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ABSTRACT

COMPOSITION AND GELLING PROPERTIES
OF WHEY PROTEIN CONCENTRATES IN MODEL GEL
AND FRANKFURTER SYSTEMS AS INFLUENCED BY IONIZED CALCIUM

By
Allan J. Rose

Four whey protein concentrate (WPC) gels, pH 7.0,
containing added sodium tripolyphosphate (NaTPP) or EDTA (O,
10, 50 and 100 mM) were analyzed to determine the effect of
ionized mineral concentration (Ca, Na) on rheological and
water retention properties. Gel hardness and water
retention were maximized at [Cab] between 3-6 mM. Cooling
temperature, type of buffer, and pH affected overall gelling
properties while ionic strength did not. Chicken breast
salt-soluble protein (SSP):WPC combination gels (0.3M NacCl,
PH 6.5 processed at 65°C and 90°C) increased in gel strength
and decreased in gel deformability and expressible moisture
as WPC concentration, processing temperature, and NaTPP
increased. Turkey frankfurters with 7% WPC (protein basis)
experienced yield and textural changes with increasing
temperature and NaTPP concentration. Results indicate that
WPCs with adjusted [Cab] can be used to improve yields and

alter texture of processed meats.
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INTRODUCTION

An estimated 80 million tons of whey are produced
annually as a by-product of the cheese industry. (Kinsella,
1984; Bottomley et al., 1990). Considered as waste until
recently, whey was dumped into sewers for disposal
(Bottomley et al., 1990). During the past few years, whey
proteins have received increased attention as potential
components for human food in the form of whey protein
concentrates (WPCs) (Delaney, 1976; Morr, 1979; de Wit,
1984; Harper, 1984; Bottomley et al., 1990). This is due to
their high nutritional value and especially to their
functional characteristics, namely the ability of whey
proteins to form emulsions, foams and heat-induced gels
(Kilara, 1984; Mangino, 1984; Melachouris, 1984).

From an economic standpoint, one of the most important
functional aspects of WPC is its ability to form heat-
induced gels. These gels are capable of holding both water
and other non-protein components of food systems (Schmidt et
al., 1984; Zirbel and Kinsella, 1988; Bottomley et al.,
1990; Kuhn and Foegeding, 199l1a). Differences in processing
techniques have led to variability in the gelling properties
of many commercial WPCs (Sternberg et al., 1976; Huffman,

1988; Morr and Foegeding, 1990; Kuhn and Foegeding, 1991a;

1
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Parris et al., 1991). This variability may be the primary
reason for the limited success of WPCs in the food industry
(Mangino et al., 1987; Morr and Foegeding, 1990; Kuhn and
Foegeding, 1991a; Brandenberg et al., 1992).

Many researchers have studied the role of calcium on
gelling properties of WPC (Mulvihill and Kinsella, 1988;
Zirbel and Kinsella, 1988). It is accepted that calcium is
required at a certain concentration for gelling to take
place. However, studying the role calcium plays in WPC
gelling properties is difficult because the concentration of
calcium is very sensitive and can be affected by milk
source, treatment during cheese manufacture, and heat
processing. As a result, WPCs contain variable calcium
concentrations and inconsistent functionalities.

One way to control the calcium concentration is to take
advantage of its easily altered equilibrium between the
ionic, protein-bound, and colloidal calcium phosphate forms.
This can be accomplished using a sequestrant, like sodium
tripolyphosphate (NaTPP), which will bind ionic calcium and
effectively remove it from the system. Conversely, if the
concentration of calcium is too low, it can be added back in
an easily controlled form, like calcium chloride (CacCl,).

In the comminuted meat industry a critical balance
exists between the quality and availability of the meat
protein source, its functional ability, and ultimately cost.
To reduce costs, the industry has examined nonmeat proteins

as a replacement for the higher priced meat proteins. One
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such nonmeat protein is whey protein concentrate. However,
WPC is just one of many nonmeat binders available to the
food industry. To compete successfully against such well
characterized binders as soy protein, WPCs must have
consistent functionality for specific applications.
The objectives of this study were:

1) To alter the concentration of free calcium

[Caa] in a WPC by sequestration using long-

chain polyphosphates.

