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Lipid Oxidation

T.P. O'Connor and N.M. O’Brien

16.1. Introduction

Lipid oxidation is one of the most basic chemical reactions that occur in
food, generally resulting in deterioration in sensory and nutritional quality.
Many reviews of the chemistry of lipid oxidation have been published
(Labuza, 1971; Frankel, 1980, 1982, 1985, 1988, 1991, 1998; Larel, 1980;
Schaich, 1980; Richardson and Korycka-Dahl, 1983; Porter, 1986; Chan,
1987; Grosch, 1987; Gardner, 1989; Kochhar, 1996; Min and Lee, 1996; St.
Angelo, 1996; Belitz and Grosch, 1999; Kolakowska, 2003). Lipid oxidation
is essentially a free-radical chain reaction involving initiation, propagation
and termination stages. Unsaturated fatty acids are oxidized to form odor-
less, tasteless hydroperoxides. These are unstable and degrade to yield
flavorful carbonyls and other compounds. Frankel (1998) has reviewed
recent advances in the understanding of the chemistry of autoxidation.
Inhibiting the progress of lipid oxidation in foods, including milk and milk
products, is a key factor in maintaining quality and extending shelf-life.

Milk is a complex biological system containing many factors, which
may act as antioxidants and/or pro-oxidants. The relative amounts of
these factors in milk are influenced by parameters such as the breed, health,
nutritional status, and stage of lactation of the cow. Subsequent processing
and storage of milk may also exert a profound influence on the progress
of lipid oxidation. The objective of this chapter is to review the many
factors, both indigenous and exogenous, that influence lipid oxidation in
milk, the flavor consequences, and the measurement of lipid oxidation
in milk fat.
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16.2. Mechanism of Lipid Autoxidation

The hydroperoxide theory of the oxidation of unsaturated lipids is univer-
sally accepted. The fundamental principles were elucidated by the work of
Farmer et al. (1942), Bolland and Gee (1946) and Bateman et al. (1953). The
initial step in the autoxidation of unsaturated fatty acids is the formation of
free radicals. The formation of the initial free radical to start the oxidation
process may be due to factors such as irradiation, metal complexes, enzymes
or active oxygen species. In the case of monounsaturated and nonconjugated
polyunsaturated fatty acids in milk lipids, the reaction is usually initiated by
removal of a hydrogen from the methylene group adjacent to the double
bond. The resulting free radical reacts with ground-state molecular oxygen
to form a peroxide free radical. This, in turn, reacts with another unsatur-
ated molecule to continue the chain reaction and generate a hydroperoxide.
A sequence involving initiation, propagation and termination reactions has
been proposed to explain the autoxidation of lipids:

Initiation: RH — R*( RH is unsaturated fatty acid)

Propagation: R®+ O, — ROj
ROS + RH — ROOH + R*

Termination: 2ROj — O, + RO,R
ROj +R* — RO;R
2R* —-R —-R

In general, free radical chain reactions proceed with a very low overall
activation energy (Waters, 1971). However, in foods, such as butter, the rate
of oxidation may be as much a feature of their microscopic structure which
affects diffusion of oxygen, as of their chemical composition.

Schaich (1980) proposed the following generalizations:

1. The rate of oxidation is directly proportional to the amount of
peroxide produced and at low oxygen pressures, to the concentra-
tion of oxygen.

2. As the concentration of oxygen increases, its influence on oxidation
rate decreases. At atmospheric pressure, the rate of oxidation is
independent of oxygen concentration.

3. In the early stages of oxidation, the concentration of RO,H may be
very low. Initiating events other than the homolytic decomposition
of hydroperoxides are critical at this early stage. Once decompos-
ition of RO;H has occurred, the rate of hydrogen abstraction from
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unsaturated lipids by the resultant alkoxy radicals (RO®) is in the
order of 10*—10° times faster than by peroxy radicals (RO$) gener-
ated in the propagation phase. Thus, the production of peroxides
mediates the rate of lipid oxidation, and the stability of peroxides,
as affected by food constituents, is a key factor influencing the rate
of development of oxidative rancidity.

One key role of pro-oxidant metals (e.g., copper, iron, haem proteins)
in promoting oxidative rancidity is their capacity to catalyse the decom-
position of pre-formed hydroperoxides to initiate new oxidation chains
(Korycka- Dahl and Richardson, 1980). Hydroperoxides are relatively un-
stable and enter into numerous and complex breakdown and interaction
mechanisms responsible for the production of myriad compounds of various
molecular weights, flavor thresholds and biological significance (Nawar,
1985; Chan, 1987; Grosch, 1987). In addition to autoxidation, lipid oxida-
tion can proceed along a photooxidation route or a lipoxygenase route.
These differ from autoxidation at the initiation stage only.

Food lipids possess an inherent stability to oxidation, which is
influenced by the presence of antioxidants and pro-oxidants. After a period
of relative stability (induction period), lipid oxidation becomes autocatalytic
and rancidity develops. Thus, the typical time-course of autoxidation, as
measured by the concentration of hydroperoxides, consists of a lag phase
(induction) followed by the rapid accumulation of hydroperoxides, which
reaches a maximum and then decreases as hydroperoxide decomposition
reactions become more important. The longer the induction period, the
more stable the food to oxidation (Lundberg, 1962).

16.3. Oxidation Products and Off-Flavors

Milk is characterized as having a pleasing, slightly sweet taste with no
unpleasant after-taste (Bassette er al., 1986). However, its bland taste
makes it susceptible to a variety of flavor defects. Autoxidation of unsatur-
ated fatty acids gives rise to unstable hydroperoxides, which decompose to a
wide range of carbonyl products, many of which can contribute to off-
flavors in dairy products. The principal decomposition products of hydro-
peroxides are saturated and unsaturated aldehydes (Frankel et al., 1961),
with lesser amounts of unsaturated ketones (Stark and Forss, 1962), satur-
ated and unsaturated hydrocarabons (Forss et al., 1961), semialdehydes
(Frankel et al., 1961) and saturated and unsaturated alcohols (Hoffman,
1962; Stark and Forss, 1966).

In addition to those carbonyls that are theoretically possible from the
degradation of the hydroperoxides of the principal unsaturated fatty acids in



560 T.P. O’Connor and N.M. O’Brien

milk, others have been isolated and identified. This suggests that further
oxidation of unsaturated aldehydes initially formed, migration of double
bonds or isomerization may occur during autoxidation (Weihrauch, 1988).
Since milk fat contains many minor unsaturated fatty acids, very many
carbonyl products may be produced during autoxidation. Hence, the overall
flavor produced during the autoxidation of milk fat is a combination of many
flavors imparted by individual carbonyls present at minute concentrations.
Patton et al. (1959) demonstrated that 2,4-decadienal imparts an oily, deep-
fried, off-flavor in aqueous solutions at concentrations less than 0.5 pg/kg.

It is difficult, however, to correlate specific off-flavors in dairy products
with specific carbonyls or groups of carbonyls owing to: (1) the multitude of
compounds produced; (2) difficulties arising in qualitative analyses of oxi-
dized dairy products; (3) differences in the threshold value of individual
compounds; (4) similarity of flavors imparted by individual compounds
near their flavor thresholds; (5) a possible additive and/or antagonistic
effect, with regard to both flavor and threshold values of mixtures of com-
pounds; (6) the possible existence of a compound or groups of compounds
not previously identified; and (7) the difficulties involved in adding pure
compounds to dairy products as a means of evaluating their flavor charac-
teristics (Weihrauch, 1988).

Despite the above difficulties, several specific chemicals have been
associated with specific off-flavors in dairy products. Forss et al. (1955a,b)
reported that n-hexanal, 2-octenal, 2-nonenal, 2,4-heptadienal and 2,4-
nonadienal are the principal carbonyls contributing to the copper-induced
“cardboard” off-flavor in milk. Hall and Lingnert (1986) associated
this flavor defect with n-hexanal in spray-dried whole milk. I-Octen-3-one
has been associated with a “metallic” off-flavor in dairy products (Stark
and Forss, 1962), the metallic off-flavor being reproduced by addition of
1-octen-3-one to milk or cream (Bassette et al., 1986). 1-Octen-3-one has a
threshold concentration of 1 pg/kg in butterfat (Shipe et al., 1978).

“Creamy’’ flavors in butter have been associated with 4-cis heptenal
produced for autoxidation of isolinoleic acid (Begeman and Koster,
1964). “Drier” flavor in foam spray-dried milk has been associated with
6-trans-nonenal, which has a flavor threshold in fresh milk of 0.07 wg/kg
(Parks et al., 1969). Bassette and Keeney (1960) implicated a homologous
series of autoxidation-derived saturated aldehydes, together with products
of Maillard browning, in “cereal-type’ off-flavors in powdered skim milk.
“Staleness” in dry whole milk may be associated with saturated and unsat-
urated aldehydes (Parks and Patton, 1961). 2.4-Decadienal has been
reported to be the principal compound responsible for the off-flavor associ-
ated with spontaneously oxidized milk (Parks et al., 1963). Oxidized flavors
in sunlight-exposed milk are commonly related to Cy to C;; alk-2-enals
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(Wishner and Keeney, 1963). “Fishy” flavor in milk fat is due to a mixture of
1-octen-3-one, the compound associated with metallic flavor, and an “oily”
fraction containing n-heptanal, n-hexanal, 2-hexenal and heptan-2-one
(Forss et al., 1960a,b). Some 40 volatile compounds were identified in
cold-stored cultured butter with a fishy off-flavor, including 4-cis-heptenal,
2-trans, 4-cis-decadienal, 2-trans,6-cis-nonadienal, 2,2,7-decatrienal, 3-trans,
5-cis-octadien-2-one, 1-octene-3-one and l-octen-3-ol. “Cucumber” flavor
has been associated with 2,6- and 3,6-nonadienal and “mushroom’ flavor
with I-octen-3-ol (Badings and Neeter, 1980).

