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Abstract

The main objective of the present review is to develop a brief overview of
the current state of the knowledge on the analytical determination of oxidation
and/or degradation parameters in nutritional products. Basically, since it is one
of the major causes of food quality deterioration, and it has been a challenge
for manufacturers and food scientists alike, lipid oxidation has traditionally been
the most studied process throughout the history. There are many analytical
methods to perform the detection of changes in food quality, focusing on the
determination of the formation of oxidation products or on the changes in
the standard profile of specific compounds. In addition, sensory analyses to
identify oxidative changes in foods are also common. However, it is not the only
parameters to measure the oxidation of food. Proteins and carbohydrates are
also susceptible to oxidation; and therefore, many undesirable and/or harmful
metabolites can also be found in food after this type of degradation that food
industry must necessary control. The proposed summarized review will focus on
both oxidation processes in order to better understand the evolution throughout

the history of food control.
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Introduction

In general, the oxidation of food stuffs is a process that must
be avoided. However, the process occurs naturally when food is
exposed to air and it is potentiated by heat, light, chemical catalysts
or enzymatic processes. The oxidation causes the loss of nutritional
value of food and changes the chemical composition. For example,
oxidation of fats and oils leads to rancidity and in fruits it can result in
the formation of compounds which discolor damaging the product.

The food alterations could deteriorate the quality of the product
and also generate undesirable compounds with direct consequences
on human health. There are many reports published in the scientific
literature about the possible toxicity of certain metabolites generated
from lipid oxidation such as cholesterol oxidation products; COPs,
commonly known as oxy sterols; OS [1,2]; and phytosterol oxidation
products; POPs; which have unhealthy effects at higher concentrations.
Cytotoxicity, atherogenesis, mutagenesis, carcinogenesis changes in
cellular membrane and inhibition of 3-hydroxy-3-methylglutaryl
coenzyme A reductase, HMG-CoA reductase, activity have been
widely described [3-6].

Therefore, it is mandatory to control the oxidation processes
using the technology available. Throughout the history, several
analytical methods have been proposed to keep under control the
oxidation of nutritional products. There are very different techniques
that can be applied depending on the final objective and the product
under study. The oxidation parameters to measure can be classified
in three important groups depending of the sample: lipids, proteins
or carbohydrates. Another classification could be done taking into
account the technique used to control the oxidation: chemical or
sensory methods. Finally, a third classification could be showed
comparing two modes: general oxidation or determination of target
compounds.

This summary review consists in a globalized approach to know,
from an analytical point of view, the evolution in food control in terms
of oxidation parameters. In addition, the methods and techniques
that are commonly employed today to determine the rate of oxidation
of food are presented in more detail.

Lipid Oxidation

Lipids are an important component of food being also used in
a large amount of industrial applications. Lipids in food, either
naturally occurring or added exogenously are used as nutrient
and also provide a heat transfer medium for food processing and
render desirable texture and flavour to the products. They are one
of the major and essential macronutrients required for growth and
maintenance of living organisms. However, overconsumption of
lipids, especially certain saturated lipids and trans fats, has been
associated with diseases such as obesity, hypertension, cardiovascular
disease or cancer [3,7-10], mainly when these lipids are oxidized
generating other compounds. Although there are others hypothesis
that differ regarding the issue of that fats are the unique responsible
of cardiovascular disease [11,12].

Lipid oxidation is an important cause of deterioration in quality of
food both during manufacturing and product shelflife, and negatively
affects the integrity of biological systems. The oxidative changes cause
development of off-flavors, loss of nutrients and bioactives, and even
the formation of potentially toxic compounds originating products
unsuitable for the human consumption.

The overall mechanism of lipid oxidation consists of three phases:
the initiation, with the formation of free radicals; the propagation,
with the free-radical chain reactions; and the termination, with the
formation of stable non-radical products.

The most important lipids involved in the oxidation process are
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the unsaturated fatty acid moieties, oleic, linoleic and linolenic. Lipid
peroxidation generates a large number of by-products, including
breakdown molecules resulting from cleavage of the oxidized fatty
acyl chain as is shown in Figure 1. The rate of oxidation of fatty acids
increases with the degree of unsaturation. The free radicals reactions
are thermodynamically difficult, for this reason the production of the
first few radicals mandatory must occur by some catalytic means such
as hydro peroxide decomposition, light and heat exposure and metal
catalysis. In addition, auto oxidation is the most common process.
It is defined as the spontaneous reaction of lipids with atmospheric
oxygen through a chain reaction of free radicals (Figure 1).

