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A novel method for the rapid screening of antioxidant efficacy and oxidative stability in food and feed
matrices has been developed. The analyses are described as free radical generation (FRG) assays.
The new procedure combines the use of azo-initiators with analytical equipment that is widely used
for antioxidant research such as the oxidative stability instrument and the oxygen bomb. The use of
initiators instead of high temperatures as a driving force to increase the rate of oxidation improves
the correlation between the accelerated screening of foodstuffs and real shelf life. The improved
correlation can be mainly explained by the fact that food products are analyzed in their original status,
maintaining all interfacial phenomena of the food matrix. Furthermore, the lower temperature of analysis
reduces differences between the reaction kinetics of the assay and those of the oxidation during
actual shelf life. Consequently, the correlation between the accelerated analysis and shelf life is
improved, particularly when compared to accelerated oxidation at high temperatures. The FRG assays
could be used successfully to evaluate the efficacy of natural antioxidants in heat-sensitive food
products such as emulsions and meat products. A good correlation was observed between the
accelerated tests and the oxidation parameters obtained from standard shelf-life evaluation. It was
possible to successfully compare the efficacy of several antioxidants and to predict shelf life for these
heat-sensitive food matrices.
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INTRODUCTION

Research into antioxidants and oxidative stability is a time-
consuming activity when protected samples are evaluated at
normal storage conditions. Oxidation at room temperature or
below is relatively slow, and signs of emerging rancidity appear
only after several weeks or even months. Faster methods of
analysis are needed for an efficient evaluation of antioxidant
systems. Many conventional accelerated methods such as the
oxidative stability instrument (OSI), oxygen bomb (OB), and
Rancimat operate at high-temperature conditions to initiate the
oxidation process (1,2). However, the reaction mechanism of
the oxidation process typically changes at high temperatures
(3). In most instances the corresponding activation energy of
the new mechanism will be different, and a clear correlation
between tests at higher temperatures and the actual shelf life is
lost (4). Consequently, temperature-driven accelerated oxidation
has always been controversial due to the difficulties that arise
when one tries to promote oxidation without changing the
original mechanism of oxidation or the status of the food matrix
too strongly (5).

In attempts to circumvent these difficulties, a multitude of
model systems have been developed that use chemically induced
radical generation. Well-known applications of radical initiators
in antioxidant research include the ORAC assay. This test can
quantify the capability of antioxidants or serum to scavenge
peroxyl radicals (6, 7). However, it is difficult to link with lipid
oxidation due to the use of aqueous buffer without the presence
of a lipid. Previously, diazo-initiators were also used to oxidize
lipids in other model systems. Some approaches evaluated the
influence of antioxidants on the lipid oxidation of methyl
linoleate dissolved in organic solvents or emulsified in buffer
(8-10). Also, the inhibition of initiated peroxidation of micellar
linoleic acid and rat plasma has been reported (11,12). Mostly
these model systems are not relevant to complex food systems.

However, apolar azo-initiators theoretically have a good
potential to mimic the natural oxidation process, combined with
the ability to increase the rate of oxidation (13). Apolar initiators
spend the majority of their lifetime in the apolar lipid phase,
where they decompose into radicals, which will react im-
mediately with the surrounding lipids to form lipid radicals. Such
initiators are thought not to interfere with the other stages of
the oxidation process such as decomposition of radicals,
reactions of peroxides with transition metals, or the formation
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of aldehydes and short-chain free fatty acids. The mode of action
of apolar initiators is more closely related to the natural oxidation
process compared to the other principal techniques to accelerate
oxidation. The prevalent method of increasing temperature will
typically change the oxidation mechanism itself compared to
nonaccelerated oxidation at storage temperature. The alternative
utilization of high concentrations of transition metals also has
important disadvantages because these metals will affect the
initiation and decomposition of hydroperoxides. Simultaneously,
the higher amount of metal ions makes it difficult to study the
effect of chelators, an important class of preventive antioxidants.

Besides the importance of the specific technique used to
accelerate oxidation, also the substrate is key to ensure that
reliable results are obtained. The efficacy of antioxidants is
greatly affected by many ingredients present in the food matrix
such as salts, proteins, sugars, enzymes, pigments, and emulsi-
fiers (14). Also, the interfacial phenomena in food products play
a primordial role. The most accurate approach to study anti-
oxidants in food is therefore to abandon model systems and to
perform the analysis on the final food product (3). To achieve
this goal, the initiation of lipid oxidation with diazo-initiators
has been used in combination with OSI and OB to study the
accelerated oxidation of food lipids and finished food products.
The method has been further validated by comparison with
oxidation under nonaccelerated conditions. Additionally, an
attempt has been made to predict accurately the influence of
antioxidants on the shelf life of some heat-sensitive food
products.

