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ABSTRACT
CHARACTERIZATION OF HEAT CURED AND TRANSGLUTAMINASE CROSS-
LINKED WHEY PROTEIN-BASED EDIBLE FILMS
By
Samir Amin
Edible whey protein films were produced using whey protein isolate (WP!),
glycerol and candelilla wax. Films were also produced with the addition of
microbial transglutaminase (TG) to the film forming solution after heating. Both
sets of films were vacuum heat cured for 0, 12 and 24h at 90°C. The effect of heat
curing and transglutaminase treatments on mechanical properties [tensile strength
(TS), elongation at break (%E) and toughness], the free suflhydryl, disulfide, and
lysine contents and degree of cross-linking of WP films were assessed. Heat
curing increased the TS of WPI and WPI/TG films compared to uncured films.
Heat curing films for 24h had increased %E compared to other films. Heat curing
increased the toughness of WPI films. Heat curing decreased the free sulfhydryl
content of WPI and WPI/TG films. The disulfide bond content of WPI films heat
cured for 12h was higher than for films heat cured at 0 and 24h. The disulfide
content of WPI/TG films heat cured for 12 and 24h was higher than for films at 0
and 48h. Heat cured WPI films had lower lysine content compared to uncured
films. WPI/TG films heat cured for 24h had lower lysine content compared to films
heat cured at 0 and 12h. SDS-PAGE was used to confirm heat curing and TG



treatment resulted in the formation of covalent cross-links, between whey protein
fractions.

The water vapor permeability (WVP) of WPI and WPI/TG films heat cured
for 0 and 24h was determined at 37.8°C and 85% RH as well as the oxygen
permeability at 23°C and 0% RH. Moisture sorption isotherms (MSI) of films were
determined at 23°C and 5°C using the Guggenheim-Anderson-de Boer equation
(GAB). Heat curing WPI/TG films reduced the WVP compared to uncured WPI,
WPI/TG and cured WPI films. The addition of TG reduced the oxygen permeability
(O2P) compared to films without TG. Heat curing reduced the O2P of films
compared to uncured films. Heat curing of WPI/TG films produced the greatest
reduction in O2P of films tested. The moisture sorption isotherm of WPI and
WPI/TG films heat cured for 0 and 24h at 90°C were found to closely follow the
GAB model at 5 and 23°C. The films MSI, at 5°C were higher than the MSI of films
at 23°C.

The ultraviolet and visible light transmission and the color characteristics of
WPI and WPV/TG films heat cured for 0 and 24h were assessed. Heat curing
increased the yellowness of films. All films had low transmission of ultraviolet light.

The effect of heat curing and transglutaminase treatments on the thermal
properties (melting onset temperature, peak melting temperature and enthalpy of
fusion) of whey protein isolate films with and without transglutaminase, and heat
cured at 90°C for 0, 12 and 24h was assessed. The peak melting temperatures for

films increased with heat curing and time.
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INTRODUCTION

During the past two decades there has been a renewed interest in the use
of edible films as a packaging material, with a number of materials emerging as
potential candidates. Edible films based on proteins possess good mechanical
and oxygen barrier properties, but are poor moisture barriers. Edible films could
serve as a secondary packaging material to reduce the amount of packaging
waste produced. In 2000 the total plastic packaging waste generated in the US
was 11.2 million tons (EPA 2001). Recycling recovered only 8.9% of the plastic
packaging waste which is much lower than the 45.0% recovery of aluminum
containers. One of the main challenges to increase the amount of plastic
packaging waste recovered through recycling is to find secondary markets for it.
Some of the barriers that must be overcome include the lack of economic
incentives for people and companies to recycle, and the hidden taxes associated
with the municipal collection and disposal of the material (EPA 2000). When used
in conjunction with a primary package material, edible packaging can reduce the
amount of waste generated. This could also allow packers to change and/or
reduce the type of primary packaging used.

Many cities have or are reducing their recycling programs as a way to help
reduce budget deficits (O'Connell 2002). The costs associated with recycling are
significant. In 2002, New York City paid up to $240 per ton for its glass, metal, and
plastics recycling program. On the other hand, it would only cost the city $65-$85

per ton to dispose of the waste in landfills (O'Connell 2002). The disposal of all
1



waste in landfills would save the city ~$57 million. By reducing the amount of
packaging waste generated, the amount of waste entering landfills would be
reduced.

The main function of edible films is to act as a barrier to mass fransfer into
and out of the product. By limiting the migration of moisture, oxygen, aroma, and
oil, both the shelf life and quality of the food product will be improved (Krochta
2002). In this capacity edible films are intended to work in conjunction with
traditional packaging materials to decrease the amount of traditional packaging
used or and/or allow a packaging material that is more environmentally friendly to
be used. In 2002, 1.05 billion pounds of dry whey was produced for human
consumption, an increase of 7.5% over the previous year. Of this, only 608.8
million pounds were sold in 2002, leaving a surplus of 441.2 million pounds of dry
whey in the U.S (USDA 2002). This surplus and the functional properties of whey
proteins make them an attractive choice as a possible raw material for the
production of edible films. |

Kim (2000) produced films using either WPI or whey protein concentrate.
She found that WPI films possessed superior mechanical and barrier properties
compared to whey protein concentrate films. Kim (2000) investigated the addition
of lipids on the mechanical, barrier and thermal properties. She observed that the
addition of candelilla wax enhanced the barrier properties of films. Mert and
Ustunol (2004) investigated the effect of chemical cross-linkers on WPI films

properties. They observed increased tensile strength and a decrease in oxygen



permeability for cross-linked films. The main concem in using chemical cross-
linkers is that they are not suitable for human consumption.

