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ABSTRACT

EFFECT OF LIPID OXIDATION ON FUNCTIONAL AND NUTRITIONAL
PROPERTIES OF CHICKEN MYOFIBRILLAR PROTEINS
STORED AT DIFFERENT WATER ACTIVITIES
BY

HAJAR (SHEILA) NOORMARJI

Effects of lipid oxidation, lipid protein interaction, water
activity and storage on functional and nutritional properties of
freeze-dried chicken myofibrillar proteins were investigated
using a model system. The effects of freezing and freeze drying
on protein solubility and 1lipid oxidation were studied using
chicken myofibrillar proteins as a model system.

A Freezing and freeze drying decreased (P(.GS) protein solu-
bility and increased (P<.05) lipid oxidation. These effects were
more drastic when methyl linoleate was added to myofibrillar
protein at 15% of the dry protein weight. The effect of several
different water activities on lipid oxidation and protein func-
tionality in a freeze-dried chicken myofibrils (water activity
environment of 9.43) was studied. It was demonstrated that the
Ay @.43 had a protective effect, while the model system, 3w @.1l1
and 3w 0.85 (below BET monolayer value and far above BET value)
showed @ prooxidant effects. Moreover, control myofibrillar
protein had a lower monolayer value than the lipid treated coun-
terparts.

Lipid oxidation increased (P{.05) and percent soluble pro-
teins decreased (P(.QS) with storage time. Proteins stored at a

water activity close to their monolayer value were less suscep-



Hajar (Sheila) Noormarji

tible to lipid oxidation. Water-holding capacity and gel

strength were reduced (P{.GS) by addition of 1lipid, storage and
increase in water activity. On the other hand, neither in vitro
digestibility nor the ability of myofibrillar proteins to support

growth of Tetrahymena pyriformis were affected by addition of

lipid, storage for 3 weeks or water activity. Thus, lipid oxida-
tion may affect the functional properties rather than the nutri-

tional quality of chicken myofibrillar proteins.
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INTRODUCTION

Proteins are one of the most important components determin-
ing the functionality of food systems. The importance of pro-
teins as functional components of food derives to a large extent
from the following:

1. Proteins, along with polysaccharides, determine rheolog-
ical properties of food which in turn determine food
texture.

2. Proteins, along with polysaccharides, determine the
water-holding properties of foods.

3. Proteins, often in combination with lipids, are the
most important stabilizers of dispersed systems in
foods.

4. Enzymes catalyze reactions that significantly affect

food utility.

The properties of proteins in food systems depend mostly on
the interactions of proteins with other components, such as water
and liéids. Most proteins in foods are closely associated with
lipids, and lipids are important to physical and chemical charac-
teristic of muscle foods. Lipids are prone to autoxidation.
Damage to proteins due to reaction with oxidized 1lipid is an
important deteriorative mechanism in the processing and storage
of foods (Melton, 1983; Matoba et al., 1984; Sikorski, 1978).
Exposure of proteins to peroxidizing lipids or their secondary
products may lead to undesirable changes in nutritional, biochem-
ical and functional properties. Oxidizing lipids cause protein

1



insolubization, polymerization, scission, poor digestibility,
amino-acid and vitamin destruction (Funes et al., 1982; Funes and
Karel, 1981; Pokorny, 1977; Nakhost and Karel, 1984). Function-
ality is the most important property for proteins in food items.
Some proteins cannot be used because they lack such functional
properties as gelation, solubility, water absorbability, foam-
ability or emulsifiability (Kinsella, 1982, 1976).

There is an increasing interest in understanding the nature
of lipid-protein interactions in biological and nonbiological
systems. Since proteins play an important role in food systems,
it is important to understand the effect of oxidized lipid-pro-
tein interactions on protein functionality. It is important to
adjust the conditions of processing and storage of meat products
in order to minimize, or at least to regulate, the changes due to
lipid-protein interaction.

The purpose of this study was to examine the effect of lipid
oxidation on functional and nutritional properties of myofibril-
lar protein.

The objectives of this research were:

1. To investigate the effect of lipid oxidation on protein

functionality.

2. To determine how different conditions (water acti-

vities, storage time) affect protein-lipid interaction.



To investigate the effect of lipid-prot=2in ianteractions
on protein solubility, water-holding capacity and

gelling properties.

To determine the effect of lipid-protein interaction on

nutritional quality of myofibrillar proteins.



LITERATURE REVIEW

Role of Proteins in Food Systems

The importance of proteins, peptides and amino acids in all
living tissue should be evident. Proteins function as structural
components, enzymes, regulatory agents and transport factors.
Proteins are the principal functional and structural components
of processed meats and determine the characteristic handling,
texture and appearance of these products (Hermansson et al.,
1986; Hermansson, 1985). Proteins are used to fabricate and
facilitate the engineering of new foods. To facilitate their use
in foods and their conversion to desirable ingredients, they must
have appropriate functional properties. Functional properties
can be defined as physiochemical properties of a protein which
determine their utility in foods, including its nutritional
value, organoleptic properties, safety and response to processing
and storage (Kinsella, 1982). Physicochemical properties are
derived from a protein's amino acid composition, amino acid
sequence, secondary structure, tertiary structure, and quaternary
structure (Pour-El, 1981). Physiochemical properties include
surface charge, sulfhydryl content, hydrophobicity, molecular
weight and conformational stability (Wilding et al., 1984; Kin-
sella, 1982). Several typical classes of functional properties

are listed in Table 1.



Table 1l: Typical functional properties performea by proteins in
food systems (Kinsella, 1982).

Functional Mode of Action Food System
Property Example
Solubility Protein solvation Beverages
Water absorption and Hydrogen-bonding of Meats, Sausages,
binding water, Entrapment Breads, Cakes
of water
Viscosity Thickening, Water Soups, Gravies
binding
Gelation Protein matrix forma- Meats, Curds,

Cohesion-adhesion

Elasticity

Emulsification

Fat absorption

Flavor-binding

Foaming

tion and setting

Protein acts as
adhesive material

Hydrophobic bonding
in gluten, Disul-
fide links in gels

Formation and stabili-
zation of fat
emulsions

Binding of free fat

Adsorption, entrapment,

release

Form stable films to
entrap gas

Cheese

Meats, Sausages,
Baked goods,
Pasta products

Meats, Bakery

Sausages,
Bologna, Soup,
Cakes

Meats, Sausages
Donuts

Simulated meats
Bakery, etc.

Whipped top-
pings, Chif-
fon desserts,
Angel cakes



Different food applications require different characteris-
tics, e.g.; in beverages, protein should be soluble, and in com-
minuted meats they should have emulsion stabilizing and gelling
properties. 1In processed meat products, water binding, solubili-
ty, emulsifying capacity, viscosity and gelation are typical
properties of proteins that determine their impact on the final
quality (Hermansson, 1985; Acton et al., 1983; Kinsella, 1982).