MATERIALS AND METHODS

Chemicals.The reagents 2-thiobarbituric acid p.a. (TBA), trichlo-
roacetic acid p.a. (TCA), and Na2S2O3 were purchased from Merck-
Eurolab. The compound 1,1,3,3-tetraethoxypropane was purchased from
Sigma. Acetonitrile of HPLC grade, KH2PO4 p.a., NaOH p.a., acetic
acid p.a., isooctane p.a., and potassium iodide were purchased from
Acros.

A sample of 2,2′-azobis(2,4-dimethylpentanenitrile) [or 2,2′-azobis-
(2,4-dimethylvaleronitrile), abbreviated AMVN] was obtained from
DuPont Luxemburg. Both 2,2-azobis(2,4-dimethylpropanenitrile) [or
2,2′-azobis(isobutyronitrile), abbreviated AIBN] and 2,2′-azobis(2,4-
dimethylbutanenitrile) were purchased from Aldrich.DANGER: AIBN
and its decomposition products show high oral toxicity (approximate
lethal doses in rats are 670 mg/kg for the azo-compound and 60 mg/
kg for the decomposition product tetramethylsuccinonitrile). Suitable
precautions need to be taken when this compound is used. Self-
accelerating decomposition temperature (after storage for 7 days in large
containers) is 35°C for AMVN and 50°C for AIBN and 2,2′-azobis-
(2,4-dimethylbutanenitrile). During decomposition nitrogen is released
and pressure can build up, but actual ignition is rare. For smaller samples
stored in a freezer the risks are very low. Solutions of 1% or less present
no unusual hazards. More concentrated solutions of 10% or more can
present a hazard, but only when they are heated.

Dosing and Preparation of the Initiator. For the addition of the
initiator sources to oils, fats, or emulsions, the initiator is gently ground
in a mortar in the fume hood; mechanical grinding is unsuitable because
of the liberation of excess heat. The ground material is added to the
oil, fat, or emulsion, which is then heated to∼40 °C. The samples are
magnetically stirred for a time that is typically∼15-30 min, but this
may vary depending on the matrix. Because the oxidation process starts
upon the first addition of the initiator, care should be taken that all
samples are heated for the same amount of time. Alternatively, the
initiator can be put on a suitable carrier: First, the initiator is dissolved
in a suitable solvent such as acetone, and next the solution is mixed
with a suitable carrier, such as silica gel. The gel is dried in air at
ambient temperatures and then preferably stored at 0°C or below. A
powder is obtained that distributes very easily in a wide variety of
samples. To add the initiator to meat, the initiator is also ground in a

mortar and mixed directly with the meat. Once the initiator is diluted
in the meat, it is safe to use additional mechanical blending.

Antioxidants. Two natural antioxidants were used: (1) A tocopherol-
based formulation that contains 1%R-tocopherol, 11.40%δ-tocopherol,
and 11.83%γ-tocopherol in a sunflower oil-based carrier. (2) A
rosemary extract (RE) that contains 7.2% phenolic diterpenes and
flavonoids.

Sample Matrices.Refined soybean oil was purchased from Van-
demoortele (2.27 mmol of lipid peroxides/kg of oil). Refined rapeseed
oil was purchased from Mosselman (1.08 mmol of lipid peroxides/kg
of oil). Mayonnaise was prepared by mixing 8.4 g of sugar, 6.0 g of
salt with a blend of 4 egg yolks, and 10 g of mustard brought to a pH
of 4 by the addition of vinegar (8%). A total of 436 g of sunflower oil
was added in portions (first 4 g, then 8 g, then 32 g) during mixing
with a kitchen blender. After adding half of the oil, the antioxidants
and/or radical initiators were added. The initiator was gently ground
in a mortar before use. Minced pork meat was purchased from a local
butcher. The pork meat was mixed with the antioxidants and/or initiators
and thoroughly homogenized.