Forss et al. (1960a,c) compared the qualitative and quantitative distri-
bution of carbonyl compounds in dairy products with “fishy,” “tallowy’” or
“painty” off-flavor. Total content of volatile carbonyl compounds was
approximately 10 times greater in the “tallowy” and 100 times greater in
the “painty” butterfat than in “fishy” butterfat. “Tallowy” butterfat con-
tained greater amounts of n-heptanal, n-octanal, n-nonanal, 2-heptanone
2-heptenal and 2-nonenal, while ‘“painty” butterfat contained greater
amounts of n-pentanal and Cs to Cy alk-2-enals.

Flavor threshold values for carbonyl compounds are influenced by
factors such as the number of carbon atoms, degree and location of unsat-
urated double bonds, isomerism, additive and/or antagonistic effects of
mixtures of carbonyls and the medium in which the carbonyls exist (Day
et al., 1963; Meijboom, 1964). Many carbonyls have up to 100 times greater
flavor potency in an aqueous medium (e.g., liquid milk) than in a fat or oil
(e.g., butteroil). Hence, off-flavor tends to be noticeable at lower concentra-
tions of carbonyl compounds in liquid milk than in butter.

Oxygen and light (particularly ultraviolet wavelengths) exert a synergistic
effect on fat degradation with resulting off-flavor and rancidity (IDF, 1982).
The sensitivity of cream to light is influenced by heat treatment (e.g., off-flavor
develops more rapidly in raw or pasteurized cream than in UHT cream).
Free sulphydryl groups, exposed upon denaturation of whey proteins in
UHT cream, are thought to inhibit off-flavor development (Bull, 1992). Oxi-
dative deterioration of UHT milk is enhanced by increased levels of dissolved
oxygen and increased storage temperature (Jeon et al., 1978; Adhikari and
Singhal, 1992). The chemical composition of the volatile carbonyl compounds
produced due to light-induced lipid oxidation has been reported to be different
from that produced due to copper-induced oxidation (Jenq et al., 1988).

16.3.1. Spontaneous Oxidation in Milk

Off-flavor due to spontaneous oxidation of milk fat is a troublesome
issue because the process and its prevention are not well understood
and it tends to occur in otherwise well-managed, high-yielding dairy herds
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(Barrefors et al., 1995; Granelli et al., 1998). Dunkley and Franke (1967)
classified milk into three categories based upon its susceptibility to oxidation:

1. Spontaneous milk is capable of developing oxidized flavor within
48 h of milking without the presence of contaminating iron or
copper. Bruhn et al. (1976) reported that 12-20% of raw milk
samples are in this category.

2. Susceptible milk does not oxidize spontaneously but does develop
oxidized flavor following contamination with iron or copper. Use of
noncorrodible dairy equipment has reduced the incidence of copper
contamination.

3. Non-susceptible milk does not oxidize even in the presence of iron
or copper.

Spontaneous oxidation of milk fat, which has been known for over
60 years (Corbett and Tracy, 1943), is influenced by heredity, stage of
lactation and feeding practices (Shipe, 1964). Some cows consistently pro-
duce spontaneous milk, others occasionally, and others not at all (Parks
et al., 1963). Differences between milk from the different quarters of the
same cOw may Occur.

Aurand and Woods (1959), Astrup (1963) and Aurand ez al. (1967, 1977)
proposed that spontaneous oxidation in milk is directly related to Xanthine
oxidoreductase activity. This enzyme has iron, molybdenum and flavin cofac-
tors and is a major component of the fat globule membrane. While some
evidence suggests that Xanthine oxidoreductase is involved to an extent in the
oxidation of milk lipids (Allen and Humphries, 1977; Hill, 1979; Allen and
Wreiden, 1982b), others have reported no relationship between spontaneous
oxidation and Xanthine oxidoreductase activity (Smith and Dunkley, 1960;
Rajanetal., 1962). King (1958) noted that spontaneous milks had a higher total
copper concentration in the fat globule membrane than milks classified as
susceptible or resistant. Smith and Dunkley (1960) hypothesized that endogen-
ous copper in milk formed a complex with ascorbate, which was involved in
spontaneous oxidation of milk lipids. Aurand et al. (1977) suggested that a
combination of light, copper and Xanthine oxidoreductase generated singlet
oxygen, which then initiated the oxidative process. Hill ez al. (1977) proposed
that oxidation is induced by copper in a pathway involving *OH radicals, while
Xanthine oxidoreductase in the fat globule membrane and lactoperoxidase
in the milk serum were involved in a secondary pathway generating singlet
oxygen with consequent oxidation of milk lipids. Hill (1979) suggested a
coupled enzyme system in which lactoperoxidase catalyses lipid oxidation
generating aldehyde substrates for Xanthine oxidoreductase that in turn
furnishes H,O, for use by lactoperoxidase as an oxidizing agent. Thermal
inactivation of these enzymes has been shown to result in greater oxidative
stability in milk rich in linoleic acid (Hill, 1979).
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Cytochromes have been reported at low concentrations in the milk fat
globule membrane (Gregory et al., 1976; Jarasch et al., 1977). The powerful
pro-oxidant properties of ferri-porphyrin proteins, together with their juxta-
position with lipids in the milk fat globule membrane, suggest that cyto-
chromes may play a role in oxidation. Gregory et al. (1976) concluded that
they do exert a role in milk lipid oxidation.

Clearly, more research is required to clarify the somewhat confused
picture regarding the role of enzymes in the oxidation of milk lipids. How-
ever, the key factor affecting the susceptibility of milk to oxidation appears
to be its relative content and distribution of pro-oxidants and antioxidants.
Bruhn and Franke (1971) reported that spontancous oxidation is directly
proportional to the copper content and inversely proportional to the
a-tocopherol content of milk. Charmley et al. (1991) showed that intramus-
cular injection of cows with a-tocopherol may overcome a spontaneous
oxidized flavor problem caused by low levels of a-tocopherol in milk. In
general, milk from pasture-fed cows is less susceptible to oxidation due to a
higher content of tocopherols than milk from cows given dry feed (Bruhn
and Franke 1971; Urbach, 1989, 1990).

St. Laurent et al. (1990) investigated the effects on milk flavor of
a-tocopherol supplementation (0, 700 or 3000 IU/day) to a feed consisting
of grain mix, hay and pasture in herds with a chronic spontaneous oxidized
flavor problem. a-Tocopherol supplementation resulted in improved milk
flavor but no relationship was apparent between milk a-tocopherol levels
and the extent of flavor improvement. In this study, the flavor problem
decreased significantly when the cows subsequently got access to spring
pasture.

Barrefors et al. (1995) analyzed samples with and without oxidized
flavor from two commercial herds. Their data indicated that oxidized milk
samples had a higher linoleic acid content in the neutral fat fraction and
contained a higher concentration of hexanal. At one of the farms, the
concentration of both a-tocopherol and B-carotene were lower in samples
that developed off-flavor. They speculated that high-yielding cows fed high
amounts of unsaturated fats in their feed needed higher dietary concentra-
tions of a-tocopherol and B-carotene.

16.4. Factors that Affect the Oxidation of Lipids in Milk and
Milk Products

A range of environmental and physical factors, processing and storage con-
ditions, and endogenous and exogenous chemical constituents and enzymes
have been shown to influence the rate and extent of lipid oxidation in milk and
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milk products. These include oxygen, light, endogenous and exogenous
metals, antioxidants, ascorbic acid, tocopherols, carotenoids, thiols, proteins
and enzymes, browning reaction products, milk fat globule membrane
(MFGM) constituents, storage temperature and water activity.

The balance between pro-oxidant and antioxidant factors is critical for
the oxidative stability of milk (Stapelfeldt et al., 1999; Morales et al., 2000).
The degree of unsaturation of milk lipids is a factor influencing oxidation.
Kristensen et al. (2004) obtained milk from cows fed a low-fat diet rich in
cereals, which enhanced de novo fat synthesis and contained 21.3% unsatur-
ated fatty acids and milk that contained 41.3% unsaturated fatty acids from
cows fed a diet rich in soyabean oil. Buttermilk from the more unsaturated
milk was less oxidatively stable during 11 days storage at 4°C than butter-
milk from the more saturated milk as monitored by hydroperoxide and
hexanal production. These workers also monitored during the storage
period the levels of fat-soluble antioxidants (a-tocopherol and B-carotene)
and water-soluble antioxidants in the serum phase. The fat-soluble antioxi-
dants were not consumed during storage of either of the two buttermilks.
Interestingly, however, the antioxidative capacity of the serum phase de-
creased during storage with a similar time-course for the decrease in both
types of buttermilk, suggesting that oxidation is initiated in the serum phase
independently of fatty acid composition.

