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ABSTRACT

PRODUCTION OF BIOPOLYMERIC FILMS
AND COATINGS FROM WHEAT PROTEINS

By

Luis Martin Rayas

Over the last ten years, several new types of films have been developed
that are degradable and/or edible. Advantages of degradable/edible protein-
based films include: a) improvement in the mechanical-handling properties and
structural integrity of packéged foods; b) bio-degradation in landfills; c) as edible
coatings, increase the food value of the product;, d) different nutrients and
additives can be incorporated thus enhancing organoleptic properties and
preventing deterioration of the packaged foods;, and e) control of gas and
moisture permeation from and into the product.

The biopolymeric films were produced by a new process developed at the
School of Packaging, Michigan State University. The process consisted of
treating wheat proteins by using selective solvents, separating insoluble
materials, and casting of the solution into films.

The objectives of this study were: 1) development of a new method for
separating the protein from wheat flour and 2) analysis of the mass transfer
properties and photo-degradability characteristics. = Sorption isotherm and

permeability of oxygen as a function of equilibrium relative humidity (ERH) were



determined. Photo-degradability was evaluated by measuring changes in color
and mechanical properties of the films.

The films produced were transparent, clear, strong, with mechanical
properties similar to those of low-density polyethylene and with oxygen
permeability similar to those of the polyamides (nylons). Mass transfer results
indicated a significant dependence of the water sorption and oxygen
permeability to the test equilibrium relative humidity, with greater effects at ERH
greater than 40%. The photo-degradability study showed that the film’'s
mechanical properties such as tensile strength and toughness increased with UV
radiation exposure time. On the other hand, elongation values showed
significant reduction in their values with an increase of UV radiation time.

Potential uses of these films are in the food and pharmaceutical
industries. The films can be'used both as a self-supporting films and coatings,

specially for oxygen sensitive products, particularly at low relative humidities.
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CHAPTER 1. LITERATURE REVIEW

BIOPOLYMERIC MATERIALS

Biopolymeric materials are those polymers whose source is of biological
nature, e.g., cellulose from wood, pectin from citric fruits, gluten proteins from
wheat grain, and keratin from animal hair and feathers, among many others.
When these biopolymers are used for a different function other than the natural,
particularly towards the replacement of synthetic polymers, advantages such as
bio-degradability and, in some cases edibility, are found.

Today, there is limited information- available on degradable packaging
materials, especially with respect to their degradability and gas barrier
properties. C. Somerville had predicted that agricultural plastics (biopolymers)
could become a reality within a decade (McWilliams, 1991). He indicated that
price is the current main obstacle towards commercialization of these
biopolymers. However, because they are truly biodegradable, and would help
eliminate dependence of oil-based polymers, there is presently a growing
commercial interest in biopolymeric materials.

According to Giusti et al. (1993), “the biological polymers of interest as
biomaterials are those that constitute the fundamental parts of tissues and
organs’. However, they discussed limitations that are common in using
biological materials, including those of some loss of the physico-mechanical

properties such as fatigue behavior. This in part is due to the fact that when
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biopolymers are separated from the living entity, they are no longer subject to
repair or growth and thus they would behave similar to a synthetic material.

Thirty-seven years ago, Golding (1959) indicated that the use of natural
biopolymeric products is possible as long as they were modified, e.g. chemically,
in order to upgrade one or more properties and increase their usefulness. For
instance, changes in the softening point, solubility, and chemical stability not
present in the natural products are obtained by chemical treatment. Golding
indicated that some of the biopolymeric products of industrial use include
regenerated cellulosics, alginic acid derivatives, derivatives of natural rubber,
and regenerated proteins. - The last included polyamides from milk, soybeans,
peanuts, and com. Another advatage is that additives can be incorporated in
edible films or coatings, which can be released into the food by diffusion
(Wellinghoff, 1995).

