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Lipids are significant nutrients for humans and help many functional and regulatory activities in the human body, such as
signal transduction, myelination, and synaptic plasticity. Lipids are also involved in the structural developments of the
human body . In food, lipid content and fatty acid composition are the two critical congenital parameters to the
susceptibility of food to oxidative changes. Lipid content and the fatty acid composition of fat of farm animals varies
significantly depending on animal species and the diet. Lipid oxidation causes quality deterioration in food. Depending
upon the reaction mechanisms and factors involved, lipid oxidation can be divided into autoxidation, photo-oxidation, and
enzyme-catalyzed oxidation. Autoxidation is the most common process of lipid oxidation in foods and is divided into
initiation, propagation, and termination stages.
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| 1. Introduction

Autoxidation is the most common process of lipid oxidation in foods and is divided into initiation, propagation, and
termination stages. During the initiation step, free radicals abstract the liable hydrogen atoms from the methylene group of
polyunsaturated fatty acids. Then, the fatty acid rearrangement (diene conjugation) stabilizes the fatty acid radical [L12I[3]
[, In the presence of oxygen, the conjugated dienes become the peroxyl (lipid) radical with high reactivity. The total bis-
allylic carbon determines the rate of peroxyl radical formation in a fatty acid molecule. Reactive oxygen species (ROS) are
the most common reactive compounds that abstract a free hydrogen atom from the lipid molecules W4, During the
propagation, the conjugated diene becomes a highly reactive lipid radical (LOO®) in the presence of O2 and abstracts a
hydrogen atom from an adjacent polyunsaturated fatty acid. Once this propagation process is started, it will continue until
the termination step, where the unstable peroxyl radicals become stable non-radical [&l. The summary of the lipid oxidation
is shown in Figure 1 141,

Autoxidation - Summary

Polyunsaturated Fatty Acids

Free Radical Initiation

" H-abstraction Double bonds
Diene Conjugation \
Polyunsaturated Fatty Acid
Y -y 0, uptake H H |

Lipid Peroxides

Conjugated Diene
Catalysts (Fe, Fe-0,

Decomposition
Polymerization Secondary By-products Insolublization
(dark color, possibly toxic) (off-odor volatiles and of proteins
l toxic compounds) l

Increased onidative stress

Various diseases, including inflammation, atherosclerosis, cancer and aging

Figure 1. A schematic diagram of lipid oxidation pathway and the types of products produced.



| 2. Methods Used to Detect the Primary Oxidation Products

The three most used methods for the primary oxidation products in foods are iodometric, ferric thiocyanate, and diene
conjugation methods, and they are the direct methods that determine the amount of hydroperoxides formed by oxidation
in foods BIEl. The peroxide value (PV) analysis is performed using titration or spectrophotometer, and the diene
conjugation method determines all the conjugated fatty acids, including lipid peroxides, in the food products after
extracting lipids from them. All three methods are used to determine the early stage of lipid oxidation, and their
sensitivities are lower than those of the measurements of the secondary products. The values of the primary products can
indicate the potentials of lipid oxidation at an early stage when the products are exposed to catalysts or further processed
and, thus, may disagree with the sensory quality of the food.

2.1. Methods Used to Detect the Primary Oxidation Products

The three most used methods for the primary oxidation products in foods are iodometric, ferric thiocyanate, and diene
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conjugation method determines all the conjugated fatty acids, including lipid peroxides, in the food products after
extracting lipids from them. All three methods are used to determine the early stage of lipid oxidation, and their
sensitivities are lower than those of the measurements of the secondary products. The values of the primary products can
indicate the potentials of lipid oxidation at an early stage when the products are exposed to catalysts or further processed
and, thus, may disagree with the sensory quality of the food.

2.1.1. Peroxide Values: lodometric and Ferric Thiocyanate Assays

The iodometric assay uses the 2H* that proceeds, according to the following equations:
ROOH + 2H* + 2I” - ROH + H20 + 12,
I"+12&13".

The liberated iodine (12) is titrated with iodide Equation (1), or the reaction product of I~ + 12, triiodide anion (I137) is
measured using a spectrophotometer at 353 nm Equation (2). This method requires the extraction of lipids from the
sample using Folch’s solution (chloroform: methanol = 2:1). A precaution is needed to minimize oxygen in the reaction
solution because molecular oxygen interferes with the reaction and increases the background, lowering the method’s
sensitivity. Thus, significant efforts should be directed to minimize oxygen in the reaction solution . Under anaerobic
conditions, iodometric assay displays high sensitivity and exact stoichiometry and can be carried out with minimum
apparatus. Another precaution needed is eliminating any substances that promote the decomposition of hydroperoxides
(e.g., transition metal ions) or that react with iodine (e.g., acetone).

