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Edam and Cheddar whey were thermized (T) for different time periods (5–30
min) at 70 degrees Celsius, vacuum evaporated, and spray dried to obtain whey powders
(WP). Native and thermized WP were evaluated for antioxidative properties. Edam and
Cheddar WP significantly reduced thiobarbituric acid-reactive substances (TBARS) and
peroxide value (PV) in ferric-catalyzed soybean oil emulsions. Thermization significantly
improved antioxidative properties of WP with 5T, 10T, and 15T treatments showing
better protective effects compared to 20T and 30T treatments.
Based on these results, native (0T) and thermized (5T, 10T, and 15T) Edam and
Cheddar WP coatings, with and without enzymatically hydrolyzed casein (CH), were
used to reduce oxidative degradation and moisture loss of cubed beef steak and pork loin.
Thermized treatments significantly reduced TBARS and PV in both types of meat, with
CH containing treatments showing enhanced antioxidative properties. Protein oxidation
as reflected by carbonyl formation and a decrease in sulfhydryls was also reduced by
thermization. Treated and native WP coatings significantly reduced moisture loss of meat
samples.
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Cubed beef steak treated with Cheddar WP coatings were evaluated for
microbiological quality and basic sensory attributes. Although not statistically significant,
5T, 10T, and 10TCH treatments numerically showed potential for microbial reduction up
to 4 days of storage. Sensory evaluation showed significant protection of key sensory
attributes by treatments throughout the storage period when compared to controls with
the 5 min thermization showing the best effect on lowering off-flavor development based
on sensory scores.
The effect of pH and glucomannan (GM) on antioxidative properties of thermized
(5T) Cheddar WP coatings applied to catfish fillets was also investigated. Coatings at pH
7.0, 7.5, and 8.0 (with GM) showed markedly greater protection against oxidative
degradation compared to coatings without GM, as reflected by TBARS values and PV
after 7 days of storage. Carbonyl formation and oxidation of sulfhydryl groups were also
significantly reduced by coatings containing GM. Cheddar WP-based edible coatings (pH
7.0–8.0) with GM markedly reduced lipid oxidation and protein oxidation of fresh catfish
fillets.

Key words: Thermization, whey coating, oxidation, shelf-life, cubed steak, pork loin,
glucomannan, catfish fillets
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CHAPTER I
INTRODUCTION
Whey is the liquid resulting from the coagulation of milk during cheese
manufacture. Sweet whey originates from the production of rennet-coagulated cheeses
such as Edam, Cheddar, and Swiss, and has a pH of at least 5.6 (Tunick, 2008). Estimates
of the worldwide cheese production indicate that more than 20 million tons of cheese was
produced in 2009 (Anonymous, 2010), which means an output of about 180 million tons
of whey. Utilization and/or disposal of whey have become a major concern to dairy
farmers because it is a potent environmental pollutant (Tunick, 2008, Abd El-Salam et
al., 2009, Smithers, 2008).
In the past few decades, whey has become attractive as a potential food
component due to its excellent nutritional values and functional properties (Smithers,
2008, Tunick, 2008). Recent researches suggest that health benefits of whey proteins
extend beyond basic nutrition. Branched-chain amino acids (BCAA) present in whey
proteins stimulate muscle synthesis via intracellular pathways, and modulate glucose
uptake by inducing insulin secretion and promoting insulin-independent glucose uptake
in skeletal muscles (Morifuji et al., 2009, Pescuma et al., 2010, Calbet and MacLean,
2002). With the advent of new fractionation, modification, and preservation techniques, a
wide variety of commercial whey protein products with improved functionality has been
made available (de Wit, 1998). Currently, whey protein products are used as foaming
agents, stabilizers, color and flavor enhances, binders/extenders, and fermentation
1

substrates in many food applications. Whey proteins are also used to fortify snacks,
acidic beverages, and diet supplements (Tunick, 2008).
β-Lactoglobulin (β-LA) and α-lactalbumin (α-LA) account for 70% of whey
proteins and are responsible for hydration, gelation, emulsifying and foaming properties
of whey. Minor proteins (e.g., immunoglobulins (13%), lactoferrin (3%), and bovine
serum albumin (5%)), although present in small amounts, also influence functional
properties of whey (Tosi et al., 2007). Whey proteins are well known for their
antioxidative activity (Donnelly et al., 1998, Tong et al., 2000b). Whey proteins act as
antioxidants by scavenging free radicals, (Liu et al., 2007, Donnelly et al., 1998),
functioning as reducing agents (Liu et al., 2007), and chelating pro-oxidant metal ions
(Hu et al., 2003). Controlled pre-heating improves functionality and antioxidative
properties of whey proteins by altering the structure of proteins (Shon and Haque,
2007a).
Edible films and coatings have been used for centuries to extend the shelf-life of
food products. Use of edible coatings have gained considerable interest in recent years
due to food processors’ need for new storage techniques, environmental concerns over
disposal of food packaging material, consumer demand for high quality foods, and
consumers preference for use of natural ingredients in food products (Gennadios et al.,
1997, Campos et al., 2011). Edible coatings and films can be made of food grade
polysaccharides, proteins, and lipids. Edible coatings extend shelf-life of food products
by limiting the migration of gases, moisture, lipids, and volatile flavor/aroma compounds;
carrying food ingredients (e.g., antioxidants, antimicrobial agents, flavor compounds);
and improving the mechanical integrity of food products (Khwaldia et al., 2004, RojasGraü et al., 2009, Campos et al., 2011). Sweet whey has a high potential to be used in
2

edible coatings because of its relative abundance, ability to form coatings with excellent
oxygen barrier properties (at lower to intermediate relative humidity (RH)), and good
antioxidative properties (Haque et al., 2009).
Oxidative degradation is one of the major causes responsible for quality loss of
fresh meat and fish products. Lipid oxidation is a complex process that results in the
formation of numerous primary and secondary oxidation products that cause
discoloration, off-odor and off-flavor development, texture defects, and toxicity in meat
and fish (Chaijan, 2008, Eymard et al., 2009). Reactive oxygen species (ROS) formed in
the lipid oxidation process induce protein oxidation, which proceed via a free radical
chain reaction (Ladikos and Lougovois, 1990). Oxidation causes structural changes to
proteins. The physicochemical changes in oxidized proteins may be associated with
alterations in functional properties such as gelation, emulsifying properties, and water
holding capacity (Lund et al., 2011). Several synthetic antioxidants have been used
effectively to delay oxidation in food products including meat and fish, but their use is
restricted due to associated health concerns. Furthermore, consumers at present prefer more
natural foods (Shon and Chin, 2008).
Microbiological contamination is an equally important factor causing quality loss of
meat and fish as these commodities are highly susceptible to spoilage by various
microorganisms, mainly bacteria (Zehra Karagöz et al., 2010). Moisture loss is also a critical
factor affecting the quality and shelf life of meats and fish (Haque et al., 2009). Whey
protein-based edible coating and films provide promise in extending shelf-life of several food
products. Whey films and coatings have proven to be effective in delaying oxidation of
several muscle foods including pork patties (Peña-Ramos and Xiong, 2003), beef steak
(Haque et al., 2009), low fat sausages (Shon and Chin, 2008), and frozen Atlantic salmon
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(Rodriguez-Turienzo et al., 2011). Barrier properties of protein-based edible coatings can be
improved by incorporating other polymers such as polysaccharides and lipids (Le Tien et al.,
2001, Regalado et al., 2006)

The first objective of this study was to investigate the effect of thermization on
physicochemical properties and antioxidative ability of Edam and Cheddar whey powders
(WP). The second objective was to investigate the efficacy of native and thermized Edam
WP-based edible coatings with and without casein hydrolyzates (CH) in reducing
oxidative degradation and moisture loss of retail cut cubed beef steak and pork loin. The
third objective was to investigate the efficacy of thermized Cheddar WP as antioxidative
coatings for cubed beef steak and pork loin, and to investigate their influence on
microbiological quality and key sensory attributes of cubed beef steak. The fourth
objective was to determine the effect of pH and the addition of glucomannan (GM) on
antioxidative and moisture barrier properties of thermized Cheddar WP-based edible
coatings applied to catfish fillets.
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CHAPTER II
LITERATURE REVIEW
2.1

Whey
Whey is the milk serum that results from the separation of casein and fat during

milk coagulation (Spreer, 1998). The color of whey is yellow/green, and it may have a
bluish tinge sometimes (Smithers, 2008). The composition of whey is greatly affected by
the variety of cheese produced or the method of casein manufacture employed (Zadow,
1986). Based on the method by which casein is coagulated, whey can be categorized into
three types: sweet whey, medium-acid whey, and acid whey. Sweet whey, which is a byproduct of enzyme-coagulated cheese production, has a pH of 5.8–6.6 and a titrateable
acidity (TA) of 0.1–0.2%. Medium-acid whey is derived from the production of fresh
acid cheeses such as cottage cheese and Ricotta, and has a pH of 5.0–5.8 and a TA of
0.2–0.4%. Acid whey results from the production of fresh acid cheeses and acid casein,
with a pH of <5.0 and a TA of approximately 0.4% or more (Early, 1998, Zadow, 1986).
After the removal of casein and fat from milk, the remaining whey fluid contains
approximately 93% water (Webb and Whittier, 1970, Foegeding et al., 2002), and about
55% of the milk nutrients (Sinha et al., 2007, Pescuma et al., 2010). A comparison of the
proximate analysis of bovine milk and whey is given in Table 2.1. About 50% of total
milk solids, 100% of lactose, and 20% of milk proteins are retained in whey (Smithers,
2008).
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Table 2.1

Comparison of proximate analysis of bovine milk and whey (Smithers,
2008)

Casein protein
Whey protein
Fat
Ash
Lactose
Total solids

Content (%, w/v)
Milk
Whey
2.8
<0.1
0.7
0.7
3.7
0.1
0.7
0.5
4.9
4.9
12.8
6.3

Cheese production has been increased dramatically in the past few decades
resulting in a concomitant increase of whey production (Smithers, 2008). Production of 1
kg of cheese yields approximately 9 L of whey, and a large cheese plant will generate up
to 1 million liters of whey daily (Tunick, 2008). Whey, which has a biological oxygen
demand (BOD) of > 35,000 ppm and a chemical oxygen demand (COD) of > 60,000
ppm, is considered as one of the most polluting food by-product streams. Lactose, which
comprises more than 75% of fluid whey, contributes largely to the higher BOD and COD
values of whey. This substantially higher polluting strength of whey has urged
governments and other regulatory authorities to restrict and/or ban the disposal of
untreated whey in the recent past. Furthermore, regional communities are forcing dairy
factories to reconsider how they handle the large and growing volumes of whey
generated from cheese and casein manufacture (Smithers, 2008).
Apart from lactose, whey is also rich in several other nutrients including
functional proteins and peptides, lipids, vitamins, and minerals (Smithers, 2008). Whey
proteins have a high protein quality score compared to other proteins sources, mainly due
to the high content of BCAAs isoleucine, leucine, and valine (Morifuji et al., 2009, Ha
and Zemel, 2003, Pescuma et al., 2010). These amino acids provide numerous health
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benefits including initiation of muscle protein synthesis, modulation of adiposity, and
modulation of carbohydrate metabolism in skeletal muscle (Pescuma et al., 2010, Ha and
Zemel, 2003, Morifuji et al., 2009). BCAAs in whey stimulate insulin releasing
pancreatic beta cells, thereby increasing glucose uptake in skeletal muscles (Calbet and
MacLean, 2002, Nilsson et al., 2007). Additionally, BCAAs such as leucine and
isoleucine have also been shown to increase insulin-independent glucose uptake in
skeletal muscles (Morifuji et al., 2009).
It is these valuable nutrients and their functional properties that have transformed
whey from a waste material into a highly sought-after product in recent years (Smithers,
2008, Tunick, 2008). Thus, whey was considered a by-product of cheese making until
1998, and is considered a co-product today (Johnson, 2008). Several products obtained
from whey processing are shown in Figure 2.1.
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Figure 2.1
2.1.1

Liquid whey processing (Tunick, 2008)

Processing of Whey
Whey was initially used in the manufacture of lactose for cattle feed (Spreer,

1998). It is important to utilize whey in a correct manner in order to achieve the
economic benefits associated with it. Spreer (1998) lists the following advantages of
using whey in the food industry: (1) complete and efficient utilization of the raw material
milk, (2) manufacture of high-quality milk components for wide applications in the food
and pharmaceutical industry as well as cattle feeding, and (3) reduction of waste water
load.
Although whey has long been considered a waste product, it has now become a
valuable ingredient in the food industry because of its nutritive value and functional
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properties. Whey can be further processed using traditional methods such as evaporation
and drying and modern methods such as membrane filtration techniques (Hui, 1993).
Whey must be processed without delay because its temperature and composition
favors bacterial growth. If not processed immediately, whey must be quickly cooled to
5oC to temporarily stop bacterial growth (Bylund, 2003). Whey must first be clarified to
remove cheese/casein particles and separated to remove milk fat (Early, 1998, Bylund,
2003). Casein particles must be removed first as they can adversely affect the fat
separation (Bylund, 2003). Whey can then be subject to pasteurization, which helps
preserve it for further processing. In this step, whey is heated to 62.8°C for 30 min or to
higher temperatures for shorter times. The purposes of the pasteurization step are to
retard the growth of lactic acid bacteria and destroy pathogenic organisms that might be
present if milk is not pasteurized prior to making cheese (Tao, 2011).
Drying and concentration of fluid whey was first introduced in the 1920’s and
involved four methods:
1. Drying with the help of conventional hot roller milk dryers;
2. Heating until a concentrated liquid was obtained, cooling to solidification, and
then extruding in a tunnel;
3. Two-stage steam heating and spray drying; and
4. Rotary drum drying
(Tunick, 2008).
These methods didn’t achieve much progress owing to their high cost and the
hygroscopic nature of lactose in the finished product (Tunick, 2008). The long-tube
multiple-effect evaporator was introduced to whey processing in 1933 and was used
successfully to concentrate whey to 45% total solids (Tunick, 2008, Tao, 2011). Whey
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can be dried using the same methods used for milk: drum drying and spray drying.
However, the use of drum dryers could be problematic because it is difficult to scrape the
layer of dried whey from the drum surface (Bylund, 2003).
Until the 1970s, whey protein was available only in the form of a heat-denatured,
water-insoluble, gritty, yellowish-brown powder that had limited use in the food industry
due to its salty taste and unbalanced composition (high lactose/protein ratio) (Tunick,
2008, Wit and Boer, 1975). Physical separation methods were then introduced to
commercial whey processing, thereby increasing the possible applications of whey (Wit
and Boer, 1975). Among the different techniques, membrane filtration provides promise
as it allows for the separation and fractionation of whey proteins while preserving their
solubility (Tunick, 2008). Membrane filtration technique uses a 150-μm-thick semipermeable surface, together with a more porous layer of similar type to separate solid
components in whey based on their molecular weights (Nisbet, 1981, Tunick, 2008). Five
different types of membrane filtration are employed in the whey processing industry at
present: ultrafiltration (UF), microfiltration (MF), electrodialysis (ED), nanofiltration
(NF), and reverse osmosis (RO). A comparison of whey filtration techniques is presented
in Table 2.2 (Tunick, 2008).
Membrane filtration is followed by spray drying to obtain a dry product with <5%
moisture. Spray drying of whey was introduced in 1937, and it is the most widely used
method to dry whey at present (Bylund, 2003, Tao, 2011). Prior to spray drying, whey is
concentrated to a dry matter content of 58–62%. If whey is not concentrated before spray
drying, the resultant powder will have smaller particles with high air content, poor
wettability, and shorter shelf life. Furthermore, the process would be extremely
uneconomical if whey is subject to spray drying without prior concentration. Spray
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drying involves multiple stages: atomization of the concentrate into very fine droplets in
a hot air stream, water evaporation, and separation of the powder from the drying air
(Bylund, 2003).
Table 2.2

Pressure-driven membrane separation of milk components (Tunick, 2008)

Type

Pore size (nm) Components retained

MF
UF
NF
RO

20–4,000
20–200
<2
<2

2.1.2

Bacteria, casein micelles, fat globules
Whey proteins
Lactose
Ions

Molecular weight of
component (kDa)
100–500
1–100
0.1–1
<0.1

Whey Protein Concentrates and Whey Protein Isolates
Whey protein concentrates (WPC) and whey protein isolates (WPI) are

considered the most important commercial whey protein products (Morr and Ha, 1993, de
la Fuente et al., 2002). Whey pretreatment, UF/diafiltration (DF), concentration by
evaporation under reduced pressure, and spray drying are the basic steps involved in the
production of WPC (Abd El-Salam et al., 2009). The roles of UF and DF are to
concentrate whey proteins and to remove lactose, minerals, and other low-molecular
weight components (de la Fuente et al., 2002). WPI are manufactured either by ion
exchange chromatography or MF. It has been reported that WPI manufactured using ion
exchange chromatography are lower in casein glycomacropeptide content compared to
those manufactured using MF (Abd El-Salam et al., 2009).
2.1.2.1

Composition of WPC and WPI
WPC contains 34 to 89% protein whereas WPI must contain at least 90% protein

(Evans et al., 2010). The chemical composition of WPC and WPI are shown in Table 2.3.
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In addition to proteins, WPC and WPI may also contain lactose, minerals, and traces of
fat (Abd El-Salam et al., 2009).
Table 2.3

Composition of whey protein concentrates (WPC) and whey protein isolates
(WPI) (Abd El-Salam et al., 2009)
WPC

Constituent %
Protein
Lactose
Fat
Ash
Moisture
α-Lactalbumin
β-Lactoglobulin
Glycomacropeptides
Bovine serum albumin
Immunoglobulins
Sodium
Calcium
Potassium
Phosphorous
Magnesium
Chloride

34%
34.0–36.0
48.0–52.0
3.0–4.5
2.5–4.5
3.0–4.5
—

80%
80.0–82.0
4.0–8.0
4.0–8.0
3.0–4.0
3.5–4.5
15.0–25.0
57.0–70.0

—

—

—

—

4.0–6.0
12–19
0.1
0.75
0.45
0.2

—

—

—

—

—

—
—
—
—

WPI
86.2–90.8
0.1–0.2
0.20–0.5
3.8–4.2
5.0
4.2–18.4
31.9–62.1
17.2–19.7
0.8–4.1
—

0.5–0.8
0.1–0.54
0.6–1.1
0.2
0.1
0.65

Whey proteins are grouped into two fractions, major and minor (Yalçın, 2006).
Major whey protein fraction consists of β-LG, α-LA, serum albumin, immunoglobulins,
and glycomacropeptide (only in renneted whey), whereas minor whey proteins include
lactoperoxidase, lactoferrin, β-microglobulin, lysozymes (LZ), insulin-like growth factor,
γ-globulins and other proteins (Smithers, 2008, Yalçın, 2006).
Comprising approximately 50% of total whey proteins, β-LG occurs naturally as a
dimer of two monomeric subunits, non-covalently linked (Yalçın, 2006, Séverin and Xia,
2005, Walstra et al., 1984). The tertiary structure β-LG consists of an -helix lying on its
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surface, and a β-barrel motif in which a hydrophobic pocket is formed in the center. This
structure allows the protein to bind small hydrophobic molecules with varying affinities
(Swaisgood, 2007). Bovine β-LG contains five cysteine residues per mole, of which four
are involved in disulfide linkages. These thiol groups are important because of the
changes they undergo during heating of whey (Walstra et al., 1984, Liu et al., 2007).
Intermolecular disulfide bonds play an important role in stabilizing the tertiary structure
(Liu et al., 2007).
α-LA, which accounts for 25% of total whey protein, is a calcium binding protein
(Yalçın, 2006). α-LA occurs as a nearly spherical, globular protein with four α-helices,
several 310-helices, and an antiparallel β-sheet (Swaisgood, 2007). α-LA is rich in readily
digestible amino acids: lysine, leucine, threonine, tryptophan and cystine (Yalçın, 2006,
Séverin and Xia, 2005). Serum albumin and immunoglobulins are considered blood
proteins that play a role in transportation of fatty acids and fighting against bacteria,
respectively (Yalçın, 2006).
2.1.2.2

Functionality of Whey Proteins
Protein functionality can be described as the ability of proteins to provide various

functions in food quality and stability. These functions may include forming interfacial
films that stabilize emulsions and foams, interacting with food ingredients to make gel
networks and edible films, and producing stable sols for nutritional drinks (Abd El-Salam
et al., 2009). Generally, functional properties of food proteins can be categorized into
three main groups: hydration properties, interfacial properties, and aggregation and
gelling properties. WPC have excellent functionality that allows them to be used in the
food industry for many applications (Panaras et al., 2011). Some important functional
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properties of whey proteins are water binding ability, solubility, viscosity, gelation,
emulsification, foaming, and flavor binding (Sullivan et al., 2008). Several factors, such
as lactose content and form, moisture content, protein content, protein solubility, bulk
density, and particle size distribution, influence the functional properties of whey protein
products (Banavara et al., 2003). However, the functional properties of whey proteins are
affected by environmental conditions, such as pH, ionic strength, and/or temperature,
which limit their applications in the food industry (Abd El-Salam et al., 2009, Panaras et
al., 2011).
Water binding capacity of whey proteins increases with denaturation of the
proteins. Solubility, an important functional property of whey proteins, is affected by
several factors, such as native or denatured state, pH, temperature, pressure, nature and
concentration of salts, and concentration of protein (Tao, 2011). Whey proteins are
soluble at all pH levels, but can be insoluble at pH 5 if denatured (Sullivan et al., 2008).
Gelation of whey proteins occurs at 70oC or higher, and is influenced by pH and salts in
the medium. Whey proteins show better emulsification properties at pH 4–5 when heat
denatured. Whey proteins exhibit good foaming properties, with β-LG showing better
foam/overrun compared to α-LA (Sullivan et al., 2008).
2.1.2.3

Applications
One of the major uses of whey is the production of animal feeds (Early, 1998).

Whey can be utilized in animal feeds in several different forms. Liquid or condensed
whey can be directly fed to animals, or dried whey products can be added to feed to
improve nutritive value. Whey products can also be added to ensiled forage (Tao, 2011).
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Whey was first used in food systems in the 1930’s. Preparation of whey-based
beverages is the cheapest and simplest way to utilize whey. The distinct acidic flavor of
whey combines well with citrus flavors (Tao, 2011). Sweet whey concentrate is used as a
substitute for skimmed-milk concentrate in the production of many foods including ice
cream, desserts, toppings, soups, and sauces (Early, 1998).
Whey proteins can be used effectively as an emulsion-stabilizer. α-LA, β-LG,
and bovine serum albumin are amphiphilic molecules known for their ability to facilitate
emulsion formation, improve emulsion stability, and maintain desirable physicochemical
properties in emulsions (McClements, 2009). Whey can be incorporated into snacks to
improve textural attributes as well as nutritive value. Fortifying crunchy snacks with
whey proteins has become an area of interest in the recent past because of the impressive
health benefits of whey proteins. Whey proteins can be successfully incorporated into
extruded snacks such as corn curls, masa-based snacks, and crisp breads (Pordesimo and
Onwulata, 2009). Textured (extruded) whey proteins can be used as meat extenders in
processed meat products such as beef patties, and can also be formed into meat analogs
(Walsh and Carpenter, 2009).
2.1.3

Antioxidative Properties of Whey Proteins
Chemical substances that are capable of slowing down or preventing oxidation

reactions are known as antioxidants. Considering their mode of action, antioxidants are
classified into two groups: chain-breaking (primary) antioxidants and preventative
(secondary) antioxidants. Primary or chain-breaking antioxidants donate hydrogen atoms
to lipid peroxy radicals, thereby hindering the initiation and propagation steps of
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oxidation reactions. Metal chelating agents and hydroperoxide destroyers fall into the
category of preventive antioxidants (Elias et al., 2008).
Commonly used synthetic antioxidants include butylated hydroxytoluene (BHT),
butylated hydroxyanisol (BHA), and tertiary-butylhydroquinone (TBHQ). Natural
antioxidants such as spices, natural extracts, tocopherols, and food proteins have also
been studied (Shon and Chin, 2008, Tong et al., 2000b). Whey proteins are well
recognized for their ability to prevent lipid oxidation (Tong et al., 2000b, Donnelly et al.,
1998, Haque et al., 2009), and hence, represent a novel class of natural antioxidants in
food systems. Several mechanisms have been proposed to explain antioxidative
properties of whey proteins.
β-LG, α-LA, and serum albumin are the predominant proteins that are responsible
for antioxidative properties of whey. Whey protein sulfhydryl groups scavenge free
radicals in oil-in-water emulsions when whey proteins are in the continuous phase (Faraji
et al., 2004). The antioxidant activity of β-LG is largely related to the surface exposure of
its free radical scavenging amino acids, mainly cysteine (Elias et al., 2008, Donnelly et
al., 1998, Liu et al., 2007). Additionally, Liu et al. (2007) suggest that the free thiol
group in β-LG may act as a reducing agent by donating a hydrogen to regenerate other
antioxidants present in whey.
Another mechanism by which whey proteins act as antioxidants is by chelating
pro-oxidative metals (Peña-Ramos and Xiong, 2001, Hu et al., 2003). Amino acid
residues such as tyrosine, methionine, histidine, lysine, and tryptophan are capable of
chelating metal ions (Hu et al., 2003). β-LG is capable of chelating pro-oxidative
transition metal ions (Donnelly et al., 1998, Liu et al., 2007) and inactivating prooxidative heme proteins (Tong et al., 2000b). Serum albumin proteins have been shown
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to inhibit lipid oxidation by chelating pro-oxidant transition metal cations, such as Cu2+,
Zn2+, and Mn2+ (Meucci et al., 1991) and lactoferrin proteins chelate iron (Tong et al.,
2000a, Donnelly et al., 1998).
When the pH of the medium is less than the pI of the proteins, whey proteins
inhibit lipid oxidation by producing a cationic surface charge that repels transition metal
ions (Hu et al., 2003). Whey proteins may also inhibit lipid oxidation through their
physical accumulation at lipid-water interface, thus forming a physical barrier between
water-soluble pro-oxidants and lipids (Donnelly et al., 1998).
2.2

Edible Films and Coatings
An edible coating is generally defined as a thin layer of edible material formed as

a coating on a food product, while an edible film is a preformed, thin layer made of
edible material, which once formed, can be placed on or between food components
(Falguera et al., 2011, Regalado et al., 2006). Edible coatings differ from edible films in
that edible coatings are applied on the food by immersing the product in the coating
solution, whereas edible films are molded first and then used as a packaging material or a
wrap (Falguera et al., 2011).
Use of edible coatings to extend the shelf-life of food products dates back to the
17th century (Pavlath and Orts, 2009), with common examples being wax coatings for
fruit, chocolate coatings for confectionery, and lipid films for meat products (Khwaldia et
al., 2004). Edible coatings have gained considerable interest in recent years due to their
environmental friendly nature and their ability to enhance physical, chemical, and
sensory properties of foods (Kšhšççeker, 2011, Khwaldia et al., 2004). Furthermore,
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growing consumer demand for more natural foods has also increased the popularity of
edible films and coatings (Campos et al., 2011).
Coatings are made of natural biopolymers such as, animal and vegetable proteins,
gums, and lipids, and hence, can be considered as biodegradable. These coatings and
films help to preserve food quality by limiting the migration of gases, moisture, lipids,
and volatile flavor/aroma compounds; carrying food ingredients (e.g., antioxidants,
antimicrobials, flavor compounds); and improving the mechanical integrity of food
products (Khwaldia et al., 2004, Campos et al., 2011, Rojas-Graü et al., 2009). Factors
that can be controlled by edible barriers are presented in Figure 2.2. A good edible
coating should possess the appropriate barrier and mechanical properties and also retain
these properties during the commercial marketing of food (Gounga et al., 2010). Pavlath
and Orts (2009) lists the following characteristics of an ideal edible film.