To a certain extent, the composition (including lipid composition) of
cows’ milk reflects feed composition (Bugaud et al., 2001; Ramaswamy et al.,
2001). Certain feeding regimes have the potential to increase the level of
polyunsaturated lipids in milk and the potential for oxidation (Barrefors
et al., 1995; Charmley and Nicholson, 1995; Hermansen, 1995; Focant ef al.,
1998; Morales et al., 2000; Bugaud et al., 2001; Timmons et al., 2001;
Havemose et al., 2004).

16.4.1. Oxygen

Lipid oxidation, by definition, requires the presence of oxygen. How-
ever, the minimum residual oxygen concentration required for lipid oxida-
tion in food products or in food packages may vary between different
foodstuffs. Clearly, products with a large surface area or with a porous
structure should theoretically be more predisposed to oxygen exposure
and hence oxidation. Different packaging materials will influence oxygen
transmission rate as will product to headspace ratio (Mortensen et al., 2004).
Transmission is also influenced by the partial pressure of oxygen inside and
outside the packaging material, by storage temperature and by relative
humidity (Robertson, 1993). Reducing the oxygen content in the package
headspace will minimize oxidation rate (Hong et al., 1995). However, a
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low residual oxygen level of 0-5 ml/l headspace has been reported to
result in rapid formation of oxidized off-flavor in Havarti cheese (Mortensen
et al., 2002). The same workers (Mortensen et al., 2003) reported a
saturation effect at approximately 1% residual oxygen for sliced Havarti
cheese.

Oxygen has greater solubility in non-polar than in polar solvents and,
hence, is more soluble in liquid milk fat than in whole raw milk. A substan-
tial percentage of the total oxygen in whole milk exists in the fat phase,
particularly at higher temperatures (Noll and Supplee, 1941; Timms et al.,
1982). Oxygen is excluded from the solid fat phase as it crystallizes.
However, this may not imply a lower rate of oxidative deterioration at low
temperatures. As the temperature of butter is reduced, oxygen excluded from
the crystallized fat phase partitions into, and saturates, the liquid fat and
aqueous phases of the butter. Thus, oxygen is available to react with the
more unsaturated fat in the liquid phase and with phospholipids and
pro-oxidants in MFGM fragments. The maximum rate of hydroperoxide
production in irradiated butter is observed at —20°C, which may reflect an
increased rate of chain terminations at higher temperatures and reduced
propagation reactions at lower temperatures (Hannan and Boag, 1952;
Hannan and Shepherd, 1952).

Kinetically, ground-state (triplet->0O;) oxygen is not very reactive,
which obviously restricts the oxidation of food lipids. O, requires “activa-
tion™ to facilitate oxidative reactions. Three principal processes are involved
in the activation of oxygen (Fridovich, 1977):

1. Photochemical excitation of an electron in *O, to a higher energy
state may occur, thereby generating very reactive singlet oxygen,
'0,. Photochemical excitation usually requires the intermediate
participation of a photosensitizer (Ranby and Rabek, 1978),
although other formation pathways exist. In food systems, the
photosensitizer (e.g., riboflavin, chlorophyll, erythrosine) absorbs
visible light and transfers energy to >0, to generate 'O;.

2. Certain metals may interact with 30, to yield singlet-like O,
(Hanzlik, 1976).

3. Successive, univalent reduction of oxygen may yield reactive oxygen
species. This reduction can be effected photochemically, chemically
or enzymatically (Korycka- Dahl and Richardson, 1980). A number
of enzymes, including Xanthine oxidoreductase in milk, are capable
of producing large amounts of superoxide via the univalent reduc-
tion of oxygen (Fridovich, 1976).

In contrast to triplet oxygen, singlet oxygen is very electrophilic and
readily reacts with unsaturated lipids with the formation of hydroperoxides,
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which can then decompose homolytically to initiate new free-radical chain
reactions. Thus, initiation of oxidation by very low levels of 'O, is sufficient
to generate large numbers of reaction chains involving ground-state oxygen.

Korycka-Dahl and Richardson (1980) listed five possible ways by
which 'O, is generated in dairy products as a result of processing and
storage:

1. Chemically, by reaction of residual hypochlorite with hydrogen
peroxide:

H,0, +~0OCl — '0, + H,0 + CI~

2. Chemically or enzymatically, by reactions involving metallopro-
teins:
(i) Protein — M™" + 30, — '0,-like complex
(i) Peroxidase — OCl~ + H,0, — 'O,

3. Photochemically, via riboflavin or another sensitizer.

4. Self-reaction of secondary peroxy radicals:

2R-HCOO® — '0, + R-HC = O + R-HCOH

5. Oxidation of superoxide by a restricted number of oxidizing agents
can lead to '0,.

16.4.1.1. Superoxide Radicals

The superoxide radical (O%) is another reactive oxygen species. Al-
though the superoxide radical may not react readily with unsaturated fatty
acids, it is capable of oxidizing phenolic compounds such as tocopherols,
thiols and ascorbic acid (Korycka-Dahl and Richardson, 1980). This, in
turn, may lead to earlier oxidation of lipids. However, the significance of
superoxide as a pro-oxidant in milk is unclear. Superoxide rapidly dismu-
tates in water, yielding hydrogen peroxide which, itself, may be involved in
oxidative reactions (Korycka-Dahl and Richardson, 1980):

Ht + HO; + Og — H,0, + 302

This reaction is also catalyzed by superoxide dismutase (SOD), which
occurs in milk at very low concentrations (Fox and Morrissey, 1981).
Hydrogen peroxide can also be formed in milk as a result of microbial
metabolism or by reduction of superoxide by ascorbic acid. A mean level
of 0.02 mg/l hydrogen peroxide has been reported in milk (Toyoda et al.,
1982).
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Superoxide may also univalently reduce hydrogen peroxide to yield the
extremely reactive, electrophilic oxidant, hydroxyl radical (Schaich, 1980):

H,0; + 05 — HO® + OH™ + 0,

However, the significance of this reaction in foods is unclear.

Milk leucocytes have been shown to adhere to the MFGM (Peters and
Trout, 1945a,b). The enzymatic generation of active oxygen species by
phagocytic activity is another possible source of pro-oxidants (Salin and
McCord, 1977; Kanner and Kinsella, 1983).

16.4.1.2. Oxygen Removal

Removal of dissolved oxygen from liquid milk or its replacement by
nitrogen reduces the intensity of oxidized flavor (Sharp et al., 1941; Single-
ton et al., 1963; Schroder, 1982). Available oxygen in the fat should be less
than 0.8%, v/v, to prevent the production of a “tallowy” flavor in butteroil
(Schaffer et al., 1946). However, the production of all oxidized flavor is not
reduced by lowering the concentration of dissolved oxygen. Schroder (1982)
reported a reduction in light-induced, but not copper-induced, oxidized
flavor development in oxygen-depleted milk. De-aeration to a very low
oxygen level was necessary to prevent copper-induced oxidized flavor.

The oxidative stability of whole milk powder can be maintained for an
extended period by vacuum treatment or replacement of oxygen with an
inert gas (Greenbank et al., 1946; Schaffer et al., 1946). Tamsma et al. (1961)
reported a statistically significant improvement in storage stability of whole
milk powders packed in inert gases containing 0.1% oxygen compared
with those packed at 1% oxygen level. Milk powders packed in the presence
of glucose oxidase-catalase (oxygen scavenger system) and calcium oxide
(dessicant) were comparable in flavor with samples stored in inert gas
(Meyer and Jokay, 1960); the enzymes reduced the oxygen level to 0.5% in
1 week. Other workers have used various scavenging systems to deplete
the oxygen level in stored milk powders with consequent improvement in
keeping quality. One system utilized a mixture of 90% N, and 10% H; in
the presence of palladium, which catalyzed the formation of water from the
H, and residual oxygen to produce an almost oxygen-free atmosphere in
the pack (Abbot and Waite, 1961). An oxygen-absorbing mixture (Na;SOj3
and CuS0O,4.5H;0) enclosed in porous paper pouches has also been shown
to be effective (Jackson and Loo, 1959). Oxygen has been depleted to less
than 0.001% within 24 h in packed milk powder using a scavenging
system consisting of 95% Nj, 5% H, and a platinum catalyst (Tamsma
et al., 1967).
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Oxidized flavor is of minor importance in fermented dairy products
such as cheese or yogurt (Wong et al., 1973; Czulak et al., 1974; Korycka-
Dabhl et al., 1983). Several factors may be involved, including depletion of
oxygen by the growth of starter bacteria, the acidic pH of the products,
peptides produced by proteolysis, and the formation of antioxidants by
microorganisms (Eriksson, 1982).

16.4.2. Light

Many studies have shown that light is very effective in promoting off-
flavor development in milk and milk products (Singleton et al., 1963;
Hedrick and Glass, 1975; Bray et al., 1977; Sattar et al., 1977a; Bradley,
1980; Nelson and Cathcart, 1984; Bartholomew and Ogden, 1990; Kim and
Morr, 1996). Photooxidation of dairy products has been reviewed by Brad-
ley (1980), Bosset et al. (1994, 1995), Skibsted (2000), Borle et al. (2001), and
Mortensen et al. (2004). The extent of off-flavor development is a function of
the wavelength involved, and the intensity and duration of exposure. Light
has been shown to penetrate milk to an appreciable depth (Finley and Shipe,
1971; Newstead and Headifen, 1981).

