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ABSTRACT

ANTIMICROBIAL WHEY PROTEIN ISOLATE-BASED EDIBLE CASINGS
By
ARZU CAGRI

Methods were developed to optimally produce low pH (5.2) antimicrobial whey
protein isolate (WPI) edible films containing sorbic acid (SA) or p-aminobenzoic acid
(PABA). Solutions of lactic acid and acetic acid (1:0, 1:1, and 2.3:1) were used to
acidify the film solution. Films containing either antimicrobial agent inhibited the
growth of Listeria monocytogenes, Escherichia coli O157:H7 and Salmonella
Typhimurium DT104 on trypticase soy agar. Increased concentrations of PABA or SA
in WPI film increased the percent elongation (%E) and water vapor permeability
(WVP). While tensile strength (TS) of WPI films decreased with increasing levels of
SA, TS of films was not affected addition of PABA.

Antimicrobial properties of films containing PABA, SA, or PABA:SA were
tested over 21 days of refrigerated storage on slices of summer sausage and bologna
inoculated to contain 10° L. monocytogenes, E. coli O157:H7 or S. Typhimurium
DT104 CFU/g. These films decreased populations of the test pathogens and retarded the
growth of mesophilic aerobic bacteria, lactic acid bacteria and mold/yeast throughout
this period of storage. Contact with the slices decreased TS of the films, but increased
%E.

In the last objective, heat-cured WPI films containing PABA were heat-sealed to
form casings. A commercial-type hot dog batter was stuffed into WPI, collagen, or

natural casings. After cooking, the hot dogs were surface-inoculated with Listeria



monocytogenes, vacuum packaged, and examined for numbers of L. monocytogenes,
mesophilic aerobic bacteria (MAB), lactic acid bacteria (LAB), and yeast/mold during
42 days of storage at 4°C. Listeria populations on hot dogs prepared with WPI-PABA
casings remained relatively unchanged; however, numbers of Listeria on hot dogs
prepared with WPI, collagen, and natural casings increased during 42 days of
refrigerated storage. Populations of MAB, LAB, and mold on WPI-PABA casings were
lower compared to other casings. Physical (e.g. purge loss, color), mechanical (shear
force), chemical (e.g. moisture, fat, protein content, pH, TBA) and sensory properties of
hot dogs prepared with different casings were also analyzed. Taste panelists ranked
flavor, juiciness, and overall acceptability higher for hot dogs prepared with WPI-
PABA casings compared to hot dogs prepared with WPI, collagen or natural casings.
Hence, WPI casings containing PABA appear to be a promising means to prevent

growth of Listeria on hot dogs and extend shelf-life.
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INTRODUCTION

Microbial susceptibility of the food surface is a major determinant of product
quality and safety during refrigerated storage and distribution since most Class I product
recalls in the U.S. result from post-processing contamination during subsequent handling
and packaging. The increasing rate at which ready-to-eat meat products are becoming
contaminated with Listeria monocytogenes after processing has raised new safety
concerns. From April 1998 to December 2001 over 75 Listeria-related Class I recalls
involving more than 100 million pounds of cooked ready-to-eat meats were issued
(USDA-FSIS, 2001a). In 1998, more than 35 million pounds of hot dogs and luncheon
meats contaminated with L. monocytogenes were voluntarily recalled by one Michigan
manufacturer in response to a listeriosis outbreak that resulted in 101 cases in 22 states,
including 21 fatalities (CDC, 1998). Another outbreak involving 29 cases in 10 states
(including 7 fatalities) prompted the recall of approximately 14.5 million pounds of
turkey and chicken delicatessen meat with the product again becoming contaminated with
L. monocytogenes after processing (CDC, 2000). In 2000, almost 2,300 cases of food-
borne listeriosis were reported in the United States at an estimated cost of $2.33 billion
(~$ 1 million /case), making L. monocytogenes the second most costliest food-borne
pathogen known to date after Salmonelia ($ 2.38 billion) (USDA-FSIS 2001b).

Two other pathogens have emerged as major public health concemns. Escherichia
coli O157:H7 has been highly publicized due to outbreaks of illness associated with
ground beef (Ostroff et al., 1990, Bell et al., 1994, Mead et al., 1997, Tuttle et al., 1999)
and dry-cured salami (Tilden et al., 1996). Unlike most food-borne pathogens, E. coli

0157:H7 shows high tolerance to acidic environments. Transfer of E. coli 0157:H7 from



contaminated meat or utensils to other foods such as fresh fruits and vegetables is also a
major concern (CDC, 1995). The annual cost of the 62,458 E. coli O157:H7 infections

reported in 2000 was estimated at $659.1 million (~$10,500/case) (USDA-FSIS, 2001b).

Salmonella is the second most frequently reported cause of foodborne illness in
the United States after Campylobacter. An estimated 1.34 million cases of salmonellosis
occur annually, resulting in 600 deaths. The annual economic cost of foodborne
salmonellosis was estimated at 2.38 billion dollars (USDA-FSIS 2001b). The incidence
of salmonellosis appears to be rising both in the U.S. and other industrialized nations. S.
enteritidis isolations from humans increased dramatically during the early to mid 1990’s
particularly in the northeast United States (6-fold or more). Salmonella is most
commonly found in meat, poultry, eggs and water, with kitchen surfaces also a common

breeding ground for Salmonella.

Salmonella Typhimurium DT104, a multiantibiotic resistant strain, is also
emerging as a serious threat to public health (Glynn et al., 1998). Food-borne
transmission of S. Typhimurium DT104 has been documented for several meat-related
outbreaks; suspected vehicles included roast beef, ham, pork sausage, salami sticks,
cooked meats, frozen sausage samples, and chicken legs (Davies et al.,, 1996;
Anonymous, 1996). In England, 17% of 786 fresh or frozen sausage samples yielded
Salmonella spp., including S. Typhimurium DT104 (Nichols and de Louvois, 1995).
Sharma et al. (2001) also recovered S. Typhimurium DT104 at several points in pork
production. These findings indicate that meat products may pose a serious health risk if

not cooked and handled properly.



Post-processing pasteurization is one means for minimizing post-processing
contaminants on meat products. Using this strategy, packaged products are individually
pasteurized by heat or other means (e.g. high pressure, UV) to inactivate surface bacteria.
However, some of these treatments makes the products organolepticaly unacceptable to
consumers (Farber and Peterkin, 1999). Alternatively, various antimicrobial dips and
sprays have been applied to ready-to-eat foods to minimize microbial growth (Robach
and Sofos, 1982; Cunningham, 1979). However, their effectiveness over time is limited
because the preservatives diffuse into the food, allowing surface organisms to grow.
Therefore, it is important to prevent or control migration of these preservatives. Guilbert
and his research group have assessed the ability of edible films to control the diffusion of
sorbic acid and potassium sorbate (Guilbert, 1988; Giannakopoulus and Guilbert, 1986;
Guilbert et al., 1985). In another study, lactic acid-treated casein films containing sorbic
acid (Guilbert, 1988) retained 30% of the sorbic acid at the surface after 30 days of
storage at 95% RH, whereas all of the sorbic acid with no casein film application on
control samples diffused after 24 hours of storage. They confirmed that the edible film
matrix entrapped antimicrobials or other food additives and reduced diffusion during
storage.

Research on edible films as packaging materials has increased because of two
potential that these films may improve overall food quality, extend shelf life, and
improve economic efficiency of packaging materials. In addition, environmental
concerns regarding disposal of fluid whey and increased production of non-biodegradable
packaging materials have prompted interest in the development of edible films from

whey protein isolate and whey protein concentrate as well as wheat gluten, soy protein



isolate, zein protein and others. Previously, coating foods with edible films provided
only barrier and protective functions. However, incorporating various substances into
packaging material can improve its functionality. In addition to acting as a barrier against
mass diffusion (moisture, gases, and volatiles), edible films can also be used as carriers
for a wide range of food additives such as antimicrobial agents, flavoring agents,
antioxidants, and colorants. Incorporating antimicrobial compounds such as nisin,
pediocin, benzoic acid, sorbic acid/propionic acid, or lysozyme into edible films or
coatings is another means of enhancing the safety and shelf-life of products subject to
surface contaminants such as ready-to-eat meats and cheeses. For example, soy protein
and corn zein films containing pediocin or nisin and calcium alginate coatings containing
organic acids were shown to inhibit the growth of pathogenic (e.g. L. monocytogenes, S.
Typhimurium and E. coli O157:H7) and spoilage bacteria (Lactobacillus plantarum) on
meat surfaces (Sirugusa and Dickson, 1993; Dawson et al., 1997; Padget et al., 1998). In
addition, coating with an antimicrobial whey protein solution containing propionic/sorbic
acid prevented growth of L. monocytogenes on frankfurters (McDade et al., 1999).
However, non-uniformity of the coating on frankfurters after dipping, draining and
drying would likely produce a less effective antimicrobial barrier as compared to pre-cast
films. Whey protein isolate (WPI) edible films containing antimicrobials would be
uniform in thickness. Consequently, these films would be better suited to inhibit post-
processing surface contaminants such as L. monocytogenes.