Contain no toxic, allergic, and non-digestible components



Provide structural stability to the product and prevent mechanical damage
during transportation, handling, and display



Have good adhesion to surface of food, thereby providing uniform
coverage



Control water migration in and out of protected food to maintain desired
moisture content



Provide semi-permeability to maintain internal equilibrium of gases
involved in aerobic and anaerobic respiration



Prevent loss or uptake of components that affect aroma, flavor,
nutritional, and organoleptic characteristics of the food product
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Provide biochemical and microbial surface stability while protecting
against contamination, pest infestation, microbe proliferation, and other
types of decay



Maintain or enhance sensory attributes (appearance, taste, etc.) of product



Serve as a carrier for desirable additives such as flavor compounds,
coloring agents, nutrients, and antimicrobial agents



Figure 2.2

2.2.1

Be easily manufactured and economically viable

Factors that can be potentially controlled by edible barriers (Debeaufort
and Voilley, 2009)

Basic Components of Edible Coatings and Films
Edible coating and film formulation requires three primary components: a solvent,

a biopolymer, and a plasticizer (Dangaran et al., 2009, Gounga et al., 2010, Campos et
al., 2011). Water, ethanol, or a combination of water and ethanol are used mostly as
solvents for coating and film production (Campos et al., 2011). Based on the type of
biopolymer/matrix, edible coatings can be classified into one of three groups:
polysaccharides, proteins, and lipids (Lin and Zhao, 2007, Lima et al., 2010).
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Polysaccharides commonly used for forming films and coatings include starch
and starch derivatives, cellulose derivatives (carboxymethyl cellulose (CMC), methyl
cellulose (MC), hydroxypropyl cellulose, hydroxypropylmethyl cellulose (HPMC),
alginates, carrageenan, various plant and microbial gums (e.g., locust bean gum, guar
gum), chitosan, and pectinates (Falguera et al., 2011, Lin and Zhao, 2007). These
polysaccharides are capable of thickening and/or forming gels in aqueous solutions
owing to their intermolecular hydrogen bonding between polymer chains and
intermolecular friction when subjected to shear (Nieto, 2009). A film with specific
plasticity, tensile strength, clarity, and solubility characteristics can be obtained by
casting the gel solution on a surface (Nieto, 2009). These polysaccharide films and
coatings can be used effectively as gas barriers, but their use as moisture barriers is
limited due to their hydrophilicity (Lin and Zhao, 2007).
Waxes and fats are the oldest known edible film components (Pavlath and Orts,
2009). Although most waxes are of natural origin, some synthetic acylated
monoglycerides have also been used in edible films with the approval of the U.S. Food
and Drug Administration (FDA) (Pavlath and Orts, 2009). Lipids frequently used in
edible coatings include beeswax, Candelilla wax, carnauba wax, triglycerides (e.g., milk
fat fractions), acylated monoglycerides, fatty acids, fatty alcohols, and sucrose fatty acid
esters (Krochta, 2002). Lipids cannot form cohesive, stand-alone films because they are
not polymers. Lipids are widely used to coat food or drug surfaces as they provide good
moisture barrier properties and additionally, a glossy appearance which can be favorable
for fruit and vegetable products. Composite films can be formed using proteins or
polysaccharides, with a supporting lipid layer (Krochta, 2002).
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Protein films and coatings are often stiff and brittle because of extensive
interactions between protein chains through hydrogen bonding, electrostatic forces,
hydrophobic forces, and/or disulfide cross-linking (Krochta, 2002). Plasticizers are added
to edible coatings and films to enhance flexibility and extensibility (Campos et al., 2011).
A plasticizer can be defined as “a substantially nonvolatile, high boiling, non-separating
substance, which when added to another material changes the physical and/or mechanical
properties of that material” (Gounga et al., 2010). Glycerol, sorbitol, polyethylene glycol,
acetylated monoglyceride, and sucrose are commonly used plasticizers (Lin and Zhao,
2007).
Glycerol has better stability and compatibility with hydrophilic biopolymeric
chains compared to other plasticizers and hence, is the most common plasticizer used in
edible coatings (Campos et al., 2011). Plasticizers are usually hygroscopic (Lin and Zhao,
2007). They work by forming bonds with biopolymers, thereby reducing intermolecular
forces including internal hydrogen bonding and increasing the mobility of polymer chains
(Cerqueira et al., 2011, Talens and Krochta, 2005, Lin and Zhao, 2007, Gounga et al.,
2010). This results in an increase in polymer glass transition temperature and an increase
in film flexibility and elongation (Talens and Krochta, 2005). However, plasticizers not
only improve mechanical properties of films and coatings, but also increase the
permeability which results in poor barrier properties (Khwaldia et al., 2004).
2.2.2

Preparation of Edible Films and Coatings
The process of making polysaccharide-based edible films and coatings is simple.

Edible coating solutions can be prepared by dissolving a suitable concentration of the
polysaccharide gum in an appropriate solvent (water in most cases) (Maqbool et al.,
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2011, Moreira et al., 2011). In order to obtain a film, the solution must be thick, typically
between 6,000 and 10,000 cP, so that it can be cast on a smooth surface (Nieto, 2009).
The film can then be dried to appropriate moisture level and peeled off. The resultant
films and coatings are transparent and homogeneous with moderate mechanical
properties (Campos et al., 2011). As mentioned earlier, the application of these films are
limited owing to their water solubility and poor water vapor permeability. These
problems can be overcome by blending with different biopolymers, by adding
hydrophobic materials such as oils and waxes, and by modifying the chemical structure
of the polymer (Campos et al., 2011).
Lipid-based coatings are more often prepared by either melting and crystallization
or solvent evaporation (Debeaufort and Voilley, 2009).
Protein-based films and coatings are prepared mainly by the evaporation of
solvent from protein solutions. Film and coating formation requires several steps. The
first step would be to dissolve proteins in the solvent. Except for corn zein, wheat gluten,
kafirin, and keratin, most film-forming proteins are soluble in water. If heating and/or pH
adjusting facilitate film formation and improve properties of the film, these can be done
next. The solution must then be degassed to eliminate air bubble formation in the final
film or coating. Finally, the food product is dipped, sprayed, or panned with the coating
solution and dried with the help of a clean air flow. Drying rates can be increased by
supplying heated air with low humidity (Krochta, 2002).
2.2.3

Edible Coatings in Food Products
Edible coatings help to extend the shelf-life of foods by acting as barriers for

solutes, gas, and vapor. Although edible coatings are not a novel approach in food
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preservation, they have gained interest in the recent past because of several factors:
consumer demand for high quality, natural food; food processors’ needs for new storage
techniques; and environmental concerns toward use of biodegradable packaging material
(Gennadios et al., 1997). In recent years, edible coatings and films have been used to
extend the shelf-life of a range of food products including fruits, vegetables, meats,
poultry, sea foods, nuts, and eggs (Lin and Zhao, 2007, Gennadios et al., 1997, Bonilla et
al., 2012, Caner, 2005).
2.2.3.1

Application of Edible Coatings on Fruits and Vegetables
Use of edible coatings to extend shelf-life of fruits and vegetables dates back to

the 1960’s (Lin and Zhao, 2007). Edible coatings have been formulated for fruits and
vegetables using a vast array of material including proteins, polysaccharides, and lipids,
alone or in combinations (Lin and Zhao, 2007, Falguera et al., 2011). Potential benefits
of using edible coatings for fresh fruits and vegetables are: providing a moisture barrier,
thereby reducing moisture loss; providing a gas barrier, thereby slowing down respiration
and delaying deterioration; controlling enzymatic browning / oxidation, preventing the
loss of volatile flavor compounds and color components; protecting produce from
physical damages including mechanical impact, pressure, vibrations, and other
mechanical factors, and acting as a carrier for functional ingredients such as antimicrobial
and antioxidant agents, nutraceuticals, and color and flavor ingredients (Lin and Zhao,
2007).
Wax coatings such as carnauba wax, beeswax, and paraffin wax are applied on
fruits and vegetables to prevent moisture loss, reduce surface abrasion during handling,
and control internal gas composition of fruits. Wax coatings are commonly applied for
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fruits such as citrus, apples, and mangoes, and several vegetables including rutabagas,
cucumbers, asparagus, beans, beets, carrots, celery, eggplant, kohlrabi, okra, parsnips,
peppers, potatoes, radishes, squash, sweet potatoes, and turnips. Beneficial properties of
lipid-based coatings include good compatibility with other coating agents, and better
water vapor and gas barrier properties compared to polysaccharide- and protein-based
coatings (Lin and Zhao, 2007).
Polysaccharide-based edible coatings have been used successfully to modify
internal atmosphere, which help slow down respiration of fruits and vegetables. Coatings
made of starch and starch derivatives show good oxygen barrier properties, and hence,
are used to coat fruits and vegetables with higher respiration rates. Cellulose derivatives
(e.g., CMC, HPMC, and MC) are not only used in coatings alone, but also added to
protein-based coatings because they improve barrier properties. Chitosan coatings have
shown promise for fresh produce because of their antimicrobial activity and compatibility
with other substances, such as vitamins, minerals, and antimicrobial agents (Lin and
Zhao, 2007, Moreira et al., 2011, Han et al., 2004). Chitosan edible coatings have been
used successfully to extend the shelf-life of fruits and vegetables including strawberries,
raspberries, butternut squash, carrots and broccoli (Simões et al., 2009, Moreira et al.,
2011, Han et al., 2004).
Protein-based edible coatings are also good candidates as shelf-life enhancers for
fruits and vegetables because they exhibit excellent oxygen, carbon dioxide, and lipid
barrier properties at low RH. Although protein-based coatings are brittle and susceptible
to cracking, their structural properties and extensibility can be improved by using a
plasticizer. Zein and soy proteins are the major sources of plant proteins used in edible
coatings. Zein-based coatings are effective in retarding ripening of tomatoes and
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maintaining firmness of broccoli florets (Lin and Zhao, 2007). Soy protein films and
coatings show better oxygen barrier properties and are used to preserve freshness of apple
slices and kiwi fruits (Kinzel, 1992, Xu et al., 2001). Casein and whey proteins are the
most commonly used animal proteins in formulating edible coatings. Casein and whey
protein-based edible coatings are reported to protect fruits and vegetables such as apples,
potatoes, and carrots (Shon and Haque, 2007c).
2.2.3.2

Application of Edible Coatings on Meats, Poultry, and Sea Foods
Similar to fruits and vegetables, edible coatings can provide benefits for meat,

poultry, and fisheries products as well. These benefits include reducing moisture loss;
reducing drip in products packaged in plastic wraps; delaying lipid oxidation and brown
discoloration; reducing the load of spoilage and pathogenic microflora; and restricting
volatile flavor loss and undesirable odor uptake (Gennadios et al., 1997).
Frozen and fresh meat cuts dipped in wax and mineral oil coatings were superior
to uncoated counterparts in terms of color and moisture retention. Glyceride and
acetylated glyceride coatings have shown excellent moisture barrier properties and
antioxidative properties when applied on fresh beef and pork cuts, broiler legs, and fryer
parts. These coatings were also effective in delaying oxidation of fish products including
fresh and frozen silver salmon fillets and frozen King salmon pieces. However, some
sensory problems such as pick-up of foreign flavors and acidic or bitter aftertaste have
been recorded for coatings made from acetylated monoglyceride. (Gennadios et al.,
1997).
Polysaccharide-based coatings exhibit limited water vapor barrier ability because
of their hydrophilic nature, but some polysaccharide coatings show good barrier
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properties (Lin and Zhao, 2007). Alginate coatings were effective in improving moisture
retention, texture, and juiciness of fresh beef steaks, pork chops, and chicken drumsticks.
Carrageenan coatings with antioxidants (e.g., gallic acid, ascorbic acid, and lecithin) were
effective in protecting frozen mackerel fillets against oxidation. Coatings made of
cellulose derivatives have also shown promise in extending the shelf-life of sea foods and
processed meat products including meat balls and breaded chicken parts (Gennadios et
al., 1997).
Several protein-based edible coatings have been tested as shelf-life extenders of
meat, poultry, and fish products. Casein, whey protein, and total milk protein coatings
have been used successfully in several muscle foods including frozen King salmon, fresh
beef steak, and low fat sausages (Khwaldia et al., 2004, Haque et al., 2009, Shon and
Chin, 2008). Barrier properties of protein-based edible coatings can be improved by
several physical, chemical, and enzymatic protein cross-linking treatments. Antioxidative
and antimicrobial properties of these coatings can be improved by incorporating
antimicrobial agents and antioxidants (e.g., essential oils, ascorbic acid, and vitamin E)
(Oussalah et al., 2004, Lee and Krochta, 2002, Lee et al., 2003).
2.2.3.3

Application of Edible Coatings in other Food Products
Edible coatings can be used to extend the shelf-life on nuts which are rich in

polyunsaturated fatty acids (PUFA), and are hence prone to oxidation. Whey proteinbased edible coatings have shown to be effective against lipid oxidation of dry roasted
peanuts (Min and Krochta, 2007).
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2.2.4

Whey Protein-based Edible Coatings
Whey, which is a by-product of cheese manufacturing, has a high potential to be

used in edible coatings. Excellent barrier properties at low to intermediate RH, water
insolubility, antioxidant properties, and the relative abundance of raw materials are some
advantages of whey protein-based coatings (Haque et al., 2009, Shon and Chin, 2008).
Three primary components: whey proteins, a plasticizer, and a solvent are
required for the formulation of whey protein-based edible coatings. These coatings and
films can be produced using several methods including heating and irradiation (Regalado
et al., 2006). Some essential steps in the process of making edible coatings are
solubilizing whey proteins in water, heating at 75–100oC, and addition of a plasticizer
(Regalado et al., 2006, Le Tien et al., 2000). Heat denaturation of whey proteins
promotes inter-molecular disulfide bonding, which is primarily responsible for oxygen
barrier properties of the coatings. Additionally, heat treatment enhances water insolubility
of the coating, which can be helpful in maintaining the integrity of coating and the food
(Regalado et al., 2006). Cross-linking among the protein chains can also be formed using
γ-irradiation and enzymatic cross-linking methods (e.g., use of transglutaminase)
(Regalado et al., 2006, Le Tien et al., 2001, Oh et al., 2004).
Proteins alone would produce coatings and films with poor flexibility (Oh et al.,
2004). Therefore, plasticizers are added to improve mechanical properties of the coatings.
Glycerol, sorbitol, monoglycerides, glucose, and polyethylene glycol are the most
commonly used plasticizers in whey protein-based edible coatings. Water also behaves as
a plasticizer (Fernández et al., 2007). Plasticizers act by reducing the attractive forces
between protein chains, thereby increasing molecular mobility (Fernández et al., 2007).
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Protein-protein interactions are the key factors that determine the characteristics
of protein-based films and coatings. Amino acid composition, distribution and polarity,
ionic cross-links between amino and carboxyl groups, hydrogen bonding groups, and
intra-molecular and inter-molecular S–S bonds may play a role in determining film
forming ability (Perez-Gago and Krochta, 2001). Barrier properties of whey-based edible
films and coatings depend on several factors including initial heat treatment, amount of
plasticizer, film thickness, RH, temperature of the environment, and presence of
additives.
According to Perez-Gago and Krochta (2001), heat denaturation is required to
form intact films using whey proteins. Heating modifies the 3-dimensional structure of
whey proteins, which are globular proteins at native state with –SH groups buried in the
interior of the molecule. Heating exposes the internal –SH and hydrophobic groups,
which in turn will induce the formation of inter-molecular S–S and hydrophobic bonding
upon drying. Entropic forces and dipolar and electrostatic interactions among protein
chains are also induced as a result of conformational changes caused by heating (Quinn et
al., 2003). The degree of protein denaturation and unfolding increases with the increase
of heat treatment, which may influence the degree and nature of protein-protein crosslinking. Furthermore, heat treatment improves water insolubility of films, which is
beneficial for maintaining product integrity and water resistance. Due to these effects,
heat denatured whey protein films show better mechanical and barrier properties
compared to their native counterparts (Perez-Gago and Krochta, 2001). Maté and Krochta
(1996) reported that heating temperature has an exponential effect on oxygen
permeability of WPI- and β-LG-based edible films.
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Plasticizer concentration also has a significant effect on barrier properties of whey
protein-based edible coatings. Maté and Krochta (1996) showed that oxygen permeability
of WPI and β-LG films increased exponentially with the increase of plasticizer
concentration when glycerol was used as the plasticizer. Increased plasticizer
concentrations in films and coatings reduce polymer inter-chain attraction forces, which
will result in a decrease in the energy required to transfer oxygen through the film. Films
with glycerol concentrations of 30–35% have shown excellent barrier and mechanical
properties (Maté and Krochta, 1996).
The temperature and RH of the surrounding atmosphere also have an exponential
effect on oxygen barrier properties of a film. Oxygen permeability decreases with the
increase of temperature due to thermal expansion. As temperature increases, the spacing
between adjacent atoms and molecules increases, so the free volume inside a polymer
increases to enhance mobility of the polymer segments. Energy level of permeating
molecules is also increased with temperature (Hong and Krochta, 2003, Maté and
Krochta, 1996). Oxygen permeability of WPI films shows a greater dependence on RH
than on temperature. As the RH increases, hydrophilic molecules with polar groups and
hydrogen binding capability tend to adsorb water from humid air, causing the polymer
molecules to swell, thereby increasing permeability (Hong and Krochta, 2003).
2.2.5

Improving Barrier Properties of Whey Protein-based Edible Coatings
Several mechanisms have been proposed to improve barrier properties and

antioxidative properties of whey protein-based edible coatings including changing of
film/coating thickness and using additives. Film thickness is determined by protein
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content and plasticizer concentration (Gounga et al., 2007). Oxygen barrier properties of
films and coatings increase with the increase of thickness (Osés et al., 2008).
Although whey-based edible coatings have excellent oxygen barrier properties,
they allow some permeation of oxygen that may eventually cause oxidation in foods.
Antioxidative properties of whey protein-based coatings can be further improved by
introducing an antioxidant to coating solutions (Min and Krochta, 2007). Min and
Krochta (2007) showed that antioxidative ability of WPI-based edible films can be
significantly improved by incorporation of ascorbic acid to the film. WPI-based edible
coatings with vitamin E were successful in delaying lipid oxidation of peanuts (Lee and
Krochta, 2002). Oussalah et al. (2004) reported that WPI edible coatings were effective
in delaying oxidation of beef muscle when oregano and/or pimento essential oils were
incorporated into the coatings.
Barrier properties of whey films and coatings can also be improved by
introducing other polymers to the coating solutions. Regalado et al. (2006) reported that
moisture barrier properties of WPI coatings can be improved by addition of lipids such as
butterfat, candelilla wax, beeswax, and carnauba wax. Waxes are considered the most
effective material in preventing moisture loss because of their high hydrophobicity. These
waxes were also effective in increasing oxygen barrier properties of WPI-based edible
films.
Cellulose derivatives such as CMC and HPMC also improve barrier properties of
whey films and coatings. Addition of CMC has been shown to improve moisture barrier
properties and antioxidative properties of sour whey powder coatings when applied on
cut vegetables (Shon and Haque, 2007c, Le Tien et al., 2001) and fresh beef steak (Haque
et al., 2009). Carboxylic groups present in CMC may act as chelating agents under
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certain conditions, thereby improving antioxidative properties of coatings (Haque et al.,
2009). Addition of pullulan, a water-soluble microbial polysaccharide, at low
concentrations was also effective in improving barrier properties of whey protein films
(Gounga et al., 2007).
2.2.6

Antimicrobial Properties of Whey Protein-based Edible Coatings
Whey itself has been shown to possess antimicrobial properties owing to its

various protein fractions. Lactoferrin proteins in whey exert bacteriostatic and
bactericidal activity against both gram-positive and gram-negative bacteria by chelating
iron in the medium, thereby depriving the organism of an essential nutrient (Yalçın, 2006,
Floris et al., 2003). Immunoglobulins have also shown antimicrobial properties against
bacteria such as Escherichia coli, Salmonella enteriditis, Salmonella typhi, and Shigella
flexneri (Marshall, 2004). LZ also show antibacterial activity by disrupting the cell walls
of bacteria (Floris et al., 2003).
However, edible coatings made of whey proteins alone are not effective in
inhibiting the growth of pathogenic microflora in foods such as fresh meat and processed
meat products (Shon and Chin, 2008). Numerous research studies suggest that wheybased edible coatings can be used as a carrier for antimicrobial agents. Cagri et al. (2001)
reported that WPI films containing p-aminobenzoic acid and/or sorbic acid can
effectively inhibit the growth of L. monocytogenes, E. coli O157:H7, and S.
Typhimurium DT104 on both bologna and summer sausage slices. Oussalah et al. (2004)
demonstrated that whey edible films incorporated with essential oils such as oregano and
pimento is an effective means to reduce the pathogenic microbial load of muscle meat
during storage. Several other antimicrobial agents including chitooligosaccharides, citric
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acid, lactic acid, nisin, sodium benzoate, spice extracts, and EDTA have also been
incorporated into whey protein-based edible coatings and films to inhibit pathogenic
microflora in a variety of food products (Gadang et al., 2008, Ramos et al., 2012, Royo et
al., 2010, Seydim and Sarikus, 2006).
2.2.7

Casein Hydrolyzates as an Antimicrobial and Antioxidative Agent
Caseins are the most abundant proteins in milk, and comprise approximately 80%

of total milk proteins. Caseins can be categorized into several types: αS-caseins (αS1and
αS2), β-casein, κ-casein, and γ-casein (Walstra et al., 1984, Swaisgood, 2007). Several
studies have focused on isolation and identification of bioactive peptides from milk
proteins including casein in the last two decades (Meisel and Bockelmann, 1999).
Bioactive peptides in casein are present in an encrypted form, stored as pro-peptides or
mature C-terminal peptides that are only released upon proteolysis (Hayes et al., 2006).
These bioactive peptides can be retrieved by enzymatically hydrolyzing casein or
by heating with acid. Hydrolyzation reaction causes the proteins to breakdown into
several small peptides, some of which are involved in immunomodulation, inhibition of
platelet aggregation, and antibacterial activity (Baranyi et al., 2003). CH obtained by the
action of enzymes such as trypsin and chymotrypsin have been shown to yield
approximately 200 peptides of different sizes (Lahart et al., 2011). Casecidin, isracidin,
casoplatelins, and some phosphopeptides are among casein-derived bioactive peptides
that show antimicrobial activity (Hayes et al., 2006, Meisel and Bockelmann, 1999).
Casein and casein-derived peptides also possess strong antioxidative activity
against radicals such as superoxide radicals (Sakanaka et al., 2004). These enzymatically
hydrolyzed casein fractions exert antioxidative activity by scavenging free radical
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intermediate(s) and the products of the reaction, by blocking the redox cycle of iron, and
by chelating pro-oxidant metals (Sakanaka et al., 2004, Rival et al., 2001, Díaz and
Decker, 2004, Haque and Mozaffar, 1992).
2.2.8

