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Lipid Oxidation Chemistry
 Eric A. Decker Department of Food Science
 University of Massachusetts, Amherst

Page 2
                        

Problems of Lipid Oxidation in Foods
 ♦Off-Aromas ♦Potential Toxicity ♦Co-oxidation of Other Molecules
 • Proteins • Pigments – loss and formation • Vitamins
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Lipid Oxidation and Flavor
 ♦Lipid oxidation produces aromas because the reaction leads to scission of fatty acids to produce low molecular weight volatile compounds
 ♦These volatile compounds can produce negative and positive flavors
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Sensory Descriptor Reference Cut-grass Hexanal 2t-hexenal Deep-fried 2t,4t-decadienal Mushroom 1-octen-3-ol Wood bug 2t-octenal Cucumber 2t-nonenal 2t, 6c nonadienal Fishy 4c-heptanal 2t,4c-heptadienal
 Aroma Descriptors of Lipid Oxidation Products
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Lipid Oxidation and Flavor
 ♦Volatile compounds are a function of the type of fatty acid in the food
 ♦Volatiles are produced in different quantities
 ♦Volatile have different sensory threshold levels
 ♦Impact on flavor = concentrations + threshold
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Lipid Oxidation Kinetics
 Lag Phase Exponential Oxidation Rate
 Lag Phase is an essential Marker in lipid oxidation since once oxidation exits the lag phase the product
 is rancid
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MECHANISM OF LIPID OXIDATION
 Initiation – Lag Phase • Formation of first free radicals
 • Molecule with unpaired electron • Alkyl radical is a low energy radical
 • Reduction potential is 600 mV
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Initiation
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HOOC
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 Oleic Acid
 H
 H
 89 10
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 -H+ -H+
 89 10
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 H
 89 10
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 HH
 89 10
 11
 Isomerization Step
 Hydrogen Abstraction
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MECHANISM OF LIPID OXIDATION
 Propagation • Addition of oxygen to alkyl radical to form
 peroxyl radical – Oxygen is a bi-radical – Little activation energy is necessary for oxygen
 alkyl radical addition – Peroxyl radical formation is diffusion limited
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MECHANISM OF LIPID OXIDATION
 ♦ Peroxyl Radical has higher energy than alkyl radicals ♦ Reduction potential = 1000 mV
 ♦ Higher energy allows for abstraction of hydrogen from another unsaturated fatty acid by peroxyl radical resulting in the formation of a lipid hydroperoxide and another alkyl radical
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Propagation
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MECHANISM OF LIPID OXIDATION β−Scission Reactions
 • Breakdown of lipid hydroperoxides to alkoxyl radicals
 • Alkoxyl radical has very high energy • Reduction potential = 1600 mV
 • High energy of alkoxyl radical allows it to steal an electron from an adjacent covalent bond resulting in cleavage of hydrocarbon chain into form various secondary lipid oxidation products such as aldehydes, hydrocarbons and ketones
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β-Scission
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Formation of Other Secondary Products

Page 17
                        

CONSEQUENCES OF β−SCISSON REACTIONS
 ♦Formation of additional free radicals which can further promote lipid oxidation
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CONSEQUENCES OF β−SCISSON REACTIONS
 ♦Produces low molecular weight products
 that are volatile and cause rancid odors ♦Main contributors of off-aromas:
 • Aldehydes • Ketones • Alcohols