The water-soluble vitamin, riboflavin, present in milk acts as a potent
photosensitizer and has been implicated in the photooxidation of milk fat
(Foote, 1976; Aurand et al., 1977; Bekbolet, 1990). Aurand et al. (1977)
suggested that singlet oxygen is involved based on the inhibitory effects of a
singlet oxygen-trapping agent (1,3-diphenylisobenzofuran) or a singlet oxy-
gen quencher (1,4-diazabicyclo-2,2,2-octane) on the oxidation of milk fat
catalyzed by Cu*, enzymes or light. The ability of riboflavin to generate
singlet oxygen in milk in its capacity as a photosensitizer has been confirmed
by Bradley and Min (1992) and Berliner and Ogata (1997). After photode-
gradation, riboflavin breaks down to lumichrome and probably formyl-
methylflavin. Lumichrome is also a strong photosensitizer (Parks and
Allen, 1977). Riboflavin has three absorption bands. The band with a
maximum between 430-460 nm is the main band responsible for the photo-
oxidation of food, especially milk and dairy products. Riboflavin transfers
absorbed energy to other molecules such as dissolved oxygen in milk, thus
generating reactive oxygen species. Sattar and Deman (1975) first demon-
strated the correlation between duration of light exposure, presence of
riboflavin and off-flavor development.

It has also been reported that riboflavin generates superoxide anion in
milk exposed to fluorescent light and has been implicated in the destruction
of other milk components, such as vitamin C, by light (Spikes and Living-
stone, 1969; Korycha-Dahl and Richardson, 1979). The exposure of butter
to light has been reported to result in the oxidation of cholesterol, giving rise
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to 5-cholesten-3B,7a-diol and the 7B-epimer and, possibly, 6-cholesten-
3B,5a-diol (Luby et al., 1986a). Potential lipid-derived off-flavor in butter
may be reduced by light-barrier packaging such as aluminum foil. Direct
exposure to light is the principal factor affecting photooxidation of butter;
temperature and duration of storage exert little effect on butter with sub-
sensory levels of light-induced oxidation (Luby et al., 1986b).

Light also influences milk flavor due to riboflavin-sensitized effects on
milk proteins via oxidation of methionine to methional (3-methylthiopro-
pionaldehyde) (Patton, 1954; Tada et al., 1971; Sattar et al., 1977b) . Other
amino acids, besides methionine, may be affected by the presence of light
and riboflavin. Allen and Parks (1975) reported that exposure of milk serum
to fluorescent light chemically modified 10 amino acids in immunoglobulins.
Riboflavin-photosensitized oxidation of milk lipase, resulting in consider-
able loss of activity (80% loss in 30 min), has been reported in sunlight-
exposed milk (Dimick, 1976). Light- and riboflavin-induced changes in
cheese have also been reported (Deger and Ashoor, 1987).

Recent work (Wold et al., 2005) suggests that dairy products also have
natural levels of porphyrins and chlorophylls and that these light-sensitive
compounds play an important role in photooxidation of cheese. Fluorescent
analysis indicated that photodegradation of porphyrins and chlorophylls
correlated closely (R > 0.9) with the sensory attribute of oxidized odor.

A number of studies have investigated the effect of packaging materials
on the oxidative stability of stored liquid milk. Cladman et al. (1998)
reported a significantly higher degree of lipid oxidation in milk packaged
in high-density polyethylene (HDPE) jugs than in milk packaged in green
polyethylene terephthalate (PET) bottles after 7 days of storage, presumably
because the green PET reduced light exposure compared to the partly
transparent HDPE. Erickson (1997) noted higher levels of lipid oxidation
after 8 days storage in milk packaged in HDPE jugs compared to paper-
board cartons. Zygoura et al. (2004) investigated the effect of packaging
materials on the shelf-life of whole pasteurized milk. As expected, more lipid
oxidation was observed over a 7-day storage period in clear PET than in
pigmented packaging materials. Rysstad et al. (1998) reported that UHT
milk stored at 6°C under 36 W vertical light was very oxidized in polyethyl-
ene containers, while milk stored under the same conditions was only slightly
oxidized at 8 weeks in a non-foil paper-based carton and milk stored in
aluminum foil cartons had no detectable oxidation. Hexanal production in
cream powders stored for 35 weeks at 30°C was reported to be strongly
influenced by exposure to fluorescent light and the presence of oxygen in the
headspace (Andersson and Lingnert, 1998). Similarly, the intensity of oxi-
dized flavor was greater in ice cream stored under fluorescent light than in
the dark (Suttles and Marshall, 1993). Wold et al. (2002) used a solid sample
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fluorescence technique to quantify the degree of light-induced oxidation in
sour cream, goat cream cheese and Jarlsberg cheese and noted that changes
in the fluorescence spectrum of light-exposed Jarlsberg were apparent 5—
6 mm into the cheese. Few studies have investigated turnover times in
fluorescent display cabinets. Haisman ez al. (1992) reported turnover times
of 2-3 days for liquid milk in such cabinets. Turnover times may be longer for
plastic-packaged cheeses, which often have a large surface area exposed to
light. Studies on Havarti cheese have indicated that an exposure times of
< 12h led to light-induced oxidative quality changes (Mortensen et al., 2002).

16.4.3. Metals

Milk and milk products contain a wide variety of metal ions, including
the pro-oxidant transition metal ions, Cu®" and Fe**. Metal ions capable of
undergoing reversible one-electron reductions are important pro-oxidants,
which function primarily by decomposing hydroperoxides to generate new
reaction chains (Labuza, 1971; Pokorny, 1987). Either the oxidized or
reduced metal ion can decompose hydroperoxides to allow the following
catalytic cycle to increase the rate of lipid oxidation:

M™ + ROOH — M® D+ { OH™ + RO® M
M®+D+ 4 ROOH — M™ + H* + ROO® (2)

Thus, a small quantity of an appropriate metal ion can generate large
numbers of reaction chains by cycling between the oxidized and reduced
forms. Although Fe and Cu in their reduced states are effective reducers of
ROOH (Equation 1), they are inefficient oxidizers in their higher oxidation
states (Equation 2). The oxidation step might be rate-limiting in the catalytic
cycle unless alternative mechanisms are available for regenerating the re-
duced metal (Kochi, 1973). Constituents of foods that reduce Fe** (or Cu?")
may accelerate the breakdown of peroxides. Ascorbic acid, thiols and tran-
sient superoxide may provide reducing equivalents to accelerate these reac-
tions. Interactions between metal ions and reducing groups (e.g., thiols) in
milk are undoubtedly complex and may be responsible for inconsistencies
and paradoxes in the literature (Yee and Shipe, 1982). Furthermore, ligands
associated with transition metals can exert a profound influence on the
catalytic properties of the bound metal (Cotton and Wilkinson, 1972;
Hanzlik, 1976). The standard reduction potential for Fe’* compared with
that of Cu’* suggests that Fe’* is a much stronger oxidizing agent than
Cu®*. However, copper in milk is more pro-oxidant than iron (Haase and
Dunkley, 1970; Jarrett, 1979; Rao and Murthy, 1987). This anomaly
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probably reflects differences between the interactions of the two metals with
other milk constituents (e.g., ascorbic acid, thiols, serine phosphate res-
idues). The ligands associated with the metal ions also help to define their
reactivities. The distribution of metals in milk and milk products is a
complex function of relative solubility products and metal-ligand formation
constraints which can, in turn, be influenced by processing, storage and
seasonality.

Schwartz and Parks (1974) noted that awareness of the role of metal
ions in the oxidation of milk fat has existed since 1905. It has long been
recognized that Cu and Fe are the principal metals involved. Both these
metals are normal constituents of milk but may also be present as contam-
inants: concentrations of Cu and Fe in U.S. milk have been reported to be
highest in winter and lowest in summer (Murty et al., 1972). Copper is
present at a level of 20-400 g/l and Fe at a level of 100-900 pg/1 (Horvat
et al., 1965; Koops, 1969; Murty et al., 1972; Johnson, 1974; Jarrett,
1979). However, as noted above, Cu is the principal catalytic metal in lipid
oxidation.

The endogenous copper in milk is derived via the bloodstream from the
cow’s feed (Haase and Dunkley, 1970). It is unclear to what extent the
copper content of the feed influences the copper content of milk (Mulder
et al., 1964; Riest et al., 1967; Dunkley et al., 1968a). However, the total level
of endogenous copper in milk does not appear to be the key factor in
spontaneous oxidation. King and Dunkley (1959b) and Samuelsson (1966)
reported that oxidation may occur irrespective of copper content above a
threshold value of 0.06 ng/kg.

It has been shown that 10-35% of the endogenous copper and 20—47%
of the endogenous iron in milk are associated with the MFGM (King et al.,
1959; Schwartz and Parks, 1974). However, only 2-3% of added copper and
virtually no added iron become associated with the MFGM. While endogen-
ous copper and iron in milk are complexed with proteins and are non-
dialyzable at the normal pH of milk (King et al., 1959), added copper and
iron are dialyzable to some extent, suggesting that the interaction of added
metals with proteins differs from the endogenous metals. It appears that the
juxtaposition of a copper—protein complex with the phospholipids of the
MFGM is an important factor in the development of oxidized flavor in
liquid milk (Samuelsson, 1966).