Applications of Whey Protein-based Edible Coatings
Whey protein-based films and coatings can be used to extend the shelf-life of a

range of food products including fruits, vegetables, nuts, meats, and fish products. Use of
whey proteins in coatings for food commodities could be advantageous because they
have excellent nutritional and functional properties, and are cost effective (Shon and
Chin, 2008).
Min and Krochta (2007) showed WPI coatings, with and without ascorbic acid,
significantly retarded lipid oxidation of roasted peanuts. WPI films were also effective in
reducing rancidity of fresh peanuts and walnuts (Khwaldia et al., 2004).
Shon and Haque (2007c) reported that edible coatings containing sour whey
powder are effective in delaying browning of cut apples, potatoes, and carrots. According
to Perez-Gago et al. (2006), browning of apple slices can be reduced by coating apple
slices in WPC coating solutions containing ascorbic acid and beeswax. Several studies
report that whey proteins are capable of inhibiting polyphenols oxidase activity, which is
responsible for browning of cut fruits and vegetables (Shon and Haque, 2007c). Whey
protein films have also been used to control respiration of fresh fruits.
Shon and Chin (2008) reported that WPC edible coatings significantly delayed
lipid oxidation and also significantly reduced moisture loss of low-fat sausages.
Antioxidative properties of the coating were attributed to Maillard reaction products
(MRP) formed during the preparation of coating solutions, which are well known for
33

their free radical scavenging capabilities (Shon and Chin, 2008). Rodriguez-Turienzo et
al. (2011) reported that whey protein-based coatings are capable of delaying lipid
oxidation in frozen Atlantic salmon while increasing thaw yield and decreasing drip loss.
Several mechanisms including the activity of unblocked sulfhydryl groups, free radical
scavenging capacity of some amino acids, and the ability of whey proteins to chelate iron
have been proposed to explain antioxidative properties of whey protein-based edible
coatings (Rodriguez-Turienzo et al., 2011). Haque et al. (2009) reported that sour whey
coatings significantly delayed lipid and protein oxidation of fresh beef steak while
preserving the reddish color characteristic. Moisture loss was also significantly reduced
by coating beef steak with sour whey powder. Antioxidative properties of sour whey
coatings could be related to fatty acids (about 5.4% in acid whey powder) and high lactic
acid content in sour whey. Conceivably higher surface hydrophobicity of sour whey may
also play a role in improving barrier properties and antioxidative properties of edible
coatings made of sour whey powder (Haque et al., 2009).
Whey films can also be used to improve barrier properties of packaging materials.
Excellent oxygen barrier properties of whey protein coated synthetic polymer films
indicate a higher potential of whey to replace synthetic barrier polymers. Thus, whey
protein films are excellent barriers to the transport of oxygen.
2.2.9

Regulatory Aspects of Edible Films and Coatings
Edible films and coatings can be classified into several groups such as food

products, food ingredients, food additives, food contact substances, or food packaging
materials. Since edible coatings and films are an integral part of a food and consumed
with the food product, they should follow all required regulations pertinent to food
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ingredients (Martín-Belloso et al., 2009). Biopolymers used in the formulation of edible
films and coatings are considered food additives by law. Additionally, coatings and films
may also carry other small components such as plasticizers, adhesion agents, emulsifiers,
and active or functional additives (Quezada-Gallo, 2009). To maintain product safety and
eating quality, it is required that all film-forming components and any other functional
additives in the film-forming materials be food-grade, nontoxic materials. Furthermore,
all process facilities should be acceptable for food processing and should strictly observe
current Good Manufacturing Practices (Martín-Belloso et al., 2009).
If the ingredients used in edible coatings and films are generally recognized as
safe (GRAS), and used within the limitations specified by the FDA, the film / coating
itself will be considered GRAS (Ustunol, 2009). According to Ustunol (2009), “if
materials are not GRAS, but the safety of the film or coating can be demonstrated, the
manufacturer may file a GRAS Affirmation Petition with FDA or proceed without FDA
concurrence on the basis of self-determination. The manufacturer may not need to
establish that materials used are GRAS if the film or coating materials have received a
pre-1958 FDA clearance or “prior sanction”. If materials used in films and coatings are
not GRAS or have not received prior sanction, then a food additive petition to the FDA
must be filed” (Ustunol, 2009).
Many of the polysaccharides (e.g., starches, CMC, MC, HPMC), lipids (e.g.,
beeswax, carnauba wax, candelilla wax), and proteins (e.g., soy protein, casein, and whey
proteins) used in edible coatings are GRAS substances (Ustunol, 2009). However,
allergenicity and/or intolerance associated with some ingredients including wheat protein
and lactose have raised consumer concerns. It is required that all materials used in
coatings be declared appropriately on the label of the food product since edible coating is
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a part of the food to be consumed. Regulations regarding incorporation of antimicrobials,
antioxidants, essential oils, color, and other additives are the same as those that will be
applicable to food formulations (Ustunol, 2009).
2.3

Quality Loss of Meat
Meat quality is a generic term that describes the properties and perceptions of

meat including the eating quality, microbiological safety of meat, and production-related
issues including animal welfare and environmental impact (Maltin et al., 2003). Although
these factors combine to give an over-all assessment of quality, consumer evaluation on
eating quality can be considered as the major determinant of meat quality (Gray et al.,
1996, Maltin et al., 2003). Appearance/color, texture, and flavor are the three major
quality attributes used by consumers to judge meat quality (Min and Ahn, 2005, Gray et
al., 1996). Consumers tend to refuse meat that has lost its fresh appearance, and meat that
has discolored is often marketed in a reduced-value form (Gray et al., 1996).
Objectionable aroma and flavor development will also result in poor acceptability and/or
rejection of meat by consumers.
Oxidation occurring during storage of retail cuts is considered the major cause for
quality loss in meat. Lipid oxidation causes quality loss of meat as it leads to
discoloration of meat, drip losses, off-odor and off-flavor development, texture defects,
and the production of potentially toxic compounds (Chaijan, 2008). Protein oxidation of
muscle often results in the formation of carbonyls and a decrease in free sulfhydryl
groups, which will alter the water holding capacity and tenderness of meat (Rowe et al.,
2004).
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2.3.1

Lipid Oxidation in Meat
Lipid oxidation is considered the primary cause for the quality deterioration of

fresh meat and processed meat products (Gray et al., 1996, Min and Ahn, 2005). Lipid
oxidation of meat primarily occurs via a free radical chain reaction, with oxygen being
the most important factor on the development of lipid peroxides (Min and Ahn, 2005,
Chaijan, 2008). In this complex process, unsaturated fatty acids react with molecular
oxygen to form fatty acyl hydroperoxides, which are considered the primary products of
oxidation. These auto-oxidation products will undergo a series of secondary reactions
causing further degradation of lipids. Numerous volatile secondary derivatives formed
during the latter stages of the oxidation process are responsible for the development of
oxidative rancidity in meat (Ladikos and Lougovois, 1990).
2.3.1.1

Mechanism of Lipid Oxidation
The postulated mechanism for lipid oxidation is summarized in Figure 2.3. The

chain reaction consists of three steps: initiation, propagation, and termination. In the
initiation step, a labile hydrogen atom is abstracted from a site on the fatty acyl chain,
forming a free lipid radical that reacts rapidly with oxygen to produce peroxy radicals
(Chaijan, 2008, Ladikos and Lougovois, 1990). If the oxygen concentration is very low,
these radicals will react with each other within the membranes or with other membrane
components such as proteins and cholesterol (Min and Ahn, 2005). In the propagation
step, the peroxy radical thus formed will abstract a hydrogen from another neighboring
hydrocarbon chain to yield a hydroperoxide and a new free radical which can continue
the chain reaction (Min and Ahn, 2005, Ladikos and Lougovois, 1990). Termination, the
last step of lipid peroxidation, involves reaction of peroxy radicals with each other and/or
self-destruction to form non-radical species (Min and Ahn, 2005).
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Figure 2.3

Mechanism of lipid oxidation (Nawar, 1996)

Although lipid hydroperoxides are stable at physiological temperature, they can
undergo decomposition as a result of heating or exposure to transition metal ions (Min
and Ahn, 2005). Hydroperoxides and their secondary derivatives such as hydroxyl
radicals and alcoxy radicals can be decomposed by homolysis and cleavage (β-scission)
to generate a range of volatile and non-volatile compounds, some of which are capable of
causing off odors and flavors, even at very low concentrations (Ladikos and Lougovois,
1990). Aldehydes, ketones, alcohols, hydrocarbons, esters, furans, and lactones are some
of these breakdown products that are responsible for rancidity development (Ladikos and
Lougovois, 1990). Furthermore, aldehydes, the most abandoned breakdown products of
lipid oxidation, can react with proteins to form adducts, thereby diminishing protein
stability and functionality. The primary aldehydes generated during lipid peroxidation in
stored beef are propanal, pentenal, hexanal, and 4-hydroxynonenal (Min and Ahn, 2005).
Oleic, linoleic, linolenic, and arachidonic acid are the main unsaturated fatty acids
present in the lipids of animal tissues. Their auto-oxidation followed by decomposition
via various pathways gives rise to the formation of a large number of volatile compounds
that can negatively affect the eating quality of meat (Ladikos and Lougovois, 1990).
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2.3.1.2

Factors Affecting Lipid Oxidation in Meat
Several intrinsic and extrinsic factors responsible for lipid oxidation have been

identified. These factors include concentration of pro-oxidants, endogenous ferrous iron,
myoglobin, enzymes, pH, temperature, ionic strength, oxygen consumption reaction and
the fatty acid composition of the meat (Chaijan, 2008).
Concentration of ferrous iron and its ability to actively participate in the oxidation
reaction plays a major part in lipid oxidation (Chaijan, 2008). Iron, the most abundant
transitional metal in biological systems, can have various oxidative forms. However, in
biological systems, Fe(II) and Fe(III) are predominant (Min and Ahn, 2005). In general,
dark meats have higher myoglobin content as well as a higher reactive iron content, so
they are more prone to oxidation (Chaijan, 2008). Iron is thought to catalyze lipid
oxidation by both enzymatic and non-enzymatic mechanisms. Iron is the most probable
catalyst for the formation of hydroxyl radicals that can initiate the lipid peroxidation
reaction. Many studies indicate that heme pigments in meat play a critical role in lipid
peroxidation. Thus, it has been established that beef, which has a higher myoglobin
content, is more susceptible to lipid peroxidation compared to pork and chicken (Min and
Ahn, 2005).
The rate and extent of lipid peroxidation in muscle tissues is also dependent on
the total lipid content and the fatty acid composition of the muscle. Fish and poultry are
more susceptible to lipid oxidation compared to other meats because they are rich in
PUFA (Chaijan, 2008). The phospholipid fraction of meat also plays a pivotal role in
development of lipid peroxidation. Several studies suggest that the level of lipid
peroxidation is more strongly correlated with oxidative stability of membrane
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components rather than the cytosolic components. PUFA content of phospholipids was
also positively correlated with the development of rancidity (Min and Ahn, 2005).
Oxygen availability is another important factor governing the rate of oxidation.
Unit operations such as size reduction (e.g., grinding, flaking, mincing, etc.), deboning
and cooking cause disruption of cell membranes, thereby exposing the phospholipids to
oxygen. Therefore, these processes accelerate development of oxidative rancidity (Min
and Ahn, 2005, Ladikos and Lougovois, 1990). Vacuum-packaged and controlled
atmosphere-packaged raw and cooked meat show significantly lower lipid peroxide
formation compared to normal packaging because of limited access to oxygen (Ladikos
and Lougovois, 1990, Min and Ahn, 2005). Wrapping raw meat in oxygen-impermeable
films has also been shown to delay lipid oxidation during storage (Ladikos and
Lougovois, 1990).
As with many other chemical reactions, lipid oxidation rates also increase with
increasing temperature and time. However, the temperature can have different effects on
oxidative degradation of muscle (Ladikos and Lougovois, 1990). Refrigerated storage
retards lipid oxidation, while frozen storage facilitates peroxidation, partly due to
concentration effects (Chaijan, 2008). Sodium chloride, a commonly used additive in
processes meats, shows pro-oxidant activity depending on its concentration in meat
products. Although the mechanism by which sodium chloride promotes lipid oxidation is
not fully understood, it has been proposed that sodium chloride may disturb the structural
integrity of membranes, enabling easy access of catalysts to lipids (Min and Ahn, 2005).
Furthermore, Na+ may replace iron from cellular complexes, and the displaced iron may
then act as a pro-oxidant, initiating lipid peroxidation (Chaijan, 2008).
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2.3.2

Protein Oxidation
Protein oxidation in muscle foods can also have an impact on the quality of meat.

Oxidation of proteins is believed to be induced by ROS and the oxidation process
proceeds via a free radical chain reaction (Ladikos and Lougovois, 1990). Protein
oxidation in meat muscle is often associated with changes in solubility and functional
properties such as gelation, emulsifying properties, and water holding capacity (Lund et
al., 2011). However, the interaction of lipid hydroperoxides and secondary products with
proteins and amino acids can have a significant effect on flavor stability of meat upon
storage (Ladikos and Lougovois, 1990). Protein oxidation is also linked with loss of
nutritive value as it reduces solubility and the susceptibility of proteins to proteolytic
enzymes, thereby reducing digestibility (Lund et al., 2011). Oxidation of protein gives
rise to a series of changes in proteins such as cleavage of peptide bonds, modification of
amino acid side chains, formation of protein polymers, and structural unfolding (Lund et
al., 2011, Liu et al., 2000). These physicochemical changes may be related to the
alterations in functionality of oxidized proteins.
2.3.2.1

Mechanisms of Muscle Protein Oxidation
Similar to lipid oxidation, protein oxidation also proceeds via a free radical chain

reaction. A ROS attacks the protein and abstracts a hydrogen atom to generate a protein
carbon-centered radical that is consequently converted into a peroxy radical in the
presence of oxygen and an alkyl peroxide by abstraction of a hydrogen atom from
another molecule. These will further react with hydroxyl radicals to generate alcoxy
radicals and their hydroxyl derivatives. The major changes that occur in muscle proteins
as a result of oxidation are formation of protein carbonyls, loss of sulfhydryl groups, and
formation of protein cross-links (Lund et al., 2011).
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Among muscle proteins, myosin is considered as most susceptible to oxidative
reactions, followed by troponin. Among amino acids, cysteine, tyrosine, phenylalanine,
tryptophan, histidine, proline, arginine, lysine, and methionine have been identified as
particularly susceptible to ROS. Recent studies have identified two specific carbonyl
compounds in oxidized muscle proteins, namely α-aminoadipicaldehyde and γ-glutamic
semialdehydes. These two compounds are thought to account for 70% of the carbonyls
formed in oxidized animal proteins. In the presence of H2O2, thiol groups of amino acids,
particularly cysteine, oxidizes inducing a series of complex reactions that will ultimately
form various oxidized products such as sulfenic acid, sulfinic acid, and disulfide crosslinks. Protein oxidation may cause the formation of intra- and inter-molecular crosslinking of muscle proteins and subsequently results in polymerization of the proteins
(Lund et al., 2011).
Myoglobin oxidation also plays a critical role in quality deterioration of muscle
foods as it is responsible for discoloration of meat during storage (Baron and Andersen,
2002). Myoglobin is a globular heme protein consisting of a single polypeptide chain,
globin, which contains 153 amino acids. The component responsible for the distinctive
color is a prosthetic heme group, which is an iron (II) protoporphyrin-IX complex
(Chaijan, 2008, Schwartz et al., 2007). Discoloration of meat is caused as a result of the
oxidation of ferrous-oxymyoglobin (Fe2+) to ferric-metmyoglobin (Fe3+). Fe2+ can react
with molecular oxygen to produce Fe3+ and a superoxide anion. Hydrogen peroxide,
which is produced by dismutation of superoxide anion, can also react with Fe2+ to
produce Fe3+ and hydroxyl radicals (Chaijan, 2008, Martinaud et al., 1997). Heme
pigments, especially myoglobin, function as pro-oxidants in lipid oxidation of red meat
(Chaijan, 2008, Schwartz et al., 2007, Baron and Andersen, 2002).
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2.3.3

Microbiological Quality of Meat
Microbiological contamination is another important factor responsible for quality

loss of meat. As with all proteinous foods, meats are susceptible to spoilage by various
non-pathogenic microorganisms, mainly bacteria (Zehra Karagöz et al., 2010, Borch et
al., 1996). Microbial growth in meats and meat products results in spoilage as well as
foodborne diseases. According to Zehra Karagöz et al. (2010), meat and meat products
are a major cause for foodborne diseases.
The initial mesophilic bacterial count of fresh meat and meat products ranges
between 102–103 CFU/g and consist of a variety of species (Borch et al., 1996).
Brochothrix thermosphact, Carnobacterium spp., Enterobacteriaceae, Lactobacillus spp.,
Leuconostoc spp., Pseudomonas spp., and Shewanella putrefacious are the predominant
bacteria associated with spoilage of refrigerated beef and pork (Borch et al., 1996).
Spoilage of meat is manifested by changes in several sensory attributes including offflavor development, off-odor development, slime formation, discoloration, and gas
production (Jay et al., 2005, Borch et al., 1996). According to Ellis and Goodacre (2006),
off-odors start to form when the TPC of meat surface reaches 107 CFU/g.
Common pathogenic microflora causing foodborne diseases in meat include
Escherichia coli and coliforms, Arcobacter, Campylobacter spp. Salmonellae, Listeria,
and Yersinia (Jay et al., 2005). Several foodborne outbreaks and deaths were reported due
to contamination of meat and meat products with Listeria monocytogenes, Salmonella
typhimurium, Escherichia coli O157:H7, and Yersinia enterocolitica in the recent past, so
controlling the number and growth of these pathogens is of prime importance.
Several factors such as temperature, gaseous atmosphere, and pH affect the
growth rate and activity of pathogenic and spoilage microorganisms in meat during
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storage. Decreasing temperature decreases bacterial growth and also affects the
composition of bacterial flora.
2.4

Quality Loss of Fish
Fish quality is a collective term that can be defined using several attributes:

appearance, taste, smell, firmness, juiciness, freshness, process characteristics, and safety
(Delbarre-Ladrat et al., 2006). Fish are considered a highly perishable commodity
(Maqsood and Benjakul, 2010), and loss of freshness in fish muscle occurs due to a
complex combination of biochemical, chemical, and physical processes which are
followed by microbial contamination that causes spoilage (Delbarre-Ladrat et al., 2006).
Biological reactions such as lipid oxidation and protein degradation are considered the
main factors responsible for quality deterioration of fish (Maqsood and Benjakul, 2010).
2.4.1

Lipid and Protein Oxidation in Fish Muscle
Fatty fish, such as catfish, salmon, and mackerel are rich in long chain n-3 PUFA,

especially eicosapentaenoic acid (EPA, 20: 5 n-3) and docosahexaenoic acid (DHA, 22: 6
n-3), which are well known for their health benefits (Eymard et al., 2009, Maqsood and
Benjakul, 2010). However, these fatty acids are highly susceptible to oxidation which can
result in rancidity development and loss of nutritive value (Maqsood and Benjakul,
2010).
The basic mechanisms of lipid oxidation reactions involve three distinctive steps:
initiation, propagation, and termination reactions, and was explained previously (section
2.3.1.1). In fish muscle, several intrinsic and extrinsic factors, such as the fatty acid
composition, the concentration of pro-oxidants, endogenous ferrous iron, myoglobin,
enzymes, pH, temperature, ionic strength, and oxygen consumption can affect the
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oxidation process (Chaijan et al., 2005). Hemoproteins and iron are identified as the
primary catalysts of lipid oxidation in muscle (Benjakul and Bauer, 2001). Unstable
primary oxidation products such as hydroperoxides formed at initial stages of lipid
oxidation are further decomposed in latter stages, generating various secondary products
such as aldehydes, alcohols, and ketones (Alghazeer et al., 2008, Eymard et al., 2009).
These reactions lead to development of off-odors, rancid taste, and discoloration of fish
muscle. Furthermore, products formed during lipid oxidation further react with proteins,
modifying their structure and ultimately decreasing their functionality and nutritive value
(Eymard et al., 2009).
The lipids of fish muscle are more prone to oxidation compared to those of meat
and poultry because fish lipids are more unsaturated than those of mammals and birds
(Chaijan et al., 2005). Moreover, ferrous iron concentration in muscle and its reactivity
can also control the rate of lipid oxidation in fish muscle (Chaijan, 2008). Dark muscle of
fish species such as sardine and mackerel contain higher amounts of lipids and
myoglobin compared to ordinary muscle and hence, is more susceptible to oxidation
(Chaijan et al., 2004).
Consequences of protein oxidation such as carbonyl formation, loss of sulfhydryl
groups, and cross-linking of proteins are common to both fish and meat muscle. It has
been reported that free radical-mediated oxidation of proteins is unavoidable in fish
muscle due to the formation of copious amounts of free radicals during storage (Tokur
and Korkmaz, 2007). Myoglobin oxidation occurs in fish muscle as well, causing
discoloration due to the formation of metmyoglobin. Myoglobin concentration in the
muscle may be influenced by genetic make-up and the environment. Fish myoglobins are
more susceptible to oxidation compared to mammalian myoglobins. This may be due to
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the changes in the primary structure; some fish myoglobins show 79–85 amino acid
substitutions, and contain a cysteine residue which may induce oxidation (Chaijan, 2008).
Freeze-thaw processes are thought to expedite myoglobin oxidation as they damage cell
and heme-proteins and release pro-oxidants (Benjakul and Bauer, 2001).
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CHAPTER III
PHYSICOCHEMICAL AND ANTIOXIDATIVE PROPERTIES OF THERMIZED
EDAM AND CHEDDAR WHEY
3.1

Introduction
Whey, the milk serum produced from cheese manufacture, is an excellent source

of nutrients as it retains many of the original nutrients of milk, including proteins,
calcium, and lactose (Karagül-Yüceer et al., 2003, Sinha et al., 2007). Sweet whey which
originates from the manufacturing of rennet-coagulated cheeses such as Cheddar, Edam,
Swiss, and Mozzarella contains less acid and calcium, and more lactose than acid whey
(Karagül-Yüceer et al., 2003). Because of improved processing techniques such as RO,
UF, and spray-drying, whey products including WPC and WPI are now available in the
market as a steady source of functional proteins (Hsu and Kolbe, 1996). In 2011, the total
U.S. production of WPC was over 190,000 metric tons (Anonymous, 2012b). Whey
products are used in many food products because of their high nutrition profile and
excellent functional properties (Karagül-Yüceer et al., 2003).
While sweet wheys have a TA of 0.10–0.20%, their pH typically ranges between
5.8 and 6.6. The average total solids content of whey is 6.5%, with 5% lactose, 0.6%
protein, and 0.6% ash. The protein fraction consists of approximately 50% β-LG, 25% αLA, and 25% other minor proteins including immunoglobulins. Glutamic acid, aspartic
acid, leucine, lysine, and proline are the predominant amino acids in whey. The

47

composition of whey can vary depending on the milk supply and the processes involved
in the production of whey (Zadow, 1986).
Controlled pre-heating (thermization) brings about structural changes in whey
proteins that improve functionality and antioxidative properties (Shon and Haque, 2007a,
Shon and Haque, 2007b). The denaturation temperature for whey proteins is 70oC (Tao,
2011). Upon heating, thermal aggregation occurs in β-LG, the predominant whey protein.
Hydrophobic interaction, the main driving force for protein folding, increases with
increase of temperature (60–70oC). The increase in hydrophobic interaction causes an
increase in free energy, which is associated with a decrease in the surface area of proteins
exposed to water. This provides the driving force for progressive association of β-LG
when heated to 70oC (Haque and Sharma, 1997). Thermization at 70oC improves
thermostability of WPC as well (Tao, 2011).
Antioxidative properties of whey proteins largely depend on free sulfhydryl
groups that are capable of scavenging free radicals (Faraji et al., 2004). Reactive
sulfhydryl groups in whey proteins increase with the increase of heat treatment, thereby
improving antioxidative properties (Taylor and Richardson, 1980, Tong et al., 2000b). In
addition, association and clustering that occur as a result of thermization may protect
whey sulfhydryl groups, which can later scavenge ROS.
The objectives of this were to evaluate the physicochemical properties and
chemical composition of native and thermized Edam and Cheddar whey and WPC and to
evaluate the effect of thermization on the antioxidative activity of Edam and Cheddar
WPC on a ferric-catalyzed soybean oil emulsion system.
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3.2
3.2.1

Materials and Methods
Materials
Trichloroacetic acid (TCA), FeCl3, H2O2, 2-thiobarbituric acid (TBA), K2SO4,

CuSO4, Na2S2O3, methanol, ammonium thiocyanate, and FeCl2 were from Sigma
Chemical Co. (St. Louis, MO, USA). Ascorbate, cyclohexanone, ammonium sulphate,
H2SO4, 2,2,4-trimethylpentane, barium sulphate, NaOH and HCl were from Fisher
Scientific (Fair Lawn, NJ, USA). Sodium phosphate was from Aldrich Chemical
(Milwaukee, WI, USA). Commercial grade soybean oil was obtained from a local
grocery (Pure Vegetable Oil, Kroger Co., Cincinnati, OH, USA).
For gel electrophoresis, acrylamide, glycine, glycerol, ammonium persulfate, and
N,N,N',N'-tetramethylethanediamine (TEMED) were purchased from Sigma-Aldrich Inc.
(St. Louis, MO, USA). N'N'-Methylene bis-acrylamide (bis-acrylamide), 2mercaptoethanol, and methanol were from Sigma Chemical Co. (St. Louis, MO, USA).
Tris base, SDS, bromophenol blue, Brilliant Blue R-250, urea, glycerol, TCA, and glacial
acetic acid were from Fisher Scientific (Fair Lawn, NJ, USA). Methanol, TCA, and
glacial acetic acid were ACS grade. Tris base, glycine, and glycerol were molecular
biology grade. All other chemicals were electrophoresis grade.
3.2.2

Processing of Whey
Fresh whey from Edam and Cheddar cheese manufacture at the MSU dairy plant

was used to prepare WPC. Whey was skimmed through a decreaming separator and
thermized (Mueller, Springfield, MO, USA) in triplicate at 70oC for 0, 5, 10, 15, 20, and
30 min to obtain 0T (native control), 5T, 10T, 15T, 20T, and 30T treatments. Native and
thermized whey treatments were lactose seeded and stored at 4oC overnight to allow the
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lactose to precipitate. Whey was subsequently concentrated by vacuum evaporation (VE)
using a falling film type lab scale evaporator (APV, Sorborg, Denmark) to obtain
concentrated whey containing 24–29% solids (w/v) as compared to an initial solids
content of 6.8% as measured using a hand-held refractometer (0–32° Brix range, Fisher
Scientific, Fair Lawn, NJ, USA). The temperature of the whey during VE was carefully
maintained within a range of 65–70oC and the vacuum pressure of the evaporation
chamber was held at 0.3 kPa/cm3. The concentrated whey was directly spray-dried using
a pilot plant scale spray-drier (APV, Sorborg, Denmark) at an inlet air temperature of
220–260oC to obtain WP. The temperature at the sample collecting outlet of the spraydryer was maintained between 50–70oC. The flow diagram for the production of WP is
shown in Figure 3.1.