Page 19
                        

CONSEQUENCES OF β−SCISSON REACTIONS
 ♦Types of products formed are dependent on fatty acids being oxidized
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o
 o
 H
 PROPANAL ETHANE
 β-SCISSION OF AN ω-3 FATTY ACID
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o
 o
 H
 HEXANAL PENTANE
 β-SCISSION OF AN ω-6 FATTY ACID
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CONSEQUENCES OF β−SCISSON REACTIONS
 ♦Types of products formed are dependent on fatty acids being oxidized • Oleic Acid = saturated and monounsaturated
 breakdown products • Linoleic Acid = di-unsaturated breakdown
 products • EPA and DHA = highly unsaturated breakdown
 products Extremely low sensory threshold levels = 1 ppb
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CONSEQUENCES OF β−SCISSON REACTIONS
 ♦Formation of reactive products which can react with other food components • Aldehydes and Amines • Schiff base and Michael Addition
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CONSEQUENCES OF β−SCISSON REACTIONS
 ♦Aldehydes – Protein Interactions • Produce color (brown) and fluorescence • Cause protein denaturation and lipid-protein
 conjugates – Loss of protein biological function (myoglobin) – Loss of protein solubility – Loss of protein functionality (emulsification,
 gelation, etc) – Promote disease = Advanced Lipoxidation Adducts
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MECHANISM OF LIPID OXIDATION
 Termination • Interaction of two free radicals to form
 nonradical species • Not very important in food because food is
 already rancid at this point • Exception is frying oils where low amounts of
 oxygen can decrease β-scission and lead to polymerization
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Termination
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Factors Influencing Oxidative Reactions
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OXIDATION SUBSTRATES
 Lipids
 ♦Oxidation can occur in both triacylglycerols and phospholipids
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OXIDATION SUBSTRATES
 Lipids
 ♦Oxidation rates are not highly dependent on lipid concentrations
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Impact of fat content on lipid oxidation in cooked chicken thigh patties (Ang and Young, 1992)
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OXIDATION SUBSTRATES
 Lipids
 ♦Oxidation rates are not highly dependent on lipid concentrations
 ♦Oxidation rates are dependent on fatty acid composition with rates increasing with increasing level of unsaturation
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Impact of Unsaturation on Susceptibility to Lipid Oxidation
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 RELATIVE OXIDIZIBILITY
 Impact of Unsaturation on Susceptibility to Lipid Oxidation
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OXIDATION SUBSTRATES
 Lipids
 ♦Oxidation rates are not highly dependent on lipid concentrations
 ♦Oxidation rates are dependent on fatty acid composition with rates increasing with increasing level of unsaturation
 ♦Oxidation rates can be dependent on fatty acid position
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Wijesundera et al., 2008
 Impact of Fatty Acid Position on Oxidative Stability
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OXIDATION SUBSTRATES
 Oxygen • Oxygen is a bi-radical • Addition of oxygen to the fatty acid during
 oxidation is a diffusion limited reaction • This means that only very small amounts of
 oxygen are need to promote oxidation meaning that almost complete removal of oxygen is necessary to stop lipid oxidation
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Fe2+
 Fe2+
 0
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 0 10 20 30time, min
 [O2]
 , µM
 BUFFER
 Mozuraityte et al.: J.Agric. Food Chem 56, 537-543, 2008.
 Reaction rates are not strongly influenced by oxygen concentrations
 Oxygraph
 Courtesy of Ivar Storrø
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Oxidation of fish oil with different dissolved oxygen concentrations
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PROOXIDANTS Metals
 ♦Transition Metals ♦Original biological tissues control metal
 reactivity ♦Food processing often destroys biological
 control ♦All foods have metals
 ♦Can originate from oil, processing equipment, water and ingredients
 ♦Prooxidant concentrations can be as low as 10 ppb
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PROOXIDANTS Metals
 ♦Transition Metals
 •Can promote free radical formation (initiation) •Hydroperoxide peroxide decomposition
 Fe2+ + LOOH → Fe3+ + LO• + OH-
 Fe3+ + LOOH → Fe2+ + LOO• + H+
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PROOXIDANTS Metals
 ♦Fe vs. Cu • Iron conc. > copper conc.
 – Refined soybean oil – Cu = 2 ppb Fe = 200 ppb
 – Virgin olive oil – Cu = 10 ppb Fe = 700 ppb
 – Milk – Cu = 30 ppb Fe = 175 ppb
 – Chicken breast – Cu = 48 ppb Fe = 6000 ppb
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PROOXIDANTS Metals
 ♦Reactivity • Copper
 – Cu is 50 fold more reactive than iron
 • Iron – Ferrous (Fe2+) is 1013 to 1017 more soluble than
 ferric (Fe3+) – Ferrous is over 100 times more reactive than ferric
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Fe2+
 Fe2+
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 Fe3+
 Fe3+
 Mozuraityte et al.: J.Agric. Food Chem 56, 537-543, 2008.
 Ferrous is More Reactive than Ferric
 Courtesy of Ivar Storrø
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PROOXIDANTS Metals
 Fe+2 Fe+3 + LOOH + LO● + OH-
 Electron Source e.g. Ascorbate
 Iron Redox Cycling
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Relationship between Iron, Ascorbic Acid and Liposome Oxidation
 Ascorbate Concentration
 TBA
 RS
 (nm
 ol)
 Decker and Hultin, 1990
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Fe3+ Reducing Activity (uM/min) of Galloyl Derivatives
 pH 3.0 pH 7.0
 Control 0 0
 Methyl Gallate 9.56±0.31 0.17±0.03
 Gallic Acid 11.6±0.89 0.24±0.05
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Published in: Longyuan Mei; D. Julian McClements; Eric A. Decker; J. Agric. Food Chem. 1999, 47, 2267-2273. DOI: 10.1021/jf980955p Copyright © 1999 American Chemical Society
 pH = 7.0