Work has also been conducted on the removal of copper from milk.
Thiosuccinylated aminoethyl cellulose has been used to remove more than
90% of the copper from milk (Roh et al., 1976). Glass-bound trypsin has
been used to inhibit metal-induced lipid oxidation (Shipe et al., 1972).
Further work by Gregory and Shipe (1975) showed that ageing milk before
exposure to a metal catalyst reduced the extent of lipid oxidation and
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enhanced the apparent anti-oxidative effect of trypsin treatment. The appar-
ent mechanism involves trypsin hydrolysis of milk serum and MFGM
proteins, which increases available sites for chelating metals, particularly
Cu*", into non-pro-oxidant complexes.

Enrichment of whole milk before pasteurization with ferrous iron has
been reported to give rise to oxidized flavor (Edmondson et al., 1971).
Aeration before addition of the iron reduced the effect. Kurtz et al. (1973),
however, reported that milk powder can be fortified with iron in amounts
equivalent to 20 mg/l of iron in reconstituted skim milk without develop-
ment of oxidized flavor.

16.5. Antioxidants

Synthetic antioxidants are used widely in food products to inhibit the
progress of lipid oxidation. However, their use in dairy products is prohib-
ited in most countries. Experimental studies of the efficacy of antioxidants
such as butylated hydroxy anisole (BHA), hydroxyquinone, dihydroquerce-
tin and gallic acid esters in dairy products have been conducted (Sidhu et al.,
1975, 1976). Studies on the use of antioxidants in dairy products show that
their effectiveness varies in different products. While norhydroguaiaretic
acid inhibits the development of oxidized flavor in liquid milk, it promotes
autoxidation in milk fat (Hammond, 1970). Tocopherols are very effective
inhibitors of spontaneous or copper-induced oxidation in liquid milk (Dunk-
ley et al., 1967; King, 1968) but have little effect in whole milk powder
(Abbot and Waite, 1965). Other antioxidants that have been shown to
exert protective effects are dodecyl gallate in spray-dried whole milk
(Abbot and Waite, 1962), ascorbyl palmitate in lactic butter (Koops, 1964)
and propyl gallate and quercetin in butteroil (Wyatt and Day, 1965). An-
hydrous bovine or buffalo milk fats (ghee) may be stabilized when stored in a
hot climate by combinations of phenolic antioxidants (BHA, butylated
hydroxy toluene (BHT), propyl gallate (PG)) and ascorbic acid (Helal
et al., 1976).

Wade et al. (1986) reported that BHA and BHT were effective in
retarding oxidation of anhydrous milk fat but DL-a-tocopherol acted as a
pro-oxidant. Natural antioxidants in betel and curry leaves have also been
reported to retard oxidation of anhydrous milk fat (Sharma, 1981; Parmer
and Sharma, 1986). Amr (1991) reported that turmeric and wheat grits were
as effective as BHA and BHT in controlling oxidative rancidity in sheep’s
anhydrous milk fat for up to 4 months. However, rosemary, sage, rue and
fennel exerted pro-oxidant effects. Quercetin and rutin are reported to be
efficient antioxidants in butter (Eriksson, 1987).
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Metal-chelating agents, such as citric acid and phosphoric acid, act as
synergists in conjunction with antioxidants (Badings, 1960). Salts of ethyle-
nediaminetetraacetic acid (EDTA) have been shown to inhibit oxidation in
this manner (Arrington and Krienke, 1954; King and Dunkley, 1959a).

16.5.1. Ascorbic Acid

Ascorbic acid is a very effective scavenger of alkoxy radicals and hence
is an effective antioxidant (Niki, 1991; Frankel, 1998). However, under
certain circumstances, ascorbic acid exerts a pro-oxidant effect. Andersson
and Oste (1994) reported that ascorbic acid concentration in unpasteurized
milk was highest in March or August (20-27 mg/l) and lowest in October
(12 mg/1). Vitamin C level typically decreases during storage and following
heating of milk (Korhonen and Korpela, 1994). Concentrations of ascorbic
acid above those in normal milk (approximately 20 mg/l) provide antioxi-
dant protection; however, at the concentrations in milk, ascorbic acid acts as
a pro-oxidant. Olson and Brown (1942) showed that ascorbic acid was
crucial to the development of oxidized flavor in cream. They reported that
cream washed free of ascorbic acid did not develop oxidized flavor when
contaminated with copper and stored for 3 days. They postulated that
ascorbic acid reduces Cu®* to Cu™, which in turn reduces molecular oxygen
to hydrogen peroxide that oxidizes lipids in the MFGM. Pont (1952)
reported that addition of ascorbic acid to washed cream, even in the absence
of added copper, promoted the development of an oxidized flavor. Kru-
kovsky and Guthrie (1945) and Krukovsky (1955, 1961) showed that added
copper did not promote oxidation in milk or butter depleted of ascorbic acid
and that oxidation of ascorbic acid-free milk could be initiated by addition
of ascorbic acid. In a series of papers (King and Dunkley, 1959a; Smith and
Dunkley, 1962a,b,c; Haase and Dunkley, 1969a,b,c) that involved addition
of copper ions to milk and model systems, judicious application of specific
chelators for copper ions, addition or specific destruction of ascorbic acid in
milk and model systems, and the use of reducing agents other than ascorbic
acid, the primary function of copper and ascorbic acid in catalyzing lipid
oxidation was carefully documented. A specific association between copper
and ascorbic acid as the ultimate pro-oxidant was proposed.

However, while some reports (Schwartz and Parks, 1974) indicate a
correlation between the oxidation of ascorbic acid and the development of
an oxidized lipid flavor, Smith and Dunkley (1962c) concluded that the
oxidation of ascorbic acid alone cannot be used as an index of lipid oxida-
tion. They reported that although ascorbic acid oxidation curves for hom-
ogenized and pasteurized milk were similar, the homogenized samples had a
significantly lower tendency to develop oxidized flavor.
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Several workers have shown that a high concentration of ascorbic acid
added to liquid milk inhibits oxidation. Chilson (1935) suggested that added
ascorbic acid acts as a reducing agent, which is oxidized more readily than
milk fat. Bell er al. (1962) suggested that addition of L-ascorbic acid to
cream produced a medium less conducive to oxidation by lowering the
oxidation-reduction potential. Addition of an adequate level of surface-
active ascorbyl palmitate to milk products may retard lipid oxidation by
orientation at the lipid-aqueous interface where it intercepts free radicals
(Badings and Neeter, 1980).

16.5.2. Tocopherols

Vitamin E consists of eight vitamers of which a-tocopherol is the
principal one in bovine milk (Lindmark-Mansson and Akesson, 2000).
a-Tocopherol acts as a free-radical scavenger. The tocopheryloxy radical
formed is relatively stable and can be reconverted to tocopherol by reduction
with ascorbic acid. Tocopherols generally act as antioxidants in lipids
(Kamaleldin and Appelqvist, 1996). At high concentrations, they may
exert a pro-oxidant effect (Hamzawi, 1990), but this is highly unlikely to
occur in milk. Milk fat contains approximately 20 pg a-tocopherol/g (Erick-
son and Dunkley, 1964; Kanno ez al., 1968; Bruhn and Franke, 1971; Jensen,
1995). Tocopherol concentrations are at least three-fold higher in lipids of
the MFGM than in the core of the fat globule (Erickson et al., 1963). During
storage of cream containing added Cu®* and ascorbic acid, total destruction
of tocopherols in the MFGM was observed compared with 30% destruction
in the butteroil due to the proximity of tocopherols in the MFGM to pro-
oxidants and highly oxidizable phospholipids.

The principal factor that influences the a-tocopherol content of milk is
the feed of the cow, as influenced by the season of the year. Kanno et al.
(1968) reported that summer milk produced on green pasture feed averaged
33.8 pg a-tocopherol/g fat, while winter milk produced on dry-lot feeding
averaged 21.6 pug a-tocopherol/g fat. Similar findings have been reported by
King et al. (1967) and Seerless and Armstrong (1970).

The feasibility of increasing the a-tocopherol concentration of milk by
supplementation of the feed has been investigated in many studies (Dunkley
et al., 1966, 1967; King et al., 1966; St. Laurent et al., 1990; Barrefors ez al.,
1995; Focant et al., 1998; Granelli et al., 1998). These studies showed that
when feed was supplemented with varying levels of a-tocopheryl acetate, the
a-tocopherol content of the milk was increased with consequent increased
resistance to spontaneous and copper-induced oxidation. King et al. (1967)
reported that when feed was supplemented to achieve an intake of 1 g
a-tocopherol per day per cow, oxidation was effectively controlled in milk
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contaminated with 0.1 pg/kg copper. However, other studies have shown no
beneficial effect of supplementing the diet with vitamin E (Schingoethe e? al.,
1979; Charmley and Nicholson, 1995).

