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The available data about the interference of antioxidants in the kinetics of lipid oxidation are

abundant, but often they allow only semiquantitative conclusions, not always with sufficient basis.

One of the causes of this problem is the absence of formal models able to guide the experimental

design and to calculate characterizing parameters. In this regard, the model which we propose allows

us to obtain the simultaneous solution of a series of oxidation kinetics in the presence of any number

of antioxidant concentrations. It describes satisfactorily simulations in which substrate and antioxidant

compete for oxygen in a second order kinetic scheme, as well as experimental results from other

authors, in different systems and under different conditions. Its application is simple, it provides

parametric estimates which characterize both the oxidative process and the antioxidant activity, and it

facilitates rigorous comparisons among the effects of different compounds and experimental

approaches. In all experimental data tested, the calculated parameters were always statistically

significant (Student’s t test, R = 0.05), the equations were consistent (Fisher’s F-test), and the

goodness of fit parameters (adj r2, adjusted coefficients of multiple determination) were up to 0.97.
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INTRODUCTION

Almost two decades ago, €Ozilgen and €Ozilgen (1) pointed out
that, in spite of the abundant bibliography about lipid oxidation
in foods, mathematical models that allow formalization and
prediction of the process have not been applied before. Recently,
Frankel and Finley (2) showed their concern with regard to the
lack of standardization in the multiplicity of methods applied to
the evaluation of natural antioxidants and to the variable and
confusing results that are produced in the context ofworkingwith
complex substrates or, even more, with in vivo systems. Although
this second group of problems has very diverse sides, the most
elementary is still the absence of formal models which allow
definition of at least what can be expected from the experimental
designs, to establish the most appropriate domains for the
independent variables which are included, and to quantify para-
meters which lead to objective comparisons among the effects of
different antioxidants and the results of different approaches.

In their above-mentionedcontribution, €Ozilgenand €Ozilgen (1)
recognized the difficulty of verifying a detailed kinetic model in a
process with the complexity of the lipid oxidation (3), and as a
consequence, they proposed an empirical approach bymeans of a
linear transformation of the logistic equation

C ¼ C0 expðktÞ
1-

C0

Cm
½1-expðktÞ�

whereC is the concentration of the total oxidation products (with
C0 and Cm as initial and maximum values, respectively), k is the
maximum specific rate of the process, and t is the time. As was
underlined by the authors, this equation;a model of autocata-
lytic reactions, and widely applied to the description of microbial
growth in a limited medium;is appropriate for modeling a
process as the lipid oxidation, with a slow initiation phase, a
rapid propagation phase, and a termination phase which pro-
gresses asymptotically toward the final state. In fact, the equation
is able to describe the habitual sigmoidal profiles of the lipid
oxidation kinetics. However, the linearization can create a lack of
precision due to the necessity of an informal estimation of theCm

parameter, the consideration of the intercept C0 can be proble-
matic (in general, it is preferable to consider that the oxidative
response is null at zero time), and the model does not include the
antioxidant effects, which should be evaluated by means of the
independent fitting of the corresponding kinetics, with the incon-
veniences that we will see later on.

The empirical model that we propose is based on the cumula-
tive function of Weibull’s equation, and it represents a formal
transfer from the field of the dose-response relationships. It
allows inclusion of the effects of any number of antioxidant
concentrations and evaluation of the system thus defined as a
whole. By means of this approach, the simultaneous solution of
all the kinetics is achieved, minimizing possible biases due to
systematic and random experimental error, and different aspects
of the antioxidant activity can be characterized through the
corresponding parametric estimates. The model was assayed first
using a simplistic kinetic simulation of the oxidative process
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(in terms of global secondorder reactions), andnext it was applied
to experimental data from other authors, with satisfactory results.

MATERIALS AND METHODS

The bibliographical abundance about the antioxidant activity
of a great variety of natural and synthetic compounds, in raw and
purified extracts, makes practically superfluous an experimental
work specifically devoted to validate the model proposed here. In
this respect, its descriptive accuracy was verified using results
fromother authors (taken from the published figures bymeans of
GetData Graph Digitizer 2.24), selected in such a way that they
implied different methods, substrates, and time domains. The
preliminary test of the model was carried out on simulations
which were developed as is described next.