As discussed earlier, the functional properties of proteins
depend on such intrinsic physiochemical characteristics as amino
acid composition and sequence, molecular weight, conformation and
charge distribution on the molecules. The amount of hydrophobic
amino acids affect conformation, hydration, solubility, gelation
and denaturation (Kinsella, 1982). In general, the higher the
polarity and the lower the hydrophobicity the higher the solubil-
ity (Nakai, 1983). Polar amino acids contribute to the water
binding ability of a protein (Phillips and Beuchat, 1981). Myosin
contains 38% polar amino acids with a large content of aspartic
acid and glutamic acid residues which may bind 6-7 molecules of
water each (Harrington, 1979). The gelation and emulsifying
ability of proteins are affected by their structure. Voutsinas
et al. (1983) showed a positive relation between gelation and
hydrophobicity of the unfolded protein and sulfydryl content.
Shimada and Matsumoto (1980) reported that proteins, e.g.; soy-
bean, albumin, bovine serum containing 26-31% hydrophobic amino
acids, formed gels upon heating, whereas proteins with 31%

hydrophobic amino acids coagulated. Kato and Nakai (1983) re-



ported a close relationship between the hydrophobicity of pro-
teins and their emulsifying capacity.

Extrinsic factors which influence protein functionality
include pH, ionic strength (Kinsella, 1982), specific ions,
cooking temperature and frozen storage (Smith, 1988b; Whiting,

1988) .

Muscle Proteins

Muscle proteins can be divided into three categories based
on their solubility characteristics: 1) water soluble proteins,
2) salt soluble proteins and 3) insoluble proteins (Forrest et
al., 1975). The water soluble proteins or sarcoplasmic proteins
are also soluble in salt solutions of low ionic strength ( 6.1).
These proteins compose about 30% of the total muscle protein or
about 5% of the weight of muscle (Lawrie, 1979) and include
oxidative, glycolytic and lysosomal enzymes, myoglobin and other
water soluble proteins (Kramlich, 1978). About 100 different
proteins are known to be present in the sarcoplasmic fraction
(Scopes, 1970). The sarcoplasmic proteins influence functionali-
ty, but differently than the myofibrillar proteins (Gillett,
1987a, 1987b; Sikorski et al., 1984). Myofibrillar or structural
proteins which are soluble in concentrated salt solutions (ionic
strength of 0.5 to @.6) include myosin, actin, tropomyosin,
troponin, actinins and others. Connective tissue proteins or
insoluble proteins constitute 10-15% of the total muscle proteins
and are composed mostly of collagen (40-60%) and elastin (10-

20%) .



Myofibrillar Proteins

The salt soluble proteins which compose the myofibrils
within the muscle fibers are collectively defined as the myofi-
brillar proteins. The major proteins in this category are myo-
sin, actin and regulatory proteins, which make up about 55%, 25%
and 20% of the fraction, respectively. The myofibrillar pro-
teins, myosin in pre-rigor and actomyosin in post-rigor muscle
are generally considered to contribute the most functionality to
processed meat products (Smith, 1988a).

Myosin is the major constituent of the thick filaments in
the sarcomere. The myosin molecule is a large molecule consist-
ing of two heavy chains with a molecular weight of about 205,000
daltons, and four light chains with an average molecular weight
of 20,000 daltons. About 35% of the muscle proteins are myosin
(Hanson and Lowey, 1964). Myosin has a high content of basic,
acidic polar (70%) and sulfhydryl (3%) amino acids (Whiting,
1988) . Myosin possesses adenosine triphosphatase (ATPase) enzy-
matic activity, which transfers the chemical energy of ATP into
the contractions of the muscle.

Actin is the second most abundant protein in the contractile
units. Actin forms the backbone of the thin filaments and ac-
counts for 22% of the myofibrillar protein (Yates and Greaser,
1983). Actin can exist in two forms, as a monomer termed G-actin

(globular), or as a polymer, termed F-actin (fibrous), depending
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on environmental conditions (Steiner et al., 1952). At physio-
logical concentrations of salt, globular G-actin polymerizes to
form F-actin which can interact with myosin filaments to produce
mechanical energy for muscle contraction (Bandman, 1987; Pollard
et al., 1981). Actin monomers (G-actins) are relatively small,

having a molecular weight close to 46,000 dalton.

Solubility and Myofibrillar Proteins

Myofibrillar proteins are the most important functional
components in meat, and their structure, conformation and inter-
action affect the yield, juiciness and tenderness of food
products (Kinsella, 1982). Their presence is necessary for fat
binding, water binding and gel formation in meat products (Acton
et al., 1983).

The myofibrillar proteins must be solubilized in order to be
functional (Kinsella, 1976). Salt serves many functions in meat
systems, one of which is to solubilize myofibrillar proteins.
The addition of salt (NaCl) to minced and communited meats causes
solubilization and extraction of myofibrillar proteins. Salts
also contribute to flavor, influence shelf life and affect the
functional properties of muscle proteins (Olsen, 1982). Salt
facilitates protein extraction from the meat tissue through a
salting-in or solubilizing effect. The way in which salt ions
bind to proteins is primarily electrostatic due to the attraction
of the salt ions by the positively or negatively charyged groups
of the proteins (Schellman, 1953). Factors which influence the

extractability of meat proteins are post-mortem age, pH, 1ionic
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strength, temperature, and freezing (Bard, 1965). The extract-
ability of muscle proteins is generally reduced during the early
post-mortem period when pH is low and muscle temperature is still
high (Borchert and Briskey, 1965). Comminution physically dis-
rupts muscle tissue by damaging the sarcolema (Hamm, 1975),
endomyosin (Wilding et al., 1984) and the integrity of muscle
fibers. Comminution of muscle at ionic strengths above §.6
causes swelling of muscle fibers (Wilding et al., 1984), depoly-
merization of myosin, solubilization of myosin and extraction of
myofibrils from the muscle fibers (Hamm, 1986).

Hamm (1973) reported that the effect of pH on the protein
solubility of a meat system is dependent on the presence of
other factors in the system. One of the most important factors
is the presence of salt. The presence of salt results in a
lowering of the isoelectric point of the proteins, thus signifi-
cantly increases the solubilization of protein. Meink et al.
(1972) studied the relationship between protein solubility, salt
concentration and pH. Their data indicated that myofibrillar
protein solubility increased with increasing salt concentration
at approximately pH 6. Protein solubility has been linked to
functionality by many researchers and is used as an index of

functionality (Kinsella, 1976).