Page 49
                        

Published in: Longyuan Mei; D. Julian McClements; Eric A. Decker; J. Agric. Food Chem. 1999, 47, 2267-2273. DOI: 10.1021/jf980955p Copyright © 1999 American Chemical Society
 pH = 3.0
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Prooxidant Activity of Lycopene
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Prooxidants Heme Proteins
 ♦Heme-Containing Proteins ♦Myoglobin, ♦Hemoglobin (10-30% total Heme protein
 in meats), ♦Cytochrome C ♦Catalase
 ♦Beef > Pork ≥ Chicken ♦Dark Muscle > Light Muscle

Page 53
                        

Prooxidants Heme Proteins
 ♦Prooxidant Mechanism • Form ferryl species: lipid oxidation initiators • Heme proteins, heme and iron can all promote
 hydrogen peroxide and lipid hydroperoxide decomposition
 • Hb and Mb can be source of: – Free Iron
 – Cooking
 – Hematin – Susceptibility dependent on species of origin

Page 54
                        

Prooxidants Heme Proteins
 • Source of reducing agents – Superoxide anion released from conversion
 of oxyMb to metMb Mb-Fe+2-O2 → Mb-Fe+3 + O2
 -•
 Fe+3 + O2-• → Fe+2 + O2
 • Photosensitizer

Page 55
                        

PROOXIDANTS Singlet Oxygen
 Singlet oxygen is highly electrophilic and reacts with electron rich compounds
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Hydroperoxide Locations with Singlet Oxygen
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Example of Volatile Compound Produced by Singlet Oxygen
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PROOXIDANTS Singlet Oxygen
 ♦Most singlet oxygen is produced by photosensitizers
 ♦Common photosensitizers in foods include chlorophyll, riboflavin and myoglobin • Photosensitizers absorb energy from light to form
 excited states • These excited states then transfer energy to the
 environment or to triplet oxygen • Energy transfer to triplet oxygen can cause the reversal
 of the spin of one of the outer electrons resulting in the formation of SINGLET OXYGEN

