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Abstract

The relationships between the redox potential and the chain-breaking activity of a glucose-glycine model system as well as of

natural or heat-induced antioxidant-containing foods, when they undergo changes of their oxidative status, were studied. Results

showed that redox potential may represent an interesting indicator of the antioxidant efficiency of food products when coupled with

the determination of the chain-breaking activity. In fact, while chain-breaking activity measurements provide information on the

capacity of antioxidant compounds to quench radicals, redox potential determinations give indications of the overall reducing

properties of all the food antioxidants, including those which react slowly with radical species. The latter, in fact, could represent an

antioxidant reservoir whose action is deferred during storage.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Following the disclosure of the relationships between

oxidative stress and human diseases, in recent years in-

creasing attention has been focussed upon those foods,

food components, dietary supplements and drugs that

potentially exert antioxidant capacity (Various Authors,

2001). Besides their well documented technological role

in extending the shelf-life of foods by slowing down

undesirable oxidation reactions, antioxidants are now
proposed as important dietary factors. Hence, as a con-

sequence of the emerging need to estimate the functional

profile of foods in relation to their contents of natural

antioxidants, a huge number of methodologies have been

developed for the assessment of antioxidant capacity. The

majority of them are kinetic methods, based on the mea-

surement of the quenching ability of antioxidants toward

a reference radical (Frankel & Meyer, 2000; Kaur &
Kapoor, 2001), while the measurement of a thermody-

namic quantity, such as the redox potential, which gives
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information on the ability of a redox couple to be oxidized

or reduced, has been scarcely considered (Buettner, 1993;
Dikanovic-Lucan & Palic, 1995). In fact, although the

redox potential is generally recognized to be an important

hurdle for extending the shelf-life of foods, it is mainly

used in the microbiological area, for instance, to follow

the evolution of fermentation processes or to estimate

whether aerobic or anaerobic micro-organisms will grow

in a given foodstuff (Bogh-Sorensen, 1994; Leistner &

Gorris, 1995).
As is well known, any compound able to donate a

hydrogen atom, or to promote an electron transfer to a

radical, can be considered an antioxidant. In general

terms, the antioxidant activity may be displayed through

two pathways. The first can be regarded as the donation

of a hydrogen atom by the antioxidant molecule (Re-

action 1) to afford a secondary radical, which may be

responsible for the propagation of a radical reaction

R–HþOH� ! H2OþR� ðReaction 1Þ
The second pathway involves electron transfer from a

reducing substrate to the oxidizing radical species (Re-

action 2 and Reaction 3).
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Fe2þ þOH� ! Fe3þ þOH� ðReaction 2Þ

+ 2OH +  2H2O

O

O

OH

OH

    ðReaction 3Þ

In other words, redox potential measurements are

suitable to evaluate the ability of reducing compounds

to promote electron transfer. On the other hand, the

mentioned kinetic methods allow us to measure the

chain-breaking activity of both electron-transferring

and hydrogen-donating antioxidants. It must be poin-
ted out, however, that the latter approaches can

estimate the antioxidant efficiency only of those com-

pounds which can react with the reference radical at

sufficiently high reaction rates; i.e., kinetic measure-

ments allow the rate of the radical decay to be deter-

mined, but do not give information about the

mechanisms involved. Such information, that could be

of importance from a biological point of view, does not
take into account the presence of other less efficient

antioxidants, which may greatly contribute to the

functional properties as well as to the shelf-life of

foods. In addition, as already pointed out, after the

primary reaction with the radical species, the resulting

antioxidant radical can promote the development of

further radical chain reactions. For this reason, the

assessment of the antioxidant activity by means of
kinetic tests, may give results which are in general due

to contributions of both antioxidant and pro-oxidant

activities.

A redox potential value gives information about the

real oxidation/reduction ability of a molecule and its

prevalent form (oxidized or reduced) in the system.

Because of its thermodynamic nature, a redox poten-

tial value does not give any information about the rate
of the reaction which may occur. Nevertheless, in a

system where at least two redox couples are present, its

measurement may be useful to predict whether, and in

which direction, an oxidation/reduction reaction will

take place (Buettner, 1993; Shwartz, 1996). Thus, for

simplicity and reliability, the measurement of the redox

potential is an interesting way of estimating the anti-

oxidant capacity of a product. Until now, the possi-
bility of extending the use of the redox potential to the

assessment of the antioxidant properties of food ma-

trices has been hampered by several limitations, some

of which are summarized as follows:

(a) It does not give information about the ability of

molecules to donate hydrogen atoms.