Quantification of TBA Reactive Substances (TBARS).In a 150
mL glass beaker, 10 g of a homogeneous food sample is mixed with
100 mL of a 5% TCA solution in deionized water. For a good extraction
of TBARS out of solid fats, the solution is gently heated in the water
bath to liquefy the fat prior to the extraction. The mixture is extracted
for 15 min using a magnetic stirrer. Fats and oils should be extracted
vigorously to ensure complete extraction of the malondialdehyde into
the aqueous phase. The extracted mixture is centrifuged until a clear
solution is obtained, and 5 mL of the supernatant is combined with 5
cm3 of a 0.2% TBA solution in deionized water in a 20 mL test tube.
The reaction mixture is homogenized and is then placed in a water
bath at 95°C for 30 min. Afterward, the reaction tubes are cooled in
water. The solution is filtered using a 45µm disposable filter. A 20
µL sample is examined by HPLC: autosampler, TSP AS1000; pump,
TSP P2000; flow, 0.5 mL/min, isocratic; eluent, 200 mL of acetonirile/
800 mL of 0.01 M KH2PO4 adjusted to a pH of 7 with 1 M NaOH;
column, Nucleosil 100-5, C18, 250× 4,6 mm+ precolumn, Varian
catalog no. CP 29370; detector, TSP Spectra Focus Scanning Detector,
532 nm; integrator, PC1000 System software. Quantification is
performed by comparison with a standard curve based on 1,1,3,3-
tetraethoxypropane (a diacetal of MDA). Note: 0.2µg of 1,1,3,3-
tetraethoxypropane corresponds to 0.065µg of MDA.

Quantification of Peroxide Value.The mayonnaise emulsion was
broken by overnight storage at-18 °C. An amount of 3 g of thelipid
phase was transferred into a 50 mL beaker. Then 30 mL of 60% v/v
acetic acid in isooctane is added. The mixture is stirred magnetically
until the lipid phase is completely dissolved. Next, 500µL of a saturated
KI solution is added with stirring. After 1 min, 30 mL of deionized
water is added. The mixture is titrated automatically with 0.01 N
Na2S2O3 using a Kyoto AT400/APB410 autotitrator with potentiometric
detection of the equivalence point.

Measurement of the OSI.The OSI was measured on an Oxidative
Stability Instrument (Omnion, Inc., Rockland, MA). The conductivity
cell was filled with 60 mL of deionized water. The conductivity was
closely monitored, and whenever a value>900 µS was obtained, the
probe was cleaned and filled again. A glass round-bottom tube was
filled with 10 g of fat or oil. Compressed air was used at 38 kPa.
Analyses were performed at indicated temperatures. The software that
runs the equipment reports the induction point automatically.

Measurement of Oxygen Consumption with the OB.A glass
sample holder was filled with 50 g of sample and was placed in a
stainless steel cylinder also referred to as a bomb (Seta 2652). The
system was closed and purged with oxygen. A pressure transducer (Seta
2631) was installed on top of the cylinder. The oxygen bomb with an
oxygen pressure of 345 kPa was then put in an oil bath at the selected
temperature. The pressure was monitored as a function of time using
a Seta Autoxidation Control Unit (Seta 2629).

RESULTS AND DISCUSSION

The use of free radical sources to accelerate lipid oxidation
was investigated in combination with commercially available
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equipment for antioxidant testing. Two widely used methods
are the OSI and OB. Both techniques are temperature-acceler-
ated methods, commonly performed at 98°C. The mode of
oxidation detection differs for the two methods. The OSI detects
the formation of oxidation products using a conductivity probe,
whereas in the OB method the oxygen pressure in the headspace
is monitored. Food lipids are routinely used in both systems as
the substrate instead of artificial model systems. Both the OSI
and the OB methods were combined with the use of a free
radical source to reduce the standard operating temperature of
98 °C.

Influence of Temperature-Driven Accelerated Oxidation
on Antioxidant Performance in OSI. A clear example of
problems associated with temperature-driven accelerated oxida-
tion is shown inTable 1. Here the efficacy of mixed tocopherols
and rosemary extract (RE) in lard was evaluated with OSI at
different temperatures. When the OSI experiment was performed
at 100°C, the tocopherol blend was almost twice as efficient
as the RE. At 80°C both antioxidants had comparable efficacies.
At the lowest temperature of 60°C the RE outperformed the
tocopherols. This example shows that it is very difficult to
translate results obtained at high temperatures to shelf-life
conditions due to the possible change of antioxidant perfor-
mance.

Furthermore, in various food products high temperatures will
also alter the structure and properties of the food product, which
adds another level of complexity to the assessment of shelf life.