The ferric thiocyanate assay also uses lipid extraction before analysis. The principle is the oxidation of ferrous iron (Fe?*)
to ferric iron (Fe3*) by one-electron reduction of hydroperoxides (LOOH), followed by the homolytic cleavage of LOOH, to
produce lipid alkoxyl radical (LO®), which is highly reactive, and further react with ferrous ion, solvent molecules, and
LOOH Equations (3) and (4) [,

LOOH + Fe?* ---—» LO + OH™ + Fe3*

LO® + Fe?* + H* --— LOH + Fe®*
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2.1.2. Conjugated Diene Analysis

Autoxidation is a chain reaction in polyunsaturated fatty acids. When a hydrogen atom is abstracted from PUFA by
reactive oxygen (e.g., hydroxyl radical), a double bond neighboring the oxygen-deprived carbon moves to the other
double bond and forms conjugated dienes, which stabilizes the molecule [4. In the presence of oxygen, the PUFA peroxyl
radical propagates the free radical to a new PUFA, and it becomes a hydroperoxide with a conjugated form of PUFA.
Thus, the analysis of conjugated diene represents the degree of oxidation at an early stage. The conjugated dienes
absorb at 233 nm and, thus, can be assayed by recording the increase in the absorbance of extracted lipids at the
wavelength 23], This method is simple and determines all the conjugated forms of dienes in lipids during the early stage of
lipid oxidation. The results of diene conjugation agree well with those of the peroxide and iodine values 24, However, the
diene conjugation peak is distinct at 233 nm, stands only in fully peroxidized lipids, and the peak becomes obscure in
partially peroxidized lipids due to the nonperoxidized lipid and the extracted contaminants (€.



2.2. Direct Methods to Determine the Secondary Oxidation Products

Even though determining the oxidation level using the primary compounds is simple, large quantities of secondary
(degraded) products are produced during the oxidation. Many methods are practised based on the secondary degraded
products, but this review discusses the most practised methods for plant and animal-based food products.

2.2.1. Thiobarbituric Acid Reactive Substances (TBARS) Method

The thiobarbituric reactive substances (TBARS) assay is one of the most popular methods to determine lipid oxidation in
meat and fish products. Malonaldehyde (MA) is an aldehyde produced during the breakdown of unsaturated fatty acids 13
168117 One molecule of MA reacts with two molecules of thiobarbituric acid when heated in an acidic solution to form a
unique Schiff base compound that gives a pink color, and the color can be measured using a visible (at 532-535 nm) or
fluorescent (excitation 515 nm, emission 553 nm) spectrophotometers 161171,

Absorption Spectrometry

The chromogen formation from the reaction of thiobarbituric acid (TBA) and MA is shown in Figure 2 18 The reaction
rate depends on the concentration of TBA, pH and the temperature used 19, The MA can be either extracted by
distillation or with an acid solution before reacting with TBA 29, TBA is added to a sample homogenate to react with MA in
the sample B2 directly. The distillation method is commonly used for raw, cured, and cooked meat products but is a
time-consuming method. In this method, the MA is extracted with trichloroacetic acid (TCA) at a controlled rate, and the
distillate is collected, reacted with TBA, and the absorbance is measured using a spectrophotometer 22, The acid
extraction is used mainly for raw and cooked meat and fish samples, which use 7.5% TCA, followed by filtration and
reaction with TBA, in a boiling water bath for 30-40 min 4. This method has also been used to determine the lipid
oxidation in edible insect-based foods 22 |n the direct reaction method, two volumes of TBA/TCA solution (15%
TCA/20 mM TBA) are added to one sample homogenate volume and are reacted at boiling temperature for 15 min. The
color formed in the supernatant is collected after centrifugation, and the absorbance is read using a spectrophotometer at
532 nm. The quantification of MA in meat is performed using a standard curve and is expressed as mg of MDA/kg food 23!
(241 TBARS method is easy, simple, low cost, and reproducible, and the values are well correlated with the sensory
properties of the final product. However, TBA can react with other oxidized compounds in the food product and produce
false-positive results L6231 The nitrite used in the cured meat products can react with MA under acidic conditions and
lower value in cured meat. Therefore, the addition of sulfanilamide for both distillation and extraction methods are needed
(15]116]  production of yellow or orange chromogen is another drawback in this test and is mainly due to the reaction of
sugars (sucrose, glucose, and fructose), water-soluble proteins, peptides, and free amino acids, such as Lys and Arg, in
meat and meat products with the TBA. Besides the carbohydrates, phenylpropanoid-type pigments can also show
absorbance at 532 nm, which result in overestimation in the oxidation 2. The MDA can also be converted to other
organic compounds with storage in fish and fish-based products, leading to a low MDA value 28, Therefore, the TBARS
method is unsuitable for determining the oxidation level in high carbohydrate-containing food materials and egg yolk.
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Figure 2. Formation of chromophore during the TBARS assay.