Only about 2% of ingested a-tocopherol is actually transferred to the
milk (King et al., 1966; Dunkley et al., 1968b; Schingoethe et al., 1979).
Consequently, the economics of direct supplementation of feed with
a-tocopherol are unfavourable (Bruhn et al., 1976). If protected supplements
are fed, however, the potential for transfer to milk is much greater. Goering
et al. (1976) fed protected safflower supplement to cows and reported a 200%
increase in the a-tocopherol content of the milk. Control of oxidized flavor
by direct addition of emulsified a-tocopherol to milk can be achieved with
only 1% of the amount required by ration supplementation (Weihrauch,
1988).

A significant correlation exists between the a-tocopherol content of
milk fat and oxidative stability (Krukovsky et al., 1950). Tocopherol con-
centration in MFGM lipids shows a closer correlation to oxidative stability
than the tocopherol content of butteroil (Erickson er al., 1963). A direct
relationship has been observed between tocopherol concentration and the
level of copper that can be tolerated by milk (King ez al., 1966).

Tocopherols have been reported to act as free-radical scavengers (Terao
et al., 1980) but have also been shown to quench 'O, via a charge-transfer
quenching mechanism (Yamauchi and Matsushita, 1977; Burton and Ingold,
1981). The ratio of 'O, quenching rates of a-, y- and 8-tocopherols were
found to be 100:69:38. Each tocopherol molecule can deactivate about 120
molecules of 'O, before it is destroyed (Zweig and Henderson, 1975).

16.5.3. Carotenoids

Molecules containing conjugated double bonds are oxidized more
rapidly than those with the same number of nonconjugated double bonds.
Oxidation of B-carotene is very complex and may take several routes.
Generally, conjugated double-bond systems favor radical addition rather
than abstraction reactions (Scott, 1965). Addition of a methyl radical to
conjugated double bonds is very rapid compared with abstraction reactions
(Pryor et al., 1972). Carotenoids undergo radical addition reactions leading
to bleaching and a variety of compounds characteristic of lipid oxidation in
general (Teixeira Neto et al., 1981). However, very electrophilic oxidizing
free radicals may abstract an electron from B-carotene to yield a radical
B-carotene cation. Epoxides are readily formed at the double bond in the
B-ionone ring and such epoxidized carotenoids are commonly found in
naturally-occurring pigments (McCormick et al., 1978). Novel oxidation
products containing the B-ionone moiety have been implicated in off-flavor
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development in dairy products. Oxidation of vitamin A should follow the
same patterns as B-carotene. Although the conjugated diene in vitamin D
reacts readily with photogenerated 'O, to form endoperoxides, little is
known about the oxidation of vitamins D and K in milk and milk products.

The importance of 'O, as an initiator of oxidation has increased
interest in the prevention of singlet oxygen reactions by quenching to
ground-state oxygen (?0,). Food constituents such as carotenoids, tocoph-
erols and ascorbic acid have been reported to exert this effect (Carlsson et al.,
1976; Krinsky, 1979; Matsushita and Terao, 1980; Fakourelis et al., 1987,
Warner and Frakel, 1987; Jung and Min, 1991; Mortensen et al., 2001).
Quenchers must either be capable of accepting energy from the 'O, molecule
that lies 22.4 kcals above the ground state (energy-transfer quenching) or
have the ability to donate electrons to 'O, (charge-transfer quenching).
Quenching of 'O, by B-carotene is an example of energy-transfer quenching,
whereas tocopherols, amines and phenols have been shown to exert a
charge-transfer quenching mechanism (Bradley and Min, 1992).

Energy transfer from 'O, to B-carotene leads to the formation of
ground-state oxygen and an excited triplet-state quencher (Seeley and
Meyer, 1971; Foote et al., 1974). B-Carotene is known to be one of
the most potent quenchers of 'O, with one molecule estimated to quench
250-1000 molecules of 'O, (Foote and Denny, 1968; Foote, 1976). The rate
of quenching is influenced by the number of conjugated double bonds
present. Carotenoids with nine or more conjugated double bonds are
efficient quenchers, whereas those with seven or less are not capable of
accepting energy from 'O,.3-Carotene has been shown to inhibit chloro-
phyll-sensitized photo-oxidation of methyl linoleate (Terao et al., 1980).
Using a model dairy spread (water-in-oil emulsion), Hansen and Skibsted
(2000) showed that B-carotene provided good protection against light-
induced lipid oxidation and riboflavin degradation. The protection of the
riboflavin was due to the competing absorption of the light by the carotene.
Outside the absorption band of the carotene (i.e., <366 nm), this protective
effect disappeared. This indicated that the protective mechanism of the
carotene in this case was an absorption (filter) effect of the incident light
and not a quenching effect of radical or singlet oxygen.

16.5.4. Thiols

Pasteurization of milk increases its susceptibility to spontancous
(Bergman et al., 1962), copper-induced (Smith and Dunkley, 1962a) and
photo-induced (Finley, 1968) oxidation. Postulated explanations generally
implicate migration of copper to the cream phase of milk (Sargent and Stine,
1964).
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However, an inhibitory effect of high heat treatment on the oxidative
deterioration of milk and milk products has been reported by many inves-
tigators who have attributed this effect to the activation of thiol groups
(Josephson and Doan, 1939; Tamsma et al., 1962; Wilson and Herreid,
1969; Schwartz and Parks, 1974; Baldwin and Ackland, 1991; Saidi and
Warthesen, 1995; Tong et al., 2000). The principal sources of thiols in milk
are the fat globule membrane (McPherson and Kitchen, 1983) and the serum
proteins, particularly B-lactoglobulin (Larsson and Jenness, 1950; Schwartz
and Parks, 1974).

While, historically, thiols resulting from heat treatment of milk have
been considered as performing an antioxidant function in milk as univalent
reducing agents, peroxide decomposers or as metal ligands, it is also possible
that they may exert a pro-oxidant role. Univalent autoxidation of thiol
yields thiyl radicals, superoxide and hydrogen peroxide may provide a
basis for a pro-oxidant role (Yee and Shipe, 1982). These workers proposed
that copper-catalyzed oxidation of thiol groups may generate pro-oxidants
in milk. Autoxidation of thiols is known to generate substantial amounts of
superoxide anion (Misra, 1974). Yee and Shipe (1982) concluded that
thiol groups in milk may be pro-oxidant or antioxidant, depending upon
the conditions. Free thiol groups in the presence of copper promoted the
oxidation of emulsified methyl linoleate in their model system, whereas free
thiol groups in the presence of haem behaved as antioxidants.

Sulphydryl oxidase, an indigenous milk enzyme, has been proposed for
the oxidation of thiols in UHT milk to reduce cooked flavor and also thereby
to serve as an antioxidant, in conjunction with lactoperoxidase (to destroy
the resultant H,O,), by obviating pro-oxidants resulting from autoxidation
of thiols (Swaisgood and Abraham, 1980).

Stapelfeldt et al. (1997a) determined the oxidative stability of high-
heat, medium-heat and low-heat whole milk powder under different storage
conditions. The sensory quality dropped to an unacceptable level for low-
heat powder after 33 days and was paralleled by a decrease of “free” thiol
groups to an unmeasurable level. In contrast, medium-heat and high-heat
powders retained good sensory quality and the initial level of free thiol
groups was reduced by only one-third after 63 days of storage.

16.5.5. Proteins and Enzymes

Caseins possess significant antioxidant activity, which may be related,
in part, to their hydrophobic nature (ElI-Negoumy, 1965; Taylor and
Richardson, 1980b; Allen and Wrieden, 1982a; Ericksson, 1982) and orien-
tation of potential antioxidant side-chains of constituent amino acids at the
lipid interface. Brunner (1974) reported retardation of lipid oxidation in
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homogenized milk when milk fat globules are resurfaced with casein. Case-
ins can also bind metals to phosphoseryl residues (Manson and Cannon
1978; Hegenauer et al., 1979a,b). Auklakh and Stine (1971) reported that
sodium - and B-caseinates bound 2 mol Cu®*" per mol protein. The
association of peroxidizing lipids with proteins can be especially damaging
to the physicochemical properties of the protein (Schaich, 1980). The major
whey proteins are considerably less effective as antioxidants than the caseins
(Taylor and Richardson, 1980b; Allen and Wrieden, 1982a). Lactoferrin has
been shown to inhibit peroxidation induced by Fe?*, presumably by binding
Fe?t (Gutteridge et al., 1981; Allen and Wrieden, 1982b). Binding of iron to
lactoferrin may decrease the conversion of hydrogen peroxide into hydroxyl
radical via the Fenton-type reaction (Lindmark-Mansson and Akesson,
2000). Bovine lactoferrin has been reported to inhibit oxidation of ascorbic
acid and tryptophan (Bihel and Birlouez-Aragon, 1998).