Sensory evaluation

Sensory analysis is a scientific discipline that applies the
principles of experimental design and statistical analysis to data
obtained from human senses (sight, smell, taste, touch and hear)
for the evaluation of consumer products. The discipline requires
panels of human assessors, on whom the products are tested, and
recording the responses made. By applying statistical techniques to
the results it is possible to make inferences and insights about the
products under test. Sensory analysis can mainly be classified into
three sub-sections: effective testing (dealing with objective facts
about products); affective testing (dealing with subjective facts such
as preferences); and perception (the biochemical and psychological
aspects of sensation).Sensory evaluation is used to study similarities
or differences in a wide range of dishes/products; to analyze food
samples for improvements; to gauge responses for a dish/product, e.g.
acceptable or unacceptable; to explore specific characteristics of an
ingredient or dish/food product; to check whether a final dish/food
product meets its original specification; and to provide objective and
subjective feedback data to enable informed decisions to be made.

Depending on the product, different parameters are studied
and specific preparation processes are applied. For example, to
measure the quality of solid food, cold cuts parameters such as
color intensity, juiciness, hardness, cohesiveness, rancid taste and
general acceptability, are studied [13]; in contrast, to evaluate meat
it is required to prepare the food with a specific protocol where the
temperature or the mode of cooking and serving to the panelists must
be indicated. In that case, parameters such as aroma, appearance,
color, flavor intensity, saltiness, moistness/juiciness, tenderness, and

Unsaturated fatty acid of Triglyceride

= Free radicals

+Oxygen Oxidation of
l pigments, flavors
and vitamins

N Hydroperoxides

= |

Breakd_own prc_ducts Polymerization Insolubilization
(including rancid off- (dark color and of proteins
flavor compounds): possible toxicity)

ketones, aldehydes,
alcohols, hydrocarbons,
acids, epoxides

Figure 1: Lipid oxidation mechanism.

overall acceptability are evaluated [14,15]. In infant formulas are also
evaluated similar parameters such as bitterness, saltiness, savoriness,
sourness, sweetness, and pleasantness [16].In all cases an expert panel
of at least 6-8 members is selected using a specific point number in
the hedonic scale.

Oxygen absorption

In the initial stage of autoxidation a high consumption of
oxygen occurs, the fat or oil increases the weight; therefore this
event theoretically should reflect its oxidation level. The procedure
based on weight gain is simple and cheap equipments are required.
An oil sample is heated in a special oven with no air circulation, and
periodically testing for weight gain. This method indicates oxygen
absorption through mass change. It is one of the oldest methods for
evaluating oxidative stability, but nowadays it is still used [17,18]. The
method is only useful when highly unsaturated oils, such as marine
or vegetable oils containing a high content of polyunsaturated fatty
acids, are evaluated.

Oxygen consumption can be also measured directly by monitoring
the drop of oxygen pressure. Using a headspace oxygen method, an
oil sample is placed in a closed vial that contains certain amount of
oxygen at high temperature (100°C). The pressure reduction in the
vial, which is due to the oxygen consumption, is monitored and
recorded automatically. Then, the oxygen uptake can be calculated
[19]. This method is simple and reproducible and could be the best
method of analysis to assess the oxidative stability of fats and oils.
However, it can be found interferences in products where proteins
are present in a substantial ratio since proteins are also oxidized.

Measure compositional changes

Lipid oxidation may also be assessed by measuring the initial
quantitative compositional change. In foods that contain fats or oils,
unsaturated fatty acids are the main compounds that change during
oxidation. Changes in fatty acid composition provide an indirect
measure of the extent of lipid oxidation. In the majority of these
methods the lipids are extracted, derivatized and measured by gas
chromatography with different detectors; GC; [20-23] or GC coupled
to mass spectrometry; GC-MS [24,25]. In recent years, ultrahigh
performance liquid chromatography; UHPLC; has also widely been
used. A recent published method determines the volatile carbonyls in
0ilsby UHPLC coupled to diode array detector; DAD; and GC-MS [26]
with dynamic headspace sampling and 2,4-dinitrophenylhydrazine;
DNPH; as divartisation agent. An alternative approach to the study of
a complete profile is the use of these techniques to determine selective
target compounds related with the oxidation of foods. An example is
the determination of oxidative markers such as hexanal in vegetable
oils by an automated dynamic headspace sampler coupled to GC-MS
[27].