Page 59
                        

Photosensitizer generated Singlet Oxygen
 Photosensitizer (grd)
 Photosensitizer (ext.)
 Light
 O2
 1O2
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Light-induced generation of hydroperoxides and reducing agents
 O2 Riboflavin
 Light 1O2 + O2
 - + Fe+3 O2 + Fe2+
 + LH LOOH Radicals
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How to Control Singlet Oxygen
 ♦Light blocking bottles
 ♦Remove photosensitizers • Oil refining
 ♦Metal Chelators
 • Inhibit superoxide pathway
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PROOXIDANTS Lipoxygenase
 ♦Catalyze the formation of lipid hydroperoxides at specific carbon sites • Most require Fe and preexisting peroxides • Most require free fatty acids for activity • Inactivated by heat denaturation
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LOX-Fe2+
 LOX-Fe3+
 OH-
 LOX-Fe2+
 Formation of Fatty Acid alkyl radical-LOX complex
 O2
 OO
 LOX-Fe2+
 OO-
 LOX-Fe3+
 OO-
 Transfer of electron from LOX Fe2+ to fatty acid
 1
 2
 3
 H+
 4
 5
 OOH
 O
 +
 LOX-Fe3+
 LOX-Fe2+
 Oxygen Depletion
 6
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PROOXIDANTS Lipoxygenase
 ♦ Mainly found in plant tissues • Activated by destruction of plant cell organelles that
 leads to decompartmentalization. • Most active in damaged seeds and fruits. • Controlled by breeding and heat inactivation
 ♦ Olive Oil • Combination of lipoxygenase and hydroperoxide lyase
 produces very specific 5 and 6 carbon volatile compounds that produce typical olive oil flavor
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PROOXIDANTS Free Fatty Acids
 ♦ Not in biological tissues due to toxicity ♦ Originate from hydrolysis of phospholipids and
 triacylglycerols • Extreme pH • Water and high temperature (extrusion, frying) • Lipase
 – Like lipoxygenase, lipase is activated by decompartmentalization of cell organelles
 – Lipase can also originate from digestive tissues especially in rendered products
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PROOXIDANTS Free Fatty Acids
 Promote oxidation by: • Acid promoted hydroperoxide decomposition • pH reduction • Metal binding
 FFA also cause quality problems including: Soapy/bitter flavors Decrease smoke and flash points
 Good quality refined oil should have less than 0.05% FFA FFA will accumulate in frying oils due to high temperature
 and water Frying oils should have less than 2% FFA
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PROOXIDANTS Irradiation
 ♦ Meats, spices and herbs • Causes generation of free radicals including
 high energy hydroxyl radical which can oxidize lipids, proteins, carbohydrates in diffusion limited reactions
 • Difficult to control with antioxidant since these radicals are so reactive
 H2O H2O+
 H2O+ + H2O+ •OH + H3O+
 v
 v
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Environmental Conditions
 ♦Temperature • Increase with increasing temperature?
 – Hydroperoxides decompose quickly at T > 60 C • Oxygen solubility decreases with increasing
 temperatures – Will limit lipid oxidation in certain situations
 • Release protein bound transition metals • Destroys/volatilizes certain antioxidants
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Physical Property of Fats
 ♦Fats can have a broad melting range if they consist of numerous TAG with different melting points
 ♦This means that fats often exist as liquid oil entrapped in solid fat
 ♦The liquid oil would have a higher level of unsaturated fatty acids and thus could be more susceptible to lipid oxidation
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Impact of solid fat on oxidation of methyl linolenate
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Environmental Conditions
 ♦ Water Activity • Many foods exhibit minimal oxidation at water
 activities of 0.3-0.4 ????
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Environmental Conditions ♦Water Activity
 • High water activity accelerates oxidation by increasing catalyst mobility
 • Lower water activity increases oxidation by causing destabilization of hydroperoxides and by directly exposing the oil to the air
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Other Prooxidative Factors in Food Systems
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Oil Refining and Lipid Oxidation
 ♦The process of oil extraction and rendering promotes lipid oxidation • Activates lipase and lipoxygenase • Destroys or removes antioxidants • Increase oxygen exposure • Exposes lipids to high temperatures (rendering) • Releases and activates transition metals
 ♦Many steps of oil refining are designed to remove oxidation products and prooxidants
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Steps of Oil Refining
 ♦Degumming ♦Neutralization ♦Bleaching ♦Deodorization ♦Winterization
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Degumming ♦Removal of phospholipids by acid hydration
 • Decrease foaming • Decrease water content • Decrease browning
 ♦Decrease phospholipids from 1-3% to less than 0.005%
 ♦Impact on oxidative stability • Aids in removal of prooxidative water • Removes some tocopherols and phenolics • Phospholipids are antioxidative
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Neutralization
 ♦Oil mixed with caustic soda ♦FFA for water-soluble sodium salts that are
 removed ♦Decreases FFA from 0.3-5% to less than
 0.05%
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Bleaching
 ♦Remove pigments with bleaching clays ♦Impact on oxidative stability
 • Also removes residual FFA, phospholipids and hydroperoxides
 • Removes photosensitizers • Performed under vacuum since bleaching clays
 can promote oxidation ♦All bleaching clay must be removed or it
 will promote oxidation
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Deodorization
 ♦Remove off-flavors with steam distillation under vacuum.
 ♦Removes tocopherols and sterols which are sold as separate ingredients.
 ♦High temperatures decompose hydroperoxide thus decreasing peroxide value.
 ♦Following deodorization, 0.005-0.01% citric acid is added for stabilization.
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Winterization
 ♦Decrease temperature to crystallize most saturated TAG
 ♦Crystals removed by filtration to produce liquid oil high in unsaturated fatty acids
 ♦Used to make salad oils that will not solidify in refrigerator
 ♦Decreases oxidative stability since increases unsaturation
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Interesterification (IE)
 ♦Could be used to increase oxidative stability by increasing the level of saturated fatty acids on TAG
 ♦Oxidative stability of fatty acids at sn-2 are slightly higher so stereospecific IE could slow or increase oxidation
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Chemical Esterification can Decreases Oxidative Stability
 Adapted from Neff, Elagaimy and Mounts., 1994
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Is Decreased Oxidative Stability due to Removal of Antioxidant or Addition of
 Prooxidant? ♦Antioxidants
 • Tocopherols – Can be lost during purification
 Sample α-tocopherol
 β-tocopherol
 γ-tocopherol
 δ-tocopherol
 Total
 Soybean Oil1
 182 17 641 194 1033
 IE Soybean Oil1
 161(12%) 13 (24%) 571 (11%) 130 (33%) 875 (15%)
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Is Decreased Oxidative Stability due to Removal of Antioxidant or
 Addition of Prooxidant? • Antioxidants
 – Tocopherols • Can be lost during purification • Can be chemically modified
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Chemical Modification of Tocopherols during Interesterification
 Reactive Site
 Blocked
 α-tocopherol
 α-tocopherol-palmitate ester Adapted from Hamam and Shahidi, 2006
 + Palmitate
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Formation of Minor Components by Interesterification
 ♦ Randomization increased MAG from 0 to 0.3% and DAG from 1.4 to 5.1%
 ♦ MAGs and DAG can increase lipid oxidation rates
 Adapted from Wang, Jiang and
 Hammond, 2005
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Raw Material Quality ♦Impact on lipid oxidation (so many factors and
 so little resources) • Lipid hydroperoxides • Metals • Free Fatty Acids • Temperature • Antioxidant concentrations
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Raw Material Quality ♦Lipid Hydroperoxides are the substrate for
 lipid oxidation ♦All lipids have hydroperoxides ♦Push for lower specs of hydroperoxide ♦Look for hydroperoxides in other ingredients
 (e.g. emulsifiers)
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Typical lipid hydroperoxide concentrations in food oils
 Oil Peroxide Value
 (Meq/kg) (mmol/kg)
 Canola a 5.00 2.50
 Coconut a 4.97 2.48
 Corn b 3.93 1.96
 Olive b 8.50 4.25
 Extra virgin olive a 14.92 7.46
 Peanut a 6.99 3.50
 Palm kernel b 0.75 0.38
 Palm olein a 7.99 4.00