Figure 3.1

Flow diagram for the production of whey protein concentrate
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3.2.3

Analytical Procedures
Edam and Cheddar whey samples were analyzed for pH and total solids whereas

WP samples were analyzed for moisture content, crude protein (CP), and ash.
3.2.3.1

pH Measurement
The pH value of the fluid whey was measured using a miniLabTM ISFET IQ125

pH meter (IQ Scientific Instruments, Inc. San Diego, CA, USA) before thermization,
after thermization, and after VE. The pH meter was standardized using buffer solutions
(IQ125 replacement buffer set: pH 4.0, 7.0, 10.0, IQ Scientific Instruments, Inc. San
Diego, CA, USA).
3.2.3.2

Total Solids
Total solids content (TS) of native and thermized Edam and Cheddar whey was

measured using a hand-held refractometer (0–32° Brix range, Fisher Scientific, Fair
Lawn, NJ, USA). Measurements were taken before and after thermization and after VE.
3.2.3.3

Moisture Content
A modified oven-drying method described by Haque et al. (2009) was used to

determine the moisture content of WP. Triplicate samples (about 1 g) were oven dried at
102oC for 18 hr. Samples were then cooled in a desiccator to room temperature and
reweighed. Moisture content was calculated by the formula:
%

3.2.3.4

100

Crude Protein Content
CP content of WP was measured using the Kjeldahl method (AOAC method

955.04), with few modifications (AOAC, 1990).
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(3.1)

3.2.3.4.1

Sample Preparation and Digestion

Sample (1 g) was put into a 500 mL Kjeldahl flask, together with K2SO4 (15 g),
CuSO4 (0.04 g), and concentrated H2SO4 (25 mL). The mixture was digested by heating
in the digestion unit (Labconco Corp., Kansas City, MO, USA) to achieve complete
breakdown of all organic matter. Glass beads were added to prevent bumping. The
digests were cooled to room temperature and diluted to 100 mL using deionized distilled
water.
3.2.3.4.2

Distillation and Titration

Distillation was carried out using the Labconco rapid distillation apparatus
(Labconco Corp., Kansas City, MO, USA). Distillation process was carried out by
introducing 10 mL of alkali (NaOH/Na2S2O3) to the sample chamber of the distillation
unit followed by the sample. The receiving solution (0.1 M H2SO4) was placed under the
condenser outlet tube. The sample (1 mL) was added to the addition funnel and slowly
introduced into the sample chamber. The ammonia formed during distillation was
collected into the receiving solution and titrated against a standardized 0.01 M NaOH
solution. The percentage of nitrogen in the sample was calculated as follows:
%

–

.

(3.2)

The percentage of nitrogen was converted to the percentage of CP by multiplying by the
conversion factor 6.38 for dairy products (AOAC, 1990).

3.2.3.5

Ash Content
Ash content of WP was determined by AOAC method 16.196 (AOAC, 1990).

One gram of WP was weighed accurately into a pre-tared ceramic crucible and the
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crucible was put into a muffle furnace (Blue M Electric Co., Blue Island, IL) at 550oC for
24 hr. The crucible was removed from the furnace and cooled in a desiccator prior to
weighing. Ash content was calculated by the formula:
–

%

3.2.4

100

(3.3)

Gel Electrophoresis
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and

alkaline-urea PAGE were performed to identify the proteins present in Edam and
Cheddar WP using the method described by Haque and Mozaffar (1992) with few
modifications. Electrophoresis was conducted using a No. 1070 Model V16 vertical gel
electrophoresis apparatus (BRL – Life Technologies Inc., Gaithersburg, MD, USA).
3.2.4.1

Gel Preparation for SDS-PAGE
The separating gel (12%) was made by cross-linking solutions of acrylamide with

bis-acrylamide in the presence of Tris buffer, ammonium persulfate, and TEMED. The
electrode buffer was composed of 3.0 g/L Tris base, 14.4005 g/L glycine, and 10 mL/L
10% SDS.
3.2.4.2

Gel Preparation for Alkaline-urea PAGE
The separating gel (12%) was made using the solutions of acrylamide and bis-

acrylamide in the presence of Tris buffer, ammonium persulfate, TEMED, and urea.
Electrode buffer ( 10) was prepared by dissolving Tris base (6.0 g) and glycine (28.8 g)
in 1 L of deionized water and the pH was adjusted to 8.3.
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3.2.4.3

Sample Preparation
The sample buffer was made by dissolving glycerol (40 mL), 2-mercaptoethanol

(10 mL), bromophenol blue (0.004 g), and SDS (4.0 g) in 50 mL of deionized water. WPs
were dispersed in deionized water (4%, w/v). The WP dispersions were mixed with the
sample buffer at a ratio of 1:1 (v/v), vortexed for 15 s, and heated at 60oC for 6 min
before loading onto the gel slab.
3.2.4.4

Electrophoresis
The freshly prepared separation gel solution was degassed and poured between

the assembled gel plates using a Pasteur pipette. A comb was inserted into the gel and the
gel was allowed to polymerize. After the gel polymerized, the comb was carefully
removed without distorting the shape of the wells, and the gel chamber was installed in
the apparatus filled with the electrode buffer. Each sample (30 μL, prepared as above)
was carefully loaded into a sample well with a micropipette. A well was loaded with 15
μL of standard protein markers (Protein molecular weight standard (P6649), Broad
Range, Life Technologies Inc., Grand Island, NY, USA) to identify the proteins separated
in the gel.
The apparatus was connected to the power supply unit (ISCO Model 493,
Instrumentation Specialties Company, Lincoln, NE, USA) and a constant voltage of 160

V was applied for 1 hr. The voltage was then decreased to 120 V. The run was
considered complete when the bromophenol blue dye front reached the bottom of the
gel.
The gel was immersed in the staining solution (0.1% Brilliant Blue R-250 in
50% TCA) for 30 min and destained with the destaining solution (methanol:acetic
acid:H2O / 1:6:100) until the gel background was clear.
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3.2.5

Antioxidative Properties of Edam and Cheddar WP in oil-in-water
emulsions
Antioxidative activity of WP was measured by determining thiobarbituric acid-

reactive substances (TBARS) and peroxide value (PV).
3.2.5.1

Emulsion Preparation
A Tween-20 stabilized soybean oil emulsion containing oxidation catalysts

(FeCl3, H2O2, and ascorbate) was used as the model system to determine antioxidative
properties of native and thermized Edam and Cheddar WP (Shon and Haque, 2007b). WP
(20%, w/v) was dispersed in phosphate buffer (pH 7.0) by stirring at 22oC for a minimum
of 1 hr before emulsion preparation. Emulsions were prepared by combining 95 mL of
whey dispersion with 5 mL of soybean oil. Lipid oxidation catalysts FeCl3 (0.l mM, 1
mL), H2O2 (20 mM, 1 mL), and ascorbate (1 mM, 1 mL) were introduced to the emulsion
with Tween-20 (1 mL), with continuous stirring. The mixture was homogenized in an ice
bath for 2 min using a probe sonicator (Vibra Cell, Model VC 300, Sonics & Materials,
Inc., Danbury, CT, USA). Emulsions were transferred to flasks, capped, and incubated at
40oC for 4 days to accelerate lipid oxidation.
3.2.5.2

Measure of Antioxidative Activity

3.2.5.2.1

Thiobarbituric Acid-reactive Substances (TBARS)

The inhibiting effect of WP on TBARS formation was determined using the
method described by Shon and Haque (2007b), with few modifications. The TBA reagent
was prepared by mixing 15% TCA (w/v), and 0.0375% TBA in 0.25 M HCl. The
emulsion (1 mL) was vortexed for 30 s with TBA reagent (2 mL), heated in a 100oC
water bath for 15 min, and cooled in an ice bath for 10 min. Cyclohexanone (4 mL) and
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ammonium sulphate (1 mL, 4 M) were added to the cooled mixture and the tubes were
capped and vortexed for 30 s. The resulting mixture was centrifuged at 3000 × g for 15
min, the supernatant was collected, and the absorbance was measured at 532 nm using a
UV-visible spectrophotometer (Miltron Roy Spectronic – 1201, Milton Roy Co.,
Rochester, NY).
The percentage inhibition (PI) was calculated using the following formula
described by Shon and Haque (2007b):
1–

3.2.5.2.2

100

(3.4)

Peroxide Value (PV)

A modified ferric thiocyanate (FTC) method described by Shon and Haque
(2007b) was used to evaluate the effect of WP on hydroperoxide formation in ferric ioncatalyzed soybean oil emulsions. Reagents used to determine PV were 2,2,4trimethylpentane/2-propanol (3:1, v/v), methanol/1-butanol (2:1, v/v), 30% ammonium
thiocyanate, 0.02 M ferrous chloride in 0.25 M HCl, and barium sulphate. To obtain the
ferrous chloride solution (100 mL), 0.02 M ferrous chloride in 0.25 M HCl was mixed
with 0.5 g barium sulphate, and allowed to stand for 1 hr at 4oC. The mixture was
centrifuged at 3000 × g for 5 min and the supernatant was refrigerated (4oC) for short
periods until needed. To determine lipid peroxide content, emulsion (0.5 mL) was
vortexed (30 s) with 1.5 mL of 2,2,4-trimethylpentane/2-propanol mixture and
centrifuged at 2000 × g to isolate the organic solvent phase. An aliquot (100 µL) of this
phase was added to methanol/1-butanol (3 mL) followed by 30 µL of 30% ammonium
thiocyanate and 30 µL of ferrous chloride solutions. Absorbance of the solutions was
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measured at 500 nm using a UV-visible spectrophotometer (Miltron Roy Spectronic –
1201, Milton Roy Co., Rochester, NY) 20 min after addition of the ferrous chloride. The
PI was calculated using the same formula used to calculate PI–TBARS.
3.2.6

Statistical Design and Analysis
A completely randomized design with three replications was used to determine if

differences existed (P < 0.05) among Edam and Cheddar whey and WP with respect to
pH, TS, % moisture content, % ash, and % CP. A completely randomized design with
three replications was used to distinguish native and thermized Edam and Cheddar WP
treatments with respect to PV and TBARS formation in ferric catalyzed soybean oil
emulsion systems. When significant differences occurred, Fisher’s least significant
difference (LSD) test was used to separate treatment means. Statistical analysis was
conducted using SAS version 9.2 (SAS® Institute Inc., Cary, NC, USA).
3.3
3.3.1

Results and Discussion
The pH and Total Solids of Fluid Whey
The pH and TS of Edam whey were monitored before and after thermization, and

after VE (Table 3.1). The pH of fresh Edam whey ranged from 6.6–6.7, with no
differences (P > 0.05) among treatments with respect to pH before and after thermization,
and after VE (Table 3.1). The pH of Edam whey was comparable to the that of fresh milk
which ranges from 6.6–6.8 (Shon, 2004). Thermization treatment did not have a
significant impact on pH of whey samples. VE significantly reduced pH of all treatments
except 30T.
The pH values of fresh Cheddar whey ranged from 5.9–6.2 (Table 3.2), which
were lower than those of Edam whey. The pH of Cheddar whey was lower than that of
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fresh milk. The treatments were not different with respect to pH before and after
thermization treatment. According to Zadow (1986), the typical pH of Cheddar whey can
vary from 5.7–6.3 whereas the pH of Edam whey is between 6.5 and 6.6. Thermization
treatment did not alter the pH of Cheddar whey. Although there were differences (P <
0.05) in mean pH values of vacuum evaporated fluid whey, a significant effect of
thermization treatment was not observed. VE significantly reduced pH of 5T, 10T, and
30T treatments (Table 3.2). Ji (2000) and Shon (2004) reported that VE treatment tends
to lower the pH of acid and sweet whey.
TS of Edam and Cheddar whey ranged from 6.3–6.9 and 6.4–6.7, respectively
(Tables 3.3 and 3.4). Thermization treatment did not alter TS of Edam or Cheddar whey.
After VE, TS content of concentrated Edam whey treatments were in the range of 23.9–
26.8, where those of Cheddar whey ranged from 23.7–27.2. There were some varied
treatment differences (P < 0.05) after VE for both Edam and Cheddar whey.
Table 3.1

The pH values of fluid Edam Whey

Treatment
Before thermization After thermization
After evaporation
A
A
0T
6.6
6.5
6.0B
A
A
5T
6.5
6.5
6.2B
A
A
10T
6.6
6.6
6.0B
15T
6.7A
6.7A
6.0B
A
A
20T
6.6
6.6
6.1B
30T
6.6A
6.6A
6.3A
A,B
Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
row.
Arabic numerals represent time period of thermization in min; T, thermized
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Table 3.2

The pH values of fluid Cheddar Whey

Treatment
Before thermization After thermization
After evaporation
0T
6.0aA
6.0aA
5.5abA
aA
aA
5T
5.9
5.9
5.4bB
10T
6.4aA
6.4aA
5.8abB
aA
aA
15T
6.1
6.1
5.9aA
20T
6.1aA
6.1aA
5.6abA
aA
aA
30T
6.2
6.2
5.8abB
A,B
Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
row.
a,b
Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
column.
Arabic numerals represent time period of thermization in min; T, thermized
Table 3.3

Total solids content of fluid Edam whey

Treatment

Before thermization After thermization
After evaporation
(%)
(%)
(%)
6.6ab
25.0bc
0T
6.6ab
bc
bc
5T
6.3
6.3
26.8a
10T
6.7a
6.7a
24.8bc
c
c
15T
6.3
6.3
26.2ab
a
a
20T
6.9
6.9
23.9c
30T
6.6ab
6.6ab
26.2ab
a-c
Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
column.
Arabic numerals represent time period of thermization in min; T, thermized
Table 3.4

Total solids content of fluid Cheddar whey

Treatment

Before thermization After thermization
After evaporation
(%)
(%)
(%)
a
a
6.5
25.2ab
0T
6.5
5T
6.7a
6.7a
25.6ab
a
a
10T
6.7
6.7
27.2a
6.5a
24.5ab
15T
6.5a
a
a
20T
6.4
6.4
23.7b
30T
6.7a
6.7a
24.3b
a,b
Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
column.
Arabic numerals represent time period of thermization in min; T, thermized
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3.3.2

Chemical Composition of Edam and Cheddar WP
The composition of Edam and Cheddar whey is shown in Tables 3.5 and 3.6,

respectively. The moisture content of Edam WP varied from 3.3–4.7% whereas the
moisture content of Cheddar WP ranged from 4.3–4.5%. Ash content of Edam and
Cheddar WP were in the range of 7.4–7.6%. The CP content of Edam WP ranged from
11.4–13.8% while the CP content of Cheddar WP varied from 12.0–13.3%. Although
there were significant differences among treatments with respect to moisture content, ash,
and CP, the most significant effect of thermization was observed in the ash content of
Edam WP where 0T control had lower (P < 0.05) ash content than all thermized
treatments (Table 3.5).
Table 3.5

Chemical composition of Edam Whey Powders

Treatment
% Moisture content % Ash
% Protein content
7.4b
11.7bc
0T
4.5ab
5T
4.2bc
7.5a
11.4c
10T
4.5ab
7.6a
12.6abc
abc
a
15T
4.2
7.6
13.8a
20T
3.3c
7.6a
13.3ab
a
a
30T
4.7
7.6
13.6ab
a-c
Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
column.
Arabic numerals represent time period of thermization in min; T, thermized
Table 3.6

Chemical composition of Cheddar Whey Powders

Treatment
% Moisture content % Ash
% Protein content
a
a
0T
4.5
7.6
12.0bc
5T
4.4a
7.6a
11.6c
a
b
10T
4.4
7.5
11.7c
7.5b
12.2bc
15T
4.3a
a
a
20T
4.3
7.6
13.0ab
30T
4.4a
7.5ab
13.3a
a-c
Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
column.
Arabic numerals represent time period of thermization in min; T, thermized
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3.4

Gel Electrophoresis of Edam and Cheddar WP
SDS-PAGE and alkaline-urea PAGE were performed to identify protein fractions

in Edam and Cheddar WP. Electrophoretic patterns for Edam WP are shown in Figure
3.2. The major proteins present in native and thermized Edam WP were immunoglobulins
(heavy: MW, 50–70 kDA), bovine serum albumin (MW, 66 kDA), β-LG (MW, 18.3
kDA), and α-LA (MW, 14.1 kDA). Electrophoresis patterns of Cheddar WP are shown in
Figure 3.3. Immunoglobulins, bovine serum albumin, β-LG, and α-LA were present in
Cheddar WP as well. Additionally, a separate band (between 14–21 kDA) was observed
in Cheddar WP and this is probably because compared to Edam whey, Cheddar whey is
expected to have more peptides. The process of cheddaring promotes the growth of
starter culture-related bacteria that break down proteins into small peptides (Kosikowski,
1970).
Distinct differences in SDS-PAGE and alkaline-urea PAGE patterns were not
observed among native and thermized treatments of Edam and Cheddar WP. This
indicated that the thermization treatment causes subtle interactions. Covalent and
hydrophobic interactions, if any, were disrupted during the PAGE.
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Figure 3.2

(a) SDS-PAGE patterns and (b) alkaline-urea PAGE patterns of Edam
whey powders

Protein bands: (a) lane 1: molecular weight standard; lane 2: 0T; lane 3: 5T; lane 4: 10T;
lane 5: 15T; lane 6: 20T; lane 7: 30T. (b) Lane 1: 0T; lane 2: 5T; lane 3: 10T; lane 4:
15T; lane 5: 20T; lane 6: 30T.
Abbreviations are as follows: Arabic numerals represent time period of thermization in
min; T, thermized.
The molecular weight standard contains myosin (205,000), phosphorylase b (97,000),
bovine serum albumin (66,000), glutamate dehydrogenase (55,000), ovalbumin (45,000),
carbonic anhydrase (30,000), trypsin inhibitor (21, 000), lysozyme (14,000), and
aprotinin (6500).
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Figure 3.3

(a) SDS-PAGE patterns and (b) alkaline-urea PAGE patterns of Cheddar
whey powders

Protein bands: (a) lanes 1 and 8: molecular weight standard; lane 2: 0T; lane 3: 5T; lane
4: 10T; lane 5: 15T; lane 6: 20T; lane 7: 30T. (b) Lane 1: 0T; lane 2: 5T; lane 3: 10T;
lane 4: 15T; lane 5: 20T; lane 6: 30T.
Abbreviations are as follows: Arabic numerals represent time period of thermization in
min; T, thermized.
The molecular weight standard contains myosin (205,000), phosphorylase b (97,000),
bovine serum albumin (66,000), glutamate dehydrogenase (55,000), ovalbumin (45,000),
carbonic anhydrase (30,000), trypsin inhibitor (21, 000), lysozyme (14,000), and
aprotinin (6500).
3.4.2

Antioxidative Properties of Edam and Cheddar WP in Oil-in-water
Emulsions
The effect of native and thermized Edam WP on lipid oxidation of the ferric-

catalyzed soybean oil emulsion system is expressed as PV and TBARS formation
(Figures 3.4 and 3.5, respectively) and as PI of PV and TBARS (Table 3.7). PV of the
blanks dramatically increased at day 1 and remained higher throughout the storage period
(Figure 3.4). PV was higher (P < 0.05) in all treatments as compared to blanks and 0T
controls throughout the storage period of 4 days (Figure 3.4). PV of thermized treatments
5T, 10T, and 15T were lower (P < 0.05) than those of 20T and 30T treatments throughout
the storage period of 4 days indicating that 5T, 10T and 15T treatments are more
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effective in controlling lipid oxidation when compared to 20T and 30T treatments.
Similar trends were observed for PI in peroxide formation where PI–PV was higher (P <
0.05) in all thermized treatments than 0T controls throughout the storage period of 4 days
(Table 3.7). PI–PV of thermized WP treatments ranged from 43.1–65.7% whereas PI–PV
of 0T control ranged from of 36.0–41.3% throughout the storage period (Table 3.7). The
5 min (5T) thermization treatment had the highest (P < 0.05) PI–PV values at day 2, day
3, and day 4 of all treatments. Of the thermized treatments, 20T and 30T treatments had
lower (P < 0.05) PI–PV values compared to 5T, 10T, and 15T treatments during the
storage period of 4 days, indicating that 20T and 30T treatments are less effective than
5T, 10T, and 15T treatments in inhibiting lipid oxidation as expressed by peroxide
formation.
A similar trend was observed in the formation of TBARS where the blank had the
highest (P < 0.05) TBARS values throughout the storage period of 4 days (Figure 3.5).
TBARS values of 0T controls were also higher (P < 0.05) than those of thermized WP
treatments at all storage times except for 0 hr. TBARS values of blanks increased
dramatically at 4 days of storage while TBARS values of 5T, 10T, and 15T treatments
increased only minimally. At 4 days of storage, 5T, 10T, and 15T treatments had lower
(P < 0.05) TBARS values compared to 20T and 30T treatments. A similar trend was
observed for PI in TBARS formation (Table 3.7) where PI–TBARS values of all
thermized treatments were higher (P < 0.05) than that of 0T control at all storage times.
Inhibition of lipid oxidation by thermized WP treatments as reflected by PI–TBARS was
highest at 4 days of storage where the 5T treatment had a PI–TBARS value of 36.5%
compared to only 18.1% in 0T control. Of the thermized treatments, 5T, 10T, and 15T
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treatments had higher (P < 0.05) PI–TBARS values compared to 20T and 30T treatments
at day 4 indicating that thermization for 5–15 min provides more antioxidative properties.
Table 3.7

Treatment

Percentage inhibition (PI) of peroxide value (PV) and thiobarbituric acidreactive substances (TBARS) formation by Edam whey powders in ferriccatalyzed soybean oil emulsion systems
PI–TBARS

PI–PV
D1

D2

D3

D4

D1

D2

D3

D4

0T

40.3d

36.0e

41.3f

39.5e

9.1d

10.7c

12.8d

18.1e

5T

62.3a

63.7a

65.7a

62.5a

13.2c

19.3a

22.0a

36.5a

10T

62.4a

58.2b

62.9c

61.5b

15.3abc 18.8a

20.0ab

31.7b

15T

57.7b

58.0b

64.3b

60.9b

17.6a

17.1ab

18.2bc

32.4b

20T

52.3c

52.8c

53.7d

54.8c

16.0ab

14.7b

16.5c

27.1c

30T

51.9c

43.1d

46.6e

48.0d

13.7bc

14.8b

13.4d

22.4d

a-f

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
column.
D, days; Arabic numerals represent time period of thermization in min; T, thermized
The influence of native and thermized Cheddar WP on PV and TBARS formation

is shown in Figures 3.6 and 3.7, respectively. PV of all treatments increased over time
during the 4-day storage period (Figure 3.6). Blanks had the highest (P < 0.05) PV of all
treatments throughout the storage period of 4 days. PV of 5T and 10T treatments were
lower (P < 0.05) than those of other treatments at all storage times except day 0. PI–PV
of Cheddar WP treatments ranged from 38.4–73.2% (Table 3.8). PI–PV of up to 72% was
recorded in 5T and 10T treatments while 0T controls had PI–PV of up to 38%. Compared
to 0T, all other thermized treatments had higher (P < 0.05) PI–PV at all storage times.
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Table 3.8

Treatment

Percentage inhibition (PI) of peroxide value (PV) and thiobarbituric acidreactive substances (TBARS) formation by Cheddar whey powders in ferriccatalyzed soybean oil emulsion systems
PI–TBARS