(b) The standard potential of the redox couples

present in food matrices is generally difficult to
identify.
(c) Technological operations may modify the redox po-

tential of processed foods by causing changes in pH

or ratio of the molar concentrations of the oxidized

and reduced forms, and also by leading to the for-

mation of novel redox couples. This is the case for
heat-induced antioxidants, namely Maillard reaction

products (MRPs), as well as for oxidized polyphe-

nols (Hayase, Hirashima, Okamoto, & Kato, 1989;

Namiki, 1990; Nicoli, Calligaris, & Manzocco,

2000).

Despite these limitations, the redox potential could be

a suitable tool which, once coupled with the kinetic

methods, can give additional information about the
antioxidant status of food products.

On the basis of these considerations the aim of this

study was to investigate the relationships between the

redox potential and the chain-breaking activities of

some foods and model systems when they undergo

changes of their oxidative status. In particular, foods

and model systems, selected on the basis of their com-

position in natural antioxidants and/or their techno-
logical history, were considered. In particular, tea

extracts and tomato purees were chosen for their high

contents of naturally occurring antioxidants. A glucose-

glycine model system was considered for its suscepti-

bility to develop MRPs when heated. A coffee beverage

was chosen for its high content of MRPs with antioxi-

dant capacity (Nicoli, Anese, Manzocco, & Lerici,

1997). The samples were subjected to processing condi-
tions responsible for changes in the oxidative status due

to oxidation of the natural antioxidants and/or forma-

tion of heat-induced antioxidants (i.e., MRPs), and an-

alyzed for the chain-breaking activity and the redox

potential.
2. Materials and methods

2.1. Model system

An aqueous solution (0.1 M glucose and 0.03 M

glycine) was used. Aliquots of this the solution were

placed in 20 ml capacity vials, which were subse-

quently sealed with butyl septa and metallic caps and

heated at 90 �C up to 50 h. After heating, the samples
were rapidly cooled in cold running water. As a con-

sequence of heating, pH changed from an initial value

of 5 to 4.

2.2. Coffee extracts

Coffee brews were prepared from medium-roasted

coffee powder, supplied by the Nestl�e Research Centre
of Lousanne. The roasting degree of coffee powder

corresponded to a weight loss during the roasting pro-

cess of 16.2%. The coffee powder had a Neuhaus (CTN)
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Fig. 1. Chain-breaking activity values as a function of redox potentials

of a 0.1 M glucose and 0.3 M glycine solution heated at 90 �C for 50 h.

The arrow indicates the direction of redox potential and chain-

breaking activity changes. The mean values of at least three replicates

are reported± standard deviation.
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colour value of 85, which corresponded to L�, a�, b�

Hunter scale values of 26.0, 8.8 and 5.8, respectively.

The coffee brews were obtained by solid-liquid extrac-

tion with deionized water (100 �C) for 10 min (1:10 w/w

ratio of coffee powder and water). After extraction,
samples were rapidly cooled in cold running water and

then filtered through Whatman No. 4 filter paper. The

beverages were bottled in 20 ml capacity vials in the

presence of nitrogen, which was flushed into the vials for

3 min. The vials were then hermetically sealed with butyl

septa and metallic caps and stored at 30 �C for 17 days.

During storage, the pH change was less than 0.5.

2.3. Black tea extracts

Black tea extracts were prepared according to Man-

zocco, Anese, and Nicoli (1998). Tea extracts were ob-

tained from black dried leaves by solid-liquid extraction

with deionized water (100 �C) for 5 min (1:100 w/w ratio

of tea leaf and water). The cooled and filtered beverages

were bottled in 50 ml capacity screw-capped flasks in the
presence of air and pasteurized at 105 �C for 20 min in a

laboratory autoclave (FVS 13, Federgari, Italy). The tea

extracts were then stored at 25 �C for 30 days.