Measure of primary compounds of oxidation

The most traditional measurement of lipid oxidation is the
Peroxide Value; PV. Peroxides are the main products that appear
at the beginning of the autoxidation. They can be measured by
techniques based on the generating iodine from potassium iodide,
or the oxidation of ferrous ions to ferric ions [18,28]. The content
is generally expressed in terms of million equivalents of oxygen
per kilogram of fat. Although PV is applicable at the early stages of

Submit your Manuscript | www.austinpublishinggroup.com

Austin J Anal Pharm Chem 1(1): id1005 (2014) - Page - 02



Santos-Fandila A

Austin Publishing Group

oxidation, it is highly empirical. The accuracy is questionable, the
results vary depending on the procedure used, and the test is very
sensitive to changes in the temperature. During the course of the
oxidation, PV increases, reaching a maximum, and then decline.

A high number of methods have been developed for determination
of PV, among which the iodometric titration, ferric ion complexes
measurement spectrophotometry, and IR spectroscopy are most
frequently used. Specifically, with Fourier Transform Infrared
Spectroscopy; FTIR; the hydro peroxides can be quantitatively
determined via measurement of their characteristic O-H stretching
absorption band.

Initially, conjugated dienes and trienes were often used to control
the level of oxidation. During the formation of hydroperoxides from
unsaturated fatty acids conjugated dienes are typically produced, due
to the rearrangement of the double bonds. The resulting conjugated
dienes exhibit an intense absorption at 234 nm; similarly, trienes
absorb at 268 nm. If UV absorption increases then it reflects the
formation of primary oxidation products in fats and oils. In addition,
there is a good correlation between conjugated dienes and PV.

Measurement of Secondary Compounds of
Oxidation

Measurement of malondialdehyde: MDA

The thiobarbituric acid; TBA; test was proposed over 40 years ago
[29,30] and it is one of the most widely used methods to measure
the level of lipid peroxidation by determination of MDA in foods
containing fats. It is simple and its results are highly correlated
with scores obtained in the sensory evaluation [25,31-35]. The basic
principle of the method is the reaction of one molecule of MDA and
two molecules of TBA to form a red MDA-TBA complex (Figure 2),
which can be quantified spectrophotometrically at 530nm (Figure 2).

It is noteworthy that this method has been criticized for several
reasons. The method is not specific and selective; and the sensitivity
could be further improved, since it has no acceptable limits of detection
for measuring MDA [33,36-38]. Other TBA-reactive substances;
TBARS, including sugars and other aldehydes, could interfere with
the TBA reaction. Abnormally low values may result if MDA reacts
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Figure 2: Reaction of 2-thiobarbituric acid; TBA; and malonaldehyde; MDA.

with proteins in an oxidizing system [39]. In many cases, the TBA
test is recommended for comparing samples of a single material at
different states of oxidation. Currently, it is known that TBARS assay
is a general method for the detection of lipid peroxidation [40] and
not only is measured MDA but also thiobarbituric acid reacts with
other compounds to generate different colored species that interfere
with the assay. Some studies have identified several compounds using
mass spectrometry [41].

An interesting comparison between different methods to measure
MDA by TBA derivatisation is presented in a work published in
2001[42]. The authors demonstrated that the quantification of
MDA in milk powder samples using three variants of the TBA test,
overestimated the MDA content because the high temperature
used during the derivatisation step potentiated the oxidation,
enhancing the MDA contents or promoting the formation of other
by-products that interfere in the spectrophotometric assay. To
solve this issue, free MDA has also been determined using direct
methods without derivatisation in biological systems [43,44].There
are others alternatives to measure MDA by derivatization with
2,4-dinitrophenylhydrazine; DNPH [42,45-47].

p -Anisidine Value; p —AnV

It is a method to measure the content of aldehydes (mainly
2-alkenals and 2,4-alkadienals) generated during the decomposition of
hydroperoxides. It is based on the color reaction of p-methoxyaniline
and the aldehyde compounds (see Figure 3 as example). The reaction
of p-anisidine with aldehydes under acidic conditions provides
yellowish products that absorb at 350 nm (Figure 3).