Both heat curing and transglutaminase have been used to cross-link protein
- based films (Mahmoud and Savello 1990; Gennadios et al. 1996; Miller et al.
1997; Yildirim and Hettiarachchy 1998; Kim et al. 2002; Kim et al. 2002). The
limited availability and the high cost of transglutaminase has restricted its use in
the past. However with the availability of transglutaminase from a microbial source
this has become a viable option for cross-linking films. Preliminary studies on heat
curing WPI films have been shown to enhance their mechanical properties
(Appendix A). Treating WPI films with transglutaminase and heat curing also
enhanced the mechanical properties of the films (Appendix B).

| hypothesize that heat curing and enzymatic cross-linking with
transglutaminase can be used to modify whey proteins by enhancing disulfide
bond formation and inducing the formation of Lys-Gin cross-links. By enhancing
the formation of these bonds, whey protein-based edible films can be produced
with improved mechanical, barrier, thermal, and optical properties.

The objectives of my research are:

1. To compare the mechanical properties (tensile strength,

elongation at break and toughness) of whey protein isolate films
with and without transglutaminase, and heat cured at 90°C for 0,

12 and 24h.



To determine the sulfhydryi, lysine and disulfide content of WPI
films with and without TG heat cured for 0, 12 and 24h.

To determine the water vapor permeability and oxygen
permeability of WP films with and without TG, and heat cured at
90°C for 0 and 24h.

To characterize the moisture sorption isotherms of the films at 5
and 23°C.

To determine the color characteristics and light transmission of
WPI films with and without TG, and heat cured at 90°C for 0, 12
and 24h.

To compare the color values for the films to commercially
available plastic packaging materials.

To determine thermal properties (melting onset temperature, peak
melting temperature and enthalpy of fusion) of whey protein
isolate films with and without transglutaminase, and heat cured at

90°C for 0, 12 and 24h.



Chapter 1

LITERATURE REVIEW

1.1 Edible Films
1.1.1 Definition and Historical Background

Edible films are defined as a thin layer of edible material formed separately
from a food product which can act as a barrier to mass transfer and/or as a carrier
for food ingredients or additives. The first free standing edible films, produced
from boiled soymilk, were used in 15" century Japan for preservation and to
improve the appearance of food products (Guilbert and Biquet 1996). Even
though the Japanese have used edible films since the 15" century, there have not
been many commercially successful edible films.

Conventional packaging is used to prevent the mass transfer of moisture,
oxygen, aroma, or oil between a food product and the environment and to protect
the product from mechanical forces encountered during storage and distribution.
Edible films are used to prevent mass transfer between a food product and the
environment. This leads to an increase in the quality and shelf life of the product.
Thus, edible films are not intended to replace conventional packaging (Krochta
2002). Edible films are to be used in conjunction with conventional packaging to
allow a less complex package to be used. Edible films can provide additional

protection to a product after the package is opened.



Haugaard and others (2001) found that there were few examples of bio-
based (non-synthetic) materials used commercially as packaging material.
Potential applications in dairy, home meal replacement, and dry food categories
were identified. These include antimicrobial edible casings made from whey
protein for hot dogs to inhibit Listeria monocytogenes (Cagri et al. 2001). The
casings were effective in inhibiting the growth of L. monocytogenes. Antimicrobial
edible whey protein films as a wrap for sliced summer sausage and bologna were
also investigated by Cagri and others (2002). The films were effective in reducing
the growth of L. monocytogenes, Escherichia coli O157:H7, and Salmonella
enterica subsp. Enterica serovar Typhimurium DT104 by 3.1 — 4.1 logs. Kim
(2000) was able to produce heat sealed pouches from whey protein-based edible
films filled with various dry food products such as oatmeal, mashed potato flakes,
and hot cocoa mix. She also investigated the possible use of edible whey protein-
based films as a wrap for processed cheese slices. The films, however, were
found to be ineffective as a cheese wrap. The cheese slices wrapped in whey
protein-based films had a significant decrease in moisture content compared to
commercially wrapped cheese.

Edible films could serve as a secondary packaging material to reduce the
amount of packaging waste produced. In 2000 the total plastic packaging waste
generated in the US was 11.2 million tons (EPA 2001). Recycling recovered only
8.9% of the plastic packaging waste which is much lower than the 45.0% recovery

of aluminum containers. One of the main challenges to increase the amount of



plastic packaging waste recovered through recycling is to find secondary markets
forit. Some of the barriers that must be overcome include the lack of economic
incentives for people and companies to recycle, and the hidden taxes associated
with the municipal collection and disposal of the material (EPA 2000). When used
in conjunction with a primary package material, edible packaging can reduce the
amount of waste generated. This could also allow packers to change and/or
reduce the type of primary packaging used.

Many cities are reducing their recycling programs as a way to help reduce
budget deficits (O'Connell 2002). The costs associated with recycling are
significant. In 2002, New York City paid up to $240 per ton for its glass, metal, and
plastics recycling program. On the other hand, it would only cost the city only $65-
$85 per ton to dispose of the waste in landfills (O’'Connell 2002). The disposal of
waste in landfills would save the city ~$57 million. By reducing the amount of
packaging waste generated, the amount of waste entering landfills would be
reduced.