Fluorometric Spectrometry

Fluorometric measurement of TBARS started from the observation of Bernheim et al. &4, who found that the oxidation of
unsaturated fatty acids produced 3 carbon atoms, presumably MA, which reacted with TBA and produced a red pigment
(271, However, many constituents of food components, such as amino acids, proteins, and carbohydrates, can react with
TBA [28129] yagi modified the fluorometric TBARS method to determine the peroxide level in the serum or plasma using a
fluorometer. He collected the water-soluble TBARS in the serum or plasma samples by precipitating proteins and lipid
oxidation products under acidic conditions. Then, the precipitant was collected, suspended in distilled water, and reacted
with TBA at 95 °C for 1 h. The reaction products were extracted using n-butanol, and the fluorescence intensity was
measured at 553 nm with excitation at 515 nm B%. Yagi's fluorometric method had greater sensitivity than the
spectrophotometric method but was not appropriate for meat. So, Jo and Ahn 23 further modified the method of Yagi for
use in meat. They directly added TBA to the meat homogenates under acidic conditions and then reacted them at 90 °C
for 15 min, extracted the reacted lipid oxidation products using the n-butanol and pyridine mixture, and then measured the
intensity of fluorescence at 550 nm with 520 nm excitation. The fluorometric methods showed high sensitivity with little
interference by the meat components 15, In comparison, the fluorometric methods of Yagi and Jo and Ahn are more
sensitive than the conventional spectrophotometric methods and are suitable for samples with low TBARS, such as blood
serum and fresh meat samples (15139,

2.2.2. Chromatographic Methods

Because the conventional TBARS methods have insufficient specificity and sensitivity, alternative analytical approaches
have been developed. The chromatographic methods are developed to determine the primary and secondary oxidation
products present in the food. Kakuda et al. Bl developed an HPLC method to assess the amount of MA in aqueous
distillates of chicken meat. They found that HPLC was more sensitive than spectrophotometric methods in assessing lipid
oxidation products in aqueous distillates of chicken. Hydroperoxides and malonaldehyde, the primary and secondary
oxidation products in foods, can also be extracted under acidic conditions first, and then the oxidation products are
determined using an HPLC 22, The method is simple, and the sensitivity is high compared with other methods but is time-
consuming. Product identification and quantification can be easily made if the HPLC unit is coupled with a mass
spectrometer LAEIB2IE3] Recently, a comprehensive two-dimensional liquid chromatography (LC x LC) was developed to
determine lipid oxidation products using a light-scattering detector (ELSD). This method can determine both polar and
non-polar lipid oxidation products. However, sample preparation for the HPLC method is complicated 3], analysis time
per sample is long, and the equipment cost is high. Therefore, the industrial applications of this method are limited.

Gas chromatography equipped with mass spectrometry is another method used to determine the lipid oxidation products
in foods. Specific marker compounds, such as hexanal and total aldehydes, were the most successfully used volatile
compounds to determine the degree of oxidation in various foods, including meat, milk, dried, and plant-based foods,
using a GC-MS 23], |n addition, the typical end products of lipid oxidation, such as aldehydes, ketones, hydrocarbons, and
alcohols, that reacted with TBA are used to determine the degree of oxidation using a GC-MS 24, Ahn et al. 34 showed
that the amounts of propanal, pentanal, hexanal, 1-pentanol, and total volatiles were correlated highly (p < 0.01) with the
TBARS values of cooked meat, but hexanal and total volatiles represented the degree of lipid oxidation better than any
individual volatile compounds in cooked meat. GC method is also a sensitive method, but equipment cost is high, and
analysis is time-consuming 12B4IE5] Thys, conventional spectrophotometric TBARS methods are still preferred over
chromatographic methods because of their simplicity.