1. Simulation of the Competition for Oxygen between a Sub-

strate and an Antioxidant.A simplified way of considering the action of
an antioxidant A, in a systemwith a substrate S which wewant to preserve
against oxidation, consists of supposing that A competes with S for
the oxygen that enters in the system. With independence of the oxygen-
acceptor chemical states and the steps of the process, it should be admitted
that, if oxygen is not limiting, S and A can reach the maximum oxidation
degree, and in exhaustive proportions. The preserving activity can derive
from the superior affinity of the oxygen for A, the higher number of
oxygen equivalents thatA accepts, or both. Thus, disregarding for now the
stoichiometric relationships, we can consider two global reactions:

SþO2 f SO2 ð1Þ

AþO2 f AO2 ð2Þ
If the nature of the system;together with initial conditions, stoichio-

metric relationships, and kinetic constants;allows a strong oxygen excess
with regard to S or A, the corresponding process would be of pseudo-first-
order, and the concentrations of S orAwould drop according to a negative
exponential model. In a more general way, and in better agreement with
the available data, it should be supposed that both global reactions behave
as if theywere of second order (first in each reagent), and so the conversion
rates of S and A should be formulated (where k1 and k2 are the
corresponding kinetic constants) in the terms

v1 ¼ -
d½S�
dt

¼ k1½S�½O2� ð3Þ

v2 ¼ -
d ½A�
dt

¼ k2½A�½O2� ð4Þ

With regard to the oxygen, two hypotheses are possible. The first one
admits a semiopen system which receives oxygen from the atmosphere at
the rate

vox ¼ -
d½O2�
dt

¼ kLað½O2�-½O2�EÞ

where kL is the transfer coefficient, a the interface area, [O2] the oxygen
concentration in the system, and [O2]E the corresponding concentration in
equilibrium.Working at constant area and volume, the product kLa can be
substituted by a single coefficient k. Furthermore, if the transfer rate is
higher than the consumption rate, the difference of concentrations, and so
the oxygen intake rate, will remain essentially constant:

vox ¼ kð½O2�E -½O2�Þ ¼ kox ð5Þ
The second hypothesis implies a closed system, with a gas phase limited

to a certain space, where the oxygen tends to exhaustion as the oxidation
progresses.

In both hypotheses, the oxygen consumption rate is the sum of v1 and
v2. The concrete stoichiometric relationships implied in the eqs 1 and 2 can
now be included as factors (c1 and c2) of the corresponding rates, and so
the net rate of variation in oxygen concentration is

v3 ¼ vox -ðc1v1 þ c2v2Þ ð6Þ
Although eqs 3 and 4 have explicit algebraic solutions, the group eq 3,

eq 4, and eq 6 lacks it, since v1 and v2 depend on [O2], and this termdepends

in turn on those rates. The numeric solution is, however, simple, and even
the Euler’s method provides a good convergence when a sufficiently low
time incrementΔt is used for the iterative calculation of the concentrations
of any chemical species X as a function of time:

½X�ðtÞ ¼ ½X�ðt -ΔtÞ ( vXΔt ð7Þ

where vX is the formation rate of the chemical species X.
2. Other Numerical Methods. Fitting of the simulated and experi-

mental results to the proposed model was carried out in two phases. First,
parametric estimates were obtained by minimization of the sum of
quadratic differences between observed andmodel-predicted values, using
the nonlinear least-squares (quasi-Newton)methodprovidedby themacro
“Solver” of theMicrosoft Excel spreadsheet. It allows an agile hypotheses
assay with immediate visualization of their consequences. Subsequently,
the estimates thus obtained were introduced as initial values in the
nonlinear section of DataFit 9 (Oakdale Engineering), to determine
parametric confidence intervals and model consistency (Student’s t and
Fisher’s F tests, respectively, in both cases with R = 0.05).