2.4. Tomato purees

Tomato purees were prepared according to Anese,

Falcone, Fogliano, Nicoli, and Massini (2002). Aliquots
of 200 g of peeled tomato purees, under vacuum, and

hermetically sealed in 200 g capacity aluminium pou-

ches, were sterilized in a simulator steam retort (Stork,

The Netherlands) by applying different time-tempera-

ture combinations (90, 110 and 120 �C for 110, 1.1 and

0.11 min, respectively). After retorting, the samples were

rapidly cooled to room temperature by a spray of water.

All treatments were carried out in order to achieve the
same sterilizing effect (F value), equivalent to 11 min at

100 �C with a 10 �C z-value, which is generally applied in

industrial processing for inactivating spores of spoilage-

causing microorganisms in tomato products with pH

4.5.

2.5. Redox potential determination

Measurements were made using a platinum indicator

electrode and a silver/silver chloride reference electrode,

connected to a digital voltmeter (Hanna Instruments,

model 8417, Milano, Italy) according to the methodol-

ogy proposed by Manzocco et al. (1998). Calibration

was performed against a redox standard solution

(Reagecon, Shannon, Co. Clare, Ireland) having a redox

potential value of 220 mV at 25 �C. Electrodes were
placed in a 50 ml 3-neck flask, containing 15 ml volume

of each sample. Prior to analysis, oxygen was removed

from the system by continuous nitrogen flushing for 10
min. The redox potential was monitored for at least 20

min at 25 �C, until a stable potential was achieved, ar-

bitrarily defined as that changing less than 2 mV in a 3

min period. The analyses were performed in triplicate

and the variation coefficients, expressed as the percent-
age ratio between the standard deviation (SD) and the

relevant mean values, were below 8%.

2.6. Chain-breaking activity determination

The chain-breaking activity of the coffee extracts was

measured by means of the DPPH� (2,2-diphenyl-1-pic-

rylhydrazyl) method (Brand-Williams, Cuvelier, & Ber-
set, 1995). A volume of 1.9 ml of 6.0 · 10�5 M DPPH�

methanol solution was used. The reaction was started by

the addition of 100 ll of sample, previously diluted 1:

200 (w/w), with deionized water. The bleaching rate was

followed at 515 nm (Beckman DU 640; Beckman In-

struments, Inc., Fullerton, CA, USA) at 25 �C for at

least 20 min. Reaction rates were calculated using

equation (1) (Manzocco et al., 1998):

Abs�3 �Abs�3
0 ¼ �3kt; ð1Þ

where k is the DPPH� bleaching rate, Abs0 is the initial

absorbance value and Abs is the absorbance at in-

creasing time t. The antioxidant activity was expressed
as )Abs�3/min/mg dry matter. The results are the av-

erage of at least three measurements, and the variation

coefficients were below 10%.
3. Results and discussion

Fig. 1 shows the chain-breaking activity values, as a
function of the redox potential, measured for the glu-

cose–glycine model systems heated at 90 �C for up to 50
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Fig. 3. Chain-breaking activity values as a function of redox potentials

of medium-roasted coffee brews, packaged under nitrogen and stored

at 30 �C. The arrow indicates the direction of chain-breaking activity

change. The mean values of at least three replicates are re-

ported± standard deviation.
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h. A good agreement between the kinetic and thermo-

dynamic measurements can be observed, as indicated by

the fact that an increase in the radical-scavenging ac-

tivity corresponded to a decrease in the redox potential.

As already pointed out, this result can be ascribed to the
formation of high molecular weight, brown, nitrogen-

containing compounds, named MRPs. They develop in

most foods submitted to heat treatments (e.g., roasted

coffee and cocoa, bakery foods) and are known to

possess strong radical scavenging and reducing proper-

ties (Hayase et al., 1989; Lingnert & Eriksson, 1980;

Namiki, 1990). The intensity of the heating process

greatly affects concentration, chemical structure and
antioxidant properties of the MRPs (Kim & Harris,