Emulsification and Myofibrillar Proteins

When frankfurters, hot dogs or bologna are manufactured, the

meats are extensively chopped (comminuted) to produce small
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particles. One can observe a hetsrogeneous mass of lean and fat
transformed into a meat batter of homogeneous appearance. Meat
batters are fluid and primarily composed of water, fat and pro-
tein. One key element in manufacturing these products is stabi-
lizing the fat and moisture to prevent excessive losses or
product failure. The meat proteins stabilize the fat, therefore,
meat batters have historically been defined as meat emulsions
(Foegeding, 1983). Meat batters are considered an oil-in-water
emulsion and stability of this emulsion depends on the meat
protein behavior. 1In all of the emulsion products, the type of
meat protein used is important. Salt soluble myofibrillar
proteins, actin, myosin and actomyosin are primarily responsible
for emulsion formation and are recognized as the important emul-
sifiers and stabilizers in meat systems (Gaska and Regenstein,
1982) . The physiochemical properties of myosin which may allow it
to function as an emulsifier include: 1) a hydrophobic region
which orients toward the fat globule, 2) a hydrophilic region
which orients toward the continuous matrix and 3) molecular
flexibility for unfolding at the interface to lower surface
tension (Jones, 1984). Nakai et al. (1986) reported a good
correlation between emulsification properties of salt extracted
meat proteins and physiochemical protein properties of surface
hydrophobicity, sulfhydryl group content, and solubility. Li-
Chan et al. (1985) stated that solubility by itself is not a good
predictor of emulsifying properties. They reported that both

protein hydrophobicity and solubility were important parameters
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affecting the emulsifying properties of m=z2at proteins. The
sarcoplasmic proteins play a small role and are in fact poor
participants in meat batter systems, possibly because they are
not able to form a gel structure and/or they interfere with the
gel (matrix) structure of myofibrillar proteins (Gaska and Regen-
stein, 1982).

Hegarty et al. (1963) reported that functionability of water
soluble proteins, in the presence of salt, were enhanced, and the
protein was capable of considerable emulsion stabilization at the
pH of fresh meat, 5.6 - 5.8. However, water soluble and salt
soluble proteins reacted differently. The emulsification capaci-
ty of sarcoplasmic proteins increased with lower pH, but de-
creases with lower pH in the salt soluble fraction. This sup-
ports the work of Swift and Sulzbacher (1963) which showed that
peak emulsification capacity was dependent upon both pH and salt
concentration for both protein types. As the salt concentration
increases, the emulsifying capacity also increases, due to the
fact that salt serves to solubilize the myofibrillar proteins
(Cunningham and Froning, 1972).

A great deal of work has been done concerning the effect of
pPH on the properties of muscle proteins (Froning and Janky, 1971;
Froning and Neelakantan, 1971; Hwang and Carpenter, 1975; Swift
and Sulzbacher, 1963). These researchers have all reported that
as the pH of the system is moved away from the isoelectric point
of muscle proteins, the emulsification properties of the protein
are increased. This is probably due to improved solubility of

the proteins at these pH levels.
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The emulsifying capacity can vary among different types of
poultry meat. May and Hudspetch (1966) reported that in various
classes of poultry the amount of total protein that was salt
soluble was greatest in hen white meat (40.67%), followed by
broiler dark meat, turkey dark meat and hen dark meat (16.67%).
However, they stated that in all classes of poultry, the dark
meat proteins display greater emulsification capacity than did
the white muscle proteins. McCready and Cunningham (1971) indi-
cated that although dark meat was lower in total protein and salt
soluble protein, its ability to emulsify oil was greater than
that of broiler light meat, which was higher in total and salt
soluble protein content. They stated that the pH of dark meat
was higher than that of light meat and suggestad that pH was more
important to emulsification capacity than was the percentage of

salt soluble protein in the meat tissue.

Gelation and Myofibrillar Proteins

In manufacturing of processed meat products, gelation, water
holding and fat binding are the most important functional proper-
ties that influence product quality. In meat products that are
chopped when raw, the heat processing transforms the highly
viscous raw material into a solid, gel-like product. Muscle
proteins denature and aggregate to form the gel matrix, hence the
gelation properties of muscle proteins, particularly myosin and
actomyosin, are important in determining their functional role in

processed meats.
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The presence of salt-soluble myofibrillar proteins has been
shown to be necessary for binding in both emulsion and restruc-
tured meat products (Miller et al., 1980). Among the myofibril-
lar proteins, myosin is essential for gel formation. Myosin is
one of the most important functional proteins in meat, and its
states of aggregation have an impact on functional properties
such as texture, fat and water holding of meat products (Acton et
al., 1983). Actin does not form a gel, but coagulates on heating
(Samejima et al., 1969). Nakayama and Sato (l197l1la, 1971b) stated
that myosin and actomyosin were the proteins that produce the
greatest gel strength, and therefore, were the most important in
binding. Yasui et al. (1980) by using a model gelation system
reported that the addition of myosin to actomyosin produced a gel
that was much stronger than either myosin or actomyosin used
separately.

Gelation, by the myofibrillar proteins, primarily myosin
(pre-rigor) and actomyosin (post-rigor), is a heat-induced pro-
tein to protein interaction that leads to the formation of a
three dimensional, well-ordered protein structural matrix (Acton
and Dick, 1986; Hermansson et al., 1986). It is a two-step
process which involves an initial heat denaturation of protein
followed by the formation of three dimensional network of fibrous
protein (Ferry, 1948).

Native protein ———s Denatured protein —s Aggregated protein
(gel matrix)
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Tnermal energy is the most important driving force in pro-
tein transition from the native state to the denatured state.
Thermal transition temperatures represent points at which confor-
mational changes (denaturation) occur in native structure of
protein during heating. The sol to gel transformation results in
formation of a three dimensional network produced from protein --
protein interaction (Samejima et al., 1969; Ishioroshi et al.,
1979; Siegel and Schmidt, 1979). Meat and poultry muscle proteins
undergo three thermal transitions at about 55 - 68°C, 65-67°C and
8@ - 83°C, depending on the species and test conditions (Xiong et
al., 1987). Ishioroshi et al. (1979) reported that the transi-
tion from sol to gel by myosin begins at 30°C and reaches a
maximum of gel rigidity at 6@°C. Quinn et al. (1988), using
differential scanning calorimetry, showed that denaturation of
meat (beef) proteins begins at about 50°C and continues with
increasing temperature up to 96°C. Grabowska and Sikorski
(1976), using fish myofibrils, reported that the increase in gel
strength started at 30°C and continued up to temperature of 8@°C.

The ability of a gel to exhibit viscosity, rigidity and
elasticity seems to be a function of the types of protein, the
temperature and time of heating, protein concentration, pH and
ionic strength (Asghar et al., 1985; Acton and Dick, 1984; Hick-
son et al., 1980; Smith, 1988a). Smith et al. (1988) developed a
generalized mathematical model to predict the combined effects of

PH, protein concentration, processing time and endpoint cooking
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temperature on the strength of chicken myofibril gels. Myosin
formed an ordered, fine lacy strand network in @6.25M potassium
chloride (KCL), pH 6.0, but a disordered, coarse aggregated or
sponge-like gel structure was formed in @.6M KCL, pH 6.0 (Her-
mansson et al., 1986). Intact heavy chains of myosin are neces-
sary to obtain maximﬁm gel strength, because the light chains are
solubilized during heating (Samejima et al., 1984). Maximum gel
strength in @.6M KCL, pH 6.8, has been reported to occur at a
free myosin-:-F-actin mole ratio of 27:1 which is equal to a
weight ratio of 15:1 (Yasui et al., 198¢; 1982). At this ratio,
about 20% of the protein was actomyosin and 80% was free myosin.
Gel strength is at a maximum in myofibrillar protein preparation
prepared at pH 5.5 to 6.0 in 0.5 to 8.8 M salt solution (Yasui et
al,, 1980; 1982).