The main function of edible films is to act as a barrier to mass transfer into
and out of the product. By limiting the migration of moisture, oxygen, aroma, and
oil, both the shelf life and quality of the food product will be improved (Krochta
2002). In this capacity edible films are intended to work in conjunction with
traditional packaging materials to decrease the amount of traditional packaging
used or and/or allow a packaging material that is more environmentally friendly to

be used. In 2002, 1.05 billion pounds of dry whey was produced for human



consumption, an increase of 7.5% over the previous year. Of this, only 608.8
million pounds were sold in 2002, leaving a surplus of 441.2 million pounds of dry
whey in the U.S (USDA 2002). This surplus and the functional properties of whey
proteins make them an attractive choice as a possible raw material for the
production of edible films.
1.1.2 Formation of Protein-Based Films

The formation of protein-based films usually follows three basic steps. The
first step is the dispersion of high molecular weight polymer and other film forming
constituents in a solvent. The second step is to cast the solution on a smooth level
surface or to coat the solution on to a food item. The third step is the drying
process where the solvent is evaporated which allows the protein to develop a
matrix thereby forming a free standing film or coating (Cuq et al. 1995).
1.1.2.1 Manufacture of Edible Films

Solvent casting is commonly used to produce edible films. In this process,
the film-forming material is dispersed in a solution (generally this solution is water
or ethanol). The film forming solution is cast by spreading or pouring in a thin layer
on a surface coated with polyterafluorethylene (Teflon®), and then allowing the
solvent to be removed through evaporation. The dried film can be detached from
the surface to produce a free-standing film.

Solvent casting is not widely used in the commercial production of self-
supporting films. The most common process for production of films is extrusion. In

this process the solid polymer resin is converted into a melt. The melt is then



shaped using heat, shear and pressure. During the extrusion process the melt is
conveyed through the extruder barrel using a screw. The screw is usually divided
into three sections: conveying, compression or melting, and a metering section. At
the end of the extruder barrel the material is forced through a die and formed into a
film (cast or blown) (Hermandez et al. 2000). Extrusion has been used in the
production of sausage casing from collagen (Osburn 2002) and corn zein (Ha and
Padua 2001). Currently, these are the only protein-based films to be produced
using extrusion.

1.1.2.2 Components of Protein-Based Films

The basic requirement for the formation of an edible film is the presence of
a high molecular weight polymer. The long chain polymeric structure provides the
cohesive strength required for the formation of a structural matrix (Banker 1966).
The two types of high molecular weight polymers commonly used in the formation
of edible films are hydrocolloids (polysaccharides and proteins). Both
polysaccharides and proteins have better mechanical strength than lipid-based
films, while lipid films have better moisture barrier properties.

Proteins used in edible films include soy, wheat, corn, whey and collagen
(Gennadios 2002). Of these, only collagen has become commercially successful.
It is used in the processed meat industry primarily as an edible alternative to
natural casings (Osburn 2002) and a wrap for meat products.

By themselves, proteins form brittle films. The brittieness of the films can be

reduced by the addition of a plasticizer. Plasticizers reduce the intermolecular



interactions between the polymer chains. Plasticizers commonly used in edible
films include glycerol, sorbitol, mannitol, xylitol and polyethylene glycol (McHugh et
al. 1994; McHugh and Krochta 1994, Tanaka et al. 2001; Shaw et al. 2002; Shaw
et al. 2002).

Due to the hydrophilic nature of proteins, they are poor moisture barriers.
The addition of lipids to protein films can improve their moisture barrier properties.
Waxes such as candelilla, carnauba and beeswax are commonly incorporated in
film-forming solutions (McHugh and Krochta 1994; Shellhammer and Krochta
1997, Debeaufort et al. 2000; Gallo et al. 2000; Kim 2000; Perez-Gago and
Krochta 2001; Chick and Hernandez 2002; Galistedt and Hedenqvist 2002).
1.1.2.3 Forces Involved In the Formation and Stability of Protein-Based
Films

Protein structures are stabilized through two groups of interactions:
intramolecular forces inherent to the protein molecule and intermolecular
interactions arising from the surrounding solvent or other molecules. Peptide
bonds, steric strain, and van der Waals interactions are intramolecular forces
inherent to protein and hydrogen bonding; electrostatic and hydrophobic
interactions can be both intramolecular and intermolecular forces (Damodaran
1996). Interaction among protein chains influence the characteristics of the film
produced. The ability of proteins to form films is influenced by the primary
structure of the protein and the formation of ionic cross-links, hydrogen bonds, and

inter- and intramolecular disulfide bonds (Gennadios 2002). The application of
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heat to protein-film-forming solutions enhances the film-forming properties
(Gennadios et al. 1994; Roy et al. 1999; Perez-Gago and Krochta 2001). Heating
the protein solution increases the denaturation of the protein, which exposes
hydrophobic and suflhydryl groups that were previously buried. During drying,
these groups interact to form high — mdlecular — weight aggregates. These
aggregates enhance the mechanical properties of the films.

Hydrogen bonds are formed between a hydrogen atom covalently bonded
to an electronegative atom (usually N or O) and another electronegative atom.
Hydrogen bonds are one of the most important forces affecting the stability of
proteins. Hydrogen bonds are classified as a strong permanent dipole-dipole
interaction (Damodaran 1996). The bond energies of commonly found hydrogen
bonds in proteins are shown in Table 1.1.

Fairley and others (1996) investigated the role of suflhydryl/disulfide
interchanges in whey protein films. By inhibiting the interchange of suflhydryl and
disulfide bonds they observed an increase in film solubility. The increase in
solubility was unexpected and attributed to the protein adopting a conformation
that increased hydrogen bonding. Subirade and others (1998) investigated the
change in conformation in glycinin in both an aqueous solution and films. They
observed a decrease in the percentage of B-sheet and unordered structure found
in the film-forming solution and an increase a-helix conformation. Another
conformational change occurred while drying the solutions and that resulted in the

forming of intermolecular hydrogen bonded p-sheets.
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Table1.1 Bond energies of typical hydrogen bonds found in proteins

(Rodriguez 1996).

Hydrogen
Bonds

Typical
Bond

Energy
(Kcal/mol)

O-H—0
O-H—N
N-H—O
N-H—N

3to6
3to6
4

3to5

Table 1. 2: Common bonds found in proteins and their average bond

energies (Rodriguez 1996).