Food applications for biopolymeric materials include coating fruits to
delay ripening. For instance, whole apples with a sucrose polyester (SPE)
solution (Semperfresh™), and storage at 39°F showed a lower ripening rate
(Santerre et al., 1988). In another study, Chai et al. (1991) found that the use of
SPE also retarded apple ripening while increasing tissue firmness and titratable
acidity. They found that for some apple cultivars, such as Golden Delicious and
Mcintosh apples, SPE treatments improved consumer acceptability ratings.

The mixing of different biopolymeric materials was performed by Lim and
Jane ({ 993). They mixed starch and zein (5:1 and 9:1 wt/wt ratios) with cross-

linking agents (formaldehyde and glutaraldehyde) to enhanced the physical
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strength and water-resistance of the biopolymeric blend. They also indicated
that the optimum pH of the cross-linked starch-zein mixture was about 6.0.

Researchers at the Scottish Agricultural College in Edinburgh developed
a film-forming polymer that could be sprayed onto plants to protect them from
various diseases. The coating formed a barrier that reduced leaf penetration by
fungal pathogens, but had no effect on plant growth. The polymers were based
on naturally occurring compounds and were non-phytotoxic and permeable to
gases. They also had good weathering properties and were biodegradable
(Resource, 1995).

Selke (1996) indicated that the idea of replacing standard synthetic
materials with degradable ones is not so simple. This author indicated that in
landfills, conditions are not necessarily suitable for the decomposition of bio-
degradable materials. Therefore, efforts toward fabrication of biopolymers with
the edible attribute are very desirable, so that disposal is not required.

In the next section, methods for fabricating degradable films by using

wheat proteins as the biopolymeric material are discussed.

METHODS FOR PREPARATION OF WHEAT PROTEIN-BASED FILMS

Krull and Inglett (1971) developed films from whole gluten (wheat protein)
both at laboratory and industry scales. Films were cast from 20% gluten in a
solvent comprised of 60% ethanol, 20% lactic acid, and 20% water. Lactic acid
is both a glutenin dissolving agent and plasticizer. Films prepared by Krull and
Inglett (1971) were brittle, little water resistant, and showed lower tensile

strength values than some synthetic films.



pr

the

O

therr
They



4

Gennadios and Weller (1990) prepared films using commercial Pro-80™
vital wheat gluten. They put 15 g of the gluten in 72 ml of 95% ethanol, then
added 6 g of glycerol as plasticizer and boiled the solution to disperse the wheat
giuten. They added 48 ml distilled water and increased the pH with 14 mi of 6N
ammonium hydroxide to dissolve the glutenin fraction. The resulting films, after
casting and drying, were strong, flexible, and translucent, but opaque. Good
barrier properties to oxygen and carbon dioxide were obtained for the films, but
they had very high water permeability values.

More recently, Gontard et al. (1992) developed films using commercial F
33000 vital gluten. These films were prepared from a solution of gluten in
absolute ethanol, acetic acid, and water with glycerol added as plasticizer. The
concentration values of gluten, ethanol, and the pH of the solution (adjusted with
acetic acid) were varied to evaluate the effect of these variables on the films’
properties. The significant findings were that pH and ethanol concentration of
the film-forming solution were the two most important factors influencing film
opacity, water solubility and water vapor permeability. Also, mechanical
properties appeared to be strongly influenced by the concentration of gluten and
the pH. They suggested that depending on the film use, a particular film-
formation variable-combination may be chosen which could cover the basic
properties to optimize.

Gontard et al. (1993) also investigated the influence of plasticizers and
their effect on the mechanical and water vapor barrier properties of gluten films.