In her review (Smith, 1988a) points out the following:
"Several researchers have observed differences in fat and water-
binding ability and textural properties between light and dark
meat when used in further processed products (Froning and Norman,
1966). Chicken white muscle myosin (Asghar et al., 1984), chick-
en white muscle actomyosin (Brekke et al., 1987) and beef white
muscle ﬁyosin (Fretheim et al., 1986) exhibited greater gel
strength than the corresponding protein from red muscle. White
muscle myosin from beef had higher water-holding capacity and
solubility below pH 5.7 than red muscle myosin (Fretheim et al.,
1986). Acton and Dick (1986) reported that broiler breast acto-
myo;in had a lower transition temperature than thigh actomyosin

during heat-induced aggregation."
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Water-holding Capacity and Myofibrillar Proteins

The ability of meat, particularly processed meat, to retain
water is called water-holding capacity (WHC), (Hamm, 1964).
Water-holding capacity is an important factor in determining meat
quality and acceptability because of its close relation to taste,
color, tenderness and juiciness (Lawrie, 1979; Forrest et al.,
1975).

Water is held by protein in two forms: 1) free water and
2) bound water. The free form or biologically active form of
water is that water which is held by surface forces (Fennema,
1976; Forrest et al., 1975). The bound water also known as the
structural or protective form is tightly bound as water of hydra-
tion by functional groups of the protein in the form of mono- and
multimolecular layers (Wismer-Pedersen, 1978). About 4% of
muscle water exists in a bound form, being bound to the hydro-
philic groups on proteins (Lawrie, 1979; Forrest et al., 1975).
The bound water of hydration in meat is not readily released
except under severe conditions such as protein denaturation,
rigor mortis and change in muscle pH.

Myofibrillar proteins play an important role in water-
holding capacity of meat products. Generally as the amount of
soluble protein increases, water-holding capacity also increases.
Honikei et al. (1981) demonstrated that a close relationship
between the change in solubility of myofibrillar proteins induced
by postmortem metabolism and WHC of salted beef tissue homoge-

nates. Cook (1967) wusing a filter paper moisture absorption
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technique found a highly significant correlation (r = -@.51) when
comparing salt-soluble nitrogen and moisture released by press-
ing. All of these studies indicate that wmyofibrillar proteins
are required for binding and water-holding capacity.

Water-holding capacity can be affected by many factors such
as pH, species of animal, sex, age and salt concentration (Hamm,
1960). The effect of pH on WHC is well known (Hamm, 1986; Hamm,
1964) . As pH values are increased away from the isoelectric
point of proteins, water-holding capacity and protein solubility
increases (Honikel et al., 1981). Kaufman et al. (1986) stated
that the water-holding capacity is increased at pH levels consid-
erably above or below the isoelectric point of a muscle. With the
reference to animal species, pork meat has the highest water-
holding capacity followed by beef and poultry.

A number of different methods are used to measure water-
holding capacity. Two major types of water-holding capacity
methods, water binding potential (WBP) and expressible moisture
(EM) respond to different properties of flesh. Water binding
potential (WBP) refers to the ability of a protein system to hold
water present in the system and under the influence of an exter-
nal force. I1t, therefore, represents potential maximum water
retention of a protein system under the measurement condition
(Regenstein et al., 1979).

Expressible moisture refers to the amount of liquid squeezed
from a protein system by the application of force, and measures
the amount of loose water released under the measurement condi-

tions (Regenstein, 1984).
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LIPID OXIDATION

Lipid oxidation is one of the major causes of deterioration
in the quality of meat and meat products (Asghar et al., 1988).
It can result in reduction of quality, nutritionmal value and
safety of foods (Frankel, 1984; Pearson et al., 1983).

The important fatty acids involved in oxidation are unsatu-
rated oleic, linoleic and linolenic acid (Pearson et al., 1983).
Younathan and Watts (1960) and Pearson et al. (1977) reported
that chicken fat is high in oleic and linoleic fatty acids; and
because of this unsaturated nature, poultry meat is more suscep-
tible to rancidity than the red meats. Labuza (1971) reported
that the rate of oxidation increases geometrically with the
degree of unsaturation. Generally speaking, the higher the
proportion and degree of unsaturation of fatty acids, the more
labile the 1lipid system is to oxidation (Dawson and Gartner,

1983) .

Mechanism of Lipid Oxidation

The oxidation of fatty acids proceeds by a free radical
chain reaction mechanism which involves three stages, as shown in
the following scheme (Frankel, 1984; Khayat and Schwall, 1983;

Dugan, 1976; Labuza, 1971; Lundberg, 1962):
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Initiation: RH initiator(s) > R. + H.
RH + O ’ROO. + H.
Propagation: R. + O > ROO.
ROO. + RH ) ROOH + R.

Termination: ROO.R + R. a ROOR

ROO. + ROO. 3 ROOR + O

Where RH is an unsaturated fatty acid, R. is an alkylradical,
ROO. is a lipid peroxyradical and ROOH is a hydroperoxide.

Initiation takes place when a labile hydrogen is removed
from a carbon atom adjacent to a double bond in an unsaturated
fatty acid with the formation of a free radical. Once initiated,
the reduction is propagated by the level of hydroperoxides pro-
duced due to their ability to decompose to free radicals. Termi-
nation begins when the concentration of free radical is suffi-
ciently high to begin interacting to form non-free radical
products., Free radical inhibitors include antioxidants that may
form inert end products as a termination step. Fig. 1 shows the
overall mechanism of lipid oxidation.

Lipid hydroperoxides are the first relatively stable in-
termediates that are colorless, odorless and do not contribute to
the off-flavor associated with lipid oxidation (Watts, 1954; Sato
et al., 1973). Hydroperoxides are quite stable at low tempera-

tures, however, they can be thermally or catalytically decomposed
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Fig. 1 - Mechanisms of Lipid Oxidation

Unsaturated Fatty Acids

and Triglycerides
Free Radicals
RH R + H-
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-l ~
ROOH + R- Polymerization dark
color may be toxic
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Breakdown Products
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hydrocarbons :
alcohols, ketones Hp0 &« |
aldehydes, acids j
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leading to the formation of short chain aldehydes, ketones,
alcohols, lactones, acids and unsaturated hydrocarbons (Labuza,
1971; Frankel, 1984). These secondary products of lipid oxida-
tion are responsible for the off-flavor of oxidative rancidity in
red meats, poultry and fish (Sato et al., 1973; Pearson et al.,
1983). Malonaldehyde was reported by Frankel (1985) and Igene et
al. (1985b) to be the most important breakdown product of lipid
oxidation.