RESULTS AND DISCUSSION

Using reasonable parametric values, eq 7 produces kinetic
simulations such as those exemplified in Figure 1 (data in
Table 1) for a semiopen system. In this figure it should be noticed
that (1) the profiles of the time-course concentrations of S and A
change between negative exponential and sigmoidal models and
(2) the initial conditions can impose initial irregularities to the
time-course of the concentrations of oxygen and;although
smoothed;oxidation products.

Figure 2 (data inTable 1) shows the kinetics of S resulting from
this type of simulations for an increasing series of concentrations
ofA.The profiles are very similar to those ofβ-carotene oxidation
in the presence of increasing concentrations of the antioxidant
Santoquin (4), which we will consider later on. This suggests that,
in spite of its simplistic character, the simulation is an acceptable
model of our problem.

An advisable resource for the treatment of the data is to
standardize the values St of the substrate (or the oxidation

Figure 1. Simulations of the drops in substrate and antioxidant concen-
trations (left) and oxygen consumptions until exhaustive substrate oxida-
tion (right), under the conditions specified in Table 1(a, b, c). S, substrate;
A, antioxidant; O, oxygen.

Table 1. ArbitraryParametric ValuesUsed in theSimulations ofFigures 1 (a, b, c)
and 2 d, According to the Notations of Eqs 3-6

a b c d

S0 10 10 10 10

A0 0 0 2 0-(2)-18

O0 5 0.1 0.1 1

k1 0.01 0.01 0.01 0.01

k2 0.50 0.50 0.50 0.50

kox 0.25 0.25 0.25 0.25

c1 1 1 1 1

c2 2 2 2 1
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products SOt, as appropriate) at the different times and to
transform them in time-increasing responses, R:

Rt ¼ 1-
St
S0

� �
or Rt ¼ SOt

SO0

� �
-1 ð8Þ

Since the definition of response implies that its value at zero
time is null, it is also suitable to subtract possible non-null
initial values. Figure 3 (top) shows the data from Figure 2 as
responses.

1. Univariate Model of the Antioxidant Activity. The asymp-
totic curves of Figure 3 are a logical consequence of the semiopen
system which was postulated in the corresponding simulation. In
such a system, S and A should be exhaustively oxidized at
sufficiently long times. Nonetheless, the kinetics will be equally
asymptotic, although with different final values, in a closed
system, where the oxygen limitation can prevent the exhaustive
oxidation. Thus, the dose of antioxidant, the exposure times, and
the size of the experimental unit (as well as the volume of the gas
phase in closed systems) should be carefully standardized in any
test, so that the experimental results allow formal definition of the
profiles of the studied process.

Although such a formal definition could be based on eqs 3, 4,
and 6, this procedure is not efficient. Such equations canbeuseful,
as we saw, to justify on a simple kinetic basis the sigmoidal
character of the process profiles, but the most efficient way for
calculating the values of practical interest in the evaluation of an
antioxidant is to model those profiles by means of a cumulative
probability function.

In previous works (5-8) it was demonstrated that the most
versatile resource to describe sigmoidal profiles such as those
involved here is the cumulative function of theWeibull’s distribu-
tion. In terms of the variables t (time) and R (response), the
original function would be (where a and b are parameters of form
and position, respectively)

R ¼ 1-exp -
t

b

� �a
" #

But its use in our context requires two modifications: (1) to
multiply the secondmember by themaximum responseK, so that
the asymptote can take values different from 1 and hence the
model can represent oxygen-limited closed systems and (2) to
reparametrize the equation, so that it includes explicitly the time
for a semimaximum response or substrate half-life, an essential
parameter for comparing antioxidant activities. It facilitates the

test of initial values during the application of nonlinear fitting
methods and allows the direct calculation of the corresponding
confidence interval bymeans of the usual computer software. The
final form, which we will denote mW, is

R ¼ K 1-exp -ln 2
t

τ

� �a
" #8<

:
9=
; ð9Þ

whereR is the response, t the time, τ the substrate half-life, and a a
form parameter related with the maximum slope of the response.
Especially interesting in the problem studied here is the fact that
a particular case (a = 1) of eq 9 is the model of the first- and
pseudo-first-order kinetics. Thus, all the expected profiles can be
described with the same functional form.