They prepared the films using commercial F 33000 vital wheat gluten in a
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concentration of 7.5/100 mi solution, 45 ml ethanol / 100 ml solution. The pH of
the solution was adjusted to 4 with acetic acid. Lactic acid, polyols and other
compounds were added as the variable to test in concentrations from 0 to 33.3
g/100 g dry film matter. They found that polyols (glycerol, sorbitol, propanediol)
and lactic acid were the only substances that especially plasticized gluten film.
Amphipolar substances (glycol monostearate, acetic ester of monoglyceride,
sucrose ester of stearic acid and diacetyi tartaric ester of monoglyceride) had no
real plasticizing effect. The hydrophobic substances (beeswax and fatty acids
such as lauric, stearic, and oleic acids) had an anti-plasticizing effect on gluten
fiim. The most effective plasticizer according to Gontard et al. (1993) was
glycerol. Another significant finding was that water activity (a,) and temperature
were crucial parameters that affected gluten film properties. Gennadios et al.
(1993) fabricated gluten films by following the technique of Gennadios and
Weller (1990) in which 15 g wheat gluten, 72 ml 95% ethanol, and 6 g glycerol
were mixed. Gennadios et al. (1993) described the temperature effect on the
oxygen permeability of the gluten film. The oxygen permeability vs. temperature

plot fitted the Arrhenius model as expected.

Crosslinking of Proteins

The term “cross-linking” denotes stable chemical bond association of
generally large elements at specific places to create a new entity that has
distinct properties as a result of the juncture (Pomeranz, 1987 and Friedman,
1977). In the case of proteins, cross-linking promotes changes in the chemical,

functional, nutritional, biochemical, and physical properties. Cross-linking of



€X

diy

Pro

alth



6

proteins has been reported by Lotan and Sharon (1977), Uy and Wold (1977),
Harland and Feairheller (1977), Jane et al. (1993), and Mahmoud and Savello
(1993).

Natural polymers, in contrast to synthetic polymers, are ailready formed in
the source material. Because natural proteins are made of as many as 20
different monomers (amino acids) to build each molecule, they are more complex
than most linear synthetic polymers. In addition, the linear polymeric chain of
almost every natural protein has the property of being able to assume a specific
three-dimensional folded conformation (Creighton, 1993). This would make the
chemical complexity of protein macromolecules essentially limitless (Battista,
1958). However, proteins are structurally less complex since most chemical
polymers are synthesized by polymerizing a mixture of monomers producing a
distribution of chain lengths. In addition, if more than one type of monomer is
present, an approximately random sequence of monomers is obtained. Proteins,
on the other hand, are linear and unbranched and have precise lengths and
exact sequences of amino acids. In fact, it is only the differences in length and
sequence thaf distinguish one protein from any other, and make possible a
diversity of structures and functions.

Mahmoud and Savello (1993) used transglutaminase to cross-link
covalently concentrated proteins solutions of a 1:1 (wt/wt) mixture of a-
lactalbumin and B-lactoglobulin to form gels. These gels were dehydrated and
produced transparent films. An important finding by these authors was that

although the protein films were insoluble in aqueous buffers at various pH and
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heat treatments, these films were protease-digestible (bio-degradable). Golding
(1959) reported that when casein is immersed in a 4 to 5 percent formaldehyde
solution, the e-amino group (of lysine), as well as the unsubstituted a-amino
group, can bind one or two moles of formaldehyde, depending on the
concentration of the latter. This author also reported that zein and casein
plastics can be cured by immersing the plastics in formaldehyde solution. This
reaction can be catalyzed by acids, HCI being most effective.

Lim and Jane (1993) reported that mixtures of starch and zein with cross-
linking agents including formaldehyde and glutaraldehyde yielded plastic-like
materials. They found tr]at the effect of the cross-linking in the material was that
of the enhanced physical strength and water-resistance. They indicated that
their starch-zein plastics were economically feasible replacements for synthetic
polyamides.

