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a b s t r a c t

Lipoxidation in almond-derived products was investigated using the chemiluminescence (CL) and thio-
barbituric acid-reactive substances (TBARS) methods to detect the first and later reaction products,
respectively. The effects of light during storage at 5 �C, 22 �C and 40 �C were studied, as well as the effects
of combined heat/water activity treatments in the 60–120 �C and 0.38–0.72 range. During storage, light
was found to enhance the CL and TBARS values, and specific responses were observed in almond paste
and the final Calisson product. During the heating of almond paste, as the initial water activity (aw)
increased, the CL rate constants increased during heating to 60 �C and 80 �C, but interestingly, these
values decreased during further heating to 120 �C, whereas the maximum TBARS rate constants occurred
at aw 0.57 at all the heating temperatures tested. The activation energies, based on the CL and TBARS val-
ues, decreased specifically when the aw increased from 0.38 to 0.72, giving overall values ranging
from110 kJ mol�1 to 60 kJ mol�1. Likewise, in the same water activity range, the temperature-dependent
rate constant enhancing factor (Q10) decreased from 3.3 to 1.6.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Since the pioneer studies carried out in the field of phytochem-
istry by Théodore de Saussure at the beginning of the 19th Century
(De Saussure, 1804), many attempts have been made to elucidate
the mechanisms underlying the chemical reactions occurring in
plants and other living organisms. The reactions involved in the
chemical network recruit the proteins, lipids, carbohydrates and
other low mass ratio organic and mineral fractions of a medium,
such as a given foodstuff. Most of the partners involved also react
with each other in response to environmental changes (in the tem-
perature, pH, water activity, light, oxygen and metals). The main
reactions studied so far in vitro have been the oxidation of lipids
and proteins, which can be either enzyme-catalysed or not, as well
as the non-enzymatic browning reactions of the Maillard type and
caramelisation processes. The microbiological and chemical stabil-
ities of foodstuffs, as well as their nutritional value, depend on how
well these reactions are controlled while foods are being
processed.

Lipoxidation reactions occur in lipid-rich dietary products in
which the lipid fraction undergoes chemical changes during the
processing, which are responsible for a wide range of chemical
and biological properties, such as the attractive aromas conferred
by compounds formed under short high-temperature treatments
ll rights reserved.
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(frying, grilling, roasting) and the rancidity and discoloration
caused by long exposure to low temperatures. Toxic substances
can also be generated, which can be associated with health risks
to consumers which are still far from being properly understood.

The large body of data available on lipoxidation processes has
mainly stemmed from basic research programmes, whereas far
fewer applied studies have been published. Model systems have
been widely studied, as well as a few food systems, and the influ-
ence of some environmental factors has been studied. Dairy prod-
ucts are the most frequently studied foods, along with meat and
some plant-based foods, in line with economic considerations. If
one looks at the main factors studied so far, based on the content
of cross key word indices, it can be seen that very little attention
so far has been paid to the influence of water activity, although this
is an essential factor, contributing to both enzyme-catalysed and
non-enzyme-catalysed chemical processes in foods. Variable inter-
est has been taken in other contributing factors (such as pH, light,
oxygen, ionisation, concentrations of Ox/Red substances), and very
few papers are available in which the combined effects of more
than one of these factors have been described.

Among the analytical methods used in previous studies along
these lines, the TBARS method has been widely used, along with
the classical method based on peroxide levels. Other methods used
in this context include those based on oxygen consumption and
Uv–Vis absorbance, and those in which intermediate or final prod-
ucts are monitored spectroscopically after performing chromato-
graphic separation. Methods based on luminescence detection
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have been found to provide a sensitive means of screening lipoxi-
dation processes, in both in vitro and in vivo situations (Sharov,
Kasamanov, & Vladimirov, 1989; Yasuda & Narita, 1997).

The present study focuses on the lipoxidation processes occur-
ring in almond-based products. Almond is a high added-value
foodstuff, the annual world production of which amounts to
approximately 1.5 million tons. The nut contains about 50% lipids,
20% proteins and 15% carbohydrates, while water (which accounts
for about 9%) and the minor mass ratio organic and mineral frac-
tion account for the remainder. The carbohydrate fraction consists
mainly of non-starch polysaccharides, whereas the lipid fraction
includes about 70% oleic acid, 20% linoleic acid and 8% saturated
fatty acids, mostly in the form of palmitic acid (Abdallah, Ahumad-
a, & Gradziel, 1998; Askin, Balta, Tekintas, Kazankaya, & Balta,
2007; Romojaro, Riquelme, Gimenez, & Liorante, 1988). This food
system is a medium which favours the occurrence of lipoxidation
processes, which may detract from its nutritional value, which is
of special importance since increasing evidence has suggested that
almond consumption has beneficial effects on human health (Jen-
kins et al., 2002; Spiller & Miller, 2003).