Measurement of 4-hydroxynonenal; 4-HNE; and

4-hydroxyhexanal; 4-HHE

These compounds are also secondary components of the
lipid oxidation. They are both generated in tissue and food from
polyunsaturated membrane lipids through a free radical-induced
lipid peroxidation process. The biological properties of these
aldehydes have been widely studied and some methods have been
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Figure 3: Reaction between p-anisidine and malonaldehyde; MDA.
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proposed with different techniques such as high performance liquid
chromatography; HPLC; with ultraviolet detection; UV [48]; TLC
densitometry, gas chromatography coupled to mass spectrometry;
GC-MS [3,49] or HPLC with mass spectrometry in tandem; MS/MS
[10].

Measurement of totox value; TV

This parameter gives a measurement value of the total oxidation,
including primary and secondary oxidation products [50-54]. It is
a combination of PV and p-AnV: TV = 2PV + p-AnV. This value
reflects the oxidation level at early and later stages of oxidation
reaction, respectively. With this equation, both hydroperoxides and
their breakdown products are estimated and a more adequate result
is offered to control the progressive oxidative deterioration of fats
and oils. Since two very different values are combined, many authors
disagree with this parameter.

Measurement of carbonyls content

The carbonyl compounds, including ketones and aldehydes, are
the secondary oxidation products generated by the degradation of
hydroperoxides, and are suggested to be the major responsible for
off-flavors associated with the rancidity of food products. The total
carbonyl content is measured by a colorimetric method. The carbonyl
compounds formed during lipid oxidation are reacted with DNPH
followed by the reaction of the resulting hydrazones with alkali (see
Figure 4).

The determination of total content of carbonylshas been frequently
used in oxidative stability studies. Improved variants can be found
recently [55]. However, this procedure has been criticized because the
determination conditions cause degradation of hydroperoxides into
carbonyl derivatives, obtaining overestimated results.

Oil stability index; OSI

During lipid oxidation, volatile organic acids such as formic acid
and acetic acid are produced at high temperatures together with
hydro peroxides. In addition, other secondary products, including
alcohols and carbonyl compounds, can be further oxidized to
carboxylic acids. The OSI method measures the volatile acids by
monitoring the change in electrical conductivity when effluent from
oxidizing oils is passed through water. The OSI value is defined as
the point of maximal change of the rate of oxidation, attributed to
the increase of conductivity by the formation of volatile organic
acids. This method shows the important disadvantage of requiring a
high level of oxidation, i.e. the method has low sensitivity. There are
commercially available equipments such as the Rancimat’ (Metrohm
Ltd., USA) and the Oxidative Stability Instrument (Omnion Inc.,
USA), both are employed for determining the OSI value. Recently, a
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Figure 4: Reactions between carbonyls (aldehydes or ketones) and
2,4-dinitrophenylhydrazine; DNPH.

published article compares the oxidation in oils including OSI, and by
several analytical methods above mentioned [56].

Hydrocarbons and fluorescence assay

Formation of saturated hydrocarbons such as ethane, propane and
pentane, can be measured for monitoring lipid oxidation. Classically,
these compounds have been determined by GC to assess rancidity of
fats and oils as well as freeze-dried muscle foods. Usually, significant
correlations exist between short-chain saturated hydrocarbons levels
and rancid odor scores. Fluorescence assays are also helpful to assess
lipid oxidation in muscle foods and biological tissues.

Others techniques

There are others techniques and different variants in the
methodologies to measure the lipid oxidation such as Free Radicals,
Differential Scanning Calorimetry; DSC, Nuclear Magnetic
Resonance Spectroscopy; NMR, etc. In the first case, the free radicals
are short-lived intermediates which appear at the initial steps of the
oxidation in fats and oils. Those compounds can be measured with
different techniques such as Electron Spin Resonance; ESR; that is
of great value for the study of the early stages of lipid oxidation and
prediction of oxidative stability of fats and oils. In addition, there
is a strong linear correlation between ESR and Rancimat or ESR
and oxygen consumption analyses. The second technique, which is
based on thermal release of oxidation reactions, has the potential of a
nonchemical method for assessing oxidative stability of fats and oils,
indicating the onset of advanced oxidation (termination). Finally,
NMR is also a very useful technique for this purpose since the results
obtained usually correlated adequately with the values obtained with
to tox, conjugated diene and TBA assays.