Ave. Bond
Energy

Bond (Kcal/mol)

cC 83

C-O 84

C-H 99

C=0 171

C-N 70

N-H 93

N=C 147

S-S 51

C-S 62

S-H 81

0-0 33

O-H 111
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The conformational changes induced in wheat gliadins were studied by Mangavel
and others (2001). They found that there was an increase in -sheet formation in
the film-forming solution. Drying the solution induced major conformational
changes in the protein. The conformational changes were attributed to antiparallel
hydrogen-bonded p-sheets and protein aggregates. The increase in hydrogen-
bonded B-sheets led to an increase in tensile strength of the dried films. Even
though hydrogen bonds are relatively weak, their abundance significantly
contfributes to the stability of proteins. Increasing the amount of hydrogen bonding
can increase the mechanical strength of a protein film.

Disulfide bonds are formed when two cysteine residues are brought in close
proximity. The suflhydryl groups undergo oxidation in the presence of molecular
oxygen which results in the formation of a disulfide bond. Disulfide bonds can be
formed both inter-molecularly and intra-molecularly in proteins. Disulfide bonds
help to stabilize the folded protein and are important in the stabilization of protein
films. Even though disulfide bonds are important in stabilizing the structure of a
protein; they are relatively weak compared to other covalent bonds found in
proteins (Table 1.2). It is thought that the proteins in film-forming solutions
denature through the reduction of S-S bonds and reveal buried SH groups. During
the drying process, covalent S-S bonds are formed by air oxidation from the
exposed SH and suflhydryl-disulfide interchange reactions (McHugh, Aujard et al.
1994; Roy, Weller et al. 1999).
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Perez-Gago and others (1999) investigated the solubility of native and
denatured whey protein isolate (WPI) films and found that denatured WPI films
had lower solubility in water then native WPI films. The decrease in solubility was
attributed to the denaturation of the protein, the exposure of SH groups, and the
formation of intermolecular disulfide bonds. Kim (2000) observed that the
solubility of WPI films differed when incubated in different bond dissociating
agents. Films incubated in g-mercaptoethanol (BME) had higher solubilities than
those in SDS. These results suggest that disulfide bonds play a role in stabilizing
the film network. The solubility of films incubated in urea was higher than in SDS,
indicating that hydrogen bonds are also important in stabilizing WPI film networks
(Kim 2000).

Kayserilioglu and others (2001) determined that wheat gluten film solutions
at pH 11 produced films that were cross-linked through the formation of
lysinoalanine. The films showed no change in protein solubility with the addition of
sodium dodecyl sulfate (SDS), indicated that hydrophobic interactions were not as
important to the stability of the films.

1.2 Composition and Properties of Whey Protein Isolate

Bovine milk contains ~3.5% protein, and of this, whey proteins account for 18%
(wiv) of the total protein content. Whey protein can be defined as the proteins that
remain soluble after the pH of milk has been adjusted to 4.6 (Fox and McSweeney
1998). Liquid whey from cheese production contains lactose, lipids and minerals

along with the soluble proteins. Cheese whey is further processed to remove
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lactose, lipids and minerals to increase the protein concentration. Whey proteins
are used commercially as ingredients in baked goods, fortified beverages, dairy

and frozen desserts, dressings, sauces, dietetic products and processed meats

(Kinsella and Whitehead 1989).

1.2.1 Manufacture of Whey Protein Isolate

Due to the high moisture and low solids content of cheese whey it tends to
spoil rapidly. Moisture is removed through high velocity and low temperature spray
drying. High temperatures (>75°C) need to be avoided to minimize the
denaturation of whey proteins which alters their functional properties (Morr and Ha
1993).

The production of whey protein isolate begins with the pasteurization and
clarification of liquid whey. The whey is clarified using a large scale centrifuge
(clarifier) to remove casein and cheese particles. The removal of lactose and
minerals are accomplished using ultrafiltration, which concentrates the protein and
fat. Ultrafiltration is used to produce whey protein concentrate (WPC) having a
protein content of 30-50%. Diafiltration is used to further concentrate the WPC to
80% protein (Morr and Ha 1993).

Two additional steps are required to produce whey protein isolate. After
clarification, fat and lactose are removed using microfiltration. These processes
are then followed by ultrafiltration and diafiltration. Once these processes are

completed, spray drying is used to produce a fine white powder with low-fat and
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lactose content. The composition of WPI is <80% protein, >1% fat, and 1-4%
lactose and ash (Huffman 1996).
1.2.2 Protein Fractions in Whey

Whey proteins account for 15-25% of the total protein content of milk. Whey
proteins are globular and composed of B-lactoglobulin, a-lactalbumin, bovine
serum albumin, proteose-peptones, lysozyme and lactoferrin (Brunner 1981;
Kinsella and Whitehead 1989).