Indeed, when eq 9 was used for describing the data;as
responses;from Figure 2, the fittings were very precise in all
the cases (Figure 3 and Table 2), with determination coefficients
always higher than 0.999, statistically significant parametric

Figure 2. Simulation of the substrate kinetics at increasing antioxidant
concentrations, under the conditions specified in Table 1d. Antioxidant
concentration increases from left to right, with the first series at the left
(b) corresponding to the absence of antioxidant.

Figure 3. Kinetics of the substrate oxidation at different antioxidant
concentrations, and relationships among the concentration of antioxidant
and the parameters which characterize its activity. In the top graphic,
points are the data from Figure 2 formulated as responses, and continuous
lines are the corresponding fittings to eq 9. R, response; τ, substrate half-
life; a, form parameter of eq 9; vm, maximum rate of substrate oxidation; L,
logarithmic lag of substrate oxidation. Values of τ and a are fitted to linear
equations; values of vm and L are fitted to eqs 12 and 14, respectively.
Numerical data in Table 2.
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estimates (Student’s t; R = 0.05), and statistically consistent
models (Fisher’s F; R=0.05).

2. Characterizing Parameters of the Antioxidant Activity.

According to that established in the precedent section, the
parameter τ provides directly the substrate half-life at a given
concentration of antioxidant. This is the most important para-
meter of the system, and the most robust, in the double sense of
less dependent on the descriptive function used and less sensitive
to the experimental error. Moreover, the model contains impli-
citlymuchmore relevant information applicable to the evaluation
and comparison of antioxidant properties. Thus:

2.1. Antioxidant Concentration Necessary for Duplicat-
ing Substrate Half-Life. The relationship between antioxidant
concentration A and substrate half-life τ is linear (Figure 3):

τ ¼ h0 þ h1A

Thus, once the coefficients h0 and h1 are calculated, it is possible
to estimate another interesting value: the antioxidant concentra-
tion required for duplicating (or multiplying by the factor n) the
substrate half-life:

An ¼ h0
h1
ðn-1Þ ð10Þ

2.2. Maximum Substrate Oxidation Rate at a Given
Antioxidant Concentration. The relationship between the con-
centration of antioxidant and the parameter a is also linear
(Figure 3). However, in practice, the maximum substrate conver-
sion rate vm at a given antioxidant concentration is more inter-
esting. Such a rate is the slope of the tangent to the curve in the
inflection point (9, 10); it can be obtained with some algebraic
manipulation starting from eq 9, and it has the structure

vm ¼ Ka ln 2

τ
GGe-G; where G ¼ a-1

a
ð11Þ

This maximum rate drops asymptotically as the concentration
of antioxidant increases (Figure 3), according to a relationship
which can be described by means of a function of the type

vm ¼ vinf þðvm0 -vinf Þ expð-rAÞ ð12Þ
where vm0 is the maximum rate in the absence of antioxidant, r its
drop rate with antioxidant concentration, and vinf its inferior
asymptote. This relationship does not have too much interest,
but it can provide an approximate valuation of the limits of
the system, in front of the apparent limitless capacity suggested
by eq 10.

2.3. Lag Time of the Substrate Oxidation Due to the
Presence of Antioxidant. It is a parameter that is sometimes

interesting, in spite of the fact that it is of doubtful estimation
due to the above-mentioned possible irregularities in the initial
border of the process. Analysis of variance could be applied
for estimating when an experimental value of the substrate
differs statistically from the initial one. But such a resource
requires an onerous number of replicates and is inaccurate
because it depends necessarily on the sampling intervals. It
seems more objective to define the lag λ as the intersection of
the tangent in the inflection point with the time axis, in the
form

λ ¼ τ ln 2 G1=a þ e-G -1

aGGe-G

" #
ð13Þ

It can be mentioned, although it is not very useful, that the
natural logarithm L of the lag increases asymptotically as the
concentration of antioxidant increases (Figure 3), according to a
relationship which is the reverse of eq 12:

L ¼ L0 þðLm -L0Þ½1-expð-uAÞ� ð14Þ
whereL0 is the logarithmic lag in the absence of antioxidant, u the
variation rate of L with antioxidant concentration, and Lm the
superior asymptote.