Degradation of Proteins and Carbohydrates

During food processing, the molecular structure of proteins may
suffer changes. In addition, chemical reactions such as lipid and
protein oxidation, non-enzymatic browning and enzymatic activity
are also responsible for color, flavor or odor alterations. As in the case
of lipid oxidation, there are a large amount of analytical methods to
detect these undesirable processes.

In addition to sensory tests, the protein oxidation is measured
in terms of the appearance of carbonyl groups, normally
using spectrophotometric techniques. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis; SDS-PAGE; and immune blotting
are also usually performed [57,58] to study protein degradation
(proteolysis) or protein oxidation.

Classically, the food safety procedures for determination of
essential amino acids content of mechanically processed products
from red meat animals and poultry is based on hydrolysis of a powder
prepared by blending samples in acetone-chloroform. Samples are
injected into a HPLC using gradient elution on an ion-exchange
column for separation and with fluorescence detection. A variant
of the elution program allows also the determination of tryptophan.
In addition, B-alanine, 1-methyl-histidine, and 3-methyl-histidine
from beef, pork and poultry products are determined to estimate
muscle content of products. A colorimetric procedure for assay of
hydroxyproline is also used as adjunct method for protein quality
estimation [59]. Cysteine as cystic acid and methionine as methionine
sulfone are also determined with similar conditions [60]. Currently,
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new methodologies provided by commercial companies allow
determining a complete amino acids profile. The most used are
named PicoTag [61] and more recent AcqTag [62] (Waters, Milford
MA, USA).

On one hand, the classic methods for determination of protein
by determination of nitrogen use Kjeldahl analysis. As example milk
casein measurement is based on precipitation of casein at acid pH.
Precipitated milk casein is removed by filtration and the nitrogen
content of either the precipitate or filtrate is determined by Kjeldahl
analysis [63].Furthermore, others methods have been devised to
measure protein concentration based on UV-vis spectroscopy and
HPLC [64]. Few research groups have used HPLC coupled to mass
spectrometer of high resolution such as time of flight; TOF [65].

In the case of carbohydrate, an important number of technologies
and methodologies are also found in the literature to control its
stability. The Maillard reaction, that generates various compounds
with high toxicity, is well known. The study of those compounds is of
a great interest. A typical compound to control is acrylamide. It has
been demonstrated that acrylamide have neurotoxic and carcinogenic
effects. It is widely recognized that acrylamide is mainly formed
through the Maillard reaction from free asparagine and reducing
sugars. The major sources of dietary acrylamide are potato products,
processed cereals and coffee. This compound can be determined
by LC-MS/MS after clean-up with solid phase extraction; SPE [66],
by GC equipped with a nitrogen-phosphorus detector; NPD; with
headspace solid-phase micro extraction; SPME [67] and also by
GC-MS/MS [68]. Acrylamide is not the only compound generated
during Maillard reaction. In the last years, others carboxylic acid and
amides have been found and measured by HPLC-MS, GC-MS, and
GC coupled to flame ionization detector; FID; or enzymatically [69].

Additionally, furosine is a marker of the impairment of lysine
residues in protein which is generated at the early stage of the
Maillard reaction in thermally treated foods. This compound has been
determined by HPLC [70]. Highlight gas chromatography-orthogonal
acceleration time-of-flight mass spectrometry; GC-oa TOF; is an
emerging technique used for quantifying furan ones generated in
model Maillard reactions [71]. Finally, some studies based on the use
of HPLC-TOF are recently appearing with remarkable results [72-
74].

Conclusion

Food degradation may be controlled in many different ways, from
controlling changes in the initial steps with the formation of primary
oxidation products, to observe and study the last oxidation stages
by measurement of secondary compounds. Sensory analysis, widely
used, is able to evaluate the degradation mainly from a subjective
point of view. To carry out quantitative evaluations and to control
oxidative changes in foods, there are, in the scientific literature, a
great amount of more objective methods. Each method shows both
advantages and disadvantages, thus it is important to select the most
adequate method, depending on the system under investigation
and the state of oxidation itself. The use of two or more methods
to determine different parameters is highly recommended. The
information regarding to evaluate the food degradation in a global
way with techniques of total screening using mass spectrometry of
high resolution such as TOF is very limited. It is necessary to use

these new techniques to expand the global knowledge about those
degradation processes.
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