1.2.2.1 p-Lactoglobulin
p-lactoglobulin (B-Lg) is the major protein fraction found in whey. It accounts

for 50% of the whey protein and has a molecular mass of 18,600 Daltons. In its
native state and in solution p-Lg exists as a dimer due to electrostatic interactions
between Asp'*® and Glu'* with the corresponding lysyl residues of another
monomer (Cramer et al. 1983). Native B-Lg possesses 2 pairs of S-S between
Cys%®-Cys'® and Cys'®-Cys'"® and a free SH group on Cys'?'. The free SH is
buried and inaccessible to solvents at neutral pH (Papiz et al. 1986). Bovine p-Lg
exists in seven different variants; of these seven variants A and B are the most
common. Variant A and B differ in their AA composition at residues 64 and 118.
Variant A has Asp and Val at these residues and variant B has Gly and Ala (Cayot
and Lorient 1997). Bovine B-Lg shows a high degree of secondary and tertiary
structural organization. It contains approximately 51% B-sheet, 15% a-helix, 17%

reverse tums and 17% random coils (Cramer, Parry et al. 1983).
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Bovine B-Lg exists as a dimer at pH 5-8. Between pH 3-5 B-Lg undergoes a
pH dependant association to form octamers. Below pH 2 and above pH 8 B-Lg
dissociates into monomers (Pessan et al. 1985). Heating of B-Lg above 55°C
under alkaline conditions induces denaturation and aggregation. Denaturation of -
Lg exposes the SH at Cys'?' which undergoes S-S/SH exchange which leads to
irreversible aggregation of the protein (Boye et al. 1998).
1.2.2.2 a-Lactalbumin

a-actalbumin (a-La) is the second most abundant protein in whey, and
accounts for ~19% of the whey protein (Cayot and Lorient 1997). The molecular
mass of a-La is ~14,000 Da, and the protein contains 4 disulfide groups (cystine)
and no free sulfhydryl (cysteine). a-La contains 123 amino acid residues and
shows a strong homology to lysozymes (Fox and McSweeney 1998).

a-La is a globular protein and exhibits little organized secondary structure.
The secondary structure of a-La consists of 26% a-helix, 14% p-sheet and 60%
unordered structure (Kinsella and Whitehead 1989). a-La has an ellipsoidal tertiary
structure with a deep cleft dividing the molecule into two lobes. One lobe is
composed of 4 helices and the other lobe has 2 - sheets and a loop chain
structure (Wong et al. 1996).

a-La is the most heat stable whey protein. a-La will undergo renaturation
after heat denaturation. However, in the presence of p-Lg, heated a-La will

undergo irreversible denaturation and form aggregates. Aggregation occurs
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through the formation of disulfide bonded copolymers of a-La and p-Lg (Gezimati
et al. 1997).
1.2.2.3 Bovine Serum Albumin

Bovine serum albumin (BSA) accounts for ~5% of the whey proteins (Cayot
and Lorient 1997). BSA is a single peptide with a molecular mass of ~66,000 Da
and is comprised of 582 amino acid residues (Kinsella and Whitehead 1989). BSA
contains 17 disulfides and 1 sulfhydryl group. The BSA molecule is elliptical and is
divided into three domains each with a different net charge (-10, -8, 0) (Fox and
McSweeney 1998). The denaturation of BSA occurs similarly to p-Lg and the
protein can be denatured by heat, acid or base treatment (Cayot and Lorient
1997). BSA forms disulfide-bonded polymers and aggregates through hydrophobic
interactions upon heating (Gezimati, Creamer et al. 1997).
1.2.2.4 Immunoglobulins and proteose-peptone

Immunoglobulins are made up of high molecular weight proteins, such as

1G4, 19G2, IgA, IgM, and IgE, all of which have antibiotic properties. The molecular
mass of immunoglobulins range from 15,000-1,000,000 daltons (Kinsella and
Whitehead 1989). Immunoglobulins account for ~13% of the whey protein (Cayot
and Lorient 1997). The function of immunoglobulins is to impart various types of
immunity to the body. In bovine milk ~80% of the immunoglobulins are IgG (Fox
and McSweeney 1998). Immunoglobulins are comprised of two light polypeptide
chains and two heavy polypeptide chains. Both light and heavy polypeptide chains

are cross-linked by disulfide bonds (Brunner 1981).
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Proteose-peptones account for ~10% of the whey proteins. The molecular
mass of proteose-peptones range from 4,000 — 40,000 daltons (Kinsella and
Whitehead 1989). Proteose-peptones remain soluble after the precipitation of
casein at pH 4.6 and heat coagulation of p-Lg and a-La at 95°C. Proteose-
peptones are defined as a mixture of acid-soluble and heat stable
phosphoglycoproteins (Girardet and Linden 1996).

1.3 Properties of Whey Protein-Based Films
1.3.1 Mechanical Properties

Mechanical property requirements have practical importance in selecting
applications for which edible films are best suited. The two most studied
mechanical properties of whey protein films are tensile strength (TS) and
elongation-at-break (%E). Tensile strength is a measure of the maximum stress
(force per unit area) that a material can sustain before breaking. Elongation-at-
break is a measure of the maximum amount of strain (dimensionless fractional
length increase) a material can sustain before fracture (Hemandez, Selke et al.
2000).

The mechanical properties of whey protein-based (WPI) fims have been
extensively studied (Table 1.3). Mechanical properties of WPI films heat cured 80,
90 and 100°C for 0, 12, 24, 48 and 72h treated with and without transglutaminase
is shown in Appendix A and Appendix B. Various compounds and treatments such
as plasticizers, denaturation, hydrolysis, chemical modification, drying conditions,

and
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Table 1.3: Mechanical properties of whey protein and p-lactoglobulin based
edible films as influenced by various treatments.