2) To test the use of phosphate treated WPCs in

a gelation model system.

3) To test the use of phosphate treated WPCs in
a low-fat frankfurter system processed to two

different temperature.
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LITERATURE REVIEW

2.1. WHEY AND WHEY PROTEINS

Whey is defined as the aqueous phase that is drained
from the curd of clotted milk during the manufacture of
cheese (McWilliams, 1989). There are two types of whey:
sweet whey and acid whey (Table 1). Sweet whey is produced
during the rennet coagulation of milk commonly used to make
hard and semi-hard cheeses. Acid whey is formed during acid
coagulation like that used in the manufacture of cottage
cheese. Whey from different sources can have very different
compositions even at this early stage of processing (Table
1). For example, even though the protein content of whey
remains fairly constant (0.7-0.8% on liquid basis), lactose,
milkfat, and minerals can vary significantly (Morr, 1989).

The mineral content of acid and sweet whey is
significantly different (Table 2). Acid whey tends to have
a greater content of minerals than sweet whey. This seems
to be due to the dissolution of the colloidal calcium
phosphate during acidification (Morr, 1989). When the
casein micelles are broken up, minerals that are bound to
proteins (even partially bound) will be solubilized. This
is especially noticeable with calcium which is used
biologically to link individual casein micelles together.

4



Table 1. General composition® and pl-lb of sweet and acid

whey (%)

Sweet Acia
Component whey whey
Lactose 4.9 4.4
Protein 0.8 0.7
Minerals 0.5 0.8
Milkfat 0.2 0.04
Lactic acid 0.2 0.5
Water 93.4 93.6
pH 5.3-6.6 4.4-5.3

* Adapted from Morr, 1989

Adapted from Scott, 1989
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Table 2. Mineral composition of whey (mg/100g of whey)

Sweet Acid
Mineral whey whey
Calcium 55 102
Magnesium 6 9
Sodium 48 47
Potassium 144 142
Phosphorus 47 64
Iron 0.08 0.09
Zinc 0.07 0.33

Adapted from Scott, 1989
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Beta-lactoglobulin (6-1g) is the most abundant of the
whey proteins, representing about 50% of the total protein
content (Table 3). Beta-lactoglobulin is a typical globular
protein existing as a dimer (molecular mass of 36.7 kDa) at
room temperature and pH between 5.5 and 7.0 (Swaisgood,
1982). Under more severe conditions (e.g. 240°C), B-1lg will
dissociate into two identical monomers. Monomeric bovine 8-
lg contains 162 amino acid residues five of which are Cys/2
(Cys/2 = half-cystine) (Fox, 1989). Four of these Cys/2
occur as disulfide bonds with one acting as a free thiol.
Although the literature is somewhat conflicting, bovine B-lg
appears to contain 10-15% a-helix, 45-50% B-sheet, 15-20% B-
turns and the rest unordered structure. Several genetic
variants of B-1lg exist of which type A and B are the most
common.

Alpha-lactalbumin (a-la) is the next most abundant
protein representing about 20% of the total protein content
of whey. It is the smallest of the whey proteins with a
molecular mass of about 14 kDa. This compact, globular
protein is comprised of about 26% a-helix, 14% B-sheet, 60%
unordered structure and some B-turns (Fox, 1989). The 123
residue bovine a-la is stabilized by eight Cys/2 that exist
as four intramolecular disulfide bonds. Because of its
calcium binding affinity, a-la is considered a
metalloprotein. This characteristic is also responsible for
imparting much of the heat stability to a-la.

Like the two previous whey proteins, bovine serum
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Table 3.

Concentration and properties of whey proteins'

Concentration Percent Isoelectric Molecular

(g/liter) of total point mass
protein (kDa)
6-Lactoglobulin 3.0 50 5.3-5.5 18.3
a-Lactalbumin 0.7 20 4.2-4.5 14.0
Immunoglobulins 0.6 10 5.5-8.3 150-200
Bovine serum
albumin 0.3 6 5.1 66.0

* Adapted from Morr, 1989; Fox, 1989
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albumin (BSA) has been comprehensively reviewed. The 582
residue bovine BSA has a calculated molecular mass of 66,267
Da (Fox, 1989). The native molecule contains 34 Cys/2
residues existing as intramolecular disulfide bonds and one
free thiol group at residue 34 (Fox, 1989). This
ellipsoidal shaped protein is estimated to contain 55% a-
helix, 16% B-sheet, and about 29% unordered structure. The
effect of BSA on the functional properties of whey proteins
has been largely ignored because it represents only about 6%
of the total protein fraction of whey (de Wit and
Klarenbeek, 1984).