PI–PV
D1

D2

D3

D4

D1

D2

D3

D4

0T

38.4e

37.2e

36.5e

36.4f

8.2b

10.7c

12.9d

25.5d

5T

70.6a

73.2a

70.2a

70.2a

12.5a

20.3a

26.4a

40.1a

10T

71.6a

72.2a

69.4a

68.3b

12.6a

19.1a

24.2a

37.1b

15T

65.6b

67.9b

65.0b

64.0c

13.0a

18.1a

23.4ab

36.1b

20T

54.9c

57.6c

55.7c

55.4d

11.2ab

14.8b

20.6bc

31.3c

30T

45.9d

44.1d

42.0d

41.6e

8.9ab

14.5b

18.3c

29.0c

a-f

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
column.
D, days; Arabic numerals represent time period of thermization in min; T, thermized
A similar trend was observed in TBARS formation where blanks had the highest
(P < 0.05) TBARS values at all storage times except 0 hr (Figure 3.7). TBARS values
were lower (P < 0.05) in thermized treatments than in blanks and 0T controls at day 2,
day 3, and day 4. The 5T treatment had lower (P < 0.05) TBARS values compared to
other thermized treatments at 4 days of storage. TBARS values of 20T and 30T
treatments were higher (P < 0.05) than those of other thermized treatments at day 4. The
PI–TBARS values of Cheddar WP treatments increased over time with the maximum
inhibitory effect showing at 4 days of storage (Table 3.8). Thermized treatments had
higher (P < 0.05) PI–TBARS values compared to 0T controls throughout the 4-day
storage period except at day 1. PI of 5T, 10T, and 15T treatments were higher (P < 0.05)
than those of 20T and 30T at 4 days of storage. At day 4, PI–TBARS of 5T treatment was
40.1% compared to 25.5% in 0T control.
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Both Edam and Cheddar WP significantly reduced lipid oxidation in the ferriccatalyzed soybean oil emulsion system with thermized treatments showing better
antioxidative properties. At approximately 70oC, β-LG unfolds and undergoes
denaturation which is followed by thermal aggregation that occurs as a result of
hydrophobic interactions and/or SH/SS interchange reactions (Haque and Sharma, 1997).
Sharma et al. (1996) reported that association tendency of β-LG increases dramatically
when heated to 70oC. It is conceivable that thermization-induced aggregation of whey
proteins reduce exposure of free thiol groups which can later act as antioxidative agents
in the soybean oil emulsion system.
Compared to 5T, 10T, and 15T treatments, 20T and 30T treatments showed
reduced protective effects against lipid oxidation in both Edam and Cheddar WP. This
may be due to the excessive aggregation of β-LG caused by prolonged exposure of the
proteins to denaturation temperature. Excessive aggregation may have masked the
antioxidative activity of whey proteins by burying the radical-scavenging amino acid
residues inside aggregates. Compared to Edam WP, Cheddar WP showed better
inhibitory effect against lipid oxidation. Cheddar whey is rich in peptides which can have
antioxidative effects. Results from gel electrophoresis revealed that compared to Edam
WP, Cheddar WP has more peptides (Figure 3.3). This may be the reason for the
increased antioxidative effects observed in Cheddar WP.
Addition of whey concentrates improves the oxidative stability of different model
systems including soybean oil emulsions (Browdy and Harris, 1997), salmon oil
emulsions (Tong et al., 2000a), and iron-catalyzed Menhaden oil systems (Donnelly et
al., 1998). Several mechanisms have been suggested to explain antioxidative properties
of whey proteins. Whey protein sulfhydryl groups have been shown to scavenge free
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radicals in oil-in-water emulsions (Faraji et al., 2004). The amino acids cysteine,
tyrosine, tryptophan, and histidine are considered potent free radical scavenges (Le Tien
et al., 2001). Furthermore, several small peptides including carnosine and anserine also
contribute to antioxidative properties of whey (Le Tien et al., 2001). Previous studies
show that initial heat treatment improves antioxidative properties of whey proteins by
increasing the number of reactive sulfhydryl groups (Taylor and Richardson, 1980, Tong
et al., 2000a). In this study, thermized WP treatments showed greater antioxidative
properties than native WP in oil-in-water emulsion systems. This may be due to the initial
heat treatment which increased reactive sulfhydryl groups, which in turn can act as
radical scavengers.
3.5

Conclusions
Results of this study demonstrated that thermization treatment did not

significantly alter the pH and the total solids content of Edam and Cheddar whey.
Furthermore, thermization had little or no impact on final moisture content, ash content,
and protein content of Edam and Cheddar WP. Gel electrophoresis showed that Cheddar
WP contain more peptides compared to Edam WP. Edam and Cheddar WP significantly
delayed lipid oxidation in ferric-catalyzed soybean oil emulsion systems as reflected by
TBARS and peroxide formation. Thermization for 5, 10, and 15 min showed greater
antioxidative properties compared to longer thermization treatments. These results
suggest that thermized Edam and Cheddar WP can be used as effective natural
antioxidants against lipid oxidation, with Cheddar WP showing greater antioxidative
properties than Edam WP.
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Influence of native and thermized Edam whey powders on peroxide value (PV) in ferric-catalyzed soybean oil
emulsions

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-g

Figure 3.4

70

Influence of native and thermized Edam whey powders on thiobarbituric acid-reactive substances (TBARS)
formation in ferric-catalyzed soybean oil emulsion

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-f

Figure 3.5
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Influence of native and thermized Cheddar whey powders on peroxide value (PV) in ferric-catalyzed soybean oil
emulsion

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-g

Figure 3.6
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Influence of native and thermized Cheddar whey powders on thiobarbituric acid-reactive substances (TBARS)
formation in ferric-catalyzed soybean oil emulsion

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-f

Figure 3.7

CHAPTER IV
ANTIOXIDATIVE PROPERTIES OF NATIVE AND THERMIZED EDAM WPBASED EDIBLE COATINGS ON PORK LOIN AND TENDERIZED BEEF
STEAK
4.1

Introduction
Whey, which is the milk serum that results from the separation of casein and fat

during the cheese making process, was considered a by-product of cheese production
until 1998 (Spreer, 1998). Now whey is considered a co-product due to its excellent
nutritional profile and functional properties (Smithers, 2008, Tunick, 2008). In 2011, 4.8
million metric tons of cheese (excluding cottage cheese) were produced in the United
States (Anonymous, 2012b), resulting in the production of more than 43 million metric
tons of liquid whey (assuming a 10% yield of cheese). Whey can be incorporated into
many food products, especially processed meat products, and provides beneficial
properties.
Lipid oxidation is a complex process involving the production of hydroperoxides
and their subsequent decomposition to form aldehydes, ketones, acids, hydrocarbons, and
alcohol (Shon and Haque, 2007b). This is problematic in food systems as it adversely
affects the aroma, flavor, color, and nutritive value of food products (Chaijan, 2008, Shon
and Haque, 2007b). Additionally, lipid oxidation produces chemicals that can be toxic
(Chaijan, 2008). Synthetic antioxidants such as BHT, BHA, and TBHQ are commonly
used in food products because they are cost-effective and delay oxidative degradation of
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foods (Shon and Haque, 2007b). However, their use in food systems has become less
popular because of consumer concerns related to possible health risks (Fasseas et al.,
2008). Several natural antioxidants such as spices, natural extracts, tocopherols, phenolic
compounds, and food proteins have also been used to inhibit lipid oxidation (Tong et al.,
2000a, Shon and Chin, 2008, Shon and Haque, 2007b). Whey proteins are well
recognized for their ability to delay lipid oxidation (Donnelly et al., 1998, Tong et al.,
2000a, Haque et al., 2009), and hence, have significant potential as natural antioxidants
in food systems.
Lipid oxidation is the major reason for quality deterioration in meat and meat
products (Min and Ahn, 2005, Gray et al., 1996). This causes losses to processors,
retailers, and ultimately the consumer who ends up paying more. ROS of different types
generated during lipid peroxidation processes induce protein oxidation of muscle food
systems (Ladikos and Lougovois, 1990), causing further quality deterioration and
negatively affecting the functionality of meat proteins (Lund et al., 2011). Moisture loss
is a critical factor responsible for quality and profitability loss of meat cuts under retail
conditions. The use of edible coatings limits migration of gases, water vapor, and volatile
aroma compounds (Khwaldia et al., 2004). Whey protein has great potential to be used as
a natural material in edible coatings for retail meat products. Excellent barrier properties
at low to intermediate RH, antioxidant properties, and the relative abundance of raw
materials are advantages of whey protein-based edible coatings in food systems (Lin and
Zhao, 2007, Haque et al., 2009).
Controlled pre-heat treatment (thermization) improves functionality and
antioxidative properties of whey proteins by altering the tertiary structure of β-LG, the
major whey protein (Shon and Haque, 2007b). Using quasielastic light scattering, we
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recently reported dramatic changes in the association tendency of whey proteins
primarily due to entropic forces (Haque et al., 2012). This reportedly brings about an
improvement in the thermostability (Tao, 2011), which would conceivably impact the
gel-network structure of the coating film. Calcium chloride is typically used to strengthen
whey-based edible films (Shon and Haque, 2007b). Calcium ions are primarily bound to
exposed ionizable oxygen atoms of carboxyl side chains of aspartic acid, glutamic acid,
asparagine, and glutamine (Deng et al., 2006). Haque and Kinsella (1987) reported preheating enhanced calcium binding by β-LG. The binding profiles were comparable to
those of the heat-induced exposure of hydrophilic residues that were titrateable, i.e.,
acidic in nature and the decrease of surface hydrophobic groups was reflected by
decreased 1-anilino-8-naphthalene binding. Carboxylic acid residues can be antioxidative
based on their reactions both with molecular oxygen and the hydrogen peroxide formed
(Gromovaya et al., 2002). Elias et al. (2008) reported that heating β-LG to 70oC resulted
in a 43% increase in the surface exposure of cysteine residues which are thought to play a
significant role in radical scavenging.
Enzymatically hydrolyzed casein is rich in bioactive peptides that have been
shown to exert strong antioxidative activity, mainly by scavenging free radicals (Rival et
al., 2001, Díaz and Decker, 2004, Sakanaka et al., 2004). Haque et al. (1993)
demonstrated that tryptic and chymotryptic hydrolyzates of casein enhance the
association tendency of β-LG and increase the size of β-LG aggregates. Furthermore,
addition of CH has been shown to significantly improve the thermostability of whey
(Tao, 2011).
The objective of this study was to evaluate the efficacy of thermized Edam WPbased edible coatings, with and without CH, in delaying oxidation and reducing moisture
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loss of cubed beef steak (semimembranosus) and pork loin (longissimus dorsi) during
refrigerated storage. These two meat cuts were chosen because of their different levels of
fatty acid unsaturation and because the process of making cubed meat increases the
potential for oxidative degradation.
4.2
4.2.1

Materials and Methods
Materials
Native (0T) and thermized (5T, 10T, and 15T) Edam WP were used as the

primary components for preparation of edible coatings. Freshly prepared cubed
(tenderized) beef steak (semimembranosus) samples were purchased from a local grocery
store and fresh pork loin (longissimus dorsi) samples were obtained from the MSU Meat
Laboratory. Meat samples were stored at 4oC and processed within 3 hr. TBA, 1,1,3,3tetramethoxypropane, methanol, ammonium thiocyanate, ferrous chloride, ethanol, ethyl
acetate, 2,4-dinitrophenylhydrazine (DNPH), cysteine hydrochloride, and 5,5′-dithiobis
(2-nitrobenzoic acid) (DTNB) were from Sigma-Aldrich Inc. (St. Louis, MO, USA). Tris,
TCA, cyclohexanone, ammonium sulphate, 2,2,4-trimethylpentane, 2-propanol, 1butanol, barium sulphate, guanidine hydrochloride, urea, NaOH and HCl were from
Fisher Scientific (Fair Lawn, NJ, USA). Sodium phosphate, SDS, chymosin (C4129), and
Tween-20 were from Aldrich Chemical Co. (Milwaukee, WI, USA). Sorbitol was from
Archer Daniels Midland (Decatur, IL, USA), and CMC was from FMC Biopolymers
(Newark, DE, USA).
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4.2.2
4.2.2.1

Methods
Preparation of Casein Hydrolyzate (CH)
Acid casein curd was prepared using 0.1 N HCl and allowed to stand at 22oC for

30 min. The curd was strained and re-dispersed by vortexing in 0.1 N NaOH (final pH
7.8) to obtain 1% (w/v) dispersion. Chymosin was used for digesting freshly prepared
acid casein according to the method described by Haque et al. (1996), at a
chymotrypsin:casein ratio of 1:60. The digestion mixture was adjusted to pH 7.8 using
100 mM Tris-HCl containing 10 mM CaCl2 at 37oC for one hr. Digestion was terminated
using 0.1 M HCl to adjust pH to 2.0.
4.2.2.2

Preparation of Coating Solutions
Native (0T) and thermized (5T, 10T, and 15T) WP treatments were used to

prepare coating solutions as described by Haque et al. (2009), with slight modifications.
Coating solutions were prepared by dissolving 5% (w/v) WP, 2.5% (w/v) sorbitol,
0.125% (w/v) CaCl2, 0.25% (w/v) CMC and additional 0.25% (w/v) CH in distilled
water. Sorbitol acts as a plasticizer by decreasing the intermolecular forces among protein
chains and thus, improves mechanical properties of the coating. Solutions were degassed
by vacuum aspiration, heated at 90oC for 30 min, and homogenized using a probe
sonicator (Vibra Cell, Model VC 300, Sonics & Materials, Inc., Danbury, CT, USA) for 2
min. Solutions were filtered through a layer of cheesecloth, cooled to 22oC, degassed by
vacuum aspiration, pH adjusted to 6.5 using 1 M HCl or 1 M NaOH and stored at 4oC for
2–3 hr before use. Different coating treatments used in the study are as follows:


Controls: Blanks (meat dipped in distilled water), 0T (coating with native WP)



Coatings with thermized WP: 5T, 10T, 15T
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Coatings with thermized WP and CH: 5TCH, 10TCH, 15TCH

4.2.2.3

Sample Preparation
Cubed (tenderized) beef steak (semimembranosus) and pork loin (longissimus

dorsi) samples were cut into 1 × 1 × 2.5 cm cubes, rinsed in distilled water, and drained.
The samples were then dipped in coating solutions for 2 min, drained, dried under a flow
of clean air for 10 min, placed on polyethylene trays (PLS3-100Y, Cryovac®, Duncan,
SC, USA), overwrapped (Great Value Premium Wrap, Wal-Mart Stores, Inc.,
Bentonville, AR, USA), and refrigerated (4oC) until analysis. Control samples were
prepared by dipping meat in distilled water.
4.2.2.4

Measure of Lipid Oxidation
Prior to analysis, coated and uncoated meat samples (15 g) were homogenized

with phosphate buffer (pH 7.4, 50 mL) in a commercial grinder (Oster Digital Blender,
Sunbeam Products Inc., FL, USA) for 30 s at a speed attenuation of 8 (maximum of 18)
to obtain a meat homogenate.
4.2.2.4.1

Thiobarbituric Acid-reactive Substances

The TBA reagent was prepared by mixing 15% (w/v) TCA and 0.375% (w/v)
TBA in 0.25 M HCl. The meat homogenate (2 mL) was vortexed for 30 s in a conical
tube with TBA reagent (2 mL), heated in a 100°C water bath for 15 min, and cooled in an
ice bath for 10 min. Cyclohexanone (4 mL) and ammonium sulphate (1 mL, 4 M) were
vortexed into the cooled mixture. The resulting mixture was centrifuged at 3000 × g for
10 min and the absorbance of the supernatant was measured at 532 nm using a UVvisible spectrophotometer (BioMate™ 3, Thermo Electron Scientific Instruments
Corporation, WI, USA). TBARS values of tenderized beef steak and pork loin samples
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were calculated at 24 hr intervals for 4 days using a standard 1,1,3,3tetramethoxypropane solution and expressed as mg of malonaldehyde (MDA)/kg sample.
4.2.2.4.2

Peroxide Value

A modified FTC method described by Haque et al. (2009) was used to evaluate
the inhibitory effect of WP coatings on hydroperoxide formation in meat samples. An
aliquot (1 mL) of the meat homogenate was vortexed with 2,2,4-trimethylpentane/2propanol (3:1, v/v) and centrifuged at 2000 × g for 5 min to obtain the organic solvent
phase. An aliquot (200 μL) of this phase was added to methanol/1-butanol (2:1, v/v)
followed by 30 μL of 30% ammonium thiocyanate and 30 μL of the 20 mM ferrous
chloride solution. The absorbance of the solution was measured at 500 nm using a UVvisible spectrophotometer (BioMate™ 3, Thermo Electron Scientific Instruments
Corporation, WI, USA) 20 min after addition of ferrous chloride. The PV of meat
samples were determined at 24 hr intervals for 4 days and expressed as mEq/kg sample.
4.2.2.5

Measure of Protein Oxidation
Prior to analysis, coated and uncoated meat samples (5 g) were homogenized with

phosphate buffer (pH 7.4, 50 mL) in a commercial grinder (Oster Digital Blender,
Sunbeam Products Inc., FL, USA) for 30 s at a speed attenuation of 8 (maximum of 18)
to obtain a homogenate. Beef samples were analyzed at 24 hr intervals for 4 days and
pork samples were analyzed at 48 hr intervals for 8 days.
4.2.2.5.1

Protein Carbonyls

Protein carbonyls, an indicator of protein oxidation, were measured according to
the method described by Haque et al. (2009) with slight modifications. A 0.5 mL aliquot
of meat homogenate (20 – 30 mg protein/mL) was mixed with 2.0 mL of 10 mM DNPH
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reagent in 2.0 N HCl and incubated at 22oC for 1 hr. After incubation, 2.0 mL of 20%
TCA was added to precipitate the protein fraction. The precipitate was washed twice with
4.0 mL of ethanol/ethyl acetate mixture (1:1, v/v) to remove unreacted DNPH, and
dissolved in 1.5 mL of 6.0 M guanidine hydrochloride. Absorbance at 370 nm was
measured (BioMate™ 3, Thermo Electron Scientific Instruments Corporation, WI, USA)
for DNPH-treated samples against an HCl control. Carbonyl content of meat samples
were expressed as µmols of carbonyls/g of sample using an absorption coefficient of
22,400 M-1 cm-1 for protein hydrazones (Armenteros et al., 2009, Liu et al., 2000).
4.2.2.5.2

Protein Sulfhydryls

A modified Ellman’s method described by Haque et al. (2009) was used to
determine the total free sulfhydryl (SH) groups in meat samples. Meat homogenate
samples were diluted to 2 mg/mL with 0.1 M sodium phosphate buffer (pH 7.4). A 0.5
mL aliquot of each diluted sample was mixed with 1.0 mL urea-SDS solution (8.0 M
urea, 3% SDS, in 0.1 M sodium phosphate buffer, pH 7.4) followed by the addition of 0.5
mL Ellman’s reagent (10 mM DTNB in 0.1 M sodium phosphate buffer, pH 7.4). After
incubation with Ellman’s reagent at 22oC for 15 min, absorbance was measured at 412
nm (BioMate™ 3, Thermo Electron Scientific Instruments Corporation, WI, USA). Free
SH concentrations of meat samples were calculated using a standard cysteine
hydrochloride solution and expressed as µmols of SH/g of sample.
4.2.2.6

Percent Moisture Loss
Percent moisture loss (PML) of coated and uncoated beef and pork samples was

measured using the method described by (Haque et al., 2009). Assuming the weight loss
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of samples was only due to evaporative loss of water, PML of samples was calculated
using the following formula.
100

100

(4.1)

Here, PMInit and PWLT are the initial moisture content of the sample in percent
and its percent weight loss after a storage period T in days, respectively. The PMInit was
determined according to the method described by Haque et al. (2009) with slight
modifications. Samples (approximately 3 g) were oven dried in triplicate at 102oC for 20
hr, cooled to room temperature in a desiccator, and reweighed. PWLT was determined
using the formula,
100

(4.2)

where, SWInit and SWT are initial sample weight and that after storage for time T,
respectively. PML of cubed beef steak and pork loin samples were determined at 48 hr
intervals for 6 days.

4.2.2.7

Statistical Design and Analysis
A completely randomized design with three replications was utilized to

differentiate (P < 0.05) thermization treatments with respect to TBARS formation, PV,
carbonyl content, sulfhydryl content, and PML. When significant differences occurred
among treatments, Fisher’s LSD test was used to separate treatment means. The statistical
analysis was conducted using SAS version 9.2 (SAS® Institute Inc., Cary, NC, USA).
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4.2.3

Results and Discussion

4.2.3.1

Effect of Edam WP Coatings on Lipid Oxidation of Cubed Beef Steak and
Pork Loin
Changes in PV of cubed beef steak and pork loin are shown in Figures 4.1 and

4.2, respectively. PV reflects the formation of primary oxidation products and can be
used to evaluate oxidation in the early stages of storage (Haque et al., 2009, Kim et al.,
2010). In cubed beef steak, PV of blanks and 0T controls increased dramatically at day 1
indicating that the lipid oxidation has occurred in the muscle (Figure 4.1). Thermized
treatments (with and without CH) had lower (P < 0.05) PV compared to blanks and 0T
controls at day 1. PV of all treatments except 5T were lower (P < 0.05) than those of
blanks and 0T controls after 2 days of storage (Figure 4.1). In pork loin, PV of samples
increased from day 1 to day 2, and then gradually decreased (Figure 4.2). PV of all
treatments were lower (P < 0.05) than those of blanks and 0T controls at 3 days of
storage.
TBARS analysis is indicative of the formation of secondary lipid oxidation
products such as MDA (Kim et al., 2010). In this study, TBARS formation was expressed
as mg MDA/kg meat. In comparison to D0, TBARS of meat samples increased over time
throughout the storage period of 4 days (Figures 4.3 and 4.4). In beef steak samples,
TBARS values of 10T, 5TCH, and 10TCH treatments were lower (P < 0.05) than those
of blanks at day 2, day 3, and day 4 (Figure 4.3). At 3 days of storage, blanks and 0T
controls had higher (P < 0.05) TBARS formation compared to all other treatments.
Thermized treatments with CH had less (P < 0.05) TBARS formation compared to blanks
and 0T controls throughout the storage period while blanks had the highest TBARS
formation at day 2, day 3, and day 4. As for pork loin samples, TBARS values of 5TCH,
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10TCH, and 15TCH treatments were lower (P < 0.05) than those of blanks and 0T
controls at day 1, day 3, and day 4 (Figure 4.4). TBARS values of 10TCH treatments
were lower (P < 0.05) than those of blanks and 0T controls at all storage times.
Beef steak and pork loin vary in their composition and level of fatty acid
unsaturation. Here, the initial MDA levels of cubed beef steak and pork loin samples
were in the range of 0.5 mg MDA/kg and 0.8 mg MDA/kg, respectively. However, after
4 days of storage, TBARS values of cubed beef steak samples increased up to 2.3–3.1 mg
MDA/kg meat, whereas TBARS values of pork loin samples only increased to 1.3–1.9
mg MDA/kg meat. Iron, being the most abundant transition metal ion in biological
systems, plays a significant role in catalyzing lipid oxidation of muscle (Chaijan, 2008).
Dark meats have higher concentrations of myoglobin as well as reactive iron, which
make them more prone to oxidation (Chaijan, 2008, Min and Ahn, 2005). Furthermore,
Min and Ahn (2005) state that size reduction steps such as grinding and flaking facilitate
lipid oxidation of meat as they disrupt cell membranes, allowing phospholipids to be
exposed to oxygen. The process of cubing may have accelerated lipid oxidation by
damaging the structure of muscle tissue, thereby allowing lipids to readily react with
oxygen.
4.2.3.2

Effect of Edam WP Coatings on Protein Oxidation of Cubed Beef Steak
and Pork Loin
ROS generated during lipid peroxidation will attack protein molecules to generate

peroxy radicals, alcoxy radicals, and other protein hydroperoxides (Lund et al., 2011).
These free radicals and hydroperoxides further decompose to form carbonyl moieties
(Haque et al., 2009). Protein carbonyls are a good indicator of protein oxidation because
carbonyls are considered the most common products of protein oxidation (Haque et al.,
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2009, Armenteros et al., 2009). Carbonyl content of both species meat samples increased
during the storage period indicating oxidation of proteins in muscle (Figures 4.5 and 4.6).
In cubed beef steak samples, carbonyl contents of 5TCH and 15TCH treatments were
lower (P < 0.05) than those of blanks and 0T controls throughout the storage period of
four days (Figure 4.5). Cubed steak samples coated with 15TCH treatment had the lowest
(P < 0.05) carbonyl formation of all treatments at day 1 and day 2 (Figure 4.5). Blanks
had the highest (P < 0.05) carbonyl formation at day 3 and day 4. After 4 days of storage,
all treatments had lower (P < 0.05) carbonyl content than blanks. In pork loin samples,
carbonyl content of 10TCH treatment was lower than those of blanks and 0T controls
throughout the storage period of 8 days (Figure 4.6). All thermized treatments had lower
(P < 0.05) carbonyl contents compared to blanks at day 6 and day 8.
In the presence of pro-oxidants, thiol groups of amino acids, particularly cysteine,
oxidizes to form various products such as sulfenic acid, sulfinic acid, and disulfide crosslinks, which will ultimately result in the loss of free SH groups (Lund et al., 2011). Thus,
the loss of free SH groups is also a reliable indicator of protein oxidation. Sulfhydryl
content of pork loin and cubed beef steak samples decreased over time (Figures 4.7 and
4.8), which is indicative of protein oxidation. After 3 days of storage, cubed beef steak
coated with 5TCH and 15TCH treatments had higher (P < 0.05) sulfhydryl contents
compared to blanks (Figure 4.7). After 4 days of storage, all thermized treatments except
15T and 5TCH had higher (P < 0.05) sulfhydryl content compared to blanks. In pork loin
samples, treatments did not differ (P < 0.05) with respect to sulfhydryl content at day 2
and day 6 (Figure 4.8). After 8 days of storage, sulfhydryl content of pork samples coated
with 15T were higher (P < 0.05) than those of blanks and 0T controls. At this stage,
sulfhydryl content was higher (P < 0.05) in pork samples treated with 5T, 10T, 15T, and
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15TCH treatments compared to blanks. The results clearly show that thermization and
addition of CH significantly protected cubed beef steak and pork loin samples against
protein oxidation as reflected by carbonyl formation and free sulfhydryl concentration.
Results of this study clearly indicate that thermized WP-based edible coatings are
capable of delaying lipid and protein oxidation in cubed beef steak and pork loin. Edible
coatings can provide several benefits to meats and meat products: they can reduce
moisture loss; prevent dripping in products packaged in plastic wraps; delay lipid
oxidation and brown discoloration; reduce the load of spoilage and pathogenic
microflora; and restrict volatile flavor loss and undesirable odor uptake (Gennadios et al.,
1997). Whey protein-based edible coatings and films are well known for their oxygen
barrier properties (Lin and Zhao, 2007) and have been used successfully to delay
oxidation of numerous muscle food products including pork patties (Peña-Ramos and
Xiong, 2003), beef steak (Haque et al., 2009), frozen Atlantic salmon (RodriguezTurienzo et al., 2011) and low-fat sausage (Shon and Chin, 2008). Whey proteins are
effective in inhibiting lipid peroxidation, and their antioxidative properties are largely
related to their ability to scavenge free radicals and chelate pro-oxidative transition metal
ions (Tong et al., 2000a, Elias et al., 2008, Liu et al., 2007, Rodriguez-Turienzo et al.,
2011). Production of WP edible coatings involves heating the coating mix at 90oC for 30
min, which will result in the formation of MRP (Shon and Haque, 2007c). MRP are well
known for their antioxidant properties (Chawla et al., 2009, Shon and Haque, 2007c), and
stable free radicals formed during Maillard reaction are thought to interact with lipid
radicals, thereby inhibiting lipid peroxidation (Jayathilakan and Sharma, 2006). Thus,
MRP produced during the formation of coatings may also help improve their
antioxidative properties.
85