Film Tensile Elastic
ilm? Treatment ion°
Film sition® rea Stren gth‘ Elongation modulus® Reference
. McHugh and
WPI/Gly 10:1.5 Glycerol 29.10 4.10 — Krochta 1994
WPIIG 10:3.0 I 90 8 Mchugh and
ly 0:3. Glycerol 13. 30.80 — Krochta 1994
WP/ 0:3.0 Sorbitol 400 60 Mctlugh and
'Sor 10:3. orbito 14, 1. —_ Krochta 1994
. Saothornvit and
pLa/Gly 10:5.8 Glycerol 16.01 76.46 705.60 Krochta 2001
y o 65,85 23,80 Sothomnvit and
pLa/Sor 10:11.65 Sorbito 10.06 . . Krochta 2001"
_ Polyethylene Sothomvit and
BLG/PEG 200 10:12.8 Glycol 6.46 77.09 255.20 Krochta 2001"
. . Sothomvit and
BLg/Suc 10:21.9 Sucrose 9.71 89.41 340.80 Krochta 2001
! Po]yethwene Sothomnvit and
BLG/PEG 400 10:25.6 Giycol 288 32.31 117.20 Krochta 2001"
Shaw and others
WPI/Gly 10:5.0 Glycerol 325 35.00 100.00 2002b"
' Shaw and others
WPI/Gly 10:8.0 Glycerol 2.00 32.00 25.00 2002b'
. Shaw and others
WPI/Gly 10:10 Glycerol 1.50 47.00 12.00 2002b"
Shaw and others
WPI/Sor 10:5.0 Sorbitol 9.00 10.00 325.00 1
2002b
Shaw and others
WPl/Sor 10:8.0 Sorbitol 3.50 15.00 150.00 1
2002b
Shaw and others
WPI/Sor 10:10 Sorbitol 3.30 25.00 100.00 2002b"
‘ o Shaw and others
WPI/Xyl 10:5.0 Xylito 8.00 15.00 225.00 2002b'
] Shaw and others
WPIXyl 10:8.0 Xylitol 450 7.00 175.00 2002b'
' ) Shaw and others
WPIXyl 10:10 Xylitol 1.00 200 100.00 2002b’
. Heat Perez-Gago and
WPI/Gly 5.03.5 denatured 6.90 41.00 199.00 others 1999
WPI/GI 5.0:35 Native WPI 3.10 7.00 88.0 Perez-Gago and
IIGly 0:3. ative A . .00 others 1999"
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Table 1.3 cont.: Mechanical properties of whey protein and p-lactogliobulin
based edible films as influenced by various treatments.

Fif oon':ci:gﬁon3 Treatment s::;z; Elongation® rril:ajlics“ Reference
WPUGy 1025 s.shes;;gy:: o 10 300 10000 m":ogf
WPI/Gly 1025 wry:;gy:?f 2,00 250 25,00 mt":;g?
WPI/Gly 10:55 5‘5:;‘:;9;;:“ — _ L mort:v;to ;2:1
WPUGly 10:55 10;/;::3:;“ 175 6000 2500 mﬂtﬂa":ozg?
WPUGly 1033  OOmmOINEM 650 2000 32500 oo,

others 1996
WPUGly I L I R 1 B
WPU/Gly 10:3.3 °'°§$‘°’ 750 2000 32500 ;:r:‘;:;;
WPUGly w03z ORI 700 1m0 37000 o':::’;;;:,

WPIG 10,0100 M'm;"e 223 310 2708 K"Yazzggfaya
WPIIG 100100 _fom s 2610 2087 Kayﬂ'z:f::) keya
weusy  tismis TEEZOEoh g gy MRS
weuay  msts TRENCE g4 w10 a0 ﬁ::z;;f

WPIGYBW 1003340 TSt a7s om0 22500 P:;::g:;’}d
weuGyBW 1003340 T as0 175 2700 szaggoz'}d
whiGBW 1003340 TS NC% 500 10s0 27000 miag:;']d
WPUGAMFF 1003340 T B2C% g0 35 30000 m(:ggo?d
WPUGAMFF 1003340 TEIAAOCE g gy o5 szagg oa()':d
WRIGHAMFE 1003340 T ESNC% s 90 25000 Pz:;f:gg;}d
WPIGYICW  10.0:3.3:40 d“e:oixt éﬁc & _ _ PeK:zZmZag: Ozr:d
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Table 1.3 cont.: Mechanical properties of whey protein and p-lactoglobulin

based edible films as influenced by various treatments.

Film

Tensile

Elastic

Film’ composition’ "™ girenoind Elongaton® 1" Refrence
WPI/Gly 1025 5'5:; d‘:;gy';:“ 100 3500 10000 SK?;ZV:OZ’;?
WPI/Gly 1025 10;/;::.?:; o 20 280 2500 m::vz';:';?
R .
WPI/Gly 1055 10;/;;’;'9:; a1 e 2500 mozv;:;?
WPI/Gly 1033 0OmmINEM 650 2000 32500 oo

others 1996

WPIGly 10:33 0‘0,1;;'” ' 70 200 a7500 ;::':); :;:1

WPIIGly 033 CRM 75 200 as00 ::23 ;;:1

WPIGly 033 °FME 70 1s00 37000 ;:::’; :2:1
WPIG 100:100 M':'r;';"e 223 %10 2708 Kayazzr(;cé1Kaya
WPIG 100100 _on st %10 2087 Kayazzzz Kaya
weigy  1sits TRR2CE om0 w00 29 m"::z;;f
weigy  1ss TSRS w0 mi0 e '::":Z::?
WPUGYBW 1003340 TECE 375 25 22500 P::;Zaggo?d
WPUGIBW  10.0:3.340 dﬁefoﬂ/tsgc Y 175 27500 Pm'?:ggoaoﬁd
weiGyBW 1003340 eS¢ 500 1050 27000 me:gg;'}d
WPIGAMFE 1003340 TS A2CE g0 35 30000 szaggo‘z}d
WPUGAMFE 1003340 TeRB 0% S0 es 22500 P:ﬁ;f:gg;’}d
wiGAMFF 1003340 S0 0C% a5 900 25000 P:::;f:g::o'}d
WRUGICW 1003340 e 20T _ _ Pemom




Table 1.3 cont.: Mechanical properties of whey protein and p-lactoglobulin

based edible films as influenced by various treatments.