Evaluation of the Acceleration of the Oxidation Rate for
a Series of Apolar Diazo-initiators. The radical initiating
capacity of three different apolar initiators was evaluated in a
vegetable oil matrix using OSI. An ethyl acetate stock solution
containing 0.1 M of the initiator was prepared. An amount of
0.025 mL of the initiator solution was mixed with 10 g of
soybean oil. The oil samples were analyzed with OSI at 98°C
(Table 2). The order of activity corresponds closely with the
half-life times of these compounds reported by DuPont (15).

Evaluation of AMVN-Induced Lipid Oxidation in Bulk
Oil with OSI at 50 °C. The conventional OSI method (AOCS
Official Method Cd 12b-92) is an accelerated stress test, which
evaluates the oxidation process continuously. Air is bubbled
through a small amount of oil that is kept in a thermostatic
heating block at a chosen temperature. The effluent gas,
containing the volatile oxidation products, is trapped in deion-
ized water. The conductivity of the water is recorded, and the
induction point is defined as the time at which an inflection
point occurs in the conductivity curve. The later in time the

inflection occurs, the more stable is the oil against oxidation.
Traditionally this method is performed at temperatures of 98
°C or higher to reduce the time of analysis. However, in
combination with free radical generation the temperature can
be reduced significantly to at least 40°C. It is suggested to
assign the term FRG-OSI to the method that combines the use
of free radical generation with OSI. Combinations with other
techniques can be assigned accordingly. A reduction of the
analysis temperature to the range between 35 and 60°C has
several important advantages: phase changes are limited, there
are minimal effects on the moisture content of the food and on
the water activity, and also the partitioning of antioxidants or
catalysts is similar to temperatures at the standard shelf life (4).

The AMVN-induced oxidation of soybean oil was evaluated
in combination with OSI. A total of three different concentra-
tions of AMVN (0.4, 0.6, and 0.8%) were used to accelerate
the oxidation of soybean oil at 50°C. All analyses were
performed in triplicate. The results inTable 3 show that the
oxidation is remarkably accelerated. Normally the induction
point in OSI for soybean oil at 50°C will exceed 20 days. The
time of analysis in this experiment could be reduced to<1 day.

The initiator AMVN was selected for further trials because
it possesses strong radical-initiating properties and has low
toxicity compared to other initiators. Furthermore, AMVN is
lipophilic, which specifically promotes the formation of radicals
in the lipid phase (13). The free radical generation by AMVN
is much more closely related to the natural oxidation process
compared to more polar initiators, which can distribute in the
aqueous phase to produce nonlipid radicals. The dose-response
relationship described inTable 2shows the good reproducibility
of the experiment. The observed relative errors are comparable
to conventional OSI analyses (16). Furthermore, the results show
that the correlation between the AMVN concentration and
induction time is not linear. In this case the curve starts to level
out at∼0.8% of the initiator. This concentration is still practical
to use because the solubility of the initiator in the bulk oil is
not an issue at a level of 0.8%. Higher concentrations will not
yield an important decrease of the analysis time, and the
preparation of the samples will be more demanding and time-
consuming due to the solubility of the initiator.

Evaluation of AMVM-Induced Lipid Oxidation in Bulk
Oil with the OB. The conventional OB test is an accurate tool
to assess the oxidative stability of diverse materials ranging from
pure fats to finished products. The OB continuously measures
the change of pressure in the headspace over a food matrix under
an atmosphere of pure oxygen in a sealed system at a pressure
of 345 kPa. The pressure decrease in the headspace arises from
the incorporation of oxygen into the lipid molecules due to
oxidation. The induction point or the initial oxidation rate
(correlated with the slopes of the curves) can be derived from

Table 1. Relative Performance of Antioxidants in OSI as a Function of
Analysis Temperature

relative performance in OSI

temperature (°C) tocopherols RE

100 100 57
80 100 93
60 100 122

Table 2. Acceleration of Oxidation with Different Diazo Radical
Initiators Evaluated with OSI

radical initiator OSI induction time (h)

control soybean oil 14.00
2,2′-azobis(2,4-dimethylvaleronitrile) 11.90
2,2′-azobis(isobutyronitrile) 12.64
2,2′-azobis(2,4-methylbutyronitrile) 10.70

Table 3. Reproducibility of the Accelerated Oxidation of Soybean Oil
at 50 °C

repetition
amount of
AMVN (%) OSI (h) av (h) SD (h)

relative
error (%)

1 0.8 22.66
2 0.8 22.46 22.84 ±0.49 ±2.14
3 0.8 23.39

1 0.6 33.76
2 0.6 33.63 33.82 ±0.14 ±0.41
3 0.6 33.48

1 0.4 67.30
2 0.4 66.00 66.42 ±0.78 ±1.17
3 0.4 65.90
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the resulting plots. These parameters can be used as a measure
for oxidative stability of the food matrix. Stable products exhibit
a slower rate of oxygen consumption with a delayed induction
period.