Cross-linking of proteins with glutaraldehyde was reported by Richards
and Knowles (1968), and indicated that the protein cross-linking was an
irreversible process. The cross-linked proteins resisted treatments with urea,
semicarbazide, and wide ranges of pH, ionic strength and temperature. These
authors and Chatterji (1989) reported the formation of a Shiff base by the
interaction between the aldehyde and the amino groups of the amino acids.
Chatterji (1989) attributed the change in color from pale yellow to deep orange to
the formation of the Schiff (aldimine) linkage between the free amino groups of
the proteins and glutaraldehyde. This author also reported that when native

gelatin is treated with glutaraldehyde, the reaction exclusively involves the
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lysines, to almost 100%. The scheme of the reaction is represented in Figure 1-
1. Satyanarayana and Chatterji (1991) demonstrated that the cross-linking of
gelatin granules with glutaraldehyde involves the e-amino groups of the lysine
residues of the protein and the aldehyde functionality of the glutaraldehyde

yielded a versatile cross-linked matrix.

MASS TRANSFER IN POLYMERIC FILMS

Gas and vapor transport in polymeric materials is of great importance to
the packaging industry because it is always present in a package system. No
polymer film is known to provide a complete barrier to the transport of a gas or
vapor molecule (Brown, 1981). The mechanism of mass transfer through a
continuous polymer phase is by activated diffusion driven by a concentration
gradient. The diffusant dissolves in the film matrix at the high concentration side,
and then diffuses through the film towards the low concentration side. The
overall phenomenon is influenced primarily by the chemical composition, size,
shape, and polarity of the penetrating molecule and chemical composition and
polymer-chain segmental motion within the film matrix. When the concentration
of the permeant at both sides of the film is kept constant, the system eventually
reaches a steady state after an initial period of transient flow. The determination
of the permeability of edible films is carried out in a similar fashion as for non-
edible films using continuous flow and quasi-isostatic methods (Donhowe and

Fennema, 1994).
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The solution to the second Fick's law for a continuous flow permeation
experiment for oxygen (Hemandez et al, 1986) is given by the following
equation:

—-(—)( )i exp(= 2‘2) (1.1)
Ja VaDt ', 53s

where F; is the flow rate of oxygen permeating the films at time t, F, is the
oxygen flow rate under steady state conditions, ¢ is the film thickness, and D is
the oxygen diffusion coefficient. By taking only the first term of the series, the
permeation experiment up to a value of the flow ratio of 0.95 can be simplified to

the following equation:

hn

t = —)x”2 exp(-X) (1.2)

R~

where X = £%/(4Dt), and ¢ is the ratio between the flow rates at time t and at

steady state. From a continuous flow permeability experiment, F; values can be
obtained as a function of time from t=0 to the steady state. The Newton-
Raphson method can be used to evaluate X from Eq. (1.2) as a function of time.
The diffusion coefficient D is determined from the slope of the straight line of the

plot X" vs. time for values within the range of 0.05<¢»<0.95 (Hemandez et al.,

1986). The oxygen permeability constant, P, can be determined directly from the

steady state value of each permeability experiment:

p ==t (1.3)

Fot
AP
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where AP is the driving force given by the oxygen or permeant pressure gradient

across the film.

According to Hemandez (1994), Gavara and Hermandez (1994), and
Kester and Fennema (1986), the solubility (S) of the permeant into the film can

be calculated by applying Fick's and Henry’s laws with the following equation:
P
S=— (1.4)
D

It is assumed, in Eq. 1.4, that D is independent of the concentration of the
penetrant. Figure 1-2 presents a diagram of a setup for oxygen permeability
studies using a diffusion cell, with carrier gas (nitrogen) and test gas (oxygen)
flushed on either side of the cell and control of relative humidity of either gas.
Setup similar to that of Figure 1-2 has been used by Gavara and Hernandez

(1994). The equation used to calculate the oxygen permeability coefficient is:

Q¢

=08 =P

(1.5)

where P is the permeability coefficient, D is the diffusion constant, S is the
solubility coefficient, Q is the amount of oxygen passing through the film at
standard temperature and pressure (stp), ¢ is the film thickness, A is the film
area, t is time, and AP is the oxygen gas partial differential pressure. Note that

Q/(At) is F. in Eq. (1.3).
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PERMEABILITY OF GASES IN PROTEIN-BASED FILMS