Several studies have focused on the quality and stability of al-
monds, whether shelled, peeled, roasted or not (García-Pascual,
Mateos, Carbonell, & Salazar, 2003; Harris, Westcott, & Henick,
1972; Rizzolo, Senesi, & Colombo, 1994; Zacheo, Cappello, Gallo,
Santino, & Cappello, 2000; Zacheo, Cappello, Perrone, & Gnoni,
1998). Very little attention has been paid so far, however, to al-
mond pastes and other downstream products marketed for human
consumption.

The present study therefore focused on the kinetics of the lipox-
idation process in the following situations: during the storage of al-
mond paste and the finished Calisson product under light and dark
conditions, at refrigeration, ambient and extremely hot storage con-
ditions, and during the heating of almond paste, which has different
initial water activities. The recently developed integrative analytical
method of lipoxidation (Tazi et al., 2009), based on the detection of
the first stage peroxides (CL) and advanced stage carbonyls (TBARS),
was used for this purpose. The production of the substances
detected by these two methods was monitored and the kinetic
parameters (rate constants, activation energy and Q10 factor) were
calculated. As the TBARS method can also be used to detect the
carbonyls generated by non-enzymatic browning reactions, the
present study gives an overall picture of the chemical events
occurring during the manufacture of Calissons. The applicability of
the present data to other related foodstuffs is also discussed.
2. Material and methods

2.1. Almond-based samples

Almond pastes (consisting of an equal mixture of peeled al-
mond, sugar syrup and crystallized melon, aw 0.56) and finished
Calisson products (aw 0.65) manufactured from the paste, which
undergo heating and surface glazing, were provided by the Confi-
serie du Roy René (Aix-en-Provence, France).

2.2. Storage in the dark and light

The effects of light during storage were monitored for two
months, under refrigeration (5 �C), ambient (22 �C) and severe
(40 �C) conditions.

The almond paste (about 50 g of paste each time) was placed on
glass plates and flattened (to a thickness of 1 cm), and the paste
matrix was pre-cut to facilitate the sampling. The plates were then
covered with transparent film and stored in the dark or under arti-
ficial lighting (with a 60 W electric lamp placed about 50 cm from
the paste) at 5 �C (in a cold room), ambient laboratory temperature
(about 22 �C) and 40 �C (in an incubator). Similar treatment was
applied to finish Calissons, except for the cutting and flattening.
The paste and Calisson samples were also stored in the processing
area at the factory (mean temperature 24 �C), in the dark or under
artificial lighting (ambient fluorescent lighting). Samples of al-
mond paste and Calisson were collected at regular intervals and
the CL and TBARS values were determined (n = 4).

2.3. Combined temperature/water activity treatment of the almond
paste

2.3.1. The kinetic approach
The heating temperatures tested were 60 �C, 80 �C, 100 �C and

120 �C, combined with initial water activities of 0.38, 0.57 and
0.72. With each combination, CL and TBARS were monitored at
suitable intervals. The rate constants were calculated on the basis
of the slopes at the origin and expressed as relative light units
(RLUs) per minute in the case of CL and absorbance units (AUs)
per minute in that of TBARS. The values obtained were then used
to calculate the activation energy values, according to the Arrhe-
nius relationship k = c � Ea/RT, where k is the rate constant of the
reaction(s), c is a constant representing the collision frequency,
Ea is the activation energy (kJ mol�1), R is the gas constant
(8.31 j mol�1 K�1) and T is the temperature (�K). The rate constants
kCL and kTBARS account here for lipoxidation and for various reac-
tions, including lipoxidation, respectively. Lastly, the value of the
Q10 factor (the n-fold increase in the rate constant per 10 units of
temperature) was calculated, based on the relationship Log
Q10 = 2.19.Ea/T(T + 10). This yielded the acceleration factors of the
lipoxidation velocities (CL and TBARS) in the temperature range
tested and in larger ranges, based on likely predictions.