Both thermization and addition of CH significantly improved antioxidative
properties of whey-based edible coatings used in this study. Thermization treatment is
thought to improve antioxidative properties of whey proteins by increasing the number of
reactive sulfhydryl groups (Taylor and Richardson, 1980, Tong et al., 2000a). Haque and
Sharma (1997) reported that heating at 70oC dramatically increases the association
tendency of β-LG, the predominant whey protein. Thermization may have induced
association and clustering of whey proteins, reducing exposure of thiol groups, which can
later protect meat samples from free radicals. Enzymatically hydrolyzed casein contains
several bioactive peptides that act as strong antioxidants against radical species
(Sakanaka et al., 2004). Several studies suggest that CH exhibit antioxidative properties
by scavenging free radical intermediates, blocking the redox cycle of iron, and chelating
pro-oxidant metals (Rival et al., 2001, Díaz and Decker, 2004, Sakanaka et al., 2004).
4.2.3.3

Effect of Edam WP Coatings on Moisture Loss of Cubed Beef Steak and
Pork Loin
PML of treatments and controls increased over time. In beef steak samples, PML

values ranged from 3.2–4.4% after 6 days of storage at 4oC with blanks having the
highest PML values throughout the storage period (Figure 4.9). No differences were
observed among treatments (P > 0.05) with respect to PML at day 2 and day 4. PML
values of pork loin samples ranged from 2.7–3.8% after 6 days of storage. After 2 days of
storage, 0T control had the lowest PML values of all treatments (Figure 4.10). PML of
blanks markedly increased after 2 days of storage (Figure 4.10) and were higher than
those of all treatments and 0T controls at day 4 and day 6.
Both native and thermized WP treatments showed better (P < 0.05) moisture
barrier properties compared to blanks when applied to cubed beef steak and pork loin
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samples. However, the results show that thermization and/or addition of CH did not have
a significant impact on moisture barrier properties of Edam WP-based edible coatings.
Previously, Haque et al. (2009) reported that sour whey-based edible coatings have
excellent moisture barrier properties when applied on beef steak. Shon and Chin (2008)
showed that whey protein coatings can significantly reduce moisture loss of low-fat
sausage. Moisture barrier properties of coatings were attributed to the formation of
disulfide bonds and the increase in surface hydrophobicity that may have occurred while
heating the coating at 90oC for 30 min.
4.2.4

Conclusions
In both cubed beef steak and pork loin samples, the edible coatings significantly

reduced lipid and protein oxidation. Addition of CH to the edible coatings enhanced the
protective effect against lipid oxidation of meat samples as measured by TBARS and PV.
In terms of protein degradation, thermization and/or addition of CH significantly delayed
carbonyl formation and oxidation of free sulfhydryl groups in both pork loin and cubed
beef steak. The PML of cubed beef steak and pork loin was significantly reduced by the
coating. However, thermization and/or addition of CH did not have a significant effect on
moisture barrier properties. Results of this study suggest that thermized Edam WP can be
used effectively in edible coating dips to control oxidative degradation and moisture loss
of fresh meat during refrigerated storage and that a little CH goes a long way in
enhancing antioxidative efficacy of WP.
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Peroxide value (PV) of cubed beef steak coated with Edam whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-d

Figure 4.1
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Peroxide value (PV) of pork loin coated with Edam whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a,b

Figure 4.2

90

Thiobarbituric acid-reactive substances (TBARS) formation in cubed beef steak coated with Edam whey powderbased edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-e

Figure 4.3
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Thiobarbituric acid-reactive substances (TBARS) formation in pork loin coated with Edam whey powder-based
edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-d

Figure 4.4

92

Protein carbonyls of cubed beef steak coated with Edam whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-f

Figure 4.5
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Protein carbonyls of pork loin coated with Edam whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-d

Figure 4.6
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Sulfhydryl groups of cubed beef steak coated with Edam whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-c

Figure 4.7
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Sulfhydryl groups of pork loin coated with Edam whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-d

Figure 4.8
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Percent moisture loss (PML) of cubed beef steak coated with Edam whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-d

Figure 4.9
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Percent moisture loss (PML) of pork loin coated with Edam whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-d

Figure 4.10

CHAPTER V
EFFECT OF NATIVE AND THERMIZED CHEDDAR WP-BASED EDIBLE
COATINGS ON QUALITY AND SENSORY CHARACTERISTICS OF
CUBED BEEF STEAK AND PORK LOIN
5.1

Introduction
In 2010, the annual beef production in the USA was approximately 12 million

metric tons and most of this meat was consumed as hamburger and steak (Anonymous,
2011). Cubed steak is a steak cut from a tough area of the beef animal (e.g., round steak)
that is tenderized using small blades on rollers and results in complete maceration of the
steak surface, causing a complete change in the look and texture (Anonymous, 2008).
The mechanical processing markedly increases surface area, introduces any surface
bacteria inside the muscle tissues, and increases the potential for oxidative degradation
which is a major factor responsible for quality loss of retail cuts. It causes loss of
desirable flavor, texture, color and nutritive value (Thiansilakul et al., 2007, Coronado et
al., 2002, Batifoulier et al., 2002, Martinaud et al., 1997).
Synthetic antioxidants can be used effectively to control the rate of oxidation in
food products (Velasco and Williams, 2011), but the possible health concerns associated
with them has lead consumers to demand increased use of natural antioxidants in the
meat industry (Fasseas et al., 2008, Velasco and Williams, 2011, Coronado et al., 2002).
Microbial contamination, an equally important factor contributing to quality loss,
results in spoilage and unsafe conditions for human consumption. Sorbic acid, p98

aminobenzoic acid, lactic acid, and acetic acid have been used successfully to extend the
shelf-life of fresh meat (Cagri et al., 2001) whereas potassium sorbate, sodium benzoate,
sodium lactate, nitrites, and nitrates are used to extend the shelf-life of processed meats
(Shon and Chin, 2008). However, the use of these chemical additives has decreased due
to consumer concerns (Shon and Chin, 2008).
Edible coatings and films from whey protein show promise in the ability to
provide protection against oxidation and microbial spoilage in foods. In addition, they are
less complicated and are more cost-effective (Haque et al., 2009). In 2011, 1.4 million
metric tons of Cheddar cheese was manufactured in the USA (Anonymous, 2012b),
resulting in the production of more than 12 million metric tons of liquid Cheddar whey
(assuming a 10% yield for cheese). Excellent barrier properties, antioxidative properties,
and the relative abundance are some advantages of using whey proteins in edible coatings
(Lin and Zhao, 2007, Shon and Haque, 2007c).
Functionality and antioxidative properties of whey proteins can be further
enhanced by thermization. Shon and Haque (2007b) reported that thermization improved
antioxidative potential of whey. This was conceivably due to thermal-modification of the
major whey protein, β-LG, and/or formation of MRP due to the abundant presence of
peptides and lactose. Earlier research has shown that addition of milk protein
hydrolyzates significantly improved thermostability, i.e., resistance to heat induced
precipitation, of whey (Tao, 2011). Results from the previous chapter revealed that Edam
WP-based edible coatings were effective in delaying lipid and protein oxidation of cubed
beef steak and pork loin. Additionally, incorporation of CH significantly improved
antioxidative properties of Edam WP edible coatings.
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Although several previous studies describe whey protein-based films and coatings
as bland in flavor (Kim and Ustunol, 2001), data on sensory attributes and overall
consumer acceptability of the products treated with whey-based edible films and coatings
are limited. The objectives of this study were to investigate the efficacy of thermized
Cheddar WP, with and without CH, as antioxidative coatings for cubed beef steak and
pork loin, and to investigate their influence on microbiological quality and key sensory
attributes of cubed beef steak.
5.2
5.2.1

Materials and Methods
Materials
Native (0T) and thermized (5T, 10T, and 15T) Cheddar WP were used as the

primary components for edible coatings. Freshly prepared cubed beef steak
(semimembranosus) samples were purchased from a local grocery store and fresh pork
loin (longissimus dorsi) samples were obtained from the MSU Meat Laboratory. Meat
samples were stored at 4oC and processed within 3 hr. Tryptic soy agar was from Becton
Dickinson & Co. (NJ, USA). E. coli/Coliform Count Plate Petrifilm (Microbiology
Products, 3M Health Care, St. Paul, MN, USA) was used to determine coliforms and
incidence of E. coli. For sensory studies, calcium chloride was purchased from American
International Chemical (Framingham, MA, USA). Other chemicals were same as in
Chapter IV.
5.2.2

Preparation of Coating Solutions
Coating solutions were prepared according to the method described in Chapter IV.

Coating treatments used in protein and lipid oxidation studies were as follows:


Controls: Blanks (meat dipped in distilled water), 0T (coating with native WP)
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Coatings with thermized WP: 5T, 10T, 15T



Coatings with thermized WP and CH: 5TCH, 10TCH, 15TCH
Arabic numerals denote time period of thermization in min.

5.2.3

Measurement of Antioxidative Activity
Coated and uncoated beef and pork samples were prepared as described in

Chapter IV, and stored at 4oC until analysis.
5.2.3.1

Measurement of Lipid Oxidation
TBARS and PV of cubed beef steak and pork loin samples were determined as

described in Chapter IV.
5.2.3.2

Measure of Protein Oxidation
Protein carbonyls and free sulfhydryl groups of cubed beef steak and pork loin

were determined as described in Chapter IV.
5.2.3.3

Percent Moisture Loss
PML of cubed beef steak and pork loin was determined as described in Chapter

IV.
5.2.3.4

Microbiological Analysis

5.2.3.4.1

Sample Preparation

Freshly prepared, purchased, retail display ready cubed beef steaks were dipped in
coating solutions (5T, 10T, 15T, 5TCH, 10TCH, and 15TCH) for 30 s, placed on
polystyrofoam trays (White Foam Meat tray, Instawares, LLC., Kennesaw, GA, USA),
overwrapped with stretch film (Meat Stretch, LINPAC Filmco, Inc., Aurora, OH, USA),
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and stored at 4oC until analysis. Blank control samples were dipped in solutions
containing all other ingredients except whey (pH adjusted to 6.5). Negative controls were
prepared without dipping the steaks in coating solutions.
Meat samples (25 g) were homogenized in 225 mL of sterile buffered peptone
water (0.1%, v/v) for 1 min in a Stomacher blender (Stomacher® 400 Circulator, Seward,
U.K.) and serial dilutions up to 108 were prepared using the same peptone water.
5.2.3.4.2

Total Plate Count

Each dilution (1 mL, 102 – 108 dilutions) was spread plated in duplicate on tryptic
soy agar plates, incubated at 32 ± 2°C, and colonies were counted after 48 hr. The total
plate count (TPC) was monitored at days 0, 4, and 8 and results were expressed as log10
CFU/g.
5.2.3.4.3

E. coli and Coliform Counts

E. coli initial and final screening tests were performed for all treatments. A 1.0
mL aliquot of each dilution (102 – 105) was plated onto a Petrifilm E. coli/Coliform
Count Plate and incubated at 32 ± 2°C for 24 hr. Plating was done in duplicate and counts
were obtained for day 0 and day 8. Colony counts were expressed as log10 CFU/g.
5.2.4
5.2.4.1

Sensory Analysis
Sample Preparation
Coated steak samples were prepared as described in section 5.2.3.3.1 and stored at

4oC until analysis. Steak samples were broiled to an internal temperature of 160oF (4–5
min on each side) in a thermal convection oven (36” VGSO166, Viking, Greenwood,
MS, USA) and cut into 1.5 × 1.5 cm squares. Samples were wrapped in aluminum foil
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(Reynolds Wrap, Reynolds Consumer Products Co., Richmond, VA, USA), labeled, and
kept in a water bath (65oC) to keep samples warm until served (15 min maximum hold
time).
5.2.4.2

Descriptive Sensory Analysis
The James E. Garrison Sensory Evaluation Laboratory at MSU was used for all

sensory evaluations. Beef steak samples were evaluated by a trained panel of eight
experienced members. Panelists participated in ten 1-hr training sessions to evaluate
cubed beef steak samples for specific sensory components within the categories of
appearance, aroma, texture, basic tastes, and overall quality. Sensory testing was
performed on days 0, 2, 4, and 7. A total of three replications were performed where all
steak treatments were evaluated in each replication. Panelists received two pieces of each
treatment at each evaluation. A 15-point anchored scale was used to evaluate the different
sensory attributes: appearance, aroma, texture, basic tastes, and overall quality (Table
5.1). Cooked steak pieces were served in 2 oz plastic containers (Sweetheart Cup Co.,
Owning Mills, MD, USA) coded with 3-digit random numbers. Water (Mountain Spring
water, Blue Ridge, GA, USA), unsalted crackers (Unsalted Tops Saltines, Best Yet, C&S
Wholesale Grocers, Inc., Keen, NH, USA), apple juice (Apple Juice from Concentrate,
Best Yet, C&S Wholesale Grocers, Inc., Keen, NH, USA), and expectorant cups were
provided and panelists were instructed to cleanse the pallet between sample evaluations.
5.2.5

Statistical Design and Analysis
A completely randomized design with three replications was utilized to

differentiate (P < 0.05) thermization treatments with respect to TBARS formation, PV,
carbonyl content, and sulfhydryl content of cubed beef steak and pork loin samples. A
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randomized complete block design with a factorial arrangement was used to determine if
differences existed (P < 0.05) among treatments, time, and treatment*time interaction for
TPC, coliform counts, and descriptive sensory evaluation of cubed beef steak samples.
When significant differences occurred among treatments, Fisher’s LSD test was used to
separate treatment means. The statistical analysis was conducted using SAS version 9.2
(SAS® Institute Inc., Cary, NC, USA).
Table 5.1

Sensory descriptive attributes used to evaluate cubed beef steak coated with
Cheddar whey powder-based edible coating

Appearance
Attribute Color
descriptor Opaqueness
Browned

5.3
5.3.1

Aroma
Beef intensity
Dairy
Rancid
Whey

Oral texture
Firmness
Crumbliness
Juiciness
Chewiness
Stringiness

Basic tastes
Sour
Salty
Bitter
Sweetness
Umami

Flavor
Browned
Rancid
Chemical
Beef intensity
Off-flavor
Whey

Results and Discussion
Lipid Oxidation in Pork Loin
TBARS values of pork samples increased over time during the storage period of

four days (Figure 5.1). A significant effect of thermization treatment on TBARS
formation was observed only after 3 days of storage. At 3 days of storage, all treatments
had lower (P < 0.05) TBARS values compared to blanks and 0T controls. TBARS values
of treatments with CH were lower (P < 0.05) than those of blanks and 0T controls after 4
days of storage.
PV of pork samples increased up to 2 days of storage and then gradually
decreased (Figure 5.2). The 5TCH and 10TCH treatments had lower (P < 0.05) PV
compared to blanks throughout the storage period. PV of CH containing treatments were
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lower (P < 0.05) than those of blanks and 0T controls at 3 days of storage. Thermization
and/or addition of CH significantly delayed TBARS and peroxide formation of pork loin
samples.
5.3.2

Lipid Oxidation of Cubed Beef Steak
TBARS formation increased in all samples during the storage period of 4 days

indicating possible oxidation of fats in tenderized steak (Figure 5.3). Blanks had higher
(P < 0.05) TBARS values compared to other treatments after 2 days of storage. After 3
and 4 days of storage, TBARS formation was higher (P < 0.05) in blanks and 0T controls
compared to all other treatments. TBARS values of 5TCH and 10TCH were lower (P <
0.05) than those of blanks and 0T control throughout the 4–day storage period.
Thermized treatments containing CH had lower (P < 0.05) TBARS values compared to
blanks and other treatments at 4 days of storage.
The PV of beef steak samples increased gradually, and then decreased at 4 days of
storage for most treatments (Figure 5.4). Thermization treatment together with the
addition of CH showed better protection against peroxide formation in cubed beef steak.
Compared to blanks, 10TCH and 15TCH had lower (P < 0.05) PV after 3 days of storage.
PV of 10TCH and 15TCH were lower (P < 0.05) than those of blanks and 0T controls at
4 days of storage. TBARS formation and PV of steak samples were significantly
impacted by thermization treatment and addition of CH.
Lipid oxidation is among the major factors responsible for quality loss of fresh
and processed meat (Thiansilakul et al., 2007, Coronado et al., 2002). In the complex
process of lipid oxidation, unsaturated fatty acids react with molecular oxygen via a free
radical chain reaction to form fatty acyl hydroperoxides (Cheng et al., 2011). TBARS
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including MDA are considered as secondary lipid oxidation products that form as a result
of the breakdown of lipid hydroperoxides (Jongberg et al., 2011). Peroxides, on the other
hand, are formed at the initial stages of oxidation and hence, provide an indicator for the
progression of lipid oxidation (Shon and Haque, 2007b). Thermized WP-based coatings
inhibited TBARS formation in cubed beef steak and pork loin as measured by mg
MDA/kg meat. TBARS values of 2.0 mg MDA/kg meat or greater are indicative of
rancid flavor in beef (Campo et al., 2006, Suman et al., 2010). In this study, none of the
treatments reached the threshold level for the acceptability of oxidized/rancid flavor
through 4 days of storage.
5.3.3

Protein Oxidation in Pork Loin
In pork loin samples, carbonyl content of controls and treatments increased over

time during the storage period of 8 days (Figure 5.5). Carbonyl content of 5TCH was
lower (P < 0.05) than those of blanks and 0T controls at all storage times. 5TCH, 10TCH,
and 15TCH treatments had lower (P < 0.05) carbonyl values than blanks and 0T controls
after 6 days of storage. At day 8, carbonyl content of all thermized treatments (with and
without CH) except 5T were lower (P < 0.05) than those of blanks and 0T controls.
Sulfhydryl content of pork samples decreased over time, which is indicative of
protein oxidation in pork loin samples (Figure 5.6). The reduction in total sulfhydryls was
lower in thermized treatments compared to blanks. Sulfhydryl content of 5T and 10T
treatments were higher (P < 0.05) than those of blanks and 0T controls at day 6 and day
8. All treatments had higher (P < 0.05) sulfhydryl content compared to blanks and 0T
controls at 8 days of storage. Data clearly show that thermized Cheddar WP-based edible
coatings, together with CH, significantly protected pork loin from protein oxidation.
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5.3.4

Protein Oxidation of Cubed Beef Steak
Carbonyl content of cubed steak samples were measured at 24 hr intervals.

Carbonyl content of all samples increased with time over the storage period of 4 days
(Figure 5.7). No differences (P > 0.05) were observed among the treatments with respect
to carbonyl content up to 2 days of storage. However, after 3 and 4 days of storage,
carbonyl content of blanks (uncoated) and 0T controls were higher (P < 0.05) than those
of the thermized treatments. After 3 days of storage, carbonyl content of blanks and 0T
controls increased by 46.3% and 37.5%, respectively. At day 3, the 5 min thermization
treatment showed the lowest increase in carbonyl content with 27.2% and 21.8% increase
for 5T and 5TCH treatments, respectively. Treatments with CH had the lowest (P < 0.05)
carbonyl content at 3 days of storage. After 4 days of storage, 5TCH treatment showed
the lowest (P < 0.05) carbonyl formation with a percentage increase of 34.5% as
compared to a 46% increase in the blank.
Sulfhydryl content of all treatments and controls decreased over time (Figure 5.8)
indicating the oxidation of meat proteins. Samples treated with thermized WP (with and
without CH) showed a small decrease in free sulfhydryl groups over the storage period as
compared to uncoated samples, indicating that the sulfhydryl groups in meat samples are
significantly protected by the coating treatments. After 2 days of storage, 5T and 10T
treatments had the highest (P < 0.05) sulfhydryl content. After 3 and 4 days of storage,
the blanks and the 0T controls had the lowest (P < 0.05) sulfhydryl content of all
treatments. At day 3, blanks and 0T controls exhibited 19% and 15% reduction in
sulfhydryl content respectively. 10T and 10TCH treatments showed the lowest reduction
in sulfhydryl content (7.7% and 7.2% reduction in 10TCH and 10T treatments,
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respectively) at 4 days of storage. No differences were observed among the thermized
treatments with respect to sulfhydryl content throughout the storage period of 4 days.
Proteins, being the main component in microsomal membranes, play key roles in
many biological reactions (Haque et al., 2009). Muscle proteins are sites of rapid
oxidation that can be initiated by several factors including oxidized lipids, metal ions, and
other pro-oxidants contacted during processing (Armenteros et al., 2009). Oxidative
modification of amino acids and peptides results in the formation of carbonyl derivatives,
loss of free sulfhydryl groups, and cross-linking of amino acids from different proteins.
Carbonyls are formed as a result of further degradation of free radicals and
hydroperoxides that are formed during protein oxidation (Haque et al., 2009). Protein
carbonyls, being the most ubiquitous product of protein oxidation, offer a reliable
indicator of protein oxidation (Haque et al., 2009, Armenteros et al., 2009). Sulfhydryl
content is an equally important index of protein oxidation in meat. Upon oxidation,
cysteine and methionine residues undergo di-sulfide and sulfoxide formation which will
result in a decrease in total sulfhydryl groups (Haque et al., 2009).
5.3.5

Percent Moisture Loss of Pork Loin and Cubed Beef Steak
PML of treatments and controls increased over time in both types of meat. PML

values of pork loin samples were in the range of 2.7–4.0 after 6 days of storage (Figure
5.9). PML of blanks markedly increased after 2 days of storage and were higher than
those of all treatments and 0T control after day 4 and day 6. At 6 days of storage, 0T and
5T treatments had lower (P > 0.05) PML values compared to other treatments and blanks.
In cubed beef steak samples, PML values ranged from 2.3–4.9 after 6 days of
storage at 4oC with blanks having the highest (P > 0.05) PML at day 4 and day 6 (Figure
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5.10). PML values of 0T, 5T, and 10T treatments were lower (P > 0.05) than those of
blanks and other treatments at day 2 and day 4.
Whey protein coatings have been used to reduce moisture loss of fresh beef steak
(Haque et al., 2009) and low-fat sausages (Shon and Chin, 2008). Results from the
previous chapter showed that Edam WP-based edible coatings are effective in protecting
cubed beef steak and pork loin samples against moisture loss. Formation of disulfide
bonds and the increase in surface hydrophobicity during heating the coating at 90oC for
30 min may be the reasons for excellent moisture barrier properties of whey-based edible
coatings.
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Thiobarbituric acid-reactive substances (TBARS) of pork loin coated with Cheddar whey powder-based edible
coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-c

Figure 5.1
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Peroxide value (PV) of pork loin coated with Cheddar whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-d

Figure 5.2
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Thiobarbituric acid-reactive substances (TBARS) of cubed beef steak coated with Cheddar whey powder-based
edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-e

Figure 5.3
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Peroxide vale (PV) of cubed beef steak coated with Cheddar whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-c

Figure 5.4
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Protein carbonyls of pork loin coated with Cheddar whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-f

Figure 5.5
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Sulfhydryl groups of pork loin coated with Cheddar whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-d

Figure 5.6
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Protein carbonyls of cubed beef steak coated with Cheddar whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-e

Figure 5.7
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Sulfhydryl groups of cubed beef steak coated with Cheddar whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-c

Figure 5.8
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Percent moisture loss (PML) of pork loin coated with Cheddar whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-d

Figure 5.9
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Percent moisture loss (PML) of cubed beef steak coated with Cheddar whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, time period of thermization in min; T, thermized

a-d

Figure 5.10

5.3.6

Microbiological Analysis of Cubed Beef Steak
TPC of coated and uncoated cubed beef steak samples were evaluated at days 0,

4, and 8. Storage time had a significant effect on TPC and the interaction of treatment and
storage time was also significant (P < 0.05) (Table 5.2). Initial TPC of steak samples
were in the range of 2.5–4.1 log CFU/g with no differences (P > 0.05) among treatments.
Although TPC of most steak treatments increased numerically over time, a significant
increase was observed only in the 5T treatment during the storage period of 4–8 days
(Table 5.2). The TPC of the treatments and the controls were in the range of 3.4–6.1 log
CFU/g after 8 days of storage at 4oC. No differences (P > 0.05) were observed among the
treatments and controls at day 4 and day 8. Previous reports indicate that bacterial
spoilage occurs when TPC of meat reaches 7 log CFU/g (Shon and Chin, 2008, Hamling
et al., 2008, Verma and Sahoo, 2000). The WP coated samples did not reach the spoilage
level during the storage period of 8 days at 4oC. Although not statistically significant
when compared to controls, 10T and 5TCH treatments numerically showed a great
potential for microbial reduction after 4 days of storage.
Coliform counts of all treatments and controls increased by 2–3 log cycles during
the storage period of 8 days (Table 5.3). After 8 days of storage, no differences (P > 0.05)
were observed among the treatments and controls with respect to total coliform counts. E.
coli was not detected in any sample throughout the storage period of 8 days.
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Table 5.2
Treatment

Mean total plate count (log CFU/g) of cubed beef steak coated with Cheddar
whey powder-based edible coating over time
Day

0
4
8
Blank
3.9
5.3
4.5
Neg-C
2.5
1.9
4.5
0T
2.9
5.6
6.1
5T
3.5
5.2
5.5
10T
4.1
3.7
5.9
15T
3.4
5.5
3.4
AB
B
5TCH
3.4
2.4
6.3A
10TCH
3.6
3.9
5.7
15TCH
3.1
5.1
4.3
A,B
Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
row.
Abbreviations are as follows: Blank, coating solution containing all ingredients except
whey; Neg-C, not coated with edible film; Arabic numerals, time period of thermization
in min; T, thermized; TCH, thermized and casein hydrolyzate added.
Table 5.3