The immunoglobulins IgG, IgA, IgM, IgD, and IgE
represent about 9% of the protein fraction in whey (Fox,
1989). They are the largest of the whey proteins having
molecular masses of about 150, 160, 180, 185, and 200 kDa
respectively. Of the five, IgG is by far the most common
representing about 80% of the total immunoglobulins. In
general, immunoglobulins are tetramers consisting of two
heavy polypeptide chains (molecular mass 50-70 kDa) and two
light chains (molecular mass about 22 kDa) held together by
disulfide bonds. Like BSA, the highly complex, heat
sensitive Igs have received little attention with regard to
functionality due their limited abundance in whey.

The remaining protein fraction is collectively known as
the proteose-peptones. This portion consists of polypeptide
segments of partially degraded proteins. Although they may

constitute 23% of the total protein (Fox, 1989), their
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effect on functional properties has been ignored due to the
high variability in composition (e.g. molecular masses range

from about 4.1-41 kDa).

2.2. WHEY PROTEIN CONCENTRATE PRODUCTION

Many methods have been used to isolate whey proteins.
Some of these include heat coagulation, polyphosphate
complexing, and gel filtration (Marshall, 1982). Due to the
dramatic increase in demand for highly purified WPC (Clark,
1987), these techniques have been largely replaced with
ultrafiltration/diafiltration (UF/DF) or ion exchange
adsorption (IEA) methods. There are two principle
advantages to using one of these two latter techniques: 1)
the treatment is less harsh on the protein thus producing a
less denatured product and 2) the processes have evolved
into relatively rapid purification techniques.

Ultrafiltration is the most frequently used method for
concentrating whey proteins. The process fractionates
different sized solute components based on molecular sieving
through membranes with various pore sizes. Ultrafiltration
membranes typically have pore sizes between 1.5 and 100 nm
which retain protein (and possibly other macromolecules 2
1000 kDa) while allowing water, minerals, and lactose to
permeate. To accomplish diafiltration, water is added
during ultrafiltration to remove additional minerals and
lactose. The relatively low temperatures and mild pH

produces a highly functional WPC product containing 50-70%
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protein.

Ion exchange adsorption techniques are based on the
amphoteric nature of proteins. Regardless of the equipment,
the process involves four basic steps: 1) the whey is
pumped into the ion exchanger where it is adjusted to a
particular pH and adsorbs with the ion exchanger; 2)
lactose and minerals are washed out of the reactor with
water; 3) the proteins are desorbed from the ion exchanger
by adjusting the pH; 4) the proteins are removed from the
reactor using water (Morr, 1989). This WPC of IEA can be
quite different than the WPC from UF/DF (Table 4). For
example, the protein concentration is often 2 90% while the
mineral, lactose, and pH are greatly reduced.

The outcome of these processes is a commercially
available, concentrated form of whey protein. No standard
of identity has been established for WPC, thus products vary
widely in composition and subsequently in functional
properties, especially gelling ability. To add to the
confusion are similar products like whey protein isolate
(WPI) which experience additional purification and have
different gelling properties. Despite the differences,
these widely variable products have found many applications

(Table 5).

2.3. FOOD PROTEINS AND GELATION
From a commercial standpoint, protein gels are vitally

important in food systems. They constitute an important
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Table 4. Composition of various whey protein concentrates
prepared by ultrafiltration/diafiltration (UF/DF)
or ion exchange adsorption (IEA)®

PH Protein Lactose Calcium Phosphate

(%) (%) (mmols/kg solids)
UF/DF
Normal UF 7.0 55.8 26.4 0.16 0.12
Neutral UF/DF 6.7 73.9 5.4 0.15 0.13
Acid UF/DF 3.2 73.2 13.4 0.04 0.11
IEA
Spherosil ‘QMA’ 4.0 75.9 4.5 0.13 0.06
Spherosil ’S’ 6.0 90.4 0.1 0.10 0.10
Vistec 8.1 86.4 0.4 0.05 0.12

