endowed
with a potent capacity, followed by baobab fruit pulp,
orange fresh pulp and baobab fresh leaves. In comparison
to the Adansonia digitata products: strawberry, bilberry
and kiwi all resulted endowed with a lower capacity (Table
2).

Concerning the lipid-soluble antioxidant capacity, once
again taking into account the relative water content, bao-
bab red fibre resulted the most interesting among those
tested. Also in this case it showed the highest capacity fol-
lowed by baobab fruit pulp and fresh leaves (Table 3). The
other plant products considered were all endowed with a
very limited capacity, this might be explained on the light
of a low content in lipid-soluble antioxidants.

When comparing water- to lipid-soluble antioxidant
capacity of plant products, it can be observed that the
red fiber and fresh fruit pulp from Adansonia digitata,
showed the highest values in both cases. Concerning other
products, an high ACW and very low ACL value were
observed for orange fresh pulp, thus suggesting in ascorbic
acid the major contributor to the activity. These data are in
agreement with known values reported in literature (Table

Table 2
Water-soluble antioxidant capacity, corresponding to the activity
expressed as pmol equivalents of ascorbic acid for each gram of tested
product

Products Ascorbic acid % Water/dry
equivalents (pmol/g) extract
Baobab fruit pulp 75.0 £ 0.005 11
Baobab leaves 23.0 £ 0.002 10
Baobab seeds 16.0 £+ 0.0007 18
Baobab red fibre 386.0 + 0.058 8
Baobab radix 1.2 £ 0.0001 88
Baobab radix cuticle 8.5 +0.0003 88
Kiwi fruit pulp 0.73 £0.015 84
Orange fruit pulp 17.0 £0.015 86
Strawberry fruit pulp 1.72 £ 0.006 90
Bilberry fruit pulp 1.95 +0.017 82

The value are mean of 3 measures & SD.

1), for example orange fruit that contains about six times
less ascorbic acid than baobab fruit pulp, showed a lower
water-soluble antioxidant capacity.

As it can be seen in Table 4, the results of the study can
be easily understood by the reading of the TAC values for
the evaluated plant products. Taken together, data
obtained clearly shows that products from Adansonia digi-
tata are endowed with very interesting antioxidant capac-
ity. In particular, best capacity was found for red fiber
with a TAC as high as 1617.3 pmol/g of Trolox. Also very
interesting were fresh pulp (240.5 umol/g) and fresh leaves
(89 umol/g). Moreover, in the case of the IAC of Adansonia
digitata fruit pulp and leaves it is very interesting to note
that the activity was related to just a plant component, very
slightly processed (trituration in the case of leaves, mechan-
ical separation in the case of fruit pulp), thus conferring to
the product the as much as possible natural characteristics
and lowering at the same time its manufacturing costs. In
conclusion, when compared together, and taking into
account relative water content of samples, IAC values for
the examined product resulted as follows: Adansonia
digitata red fibre 3> Adansonia digitata fruit pulp > Adan-
sonia digitata fresh Leaves > Adansonia digitata seeds >
Adansonia  digitata  radix  cuticle > orange  fresh
pulp > strawberry fresh fruit pulp > Adansonia digitata
radix > bilberry fresh pulp > kiwi fruit pulp. -

Table 3
Lipid soluble antioxidant capacity, corresponding to the activity expressed
as pmol equivalents of Trolox for each gram of tested product

Products Trolox equivalents % Water/dry
(umol/g) extract
Baobab fruit pulp 25.0 % 0.0015 i1
Baobab leaves 24.5 4 0.003 10
Baobab seeds 6.5 + 0.00004 18
Baobab red fibre 508.0 + 0.008 8
Baobab radix 1.0 £ 0.00002 88
Baobab radix cuticle 11.0 + 0.0003 88
Kiwi fruit pulp 0.27 +£0.015 84
Orange fruit pulp 0.29 +0.015 86
Strawberry fruit pulp 0.36 £ 0.006 90
Bilberry fruit pulp 2.00+0.017 82

The values are mean of 3 measures + SD.

Table 4
Integral antioxidant capacity (IAC) corresponding to the sum of the
corresponding water- and lipid-soluble antioxidants capacity

Products IAC

Baobab fruit pulp 240.5
Baobab leaves 89.0
Baobab seeds 514
Baobab red fibre 1617.3
Baobab radix 43
Baobab radix cuticle 353
Kiwi fruit pulp 2.4
Orange fruit pulp 243
Strawberry fruit pulp 5.3
Bilberry fruit pulp 2.6




5. Conclusions

This current study reports about an analytical method,
the PCL assay, that is rapid, relatively simple, and repro-
ducible, making it an attractive biomonitoring tool espe-
cially for food supplement, nutrition and food
technologies. In this study we have introduced a novel con-
cept based on the Integral Antioxidant Capacity (IAC),
expressed as the sum of the water and lipid antioxidant
capacity referred to a common reference compounds, Tro-
lox. This value resulted to be a useful index to describe the
capacity of complex samples, such are those of natural ori-
gin, to counteract reactive oxygen species and in particular
the superoxide anion, very harmful for human health. It is
confirmed that the health benefits of fruits and vegetables
are mediated through their antioxidant content: in virtue
of high antioxidant capacity, high concentration in nutri-
ents, bounded to the characteristic of a slightly processed
food, it seems reasonable to consider the baobab fruit pulp
and leaves as interesting foods for diet supplements (Gru-
enwald & Galizia, 2005).

In this study we determine the antioxidant capacity of
products deriving from Adansonia digitata, a plant up to
date only known for the high content of vitamin C of the
fruit, and for the centenary use in traditional african med-
icine. This investigation, until all the active components of
this plant will be clearly established, was conducted as an
initial step to elucidate the therapeutical, nutriceutical
and cosmeceutical potential of Adansonia digitata plant
products. Moreover, in view of the very high antioxidant
capacity, we propose the red fiber as new valuable ingredi-
ent for food preparation and/or nutriceutical application in
the promotion of health.
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