Lactoperoxidase was strongly pro-oxidant in the presence or absence
of added Cu*" or Fe** in a trilinolein emulsion model (Allen and Wrieden,
1982a) or in high linoleate milk (Hill, 1979). Pasteurization at 72°C/15-20 s
had little effect, but following heating at 80°C for 15-20 s, lipid oxidation
was greatly reduced. Hill (1979) and Allen and Wrieden (1982a) also showed
that superoxide dismutase and catalase exert a strong antioxidant effect
when added in their model systems. However, addition of Cu*" (10 uM)
with superoxide dismutase to the emulsion was pro-oxidant and might
compete with the enzyme for O$ to convert it to pro-oxidant species such
as OH® (Allen and Wrieden, 1982b). Superoxide dismutase has been detected
in and isolated from milk (Hill, 1975; Asada, 1976; Korycka-Dahl et al.,
1979), but it is apparently present at insufficient levels to provide substantial
antioxidant protection (Holbrook and Hicks, 1978; Fox and Morrissey,
1981). However, the observed inhibition by superoxide dismutase of lipid
oxidation catalyzed by Xanthine oxidoreductase (Holbrook and Hicks,
1978) may have confounded the hypothesis of Smith and Dunkley (1960)
on the importance of Xanthine oxidoreductase in spontaneous oxidation of
milk lipids (Section 8.3.1). However, Holbrook and Hicks (1978) were
unable to correlate spontaneous oxidation of milk with its content of super-
oxide dismutase.

Amino acids have been reported to act as antioxidants, pro-oxidants
and/or to have no effect on lipid oxidation (Farag et al., 1978; Taylor and
Richardson, 1980a). Antioxidant effects have been attributed to: (1) their
primary functional groups; (2) chelation of pro-oxidant metals; (3) regener-
ation of primary antioxidants; or (4) synergism with other food constituents
(Chen and Nawar, 1991b). Faraget et al. (1978) suggested that protonated
amino groups accelerate lipid oxidation while non-protonated amino groups
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inhibit oxidation. The antioxidant/pro-oxidant effects of amino acids in
emulsion systems may be pH dependent (Riisom ez al., 1980). Pro-oxidant
activity is enhanced at lower pH.

Chen and Nawar (1991b) examined the effects of amino acids and
amino acid analogues on fat oxidation in milk. All the amino acids tested
(cysteine, tryptophan, lysine, alanine, serine, histidine and tyrosine) sign-
ificantly prolonged the induction period of lipid oxidation, with cysteine,
tryptophan and lysine showing the most pronounced effects. Comparison of
the effects of amino acids with structurally similar analogues, in which the
amino group was absent or blocked, indicated that the primary amino group
plays a major role in the inhibitory activity of amino acids. An amino group
on the side chain of an amino acid also exerted an antioxidant effect,
although to a lesser degree than that of a-amino groups. The indolyl
group of L-tryptophan also exerted a strong antioxidant effect.

16.5.6. Products of Browning Reactions

Carbonyl-amine reactions, such as those between lactose and milk
proteins, have been reported to produce potent antioxidants (Dugan, 1980;
Eichner, 1980; Ericksson, 1982). Browning reaction products can stabilize
milk fat considerably (Wyatt and Day, 1965). However, it is important to
note that browning reaction products may exert adverse nutritional and
toxicological effects (O’Brien and Morrissey, 1989).

The effect of browning compounds on the auto-oxidative stability of
ghee has been reported by Nath and Murthy (1988). Browning compounds
were prepared by heating leucine and dicarbonyls (either dihydroxyacetone,
methyl glyoxal or glyoxal). All three types of browning oil, when added,
afforded protection against autoxidation of ghee heated to 120°C for 5 min.
However, BHT (0.02%) was a more powerful antioxidant than the most
effective dicarbonyl/amino acid combination (dihydroxyacetone/leucine).

Lingnert et al. (1983) reported that addition of 0.3% of the Maillard
products of histidine and glucose to milk powder and storage under nitrogen
gave the reconstituted milk both a low initial intensity of “cardboard” flavor
and almost total inhibition of its further development after reconstitution.

Calligaris et al. (2004) studied changes in antioxidant and pro-oxidant
activity in milk subjected to different heat treatments. Their results indicated
that short heat treatments can be potentially responsible for a depletion in
the overall antioxidant properties of milk. Only the application of severe
heat treatments, associated with the formation of brown melanoidins,
allowed a recovery and even a possible increase in the antioxidant properties
of milk.
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16.6. Milk Fat Globule Membrane (MFGM)

Fat in milk exists primarily in the form of globules surrounded by a complex
membrane, which contains a mixture of unsaturated phospholipids, pro-
teins, glycoproteins and other minor components (Mulder and Walstra,
1974; Keenan et al., 1983; see Chapter 4; Keenan and Dylewski, 1995).
The proximity of unsaturated phospholipids to various pro-oxidants in the
lipoprotein matrix makes the MFGM a focal point for the oxidation of milk
lipids (Mulder and Walstra, 1974; Bouzas et al., 1985). O’Mahony and Shipe
(1970) found that the concentration of phosphatidylethanolamine (PE) was
lowest in milk classified as least susceptible to copper-induced oxidation. PE
is known to bind Cu?* strongly (Morita and Fujimaki, 1972). Reconstituted
milk was reported to be more stable to oxidation than regular milk due to
removal of membrane material (Krukovsky, 1952). The rate of copper-
catalyzed oxidation of cream containing MFGM was faster than when the
membrane was removed. Ascorbic acid (10 mg/kg) accelerated the oxidation
of cream under these conditions (Chen and Nawar, 1991a). A decrease in the
relative concentration of membrane phospholipids and copper was proposed
as the mechanism by which the development of oxidized and “tallowy”
flavor in homogenized milk was inhibited (Tarassuk and Koops, 1960).
Rapid oxidation of isolated MFGM was demonstrated by King (1962,
1963). Oxidation in isolated MFGM was influenced by Cu and ascorbic
acid concentration. Once oxidation is initiated in the MFGM, diffusion of
the propagating chain reaction radicals into the more saturated fat globule
core from the fat-plasma interface results in generalized oxidation of milk fat
triglycerides.

About one-third of the phospholipids in freshly drawn milk are located
in the milk serum as small lipoprotein particles, sometimes referred to as
“milk microsomes.” Their proportion in milk serum can be increased in
processed milk as a result of disruption of the MFGM and release of mem-
brane phospholipids into the aqueous phase (Mulder and Walstra, 1974;
McPherson and Kitchen, 1983). Modification of the MFGM by processing
treatments that may alter the distribution of pro-oxidants and antioxidants
can markedly affect the stability of milk (McPherson and Kitchen, 1983).

Xanthine oxidoreductase, a metalloprotein abundant in the MFGM,
may also be partially responsible for the susceptibility of the membrane to
lipid oxidation (Allen and Humphries, 1977; Aurand et al., 1977; Bruder
et al., 1982; Bouzas et al., 1985). Allen and Humphries (1977) prepared two
protein fractions from MFGM and found that oxidative activity resided
almost entirely in the first fraction, devoid of phospholipids, but richer in
Xanthine oxidoreductase. They proposed that the metalloprotein, and not
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phospholipids, was probably responsible for the inherent oxidative capabil-
ity of the membrane material.

The mechanism(s) by which Xanthine oxidoreductase exerts its pro-
oxidant effect(s) is not fully understood. Hydrogen peroxide, resulting from
oxidation of a suitable substrate by Xanthine oxidoreductase, could oxidize
milk lipids. However, normal milk contains little or no substrate for the
enzyme. A possible mechanism involving interaction between native and
denatured Xanthine oxidoreductase in MFGM and lactoperoxidase or cop-
per in milk serum has been proposed (Hill, 1979; Allen and Wreiden, 1982b).

Hill (1979) used milk containing up to 35% (w/w) linoleic acid in the
milk fat to investigate the mechanism of action of Xanthine oxidoreductase.
He proposed a coupled enzyme system in which lactoperoxidase catalyses
lipid oxidation, generating aldehyde substrates for Xanthine oxidoreductase
that in turn generates H,O, for use by lactoperoxidase as an oxidizing agent.
Hill (1979) reported that milk rich in linoleic acid was much more oxida-
tively stable when pasteurized at 80°C/15 s than after pasteurization at 72°C/
15 s. The increased stability was attributed to thermal inactivation of the
oxidative enzymes at the higher temperature since after pasteurization of the
milk at 80°C/15 s, rapid development of oxidized flavor occurred if Xanthine
oxidoreductase or lactoperoxidase was added. When substrate for Xanthine
oxidoreductase was added also, oxidative processes were accelerated. Add-
ition of small amounts (1 mg/l) of superoxidase dismutase and catalase
improved the oxidative stability of this milk, indicating that O is involved
in the oxidative process. However, oxidation of milk lipids after addition of
0.1 mg/kg Cu®" was not inhibited by superoxide dismutase and catalase.
When formate (an *OH scavenger) was added to the milk, lipid oxidation
was inhibited, suggesting that *OH was the active pro-oxidant. Hill (1979)
postulated that two major systems in milk catalyze lipid oxidation:

1. Generation of *OH by copper-ascorbic acid;
2. Generation of O% and ! O, by Xanthine oxidoreductase-lactoperoxidase.

Allen and Wrieden (1982b) used a trilinolein model system to confirm the
strong pro-oxidant role of lactoperoxidase which was retarded by heating at
80°C/20 s. They proposed that, in addition to its enzymatic effects, lactoperox-
idase was pro-oxidant by virtue of generalized haem catalysis. In the presence of
10 pM added Cu?*, Xanthine oxidoreductase rapidly oxidized trilinolein in the
absence of a substrate for Xanthine oxidoreductase (Allen and Wrieden,
1982b). They suggested that the added Cu®* inactivated the Xanthine oxidor-
eductase and that any O% produced could be converted to very strong oxidizing
species by the Cu®>" bound to the inactive enzyme. The FAD associated with
Xanthine oxidoreductase may also act as a photosensitizer in the production of
05 (Korycka-Dahl and Richardson, 1978). The potentially longer lifetime of
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05 in the membrane lipids in association with bound Cu®" could make these
reactions of some significance in lipid oxidation.