In an FRG-OB assay a total of three different concentrations
of AMVN (0.5, 0.25, and 0.125%) were used to accelerate the
oxidation of soybean oil at 50°C. All analyses were performed
in duplicate (Figure 1). The results show that an induction point
of ∼24 h is reached for the concentration of 0.5% in the OB,
whereas for the FRG-OSI 0.8% of AMVN was needed to reach
a similar induction time. This increase in oxidation rate can be
attributed to the very high oxygen pressure in the bomb. This
accelerates the formation of AMVN-derived peroxyl radicals,
which in turn have a higher reactivity toward lipids than the
corresponding carbon-centered radicals. Also, the FRG-OB
assay proved to be very reproducible, and the variability is
comparable with standard OB measurements

Validation of FRG Assays for the Prediction of Shelf Life
and Antioxidant Performance: Shelf-Life Prediction of
Mayonnaise.Mayonnaise is a typical example of a matrix that
is destroyed during conventional accelerated oxidation studies.
The emulsion tends to break at elevated temperatures, and the
results therefore relate more to the bulk oil liberated from the
emulsion during the analysis. Reduction of the temperature of
analysis to∼40°C avoids destruction of the matrix and therefore
gives a much more realistic view of the oxidative stability of
the emulsion. However, when a mild temperature stress is used
without additional initiator, then only minimal acceleration of
oxidation was observed (17,18). The acceleration of oxidation
with transition metals is undesirable for mayonnaises and
dressings because chelators are commonly used in this type of
product. The use of metal-initiated oxidation would prohibit
research into this important class of preventive antioxidants.

The alternative FRG-OB assay was used to predict the
possibility of replacing the synthetic antioxidant EDTA, which
is commonly used in dressings, with a natural RE. For this
purpose three groups of mayonnaise samples were evaluated
with FRG-OB: (1) negative control without antioxidant; (2)
positive control with 75 ppm of EDTA; and (3) treatment with
750 ppm of RE. A conventional validation assay was also
conducted wherein identical samples were produced without

initiator and stored at 22°C for the measurement of peroxides
over 58 days.

Results for the FRG-OSI test (Table 4) and the evolution
of peroxides (Table 5) indicated that 750 ppm of RE could
replace 75 ppm of EDTA without changing the oxidative
stability of the mayonnaise. Clearly a conventional long-term
peroxide evolution assay gave results similar to these obtained
by the accelerated FRG-OSI test.

The good predictability of shelf life in emulsions can be
attributed to the similarity between the conditions of the
accelerated oxidation and the natural oxidation process. The
initiator produces radicals in only the lipid phase and has no
direct influence on the aqueous phase. This situation relates to
the natural oxidation process, wherein the majority of the radical
reactions occur in the lipid phase. The initiator AMVN is known
to generate radicals in the lipid phase only (19,20). Krainev et
al. were able to prove with an EPR experiment that none of the
AMVN-derived radical species can escape from the hydrophobic
lipid environment (13). This avoids the formation of reactive
oxygen species that can be considered artificial compared to
the natural process, enhancing the correlation with the real shelf
life of the emulsion.

Shelf-Life Prediction of Minced Pork. Accelerated evalu-
ation of raw meat is impossible when high temperatures are
used. The raw meat will start to cook, and the original food
matrix will modify dramatically due to coagulation of the
proteins, denaturation of the iron-containing hemoproteins
(prooxidant), and destruction of enzyme activity (21-23). These
transitions will not occur during FRG assays at 40°C.

The correlation between FRG-OB data of antioxidant-treated
minced pork (Figure 2) and the conventional nonaccelerated
shelf life evaluated with TBARS (Figure 3) was investigated.
For this purpose three groups of meat samples were evaluated:
(1) negative control without antioxidant, (2) treatment with 1000
ppm of mixed tocopherols, and (3) treatment with 1000 ppm
of RE. Similar samples were also produced without initiator
and stored at 6°C. The TBARS content was measured over a
period of 8 days. The TBA values, which are commonly used
to indicate shelf life, were compared with the predicted shelf
life calculated from the results obtained with FRG-OB.