* Adapted from Morr, 1989.



|

B,



13

Table 5. Applications of whey protein concentrates in food

products’
General Products Related Products Functional Demands
Beverages Chocolate drink Colloidal stability
Soft drink Solubility
Confectionery Frappé High whipping power
Meringue Foam stability at
high temperatures
Desserts/dressings Whipped topping Whipping ability +
fat
Salad dressing Emulsifying ability
"New" products Cheese-like product Heat setting
Spreadable product Emulsification and
water binding
Meat products Ham High solubility at
low viscosity
Frankfurter Water- and fat-
binding
Bakery products Bread Dough formation
Cake Fat-binding and

heat setting

Adapted from deWit (1989)
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functional role especially in the area of stabilizing and
texturizing various food products.

Defining a gel has proven to be difficult. Some
researchers, for instance, have found it convenient to
define gels based on their molecular structure and their
ability to bind liquid (Kinsella, 1976). Others have
employed a more textural approach by defining gels based on
their solid/liquid nature (Clark and Lee-Tuffnell, 1986).
For the purposes of this paper, the definition given by
Hermansson (1979) is most appropriate: "gels are three
dimensional matrices or networks in which polymer-polymer
and polymer-solvent interactions result in immobilization of
a large amount of water by a small amount of protein".

Ferry (1948) explained protein gelation as a two step
process. In the first step, the protein is partially
unfolded to expose the functional groups and allow them to
interact. This partial unfolding can be induced by several
means including pH changes, enzyme addition, mechanical
agitation, and, most commonly, heat. The second step of the
process involves the aggregation of the partially unfolded
proteins into a crossed linked matrix.

Many forces are involved in forming and stabilizing
protein gels. 1In addition, different forces can dominate
based on environmental characteristics (e.g. pH). In any
case, it has been determined that for a gel to form, the
attractive forces must displace the repulsive forces

(Schmidt, 1981). That is, if there is not enough attraction
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between the partially unfolded proteins, they will remain in
solution. These forces are broken up into four categories:
covalent bonds, hydrogen bonds, hydrophobic interactions,

and electrostatic interactions.

2.4. WHEY PROTEIN CONCENTRATE GELATION

The factors affecting the functional properties of WPC,
including gelation, have been divided into two groups:
intrinsic factors and extrinsic factors (Kinsella and
Whitehead, 1985). The intrinsic factors are those related
to the inherent properties of the proteins forming the gel
matrix (amino acid composition, molecular mass, size and
shape, sulfhydryl groups). Extrinsic factors include the
environmental conditions that exist during the process of
gelation (pH, temperature, ionic strength, minerals, and

non-protein solids).

2.4.1. INTRINSIC FACTORS

The proteins in whey that possess gelling properties
are B-lactoglobulin (B-1g) and bovine serum albumin (BSA)
(Ziegler and Foegeding, 1990). As previously mentioned, B-
lg is at a much higher concentration in WPCs and is
therefore considered the primary gelling protein. Studies
are highly conflicting as to the minimum protein
concentration needed to form a gel. Values range from as
low as 1.0-1.2% (Sternberg et al., 1976) to 7.5-8.0%
(Harper, 1992). This variation is most likely the result of

compositional differences in the WPC as well as the non-
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standardized methods used for preparation and evaluation.
Regardless, whey protein gels are very concentration
dependent.

Intermolecular cross-linking of peptides is necessary
for gelation to occur. Differences observed in functional
properties of proteins reflect different types of cross-
links mediated by the number and type of interactive sites
on the protein molecule (Kinsella and Whitehead, 1989).
Bonds most often associated with WPC gelation are of three
types: disulfide bonds, hydrophobic interactions, and ionic
bonds (Morr, 1978; Kohnhorst and Mangino, 1985).