Mean coliform count (log CFU/g) of cubed beef steak coated with Cheddar
whey powder-based edible coating over time

Day
0
8
Blank
2.0
3.9
Neg-C
1.0
3.9
0T
1.0
4.3
5T
1.0
2.7
10T
1.0
3.3
15T
1.3
3.8
5TCH
1.0
3.9
10TCH
1.2
3.0
15TCH
1.0
3.3
Abbreviations are as follows: Blank, coating solution containing all ingredients except
whey; Neg-C, not coated with edible film; Arabic numerals, time period of thermization
in min; T, thermized; TCH, thermized and casein hydrolyzate added.
Treatment

Previous reports show that whey protein-based edible films have antimicrobial
activity when incorporated with antimicrobial agents such as oregano, pimento,
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rosemary, and garlic essential oils (Oussalah et al., 2004, Seydim and Sarikus, 2006).
Min et al. (2005) demonstrated that WPI films incorporated with lactoperoxidase systems
are capable of inhibiting the growth of S. enterica and E. coli O157:H7 while improving
oxygen barrier properties of the film. However, Shon and Chin (2008) reported that whey
protein coatings alone was not effective in inhibiting the growth of total aerobic bacteria
and L. monocytogenes in low-fat sausages.
5.3.7

Descriptive Sensory Analysis of Cubed Beef Steak
Coated steak samples were evaluated for appearance, oral texture, aroma, basic

tastes, and overall acceptability using 24 descriptive terms. There were no differences (P
> 0.05) among coated and uncoated steak treatments with respect to appearance, oral
texture, and aroma up to 4 days of storage at 4oC (Table 5.4–5.6). After 7 days of storage,
the blank control had a higher (P < 0.05) sensory score for “rancid” aroma compared to
other treatments (Table 5.6). All aroma descriptors (“beef intensity”, “dairy”, “rancid”,
and “whey”) did not differ (P > 0.05) over time up to 4 days of storage in all treatments.
Rancid aroma increased (P < 0.05) in blanks after 7 days of storage while other
treatments did not differ (P > 0.05) in rancid aroma over time (Table 5.6).
For basic tastes, although some descriptive sensory attributes showed differences
(P > 0.05) among treatments by storage time, most of the sensory descriptors did not
differ (P > 0.05) over time up to 4 days of storage (Table 5.7). No differences were
observed among treatments with respect to basic tastes: “sour”, “salty”, “bitter”,
sweetness”, and “umami” up to 4 days of storage. After 7 days of storage, sour taste
sensory scores of blanks and 15TCH were higher (P < 0.05) than those of 0T, 5T, 10T,
and 5TCH (Table 5.7). Similarly, blanks and 15TCH received higher (P < 0.05) scores
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for bitter taste when compared to all other treatments after 7 days of storage (Table 5.7).
Blanks had higher (P < 0.05) sensory scores for sour taste at day 7 when compared to
other storage times while blanks and 15TCH treatments had higher (P < 0.05) scores for
bitter taste at 7 days of storage (Table 5.7). Other basic taste descriptors did not differ (P
> 0.05) over time in all treatments and controls.
Rancid flavor increased (P > 0.05) after 7 days of storage only in 15T and 15TCH
treatments (Table 5.8). No differences (P > 0.05) were observed in all other treatments
throughout the storage period of 7 days. Sensory off-flavor intensity values did not
increase over time in 5 and 10 min thermization treatments indicating a marked lowering
of off-flavor development over time (Table 5.8). Beef flavor intensity was not altered (P
> 0.05) by treatment or storage time through 7 days of storage.
No differences (P > 0.05) were observed among treatment mean scores for overall
quality of beef steak after 0, 2, 4, and 7 days of storage. All thermized WP treatments
received a score of 7.5 or above for overall quality through 4 days of storage (Figure
5.11). A mean score of 7.5 is considered the acceptability threshold for beef steak, so
results indicate that thermized WP treatments maintained overall quality through 4 days
of storage.
Most of the sensory descriptors for cubed beef steak did not differ (P > 0.05) over
time up to 4 days of storage (Tables 5.4–5.6). However, 15T and 15TCH treatments
showed a slightly negative impact on some flavor attributes after 7 days of storage.
Results indicate that edible coating treatments (5T, 10T, 5TCH, and 10TCH) do not alter
general sensory properties of cubed beef steak and also do not contribute any undesirable
flavors or objectionable odors to cubed beef steak up to 7 days of storage at 4oC.

123

Whey protein-based films and coating solutions are reported to be bland in flavor,
which make them an excellent substitute as edible films (Kim and Ustunol, 2001, Lin and
Zhao, 2007). According to Morr and Ha (1993), freshly spray-dried WP products are
bland in flavor, but develop off-flavor upon storage, which limits their use in food
products. Kim and Ustunol (2001) reported that WPI films with glycerol and sorbitol
perceived to be fairly neutral in their sensory attributes, with no distinctive milk-odor.
However, the films showed a slightly sweet flavor. Studies done on the complete sensory
profile of WP based films and the products that contain the films are limited.
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Table 5.4

Mean scores of sensory descriptive attributes for appearance of cubed beef
steak coated with Cheddar whey powder-based edible coating over time
Day

Attribute
Color homogeneity

Treatment 0
2
4
7
8.7AB
7.6B
7.6B
Blank
9.5A
Neg-C
8.2
9.6
8.6
8.2
0T
8.4
8.9
8.2
8.0
5T
9.0A
7.9AB
7.8AB
7.1B
10T
8.3
8.7
8.6
8.1
15T
8.0AB
8.8A
8.2AB
7.2B
5TCH
8.6
8.3
7.3
7.3
10TCH
8.9
8.2
8.3
7.8
15TCH
8.8
7.6
7.9
7.8
Opaqueness
Blank
1.5
1.6
1.3
1.1
Neg-C
1.6
2.0
1.5
1.8
0T
1.6
1.6
1.3
2.0
5T
1.9
1.6
1.7
1.8
10T
1.8
2.2
1.6
1.7
15T
1.8
2.0
1.9
2.2
5TCH
1.8
2.0
1.8
1.5
10TCH
1.3
1.7
1.9
2.3
15TCH
1.7
1.8
1.6
1.9
Browned
Blank
5.6
5.5
5.9
7.5
Neg-C
6.0
6.3
4.8
4.1
0T
4.9
6.1
5.6
5.2
5T
4.2
5.3
5.0
5.3
10T
5.3
5.8
5.2
6.2
15T
4.5
5.7
5.1
4.9
5TCH
5.0
4.9
5.4
6.7
10TCH
4.8
5.7
5.3
3.9
15TCH
4.7
5.9
5.2
5.8
A,B
Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
row.
Abbreviations are as follows: Blank, coating solution containing all ingredients except
whey; Neg-C, not coated with edible film; Arabic numerals, time period of thermization
in min; T, thermized; TCH, thermized and casein hydrolyzate added
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Table 5.5

Mean scores of sensory descriptive attributes for oral texture of cubed beef
steak coated with Cheddar whey powder-based edible coating over time
Day

Attribute
Firmness

Crumbliness

Juiciness

Chewiness

Treatment
Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH
Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH
Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH
Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH

0
6.7
6.0
7.6AB
6.9AB
6.1B
6.3
7.2
6.1
6.9B
4.6
4.5
5.7A
3.8
5.3
4.3
4.4
4.6
4.2
3.1A
2.1
2.5
3.2A
2.2
3.0
2.6
3.1
2.9
3.1A
3.0
3.1
3.0
2.5
3.1
3.4
2.8B
3.6

2
6.5
7.3
7.7AB
6.0B
7.4AB
7.3
7.2
7.0
6.6B
4.3
4.0
3.8B
4.2
3.9
4.5
4.7
4.5
4.5
2.8A
2.9
2.3
2.8AB
2.6
2.3
2.5
2.2
2.5
3.1A
3.9
3.4
3.2
3.1
3.2
3.3
3.5AB
3.4
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4
6.9
7.1
6.8B
7.4AB
6.9AB
7.4
6.0
7.4
7.6AB
4.9
4.2
4.1AB
4.5
4.0
3.5
4.2
3.6
4.3
1.9AB
2.5
2.6
2.3AB
2.4
2.7
3.1
2.9
2.5
3.0A
3.6
3.3
3.0
3.0
3.6
3.0
4.0A
4.0

7
7.0
6.9
8.3A
7.6A
7.7A
7.4
7.1
7.1
8.4A
5.4
3.9
3.4B
4.8
3.9
4.2
4.5
4.8
4.2
1.4B
1.8
2.2
1.6B
2.5
2.1
1.9
2.4
1.7
1.9B
2.9
3.2
3.3
3.1
3.2
3.0
3.6AB
3.4

Table 5.5 (Continued)
1.1AB
1.7A
0.9B
Blank
1.2AB
Neg-C
1.1AB
0.6B
1.4A
0.8AB
0T
1.2
1.2
1.5
1.2
AB
AB
A
5T
1.1
1.4
1.7
1.0B
10T
1.5
0.9
1.4
0.8
15T
1.2
1.2
1.4
1.0
5TCH
1.2
1.1
1.3
1.4
10TCH
1.0
1.0
1.4
0.9
15TCH
1.4
1.4
1.5
0.9
A,B
Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
row.
Abbreviations are as follows: Blank, coating solution containing all ingredients except
whey; Neg-C, not coated with edible film; Arabic numerals, time period of thermization
in min; T, thermized; TCH, thermized and casein hydrolyzate added
Stringiness

Table 5.6

Mean scores of sensory descriptive attributes for aroma of cubed beef steak
coated with Cheddar whey powder-based edible coating over time
Day

Attribute
Beef intensity

Treatment
Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH

0
6.1
5.6
5.7AB
5.6
5.5
5.6AB
6.2AB
5.9A
6.3

2
6.0
6.0
6.1A
6.0
6.2
6.1A
6.4A
5.7AB
5.8

4
5.6
5.7
5.6AB
5.8
5.7
5.8A
5.4B
5.9A
6.1

7
5.6
6.0
5.2B
5.7
5.8
5.0B
5.7B
5.0B
5.4

Dairy

Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH

0.8B
1.0
1.1
1.1
0.9
1.0B
1.0
1.0B
0.9B

1.3AB
1.1
1.0
1.5
1.1
1.0B
1.0
1.1B
1.5AB

1.4AB
1.8
1.4
0.9
1.0
1.1AB
1.7
1.5AB
1.1B

1.8A
2.0
1.8
1.7
1.7
2.0A
1.6
2.0A
2.2A
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Table 5.6 (Continued)
Rancid

Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH

0.1B
0.1
0.1
0.2
0.2
0.2
0.3
0.1
0.5

0.3B
0.0
0.2
0.7
0.3
0.2
0.2
0.2
0.3

0.7B
0.6
0.3
0.3
0.3
0.3
0.3
0.2
0.3

1.9aA
0.6b
1.0b
0.7b
0.8b
0.7b
0.6b
0.6b
0.9b

Whey

Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH

1.0B
1.1
1.3AB
1.2
1.1B
0.9B
1.4
1.2
1.0B

1.3B
1.4
1.0B
1.7
1.2AB
1.3B
1.2
1.3
1.9A

1.3B
2.1
1.6AB
1.1
1.2AB
1.5B
1.6
1.6
1.5AB

2.1A
2.0
2.0A
1.9
2.0A
2.3A
1.7
2.0
2.3A

A,B

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
row.
a,b
Dissimilar letters indicate difference (P < 0.05) in treatment means within the same
column.
Abbreviations are as follows: Blank, coating solution containing all ingredients except
whey; Neg-C, not coated with edible film; Arabic numerals, time period of thermization
in min; T, thermized; TCH, thermized and casein hydrolyzate added
Table 5.7

Mean scores of sensory descriptive attributes for basic tastes of cubed beef
steak coated with Cheddar whey powder-based edible coating over time
Day

Attribute
Sour

Treatment
Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH

0
0.8B
0.8
0.8
0.8
1.0
0.7B
0.9
0.8B
0.7B

2
0.9B
0.8
0.8
0.9
0.7
0.8AB
0.9
0.7B
0.8B
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4
0.9B
0.7
0.7
0.7
0.7
0.9AB
0.9
0.8B
0.9B

7
1.9Aa
1.0bc
1.0bc
1.0bc
1.3b
1.4Aab
1.0bc
1.6Aab
1.9Aa

Table 5.7 (Continued)
Salty

Bitter

Sweetness

Umami

A,B

Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH
Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH

0.5A
0.4
0.4
0.3
0.4
0.2
0.4
0.3
0.3B
0.2B
0.1
0.2
0.3
0.2
0.3
0.4
0.1B

0.3AB
0.3
0.3
0.4
0.3
0.3
0.3
0.2
0.7A
0.2B
0.2
0.3
0.4
0.3
0.4
0.4
0.3AB

0.1B
0.3
0.3
0.2
0.1
0.2
0.3
0.3
0.2B
0.5B
0.5
0.3
0.5
0.4
0.4
0.3
0.4AB

15TCH
Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH
Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH

0.2B
0.6
0.7
0.8
1.0
0.9
0.9
0.8
0.8B
0.9
2.6
2.6AB
2.5
2.9A
2.7A
2.7
2.8A
2.9A
3.1A

0.4B
0.9
1.1
1.0
1.1
0.9
0.8
0.7
1.3A
0.9
2.5
3.1A
2.5
2.6AB
2.5A
2.6
2.5AB
2.6AB
2.8AB

0.3B
0.9
0.6
1.1
0.9
0.8
0.8
1.0
0.9B
0.9
2.3
2.2BC
2.2
2.1B
2.2AB
2.2
2.3AB
2.2B
2.2C

0.2AB
0.3
0.2
0.2
0.3
0.2
0.2
0.2
0.2B
1.2Aa
0.8b
0.8b
0.7b
0.6b
0.6b
0.5b
0.8Ab
1.2Ab
0.8
0.5
0.7
0.8
0.9
0.8
0.9
0.6B
0.5
2.1
1.7C
2.3
2.3AB
1.6B
2.7
2.1B
2.1B
2.4BC

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
row.
a,b
Dissimilar letters indicate difference (P < 0.05) in treatment means within the same
column.
Abbreviations are as follows: Blank, coating solution containing all ingredients except
whey; Neg-C, not coated with edible film; Arabic numerals, time period of thermization
in min; T, thermized; TCH, thermized and casein hydrolyzate added

129

Table 5.8

Mean scores of sensory descriptive attributes for flavor of cubed beef steak
coated with Cheddar whey powder-based edible coating over time
Day

Attribute
Browned

Rancid

Chemical

Beef intensity

Treatment
Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH
Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH
Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH
Blank
Neg-C
0T
5T
10T
15T
5TCH
10TCH
15TCH

0
3.7C
4.9
4.9
4.2
5.1
4.5
5.3
4.4
4.5
0.7
0.2
0.1
0.1
0.8
0.2B
0.3
0.5
0.9AB
0.6
0.5B
0.4B
0.5
0.4B
0.6AB
0.8
0.4B
0.7AB
5.0
5.0
4.9
5.0
5.2
5.1
5.2
5.3
5.5

2
4.9BC
5.9
5.1
4.9
5.6
5.5
5.1
5.4
5.2
0.6
0.4
0.3
0.1
0.2
0.3AB
0.2
0.3
0.4B
0.5
0.6AB
0.9AB
0.7
0.5AB
0.5B
0.4
0.4B
0.6B
5.2
5.5
5.5
5.1
5.7
5.2
5.5
5.1
5.5
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4
5.6B
4.8
5.0
5.6
5.1
4.7
5.0
4.9
5.2
0.5
0.5
0.3
0.6
0.3
0.3AB
0.5
0.3
0.4B
0.8
0.6AB
0.7AB
0.5
0.6AB
0.5B
0.6
0.6B
0.7AB
5.1
4.9
5.0
5.5
4.9
5.1
5.2
5.4
5.1

7
7.4A
4.2
5.3
5.3
5.4
5.2
6.2
4.1
5.9
0.3
0.7
0.7
0.7
0.8
0.9A
0.6
0.7
1.3A
0.6
1.2A
1.1A
0.9
1.0A
1.1A
0.9
1.3A
1.2A
4.8
5.7
5.5
5.3
5.4
5.1
5.3
5.0
4.9

Table 5.8 (Continued)
Off-flavor

Blank
1.1
0.8
1.2
1.6
Neg-C
0.3
0.7
1.1
1.3
0.4B
0.7B
1.6A
0T
0.3B
5T
0.4
0.6
0.6
1.0
10T
0.6
0.8
0.6
1.4
15T
0.4B
0.9AB
0.6AB
1.3A
5TCH
0.8AB
0.5B
1.1AB
1.6A
B
AB
AB
10TCH
0.4
0.7
1.0
1.6A
15TCH
0.3B
0.6B
1.0B
2.0A
Whey
Blank
0.7
1.1
1.1
1.4
Neg-C
0.5B
1.1AB
1.6A
1.7A
0T
1.1
2.1
1.6
1.4
5T
1.1
1.5
0.9
1.1
10T
0.7
1.0
1.0
1.4
B
A
A
15T
0.5
1.4
1.3
1.5A
5TCH
1.0
1.4
1.4
1.4
B
AB
AB
10TCH
0.7
1.1
1.3
1.6A
B
AB
AB
15TCH
0.7
1.5
1.3
2.1A
A,B
Dissimilar letters indicate differences (P < 0.05) in treatment means within the same
row.
Abbreviations are as follows: Blank, coating solution containing all ingredients except
whey; Neg-C, not coated with edible film; Arabic numerals, time period of thermization
in min; T, thermized; TCH, thermized and casein hydrolyzate added
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Mean sensory scores for overall quality of cubed beef steak coated with Cheddar whey powder-based edible coating
over time

The dashed horizontal line across the graph represents the acceptability threshold for beef steak on a 15-point anchored scale.
Abbreviations are as follows: Blank, coating solution containing all ingredients except whey; Neg-C, not coated with edible film;
Arabic numerals, time period of thermization in min; T, thermized

Figure 5.11

5.4

Conclusions
WP-based edible coatings markedly delayed lipid oxidation of tenderized beef

steak and pork loin as reflected by TBARS formation and PV. Thermization treatment,
together with the addition of CH, notably improved antioxidative properties of edible
coating dips against lipid oxidation. WP-based edible coatings significantly reduced
protein oxidation of cubed beef steak and pork loin. Thermization and/or addition of CH
significantly reduced the formation of carbonyls and also significantly reduced the
oxidation of sulfhydryl groups. Coatings were also effective in reducing moisture loss of
meat samples used in this study. Coating treatments had no significant adverse effects on
microbiological quality of cubed beef steak as reflected by normally expected TPC and
coliform counts. Although not statistically significant, thermized WP treatments (5T, 10T
and, 5TCH, 10TCH) numerically showed potential for microbial reduction up to 4 days
of storage at 4oC. Sensory results revealed that thermized WP can be used as a coating
agent for cubed beef steak without negatively affecting overall sensory quality of cubed
beef steak through at least 4 days of storage. Thermization for 5 min showed the most
positive effects in protecting meat against storage induced off-flavor development. In
conclusion, the results of this study indicate that thermized WP can effectively and safely
be used as an antioxidant in final coating dips to improve the overall quality of cubed
beef steak during refrigerated storage (up to 7 days) without negatively affecting key
sensory attributes.
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CHAPTER VI
EFFECT OF pH AND GLUCOMANNAN ON ANTIOXIDATIVE PROPERTIES OF
THERMIZED CHEDDAR WP-BASED EDIBLE COATING ON FRESH
CATFISH FILLETS
6.1

Introduction
Fatty fish such as catfish, salmon, and mackerel are rich in long chain PUFA,

especially EPA (C20:5 n-3) and DHA (C22:6 n-3), which are well known for their health
benefits (Ruxton, 2011, Eymard et al., 2009, Maqsood and Benjakul, 2010). EPA and
DHA play an important role in cardiovascular health, immune function, cognitive
function, mental health and metabolic health (Ruxton, 2011). Due to these reasons,
nutritionists and public authorities recommend consuming fatty fish at least twice per
week (Eymard et al., 2009). In the United States, catfish has become a popular
commodity due to its sweet taste, mild flavor, and lack of fishy odor. Catfish
consumption shows an increasing trend in the long run (Hanson and Sites, 2012). In
2011, the sales of catfish totaled 423 million dollars (Anonymous, 2012a).
However, fish is considered a highly perishable commodity due to its high water
activity, neutral pH, relatively large quantities of PUFA and presence of autolytic
enzymes (Jingyun et al., 2010, Benjakul and Bauer, 2001). Lipid oxidation is one of the
major problems in the fish industry as it leads to the formation of primary and secondary
oxidation products that are responsible for rancid off-flavor development (Maqsood and
Benjakul, 2010). Several factors including singlet oxygen, enzymatic and non-enzymatic
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generation of partially reduced or free-radical oxygen species, active oxygen iron
complexes and thermal- or iron-mediated homolytic cleavage of hydroperoxide have
been identified as initiators and/or promoters of lipid oxidation in fish muscle (Benjakul
and Bauer, 2001, Kilincceker et al., 2009). Primary lipid oxidation products such as
hydroperoxides formed during the initial stages of oxidation further degrade to form
various secondary products including MDA, gluteraldehyde, and hexanal (Alghazeer et
al., 2008). These aldehydes further react with amino groups of proteins causing structural
damage and loss of protein functionality. Furthermore, cross-linking of aldehydes with
proteins can result in protein aggregation, insolubility, and ultimately the loss of nutritive
value (Alghazeer et al., 2008, Lund et al., 2011).
Several processing techniques including use of natural and synthetic antioxidants,
frozen and refrigerated storage, and modified atmospheric packaging have been used to
extend the shelf-life of fish. Numerous studies suggest that edible coatings made of
proteins, polysaccharides, and oil-containing materials are effective in extending the
shelf-life of food products while preserving their sensory attributes (Kilincceker et al.,
2009). Whey, which is a by-product of cheese manufacturing, is well-known for its
ability to form antioxidative edible coatings (Shon and Haque, 2007c, Lin and Zhao,
2007, Shon and Chin, 2008, Haque et al., 2009). Barrier properties and antioxidative
efficacy of edible coatings can be improved by incorporating food grade additives such as
food gums, cellulose derivatives, and other polysaccharides (Lin et al., 2009, Le Tien et
al., 2001, Gounga et al., 2010). The addition of such new ingredients modifies the
structural properties of films/coatings and the blends or composite biopolymer films thus
formed have enhanced functional properties (Gounga et al., 2010).
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Konjac GM, which is isolated from the tubers of Amorphophallus konjac C.
Koch, is a neutral polysaccharide used as a gelling and thickening agent in the food
industry (Lin et al., 2010, Penroj et al., 2005, Alvarez-Manceñido et al., 2008). It consists
of d-mannose and d-glucose in a molar ratio of approximately 1.5:1, with a β-1,4-linkage
(Penroj et al., 2005, Lin et al., 2010). GM itself is capable of forming edible films and
coatings with good mechanical and barrier properties (Chambi and Grosso, 2011, Cheng
et al., 2008). However, literature on GM-based edible coatings is relatively limited
(Cheng et al., 2008).
Previously, our research showed that thermized Edam and Cheddar WP coatings
containing CMC and CH are effective in delaying lipid and protein oxidation of cubed
beef steak and pork loin. CH contains bioactive peptides that act as strong antioxidants,
mainly by scavenging free radicals (Rival et al., 2001, Díaz and Decker, 2004, Sakanaka
et al., 2004). The objectives of this study were to determine the effect of pH and the
addition of GM on the antioxidative activity and moisture barrier properties of thermized
Cheddar WP-based edible coatings containing CH, when applied to catfish fillets.
6.2
6.2.1

Materials and Methods
Materials
Fresh catfish fillets were obtained from a commercial catfish processing plant

(Macon, MS, USA), stored on ice, and processed within 3 hr. Methanol, ammonium
thiocyanate, ferrous chloride, ethanol, ethyl acetate, TBA, 1,1,3,3-tetramethoxypropane,
DNPH, cysteine hydrochloride, and DTNB were from Sigma-Aldrich Inc. (St. Louis,
MO, USA). TCA, cyclohexanone, ammonium sulphate, 2,2,4-trimethylpentane, 2propanol, 1-butanol, barium sulphate, guanidine hydrochloride, urea, sodium hydroxide
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and HCl were from Fisher Scientific (Fair Lawn, NJ, USA). Sodium phosphate, SDS, and
chymosin (C4129) were from Aldrich Chemical (Milwaukee, WI, USA). Citric acid was
from Sigma Chemical Co. (St. Louis, MO, USA). Sorbitol was from Archer Daniels
Midland (Decatur, IL, USA), and CMC was from FMC Biopolymers (Newark, DE,
USA). GM was from Konjac Foods (Sunnyvale, CA, USA).
6.2.2

Preparation of Coating Solutions
Based on results of previous chapters, thermized (5T) Cheddar WP, which

showed the most positive effect on extending the shelf-life of meat samples, was used to
prepare coating solutions as described by Haque et al. (2009), with slight modifications.
Coating solutions were prepared in triplicate by dissolving 5% (w/v) WP, 2.5% (w/v)
sorbitol, 0.125% (w/v) CaCl2, 0.25% (w/v) CMC, 0.25% (w/v) CH, with and without an
additional 0.2% (w/v) GM in McIlvaine's iso-ionic buffer (pH 6.5, 7.0, 7.5, and 8.0).
Solutions were degassed by vacuum aspiration, heated at 90oC for 30 min, and
homogenized using a probe sonicator (Vibra Cell, Model VC 300, Sonics & Materials,
Inc., Danbury, CT, USA) for 2 min. Coating solutions were filtered through a layer of
cheesecloth, cooled to 22°C, degassed by vacuum aspiration, and stored at 4oC for 2–3 hr
to allow the viscosity to increase.
6.2.3

Sample Preparation
Catfish fillet samples were rinsed in distilled water, drained, and cut into 2.5 × 2.5

× 1 cm cubes. The samples were then dipped in coating solutions for 2 min, drained,
dried under a flow of clean air for 10 min, placed on polyethylene trays (PLS3-100Y,
Cryovac®, Duncan, SC, USA), overwrapped (Great Value Premium Wrap, Wal-Mart
Stores, Inc., Bentonville, AR, USA), and stored at 4oC until analysis. Control samples
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were prepared by dipping fillets in McIlvaine's buffer solutions (pH 6.5 – 8.0). Different
coating treatments used in the study were as follows:


Coating treatments containing WP (at different pH): 6.5-W, 7.0-W, 7.5-W, 8.0-W



Coatings containing WP and GM: 6.5-WGM, 7.0-WGM, 7.5-WGM, 8.0-WGM



Blanks: 6.5-B, 7.0-B, 7.5-B, 8.0-B
Arabic numerals denote the pH of coating solutions.