Information on permeability of protein-based films (e.g., wheat gluten,
com zein, and wheat gluten/soy protein isolate) is limited (Gennadios et al.,
1993). These authors reported that wheat gluten films had a lower permeability
compared to comn zein films under the same conditions. This was attributed to
the more complex structure and closer polymer segments in the gluten films.
They concluded that oxygen molecules can permeate more readily through a
zein helical conformation (about 50%) than through the highly cross-linked
gluten structure, and that the nature of interaction involves disulfide bonding.
One of the major contributions of this study was that it gives practical
comparisons between the three protein films with respect to other films. An
important characteristic of these films was that the oxygen permeability values
were lower compared to other polysaccharide and composite
polysaccharide/lipid edible films. These values were also lower than some of
the common plastic films used, such as low and high density polyethylene,
polypropylene, polystyrene, and unplasticized polyvinyl chloride. Oxygen
permeability values obtained at 0% relative humidity were lower for protein films
than for Nylon-6 films. Oxygen permeability increased as relative humidity
increased because of the hydrophilic nature of the protein molecules
(Gennadios et al., 1993).

Gontard ef al. (1993), demonstrated that during hydration of a gluten film
(increase of relative humidity), mechanical properties such as puncture strength

and elasticity increased while water vapor transmission rate and extensibility
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decreased. These results are comparable to synthetic moisture-sensitive films
such as polyvinyl alcohol, polyvinyl acetate, cellophane, cellulose acetate, and
ethylene-vinyl alcohol copolymers. The same behavior was also observed and
determined for nylon6 (a polyamide) by Gavara and Hemandez (1994).
Overall, natural proteins had very good oxygen barrier properties but were

moisture sensitive.

DEGRADATION OF POLYMERIC MATERIAL

The effect of environmental stresses on polymeric materials involves
complex reaction processes which are often initiated by ultraviolet radiation and
usually involve long exposure times. Kaplan et al. (1993) indicated that three
major phenomena can influence degradation processes in polymers: biological,
chemical and physical (Table 1-1). According to Narayan (1989), degradable
plastics are materials that undergo bond scission in the backbone of a polymer
through any of the variables shown in Table 1-1. This bond scission would
occur in an environment at a rate which is reasonably accelerated, as compared
to a control, leading to fragmentation or disintegration of the plastic. Bio-
degradable plastics are those degradable plastics where the primary mechanism
of degradation is through the action of microorganisms such as bacteria, fungi,
alage, and yeast. Photo-degradable plastics are those degradable plastics
where the primary mechanism of degradation is thorugh the action of sunlight.

Coma et al. (1994) carried out studies on the bio-degradability of natural
polyme}ic materials. These authors used Pseudomonas fluorescens as the

microorganism to degrade cellulosic materials and measured CO, evolved as an
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indication of such degradation. In addition, recently the American Association
for Testing and Materials (ASTM) proposed standards for determining bio-
degradation of plastic materials by either municipal sewage (ASTM D-5209) or

controlied composting conditions (ASTM D-5338).

PHOTODEGRADATION STUDIES

Weathering is a broad term that is applied to the changes that take place
in a polymer on exposure outdoors, and one way to measure it is by pho-
degradation studies. Weathering testers afe apparatus used to measure this
effect under accelerated conditions. The main agents of weathering are sunlight
(particularly ultraviolet radiation)l, temperature, thermal cyc|ing,- and moisture
(Nicholson, 1991). Seaﬂe (1989) indicated that the chemical effects of the
absorbed radiation are promoted by temperature, humidity, and oxygen among
other weathering factors. The main degfadation is brought about by ultraviolet
light, assisted by contributions from the visible and near-infrared portions of the
electromagnetic spectrum. In paniculaf the near-infrared radiation accelerates
degradation reactions by raising the temperature.

All of the factors involved in weathering, including both the amount and
intensity of sunlight, vary both seasonally and geographically. To understand
fully and predict <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>