Factors such as light, heat, oxygen, fatty acid composition,
radiation and catalysts are important initiators of lipid oxida-
tion (Khayat and Schwall, 1983; Labuza, 1971). The content and
composition of muscle lipids differ within an animal and influ-
ence oxidation potential (Dawson and Gartner, 1983). The varia-
bility in content and composition of muscle lipids depend upon
the muscle function (Allen and Foegeding, 1981). Turkey breast
muscle contains about half as much total lipid as thigh muscla
(Wilson, 1974). Table 2 shows the proximate composition of
cnicken meat indicating the considerable variability in fat
composition. Total saturated, mono-, di-, and polyunsaturated
fatty acids in beef and in both chicken white and dark meat
triglycerides and phospholipids are presented in Table 3. These
data demonstrate that the phospholipid fraction contains about 15
fold higher levels of polyunsaturated fatty acids than the
triglyceride fraction. Thus, the phospholipids are responsible
for the susceptibility of the membranes to oxidation during
cooking, flaking or other processes that cause membrane disrup-

tion. Phospholipids ar= much more unsaturated than triglycerides
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Table 2 - PROXIMATE COMPOSITION
of chicken meat (raw)

Types of Meat

Composition Breast Thigh
Moisture (%) 74.30 75.48
Fat (%) 1.63 3.61
Protein (%) 22.20 18.74
Ash (%) 1.10 1.04

Source: Data adapted from USDA, 1979.
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in beef and in white and dark chicken meat (Igene et al., 1981).
There are virtually no polyunsaturates in beef triglycerides and
only 1.4% in chicken dark meat triglycerides. In contrast,
polyunsaturates make up 15.5% of beef phospholipids and 22.7% of
chicken dark meat phospholipids. Since most phospholipids are
found in the membranes, they become exposed to oxygen and subject
to oxidation during any processing step that disrupts membrane
integrity (Pearson et al., 1977).

Hemoproteins (Tappel, 1955) and free transition metals
(Wills, 1965) are powerful oxidation catalysts of unsaturated
fatty acids in muscle and model systems. Hemoproteins have been
reported to be the major catalysts of lipid oxidation in beef,
chicken, turkey, fish (Tappel, 1952; Lee and Toledo, 1977).
Igene et al. (l1985a), Sato et al. and Love and Pearson (1974)
conclude that non-heme iron was the principle catalyst of lipid
oxidation in cooked meat. Tappel (1955) reported that hematin
compounds catalyze the oxidation of unsaturated fatty acids, and
that iron is the active factor in catalytic activity. The ferric
form of heme is the active catalyst of lipid oxidation in muscle
(Younathan and Watts, 1960). In a 1975 review, Green and Price
concluded either Fe2* or Fe3* hemes might function as catalysts
of lipid oxidation; but the Fe3t hemes may be necessary for rapid

catalysis.
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TABLE 3 - Comparison of the Saturated, Mono-, Di-, and Polyunsaturated Fatty Acid Content

in Beef and in Chicken White and Dark Meat Triglyceride and Phospholipid Fractions

. Type of Beef Chicken dark mest Chicken

Wwhite mest

fatty ascid Jriglycerides Phospholipids Triglycerides Phospholipids Jrialvcerides

Phospholipids

Saturated

(%) 45.2 32.9 30.5 33.7 26.5 28.9
Monosaturated

(%) 51.7 39.7 47.4 22.0 49.0 24 .8
Disaturated .

(%) 3.1 12.0 20.6 21.5 22.6 16.7
Polyunsaturated

(z2) 0.0 15.5 1.5 22.7 2.0 29.6
Total unsatu-

rated (%) 54.8 67.1 69.5 66.2 73.5 71.1
Source: Data adapted from Igene et al. (1981).

® Values are percentages of total fatty acids in each fraction.
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Lipid oOxidation in Muscle Foods

Lipid oxidation is one of the major causes of deterioration
in the quality of muscle foods. Table 4 shows the unsaturated
fatty acid composition of the major muscle foods. The differing
ranges of unsaturated fatty acids in this table show why poultry
and fish lipids are so sensitive to lipid oxidation. Poultry meat
and fish muscle are known to have a higher content of phospholip-
ids than the red meats (Igene et al., 1981; Acosta et al., 1966;
Younathan and Watts, 1969). There is also good evidence that
more active muscles contain a greater proportion of phospholipids
than less active muscles (Igene et al., 1981l; Acosta et al.,
1966) . Also, there are species-to-species differences in the
degree of unsaturation of the fatty acids in the triglycerides,
with the proportion of polyunsaturated fatty acids (PUSFAs) being
much higher in poultry, meat and fish than in beef and pork
(Igene et al., 198l; Acosta et al., 1966; Zisper et al., 1964).
This explains why development of oxidative rancidity and/orx
warmed-over flavor occur faster in fish and poultry than in beef
(Igene et al., 1981; Acosta et al., 1966; Zisper et al., 1964).
Decker et al. (1986) reported that beef and chicken phospholipids
contain equal amounts of unsaturated fatty acids, but the fatty
acids of chicken triglycerides are over 69% unsaturated compared
to 55% unsaturation in beef triglycerides. The large percentage
of unsaturatged fatty acids in the lipids of poultry muscle

results in products susceptible to oxidative deterioration.
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Fisn fats are deposited primarily as phospholipids and as
triglycerides (Stansby, 1973). The phospholipids in fish contain
the greatest proportion of PUFAs which are more susceptible to
oxidative change and interaction with proteins (Moreck and Ball,
1974). Wilson et al. (1976) showed that phospholipids were the
major contributors to rancidity in beef and lamb, but the total
lipids were more important than phospholipids in pork. 1Igene et
al. (1980), using a beef and poultry model system, reported that
during frozen storage both the triglycerides and the phospholip-
ids contributed to development of rancidity in meat products.
The effect of frozen storage on the overall quality of fish has
been investigated. Fish phospholipids can oxidize during stor-
age. This has been reported in a variety of species, including
cod (Lovern et al., 1969), trout (Jonas and Bilinski, 1976),
herring (Bosund and Garnot, 1969), fresh water whitefish (Awad et
al., 1969), salmon (Botta et al., 1973), silver hake (Hiltz et
al., 1976), carp, red sea beam (Toyomizu et al., 1977) and cape-
lin (Botta and Shaw, 1978).

It was shown that susceptibility to 1lipid oxidation cata-
lyzed by metmyoglobin is in the following order in muscle system:
fish ) turkey > chicken > pork ) beef > lamb.