6.2.4
6.2.4.1

Measurements of Antioxidant Activity
Lipid Oxidation
Lipid oxidation of fish fillet samples was evaluated by measuring TBARS

formation and PV. Prior to analysis, coated catfish fillet samples (10 g) were
homogenized with phosphate buffer (pH 7.4, 50 mL) in a commercial grinder (Oster
Digital Blender, Sunbeam Products Inc., FL, USA) for 30 s at a speed attenuation of 8
(maximum 18) to obtain a homogenate. TBARS and PV values of samples were
determined at 0, 3, 5, 7, 10, and 14 days of storage at 4oC.
TBARS of fish samples were measured by the method described by Haque et al.
(2009) with slight modifications. The TBA reagent was prepared by mixing 15% (w/v)
TCA and 0.375% (w/v) TBA in 0.25 M HCl. The fish homogenate (2 mL) was vortexed
with TBA reagent (2 mL) for 45 s, heated in a 100oC water bath for 15 min, and cooled in
an ice bath for 10 min. Cyclohexanone (4 mL) and ammonium sulphate (1 mL, 4 M)
were vortexed into the cooled mixture. The resulting mixture was centrifuged at 3500 × g
for 15 min and the absorbance of the supernatant was measured at 532 nm using a UVvisible spectrophotometer (BioMate™ 3, Thermo Electron Scientific Instruments
Corporation, WI, USA). TBARS values of fish samples were quantified using a standard
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1,1,3,3- tetramethoxypropane solution and expressed as mg of MDA/kg sample (Jingyun
et al., 2010).
A modified FTC method described by Haque et al. (2009) was used to evaluate
inhibitory effect of WP coatings on hydroperoxide formation in catfish. An aliquot (1
mL) of the homogenate was vortexed with 1.5 mL of 2,2,4-trimethylpentane/2-propanol
(3:1, v/v) and centrifuged at 3000 × g for 10 min. A 200 μL aliquot of the supernatant
was added to 3 mL of methanol/1-butanol (2:1, v/v) followed by 30 μL of 30%
ammonium thiocyanate and 30 μL of the 20 mM ferrous chloride solution. The
absorbance of solutions was measured at 500 nm using a UV-visible spectrophotometer
(BioMate™ 3, Thermo Electron Scientific Instruments Corporation, WI, USA) 20 min
after addition of ferrous chloride. PV of catfish samples was calculated against a
calibration curve of FeCl3 standards and was expressed as mEq/kg sample (Lin et al.,
2009)
6.2.4.2

Protein Oxidation
Protein oxidation of fish fillet samples was evaluated by measuring protein

carbonyls and free sulfhydryl groups. Prior to analysis, coated catfish fillet samples (5 g)
were homogenized with phosphate buffer (pH 7.4, 50 mL) in a commercial grinder (Oster
Digital Blender, Sunbeam Products Inc., FL, USA) for 30 s at a speed attenuation of 8
(maximum 18) to obtain a homogenate. Protein carbonyls were determined following
storage at 4oC for 1, 3, 5, 7, and 10 days whereas sulfhydryls of samples were determined
at 1, 3, 5, 7, 10, and 14 days.
Protein carbonyls of catfish fillets were measured according to the method
described by Haque et al. (2009), with a few modifications. A 0.5 mL aliquot of fish
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homogenate was mixed with 2 mL of 20% TCA and centrifuged at 3000 × g for 10 min.
The resultant precipitate was mixed with 2.0 mL of 10 mM DNPH reagent in 2.0 N HCl
and incubated at 22oC for 1 hr. After incubation, 2.0 mL of 20% TCA was added to
precipitate the protein fraction. The precipitate was washed twice with 2.0 mL of
ethanol/ethyl acetate mixture (1:1, v/v) to remove unreacted DNPH, and then dissolved in
1.5 mL of 6.0 M guanidine hydrochloride. Absorbance of DNPH-treated samples was
measured at 370 nm (BioMate™ 3, Thermo Electron Scientific Instruments Corporation,
WI, USA) against an HCl control. Carbonyl content of fish samples were expressed as
µmol of carbonyls/g of sample using an absorption coefficient of 22,400 M-1 cm-1 for
protein hydrazones (Liu et al., 2000).
A modified Ellman’s method described by Haque et al. (2009) was used to
determine the total free sulfhydryl groups in catfish fillet samples. Fish homogenate
samples were diluted to 2 mg/mL with 0.1M sodium phosphate buffer (pH 7.4). A 0.5
mL aliquot of each diluted sample was mixed with 1.0 mL of urea-SDS solution followed
by the addition of 0.5 mL of Ellman’s reagent. After incubation with Ellman’s reagent at
22oC for 15 min, absorbance was measured at 412 nm (BioMate™ 3, Thermo Electron
Scientific Instruments Corporation, WI, USA). Free sulfhydryl concentration of catfish
fillet samples was calculated using a standard cysteine hydrochloride solution and was
expressed as µmol of protein sulfhydryls/g of sample.
6.2.5

Percent Moisture Loss
PML of coated catfish fillets was measured as described in Chapter IV.
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6.2.6

Statistical Design and Analysis
A completely randomized design with three replications was utilized to

differentiate (P < 0.05) coating treatments with respect to TBARS formation, PV,
carbonyl content, sulfhydryl content, and PML. When significant differences occurred
among treatments, Fisher’s LSD test was used to separate treatment means. The statistical
analysis was conducted using SAS version 9.2 (SAS® Institute Inc., Cary, NC, USA).
6.3
6.3.1

Results and Discussion
Effect of pH and Glucomannan on Lipid Oxidation of Cheddar WP-coated
Catfish Fillets
PV of coated catfish fillet samples was determined throughout a period of 14

days. The initial PV of fresh catfish fillet samples was in the range of 0.57–0.58 mEq/kg
muscle (Figure 6.1). PV of all treatments and blanks increased up to 10 days, which is
indicative of lipid oxidation in fish muscle. A decrease in PV was observed for all
treatments except for 6.5-W after 14 days of storage. PV of treatments ranged from 0.8 to
0.9 mEq/kg muscle at 10 days of storage while PV of blanks was in the range of 1.0–1.2
mEq/kg muscle. Although treatments and blanks did not differ with respect to PV at
initial stages of storage, addition of GM and/or changes in pH showed a significant effect
on peroxide formation in fish muscle after 7 days of storage. At this stage, blanks had
higher (P < 0.05) PV compared to all other treatments (with and without GM). Coating
solutions at pH 7.0, 7.5, and 8.0, with GM, had lower PV compared to treatments without
GM at 7 days of storage. The percentage increase of PV in 6.5-WGM, 7.0-WGM, and
8.0-WGM treatments were 43%, 44%, and 43% respectively, whereas the blanks showed
an increase of 67–73%.

141

A similar trend was observed for TBARS formation where TBARS values of
samples increased over time through 10 days, and then decreased (Figure 6.2). TBARS
values of treatments containing GM were lower (P < 0.05) than those of blanks
throughout the storage period of 14 days. Coating solutions at pH 7.0 and 8.0 (with GM)
had lower (P < 0.05) TBARS values than any other treatments or blanks at 5 days of
storage. All the coating treatments except 6.5-W had lower (P < 0.05) TBARS values
compared to blanks at 10 and 14 days of storage. TBARS values of 7.0-WGM, 7.5WGM, and 8.0-WGM treatments were lower (P < 0.05) than those of blanks after 7 days
of storage.
Fatty fish such as catfish, salmon, and mackerel are highly susceptible to
oxidative degradation due to the presence of PUFA, mainly EPA and DHA (Eymard et
al., 2009, Maqsood and Benjakul, 2010). PV reflects the formation of lipid
hydroperoxides, which are considered as primary lipid oxidation products (Maqsood and
Benjakul, 2010). TBARS, on the other hand, is indicative of the formation of secondary
lipid oxidation products such as MDA (Kim et al., 2010). Hydroperoxides formed at the
initial stages decomposed to secondary lipid oxidation products (Maqsood and Benjakul,
2010). This may be the reason for the reduction in PV that was observed after 10 days of
storage. Some secondary oxidation products including MDA and short-chain carbon
products are unstable, and may undergo further degradation to form organic alcohols and
acids, which are not detected by the TBARS test (Maqsood and Benjakul, 2010, Borneo
et al., 2009, Alghazeer et al., 2008). The reduction in TBARS values may also be
attributed to the interaction of TBARS with proteins (Maqsood and Benjakul, 2010).
Results show that thermized Cheddar whey-based edible coatings (at pH 7.0 –
8.0) are effective in delaying lipid oxidation in catfish as measured by PV and TBARS
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formation. Whey protein-based edible coatings inhibit lipid oxidation by acting as a
barrier between fish muscle and the atmosphere, thereby depriving oxygen. Additionally,
whey proteins inhibit lipid peroxidation by scavenging free radicals and by chelating prooxidative transition metal ions (Tong et al., 2000a, Elias et al., 2008, Liu et al., 2007,
Rodriguez-Turienzo et al., 2011). MRP formed during heating of the coating solutions at
90oC for 30 min may also play a role in antioxidative activity of whey protein-based
edible coatings (Chawla et al., 2009, Shon and Haque, 2007c).
Addition of GM significantly improved antioxidative properties of edible coatings
when applied to fresh catfish fillets. Coating solutions at pH 7.0, 7.5, and 8.0 (with GM)
showed better protective effects against lipid oxidation after 7 days of storage. Barrier
properties of whey protein-based edible coatings and films can be improved by the
addition of polymers such as lipids (Regalado et al., 2006) and polysaccharides (Gounga
et al., 2010). GM itself is capable of forming edible films with enhanced water vapor
permeability compared to other polysaccharide films. The mechanical and barrier
properties of GM films can be easily modified by blending with other biopolymers such
as chitosan, sodium alginate, poly(vinylpyrrolidone), and sodium carboxymethyl
cellulose (Cheng et al., 2002). Cheng et al. (2008) reported that konjac GM, together
with CMC, produced emulsion films with higher barrier and mechanical efficiency.
6.3.2

Effect of pH and Glucomannan on Protein Oxidation of Cheddar WPcoated Catfish Fillets
Protein oxidation of catfish fillet samples was measured by measuring carbonyl

content and free sulfhydryl content. Carbonyl content of treatments and blanks increased
gradually during the 10-day storage period (Figure 6.3), which is indicative of protein
oxidation in fish muscle. Carbonyl content of treatments containing GM was lower (P <
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0.05) than those of blanks after 5 days of storage. Carbonyl content of the samples coated
with 7.0-WGM, 7.5-WGM, and 8.0-WGM was lower (P < 0.05) than those of samples
coated with all other treatments and blanks on day 7. These results suggest that carbonyl
formation as a result of protein oxidation in fish muscle stored at 4oC may be linked to
lipid oxidation as measured by PV and TBARS formation.
Free sulfhydryl groups in fish fillets, an equally reliable indicator of protein
oxidation, decreased over time during the storage period of 14 days (Figure 6.4). Coating
treatments 7.0-WGM, 7.5-WGM, and 8.0-WGM had higher (P < 0.05) sulfhydryl content
compared to blanks at days 7, 10, and 14. Percentage reduction in sulfhydryl groups for
7.5-WGM and 8.0-WGM treatments was 33% and 36% respectively, as compared to a 46
– 51% decrease in blanks at 14 days of storage. The shelf-life of refrigerated catfish
fillets is limited to 5–10 days. After this time period, microbiological spoilage is the
primary factor responsible for quality deterioration of catfish fillets (Ramos and Lyon,
2000). Slime formation and release of objectionable odors as a result of protein
breakdown by spoilage microorganisms were observed in catfish fillet samples after 10
days of storage. Therefore, after 10 days of storage, the extent of protein oxidation in
catfish fillet samples may have also been impacted by the increase in spoilage
microorganisms.
Results clearly show that GM containing coatings at pH 7.0–8.0 have greater
antioxidative properties compared to the coating at pH 6.5. At alkaline conditions, GM
undergoes deacetylation that promotes intermolecular interactions and polymer stacking
through hydrogen bonding which would lead to the formation of a highly structured
matrix (Cheng et al., 2002). Cheng et al. (2008) reported an improvement in mechanical
properties of composite films containing GM and CMC in the presence of alkali, which
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was attributed to the strong interaction between CMC and deacetylated GM. This may be
the reason for the increased antioxidative properties observed in GM-containing coatings
at pH 7.0 and higher.
6.3.3

Effect of pH and Glucomannan on Percent Moisture Loss of WP-coated
Catfish Fillets
The PML of both treatments and blanks increased over time during the storage

period of 14 days, with blanks showing a marked increase from day 10 to day 14 (Figure
6.5). The ranges of PML at day 1 were 1.7–2.4% and 1.2–2.0% for blanks and treatments,
respectively. PML values of blanks were higher (P < 0.05) than those of 7.0-W, 8.0-W,
6.5-WGM, 7.5-WGM, and 8.0-WGM treatments at 4 days of storage. Coating solutions
at pH 7.0, 7.5, and 8.0 (with and without GM) had lower (P < 0.05) PML compared to
blanks at 7 days of storage. All treatments except 6.5-W had lower (P < 0.05) PML
values compared to blanks after 10 days of storage. Compared to blanks, WP coatings
with and without GM significantly reduced moisture loss of refrigerated catfish fillets.
Samples coated with 7.0-WGM, 7.5-WGM, and 8.0-WGM were better protected from
moisture loss at day 14, with PML values of 4.2%, 4.3%, and 4.5 % respectively,
compared to 7.1–8.1% in blanks. The 7.0-WGM, 7.5-WGM, and 8.0-WGM treatments
had lower (P < 0.05) PML values compared to blanks and all other treatments at day 14.
Whey proteins show good moisture barrier properties, mainly due to their high
hydrophobicity (Shon and Chin, 2008). Thermization causes denaturation of whey
proteins and according to Haque et al. (2012) partially denatured proteins show greater
surface hydrophobicity. Heating of coating solutions at 90oC for 30 min may have also
helped increase the surface hydrophobicity (Shon and Chin, 2008).
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Coating solutions at higher pH levels (7.0, 7.5, and 8.0) containing GM
significantly reduced moisture loss of catfish samples throughout 14 days of storage.
According to Cheng et al. (2008), moisture barrier properties of protein-based edible
films and coatings can be improved by forming composite films containing both
hydrophobic and hydrophilic components. GM alone, or in combination with other
polysaccharides, has been used to produce edible films with good moisture barrier
properties (Cheng et al., 2008, Cheng et al., 2002). Water vapor permeability of a film is
largely dependent on the availability of polar (–OH) groups. Deacetylation of GM and
polymer stacking would conceivably decrease the number of available –OH groups, and
consequently, impede diffusion of water vapor (Cheng et al., 2002). Penroj et al. (2005)
demonstrated that 81% of acetyl groups in GM could be lost at pH 8.0 (when heated at
90oC for 2 hr) whereas no deacetylation was observed at pH 6.0.
6.4

Conclusions
Edible coatings significantly delayed lipid oxidation of fresh catfish fillets as

expressed by decreased PV and TBARS formation during 14 days of storage. At pH of
7.0 and higher, addition of GM significantly improved the antioxidative activity of edible
coatings against lipid hydroperoxide and TBARS formation. Thermized Cheddar WPbased edible coatings (pH 7.0–8.0) with GM efficiently hindered protein degradation of
fresh catfish fillets. Protein carbonyl formation as well as the oxidation of free sulfhydryl
groups was lower in fish samples treated with coatings containing GM. The PML of
catfish fillet samples was also reduced by coating treatments. Coatings at pH 7.0–8.0,
with GM, had better moisture barrier properties compared to blanks and other treatments.
Results of this study suggest that thermized Cheddar WP-based edible coatings can be
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used effectively to control oxidative degradation and moisture loss in fresh catfish fillets
during refrigerated storage and that GM markedly improves barrier properties of WP
edible coatings at pH 7.0 and higher.
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Peroxide value (PV) of catfish fillets coated with Cheddar whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, pH of coatings; B, dipped in McIlvaine’s buffer; W, coatings with whey protein
concentrates; WGM, coatings with whey powder and glucomannan

a-e

Figure 6.1
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Thiobarbituric acid-reactive substances (TBARS) of catfish fillets coated with Cheddar whey powder-based edible
coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, pH of coatings; B, dipped in McIlvaine’s buffer; W, coatings with whey protein
concentrates; WGM, coatings with whey powder and glucomannan

a-g

Figure 6.2
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Carbonyl content of catfish fillets coated with Cheddar whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, pH of coatings; B, dipped in McIlvaine’s buffer; W, coatings with whey protein
concentrates; WGM, coatings with whey powder and glucomannan

a-g

Figure 6.3
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Sulfhydryl groups of catfish fillets coated with Cheddar whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, pH of coatings; B, dipped in McIlvaine’s buffer; W, coatings with whey protein
concentrates; WGM, coatings with whey powder and glucomannan

a-g

Figure 6.4
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Percent moisture loss (PML) of catfish fillets coated with Cheddar whey powder-based edible coatings over time

Dissimilar letters indicate differences (P < 0.05) in treatment means within the same storage time.
Abbreviations are as follows: Arabic numerals, pH of coatings; B, dipped in McIlvaine’s buffer; W, coatings with whey protein
concentrates; WGM, coatings with whey powder and glucomannan

a-e

Figure 6.5

CHAPTER VII
SUMMARY AND CONCLUSIONS
The first experiment was designed to study the physicochemical properties of
Edam and Cheddar fluid whey and WP and to investigate the effect of thermization on
antioxidative properties of WP in oil-in-water emulsions. Fluid whey was thermized
(70oC for 5, 10, 15, 20, and 30 min), vacuum evaporated and spray dried to obtain WP
under standardized conditions. Edam whey had a slightly higher pH (6.6–6.7) compared
to Cheddar whey (5.9–6.0). TS of Edam and Cheddar whey ranged from 6.3–6.9.
Thermization treatment did not alter the pH or TS of both types of whey. This treatment
did not have any significant effect on the final composition of WP in terms of moisture
content, ash content, and CP. However, the ash content of unheated Edam WP (0T) had
lower (P < 0.05) ash content than all thermized treatments. Edam and Cheddar WP
significantly reduced TBARS formation and PV in ferric-catalyzed soybean oil emulsions
stabilized by Tween-20. Thermization for 5, 10, and 15 min significantly improved
antioxidative properties of Edam and Cheddar WP. Further thermization, i.e., greater than
15 min, detrimentally affected the antioxidative potential.
The second experiment was designed to investigate the efficacy of native and
thermized Edam WP edible coatings with and without CH, in delaying oxidation and
controlling moisture loss of cubed beef steak and pork loin during refrigerated storage.
Edible coatings significantly protected the meats against protein and lipid oxidation. In
cubed beef steak, all thermized treatments had lower (P < 0.05) PV compared to uncoated
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samples at day 1. In pork loin samples TBARS values of 5TCH, 10TCH, and 15TCH
treatments were lower (P < 0.05) than those of blanks and 0T controls on day 1, day 3,
and day 4. Addition of CH enhanced this protective effect against lipid oxidation as
measured by TBARS and PV. In terms of protein oxidation, steak samples coated with all
thermized treatments except 15T and 5TCH had higher (P < 0.05) sulfhydryl content
compared to blanks after 4 days of storage. In pork loin, all thermized treatments had
lower (P < 0.05) carbonyl content compared to blanks at day 6 and day 8. Thermization
and/or addition of CH significantly reduced carbonyl formation and oxidation of free
sulfhydryl groups in pork loin and cubed beef steak samples. The PML of cubed beef
steak and pork loin was markedly reduced by the edible coating. However, thermization
and/or addition of CH did not have a significant effect on moisture barrier properties of
Edam WP-based edible coatings.
The objectives of the third experiment were to investigate the efficacy of
thermized Cheddar WP, with and without CH, in delaying oxidative degradation of cubed
beef steak and pork loin, and to investigate their influence on microbiological quality and
key sensory attributes of cubed beef steak. In pork loin, PV and TBARS values of
thermized treatments with CH were lower (P < 0.05) than those of blanks and 0T controls
after 3 days of storage. In cubed beef steak, 5TCH and 10TCH treatments had lower (P <
0.05) TBARS at all storage times. TBARS formation and PV of both meat species were
significantly impacted by thermization treatment and addition of CH. With regard to
protein oxidation, pork loin coated with 5 min and 10 min treatments (with and without
CH) had lower (P < 0.05) carbonyl formation and higher (P < 0.05) sulfhydryl content
after 8 days of storage. In beef steak samples, treatments with CH had the lowest (P <
0.05) carbonyl formation after 3 days of storage. Thermization, together with addition of
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CH, significantly protected cubed beef steak and pork loin from oxidative degradation.
Coating treatments markedly lowered moisture loss of both meat species. All treated
meat samples had lower (P < 0.05) PML compared to controls throughout the storage
period. Although not statistically significant, 5 min and 10 min treatments with and
without CH showed potential for microbial reduction up to 4 days of storage. E. coli was
not detected in any of the samples during the 7-day storage period. Edible coatings of
thermized Cheddar WP did not adversely affect the overall sensory quality of cubed steak
samples, with thermization for 5 min showing the most positive effects against off-flavor
development during refrigerated storage. The typical retail shelf-life of cubed beef steak
is only 2–3 days. Results of this study suggest that thermized Cheddar whey coatings can
extend the shelf-life of cubed beef steak up to one day. This could be beneficial to
retailers as well as consumers because it reduces losses.
The fourth experiment was designed to study the effect of pH and addition of GM
on antioxidative activity and moisture barrier properties of Cheddar WP edible coatings,
when applied to fresh catfish fillets. Edible coatings significantly delayed lipid oxidation
in catfish fillets as expressed by TBARS and PV. PV was higher (P < 0.05) in blanks
compared to coating treatments after 7 days of storage. TBARS values were also lower
(P < 0.05) in coating treatments except 6.5-W at 7 days of storage. PV and TBARS
formation were significantly reduced by treatments with coatings containing GM at pH
7.0 and higher. Protein carbonyl formation and the oxidation of free sulfhydryl groups
were lower in catfish fillets treated with GM. Moisture barrier effect of coatings were
also significantly improved by the addition of GM, with the best protective effect seen in
coatings at pH 7.0, 7.5, and 8.0. Compared to blanks, the PML of catfish fillet samples
were significantly reduced by 3–4% with 7.5-WGM and 8.0-WGM coating treatments.
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This will be economically beneficial to retailers because reducing moisture loss will
result in higher profits.
In summary, it is apparent from this study that both Edam and Cheddar WP-based
edible coatings are effective in delaying oxidative degradation and moisture loss of cubed
beef steak and pork loin during refrigerated storage. Antioxidative properties of WP
edible coatings can be further improved by thermization treatments and addition of CH.
Cheddar WP-based Edible coatings can be used to extend the shelf-life of cubed beef
steak without negatively affecting the overall sensory quality of steak samples. Cheddar
WP-based coatings containing GM are effective in protecting fresh catfish fillets against
lipid and protein oxidation, with coatings at pH 7.0 and higher showing better barrier
properties.
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APPENDIX A
SCORE SHEET FOR DESCRIPTIVE SENSORY ANALYSIS OF CUBED BEEF
STEAK
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Sensory Evaluation of Meat Samples Dipped in Cheese Whey
Date:

Time of Day:______________

Panelist Code:

Gender:

F

M

0: None
15: High intensity

APPEARANCE
Color homogeneity: Presence of color homogeneity in the cooked surface

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Opaqueness: Cloudy

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Browned:

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Other:

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Comments:

AROMA
Beef/Meaty intensity: Aroma associated with cooked beef

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Dairy: smells associated with dairy plant and dairy production

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Rancid: Aroma associated with extremely oxidized fat or oil

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

175

15

Whey: Cheesy

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Other:

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Comments:

ORAL TEXTURE
Firmness: Effort required to bite through lean and to convert the sample so that it
can be swallowed

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Crumbliness:

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Juiciness: Impression of lubricated food during chewing

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Chewy/Springiness: Springs back to original position when compressed/bitten

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Stringiness:

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Other:

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

Comments:

176

15

BASIC TASTES:
Sour: The taste on the tongue associated with citric acid

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Salty: The taste on the tongue associated with sodium ions

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Bitter: The taste on the tongue associated with caffeine

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Sweetness:

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Umami:

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Other:

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Comments:

FLAVOR:
Browned:

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Rancid: Flavor associated with extremely oxidized fat or oil

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Chemical: The taste on the tongue associated with medicine or soap

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

177

15

Beef intensity:

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Off-flavor: metallic, old, musty

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Whey: Dairy complex

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Other:

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

15

Comments:

OVERALL QUALITY:
Overall:_________________________

|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|
0

5

10

178

15

APPENDIX B
INFORMED CONSENT FORM – CUBED BEEF STEAK
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