The underlying hypothesis for this research was that low pH whey protein-based
edible films (pH 5.2) containing sorbic acid (SA) or p-aminobenzoic acid (PABA) could

be developed to inhibit L. monocytogens, E.coli O157:H7 and S. Typhimurium DT104



both in a model system and on hot dogs when used as heat sealed tubular casings and

extend product shelf-life. The specific objectives of this research were as follows:

(1)

2

3)

“)

©)

Develop a series of low pH whey protein isolate (WPI) edible films (pH 5.2)

containing p-aminobenzoic acid or sorbic acid and determine water vapor

permeability and mechanical (tensile strength and elongation) properties.

Test the antimicrobial properties of these films against L. monocytogenes, E.

coli O157:H7 and S. Typhimurium DT104 on a laboratory medium.

Compare the barrier and mechanical properties of these films to commercial

collagen and cellulose films and modify the mechanical and barrier properties

if needed using heat curing.

Assess the ability of these films to retain their desirable antimicrobial and

mechanical properties while in direct contact with slices of bologna and

summer sausage during 21 days of refrigerated storage.

Develope WPI hot dog casings containing PABA, SA, and PABA:SA by

heat-sealing the aforementioned films into a tubular shape in order to:

a) Test the ability of WPI casings containing PABA, SA or PABA:SA to
inhibit L. monocytogenes on surface-inoculated hot dogs.

b) Determine the ability of the WPI casings to retain their desirable
mechanical properties during hot dog manufacture.

c) Assess the impact of different casings on storage stability of hot dogs
based on numbers of total aerobic mesophilic bacteria, lactic acid
bacteria, yeast and mold, 2-thiobarbutiric acid (TBA) values, purge loss,

shear force, color, pH, chemical analysis and sensory evaluation.



CHAPTER 1

LITERATURE REVIEW

1.1. EDIBLE FILM
1.1.1. Definition and historical background

Edible films or coatings are defined as continuous matrices that can prepared from
proteins, polysaccharides, and/or lipids. These films and coatings have the potential to
increase food quality and reduce food-packaging requirements since they act as mass
transfer barriers to moisture, oxygen, lipids and solutes and can also carry a wide range of
food additives including vitamins, colorants, flavoring agents, preservatives and
antimicrobial agents.

Historically, yuba, the first freestanding edible film, was developed in Japan from
soymilk during the 15™ century and used for food preservation (Guilbert and Biquet,
1996). Edible coating for food products date back even further with waxes applied to
oranges and lemons in China to retard water loss during the twelfth century (Hardenberg,
1967). During the sixteenth century, coating food products with fat (e.g. lard) was used to
control moisture loss in foods in England (Labuza and Contrereas-Medellin, 1981). Hot
melt paraffin waxes have been used to coat citrus fruits in the United States since the
1930s, and carnauba wax and oil-in-water emulsions have been used for coating fresh
fruits and vegetables since the 1950s (Kaplan, 1986). Currently, edible films and coatings
find use in a variety of applications, including casings for sausages, and chocolate

coatings for nuts and fruits.



1.1.2. Formation of edible films
1.1.2.1. Components of edible films

Edible films typically contain three major compounds; proteins, polysaccharides,
and lipids. Proteins used in the edible film include wheat gluten, collagen, comn, soy,
peanut, casein and, whey protein (Kester and Fennema, 1986). Polysaccharides
incorporated in edible films have included alginate, dextrin, pectin, carrageenan and
cellulose derivatives (Greener and Fennema, 1994). Suitable lipids include waxes,
acylglycerols, and fatty acids (Greener and Fennema, 1993; Park et al., 1994; Debeaufort
and Voiley, 1995). In addition, composite films containing both lipid and hydrocolloid
components have been developed.

Plasticizers can be added to film-forming solutions to enhance properties of the
final film. Plasticizers will decrease brittleness and increase flexibility of the film, which
is important for packaging applications. Common food-grade plasticizers include
sorbitol, glycerol, mannitol, sucrose, and polyethylene glycol. Plasticizers used for
protein-based edible films decrease protein interactions, and increase both polymer chain
mobility and intermolecular spacing (Lieberman and Gilbert, 1973). Plasticizers must be
small molecules with low molecular weights and high boiling points that are highly
compatible with the polymers (Banker, 1966). The type and concentration of the
plasticizer influences the properties of protein films (Gennadios et al., 1994a; Cuq et al.,
1997; Gueguen et al., 1998). When large amounts of plasticizer are used, mechanical
strength, barrier properties, and elasticity decrease (Gontard et al., 1993; Park et al.,

1994; Cherian et al., 1995; Debeaufort et al., 1997; Galietta et al., 1998).



Crosslinking agents are used to improve water resistance, cohesiveness, rigidity,
mechanical strength and barrier properties (Guilbert, 1995; Marquie et al., 1995;
Remunan-Lopez et al.,, 1997). Commonly used covalent crosslinking agents include
glutaraldehyde, calcium chloride, tannic and lactic acids. Exposure to ultraviolet light
will increase the cohesiveness the protein films through the formation of crosslinks
(Brault et al, 1997). Alternatively, enzymatic crosslinking treatments with

transglutaminases or peroxidases can be used to stabilize films.

1.1.2.2. Film Formation Techniques

Many techniques have been developed for forming films. These include
coacervation, thermal gelation, solvent removal and solidification of melt. In
coacervation, two solutions of oppositely charged hydrocolloids are combined, causing
interactions and precipitation of the polymer complex. Solvent removal is another
common means of forming hydrocolloid edible films. In this process, a continuous
structure is formed and stabilized by the interactions between molecules through the
action of various chemical or physical treatments. Macromolecules in the film-forming
solution are dispersed in a solvent medium such as water, ethanol or acetic acid that
contains several additives (plasticizers, crosslinking agents, solutes). The film forming
solution is then cast in a thin layer, dried, and detached from the surface.

In preparing some types of protein films (whey protein, casein, soy protein, wheat
gluten), the macromolecule solution is heated for protein gelation and coagulation which
involves denaturation, gelification or precipitation, followed by rapid cooling of

hydrocolloid solution. Intramolecular and intermolecular disulfide bonds in the protein



complex are cleaved and reduced to sulfhydryl groups during protein denaturation
(Okamota, 1978). When the film-forming solution is cast, disulfide bonds are reformed
which link the polypeptide chains together to produce the film structure with hydrogen
and hydrophobic bonds also contributing to film structure.

Another common film-forming technique is melting followed by solidification.
Solidification of the melt by cooling is commonly used to prepare lipid films. Wax films
can also be formed by casting molten wax on a dried film of methylcellulose and then

dissolving away the methylcellulose film (Donhowe and Fennema, 1993).

1.1.3. Protein-Based Edible Films
The proteins that have been used most extensively for production of films and
coatings include whey protein, casein, corn zein, soy protein, gluten, collagen, and

gelatin.

1.1.3.1. Whey Protein Films
1.1.3.1.1. Composition and Structure

Whey protein is the protein that remains in milk serum after acid/rennet
coagulation of fluid milk (de Wit, 1989; Morr and Ha, 1993). Whey protein consists of
five different proteins: B-lactoglobulin, a-lactalbumin, bovine serum albumin, proteose-

peptones, and immunoglobulins (Kinsella and Whitehead, 1989).

B-Lactoglobulin (B-Lg) which comprises 50-75% of whey protein, is a globular
protein with a molecular mass of approximately 18,300 Da (Eigel, 1984). B-Lg consists

of 162 amino acid residues and contains two disulfide groups, one free sulthydryl group,



and several hydrophobic groups located in the interior of the globular structure (Brunner,
1977). The thiol group is particularly important since it facilitates molecular thiol-
disulfafe interchange reactions which allow formation of intermolecular disulfate-bonded
dimers and polymers upon heating (Kinsella, 1984). The structure of B-Lg is pH
dependent, with this protein existing as a dimer in solutions above pH 5.2. Below pH 3.5

and above 7.5, the dimer dissociates to a monomer, and between pH 3.5 and 5.2 the
dimer polymerizes to an octomer. B-Lg undergoes time and temperature dependent
denaturation reactions at temperatures above 65°C, which result in a general molecular
expansion, exposure of the internal SH group, and hydrophobic and €-NH; groups
(Brunner, 1977; Kinsella, 1984). Structurally, B-Lg has about 15% helix, 43% [B-sheet,

and 15-20% B-turns (Papiz et al., 1986).

a-Lactoalbumin (a-La) which comprises about 19% of total whey protein
(Dybing and Smith, 1991), is another globular protein that contains 123 amino acid
residues and four disulfide bonds. It has a molecular weight of 14,000 Da. The secondary
structure of this molecule is composed of 30% a- helix, 9% B-sheet, and 61% unordered
structure (Alexandrescu et al., 1993). Conformational changes occur in a-La at pH 4 with
the molecule losing Ca*? which is tightly bound at higher pH. a-La is denatured at
65.2°C and pH 6.7 with 80 to 90% of this denaturation reversed after cooling. This
reversibility is lost if the native S-S bonds are broken, for example, by heat-induced thiol-

disulfate interchange reactions between a-La and B-Lg (de Wit, 1989).
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1.1.3.1.2. Film Formation