Several workers have reported low concentrations of cytochromes in
the MFGM (Bailie and Morton, 1958a,b; Plantz et al., 1973; Gregory et al.,
1976; Bernstein, 1977; Jarasch et al., 1977). Ferri-porphyrin proteins have
been shown to be powerful pro-oxidants (Kendrick and Watts, 1969). Fur-
thermore, their proximity to unsaturated phospholipids in the MFGM and
the longer life-times of active oxygen species in a nonpolar environment,
suggest a role for cytochromes in the oxidation of MFGM lipids. Bernstein
(1977) reported a bs-type cytochrome and a carbon monoxide-binding
cytochrome in MFGM. The CO-binding cytochrome promoted lipid
oxidation to the same extent as hemoglobin, whereas the native bs-type
cytochrome was inactive. Thermal processing of milk may expose or mask
ferri-porphyrin groups in MFGM and, hence, may influence lipid oxidation.

16.7. Storage Temperature

The effect of storage temperature on the oxidative stability of milk and milk
products is unclear. Storage, in air, at 2°C inhibited the development of
oxidized flavor in dry whole milk when compared with control samples held
at 38°C (Pyenson and Tracy, 1946). Oxidative deterioration of UHT cream
occurred two to three times more rapidly at 18°C than at 10°C, while little or
no oxidation occurred at 4°C (Downey, 1969). The oxidation-reduction
potential of butter and the rate of flavor deterioration have been reported
to increase as the storage temperature increased (Weihrauch, 1988).

In a study on butteroil held at a temperature ranging from —10 to
+50°C, oxidation rate increased with increasing temperature but the same
flavor was formed on storage and the reaction sequence for flavor formation
was similar at all temperatures (Hamm et al., 1968). Dunkley and Franke
(1967) reported a decrease in flavor intensity and thiobarbituric acid (TBA)
values in liquid milk as storage temperature was increased from 0 to 4 to 8°C.
Schwartz and Parks (1974) reported that condensed milk stored at —17°C was
more susceptible to oxidized flavor development than at —7°C.

Kristensen (2001) reported that increasing the storage temperature
from 5 to 37°C for processed cheese resulted in significantly enhanced
oxidation which was apparent after a few days of light-exposed storage.

16.8. Water Activity

Labuza (1971) has described the complex relationship between water activity
(aw) and lipid oxidation, with a minimum observed at intermediate ay, (~0.4)
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levels and an increased rate of oxidation at either very low or high ay. At an
ay, values >0.8, the rate of lipid oxidation decreases. Labuza (1971), Karel
(1980) and Schaich (1980) explained these complex relationships, suggesting
that at very low ay, lipid oxidation is favored because a water monolayer is
not available to mask pro-oxidants or to retard the decomposition of hydro-
peroxides by hydrogen bonding. As the amount of water is increased to form
a monolayer, pro-oxidants may be masked via hydration and the monolayer
serves as a barrier to oxidation. Higher ay promotes lipid oxidation by
mobilizing pro-oxidants and facilitating their diffusion through the food.
However, very high ay, values retard oxidation by diluting the reactants.

In contrast to the hypothesis of Labuza (1971), Loncin et al. (1968)
reported that autoxidation of milk powder was stimulated by water activity
below 0.11 and unaffected by water activities between this value and 0.75.
Stapelfeldt et al. (1977a) investigated the oxidative stability of whole milk
powder at water activities of 0.11, 0.23 and 0.33 at 25°C and 0.11, 0.17 and
0.31 at 45°C for 2 months of storage. As one would expect, lipid oxidation
was affected greatly by higher storage temperature. In contrast to the gen-
eralization of Labuza (1971), least oxidation was observed at a water activity
between 0.11 and 0.23 and most oxidation at higher water activities (0.31
at 45°C).

16.9. Measurement of Lipid Oxidation

Routine procedures to assay the extent of oxidation in lipids and lipid-
containing foods should be simple, reliable and sensitive. Results from
routine procedures should ideally correlate well with results obtained from
sensory taste panels. St. Angelo (1996) has described volatile compound
profiles formed during lipid oxidation in different groups of food products.
However, because of the complexity of lipid oxidation, no single test can be
equally useful at all stages of the oxidative process. The methods should be
capable of detecting autoxidation before the onset of off-flavor. This is
particularly true in the case of milk products where a low level of oxidation
can lead to off-flavor.

Measurement of hydroperoxides is the classical method for quantify-
ing lipid oxidation and a variety of assay procedures are available. The
oxidation of ferrous to ferric iron by hydroperoxides in the presence of
ammonium thiocyanate to produce ferric thiocyanate, which can be quan-
tified spectrophotometrically at 505 nm, has been used extensively to study
lipid oxidation in milk (Loftus-Hills and Thiel, 1946). Newstead and Head-
ifen (1981) recommend that extraction of fat from whole milk powder be
carried out in the dark when using this procedure to avoid artefactually high
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peroxide values. A second assay procedure for hydroperoxides is based on
the reaction of oxidized fat with 1,5-diphenyl-carbohydrazide to yield a red-
colored product (Hamm et al., 1965). A third procedure is based upon the
liberation of iodine from potassium iodide by hydroperoxides (AOCS,
1971). A standardized protocol exists for peroxide value determination in
butterfat (IDF, 1991). A major caveat with procedures based on the direct or
indirect determination of hydroperoxides is that they may not correlate well
with the level of off-flavor in the product, particularly when the oxidative
process is at an advanced stage (Kliman et al., 1962). During the course of
oxidation, peroxide values reach a peak and then decline. However, the early
stage of lipid oxidation in dairy products can be followed by HPLC analysis
of hydroperoxides or the peroxide value (Emmons et al., 1986).

Procedures involving thiobarbituric acid (TBA) as an analytical re-
agent have also been used widely to follow the progress of autoxidation in
dairy products (Dunkley and Jennings, 1951; King, 1962). Both procedures
are based on the condensation of two molecules of TBA with one molecule
of the oxidation end-product, malonaldehyde, resulting in the formation of a
red-colored complex which can be determined spectrophotometrically at
532 nm. However, compounds other than malonaldehyde may react with
this reagent to give artefactually high results (Slater, 1984). The appropri-
ateness of the TBA assay for milk has been questioned (Ward, 1985).
High-performance liquid chromatographic procedures are now available
to determine malonaldehyde directly (Madere and Behrens, 1992). A gas
chromatographic procedure is also available (Frankel and Neff, 1983).

King (1962) showed that the TBA method correlates well with the
intensity of oxidized flavor in liquid milk. Downey (1969) suggested that
the TBA procedure of Dunkley and Jennings (1951) is more applicable than
that of King (1962) for determining the extent of the off-flavor.

Other traditional methods available for monitoring the extent of
lipid oxidation include the Anisidine value, the Kreis test (Mehlenbacher,
1960), methods based on the carbonyl content of oxidized fats (Henick
et al., 1954; Lillard and Day, 1961), and measurement of oxygen uptake
either by manometry or polarography (Tappel, 1955; Hamilton and
Tappel, 1963).

In recent years, modern instrumental methods have been developed to
monitor lipid oxidation in biological samples, including dairy products.
These include use of electron spin resonance (ESR) spectrometry, direct
measurement of secondary oxidative products such as malonaldehyde, static
and dynamic GC/MS methods. ESR spectrometry permits detection of free
radicals formed in the very early stages of oxidation prior to the formation
of peroxides. The method has been applied successfully to dairy products
such as milk powders and processed cheese (Nielsen et al., 1997; Stapelfeldt
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et al., 1997a,b; Kristensen and Skibsted, 1999). Data indicate that the
method correlates well with the TBA method and with sensory evaluation
of oxidation in these dairy products. The method may have potential for
application in quality control and accelerated testing of dairy products for
oxidative stability.

The traditional TBA and anisidine value tests can be replaced by a
qualitative or quantitative analysis of oxidation-derived volatiles using head-
space GC/MS methodology or the so-called “electronic nose” apparatus.
These techniques have been applied successfully to a variety of dairy prod-
ucts (Lee et al., 1991; Park and Goins, 1992; Ulberth and Roubicek, 1995;
Christensen and Holmer, 1996; Kim and Morr, 1996). For example, Kim
and Morr (1996) reported that exposure of milk to fluorescent light for 48 h
and subjected to dynamic headspace analysis resulted in the identification of
five major volatile compounds: 2-butanone, 2-propanol, pentanal, dimethyl
disulfide and hexanal. The classes of volatiles recovered were remarkably
similar to those reported by Dimick (1982). Results of dynamic headspace
analysis correlated well with sensory panel results. Frankel (1993) has stated
that headspace analysis of volatile oxidation products by gas chromatog-
raphy gives better information about the origin of flavor and odor volatiles
than traditional chemical analyses and is the best method for comparison
with sensory panel results.
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