Again, the results fromFigures 2 and 3 yield the same
conclusions, which is an important validation of the FRG assay.
The control sample showed significant oxidation whether this
was measured as oxygen absorption or as malondialdehyde
production. Both antioxidants had a significant effect in reducing

Figure 1. Accelerated oxidation of soybean oil in FRG−OB at 50 °C:
(s) 0.5% AMVN (a); (2) 0.5% AMVN (b); (b) 0.25% AMVN (a); (×)
0.25% AMVN (b); (9) 0.125% AMVN (a); (+) 0.125% AMNV (b); (s)
negative control.

Table 4. Induction Times of Antioxidant-Treated Mayonnaise Measured
with FRG−OB

FRG−OSI induction time

sample induction time (h) SD (h) relative error (%)

control 57.3 ±1.4 2.4
750 ppm of RE 73.8 ±2.2 2.9
75 ppm of EDTA 74.3 ±2.9 3.9

Table 5. Evolution of the Peroxide Values (Millimoles per Kilogram) of
Antioxidant-Treated Mayonnaise as a Function of Time

treatment

day 750 ppm of RE 75 ppm of EDTA

13 6.49 7.23
33 9.40 9.99
58 21.74 19.43
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oxidation, and in both analytical systems RE was slightly
superior to tocopherols (Figures 2and3).

The average slopes obtained after linear regression of the
FRG-OB curves had an averageR2 value of >0.98, and the
standard deviations for the measurements were∼5% (Figure
2). Because the slopes are proportional to the rate of the
oxidation, they are useful to predict other parameters, which
are also proportional to the rate of oxidation (e.g., malondial-
dehyde). The total surface beneath the TBA curves ofFigure
3 is also a measure of the total amount of malondialdehyde
produced during the oxidation.

The slopes of the FRG-OB assays can be used to predict
the expected TBA maximum, as this gives a good approximation
of the surface beneath the TBA curve. The slopes for the
different treatments indicate that the control sample oxidized
about twice as fast as the sample treated with tocopherols. The
treatment with RE was even more stable. When the TBA
maximum of the control sample is used as a starting value, it is
possible to use the FRG-OB results to estimate the TBA value
of the two treatments. The slope of the control FRG-OB curve
had a value of 0.334, which corresponds to a TBA value of
1.57. Therefore, the TBA maximum that would correspond to
the slope of 0.172 for the tocopherol-treated sample and to 0.124
for the RE-treated sample can be calculated proportionally.

The results fromTable 6show that it is possible to accurately
predict the relative performance of the antioxidants based on
the FRG-OB measurements. Also, quantitatively the TBARs
give a good correlation with the experimental values, and this
is an important validation of the method. The slightly lower

correlation for the RE-treated sample may be due to the
relatively low TBA values and the increased relative error for
these smaller experimental values. Overall, the FRG-OB is seen
to be a valuable method for identification and selection of
antioxidant candidates. In combination with known oxidation
parameters of the control sample, it is also possible to predict
the effect of antioxidants on the final shelf life of the analyzed
product.

Conclusions.The combination of free radical generation with
existing analytical equipment results in a straightforward assay
that is easy to apply in practice. Both the OSI and OB could be
combined successfully with free radical generation. The analysis
of the oxidative stability of basic lipid materials proved to be
highly reproducible for both methods. The oxidation process
in the FRG assay proceeds much more quickly than in
nonaccelerated studies. The time of analysis for soybean oil was
reduced from>20 days in the traditional OSI assay at 50°C to
24 h in the FRG-OSI. A comparable reduction of analysis time
was observed for FRG-OB measurements.