Film production requires heat denaturation since the hydrophobic and SH groups
are deep within the globular whey protein. Denaturation changes the three-dimensional
protein structure and exposes internal SH and hydrophobic groups (Shimada and Cheftel,
1998), which promote formation of new intermolecular S-S and hydrophobic bonds
during drying (McHugh and Krochta, 1994a). Film formation is favored in more alkaline
film solutions since SH reactivity increases at pH > 8 (Kella and Kinsella, 1988; Baneljée
and Chen, 1995). Glycerol, sorbitol and polyethylene glycol have been commonly used
as plasticizers to produce whey protein films that are transparent, bland, and flexible, and
have excellent oxygen, aroma and oil barrier characteristics. However these films are
poor moisture barriers due to their hydrophilic character (Table 1.1). Incorporation of
lipids, including acetylated monoglycerides, waxes, fatty alcohols and fatty acids, into
WPI film decreases water vapor permeability (WVP) by increasing hydrophobicity
(McHugh and Krochta 1994b; Sherwin et al., 1998; Kim and Ustunol, 2001). Addition of
beeswax and fatty acids to WPI film improves moisture barrier properties more than fatty
alcohols with the longer chains more effectively reducing WVP (McHugh and Krochta,
1994c). Sherwin et al. (1998) reported that particle size in the emulsion film increased
with increasing fatty acid chain length from C;; to Cy;. McHugh and Krochta (1994c)
showed that incorporation of large lipid particles decreased WVP of emulsion WPI film

due to interactions at the protein-lipid interface or the dispersed phase.

WPI film properties are affected by the extent of intermolecular disulfide bonding
and plasticizers competing for protein chain-to-chain hydrogen bonding. Plasticizer

content and relative humidity (RH) both have an exponential effect on film permeability.
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Table 1.1. Water vapor permeability (WVP) and oxygen permeability (OP) of edible

films.
Film WVP oP References
g.mm/m*.d.kPa cm’.um/m’®.d kPa
Coll - <0.04* Lieberman and Guilbert
(1973)
Zein 12-24* 11.8°¢ Gennadios et al. (1993),
Parris and Coffin (1997)
WG 53° 3.9-6.1¢ Gennadios et al. (1993)
SPI 72-154° 1.6-4.5° Park and Chinnan (1990),
Gennadios et al. (1993)
WPI 62.0-70.2° 18.5-76.1° Krochta (1994)
Casein 4529 1.8° Chick and Ustunol (1998)
Alginate 422° - Parris et al. (1995)
Chitosan 16° 90.2° Caner et al. (1998)
MC 7.7° 187.4° Park and Chinnan (1994)
HPMC 95f 297.3°¢ Park and Chinnan (1994)
Pectin 41.4f 57.0°¢ Wong et al. (1992)
Starch 2208 29°¢ Allen et al. (1963)
Beeswax 0.05f 1.3°¢ Kester and Fennema (1989)
Candelilla 0.02f 0.3°¢ Kester and Fennema (1989)
Carnauba 0.03f 0.2°¢ Kester and Fennema (1989)
Microcrystalline 0.03° 22°¢ Kester and Fennema (1989)
Acetylated 20.04-53.7° - Lovegren and Feuge (1954)
monoglycerides

Coll: Collagen, HPMC: Hydropropionate methylcellulose, MC: Methylcellulose, WG: Wheat gluten, WPI:
Whey protein isolate, SPI: Soy protein isolate

WVP: Temp. (°C), RH (%) a= 25°C, 50/100% RH, b= 21°C, 85/0% RH, c¢= 25°C, 0/79% RH, d= 37.8°C,
100/90% RH, e=30°C, 0/100% RH, f=25°C, 0/100% RH, g=38°C, 30/100% RH

OP: Temp. (°C), RH (%), a= 23°C, 0% RH, b = 25°C, 63% RH, c= 25°C, 0% RH, d=23-38°C, 0% RH, e=

23°C, 50% RH



At film compositions where glycerol- and sorbitol-plasticized WPI films have equal
mechanical properties, sorbitol-plasticized films have lower oxygen permeability (OP)
(McHugh and Krochta, 1994d, e). Inhibition of intermolecular disulfide bond formation
with sodium dodecyl sulfate (SDS) increases WPI film solubility, extendibility and
flexibility, while having little effect on WVP. Inhibition of sulfhydryl-disulfide
interchange with N-ethyl maleimide reduces WPI film solubility and elongation, with
little effect on other film mechanical properties or WVP. Reduction of disulfide bonds
with cysteine has no effect on WVP of WPI films.

Tensile strength of WPI films is comparably higher than most other protein-based
films; with the opposite true for elongation (Table 1.2). Heat curing is commonly used to
cross-link synthetic polymers and improve mechanical and barrier properties (El-Hibri
and Paul, 1985; Perkins, 1988). Miller et al. (1997) also showed that heat curing of
glycerol-plasticized WPI films increases film strength, while decreasing film
extendibility, flexibility and WYVP. Exposing free sulfhydryl groups promotes

intermolecular disulfide bond formation to produce insoluble films.

1.1.3.2. Corn zein
1.1.3.2.1. Composition and structure

Zein, the prolamin (soluble in 70% ethanol) fraction of corn gluten, comprises
approximately 70% of corn gluten. This protein is soluble in aqueous ethanol and

insoluble in water due to higher levels of nonpolar amino acids (i.e. leucine, proline, and
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alanine) (Shewry and Miflin, 1985). Zein is also rich in glutamine, the amide derivative
of glutamic acid, which promotes protein association by hydrogen bonding (Reiners et
al., 1973; Wall and Paulis, 1978). Corn zein can be fractionated into three distinct classes:
a-zein, B-zein, and y-zein (Esen, 1987). a-Zein and B-zein constitute 75-85 and 10-15%
of total zein and are comprised of polypeptides with molecular masses of 21,000-25,000
and 17,000-18,000, respectively. Finally, y-zein is made up of a proline-rich polypeptide
of 27,000 and constitutes 5-10% of total zein.

Zein is produced commercially by extracting corn gluten with 80-90% aqueous
isopropyl alcohol containing 0.25% sodium hydroxide at 60-70°C (Reiner, 1973). The
centrifugally clarified extract is chilled to precipitate the zein with additional extractions

and precipitation used to increase purity.

1.1.3.2.2. Film Formation

Preparation of zein films generally involves casting alcohol solutions on inert, flat
surfaces. Formed films are peeled after the solvent has evaporated (Gennadios and
Weller, 1990). Films also have been prepared from acetone solutions (Yamada et al.,
1995). Zein films are naturally brittle, and therefore, plasticizers such as oleic acid (Kanig
and Goodman, 1962), glycerol (Mendoza, 1975; Aydt and Weller, 1988) and lactic acid
(Wu, 1995) are needed to improve their flexibility. An alternative method to prepare zein
films involves plasticization of zein by forming an emulsion with oleic acid followed by
precipitation of the protein-lipid mixture to form a soft moldable resin (Lai et al., 1997).
The plastic resin then can be stretched over rigid frames to obtain thin membranes that set

into flexible films.
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Films formed upon solvent evaporation contain hydrophobic, hydrogen and
disulfide bonds and have been characterized as tough, glossy and scuff-resistant (Pomes,
1971). Cross-linking agents such as aldehydes will improve moisture barrier and tensile
properties of zein films (Szyperski and Gibbons, 1963). Epoxy resins also increase
tensile strength of zein films by crosslinking between epoxy groups and phenolic, and
aliphatic hydroxyl protein groups (Howland, 1961; Howland and Reiners, 1962; Yamada
et al., 1995).

The oxygen permeability of zein films is quite low when compared to synthetic
films such as low density polyethylene (LDPE) and polyester film; however, oxygen
permeability of zein film is greater than that of collagen (Hanlon, 1992; Krochta, 1997).
Higher plasticizer levels will increase the oxygen permeability of zein films. Films
prepared from zein have lower or similar WVP compared to methylcellulose, ethyl
cellulose, hydroxypropylmethyl cellulose, and hydroxypropyl cellulose under similar
conditions (Table 1.1).

Zein films produced using different solvents possess distinct properties. For
example, Yamada et al. (1995) found that zein films prepared by dissolution in 30%
acetone film showed lower WVP than when dissolved in 20% ethanol. They also reported
that film strength increased linearly as film thickness increased except for films prepared
from the aqueous acetone solution with 1, 2- Epoxy-3-chloropropane. At similar
plasticizer levels, zein film appears to have tensile strength (TS) and percent elongation
(% E) similar to collagen film (Table 1.2).

The concentration of plasticizer greatly affects the mechanical and water vapor

barrier properties of zein protein films (Aydt et al., 1991; Butler and Vergano, 1994).