2.3.2. Heating procedures
Almond paste, prepared as described above, was placed in des-

iccators with saturated potassium chloride or lithium chloride
solutions, which give aw values of 0.82 and 0.12, respectively, at
equilibrium (Ruiz-Beviá, Fernández-Sempere, Gómez-Siurana, &
Torregrosa-Fuerte, 1999). The desiccators were placed under the
ambient light and temperature conditions pertaining at the labora-
tory. Paste samples were also stored in desiccators not containing
salts under the same conditions. Thereafter, for up to three weeks,
samples (n = 4) were withdrawn at regular intervals, their water
activity was measured using an FA-st/1 AwMeter (GBX scientific
instruments – France) and they were then heated. The aw values
of the pastes stored with salts changed slowly during the three
weeks of storage, reaching up to 0.72 with potassium chloride
and down to 0.38 with lithium chloride, whereas the aw of the sam-
ples not exposed to salts remained completely unchanged (0.57).
After the initial water activity had been measured, the samples
were heated to 60 �C for 180, 360 and 540 min, to 80 �C for 60,
120 and 180 min, to 100 �C for 40, 80 and 120 min, and to 120 �C
for 20, 40 and 60 min in a dry oven. At each of the times selected,
parts of the heated paste were rapidly withdrawn from the dry
oven, blended with DMSO-gum Arabic (for CL measurements) or
trichloroacetic acid (for TBARS measurements), and stored at
�20 �C prior to analysis. The zero point of the kinetic measure-
ments, adopted for each aw value, was that of the unheated
samples.

2.4. Extraction and analysis

The procedures and handling conditions used have been de-
scribed in detail elsewhere (Tazi et al., 2008). Briefly, for the CL
analysis, samples blended in Eppendorf tubes with a dimethyl-
sulphoxide-gum Arabic mixture were centrifuged. Samples were
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aliquoted from the homogeneous phase and were used to perform
luminescence measurements. For the TBARS analysis, samples
blended in trichloroacetic acid solution, as above, were centri-
fuged. Samples were then withdrawn from the supernatant and
successively mixed with thiobarbituric acid (TBA), heated, and
cooled, and their absorbance measured at 532 nm.

CL values (RLU per gramme of peeled almond) were divided by
105 to adapt the scale and make them easily comparable with
TBARS values (AU per gramme of peeled almond). The mean CL
and TBARS values are given in the kinetic Figures with the standard
deviations, whereas the correlation coefficients (r2) of the CL and
TBARS rate constants and those of the Arrhenius relationship are
given in the text.

3. Results and discussion

3.1. Effects of light during storage

Fig. 1 shows the kinetics of CL and TBARS production in almond
paste during storage in the dark and under artificial light at the
three temperatures selected, while Fig. 2 shows those obtained
on Calissons under the same experimental conditions. The kinetic
behaviour of CL and TBARS in the almond paste and Calissons
stored at the factory turned out to be similar to those obtained at
22 �C, which are shown in both Figs. 1 and 2.

In the almond pastes, the CL values increased faster under light
than in the dark during storage, regardless of the temperature,
although they decreased after 30-day storage periods at 5 �C or
22 �C. The CL values obtained at 22 �C under light were not much
higher than those recorded at 5 �C (less than 1.5-fold), whereas a
marked increase was observed at 40 �C (up to 15-fold). In the dark,
similar values were obtained at 5 �C and 22 �C during the first two
weeks of storage, but those obtained at 5 �C subsequently in-
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Fig. 1. Effects of light (h) versus dark (�) on the development of CL (a) an
creased while those obtained at 22 �C, in contrast, decreased. The
water activity, which was higher in the cold room than in the rest
of the laboratory, was probably responsible for this difference.
Thereafter, between ambient and severe storage conditions, the
CL values increased markedly, as under artificial lighting. A rather
slow increase was observed in the TBARS values for about two
weeks of storage, which was followed by a TBARS peak, which con-
tinued up to the end of the storage period. The highest TBARS val-
ues reached at 5 �C and 22 �C were similar, and were about 1.5-fold
lower than those measured at 40 �C.