The main advantage of FRG assays applied on complex food
matrices is the improved ability to rapidly compare the
qualitative performance of several antioxidants in an accelerated
test. Several important weaknesses of traditional accelerated
methods have been eliminated. First, the original status of the
food matrix is easily retained because of the low temperatures
used. Frankel et al. identified this as one of the most critical
factors for antioxidant evaluation in food (5). The new assay
also allows antioxidants with low thermal stability to be studied
without the risk of degradation. Because the analyses can be
carried out at temperatures ofe40 °C, it is also possible to
retain enzyme activity in food products. This may be an
important feature in specific products where residual enzymes,
for example, peroxidases or lipoxygenases, play a role in the
oxidation process (24,25). Also, changes in antioxidant activity
as a function of temperature are of no concern when the
accelerated analyses are performed at temperatures close to the
real storage temperature. This is important for many antioxidants
that exhibit a change in antioxidant activity at higher temper-
atures. It was observed for rosemary extract and other antioxi-
dants that the antioxidant efficacy declines at higher tempera-
tures and that consequently the antioxidant performance can be
underestimated with conventional accelerated techniques (26).

The quantification of real shelf life using FRG assays seems
to be more accurate than for traditional methods that use
increased temperatures. Whether FRG assays eventually will
be able to replace nonaccelerated shelf-life studies remains to
be investigated. To verify this possibility, many different types
of food matrices need to be studied and methods need to be
adjusted and validated in combination with correlation studies.
Nevertheless, the FRG assays can be used as an alternative for
traditional analytical methods. The technique is a valuable tool
in antioxidant research for a rapid selection of promising
antioxidant formulations or for initial screening of large libraries
of antioxidant molecules from botanical sources for their
antioxidant effect in specific food systems.

Figure 2. Regression curves of absorbed oxygen measured with FRG−
OB: (2) negative control; (9) 1000 ppm of tocopherols; (b) 1000 ppm
of RE.

Figure 3. Malondialdehyde formation in antioxidant-treated minced pork:
(2) negative control; (9) 1000 ppm of tocopherols; (b) 1000 ppm of RE.

Table 6. Prediction of TBA Values from FRG−OB Results

sample
slope in

FRG−OB
exptl

TBA max
predicted
TBA max

control 0.334 1.57
+ 1000 ppm of mixed tocopherols 0.172 0.84 0.81
+ 1000 ppm of RE 0.124 0.40 0.58
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The accelerated oxidation at low temperatures opens new
perspectives for the evaluation of the oxidative stability of heat-
sensitive food products in a short period of time. It will be
possible to analyze products without destruction of the original
food matrix, which is expected to result in a better correlation
with shelf life (5).

ACKNOWLEDGMENT

We thank Kristen Robbins for collaboration in the mayonnaise
oxidation work and Koen Meynen for supporting data on the
antioxidant performance of rosemary extract as a function of
temperature.

LITERATURE CITED

(1) Rossell, J. B. Measurement of rancidity. InRancidity in Foods,
2nd ed.; Allen, J. C., Hamilton, R. J., Eds.; Elsevier Applied
Science: London, U.K., 1989; pp 23-52.

(2) Liang, C.; Schwarzer, K. Comparison of four accelerated stability
methods for lard and tallow with and without antioxidants.J.
Am. Oil Chem. Soc.1998,75, 1441-1443.

(3) Tian, K.; Dasgupta, P. K.; Shermer, W. D. Determination of
oxidative stability of lipids in solid samples.J. Am. Oil Chem.
Soc.2000,77, 217-222.

(4) Frankel, E. N. Stability methods. InLipid Oxidation; The Oily
Press Ltd.: Dundee, Scotland, 1998; Vol. 10, pp 99-114.

(5) Frankel, E. N.; Meyer, A. S. Review: The problems using one-
dimensional methods to evaluate multifunctional food and
biological antioxidants.J. Sci. Food Agric.2000, 80, 1925-
1941.

(6) Cao, G.; Sofic, E.; Prior, R. L. Antioxidant capacity of tea and
common vegetables.J. Agric. Food Chem.1996, 44, 3426-
3431.

(7) Krasowska, A.; Rosiak, D.; Szkapiak, K.; Lukaszewicz, M.
Chemiluminescence detection of peroxyl radicals and comparison
of antioxidant activity of phenolic compounds.Curr. Top.
Biophys.2000,24, 89-95.

(8) Gao, X.; Björk, L.; Trajkovski, V.; Uggla, M. Evaluation of
antioxidant activities of rosehip ethanol extracts in different test
systems.J. Sci. Food Agric.2000,80, 2021-2027.

(9) Masuda, T.; Mizuguchi, S.; Tanaka, T.; Iritani, K.; Takeda, Y.
Isolation and structure determination of new antioxidative ferulic
acid glucoside esters from the rhizome ofAlpinia speciosa, a
zingiberaceae plant used in Okinawan food culture.J. Agric.
Food. Chem.2000,48, 1479-1484.