Table 1.2. Tensile strength (TS) and percent elongation (% E) of edible films (23°C,
50% RH).

Film TS (Mpa) % E References
Coll:Sor:Gly (3.4:0.8:1) 8.1 25 Hood (1987)
Coll:Sor:Gly(8.8:0.8:1) 9.1 38 Hood (1987)
Corn Zein:Gly (1:0.5) 2.7-15.7 43-198 Gennadios et al. (1993),
Aydt et al. (1991)
WG:Gly (2.5:1) 4.4 194.7 Gennadios et al.(1993)
SPL:Gly (2:1) 4.3 78 Brandenburg et al. (1993)
WPIL:Gly (5.7:1) 29.1 4.1 Krochta (1994)
WPIL:Gly (2.3:1) 13.9 30.8 Krochta (1994)
WPI.Gly (1.5:1) 18.2 5.0 Krochta (1994)
Casein: Gly (1.4:1) 4.5 223 Chick and Ustunol (1998)
Alginate:Gly (2:0.7) 2.5 7.9 Parris et al. (1995)
Pectin: Gly (3:0.5) 23 5.0 Parris et al. (1995)
Chitosan 6.3-31.8 14-70 Caner et al. (1998)
MC 12,5 20 Debeaufort and Voilley
(1997)
Starch:ethylene-acrylic acid 239 260 Otey et al. (1977)
(2:0.8)
Pectin:Starch: Gly (1:1:0.5) 27-34 1.8-13 Coffin and Fishman
(1994)

Coll: Collagen, Gly: Glycerin, MC: Methylcellulose, WG: Wheat gluten, WPI: Whey
protein isolate, SPI: Soy protein isolate, Sor: Sorbitol




When Park et al. (1994) evaluated the impact of two plasticizers, glycerin (0.36 ml/g
protein) and polyethylene glycol (PEG) (0.39 ml/g protein), on the properties of zein
film, % E of corn zein films containing glycerin or PEG was 3 and 94%, respectively. TS
of zein films reportedly increased from 13.4 to 25.8 MPa during 20 days of storage;
however, percent elongation decreased from 76 to 12%. WVP of these zein films also

decreased from 0.59 to 0.41 ng.m/m?.s Pa as the ratio of glycerin to PEG decreased.

1.1.3.3. Casein
1.1.3.3.1. Composition and Structure

Casein, the major protein in milk, represents 80% of total milk protein (Dalgleish,
1989). Casein consists of three principal components, o, B, and x-casein, and a minor
component, y-casein, which together form colloidal micelles in milk containing large
numbers of casein molecules that are stabilized by calcium-phosphate bridging (Kinsella,
1984). Caseins are phosphoproteins that precipitate at pH 4.6 and 20°C.

The a-caseins have an approximate molecular weight of 23,500 and an isoelectric
point of pH 5.1 (Xiong, 1997). They are more phosphorylated than other caseins, more
calcium sensitive than B-casein and contain more charged residues and fever hydrophobic
residues than B- casein (Dalgleish, 1989).

B-casein, which comprises up 30-35% of the total casein content in milk, has a
molecular weight of 24,000 and an isoelectric point of pH 5.3 (Xiong, 1997). The last 50
residues of the terminus are charged, whereas the rest of the molecule is highly

hydrophobic (Dalgleish, 1989). B-casein shows temperature, concentration, and pH



dependent association-dissociation. At neutral pH and high temperatures, B-casein
associates into threadlike polymers (Dalghleish, 1989).

k-casein, which comprises approximately 15% of the total casein fraction, has a
molecular weight of 19,000 and an isoelectric point of pH 3.7 to 4.2 (Xiong, 1997). Being
calcium sensitive, k-casein associates with a;- and B-caseins in the presence of calcium
to form thermodynamically stable micelles. Apolar residues in x-casein are concentrated
at the N-terminus with the charged portion being near the C-terminus. The
hydrophobicity of k-casein is between that of a- and B-caseins (Dalgleish, 1989).

The negatively charged x-casein is cleaved by the enzyme rennin used to
coagulate milk in cheese production. When x- casein is cleaved, the micelle structure is
stabilized and the casein precipitates.

Casein contains low levels of cysteine, and thus few disulfide cross-linkages
which produces an open random structure. Caseinates function as good emulsifiers and

foaming agents because of even hydrophilic and hydrophobic amino acid distribution.

1.1.3.3.2. Film Formation

Casein films are formed from aqueous solutions of casein. No further treatment is
necessary because of their random coil structure and propensity for extensive hydrogen
bonding. Hydrophobic, ionic, and hydrogen bonding involve interactions in the film
matrix with the surfactant nature of casein making it very suitable for producing emulsion

films that are transparent, flavorless and flexible.
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1.1.3.3.2. Film properties

The inherently poor water barrier properties of caseinate films can be improved
by treatment with lactic or tannic acid (Guilbert, 1986). Films can also be prepared from
sodium or calcium caseinate without addition of plasticizer. Addition of plasticizers
(glycerol or sorbitol) to casein film solutions at ratios of 0.6:1, 1:1, and 1.4:1 decreased
tensile strength, but increased percent elongation, with glycerol being more effective than
sorbitol (Chick and Ustunol, 1998). Calcium caseinate films have lower WVP compared
to sodium caseinate films. However, when treated with calcium chloride sodium
caseinate films have even lower WVP, likely because of more effective calcium cross-
linking (Avena-Bustillos and Krochta, 1993). Incorporating various lipids, waxes, and
fatty acids into the caseinate film solution also has been examined for reduction of water
vapor permeability, with beeswax being more effective than paraffin or carnauba
(Krochta et al., 1990; Ho, 1992). Caseinate film formation at the isoelectric point of
casein insolubilizes the film and also reduces water vapor permeability by about one-half
compared to films at higher pH levels (Krochta et al., 1988). Overall, caseinate films
have moisture barriers that are similar to wheat gluten and soy protein films and
somewhat greater moisture barriers than corn zein films (Table 1.1).

Additional modification techniques, including UV light and y-irradiation, also can
be used to improve the properties of casein films. The formation of bityrosine with y-
irradiation (16-64 kGy) or UV light reportedly improved tensile strength and WVP
properties of calcium caseinate film (Brault et al., 1997; Ressounany et al., 1998;

Mezhgheni et al., 1998). Furthermore, addition of CaCl, increased the fluorescence signal
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of bityrosine by shortening molecular distances between polypeptides, thus aiding the

formation of bityrosine.

1.1.3.4. Wheat Gluten
1.1.3.4.1. Composition and Structure

Wheat kernels contain 8-15% protein based on dry weight (Kasarda et al., 1976).
Gliadin and glutenin are the main wheat endosperm storage proteins, comprising 85% of
wheat flour protein, the remaining 15% consisting of various albumins, globulins and
smaller peptide structures (Holme, 1966). While gliadin is soluble in 70% ethanol,
glutenin is not. By hydration gliadin and glutenin form a colloidal complex known as
gluten (Pomeranz, 1988). These properties are used to produce films from gluten protein.

The amino acid composition of wheat gluten is characterized by high levels of
glutamic acid and low levels of lysine and other basic amino acids (Kasarda et al., 1976;
Lasztity, 1986). The amide group of glutamine promotes hydrogen bonding between
gluten chains. The relatively high amounts of nonpolar amino acids, such as proline and
leucine cause wheat gluten insolubility in water at neutral pH (Krull and Inglet, 1971).
Both gliadin and glutenin contain disulfate bonds. Disulfate bonds link glutenin chains
together to produce polymers of high molecular weight. The gliadin-glutenin complex

involves both covalent and noncavolent bonding in the film matrix.

1.1.3.4.2. Film Formation

Wheat gluten (WG) films are produced by deposition and drying of wheat gluten

dispersions. Aqueous ethanol is the most common solvent used in film-forming solution.
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Mechanical mixing and heating under acidic or alkaline conditions are used to form
homogeneous gluten dispersions (Gontard et al., 1992; Gennadios et al., 1993a). Covalent
disulfide bonds are also important in wheat gluten film formation. Disulfide bonds in
gluten are reduced to sulfhydryl groups in wheat gluten dispersed under alkaline
conditions (Okamoto, 1978). During casting of film-forming solutions, disulfide bonds
are reformed by reoxidation in air and sulfhydryl-disulfide interchange reactions.
Reformed disulfide bonds link polypeptide chains, to produce the film structure. Hlynka,
(1949), Beckwith et al. (1965), and Wall et al. (1968) describe the reduction and
reoxidation of disulfide bonds while Steward and Mauritzen (1966) and McDermott et al.

(1969) describe sulfhydryl-disulfide interchange reactions in wheat gluten.

1.1.3.4.3. Film Properties

Mechanical and barrier properties of cast WG films have been reported by several
investigators (Krull and Inglett, 1971; Aydt et al., 1991; Gontard et al., 1992; Gennadios
et al.,, 1993b; Park et al., 1994; Rayas and Ng, 1997; Rayas et al.,, 1998). Extensive
intermolecular interactions in WG result in quite brittle films, which require plasticizers.
Plasticizer molecules mediate between polypeptide chains, which decreases the rigidity
of the film structure (Wall and Beckwith, 1969). However, increasing film flexibility by
raising the plasticizer content (glycerin) reduces film strength and WVP (Gontard et al.,
1993).