To account for these findings, it seems likely that the formation
of CL occurs before that of TBARS, especially at 5 �C and 22 �C and
that the TBARS values may have decreased faster than the CL val-
ues at the end of the storage period. The latter pattern might be
at least partly due to volatile carbonyls which escaped detection
or to carbonyls which underwent polymerization and therefore
no longer reacted with TBA, whereas the slower decrease in CL
might be due to the presence of still available precursors originat-
ing from heavier lipid peroxides and radicals. These precursors
might consist mainly of oleic and linoleic acids (which account
for 90% of the total fatty acids), whereas linolenic acid accounts
for less than 1%. In fact, the contribution of these fatty acids should
not be assessed only on a mass basis, since their reactivity is
known to increase greatly with the degree of unsaturation up to
more than a 1000-fold (German, 1999; Kanner & Rosenthal,
1992). Although linoleic acid is not very abundant in almonds, it
is expected to be the first fatty acid oxidized, and the products gen-
erated may trigger the lipoxidation of more highly saturated lino-
leic and oleic acids.

In Calissons (Fig. 2), a more pronounced chronological sequence
of production of CL and TBARS was observed, with an early peak in
CL occurring under artificial lighting, which was not found to occur
in the dark. This finding is in agreement with the general pattern of
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Fig. 2. Effects of light (h) versus dark (�) on the development of CL (a) and TBARS (b) in Calisson during storage at 5 �C, 22 �C and 40 �C.
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lipoxidation: peroxides are generated and converted into carbonyls
during the more advanced stages of the reactions. The transient in-
crease in the CL values observed probably reflected the fact that
these precursors are less available in Calissons than in almond
paste.

The effects of combined light/temperature treatments observed
here are similar to those found to occur in dairy products (Morten-
sen, Bertelsen, Mortensen, & Stapelfeldt, 2004): light was always
an enhancing factor. No marked differences were observed be-
tween refrigeration and ambient conditions, but the lipoxidation
markers increased dramatically from ambient to extreme storage
conditions (at temperatures above 40 �C). Light in particular was
found to enhance the rates of hexanal production and, interest-
ingly, also those of 3-methylbutanal, a Strecker aldehyde specific
to Maillard reactions (Anderson & Lignert, 1998). The latter reac-
tions, along with caramelisation reactions, can be expected to de-
velop significantly in almond paste and Calissons at temperatures
below 40 �C, due to the availability of reactants and the concomi-
tant occurrence of the lipoxidation process.

The present data show the enhancing effects of light exposure
on lipoxidation during the processing and storage of lipid-rich
foodstuffs and the need which therefore arises to assess the risk
of deterioration more closely. The findings also point to the need
for accurate analytical methods to detect and if possible, quantify
oxidation products and other reaction products, using an integra-
tive approach whenever possible.

3.2. Effects of combined heat/water activity

3.2.1. Kinetics and rate constants of CL and TBARS formation
Fig. 3 shows the kinetics of CL and TBARS formation in almond

pastes at 60 �C and 120 �C under controlled initial water activity
conditions. The kinetics recorded at 80 �C and 100 �C (data not
shown) were similar to those shown in Fig. 3: after the short lag
phases observed especially in the CL plots, a variably fast linear in-
crease occurred, depending on aw and the heating temperature.
The velocity constants, kCL and kTBARS (r2 > 0.9, see the kinetic ap-
proach described in Section 2.3.1), increased exponentially with
the temperature, whatever the initial water activity. This pattern
was in fact to be expected, as the Arrhenius relationship was found
to fit the experimental data in many food systems, in terms of the
lipoxidation (discussed below in Section 3.2.2) and non-enzymatic
browning reactions (Ajandouz, Desseaux, Tazi, & Puigserver, 2008).
As regards the effects of the water activity, Fig. 4 shows (i) that kCL

increased at 60 �C and 80 �C with aw from 0.38 to 0.72, increased at
100 �C with aw from 0.57 to 0.72, but decreased at 120 �C with aw

from 0.38 to 0.72 and (ii) that kTBARS reached a maximum at aw 0.57
at all the temperatures tested.