Film Tensile Elastic
102 T I
Film composition® oM gyrengtht  Elongation” e Reference
- dried at 40C & Perez-Gago and
WPI/Gly/CW 10.0:3.3:40 40%RH —_— —_— — Krochta 2000"
. dried at 80C & Perez-Gago and
WPI/Gly/CW 10.0:3.3:40 40%RH —_— — — Krochta 2000"
. ) Shaw and others
WPI/Gly/soyaoil  10:5.0:4.0 Soya oil 4.06 44 .05 105.29 2002
) ] Shaw and others
WPI/Gly/soya oil  10:5.0:3.0 Soya oil 4.28 85.42 118.54 2002
) . Shaw and others
WPI/Gly/soya oil  10:5.0:2.0 Soya oil 3.98 60.75 130.19 2002
WPUGly/soyaoil  10:50:00  Soya oil 426 3363 159.49 S"aw;':;;f’"’e's

"Films tested according to ASTM 882

2WPI=whey protein isolate; Gly=glycerol; Sor=sorbitol; Xyl=xylitol; G=glycerine; BW=beeswax;
AMFF=anhydrous milkfat fraction; CW=candelilla wax; BLg=p-Lactoglobulin

3 9% protein: %plasticizer: %lipid (w/w/w); ¢ MPa; ® %; 6 Mpa
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the addition of lipids affect the mechanical properties of WPI films. Plasticizers
enhance the mechanical properties of protein-based edible films, which otherwise
tend to be brittle by themselves. The addition of plasticizers decreases the
intermolecular interactions, which leads to an increased pliability in the films.
Common plasticizers used for edible protein-based films include glycerol, sorbitol
and polyethylene glycol (Gennadios 2002). Glycerol is the most effective
plasticizer, due to its smaller size and ability to interact with the polymers.
Increasing the level of plasticizers in the film solution has been shown to decrease
the TS and increase the %E of WPI films (McHugh and Krochta 1994; Sothomvit
and Krochta 2001; Shaw, Monahan et al. 2002) by reducing the intermolecular
attraction between the polymer chains. Increasing the molecular weight of the
plasticizer will affect the mechanical properties of WPI by decreasing the
elongation at break and by increasing the tensile strength (Sothomvit and Krochta
2001; Shaw, Monahan et al. 2002). The higher molecular weight plasticizers are
less effective in disrupting the intermolecular attraction between the polymer
chains.

Heating WPI solutions causes the proteins to denature and exposes
suflhydryl groups (SH) in the protein interior. Exposing the SH increases the
number of intermolecular disulfide bonds that may be formed during the drying
process and leads to increased intermolecular cross-linking. The increased TS of
denatured WPI films have been attributed to the formation of covalent cross-links

during the heating process. Enzymatic hydrolysis of whey protein resulted in films
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that had lower TS compared to unhydrolyzed WPI (Sothornvit and Krochta 2000).
The decrease in TS in hydrolyzed WPI was attributed to the weaker protein
network formed by the shorter chains. The blocking of disulfide bond formation by
free sulfhydryl using N-ethylmaleimide (NEM) had no effect on the mechanical
properties of WPI films (Fairley, Monahan et al. 1996). Conformational changes
induced through the heating of protein film solutions during the drying process
enhanced the mechanical properties of the film. Increasing the drying temperature
and decreasing the humidity increases the TS and decreases the %E of WPI films
(Alcantara et al. 1998). Drying of WPI films by microwave radiation was shown to
increase the TS of films compared to films dried at room temperature (Kaya and
Kaya 2000). The addition of lipids to the film forming solutions decreased the TS
of WPI films (Perez-Gago and Krochta 2000; Shaw, Monahan et al. 2002). Drying
WPI films at different temperatures and a constant humidity had no effect on the
mechanical properties of WPI films containing lipids (Perez-Gago and Krochta
2000).
1.3.2 Barrier Properties

Barrier properties measure the resistance of a material to diffusion or
sorption of a substance (Hernandez, Selke et al. 2000). Permeability of a material
combines the effects of diffusion and sorption into a single value. Two important
barrier properties of WPI films are water vapor permeability (WVP) and oxygen
permeability (O.P) (Table 1.4). Another barrier property that is important, but less

studied, is sorption of various volatile compounds. Protein based films in general
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Table 1.4: Barrier properties of whey protein and p-lactoglobulin based

edible films as influenced by various treatments.

Film

Film* composition® Treatment OF° WVP’ Reference
WPI/Gly 10:15 Glycerol 18.50 — K”:::'h‘:i:;}
WPIGly 10:3.0 Glycerol  76.10 — }:‘;;‘2’::;:1
WPI/Sor 10:3.0 Sorbitol 4.30 — x;’;‘::'::;}
WPIGly 10:5.0 Glycerol — 118.00 S"awzgg:b"sme's
WPI/Gly 10:8.0 Glycerol — 118.00 Sha‘”z :g‘z’b‘;"‘e's
WPI/Gly 10:10 Glycerol — 150.00 s"a‘”z:ggb‘;me's

W otners
WPV/Sor 10:5.0 Sorbitol — 85.00 z:a 2:8§b3:e

aw an e
WPI/Sor 10:8.0 Sorbitol — 85.00 _ 2:o§:3m rs
WPV/Sor 10:10 Sorbitol — 110.00 a";:gz; ers
WPI/Xyl 10:5.0 Xylitol — 90.00 S"awzgggt;t“e’s
WPI/Xy! 10:8.0 Xylitol —_— 90.00 Sha‘”z :g‘z’b?“ers
WPI/Xyl 10:10 Xylitol — 90.00 S"a‘”’z:g‘z’b‘;""e’s
WG 8036 g T TN e
WPI/Gly 50:35  Native WPI — 121.44 Pxi’sigg‘;g;‘d
WPIGly 1025 5'5;;‘; d‘:gf;:: ° 250 @ - SK‘::::ZV;O:';?
oy oss TSR e - T
WPI/Gly 1033 00mmOINEM  — 90.00 Fa"'e’; :g:f"‘e's

26



Table 1.4 cont: Barrier properties of whey protein and p-lactoglobulin based

edible films as influenced by various treatments.