Oxygen permeability of wheat gluten is similar to commercial nylon (Rayas et al.
1998). Unlike WVP, at comparable plasticizer content and test conditions, the oxygen

permeability of gluten films prepared from alkaline solutions is an order of magnitude
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lower than oxygen permeability of zein films. The effects of subjecting wheat gluten
films to several treatments, including lactic acid, calcium chloride have been investigated
by Gennadios et al. (1993c¢). Soaking the film in calcium chloride and in buffer solution
at the isoelectric point of wheat gluten reportedly increased tensile strength (47 and 9%,
respectively) and decreased WVP (14 and 13%, respectively).

Effects of replacing a portion of the wheat gluten with keratin, soy protein, corn
zein, or soy protein with cysteine on film properties was also studied (Gennadios et al.
1993a, b; Were et al., 1999). The addition of hydrolyzed keratin into a wheat-gluten
based film solution reportedly lowered oxygen permeability by 83%, WVP by 23%, and
TS by 35%, but increased % E by 32%. Replacing 30% of the wheat gluten with SPI
decreased oxygen permeability, % E, and WVP by 40, 9, and 16%, respectively, while
increasing TS by 69%. Corn zein addition had no effect on OP, but decreased WVP and
% E by 23 and 37%, while increasing TS by 58%. Adding cysteine (1%) to WG: SPI
(4:1) increased the disulfate content of the film forming solution and thus increased TS,
but had no affect on WVP and oxygen permeability (Were et al., 1999).

Properties of wheat gluten films are affected by the pH of the film-forming
solution (Gontard et al., 1992; Gennadios et al., 1993a). Gontard et al. (1992) showed that
wheat gluten films produced at acidic conditions had significantly lower WVP than wheat
gluten films produced at alkaline conditions (Table 1.1). However, Gennadios et al.
(1993a) reported that films prepared under alkaline conditions had greater TS than films

prepared under acidic conditions with %E and WVP not affected by the pH difference.
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1.1.3.5. Soy Protein
1.1.3.5.1. Composition and Structure

Soybeans contain 38-44% protein, most of which is insoluble in water but soluble
in dilute neutral salt solutions. Soy protein is a globular protein and is separable into four
different fractions: 28, 7S, 11S and 15S (Wolf and Smith, 1961) with the 7S and 11S
fractions comprising about 37% and 31% of the total protein, respectively (Wolf et al.,
1962). Soy protein is rich in asparagine and glutamine residues. Both 7S and 11S
fractions are tightly folded proteins, with the former containing two or three cystine
groups and the later containing 20 intermolecular disulfate bonds (Gennadios et al.,
1993c).

Protein in the form of meal is one of the typical end products from industrial
soybean processing. Protein meal can be further concentrated for the production of soy
protein concentrates and soy protein isolates, which contain at least 70% and 90% protein

on a dry basis, respectively.

1.1.3.5.2. Film Formation

Edible films from soybeans have been traditionally produced in the Orient on the
surface of heated soymilk. In these films, lipids and carbohydrates are incorporated with
protein. Films obtained from soymilk are known as “yuba” in Japan, “tou-fu-pi” in
China, “kong kook” in Korea, and “fu chock” in Malaysia (Snyder and Kwon, 1987).

The mechanism for forming these films involves polymerization of heat-
denatured protein followed by surface dehydration of the soymilk emulsion (Farnum et

al. 1976). Soy protein films contain a protein matrix formed by heat-catalyzed protein-
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protein interactions that result in disulfate, hydrogen and hydrophobic bonds. Fukushima
and Van Buren (1970) showed that the mechanism of polymerization involves
intermolecular disulfate and hydrophobic bonds. Film formation is favored in more
alkaline soymilk solutions.

Soymilk used in making these films is prepared from soybeans. In one soymilk
manufacturing procedure, (Wu and Bates, 1972) soybeans that were presoaked in water
for 1 hour at 65°C were by drained, ground with water, passed through a screw expeller
and finally followed by a clarification to produce soymilk with a pH of about 6.7.

Guilbert (1986, 1988) produced films by casting aqueous solutions containing
10% soy protein isolate and 5% glycerin as a plasticizer. Films were characterized as
flexible, smooth and transparent. Production of films and coatings from soymilk and soy
protein has been reviewed by Gennadios and Weller (1991). Heating and alkaline
conditions favor soy protein polymerization by unfolding the protein secondary structure
and exposing sulfhydryl and hydrophobic groups. Sian and Ishak (1990) and Gennadios
et al. (1993) reported that film formation was possible only within pH 1-2 and pH 6-12.
The optimum pH range for producing soymilk films is between 7.0 and 8.0, with
darkening of the film occurring above pH 8.0 (Wu and Bates, 1972). Brandenberg et al.
(1993) produced film by heating alkaline solutions of soy protein isolate (5%) and
glycerin (3%) at 60°C for 10 min. These films had a smoother appearance and fewer
insoluble particles, as evidenced by scanning electron microscopy. Heat treatment of SPI
film-forming solutions at 85°C promoted intermolecular cross-linking and produced SPI
films that were smoother and more transparent, and possessed lower WVP and increased

% E, compared to those produced from unheated solutions (Stuchell and Krochta, 1994).
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The moisture barrier properties of SPI films are similar to wheat gluten films
prepared from alkaline solutions but somewhat inferior to corn zein films (Table 1.1). SPI
films having similar TS to zein and alkaline wheat gluten films have lower E (Table 1.2).
The oxygen permeability of SPI films has been measured, but only at 0% (Brandenburg
et al., 1993, Gennadios et al., 1994). Like wheat gluten films, the oxygen permeability of
SPI films appears to be an order of magnitude lower than the oxygen permeability of zein
films at similar plasticizer levels (Table 1.2).

Soy protein films are transparent and flexible when plasticizer is added, but have
poor water barrier properties (Guilbert, 1986). When the plasticizer content was increased
from 20 to 40% the % E of soy protein films increased from 1.5 to 106%; however,
tensile strength decreased from 15.8 to 2.6 MPa (Cunningham et al., 2000).

Ionizing radiation, such as y-irradiation, cross-links soy protein films, thus
improving their functional properties. Exposing soy protein film to a y-irradiation dosage
of 5-30 kGg in the presence of poly(ethylene oxide) or poly(vinyl alcohol) increased
tensile strength (Grorpade et al., 1995; Sabato et al., 2001). Gennadios et al.(1998) also
reported that UV irradiation (103.7 J/m?) improved tensile strength of soy protein films
from 3.7 to 6.1 MPa; hoWever, percent elongation decreased from 124 to 85% with
increasing UV irradiation. Modification of SPI film properties by heat curing at 80 and
95°C was also studied by Gennadios et al. (1994), with this treatment reportedly reducing
WVP, % E, moisture content, and water solubility and increasing TS. Changes in film
properties were attributed to heat-induced cross-linking and lower moisture content

within the film, with the greatest effect observed at 95°C.
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Cross-linking interactions of calcium chloride or calcium sulfate with SPI can
also improve tensile strength (Park et al., 2001). In the same study, glucono-delta-lactone
(GDL) incorporation into soy protein increased elongation. In addition, both calcium salts

and GDL-treated SPI films had lower WVP than the SPI control film.

1.1.3.6. Collagen
1.1.3.6.1. Compesition and Structure

Collagen is a fibrous protein generally isolated from hides, tendon, cartilage, bone
and connective tissue (Ballian and Bowes, 1977). This protein is arranged in fibrils which
are packed together to form bundles of parallel fibers having cross-sectional diameters of
20-40 microns (Ballian and Bowes, 1977). Collagen is unique in that every third amino
acid residue throughout most of the structure is glycine, while proline and hydroxyproline
account for about one-fourth of the residues (Harrington and Von Hippel, 1961,
Ramachanran and Ramakrishnan, 1976). Collagen fibers swell with immersion in alkali,
acid or neutral salt solutions. They are resistant to proteolytic enzymes but are easy
targets for collagenase. When heated, collagen fibers shrink and are converted to gelatin

(Harrington, 1966).

1.1.3.6.2. Film Formation

Collagen films can be produced from animal hides using a dry or wet process.
The dry process involves alkaline treatment of hide corium and acidification to pH 3.0
(Hood, 1987) followed by shredding of acid-swollen coriums to preserve maximum fiber

structure, mixing of acid-swollen fibers to produce a high-solids dough (>12%), addition
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of plasticizing and cross-linking agents, high pressure pumping and extrusion of dough to
form tubular casings, drying, conditioning, neutralizing and/or providing additional cross-
linking. The wet process consists of acid or alkaline dehairing of hides, deacidification of
hide coriums, grinding mixing of ground collagenous material with acid to produce a
swollen slurry (4-5% solids), slurry homogenization, extrusion into tubular casings,
washing to remove salts, treatment with plasticizing and cross-linking agents and drying.