Much work has been done regarding the relationship of
the sulfhydryl content of WPC to its gelling properties.
Schmidt et al. (1979) found a maximum gel hardness at a
cysteine concentration of 9.7 mM. Kim et al. (1987)
attributed the strength of WPC gels to the sulfhydryl
content of the protein fraction (especially 8-
lactoglobulin). Conversely, Kohnhorst and Mangino (198S5)
concluded that the sulfhydryl content of WPC did not vary
enough to explain changes in gel strength. Similar results
were found by Shimada and Cheftel (1988) as they observed
that the number of disulfide bonds did not increase as the
protein concentration increased. Consequently, it has been
concluded that although disulfide bonds are important for
stabilizing WPC gels, the various rheological properties
observed in different gels is not a function of the

sulfhydryl content.
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Hydrophobic interactions influence the folding of
proteins into their native structures. Likewise, when
proteins gel, the structure of the final gel is largely
determined by hydrophobic forces (Kinsella and Whitehead,
1989). Mangino et al. (1987) studied the effects of various
heat processing treatments on the functionality of WPCs.
They determined that WPC made from heat-treated milk had a
lower gel strength than WPC made from milk receiving no heat
treatment (12% protein, pH 6.5). They found the decrease to
be significantly correlated (R=-0.845) to a decrease in
protein hydrophobicity. In an earlier study, Kohnhorst and
Mangino (1985) developed a mathematical model for predicting
the strength of gels made from WPC based on the amount of
hydrophobicity. Their results showed a positive
relationship between hydrophobicity and gel strength
(R=0.78) .

The contribution of hydrogen bonds to the formation of
protein gels is not clear. Nevertheless, within internal
hydrophobic regions with pH values below the pI where the
carboxyl groups are highly protonated, H-bonds may
contribute significantly to the stability of various gel
structures (Kinsella, 1984). Parris et al. (1991) used
Fourier transform infrared spectroscopy (FTIR), to study the
effect of heat treatment on whey protein denaturation. They
determined that heat treatment (85°C, 30 min.) resulted in
formation of two bands (1684 and 1613 cm ') in the amide I

region of B-1g at frequencies usually associated with
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intermolecularly hydrogen bonded B-sheets. Conversely, they
found more heat-induced aggregation in sweet whey than acid
whey even though less intermolecular hydrogen bonding
occurs. They indicated that this may be due to less
specific hydrophobic or ionic interactions. Similar results
were found by Katsuta and Kinsella (1990) in a study of the
effects of temperature on the activation energies (AHa) of
WPI gels. Activation energies describe the forming and
breaking of noncovalent cross-links in gels. The results
showed AHa decreased as temperature was increased (15°-
75°C). This suggests that noncovalent structures other that
hydrophobic interactions (i.e. hydrogen bonds) are involved
in stabilizing the gel structure.

The last of the stabilizing forces is that of
electrostatic interactions. These are the ionic
associations occurring between the negative-charged and the
positive-charged amino acid residues (Kinsella, 1984).

Their probable stabilizing ability comes from attractive and
repulsive forces found with charges located on the
polypeptide chain. Under gelling conditions, there is a
balance between the attractive forces necessary to maintain
structure and repulsive forces needed to keep the proteins
from associating too tightly and collapsing. Because of the
extreme sensitivity of this interaction to environmental
conditions (i.e. pH, heat, minerals), much of the work done
to examine this force has focused on altering the gelation

environment. The special case of calcium effects on
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gelation will be addressed later.

2.4.2. EXTRINSIC FACTORS

The effect of temperature on the gelling properties of

WPCs is by far the most measurable. Temperature influences
occur during both the processing of WPCs and upon heating
during ingredient applications. Heat can directly influence
gelation by causing structural changes in the protein.
Researchers have classified heat-induced protein changes as
reversible and irreversible (deWit and Klarenbeek, 1984).
In addition, heat can influence gelation by altering the
composition of the non-protein components (mineral, fat,
lactose). These changes occur during WPC production and
will be addressed in another section.

Reversible changes occur during low to moderate heat
treatments commonly used during the manufacture of WPC
(pasteurization between 60 and 70°C) due to reversible
denaturation of a-la. Mangino et al. (1987) studied the
effects of heat processing on WPC functionality. They found
that WPCs made from pasteurized milk were lower in gel
strength than those made from unpasteurized milk. These
results were attributed mainly to structural changes in the
protein.