Salih et al. (1989a) and Salih et al. (1989b) reported that lipid
oxidation is higher in dark meat than light meat of chicken and

turkey.
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Table 4 - Unsaturated Fatty Acid Content of Lipids
in Some Muscle Foods

Melton, 1983

Content (%)

Fatty acid Lamb Beef Pork Chicken Fish

Cl8:1 9.51 33.44 12.78 20.25 19.59
Cl8:2 18.49 19.52 35.08 14.20 5.88
Cl8:3 0.43 1.66 9.33 g.99 8.07
C20:2 .34 8.69 ——— ———— g.20
C20:3 .62 2,77 1.31 1.30 @.36
C20:4 13.20 8.51 9.51 11.60 3.75
C20:5 -———- g.76 1.31 1.55 7.16
C22:4 -———- 0.88 @.98 2,10 @.65
C22:5 -—— .92 2,30 5.75 2.39

C22:6 ———— ———— 2.30 5.75 2.39
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Measurement of Lipid Oxidation

Many techniques, ranging from sensory evaluation to chemical
and physical methods, are available for assessing the extent of
oxidation in lipid-containing foods. However, the most widely
used test for measuring the extent of oxidative deterioration of
lipids in fat containing foods, especially muscle foods, is the
2-thiobarbituric acid test or TBA test (Melton, 1983; Gray, 1978;
Rhee, 1978). The TBA test is a colorimetric analytical technique
in which the absorbance of a pink chromogen formed between TBA
and malonaldehyde (MA) is measured (Gray, 1978; Tarladgis et al.,
1960). The red pigment obtained in the reaction occurs as a
consequence of the condensation of 2 mole of TBA with 1 mole of
MA (Sinnhuber and Yu, 1958). The intensity of color is a measure
of malonaldehyde concentration (Tarladgis et al., 1960, 1964) and
has been correlated organoleptically with rancidity (Zisper et
al., 1964). However, the TBA procedure should be used mainly to
assess the extent of lipid oxidation rather than to quantitate
malonaldehyde, as malonaldehyde may only contribute a part of the
total color complex. Kakuda et al. (1981l) suggested that the TBA
reagents may react with a variety of compounds, other than malon-
aldehyde, present in oxidized foods and thus lead to production
of various colored compounds. Jacobson et al. (1964) has shown
that other products of lipid oxidation, such as alka-2,4-dienals,
also react with TBA to form a red complex with the same absorp-

tion maximum (532 nm) as the malonaldehyde-TBA complex. However,
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Igene et al. (1985b) reported that the major TBA-reactive sub-
stances in the distillate of cooked chicken was malonaldehyde.
Kosugi and Kikugawa (1985) reportaed that there were several kinds
of TBA reactive substances (TBARsS) in the autoxidized chicken fat
and methyl linoleate: the TBARsS at 532 nm which were unstable in
autoxidation process and slowly liberated malonaldehyde; and
TBA-reactive substances at 455 nm which liberate other aldehydyes
unstable after reaction with TBA. The result of the TBA test is
expressed as the malonaldehyde content of foods in mg/kg of
sample, or TBA.number.
The TBA test can be performed on: 1) the whole food followed
by extraction of the red pigment formed (Sinnhuber and Yu, 1958),
2) distillate of the food (Tarladgis et al., 1960) and 3) extract
of the food (Witte et al., 1970). The distillation method is the
most popular one of the three methods (Rhee, 1978), but that fact
does not necessarily mean that it is the most accurate or repro-
ducible method. Salih et al. (1987) reported that TBA values
determined by the distillation method were twice as large as
those determined by extraction. High correlations between the
two methods were observed by these authors. |
However, several possibilities for the differences between the
two TBA methods were suggested by Witte et al. (1970). The heat
of distillation may increase the quantities of aldehyde and
disrupt certain carbonyl compounds formed by reaction between
malonaldehyde and amino acids or proteins (Buttkus, 1967). Heat
during distillation is used to free malonaldehyde from its bound

state with protein, whereas per chloric acid is used to release
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malonaldehyde in the extraction method. Heat used in distilla-
tion may also speed up the oxidation process (Witte et al.,
1979). In the extraction method, the filtration may have given
incomplete extraction of malonaldehyde, since no heat was in-
volved in the method. The TBA test has been used by many re-
searchers to follow lipid oxidation in cooked beef, pork and
poultry (Melton, 1983; Huang and Greene, 1978; 1Igene et al.,
1979), during refrigerated and frozen storage of beef, pork and
poultry (Drerup et al., 198l1), in freeze-dried beef and pork
(Chipault and Hawkins, 1971) and in fish (Lee and Toledo, 1977)
as well as to study lipid deterioration in relation to warmed-
over flavor of beef and poultry (Greene and Cumuze, 1981; Igene
et al., 1980; Sato and Hegarty, 1971; Sato et al., 1973; Wilson
et al., 1976).

Kakuda et al. (1981) used a high performance liquid chromat-
ographic technique (HPLC) to measure the extent of lipid oxida-
tion in the distillate from freeze-dried chicken samples. These
investigators reported that there was a linear relationship with
a simple correlation coefficient of 9.946 between the TBA absorb-
ance at 532 nm and HPLC peak height of the MA. Csallany et al.
(1984) also used a HPLC method to measure free malonaldehyde in
rat liver and beef, pork and chicken muscle. They found that the
malonaldehyde level measured by the TBA assay denerally were
four- to five-fold higher than those estimated by the HPLC meth-

od.
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The determination of peroxides to assess lipid oxidation in
muscle foods has been applied by many researchers. Melton (1983)
nas reviewed the application of the peroxide assay as a measure
of lipid oxidation in pork, beef and poultry products. She
reported that the peroxide assay is capable of detecting 1lipid
oxidation in muscle foods, although it may not be useful for
ground meat samples stored for prolonged periods. Apparently,
the relationship of peroxide value (PV) to oxidized flavor in
meat systems varies with the type of meat and the manner in which
it has been processed.

Jermiah (198¢) used PV to investigate the lipid oxidation in
frozen pork in different types of packaging wrap. He concluded
that PV increased for up to 140 days of frozen storage for fresh
pork cuts, but only up to 56 days for cured meat products.
Sinnhuber and Yu (1977) reported a linear relationship between
peroxide value and malonaldehyde concentrations during oxidation
of various classes of polyunsaturated acids.

Significant (P4£.@5) correlation coefficients of r= -¢.57 and
r = -0.51 were found between TBA values and sensory scores for
beef and chicken white meat model systems, respectively (Igene
and Pearson, 1979; Salih et al., 1987). Igene et al. (1985Db)
studied the relationship between TBA numbers and panel scores for
WOF in cooked chicken white meat and dark meat with and without
chelators and/or antioxidants. They reported a correlation
coefficient of .87 between the two measurements, which was
statistically significant (P<.01). This showed that the TBA

numbers were closely related to warmed-over flavor (WOF) panel



33

scores.

Turner et al. (1954) observed that pork patties made with
ground raw pork having a TBA number of 0.46 were judged to be of
"bocderline" quality, while those with a TBA value over 1.20¢ were
found unacceptable by a test panel.

Among the other methods for following 1lipid oxidation in
foods is to quantitate the carbonyl compounds formed by ths
degradation of lipid hydroperoxides (Gray, 1978).

One of the most sensitive chemical assays for lipid hydrop-
eroxides tnat is of use to biochemists is the measurement of
conjugated dienes. In the formation of a hydroperoxide from a
1,4 non-conjugated diene during autoxidation, the diene moiety
rearranges into conjugation, Four isomeric conjugated diene
hydroperoxides can be formed on rearrangement. Chan and Levett
(1977a, b) used HPLC to separate the mixture of four isomers that
are formed in the air oxidation of methyl linoleate. Both cis-
trans and trans-trans isomers were isolated and showed absorption

maxima at 236 and 223 nm.