The tensile strength of collagen is less than that of methyl cellulose, corn zein,
WPI, and chitosan-based films (Table 1.2). Several techniques have been developed to
improve the properties of collagen films and casings. The strength of collagen casings
can be improved by drying to a moisture content of 15 to 40% in the presence of a
polyhydric alcohol, such as poylethylene glycol, or a salt, preferably sodium chloride
(Kidney, 1970). Treatment with glyceraldehyde was found to promote cross-linking
which increased the strength and thermal resistance of collagen casings (Jones and
Whitmore, 1972). Alkyl diols also improved the mechanical properties of collagen
casings by reducing internal hydrogen bonding while increasing intermolecular spacing
(Lieberman and Gilbert, 1973; Boni, 1988). Furthermore, exposing edible tubular
collagen casings to ultraviolet irradiation (180-420 nm) increased casing strength (Miller
and Marder, 1998).

Exposure to proteolytic enzymes such as papain, bromelain, ficin, trypsin,
chymotrypsin, pepsin and fungal proteose can be used to partially stabilize collagen,
which will improve uniformity in diameter and wall thickness of collagen casings (Fujii,

1967; Tsuzuki and Lieberman, 1972; Miller, 1983).
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Water vapor pemeability of collagen films can also be altered. Lieberman and
Gilbert (1973) found that formaldehyde cross-linking and chrome tanning significantly
reduced the gas permeability of collagen films. Formaldehyde reacted with collagen by
combining with free amino groups of basic amino acids, whereas chrome tanning

promoted reactions between carboxyl groups of amino acids.

1.1.3.7. Gelatin Films
1.1.3.7.1. Composition and Structure

Gelatin, a protein produced from partial hydrolysis of collagen, ranges in
molecular weight from 3000 up to 200,000 depending on production methods. Gelatin
lacks internal order with the polypeptides configured randomly in aqueous solutions
(Xiong, 1997). The process for hydrolysis of collagen to gelatin includes thermal
denaturation (40°C), which cleaves hydrogen bonds and electrostatic bonds, and
hydrolytic breakdown of covalent bonds (Eastoe and Leach, 1977). Thermally reversible
gels are produced by forming cross-links between amino and carboxyl components of
amino acid residual side groups (Glicksman, 1982).

Raw materials commercially used for gelatin manufacture include pork skin as
well as bovine hide, skin, and bones. A pretreatment or curing step is applied before
gelatin extraction of the raw material. Curing removes impurities and initiates collagen
hydrolysis. Two different curing methods, acid or alkali, produce Types A and B gelatin,
respectively. Type A gelatin with an isoelectric point between pH 7 and 9 is mostly made
from pork skin, while Type B gelatin with an isoelectric point between pH 4.6 and 5.2 is

made from bones and bovine hides (Xiong, 1997).
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2.1.3.7.2. Film Formation

Gelatin films are prepared by casting aqueous film-forming solutions of 20%
gelatin and 0-10% glycerin (Guilbert, 1986, 1988). Such films are clear, flexible, strong
and oxygen impermeable when the aqueous solution contains plasticizer such as glycerol
or sorbitol.

Gelatin gels dry to produce films with poor moisture barrier and tensile strength
properties. Treatment with lactic or tannic acid improves water-barrier properties
although these films are less flexible and less transparent (Guilbert, 1986). Tensile
strength of gelatin films can be improved by drying 5% solutions at 20°C rather than
60°C, due to a higher degree of crystallization in films dried at the lower temperature
(Bradbury and Martin 1952). In addition, gelatin also reportedly has a configuration that

promotes interchain hydrogen bonds at temperatures less than 35°C (Robinson, 1953).

1.1.4. Polysaccharide-based edible films
Several carbohydrate-based edible films were developed and tested. This review
will address some common carbohydrate films including cellulose-, chitosan-, alginate-,

starch-, pectin-, and dextrin-based edible films.

1.1.4.1. Cellulose Films

Cellulose, composed of linear chains of B-D-glucopyranosyl units joined by
glycosidic bonds (1 — 4), is the most abundant organic compound on earth because it is
the principal component of plant cells. Native cellulose is insoluble in water because of

the high level of intermolecular hydrogen bonding, but can be converted into cold water-
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soluble gums by esterification. In this process, cellulose is reacted with aqueous caustic,
then with methyl chloride, propylene oxide or sodium monochloroacetate to yield
methylcellulose (MC), hydroxypropyl methylcellulose (HPMC) and sodium
carboxymetylcellulose (CMC), respectively. MC, HPMC and hydroxypropy! cellulose
(HPC) are available commercially in powder or granular form in varying molecular
weight. Their relative hydrophilities increase in the order of HPC<MC<HPMC<CMC
(Krumel and Lindsay, 1976).

MC, HPMC and HPC are water-soluble ethers with good film-forming properties.
Dissolution of these compounds is a two-step process involving dispersion and hydration.
The powder must be added slowly to agitated water to separate and sufficiently wet their
surfaces. Another procedure is by dispersing the cellulose ethers in a water miscible
nonsolvent such as glycerin, ethanol or propylene glycol and then adding the slurry to
water.

Films prepared from MC, HPMC and HPC are tough, flexible and transparent
with linear structure (Krumel and Lindsay 1976). The first cellulose film, cellephane, was
developed by Brandenberg in 1908 (Paist, 1958), and some modified cellulose films have
been used as edible films and coating since the 1980s (Kester and Fennema, 1986). The
addition of plasticizers (polyethylene glycol 400, glycerin, propylene glycol) necessary to
improve elasticity of cellulose films (Torres, 1994) does not affect the visual appearance
at concentrations lower than 30% (Donhowe and Fennema, 1993; Park et al., 1993;
Debeaufort and Voilley, 1995a). However, addition of plasticizers during preparation
increases oxygen, water vapor and aroma transfer and sorption within the films and

decreases TS (Debeaufrt and Voiley, 1995).
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Films based on MC, HPMC and HPC are soluble in water and insoluble in lipids,
and thus have high water vapor permeability (Table 1.1). They are very good oxygen and
hydrocarbon barriers, and their water vapor properties can be improved by adding lipids
or fatty acids (Biquet and Labuza, 1988; Kamper and Fenema, 1984a, b; Park and
Chinnan, 1990; Ayranci and Tunc, 2001). Donhowe and Fennema (1992) showed that
MC and CMC prepared with beeswax or acetylated monoglycerides exhibited increased
WVP with increasing RH from 0 to 80% due to hydration and swelling across the entire
film thickness, thus facilitating water movement through the film. The addition of fatty
acids also was shown to improve water vapor barrier properties. For example, Ayranci
and Tunc (2001) reported that incorporation of stearic, palmitic or lauric acids (5-40
2/100 g MC) in MC-based edible films decreased WVP.

The ability of hydrophobic substances to retard moisture transfer through
cellulose-based films depends on the homogeneity of their final re-partition in the matrix
and/or on the surface. Polo et al. (1992) studied the effect of paraffin oil and paraffin wax
on the moisture barrier properties of three cellulose derivative-based films with different
polarity and porosity prepared using several techniques: emulsion (MC), emulsion plus
coating (MC), and dipping (porous filter paper and nonporous cellophane). Cellophane
films prepared with paraffin oil were more permeable than those prepared with wax.
Films prepared by emulsion and dipping had highly heterogeneous systems with the least
effect on movement of water. The most efficient system, in terms of water vapor
permeability, was obtained using cellophane films with homogeneous re-partition of

paraffin wax independent of thickness and RH.

31



1.1.4.2. Alginate Films

Commercial algin is a sodium salt of alginic acid, a linear polyuronic acid
obtained from brown seaweed. Alginic acid contains two monomeric units, B-D-
mannopyranosyluronic acid and a-L-gulopyranosyluronic acid. Segments containing
only B-D-mannopyranosyluronic units are called M blocks whereas those containing only
a-L-gulopyranosyluronic units are termed G blocks (Whistler and Daniel, 1990; Cottrell
and Kovacs, 1980; McDowell, 1973). These blocks determine the properties of the
polymer. For example, algins containing many G-block units produce high strength, more
brittle and less elastic film. Solutions of sodium alginates are highly viscous. The
calcium alginates are insoluble.

Alginates react with several cations including calcium and sodium to form gels
Calcium ions, the most effective gelling agent (Allen et al., 1963), pull alginate chains
together by ion interactions and interchain hydrogen bonding to produce a three-
dimensional gel network (Grant et al., 1973; King, 1983). Calcium-induced gelation of
alginate is irreversible unless treated with strong chelating agents at an alkaline pH

(Klock et al., 1994).