Irreversible changes may occur at higher temperatures
due to protein denaturation. deWit and Klarenbeek (1984)
studied the denaturation temperatures of whey proteins using

differential scanning calorimetry (DSC). Transition
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temperatures of 78°, 72°, and 64° were observed for B-lg,
BSA, and IgG respectively, at pH 6.0 in 0.07 M phosphate
buffer. Mangino (1984) discussed how these higher
temperatures can affect the formation of protein gels. He
indicated that heat can affect both the rate of protein
denaturation and rate of protein-protein interactions.
Adverse effects are typically found at temperatures where
protein aggregation proceeds more rapidly than protein
unfolding. When this occurs, a precipitate forms without
sufficient water immobilization (Mangino, 1984). The
sensitivity of whey proteins to denaturation is affected by
other environmental factors. These factors include pH, non-
protein composition (lactose, fat, minerals), protein
concentration, ionic strength, and calcium concentration.

As suggested earlier, pH has a major influence on
gelling characteristics of WPC. This influence can be in
the form of structural changes of protein but is most often
a result of changes in ionic interactions. 1In either case,
the intrinsic factors discussed previously are affected.
Zirbel and Kinsella (1988) reported that gel hardness
decreased as the pH increased from 6.0 to 9.0. Other
researchers reported similar findings (Schmidt et al., 1978;
Shimada and Cheftel, 1988). Xiong (1992) studied the
influence of more neutral pH values on the thermal
aggregation of whey proteins. Using the technique of
differential change in optical density (Clark and Ross-
Murphy, 1987), it was shown that lower pH facilitated
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protein-protein aggregation between pH values of 5.5 and
7.5. Dunkerley and Hayes (1980) agreed with this data
reporting that gel strength decreased as the pH was
increased from 4.69 to 7.86. Harwalkar and Kalab (1985),
working with B8-1g at pH 2.5, formed gels that immobilized
large amounts of water and were inelastic. dewit (1981)
studied gelation of B-1g over a wide pH range. Opaque gels
were formed at pH 6.0, whereas completely transparent gels
were formed below pH 3.5 and above pH 7.0. Dunkerley and
Zadow (1988) also studied WPC gels over a large pH range.
They described gels as smooth below pH 3.0, smeary pastes
between pH 4 and 7, and rubbery above pH 7.0.

Shimada and Cheftel (1988) suggested hydrophobic
interactions were major contributors to gel formation at
neutral pH. Harwalkar and Kalab (1985) suggested that near
the isoelectric point (pI), protein-protein interactions
were mostly due to an equal concentration of positive and
negative charges, thus facilitating aggregation. Hillier et
al. (1980) found intermolecular disulfide bonds increased as
the pH increased. Others have found disulfide bonds to be
important for gel formation at pH values above 7.0 (Dunhill
and Green, 1965; deWit, 1981). Harwalkar and Kalab (1985)
suggested at pH values below about 3.0, proteins became
positively charged and the repulsive forces became dominant.

Much work has been done with respect to the effect of
ionic species and concentration on the functional properties

of WPCs: aggregation (Varunsatian et al., 1983; Xiong,
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1992), denaturation (Varunsatian et al., 1983), solubility
(deWwit and Klarenbeek, 1984), and gelation (Schmidt et al.,
1979; Mulvihill and Kinsella, 1988; Foegeding et al., 1992).
In general, the influence of ions on WPC gelation seems to
be dependent primarily on valence (Foegeding, 1992). For
instance, above the pI where proteins possess an overall
negative charge, binding of cations is effective in
neutralizing the net negative charge. Likewise, below the
pI anions can help to neutralize the net positive charge.
Ionic species change the forces involved in the gelling
process by binding to protein molecules with opposite
charges.

One commonly overlooked environmental factor is that of
protein concentration. Mangino (1984) discussed protein
concentration with respect to how it determines both the
likelihood of gelation and to the characteristics it imparts
on the finished gel. Simply put, as protein concentration
increases, the likelihood of intermolecular cross-links
increases over intramolecular cross-links. Therefore, a
minimum protein concentration is required for gelation.
Increasing the protein concentration beyond this point
increases cross-linking and produces firmer gels. More
recently, Steventon et al. (1991) used percolation analysis
to study the effect of protein concentration on WPC
gelation. Their results were similar in that the
probability of gelation increased as the probability of

intermolecular cross-linking increased with increasing
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protein concentration. Katsuta and Kinsella (1990) used
creep compliance and activation energy data to analyze the
temperature and protein concentration effects on whey
protein gels. By studying WPI gels ranging from 10 to 15%
total protein, they were able to show that the nature of the
cross-links in the gel structures varied with protein
concentration (i.e., as protein concentration increased,
more rigid cross-links were formed, probably due to
increased intermolecular covalent disulfide bonds).