The confidence intervals of vm and λ could be estimated by
means of the reparametrization of eq 9 to make explicit such
values, but the result is too complex and not very operative. It is
simpler to calculate the expressions in eqs 11 and 13 using the
limits of the confidence intervals of τ and a obtained from the
fitting of the experimental data with eq 9.

2.4. Action Interval of an Antioxidant. A last quantitative
feature is the action interval, or time that elapses, to a given
concentration of antioxidant, until the conversion of 99% of the
substrate, that is, until the response reaches the value 0.99K. This
value can be obtained by isolating t in eq 9, but if we need also the
corresponding confidence interval, it is preferable to use eq 9 in a
new reparametrized form, so that it includes explicitly the value
0.99K as a parameter, an operation which is not problematic in
this case. In general, for the time τn corresponding to a response
equivalent to n% of the maximum one (nK/100), the reparame-
trized equation is

R ¼ K 1-exp lnð1-0:01nÞ t

τn

� �a
" #8<

:
9=
; ð15Þ

Thus, when the experimental data are fitted to this form, any
statistical software provides directly τn and its confidence interval
for the established probability (R).

Table 2. Kinetic Series from Figure 3, Fitted to the Specified Models (R = 0.05).a

univariate model (eq 9) bivariate model (eq 16); adj. r2 = 0.9994

[A] K τ a r2 K τ a bτ ba

0 1.00( 0.006 29.19( 0.63 1.55( 0.065 0.9991 1.00 ( 0.002 29.25 ( 0.35 1.56 ( 0.04 0.140 ( 0.003 0.122 ( 0.007

2 1.00( 0.003 37.40( 0.32 1.91( 0.039 0.9998 37.46( 0.59 1.95( 0.07

4 1.00( 0.002 45.76( 0.24 2.30( 0.034 0.9999 45.66( 0.84 2.33( 0.11

6 1.00 ( 0.004 54.03( 0.40 2.69( 0.066 0.9998 53.86( 1.09 2.71( 0.14

8 1.00( 0.006 62.23( 0.55 3.09( 0.104 0.9996 62.07( 1.34 3.09( 0.17

10 1.00( 0.007 70.38( 0.68 3.49( 0.143 0.9995 70.27( 1.59 3.48( 0.20

12 1.00( 0.009 78.49( 0.78 3.88( 0.183 0.9994 78.48( 1.84 3.86( 0.23

14 1.00( 0.010 86.56( 0.87 4.28( 0.22 0.9992 86.68( 2.09 4.24( 0.26

16 0.99 ( 0.011 94.61( 0.94 4.68( 0.26 0.9991 94.88( 2.35 4.62( 0.29

18 0.99( 0.012 102.6( 1.01 5.08( 0.30 0.9990 103.1( 2.59 5.01( 0.33

a In the bivariate model (eq 16), parametric estimates (highlighted) were subsequently used for calculating τ and a values for every antioxidant concentration by means of the
expressions in eq 17, accepting the limits of the involved confidence intervals. r2 (and adj. r2): coefficient (and adjusted coefficient) of simple (multiple) determination.
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3. Bivariate Model. A more efficient and statistically more
consistent way to formulate the model discussed until now is to
consider jointly the kinetic series in the presence of all the
antioxidant concentrations assayed. It requires the use of a single
equation with two independent variables (time and antioxidant
concentration), which will be the simultaneous solution of the
whole series of responses. This approach has, first, the advantage
of minimizing the possible biases due to systematic and random
experimental error. Additionally, if the increase in the number
of parameters is smaller than the increase in the available number
of observations;as in general should occur;the procedure will
lead to a net gain in degrees of freedom. Finally, if after a
preliminary;anyway necessary;assay to establish the domains
of the variables, antioxidant concentrations and sampling times
are adequately combined, the bivariate approach will economize
experimental work.