Previous studies on the effects of the water activity on lipoxi-
dation, using specific methods of detection, have mostly sup-
ported the commonly accepted scheme described by Labuza
(1971), according to which the rate constants decrease with
increasing aw values, up to about 0.3, when the tendency is re-
versed. However, some authors have reported that this is not
the case in all situations; for example, Pimpo and Seri (1992),
who studied fish-based systems stored at �25 �C, have shown
that the rate constants of conjugated dienes and the TBARS values
increased with aw from 0.0 to 0.8. In whole milk powder, treated
with various combinations of temperature and water activity, the
pooled concentrations of lipid radicals increased or decreased
with aw at a given time, depending on the severity of the pre-
heating treatments applied (Stapelfeldt, Nielsen, & Skibsted,
1997). These data, along with those presented here, suggest that
the general pattern mentioned above needs to be revised, taking
the storage conditions and/or the heating temperature into
account.
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The situation is quite different when TBARS values are used as
lipoxidation markers. Besides detecting the carbonyls generated
in the advanced stages of lipoxidation, as discussed above in con-
nection with the effects of light exposure, the TBARS method can
also be used to detect the carbonyls generated by non-enzymatic
browning reactions, among other chemical events. The peak in
the TBARS rate constants observed at aw 0.57 in almond paste
(Fig. 4) is in agreement with the data obtained by Sun, Senecal, Chi-
nachoti, and Faustman (2002), who investigated the effects of
water activity on the lipoxidation process in freeze-dried beef,
based on the TBARS values, at similar temperature levels. On the
other hand, in model systems, the maximum rate constants of
either the browning process and/or the disappearance of free ami-
no groups, were found to occur at around aw 0.6 (Labuza, Warren, &
Warmbier, 1977; Warmbier, Schnickles, & Labuza, 1976). This
shows the existence of a link between non-enzymatic browning
reactions and the lipoxidation process via the carbonyl pool de-
tected by the TBARS method, as well as showing the value of using



Table 1
CL and TBARS-based values of Q10 in almond paste in the 60 �C–120 �C temperature
interval, depending on the initial water activity value.

T (�C) 0.38 0.57 0.72

CL TBARS CL TBARS CL TBARS

60–70 3.3 2.8 2.2 1.9 2 1.9
80–90 2.9 2.5 2.1 1.8 1.8 1.8
100–110 2.6 2.3 1.9 1.7 1.7 1.7
120–130 2.4 2.1 1.8 1.6 1.6 1.6
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both the CL and TBARS approaches simultaneously to obtain an
overall picture of what occurs in a treated medium containing
the substrates involved in these reactions.

The maximum shelf life of Calissons is more than 9 months,
reflecting the existence of efficient natural protective mechanisms
against the damaging effects of lipid and protein oxidation, along
with the use of efficient packaging and marketing practices at
the manufacturing firm. Parent almond pastries (composition:
50% almond, 40% sugar and 10% whole egg and aromas) remain
stable for up to 4.5 months (Baiano & Del Nobile, 2005). The differ-
ences between these two products are likely to be attributable to
many factors, such as the lipid content, the use of dehydrated mel-
on in Calissons, that of additives in pastries and the processing/
packaging conditions.

3.2.2. Activation energy and Q10 values
The Arrhenius plots of the CL and TBARS data obtained with

heated almond paste are shown in Fig. 5. The fact that the plots
based on the CL values are less widely dispersed than are those
based on the TBARS values, indicates that reactions other than
lipoxidation may also be involved in the latter case. It can also be
seen from Fig. 5 that the plots of the CL and TBARS data depend
on the initial water activity of almond paste. The activation energy
values (r2 > 0.956) reached a maximum at aw 0.38 in the case of
both CL (114 kJ mol�1) and TBARS (100 kJ mol�1). The EaCL values
then decreased to 65 kJ mol�1 at aw 0.72; whereas the EaTBARS val-
ues decreased to 61 kJ mol�1 at aw 0.57, but remained completely
unchanged (62 kJ mol�1) at aw 0.72.

In previous studies on quite similar situations, the Ea of the for-
mation of lipid radicals in whole milk powder was found to be
112 kJ mol�1 (Thomsen, Lauridsen, Skibsted, & Risbo, 2005). In ra-
peseed oil model systems, encapsulated or not in a carbohydrate/
protein glassy matrix, the Ea values (recorded using the perox-
ide-value method with a lipoxidation initiator) were found to be
80 kJ mol�1 and 60 kJ mol�1 in the bulk oil and in the encapsulated
systems, respectively (Orlien, Risbo, Rantanen, & Skibsted, 2006).
Lastly, based on data by Chen, Tai, Chen, and Chen (2001), the Ea
values of the disappearance of methyl-oleate and methyl-linoleate
were found to be 30 kJ mol�1 and 34 kJ mol�1, respectively. The
peroxide values, also determined by Chen et al. (2001), did not fit
the Arrhenius relationship, possibly due to the fragmentation asso-
ciated with the lipoxidation process in the temperature range used
(100–200 �C), which corresponds to severe heating conditions in
comparison with those used in the other two studies mentioned
above, where the temperatures used did not exceed 60 �C.