Recently, it has been shown that components other than
protein may affect gelation. As discussed, functional
characteristics are largely dependent on the physicochemical
properties of proteins in their native and denatured states
(i.e., protein conformation, pH, type and concentration of
ionic species, and temperature). 1In turn, these properties
are governed by components that may be altered with
processing. In general, these components include lactose
(Delaney, 1976; Pappas, 1991), lipids (Kohnhorst and
Mangino, 1985; Mangino et al., 1987; Xiong et al., 1991),
milkfat globule membrane (Xiong and Kinsella, 1991), ratio
of B-lg:a-la:BSA (Kohnhorst and Mangino, 1985; Kim et al.,
1987), and especially the mineral content (Varunsatian et
al., 1983; Kuhn and Foegeding, 1991b). Among the minerals,
many researchers have studied the influence calcium has on
the gelling properties of protein (Johns and Ennis, 1981;

Mulvihill and Kinsella, 1988; Zirbel and Kinsella, 1988).
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2.4.3 CALCIUM AND WPC GELATION

Calcium is a mineral found in large quantities in whole
milk and in milk products, including whey protein
concentrate. Much work has been done to study the
relationship between calcium and protein gelation, however,
the influence of calcium on functional properties is still
highly ambiguous. In any case, gelling characteristics have
been shown to be influenced by different concentrations of
calcium.

It is well known that calcium is required at a certain
concentration for gelling to take place. Schmidt et al.
(1979) determined that gel hardness of dialyzed WPCs
increased to a maximum as CaCl, was increased to 11.1 mM.

In contrast, Dunkerly and Zadow (1984) determined that
hardness of WPC gels gradually decreased with added calcium.
These two studies directly conflict each other as to the
amount of calcium needed to optimize the gel system.
Despite this conflict, the authors agreed that most
commercial WPCs contained calcium at a concentration
different from that necessary to optimize gel properties.

Recent studies have attempted to standardize the
gelling properties of WPCs and WPIs by removing most
components except protein, and then adding back different
components to the system, one at a time, to evaluate the
effects. Among these components calcium has received
considerable attention. Johns and Ennis (1981) used texture

profile analysis to examine rheological properties of whey
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protein concentrates to study the effect of replacing
calcium ions with sodium ions on heat-induced gels. Results
indicate that a 100% replacement of calcium ions with sodium
ions resulted in a significant increase in gel hardness,
cohesiveness, gumminess, springiness and chewiness. Calcium
replacement of 33% or 67%, however, resulted in no
significant change in gel properties.

Kuhn and Foegeding (1991a) dialyzed three different
commercial WPCs and one WPI. After dialysis and calcium
replacement to equal concentrations, they found that shear
stress of gels was still significantly different.
Brandenberg et al. (1992) using three commercial WPCs and
one WPI found even larger differences in stress when they
removed the low molecular weight components and replaced
each system with equal calcium (0.1 & 0.2 M) before heating.

One possible explanation for differences reported in
the literature may be due to the form of calcium in the
protein system. Calcium is found in three forms in whey
protein: 1) protein bound, 2) complexed with lactose,
phosphate, and possibly some lipids and other minerals
(called colloidal calcium phosphate), and 3) ionized [Ca™)
(Demott, 1969; Muldoon et al., 1972; Hazell, 1985). The
equilibrium between these three forms is easily altered.

Ionized calcium usually accounts for about 10 to 30% of
total calcium in whey (Demont, 1968). Ionized calcium can
react when equilibrium conditions are altered due to changes

in phosphate concentration (i.e. addition of sodium
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tripolyphosphate) and temperature. Thus, the equilibrium of
calcium in the colloidal and protein bound states is
altered, changing the functional characteristics of the
protein (Augustin, 1991).