1989; Lingnert & Eriksson, 1980). In our experimental

conditions the antioxidant efficiency, as well as the re-

activity of the heat-induced antioxidants towards the

reference radical (DPPH�), progressively increased with

the increasing the intensity of the heat treatment. In

other words, heating caused a progressive enrichment of

the solution�s reservoir of antioxidants.
Fig. 2 shows the chain-breaking activity values as a

function of the redox potential of pasteurized black tea

extracts during storage at 25 �C for 30 days. In this case,

progressively higher chain-breaking activity values cor-

responded to higher redox potential values. According

to previous observations (Cheigh, Um, & Lee, 1995;

Nicoli et al., 2000), the increase in the radical scavenging

activity is attributable to the partial oxidation of some
polyphenols, which can exhibit stronger antioxidant

properties than the corresponding non-oxidized forms

as a consequence of increased resonance delocalization

as well as stability of the aryloxyl radicals. However, the

increase in the polyphenol reactivity did not correspond

to a gain in antioxidant efficiency. In fact, the increase in

the redox potential value could reasonably indicate that
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Fig. 2. Chain-breaking activity values as a function of redox potentials

of pasteurized black tea extracts stored at 25 �C for 30 days. The arrow

indicates the direction of redox potential and chain-breaking activity

changes. The mean values of at least three replicates are re-

ported± standard deviation.
the reservoir of these compounds was progressively re-

duced during storage. This means that the antioxidants

present in the product can react ‘‘rapidly’’ but the res-

ervoir of antioxidant efficiency, which is dispatched

during storage does not last for long. This is quite in-
teresting for the estimation of the shelf-life of a product

and also in relation to its technological history and,

perhaps for the prediction of its health promoting

capacity.

Figs. 3 and 4, respectively show the chain-breaking

activity values as a function of redox potentials of me-

dium-roasted coffee brews, stored at 30 �C under ni-

trogen, and of tomato purees subjected to different heat
treatments with equivalent thermal effect. In the case of

the coffee brews no significant changes in the redox

potential values were detected during storage, while the
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Fig. 4. Chain-breaking activity values as a function of redox potentials

of tomato purees subjected to different heat treatments with equivalent

thermal effect. The arrow indicates the direction of redox potential

change. The mean values of at least three replicates are re-

ported± standard deviation.



M.C. Nicoli et al. / Food Chemistry 88 (2004) 79–83 83
chain-breaking activity increased. This means that, in

the absence of oxygen, coffee maintained the original

reducing power over the storage time. On the other

hand, the redox potential values of tomato samples in-

creased with the temperature, while no changes in the
chain breaking-activity were detected. It was hypothe-

sized that when high-temperature treatments were ap-

plied, the formation of heat-induced antioxidants could

balance the likely depletion in tomato hydrophilic an-

tioxidants (namely, flavonoids and ascorbic acid), thus

contributing to retain the original chain-breaking ac-

tivity (Anese et al., 2002). In other words, the partial loss

of naturally occurring antioxidants in tomatoes, due to
the thermal process, is counter-balanced by the forma-

tion of MRPs with radical scavenging properties (Nicoli,

Anese, & Parpinel, 1999). However, the redox potential

data seem to be quite contradictory to those found for

the glucose–glycine system. Nevertheless, this can be

explained by the fact that the intensity of the heat

treatments applied to the tomato purees was greatly

lower than that of the model system. As a result, the
reducing power of the so formed MRPs was not

high enough to compensate that of the thermally de-

graded natural antioxidants. Therefore, while the ap-

plication of equivalent sterilizing effects did not affect

the rate of the chain-breaking activities of processed

tomatoes, the reservoir of efficient antioxidants de-

creased with the temperature, thus affecting the shelf-life

of the product.
4. Conclusion

The assessment of the chain-breaking activity, to-

gether with the redox potential, represents an interesting

way for assessing the antioxidant capacity of a food

product. In fact, while kinetic methods estimate the
antioxidant capacity by referring only to the most re-

active compounds, redox potential measurements give

indications of the overall reducing properties. The latter

are due to the contribution of all the food antioxidants,

including the ‘‘slowest’’ but highly efficient ones, which

represent the antioxidant reservoir of the product. These

compounds play an important role in the maintenance

of the chemical stability of foods during storage and
probably in maintenance of their functional properties.

On the basis of these considerations, the redox po-

tential may be an interesting indicator of the antioxidant

efficiency of food products and may allow a better es-

timate of the influence of possible oxidative damage

caused by processing.
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