Whatever the case may be, the Ea values determined here in
almond paste, based on the CL data, were similar to those
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Fig. 5. Arrhenius plots of the CL (a) and TBARS (b) data around the
previously determined in whole milk powder, based on the pro-
duction of lipid radicals: both of the markers used reflect the first
stages in the process of lipoxidation, occurring under fairly similar
experimental conditions. In addition, in the studies mentioned
above, the Ea of lipoxidation seems to be lower in the model sys-
tems studied than in foodstuffs, which suggests that greater com-
petitive and/or inhibitory processes occur in foodstuffs.

The decrease in the Ea of the lipoxidation process observed here
with the increase in the initial aw, on the basis of both the CL and
TBARS data, was possibly attributable to the fact that more water
was available for the diffusion of reactants, favouring non-enzy-
matic reactions at any temperature, as well as the enzyme-cata-
lysed reactions occurring at the lower temperatures studied.
Almond lipoxygenase activity was previously found to increase
with the water activity and correlated well with the pattern of
TBARS behaviour observed under accelerated storage conditions
(Zacheo et al., 1998); in addition, the enzyme was still largely ac-
tive (80%) after 10 min of heating at 60 �C (Zacheo et al., 2000).

As shown in Table 1, the values of Q10, based on both the CL and
TBARS data obtained in the temperature range tested (see Section
2.3.1 for details), ranged between 3.3 and 1.6. Those based on the
CL data were higher than those based on the TBARS data, which
means that the heat accelerating effect is more pronounced during
the early stages of lipoxidation than during the later ones. Both the
CL- and TBARS-based Q10 values decreased with the temperature
and the water activity, especially from 0.38 to 0.57 in the latter
case.

These kinetic data were used to predict the Q10 values likely to
occur in lower temperature ranges in order to obtain a wider
picture of the accelerating effects of heat on the chemical events
detected by CL and TBARS (Table 2). In the temperature range used
here (60–120 �C), the kCL values increased up to 500 times and the
kTBARS values up to 200 times, whereas those predicted to occur
(see details in the legend of the Table) between 20 �C and 120 �C
correspond to increases of approximately 105-fold and 2.104-fold,
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usual water activity of almond paste. Symbols are as in Fig. 3.



Table 2
Predicted* values of the heat factors accelerating lipoxidation in almond paste at
various initial water activity conditions.

T (�C) 0.38 0.57 0.72

CL TBARS CL TBARS CL TBARS

60–120 531 211 68 30 36 30
20–120 93028 17584 2232 500 724 522

* The acceleration factors in the 60–120 �C temperature range are based on the
present kinetic data, whereas those in the 20–120 �C range are based on predic-
tions, using the plots of Q10 versus temperature (medians: 65 �C, 75 �C, 85 �C. . .). At
aw 0.38, 0.57 and 0.72, the regression equations obtained were y = �0.0156x + 4.27
(r2 = 0.986), y = �0.0074x + 2.70 (r2 = 0.989) and y = �0.0057x + 2.34 (r2 = 0.990) for
CL, and y = �0.0114x + 3.48 (r2 = 0.988), y = �0.0052x + 2.23 (r2 = 0.991) and
y = �0.0053x + 2.25 (r2 = 0.991) for TBARS, respectively.
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respectively; the lower the aw, the greater was the predicted accel-
eration factor of the lipoxidation velocity. The factor Q10 gives more
practical insights into how lipoxidation, or any other reaction, pro-
gresses with the temperature and other contributing factors. It
should provide a helpful means of managing well-controlled food
processing programmes.

4. Conclusion

The results obtained in the present study suggest the following
questions:

– Has the influence of the water activity on the lipoxidation pro-
cesses occurring during food storage and processing been suffi-
ciently and thoroughly investigated?

– Do we have sufficiently well-designed kinetic studies on the
combined effects of the various contributing factors involved?

– Do there exist appropriate integrative research programmes giv-
ing an overall picture of the chemical events occurring during
food processing?

– What are the links between lipoxidation and its products, if any,
and in vivo situations?

Increasing attention is now being paid to the interactions be-
tween the various reactions which occur during food processing,
including the interactions between Maillard reactions and lipoxi-
dation processes (Whitfield & Mottram, 1996; Zamora & Hidalgo,
2005). However, there still exists a need for well-designed integra-
tive research programmes targetting several points in the chemical
network involved. The products generated by the chemical net-
work are all candidates, liable to be absorbed by human and animal
consumers at various levels in the gastrointestinal system or to
serve as substrates for the microbiota residing in the distal parts
of the gut.
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