Film

Film* composition” Treatment o,F° wvpP’ Reference
WPI/Gly 10:3.3 °'°'lé'h‘ﬂ'“°' — 84.00 Fa'"e’; ;;:ft"e's
WPI/Gly 10:33 °'°§é‘;ﬂm°' — 84.00 Fai"e’; ;ggfme's
WPI/Gly 10:3.3 O'OSQ;AW' — 84.00 Fai"e’; ;ggfthe's
WPUG 10.0:10.0 Mig’r;i‘:;"e — 4560 Kayazg';‘;faya
WPI/G 10.0:10.0 oo'::i‘t’i';‘ns — 50.16 Kayazzzza'(aya

WPUGHBW 1003340 YeEBCE 54.00 P:r':; iaggoj;d
WPIGIY/BW  10.0:3.3:40 d"efof/z ;gc & 54.00 P::;Zagg oa(')';d
WPUGIyBW  10.0:3.3:40 d'iefoasgc S 36.00 ":’;;f:ggoj;;d
WPIGIy/AMFF  10.0:3.3:40 d”efof/: ;zc & 60.00 P;:;f‘:gg 0%’;"
WPIGIy/AMFF  10.0:3.3:40 d’iefof/:;flc & 48.00 P::;‘:‘gg 02’;“
WPIGIY/AMFF 1003340 e S0C& 36.00 P::;f:gg oaorld
WPI/GIy/CW  10.0:3.3:40 d“efoi’/tsac & 78.00 P::;zagg angd
WPIG/ICW 1003340 YEEACE 72.00 P::;Zagg 02';"
WPI/GIy/CW  10.0:3.3:40 d”efof/:gglc & 60.00 P:::;‘:gg oagld
WPI/Gly/soya oil 10:5.0:40  Soya oil _ 126.41 ShaW;O'Ldzfmers
WPIGly/soyaoil 10:5.0:30  Soya oil — 111.62 Shawz"’o'(')dzgmers
WPI/Gly/soyaoil 10:5.020  Soya oil — 118.32 Shaw;)';dz?mers
WPIGly/soya oil  10:5.000  Soya oi — 115.72 Shaw;)';dzgthers
BLg/Gly 10:1.5 Glycerol 1000 5592  Mae f;ge‘g““‘a
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Table 1.4 cont: Barrier properties of whey protein and p-actoglobulin based
edible films as influenced by various treatments.

Film

Film® composition? _Teatment  OP° WVP’ Reference
BLg/Gly 10:3.0 Glycerol 2500  g3e0 e :;:s Krochta
BL/Gly 10:4.0 Glycerol 5000 13872 Mate :’;‘geﬁ@‘a
WPI/Gly/BW 5:3.3:0 Beesw:" &pH 120.00 P:f':;f‘:f;;’f
WPUGBW 53320 DoSWRX&PH 9600 orex5ed0 and
WPUGBW 53340 DoSWRXEPH o P:z;iagggzr;d
WPIGIyBW  5:3.3:0 Bees‘”g" &pH 126.00 P:r’:; ?:gg;’;d
WPIGIyBW  53.3:2.0 Beesng &pH 60.00 P:::; ?:fgg:’;d
WPUGBW 53340 DooSWEX&PH 60.00 P:::;] f:f;g‘;’;d
WPUGly/BW 5:3.3:0 Beesw:" &pH 120.00 P::; ?:?;:g’;d
WPUGBW 53320 DOSWEX&PR spop  PerezGegoand
WPUGIY/BW  5:3.3:4.0 Beesw:x &eH 48.00 p:z;?:f;g‘;';d

woy was SIS e Smang

ey s ARGy S

woy s DT g i

1Fllms tested using ASTM 3985 at 23°C and 50%RH

Fllms tested using ASTM 3985 at 23°C and 40%RH

*Films tested using ASTM ES6 modified according to McHugh and others 1993
“WPI=whey protein isolate; Gly=glycerol; Sor=sorbitol; Xyl=xylitol; G=glycerine; BW=beeswax;
AMFF=anhydrous milkfat fractlon CW=candelilla wax; BLg' B—Iactoglobulin

%pnotem % plasticizer (w/w); Oxygen permeability (cm™ mm/m™d*KPa); " Water vapor
permeability (g mm/d m kPa)
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and WPI specifically are poor barriers to moisture but are good barriers to oxygen
(Krochta and De Mulder-Johnson 1997). Their inadequacy as moisture barriers
has been attributed to their hydrophilic nature. The O.P of protein films is
dependant on the relative humidity (RH) during testing; as RH increases the O,P
of the film increases (Miller and Krochta 1997). Decreasing the WVP and O,P of
WPI films will increase the likelihood of commercialization.

The plasticizer used has an effect on the permeability of WPI films by
increasing the intermolecular distance between the proteins. This increases the
diffusion of water or oxygen through the film (Hernandez, Selke et al. 2000). Films
which included glycerol had higher WVP compared to sorbitol plasticized films
(Shaw, Monahan et al. 2002). The hygroscopic nature of glycerol increases the
adsorption of water, with the water acting as an additional plasticizer (Anker et al.
2000; Hermandez, Selke et al. 2000). Increasing the temperature and reducing the
RH during drying of films leads to a decrease in WVP (Alcantara, Rumsey et al.
1998; Perez-Gago and Krochta