1.1.4.2.1. Film Formation

Alginates possess good film-forming properties, with glycerol often added as a
plasticizer to reduce brittleness (Glicksman, 1984). Films and coatings made from
sodium alginate solutions by rapid reaction with calcium in the cold contain
intermolecular associations in G-block regions. Film strength and permeability can be

altered by the concentration of calcium, the rate of its addition, pH and temperature
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(Kester and Fennema, 1986). Homogenous release of calcium ions within an alginate
solution is necessary for uniform gelation. Alteration in pH, temperature and employment
of calcium ions with low solubility can be used to control release of calcium ions in the
alginate suspension (Deasy, 1984). Increasing the acidity of the gel solution with the
hydrolysis of glucono-3-lactone will slow the calcium ion dissociation rate from
insoluble calcium salt. Alginate films prepared under these conditions will be
homogenous, transparent and smooth (Draget et al., 1989) with the pH of the alginate
solution slowly decreasing from 5.6 to 3.8 in 6 h.

Alternatively, soluble calcium salt can be released into an alginate solution at high
temperature with gelation occurring upon cooling (Sime, 1990; Papageorgiou, 1994,
Dominic et al., 1996). Such films are homogenous, but opaque with a rough uneven
surface. Film properties depend on the gel cooling rate. Gelation occurs too rapidly (2 h)
to allow the alginate chains to align for proper cross-linking. Such films have a weak gel
structure because of irregular distribution of calcium crosslinks throughout the film
matrix (Dominic et al., 1996).

Many calcium salts can be used to form alginate gels including chloride, acetate,
lactate, tartarate, gluconate, sulfate, citrate and tri-calcium phosphate (Kester and
Fennema, 1986). Calcium chloride yields the strongest gel coatings (Allen et al., 1963).

Films made by casting an aqueous solution of alginic acid are flexible and
transparent, but water-soluble. Immersing alginate gels in aqueous solutions of
multivalent cations is an alternate method to improve film strength (Kaletunc et al.,

1990). Immersing the film in solutions containing 5 or 10% calcium and zinc for 15
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minutes produced water insoluble films with tensile strength increasing from 5.6 to 31.0

and 51.67 MPa, respectively (Pavlath e al., 1999).

2.1.4.3. Pectin Films

Pectin, a complex group of structural polysaccharides, is found in plant cells
(Aspinall, 1970). Pectins are composed of D-galacturonic acid with various degrees of
methyl esterification. Low-methoxyl pectins dissolved in aqueous media are capable of
forming gels in the presence of calcium ions (Miers et al., 1953) which react with free
carboxyl groups on adjacent polymer molecules. Hydrogen bonding also strengthens this
association.

Low methoxyl pectin films were first developed and studied in the 1940’s (Coffin
and Fishman, 1994) with calcium or other cations used as cross-linking agents. These
films exhibited good mechanical properties, but had poor folding durability. When
Schultz et al. (1949) evaluated dried low-methoxyl pectinate films, the water vapor
permeability rate was 300 g H,O mil/m?.day.mmHg at 25°C with 50% relative humidity.

Incorporating high amylose pectin into high methoxyl pectin films modified the
mechanical properties of the pectin films (Coffin and Fishman, 1993, 1994). Films made
from high methoxyl lime pectin and high starch had very good mechanical properties.
Adding a high proportion of high amylose starch resulted in only a modest decrease in
dynamic mechanical properties (storage modulus and loss modulus) of the films, and had
a beneficial effect on surface properties.

A two-step technique was used to apply pectinate gel coatings directly to food

surfaces. This procedure is the same as that used in development of alginate coatings. An
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aqueous pectin solution was applied to the surface, followed by treatment with a calcium

solution to promote gelation.

1.1.4.4. Chitosan

Chitosan is derived from chitin, the second most abundant polysaccharide after
cellulose (Lezica and Quesada-Allue, 1990). The polysaccharide chitin, which consists of
repeating units of 1,4 linked 2-deoxy-2-acetamido-B-D-glucose, occurs naturally in the
crystalline state (Minke and Blackwell, 1978). In chitin, the amino group is acetylated,
thus chitin is an amide of acetic acid. Chitosan containing a free diacetylated amino
group is soluble in aqueous acidic solutions (Muzzarelli, 1977; Rinaudo and Domard,
1989). Such acidic solutions containing positively charged chitosan are used in
agriculture as carriers for pesticides (Anon, 1987), in the food industry as adsorbents for
waste and water treatment (Knorr, 1984), and in the area of nutrition as lipid binders

(Furda, 1990).

1.1.4.4.1. Film Formation

Chitosan films can be prepared by dissolving 1% chitosan with glycerol (1 or
2.5%) in acidified aqueous solutions (1% acetic or formic acid) at room temperature
(Wong et al., 1992; Hoagland, 1996; Caner et al., 1998). After casting in petri dishes, the
solution was dried to produce freestanding chitosan films. Films prepared using HCI or
HNO; solution are opaque and shrink due to chitosan crystallization. Adding of pectin or

starch to the film solution will produce clear and strong chitosan HCI or HNO; films that
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are stable for at least 6 months (Hoagland, 1996). Films made from completely
diacetylated chitosan HCI will not shrink and are opaque (Samuels, 1981)

Chitosan, like many carbohydrate polymer films, tends to be a good oxygen and
carbon dioxide barrier but lacks resistance to water transmission. Incorporation of fatty
acids or lipids such as lauric or butyric acid provides hydrophobicity and decreased water
permeability (Dominic et al., 1992). Chitosan films are unsuitable foundation films
because of significant swelling. Chen et al. (1996) reported that various chitosan films
could absorb 40 to 80% of their weight in water.

Use of different acids (acetic, formic, lactic, propionic) in chitosan film
formulations distinctly affects the film properties. Caner et al. (1998) showed that acetic
acid produced the lowest WVP, followed by propionic, formic and lactic acid whereas
lowest OP was observed when lactic acid was used. Films formed with lactic acid and
formic acid solutions had uniquely high values for elongation at break and tensile
strength, respectively. Jong-Whan et al. (1998) also evaluated the effects of acetic, citric,
formic, lactic, malic, propionic, succinic, tartaric, phosphoric and hydrochloric acids on
properties of chitosan films. Films made with organic acids such as formic, acetic, malic
and propionic acids were more resistant to solubilization in water than those made with

citric, lactic, succinic and tartaric acids.

1.1.4.5. Starch Films
Starch consists of approximately 25% amylose and 75% amylopectin. Amylose is
a linear chain of D-glucose residues linked by 1,4 glycosidic bonds. Amylopectin is a

branched molecule consisting of glucose units connected by 1,4 and 1,6 linkages.
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Starches can be derived from tubers (potato, tapioca, arrowroot and sweet potato), stems
(sago), and cereals (corn, waxy maize, wheat and rice). Although starch is insoluble in
cold water due to hydrogen bonding of polymer chains, heating will break these hydrogen
bonds allowing the starch granules to absorb water and swell.

Amylose is required for film forming and preparation of strong gels. Starches
containing 55 or 70% amylose content are commercially available, with 70% amylose
starch producing stronger, tougher and more flexible films (Jokay et al., 1967). Wolff et
al. (1951) were first to produce self-supporting films by casting aqueous solutions of
gelatinized amylose, followed by solvent evaporation. Such starch films are transparent
and have very low permeability to oxygen at low RH (Rankin et al., 1958, Coffin and
Fishman, 1993, 1994).

Addition of plasticizers and absorption of water molecules by hydrophilic
polymers can increase polymer chain mobility, which generally leads to increased gas
permeability (Banker, 1966; Gaudin et al., 1999). Starch and plasticizers such as glycerol
contain many polar chemical functions, mainly hydroxyl groups. These characteristics
can provide susceptibility to antiplasticization materials (Jackson and Caldwell, 1967).
Glycerol and water play the role of internal lubricants, preventing the rigidification of
non-crystallized macromolecular starch chains at ambient temperature (Shogren, 1993).
Dried raisins coated with an aqueous solution of corn amylose plasticizer poured freely,
and did not clump or stick together (Moore and Robinson, 1968).

Garcia et al (2000a, b) developed starch-based edible films from cold gelatinized
cornstarch and high-amylose corstarch (amylomaize) suspensions in NaOH. Glycerol or

sorbitol used as a plasticizer decreased the crystalline/amorphous ratio and permeability
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to CO,, O; and water vapor, with films containing sorbitol showing lower permeability
than those containing glycerol. They also showed that amylomaize films with a higher
crystalline/amorphous ratio were less permeable to CO,, O,, or water vapor than the
corresponding cornstarch films. Addition of 2 g/L. sunflower oil to the film formulation
reportedly decreases both the WVP and the amorphous/crystalline ratio (Garcia et al.

2000b).

1.1.4.6. Dextrins

Dextrin-starch hydrolysates of low dextrose equivalent also have been suggested
for use as protective coatings. Allen et al. (1963) tested the barrier properties of these
edible film materials as coatings using a cellulase acetate support. Water vapor transport
through starch films was very high, while films comprised of low dextrose equivalent
dextrin and corn syrup had WVP values that were 2- and 3-fold lower, respectively.