In view of the modifications that the presence of antioxidant
determines in the parameters τ and a of eq 9, it can be accepted
that the effect of a concentrationAof antioxidant on the profile of
the response will be proportional toA and able to be modeled by
means of perturbing terms as

Pτ ¼ 1þ bτA; Pa ¼ 1þ baA

In a closed system, where the oxygen limitation can lead to
nonexhaustive oxidations, the antioxidant level can also affect the
asymptotic valueK. Since in this case the effect will tend to reduce
the parametric value, the perturbing term will be

PK ¼ 1

1þ bKA

Thus, eq 9 should be rewritten as

R ¼ K

1þ bKA
1-exp -ln 2

t

τð1þ bτAÞ
� �að1þ baAÞ

" #8<
:

9=
; ð16Þ

With prooxidant compounds, which tend to reduce τ and a, the
perturbing terms would be divisors of the corresponding para-
meters. In general, since the antioxidant action canproceed through
different mechanisms of competition for oxygen between substrate
and antioxidant, the form (factor or divisor) in which a perturbing
term should be included in the equation, especially if it affects the
parameter a, shouldbe subjected to the usual statistical best-fit tests.

Using again the values from Figure 3, now joining all the series
in a sole matrix, it could be verified that eq 16 describes the data

with the same precision as that of eq 9 separately applied to the
same series, as can be appreciated in Table 2. Therefore, the
surface depicted in Figure 4 represents the simultaneous solution
of the kinetics corresponding to all the concentrations of anti-
oxidant. The slight lack of fit which can be appreciated in the
correlation between observed and predicted values is due to the
above-mentioned effect of initial conditions, and it disappears if
the initial level of oxygen is modified or suppressed. The para-
meters τ and a for a given concentration of antioxidant can be
determined by means of

τiðAÞ ¼ τð1þ b1Ai Þ; aiðAÞ ¼ að1þ b2AiÞ ð17Þ
4. Experimental Verifications. As it was said, the verification

of the model with experimental data was performed by using
bibliographical results, selected among thosemore appropriate to
exemplify different systems, methods, and time domains.When it
was necessary, original data were transformed in responses using
the expressions in eq 8 defined previously.

4.1. Santoquin in β-Carotene Bleaching. The quantifica-
tion through carotene loss of the coupled oxidation of β-carotene
and linoleic acid in aqueous emulsion is the basis of one of the
current methods for evaluating antioxidant activity. In the pre-
sence of increasing concentrations of the antioxidant Santoquin,
Marco (4) obtained clearly sigmoid kinetics (Figure 5), and he
defined the response, or extended induction time, as

Et ð%Þ ¼ tn -t0
tref -t0

� 100 ð18Þ

where tn is the time at which, at a given concentration of the
antioxidant under consideration, the substrate concentration
(with ordinate Sn) is n% of the initial one and t0 ant tref are the
times which correspond to the Sn ordinate on the curves obtained
in the absence of antioxidant and in the presence of a reference
antioxidant, respectively.

The author, who averaged out the results for n = 50 and
n=70, recommended the use of logit graph paper for graphically
linearizing the curves in the ordinate interval 10-90%. He also
observed that the relationship between the concentration of
antioxidant and its effect (in terms of the response Et) on the
oxidation of the substrate is linear, thus providing an additional
calibration resource. The calculation procedure was without a
doubt useful at the date of its publication, and our univariate
approach is in essence the same one, with the difference that it
uses an explicit algebraic function. Given the current facilities for

Figure 4. Left: kinetic series from Figure 3 (points) jointly considered and fitted (surface) to the bivariate model in eq 16. Right: correlation between observed
and predicted values. Numerical data in Table 2.
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nonlinear fitting methods, it is preferable that this second option,
which allows a more precise calculation, provides important
additional information and leads to the bivariate model in eq 16.

In this regard, it is interesting to use the Marco’s results (it is
difficult to find in the bibliography so complete kinetic data) to
compare the uni- and bivariate approaches which we propose.
The independent application of the univariatemodel in eq 9 to the
four kinetics from Figure 5 produced individual satisfactory
fittings, but the results showed two problems. First, the linear
relationship between τ andA, which is an important condition of
the system, was poor. In addition, the experimental system is
closed, but its design prevents the oxygen deficiency and it allows
the exhaustive oxidation. However, the two lower concentrations
of Santoquin suggested lower asymptotes than the control, but
the highest concentration (whose kinetics is incomplete) sug-
gested a higher asymptote (in fact, the fitting provides a higher
value than 1 if the corresponding restriction is not included),
which seems contradictory.