A typical procedure to measure conjugated dienes would be to
extract the lipids from the samples to be tested using 2:1 (v/v)
chloroform/ methanol and evaporate this extract to dryness under
a stream of nitrogen at ambient temperature (Buege and Aust,
1985). The dried extract is then redissolved in hexane or cyclo-
hexane of spectroscopic quality, and its absorbance at 234 nm
measured against the solvent blank or by difference spectroscopy

versus nonperoxidized lipid.
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This sensitive assay can be used to measure lipid peroxida-
tion both in vivo and in vitro. When studying model systems
comprised of aqueous suspensions of purified lipid, it is often
possible to analyze for conjugated dienes directly without the
need to extract the lipid into organic solution (Pryor et al.,

1976) .

Antioxidants

Antioxidants are substances capable of slowing the rate of
oxidation in fat or fat containing foods. Their action may be
due to donation of hydrogen or an electron which reacts with free
radicals to form inert products terminating the chain reaction
mechanisms (Anonymous, 1986). Labuza (1971) divided the antioxi-
dants into three categories: Type I: free radical chain termi-
nators, which donate hydrogen to the free radical and thus stop
the chain reaction. This group is composed primarily of phenol-
ic-type compounds, like butylated hydroxyanside (BHA), butylated
hydroxytoluene (BHT) and tocopherol; Type I1: radical production
preventers, mostly water soluble chelating agents, like citric
acid, ascorbic acid and ethylenediaminetetraceticacid (EDTA);
and Type III: environmental factors such as temperature, water
activity regulators and packaging materials which affect the
partial pressure of 0y and affect the rate of oxidative reac-
tions.

Desirable features of an antioxidant are that they (1) be

e2ffective at low concentration, (2) do not react with food compo-
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nents, (3) be safe and inexpensive and (4) have a good carry-
through property. The term carry-through refers to the ability
to survive baking and frying operation. Pearson and Gray (1983)
pointed out that antioxidants are of two types, naturally occur-
ring and synthetic ones.

Application of various antioxidants to meat and other food
systems have been investigated by several researchers. The syn-
thetic phenolic antioxidants, BHA and BHT, have been widely used
in meat systems and in general have been shown to be effective in
ratarding lipid oxidation. Butylated hydroxyanisol has proven to
be effective in a number of foods.

A combination of antioxidants is frequently used in fat
containing foods. Numerous combinations of BHA, BHT, n-Propyl-
gallate and citric acid are available commercially for use in fat
and fatty foods. Chen et al. (1984b) reported that Tenox 4,
which contains BHA, citric acid and propylene glycol, coated on
salt was an effective inhibitor of lipid oxidation. Pikul et al.
(1984) also have shown that addition of BHT to chicken samples
during sample homogenization, distillation or extraction step of
the TBA assay prevent sample autoxidation. Smith (1987) reported
that Tenox II which contains BHA, PG and citric acid prevented
lipid oxidation and subsequent oxidized-lipid-protein interaction
which caused myofibrillar protein denaturation during frozen
storage.

Acidic compounds such as citric acid, ascorbic acid and EDTA
delay the onset of oxidative rancidity by inactivation of proxi-

dant metals, and are often used in combination with phenolic
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antioxidants. These chelating agents exhibit synergistic effects
which increase the effectiveness of many antioxidants (Anonymous,
1986; Dugan, 1960).

The naturally occurring antioxidants also can be added to
foods to retard oxidation. Plant or vegetable proteins are known
to contain natural antioxidants. Rhee and Ziprin (1981) studied
the effectiveness of various o0il seed proteins in retarding
lipid oxidation in stored cooked meats when they are used as an
ingredient of gravy or sauce for these products. Younathan et
al. (1980) also showed that rancidity in turkey was effectively
controlled by hot-water extracts of eggplant tissue and peelings

of yellow onions and potatoes.

Lipid-Protein Interactions

One of the most common concerns associated with muscle
lipids 1is their lack of stability to oxidation and associated
effects on meat odor, flavor and the functionality of the muscle
proteins. Oxidation of unsaturated fatty acids leads to the
formation of hydroperoxides and their secondary breakdown
products, such as carbonyl compounds, acids, etc. Exposure of
proteins to peroxidizing 1lipids or their secondary breakdown
products can produce changes in proteins including insolubiliza-
tion, polymerization, decomposition to lower molecular weight
products, browning, production of toxic compound, poor digesti-
bility and damage to specific amino acid residues and formation
of lipid-protein complexes (Nakhost and Karel, 1983, 1984; Funes

and Karel, 1981; Funes et al., 1982; Matoba et al, 1984; Yanagita
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et al., 1973; Shimada and Matsushita, 1978; Pokorny, 1977). These
chemical changes contribute to the deterioration of food proteins
during processing, storage and cooking. Proteins can react with
either the free radicals, hydroperoxides or secondary products of
lipid oxidation (Schaich and Karel, 1975).

Lipid-protein interactions alter the functional properties
of meat. Loss of solubility due to protein-lipid interaction may
be caused by the formation of lipid-protein complexes, by protein
aggregation or by reactive decomposition products of 1lipids.
Polymerization can occur by protein-protein and protein-lipid
crosslinking (Roubal and Tappel, 1966). The most widely reported
mechanism involves reaction of proteins with malonaldehyde.
Gamage et al. (1973) have shown that malonaldehyde can react with
proteins through free radical and nonradical mechanisms to form
intra- and inter-molecular cross-linked products via Schiff base
formation. In nonradical reaction, malonaldehyde reacts with
the amino group of histidine, arginine and the epsilon-amino
group of lysine in protein to form polymerized products (Shin et
al., 1972). The reaction of malonaldehyde with protein is not
the only process which can lead to denaturation. Olley and
Duncan (1965) reported that proteins in solution have a strong
affinity for fatty acids and detergents. The effect pf fatty
acids and detergents on proteins is complex and can lead to
precipitation, disaggregation as well as to stabilization.

The interactions between protein and lipid can occur by

hydrogen bonding, ionic attraction or hydrophobic interaction
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(Karel, 1973). And bonds can be affected by factors such as
temperature, water activity, presence of catalysts, storage time
and reactant coancentration (Nielsen et al., 1985b; Funes et al.,
1982).

Reaction of Amino Acids with Oxidized Lipids and Subsequent
Effect on Nutritional Quality of Proteins.

Most foods are cooked, industrially-processed or stored
before consumption. During such treatments protein can react
with other food components or chemical additives (Hurrell, 1984).
These reactions can lead to flavor and color formation, loss of
nutritional value and occasionally to potentially toxic com-
pounds. For many years, nutritional research has concentrated on
the stability of amino acids during food processing and storage.