Page 90
                        

Hydroperoxide concentrations in surfactants
 Brij 10 4.0 uM/g Brij 35 13.7 uM/g Tween 20 16.8 uM/g Tween 40 11.6 uM/g SDS 0.6 uM/g DTAB 0.4 uM/g Lecithin 13.0 uM/g
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Raw Material Quality ♦Transition metals are a major prooxidant for
 lipid oxidation • All ingredients and have metals • Concentrations in the low ppb can promote
 oxidation • Metals can come from unlikely sources
 Sugar Beet Pectin = 1.91 ± 0.02 ppm Fe and 0.08 ± 0.00 ppm Cu Citrus Pectin = 0.13 ± 0.00 ppm iron and 0.04 ± 0.00 ppm copper

Page 92
                        

Raw Material Quality ♦Free fatty acids are a major prooxidants for
 lipid oxidation • Crude Oils = 0.3-0.7% • Refined = < 0.05% • Rendered animal products ???
 ♦Foods/food ingredients can contain lipases which can further produce FFA
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Raw Material Quality
 ♦Variations in antioxidants (know and unknown) can make it difficult to predict: • Inherent oxidative stability • Effect of added antioxidants
 – Antioxidants have maximal levels of activity so adding more may not be effective
 • Antioxidant interactions
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Raw Material Quality Antioxidants
 ♦ Endogenous antioxidant concentration can vary widely Fat or oil Tocopherols
 (% w/w)
 Tocotrienols
 (% w/w)
 Soybean 0.13 + 0.03 0.009 + 0.01
 Canola 0.07 + 0.01 NR
 Corn 0.15 + 0.02 0.04 + 0.04
 Cottonseed 0.09 + 0.00 0.003 + 0.003
 Sunflower 0.07 + 0.01 0.03 + 0.03
 Peanut 0.05 + 0.03 0.03 + 0.02
 Olive 0.01 + 0.00 0.01 + 0.01
 Palm kernel 0.0003 0.003 + 0.003
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Raw Material Quality ♦ Endogenous antioxidant type can vary widely
 Oil α β γ δ
 High-erucic acid rapeseed 268 - 426 -
 Canola 272 - 423 -
 Soybean 116 34 737 275
 Sunflower 613 17 19 -
 Corn 134 18 412 39
 Flax oil 26 - 213 9
 Tocopherol Homolog Concentrations in Refined Oils
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Raw Material Quality
 ♦Temperature ♦Oxidation rates typically follow Q10 kinetics
 • For every 10 C increase, rate doubles
 ♦Will lead to oxidation of antioxidants first so quality parameters are not effected but oxidative stability decreases
 ♦Could result in variations in antioxidant concentrations of raw materials
 ♦Maintain lowest storage temperatures possible

Page 97
                        

Oxidation History ♦ Most lipid containing raw materials have oxidized during
 their production ♦ Fish Oil
 • Oxidation begins during rendering • Crude oil is steam distilled
 – Removes volatile – Breaks down hydroperoxides
 • Antioxidant Added ♦ Oil quality may be good but oil contains nonvolatile
 oxidation products and has lower concentrations of endogenous antioxidants
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Oxidation History
 ♦Refined oils contain nonvolatile oxidation products that are not removed by steam distillation = Core Aldehydes
 ♦Core aldehydes are potentially toxic and
 prooxidative
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Oxidative Stability of ω-3 Fatty Acid Delivery System With Algae Oil
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Oxidative Stability of ω-3 Fatty Acid Delivery System With Menhaden Oil
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