2.3. Indirect Methods Used to Detect the Secondary Oxidation Products

2.3.1. Fluorometric Method

The fluorometric method is an indirect method widely used to determine the level of lipid oxidation in raw fish, meat-based
products, and animal by-products, such as blood €281 |t can also be used on plant oils rich in polyunsaturated fatty acids
(PUFA) B8] |n addition, the fluorometric method has been used to determine lipid oxidation in low-moisture foods, such
as cereals B9 |n the fluorometric method, MA is converted to tetramethoxy-propane, which eliminates the false
fluorescence readings by vitamin A, nicotinamide adenine dinucleotide (NADH), proteins, and amino acids. Thus, this
method is more suitable for protein-rich foods with more ionic and covalent bonds, such as fish (49 The most common
method includes lipid extraction using a chloroform-methanol-water solvent. The collected organic layer is mixed with
sodium sulfate and filtered. Then the mixture is dried with nitrogen gas at a temperature not exceeding 35 °C. The MA
equivalent in lipid extracts is measured by reacting with TBA. BHT is added to the extraction solvent, and the secondary
reaction products of lipid oxidation are measured by fluorescence excitation (360 nm) and emission (440 nm) of the
aqueous and organic layers that contain chloroform and methanol (2:1) BZ28l The fluorescence produced is reliable and

sensitive to detecting lipid and water-soluble hydroperoxides in meat and fish samples 4. The sensitivity of this method is



higher than the absorption spectrophotometric methods (TBARS method) and is reproducible, simple, and needs a tiny
amount of sample to detect the level of oxidation in meat and meat-based products.

Lipofuscin is commonly used as a fluorescent marker, but some other markers, such as 1,4-dihydropyridines and 1-
(DPH-PC),
diphenyl-1-pyrenylphosphine (DPPP), are also used as a new type of fluorescent compounds in food. These markers are

palmitoyl-2-((2-(4-(6-phenyltrans-1,3,5-hexatrienyl)-phenyl)-ethyl)-carbonyl)-sn-glycero-3-phosphocholine

dissolved in a chloroform/ methanol mixture, and the solvents are removed using nitrogen. The dried sample is mixed with
phosphate buffer, and the reaction progress is observed at 430 nm (excitation at 354 nm) at 37 °C using a fluorimeter 44,
With these markers, image processing is introduced as a novel method to determine the level of oxidation in foods 221,

2.3.2. Sensory Analysis

Sensory evaluation evokes, measures, analyzes, and interprets human responses to the properties of food materials. A
trained or untrained panelist can determine the sensory attributes, such as smell, flavor, and taste of the food product 2,
Sensory evaluation is considered a critical method since it directly interprets oxidation levels in a food product 431441451 |
a practical situation, this evaluation is performed by field panels, consumer panels, free choice profiling panels,
quantitative description analysis panels, and expert panels, especially with low-moisture foods, such as cereals B242][46],
Sensory evaluation is cost-effective and simple and can be applied to all plant- and animal-based foods in liquid, semi-
solid, and solid forms. However, the sensory analysis shows high regional variations and low repeatability because of the
personal preference and experience, the cultural backgrounds, the age and sex of panelists, and the time of the
evaluation performed. Therefore, a sensory, along with the chemical and instrumental, analysis is recommended. As
discussed above, many methods are available to determine the degree of lipid oxidation in food, but one method cannot fit
all food products. Thus, selecting a proper and effective method for a specific food is essential.

2.4. Methods Used to Detect the Primary and Secondary Oxidation Products

p-Anisidine test (p-AV) and total oxidation index (TOTOX) are two common methods used in determining lipid oxidation in
food products, especially edible oils. Both p-anisidine and TOTOX tests determine both the primary and secondary
oxidation products in oil 47 However, the anisidine test uses aldehydes, such as 2-alkenals and 2,4-alkadineals, as the

main oxidation markers, and the level of anisidine produced is measured using the UV-spectrophotometer at 350 nm 21
[48]

TOTOX indicates the overall oxidation states, and it can give a good explanation of the final quality of the edible ail. It is
calculated using the following equation:

TOTOX= p-Anisidine value + 2 Peroxide value.

Both p-AV and TOTOX methods are simple, require less technical knowledge, and are commonly used to determine the
quality of the EPA/DHA-containing oils and finished products 2849 However, p-AV is not suitable for determining the
oxidation in omega-3-rich oils with intense color or specific flavorings added to the final oil 2. Table 1 shows the
summary of lipid oxidation methods with their principles, applications, advantage, and disadvantages of each method.

Table 1. Summary of the common methods used in lipid oxidation.
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Lipid Oxidation Principle of the Possible Advantages of Disadvantages of the References
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; the level of oxidation interpretation. Depends on the [42][43][441[45]
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