(10) Koga, T.; Moro, K.; Matsudo, T. Antioxidative behaviors of
4-hydroxy-2,5-dimethyl-3(2H)-furanone and 4-hydroxy-2(or 5)-
ethyl-5(or 2)-methyl-3(2H)-furanone against lipid peroxidation.
J. Agric. Food Chem.1998,46, 946-951.

(11) Raneva, V.; Shimasaki, H.; Ishida, Y.; Ueta, N.; Niki, E.
Antioxidative activity of 3,4-dihydroxyphenylacetic acid and
caffeic acid in rat plasma.Lipids 2001,36, 1111-1116.

(12) Dufour, C.; Da Silva, E.; Potier, P.; Queneau, Y.; Dangles, O.
Gallic esters of sucrose as efficient radical scavengers in lipid
peroxidation.J. Agric. Food Chem.2002,50, 3425-3430.

(13) Krainev, A. G.; Bigelow, D. J. Comparison of 2,2′-azobis(2-
amidinopropane) hydrochloride (AAPH) and 2,2′-azobis(2,4-
dimethylvaleronitrile) (AMVN) as free radical initiators: a spin-
trapping study.J. Chem. Soc., Perkin Trans. 21996, 747-754.

(14) Mei, L.; McClements, D. J.; Decker, E. A. Lipid oxidation in
emulsions as affected by charge status of antioxidants and
emulsion droplets.J. Agric. Food Chem.1999,47, 2267-2273.

(15) Vazo free radical sources. Properties, uses, storage, and handling,
in DuPont product information no. H-58828-1; DuPont Specialty
Chemicals.

(16) Jebe, T. A.; Matlock, M. G.; Sleeter, R. T. Collaborative study
of the oil stability index analysis.J. Am. Oil Chem. Soc.1993,
70, 1055-1061.

(17) Thomsen, M. K.; Jacobsen, C.; Skibsted, L. H. Mechanism of
initiation of oxidation in mayonnaise enriched with fish oil as
studied by electron spin resonance spectroscopy.Eur. Food Res.
Technol.2000,211, 381-386.

(18) Thomsen M. K.; Kristensen, D.; Skibsted, L. H. Electron spin
resonance spectroscopy for determination of the oxidative
stability of food lipids.J. Am. Oil Chem. Soc.2000,77, 725-
730.

(19) Massaeli, H.; Sobrattee, S.; Pierce, G. N. The importance of lipid
solubility in antioxidants and free radical generating systems for
determining lipoprotein peroxidation.Free Radical Biol. Med.
1999,26, 1524-1530.

(20) Noguchi, N.; Yamashita, H.; Gotoh, N.; Yamamoto, Y.; Numano,
R.; Niki, E. 2,2′-Azobis(4-methoxy-2,4-dimethylvaleronitrile),
a new lipid-soluble Azo initiator: application to oxidations of
lipids and low-density lipoprotein in solution and aqueous
dispersions.Free Radical Biol. Med.1998,24, 259-268.

(21) Xiong, Y. L.; Decker, E. A. Alterations in muscle protein
functionality by oxidative and antioxidative processes.J. Muscle
Foods1995,6, 139-160.

(22) Lee, S. K.; Mei, L.; Decker, E. A. Lipid oxidation in cooked
turkey as effected by added antioxidant enzymes.J. Food Sci.
1996,61, 726-728, 795.

(23) Chan, W. K. M.; Faustman, C.; Yin, M.; Decker, E. A. Lipid
oxidation by oxymyoglobin with involvement of hydrogen
peroxide and superoxide anion.Meat Sci.1997,46, 181-190.

(24) Chen, Q.; Shi, H.; Ho, C.-T. Effects of rosemary extracts and
major constituents on lipid oxidation and soybean lipoxygenase
activity. J. Am. Oil Chem. Soc.1992,69, 999-1002.

(25) Eriksson, C. E. Lipid oxidation catalysts and inhibitors in raw
materials and processed foods.Food Chem.1982,9, 3-19.

(26) Gordon, M. H.; Mursi, E. A Comparison of oil stability based
on the Metrohm Rancimat with storage at 20°C. J. Am. Oil
Chem. Soc.1994,71, 649-651.

Received for review June 23, 2004. Revised manuscript received
November 26, 2004. Accepted December 3, 2004.

JF048983X

892 J. Agric. Food Chem., Vol. 53, No. 4, 2005 Van Dyck et al.