Dextrins are often used as film-formers and edible adhesives to replace natural
gums. Dextrin-based coatings exhibit some resistance to oxygen transmission as has been
shown by the reduction in browning of sliced apples (Murray and Luft, 1973). A gluten-
dextrin coating was also used to coat dry roasted peanuts before application of salt
(Noznick and Bundus, 1967).
1.1.5. Lipid Films

Lipid compounds include neutral lipids of glycerides which are esters of glycerol
and fatty acids, and waxes which are esters of long-chain monohydric alcohols and fatty
acids. From this group, acetylated monocglycerides, natural waxes, and surfactants are

commonly used in edible films and coatings (Kester and Fennema, 1986).
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1.1.5.1.Waxes

Solidification of the melted wax or lipid by cooling is a common technique for
preparing lipid films. Wax films are also formed by casting molten wax on a dried film
of methylcellulose and then dissolving away the methylcellulose film (Donhowe and
Fennema, 1993). The rate of cooling plays an important role in the predominant
polymorphic state, as well as degree of recrystallization in the solidified film. Several
waxes have been studied for film or coating preparation: paraffin, carnauba, beeswax,
candellila and polyethylene wax.

Paraffin wax is derived from the distillate fraction of crude petroleum. It contains
hydrocarbon fractions ranging from eighteen to thirty-two units (Bennett, 1975). Paraffin
waxes are permitted for use as protective coatings for raw fruit and vegetables and for
cheeses. They can also be used in chewing gum as a defoamer and as a component for
microencapsulation of flavors.

Carnauba wax is extruded from palm tree leaves of the Tree of Life. Refined
camauba wax, composed of saturated acid esters twenty-four hydrocarbons in length and
saturated long chain alcohols (Bennett, 1975), has a high melting point and is often added
to other waxes to increase hardness.

The surface appearance of carnuaba wax films is somewhat “hilly” with small
pores disrupting the otherwise smooth contours (Donhowe and Fennema, 1993).
Carnauba wax, which has low oxygen permeability probably because of its hardnesses, is
permitted for use as a coating for fresh fruits and vegetables and in both chewing gums

and sauces.

39



Beeswax is secreted by honeybees for comb building. Beeswax obtained by
melting comb wax, contains 71% long-chain fatty acid esters and alcohols, 15% long-
chain hydrocarbons and 8% free fatty acids (Tulloch, 1970). This wax is soft at room
temperature with a melting point of 61-65°C, but becomes brittle at colder temperatures.
Beeswax is partially crystalline in nature. Its crystal size is quite small, allowing for tight
packing of individual crystallites. This type of crystalline morphology accounts for
beeswax being a particularly effective barrier to water vapor transmission (Kester and
Fennema, 1989). However, beeswax has higher water vapor permeability than candellila,
carnauba, and microcrystalline wax (Donhowe and Fennema, 1993) due to higher
concentrations of fatty acids, fatty alcohols and esters. Beeswax also contains low levels
of unsaturated hydrocarbons which are responsible for its flexibility (Dafler, 1977) and
high oxygen permeability. Unlike carnauba wax, the microscopic surface of beeswax
appears smooth and devoid of distinct morphological features (Greener and Fennema,
1989; Kester and Fennema, 1989; Donhowe and Fennema, 1993).

Candelilla wax is extracted from the candelilla plant, a reed-like plant that grows
in Mexico and southern Texas. Candellila wax contains 57% hydrocarbons and 29% wax
esters, with the remainder consisting mainly of fatty alcohols and fatty acids (Tolluch,
1970). Its melting point is 65-68.8°C.

Polyethylene wax is the oxidation product of polyethylene, a petroleum by-
product. Polyethylene waxes are available in several grades to provide desired emulsion
properties. These waxes which differ in molecular weight, density, and melting point

(Eastman Chemical Inc., 1990) can be used to make emulsion coatings.
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Acetylglycerides are produced by acetylation of glycerol monoestearate with
acetic anhydrate. Acetyglycerides exist in the a polymorphic form (Jackson and Lutton,
1952; Vicknair et al., 1954) and can be stretched up to eight times their original length.
Acetyglyceride films posses a relatively smooth surface without any well-defined
morphological characteristics (Kester and Fennema, 1989) because heterogeneous
acetyglycerides are stable in the o form (Feuge, 1955). WVP of wax-based films is lower
than most other edible films; however, oxygen permeability of beeswax is similar to
some of the protein-based films such as collagen, casein, soy protein films (Table 1.1).
Acetylated monoglycerides based-films have higher WVP values compared to other wax-
based films.

1.1.6. Evaluating of the properties of edible films
1.1.6.1. Barrier properties

Barrier properties of the aforementioned films directly impact product shelf-life
with transfer of gases (e.g. oxygen, carbon dioxide), water vapor and volatile compounds
occurring from the environment to the food product and vice versa. Edible films
possessing polymer structures can be used as barriers to these gases and water vapor.
Depending on the products, edible films or coatings may be used to prevent moisture
loss, moisture absorption, exposure to oxygen, or diffusion of CO,. Control of the
moisture and oxygen content limits the growth of aerobic microorganisms, which provids
good microbiological characteristics as well as physicochemical and organoleptic

characteristics to intermediate moisture or dry foods.
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2.1.6.1.1. Water Vapor Permeability

One of the most important properties of an edible film is its water vapor
permeability. Water vapor permeability (WVP) is defined as the rate of water vapor
transmission per unit area of a flat material of unit thickness.

Several techniques for measuring WVP have been described and are based on
either infrared sensors such as the Permatran-W series or the WVP tester L80-4000 series
which is a colometric method. These techniques are well-suited for high barrier
efficiency polymers such as plastics or wax-based edible films, but far less so for
hydrophilic polymers (Krochta, 1992, McHugh and Krochta, 1994). The most commonly
employed method is the “cup method” which is based on gravimetric analysis (Kester
and Fennema, 1983; Kamper and Fennema, 1985). True permeability is a process of
solubilization and diffusion, where the vapor dissolves on one side of the film and
diffuses through to the other side.

Water vapor permeability (WVP) can be expressed as follows:

Where

g = Amount of water vapor
L = Thickness

A = Film area

t=Time

Ap = Differential partial pressure of water vapor
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The water vapor transmission rate, determined by the amount of water weight lost
or gained, depends on the material placed in the cup water salt solution or desiccant. In
the Desiccant Method, the film to be tested is sealed over the mouth of a cup containing
desiccant, and is placed in a chamber under controlled temperature and relative humidity.
In the water method, the test dish contains distilled water or a saturated salt solution. In
both cases, the rate of water transmission is determined from periodic weighings which
must be taken after a steady state rate of moisture transmission has been obtained

(ASTM, 1980).

1.1.6.1.2. Oxygen Permeability

Measurement of oxygen permeability (OP) typically involves the use of
colorimetric (e.g. Oxatran-Mocon, Modern Controls Inc., Minneapolis, MN, USA), or
manometric sensors (Lyssy L100 series, Lyssy, Zurich, Switzerland). Oxygen
transmission rates (OTR) are obtained by monitoring the permeant in the upper portion of
a diffusion cell at specific time intervals, while passing a known amount of oxygen
through the lower portion until the steady state is reached. To obtain the OP, the
thickness of the film and the partial pressure difference must be considered as shown in
the following equation:

OP =(OTR x L) Ap

Where
L = thickness of film

Ap = partial pressure difference of oxygen
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1.1.6.2. Mechanical Properties

Tensile strength and percent elongation are the most commonly tested mechanical
properties. Tensile strength, the maximum tensile stress that a material can sustain before
the onset of permanent deformation or failure, is determined by measuring the force per
unit while the film is being stretched. Percent elongation refers to the degree of
toughness and flexibility of the film, and measures the length of displacement per original
length while the film is being stretched. The established method to determine tensile
strength and elongation is ASTM standard D-882-83 which most often utilizes the Instron

machine (ASTM, 1991).

1.1.7. Factors Affecting Film Properties

Some factors such as the chemical and structural nature of the polymer and
permeant can affect the barrier properties of edible films. Chemical composition plays a
major role in the barrier properties of edible films. For example, polar polymers such as
many proteins and polysaccharides show low gas permeability values at low RHs but
have poor moisture barrier properties. In contrast, non-polar hydrocarbon-based materials
such as lipids are excellent moisture barriers and less effective gas barriers. When added
to polymer films, low molecular weight additives can improve or reduce the barrier
properties of edible films depending on their chemical structure. Most edible film
plasticizers increase water vapor permeability by disrupting polymer chain hydrogen
bonding.

The nature of the permeant also affects its transfer through films, with smaller

molecules generally diffusing faster than larger molecules, and polar molecules diffusing
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faster than non-polar molecules, particularly in polar films. The diffusion of gases and
water vapor though film polymers is termed permeation. During permeation, adsorption
of these gases and water vapors on the polymer surface and their desorption through the
opposite surface is also seen (Sperling, 1992). These films also can have different barrier

properties depending on their composition and method of production.

1.1.8. Application of Edible Films

Edible film barriers can serve many functions in food products. Such edible films
or coatings can provide additional nutrients, enhance sensory characteristics and serve as
a carrier for many food additives including flavoring/coloring agents, vitamins,
antioxida