Nevertheless, when the bivariate model in eq 16was applied to
the same four kinetics jointly considered, the only coefficient that
lacked statistical significance (R= 0.05) was bk, which translates
the effect of the antioxidant on the asymptote, whereas the
recalculation after suppressing that coefficient produced a con-
sistent model (Table 3). On the other hand, since eq 16 includes
the linear relationship between A and τ, its result necessarily
obeyed this condition, although at the expense of a higher
discrepancy of the individual kinetics, especially at the lowest
antioxidant level. Likely the best election in this type of alter-
natives is the bivariate model, which describes the system as a
whole. Toattribute the discrepancy to the experimental error is, in
fact, plausible in this case, which demands individual preparation

of emulsions with oxygen-saturated water, and so small differ-
ences in the diffusion of the gas can determine a cumulative effect
with time.

4.2. Trolox andAscorbic Acid in the Riboflavin Oxidation
in Milk.Although in the study of Hall et al. (11) some kinetics;
with time course of hours;were interrupted before the asymp-
totic level, the validity of the bivariate model 16 can be verified in
cases like this through its ability to provide a reasonable approach
to the global description of the system. Indeed, if at least the
kinetics in the absence of antioxidant;necessarily the most
complete one;allows estimation of an asymptote, it can be
accepted that (1) any kinetics in the presence of antioxidant will
have a lower or equal asymptote, which can be used as a restriction
in the fitting process and (2) the linear relationship between τ and
A included in eq 16will act as an additional restriction thatwill give
coherence to the solution of the system if the model is valid.

Equation 16 was applied in this case after smoothing the
original results by means of the mobile average method
(window=3), for minimizing the effects of the random experi-
mental error, and the antioxidant concentrations (in ppm) were
coded dividing them by 100, so that the numerical domains of the
independent variableswere of the same order, thus avoiding biases
in the parametric estimates. Figure 6 shows two representative

Figure 5. Experimental data from Marco (4) for the antioxidant Santoquin
in the system β-carotene/linoleic acid, in terms of responses (points) and
fitted to the univariate model in eq 9 (discontinuous lines) and the bivariate
model in eq 16 (continuous lines). Concentrations of Santoquin: 0 (b),
5 (4), 10 (]), and 15 (O)micrograms per experimental unit (52 mL). For
more details, see text.

Table 3. Results from Marco (4 ), Hall et al. (11 ), and Pazos et al. (12 ) Fitted to a Bivariate Model (Eq 16) (R = 0.05)b

K τ a bk bτ ba adj r2a

Marco (4 ) 1.00( 0.002 28.77( 3.01 1.90 ( 0.47 0.216( 0.034 0.076( 0.050 0.9746

Hall et al. (11) Trolox 1.00 ( 0.008 2.88( 0.282 1.172( 0.126 0.065( 0.023 0.9902

Hall et al. (11) ascorbic acid 1.03( 0.067 3.34( 0.309 1.345( 0.264 0.026( 0.008 0.9884

Pazos et al. (12) emulsion 74.7c 3.11( 0.096 3.27( 0.41 0.078( 0.065 0.079( 0.032 0.9931

Pazos et al. (12) fish oil 104.0c 6.10( 0.082 3.01( 0.17 0.036( 0.004 0.9939

aAdjusted coefficient of multiple determination. b See also Figures 5-7. cEstimated asymptotic value in the absence of antioxidant, used as a restriction (maximum
acceptable value) for global fitting.

Figure 6. Riboflavin oxidation in milk (as response R) in the presence of
increasing concentrations of Trolox (top) and ascorbic acid (bottom). In
both cases: 0 (b), 100 (4), 250 (]), 500 (O), and 1000 (0) ppm. Left:
original data from Hall et al. (11); right: smoothed data (mobile average,
window=3), jointly fitted (lines) to the bivariate model in eq 16. Note the
differences in final values that are suggested by the extrapolations.
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experimental series, and in both of them eq 16 provided a
statistically significant and consistent (Student’s t test andFisher’s
F-test, respectively, for R = 0.05) description.