The question remains: what is the mechanism by which
calcium affects the functionality of whey proteins? One
theory suggests that above the isoelectric pH of the
protein, calcium creates a net repulsion between molecules.
This relationship would then encourage hydrophobic
interactions (Kinsella and Whitehead, 1989). Another theory
proposes that calcium, acting as a divalent cation, cross-
links between two neighboring anionic protein molecules.
This cross-linking is therefore an integral part of the
formation of the gel matrix (Mulvihill and Kinsella, 1988).
Still others have implied the influence to be a combination
of the above two theories (Harper, 1992).

In an attempt to unravel the puzzle, Foegeding et al.
(1992) correlated circular dichroism spectroscopy and DSC
data to the rheological properties of B-1lg. They added
CaCl, and NaCl at 20 mM and 100 mM concentrations,
respectively, to pure B-1g sols and observed their behavior
throughout the gelling process. It was found that sodium
and calcium cations produced significantly different gels.
They concluded that, based on circular dichroism data, the
differences found in the gelation process were not a result
of cation-associated differences during the denaturation

process but rather these cations had a differential effect
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during the aggregation process. Xiong (1992) explained that
calcium, being a divalent cation, possesses two positive
charges and thus the ability to form an ionic bridge between
two adjacent carboxyl groups of neighboring polypeptides.
Sodium, however, only has one positive charge and thus

cannot form a bridge.

2.5. YOOD GRADE PHOSPHATES AND GELATION

Food grade phosphates exist in many forms and have many
names but are generally categorized into 5 groups: 1)
orthophosphates (existing as monomers), 2) pyrophosphates
(existing as dimers), 3) polyphosphates (existing as
polymers with more than two P atoms, 4) cyclic phosphates,
and 5) miscellaneous phosphates (those that fit no other
group) (Molins, 1991). The two most commonly used classes
of phosphates in the food industry are orthophosphates and
polyphosphates.

The first class, orthophosphates, are used primarily as
buffering agents, while the second class, long-chain
polyphosphates, have several uses. The two primary uses of
long-chain polyphosphates are as metal ion sequestrants and
as polyelectrolytes. As a polyelectrolyte, phosphate binds
to the positive sites on a protein and may change functional
properties. In the dairy industry, polyelectrolyte and
sequestrant properties are used to alter emulsification
characteristics and protein aggregation. 1In the processed

meat industry, the polyelectrolyte property is of greatest
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concern. Phosphates are used to raise the pH of the meat
and increase the solubilization of muscle proteins. 1In
doing so, water binding capacity and overall yields are
significantly increased.

More specifically are the effects of phosphates on the
extractability of actin and myosin. Binding of meat pieces
in the manufacture of processed meat products, regardless of
animal species, depends on the extraction of salt-soluble
proteins within the meat, specifically actin and myosin
(Molins, 1991). Siegel et al. (1978) studied the role of
phosphates with respect to their ability to extract these
proteins. They used 0.5% of a phosphate mixture (NaTPP and
sodium phosphate glass) alone and in combination with 0%,
1%, 2% and 3% NaCl to show that phosphates were the crucial
ingredients (not NaCl) for determining the relative ratios
of extracted actin and myosin. In addition, the authors
asserted that optimal extraction occurred at 2% NaCl and
0.5% phosphate.

Nakai and LiChan (1985) determined that the strength of
WPC gels can be increased by adding polyphosphates. They
suggested this may be due to calcium chelation by phosphate.
de Rham and Chanton (1984) showed that the solubility of
whey protein could be altered by manipulating the various
concentrations of calcium, magnesium, citrate, and
phosphate. This change in solubility ultimately led to

changes in gelling properties.
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2.6. MUSBCLE PROTEINS AND GELATIONM

Muscle proteins are most commonly classified into three
categories based on solubility: sarcoplasmic, myofibrillar
and stromal (Molins, 1991). Sarcoplasmic, or water soluble
proteins, are the proteins that surround the myofibrils in
the intact muscle tissue. They make up approximately 30% of
the total protein depending on the tissue and are referred
to as water soluble because of their high solubility in
water or low ionic strength salt solutions. The second
class of muscle proteins are the myofibrillar proteins.

They make up about 50-55% of the total protein in muscle.
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