There have been several publications concerning the damage
to amino acids by oxidized lipids. Many investigators have
studied the reactions of proteins with oxidizing lipids and other
food components such as reducing sugars and food additives. The
reaction of proteins with oxidizing lipids may occur during the
storage of cereal and fish products (Harrison et al., 1976;
Khayat and Schwall, 1983) leading to serious losses in digesti-
bility and bioavailability of some essential amino acids (Nielson
et al., 1985a). Due to the presence of reducing sugars in some
foods, Maillard reactions have been reported to occur in such
foods (Hurrell and Finot, 1983). Food additives (alkaline mate-
rials) which are used to improve protein solubility or other
physical characteristics (Tannenbaum et al., 1970; Provansal et

al., 1975) may also react with food proteins. These reactions
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are also reported to cause changes in protein digestibility and
bioavailability of some essential amino acids (Nielsen et al.,
1985a) . These changes in turn may lead to severe losses in the
quality of proteins.

Modification of amino acid side chains can result from
lipid-protein interaction. The main sites of peroxide reactions
are in the sulfur containing amino acids, cysteine and methio-
nine. Cysteine can be oxidized or undergo additional reactions
with malonaldehyde and hydroperoxides (Gardner et al., 1977).
Methionine can undergo oxidation to methionine sulfoxide, or it
can react with a carbonyl compound in a Maillard reaction (Tuft
and Wartheson, 1979). The epsilon-amino group of lysine forms
Schiff's base condensation products with aldehydes during reac-
tions with reducing sugars (Mauron, 1981). Histidine is also
susceptible to reaction with lipid hydroperoxides (Matoba et al.,
1984). Since methionine and lysine are the most limiting amino
acids in certain foods, their oxidation can affect the nutritive
value of foods. A few reports have indicated, however, that
degradation of tryptophan during food processing and storage
could be of nutritional importance (Kanazawa et al., 1975).
These authors found large losses of tryptophan on reaction of
protein with oxidizing lipids. Tryptophan has also been shown to

be sensitive to oxidation (Nielsen et al, 1985a).

Methods to Measure Nutritional Quality of Proteins.
Even though the amino acid profile is important in evaluat-

ing the nutritive quality of a protein, the digestibility of that
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protein is also important for determination of protein quality.
The digestibility and the amino acid profile both can be measured
by using rat bioassay, but this is an expensive and time consum-
ing procedure.

Several in vitro methods for the measurement of protein
digestibility have been developed. Akeson and Stahmann (1964)
found that a pepsin-pancreatic enzyme system gave a reasonably
accurate approximation of protein digestibility. Saunders et al.
(1973) developed a papain-trypsin system, which correlated well
with in vivo digestibility (r = @.91). Hsu et al. (1977) de-

veloped a multienzyme system consisting of trypsin, chymotrypsin

and peptidase which correlated well with in vivo digestibility (r
= @.90) also.

The concept of biological availability as applied to amino
acids in food proteins has been studied and a number of biologi-
cal, chemical, microbiological and enzymic methods for determin-
ing amino acid availability have been proposed.

Numerous in vivo and in vitro methods for determining amino
acid availability have been evaluated. One such method was
described by Stott and Smith (1966) who developed a procedure,
based on the method of Fernell and Rosen (1956), which uses

Tetrahymena pyriformis W for measuring the availability of 1ly-

sine, methionine, arginine and histidine in intact protein
sources.
Nutritional labeling requirements are concerned with nutri-

ent retention during storage, and the effect of processing on the
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nutritive guality of protein products have created a need for an
assay method to measure the quality of protein which is less time
consuming and less expensive than official bioassay for protein

efficiency ratio (PER) (AOAC, 197@). The Tetrahymena pyriformis

bioassay appears to be the most suitable since it is simple,
rapid and inexpensive, and the amino acid requirements of the
organism are in reasonable agreement with human (Rolle, 1975) and
rat (Kidder and Dewey, 1961l) requirements. Tetrahymena assays
have also been shown to correlate well with rat-PER bioassay of

commercial foods, r = 6.90 (Evancho et al., 1977).

Effect of Freezing and Frozen Storage on Protein Functionality

Freezing and frozen storage are widely used for meat pres-
ervation. By freezing and in frozen storage many undesirable
changes, such as microbial growth and metabolic processes, are
inhibited. However, some chemical changes still can occur which
affect the quality of meat products. Technological problems
induced by freezing include drip loss, and with prolonged stor-
age, toughening of the muscle tissue causing reduced acceptabili-
ty and economic loss (Sikorski, 1978; Warrier et al., 1975).

Denaturation of muscle proteins, especially myofibrillar
proteins, play a major role in the deterioration in functionality
of meats of beef, pork, poultry and fish during frozen storage.
Functional changes during frozen storage have been related to
protein insolubilization in the intact muscle of chicken (Khan
and Van den Berg, 1967; Yamamoto et al., 1977), beef (Wagner and

Anon, 1986), turkey (Smith, 1987) and fisn (Matsamoto, 1984;
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Shenouda, 198%). Wagner et al. (1986) reported that the denatu-
ration of myofibrillar protein occurred during freezing and
frozen storage of beef when the myosin head region unfolds,
followed by a weakening of the actin-myosin interaction as indi-
cated by mg2* and ca?* ATPase activity losses. These changes
caused protein aggregation and decrease solubility of protein.
Changes in ATPase activity and water absorption capacity due to
freezing rate were also observed by these authors.

Decrease in water-holding capacity during freezing is due to
the fact that during freezing water-protein associations are
replaced by protein-protein association or other interactions
(Fennema, 1976; Hamm, 1975). Protein denaturation during freez-
ing and frozen storage have been shown to influence gel proper-
ties in protein from chicken (Smith, 1987), beef (Wagner and
Anon, 1986) and fish (Kim et al., 1986).

Protein denaturation during frozen storage of meat may be
caused by one or more of the following factors: 1) formation of
ice crystals (it has been shown that freezing causes the forma-
tion of inter- and intra-cellular ice crystals which damage the
cells and rupture the membranes), 2) enzymatic activity, 3)
dehydration of protein molecules (i.e., migration of the water
molecules of hydration to form ice crystals which results in a
disruption of the hydrogen bonding system as well as the exposure
of a hydrophoic or hydrophilic surface of protein molecule, and
consequently would leave these regions unprotected), 4) an in-

crease in solute concentration in the unfrozen water phase and 5)
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reaction of proteins with oxidizing 1lipids (Matsamato, 19840;

Shenouda, 1984). Lipid oxidation occurs extensively in the
refrigerated and frozen storage of meat products (Dawson and
Gartner, 1983) and may be one cause of myofibrillar protein
denaturation (Sikorski, 1978; Buttkus, 1967). Lipid-protein
interactions alter the functional properties of meat and may
cause deleterious changes in final product quality (Sikorski,
1978).

Igene et al. (1979) reported that frozen storage increased
malonaldehyde concentration in chicken meat. Pikul et al. (1984)
also reported a significant increase in malonaldehyde concentra-

tion, when they stored frozen chicken at -18°cC.

Freeze-drying of Meat and Meat Products

Freeze-drying is the mildest method known for drying meats
(Gooding et al., 1957; Regier and Tapple, 1956) and has become an
important process for the preservation of foods, because the
process involves a minimal structural change ia the food (Anony-
mous, 1980). But even this process causes undesirable changes in
meat quality. The texture of rehydrated freeze-dried meat is
drier and tougher than the original meat. The decrease of ten-
derness and juiciness is caus<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>