It can be pointed out that in the case of Trolox the results
required acceptance of the same asymptotic value for all the
kinetic series (Table 3), in which the extension of the riboflavin
half-life was due to the antioxidant effect. However, in the case of
ascorbic acid, the equation was significant and consistent, simply
accepting different asymptotes, whereas the coefficient bτ;which
translates the extension of the riboflavin half-life;was not
statistically significant. The result could be explained supposing
that the antioxidant drains all the oxygen from the initial gas
phase, and since τ corresponds to the semiasymptotic response,
the asymptotic drop is enough to justify the effect.

4.3. Hydroxytyrosol in the Oxidative Deterioration of
Fish Lipids. Pazos et al. (12) studied the effects of several
antioxidants in different modalities of this system, with results
which allowed us to establish interesting gradations in their
effectiveness. As is habitual, again several kinetic series were
interrupted at subasymptotic levels, hindering their individual
fitting to any sigmoid model and thus requiring the same criteria
applied in the previous case for validating eq 16. Fittings were
carried out also, with original results smoothed by the mobile
average method (window=3) and antioxidant concentrations
(in ppm) coded dividing themby10, to balance the domains of the
independent variables. As an illustration, responses were con-
sidered in natural values instead.

Figure 7 shows two representative experimental series, both
described in a statistically significant way (Table 3) by means of
eq 16. Althoughwith the available data the asymptotic values are
relatively chancy extrapolations, it has interest to point out that
the model produces clearly different values in emulsions (that is
the expected result in a closed systemwith oxygen limitation) and

the same values in pure oils (that is the expected result if the
limiting reagent is the substrate).

As in the previous case, this type of question is beyond the
perspective of this work. Here we mention them to illustrate that
the model which we propose is useful to detect problems of
practical interest, although, as it happens in any kinetic model, it
cannot explain the underlying mechanism, as well as to establish
quantitative comparisons on an accurate formal basis.

In conclusion, the lack of standardization (2) in methods for
evaluating antioxidant activity begins with the lack of formal
models applicable to the lipid oxidation, already pointed out by
€Ozilgen and €Ozilgen (1).Under these conditions, the experimental
designs are often merely intuitive, and many of the abundant
bibliographical data in this regard are incomplete from a kinetic
point of view, which prevents suitable characterization of the
relevant properties of the tested compounds. Themodel whichwe
propose provides a simultaneous description of the kinetics of the
oxidation of a substrate in the presence of any number of
concentrations of an antioxidant. Although it does not have a
mechanistic form, it coincides in one of its particular cases with
the first order kinetic model, and it fits accurately the profiles of
simulations which postulate the competition of substrate and
antioxidant for oxygen, in a second order kinetic scheme. The
model also fits in a statistically significant way the results
obtained by other authors, in processes involving different sub-
strates, antioxidants, conditions, and time domains. The applica-
tion of the model is simple: in its bivariate option, it reduces the
sensitivity of the univariate option to possible biases due to
different types of experimental error, and its mathematical form
constitutes a useful orientation to prepare more economic
and efficient experimental designs than the conventional ones in
this field. Finally, its results allow the calculation of several
parameters which characterize both the oxidative process and

Figure 7. Formation of conjugated diene hydroperoxides (CD) in water-emulsified (top) and pure (bottom) fish oil in the presence of three concentrations of
hydroxytyrosol: 0 (b), 10 (4), 50 (]), and 100 (O) ppm. Left: original data of Pazos et al. (12); right: smoothed data (mobile average, window=3), jointly fitted
(lines) to the bivariatemodel in eq 16. Note the differences in final values that are suggested by the extrapolations. In the case of the emulsion, the experimental
value at 10 ppm (]), marked with an arrow and only explainable as an outlier, was suppressed.
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antioxidant action, and they facilitate objective comparisons
among different compounds and methods.
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