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INTEREST AND JUSTIFICATION OF THE WORK

Interest and justification of the work

Food packaging, an important discipline in the area of food technology, concerns preservation
and protection of all types of foods and their raw materials from oxidative and microbial
spoilage (Tharanathan, 2003). Edible films and coatings are thin layers of edible materials
applied on food products that can play an important role on their preservation, distribution
and marketing (Falguera et al., 2011). These are produced from edible biopolymers and food-
grade additives. Film-forming biopolymers can be polysaccharides, proteins or lipids. Edible
films and coatings may enhance the quality of food products, functioning as barriers against
oils, gases or vapours. Moreover, they can act as carriers of active substances, such as
antioxidant, antimicrobial or colouring/flavouring compounds, resulting in shelf-life extension
and safety improvement (Han and Gennadios, 2005). At present, the consumer demand has
shifted to eco-friendly biodegradable materials that come from agro-food industry wastes and
renewable low cost natural resources. In this sense, cellulose derivative such as hydroxy
propyl methyl cellulose (HPMC) was chosen to develop biodegrable edible films.

Cellulose based materials are widely used due to their biocompatibility, edibility,
barrier properties, non-polluting and being more economical material (Vasconez et al., 2009).
The use of HPMC is attractive because it is a readily available non-ionic edible plant
derivative shown to form transparent, odourless, tasteless, oil resistant, and water soluble
edible films (Akhtar et al., 2010). In food industries it is used as a gelling and stabilizing
agent. HPMC is approved for food uses by the FDA (21 CFR 172.874) and the EU (EC
1995); its safety in food use has been affirmed by the JECFA (Burdock, 2007). The tensile
strength of HPMC films is high and flexibility neither too high nor too fragile, which make
them suitable for edible film and/or coating purposes (Brindle & Krochta, 2008). The
functionality of edible films can be improved by inclusion of inert materials and/or reactive
compounds in the polymer matrix (Rhim et al., 2006).

Recently, fruit and vegetable extracts have gained a considerable market in food
industries (Stintzing & Carle, 2004). To consider the natural bioactive colors as the colorants,
stability, yield and price are mostly constrains. The natural coloring agents in comparison
with artificial colors show less stability against light, oxidation, temperature or pH change and
other factors (Fabre et al., 1993; Laleh et al., 2006). In spite of such factors, these natural
colorants are gaining importance due to their coloring potential, hygiene, nutrition,
pharmaceutical activities, bioactivity and environmental consciousness, which indicates
relative dependence on natural products (Hari et al., 1994; Frank et al., 2005). Anthocyanins

are flavonoid derivatives which exhibit anti-oxidant activity. Although they are less stable in
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INTEREST AND JUSTIFICATION OF THE WORK

various environmental conditions, they include varieties of colors such as orange, red, maroon
and blue which make them an attractive alternative as coloring agents in food industries
(Markakis, 1982). Moreover, anthocyanins have many health benefits, including reduced risk
of cardiovascular diseases (Bell & Gochenaur, 2006) and decreased risk of cancer (Dai, Patel
& Mumper, 2007).

Betalains, known for a long time as safe colorants for food or other industrial purposes
(von Elbe et al., 1974 & von Elbe and Schwartz, 1981), are phytochemicals. Several studies
on the antioxidant and antiradical activity of betalains (mainly betanin) from red beetroot
extract (Beta vulgaris L.) have been reported (Escribano et al., 1998; Pedrefio & Escribano,
2000; Kanner, Harel, & Granit, 2001). In addition to their coloring properties, they are
supposed to provide protection against oxidation stress related disorders in humans when
being part of the regular diet (Kanner, Harel, & Granit, 2001). Betalains are reported to
exhibit anti-inflammatory effects (Gentile et al., 2004).
The shelf life and storage-keeping quality of food products are influenced by a number of
interrelated factors: temperature, oxygen pressure, endogenous enzymes, dehydration, light
microbial load, etc. These factors determined the extension and kinetics of detrimental
changes, affecting the colour, odour, texture and flavour of food products. Edible films
containing bioactive compounds can extend shelf-life of packed food at lower active agents
concentration than that applied directly onto product surfaces (Lee et al., 2010). These
bioactive color compounds can be added into edible films to give them additional properties
such as colour, antioxidant and gas barrier capacity. As previously reported, the red color of
HPMC films allows very good control against photo-oxidation of polyunsaturated fatty acids
(PUFA) in salmon oil (Akhtar et al., 2010). Such edible films would also provide additional
benefits to traditional edible film forming materials by providing unique sensory and
antioxidant capacity, thus attracting more potential applications as localizing functional effect
at the food surface. In fact, the diffusion rate of the bioactive compounds added to the film
matrix can be slowed down, and a high content of the active agent remains on the product
surface (Sanchez-Gonzilez et al., 2011).
In this work HPMC polymer based edible films were functionalized with natural red color
compounds (anthocyanins & betalains) to give them additional properties. Likewise, the
effects of the incorporation of these bioactive compounds to HPMC polymer films have been
investigated through the induced changes in the film physico-chemical properties and the

antioxidant/antimicrobial activity of the film applied to salmon oil preservation.
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I. INTRODUCTION ET OBJECTIFS DE L’ETUDE

L.1. Introduction et objectifs de I’étude

Les huiles de poissons contiennent des niveaux importants d’acide gras polyinsaturés (AGPI)
et plus spécifiquement de 1’acide eicosapentaenoique (EPA, omega-3) et docosahexaenoique
(DHA, omega-3). La majorité des bénéfices li€s a la consommation de poissons ou de
produits de la mer sont dus a la présence de ces AGPI. Par exemple, ils ont des effets
bénéfiques contre les problemes coronariens, inflammatoires, les thromboses, les carcinomes
et des syndromes métaboliques (Miller et al., 2008; Tsuzuki et al., 2004; Mori & Beilin,
2001). La connaissance de ces nombreux intéréts ont été a 1’origine du développement de
nouvelles méthodes de protection de ces huiles contre la dégradation oxydative (Hamilton et
al., 1998).

L’oxydation des lipides polyinsaturés est le résultat d’'un mécanisme bien connu
entrainant de nombreuses modifications chimiques indésirables telles que 1’apparition de faux
golts, la perte des qualités nutritionnelles et 1’apparition de produits d’oxydation dont certains
sont suspectés étre dangereux pour la santé. De facon naturelle, les huiles de poissons
contiennent des antioxydants comme 1’astaxantine, le coenzyme-Q10, le selenium, la taurine
et les vitamines (A, D, and E) pouvant ainsi retarder 1’apparition des phénomenes d’oxydation
(Rita Mattei et al., 2011). Cependant, la formulation et le stockage que subissent ces huiles,
entrainent la dégradation de ces molécules et en réduisent d’autant leur capacité de protection
des AGPI. Les antioxydants sont souvent directement mélangés aux aliments en tant
qu’additifs ou les aliments sont plongés dans des solutions permettant la réalisation d’un
coating protecteur. Les limites de ces méthodes d’introduction directe des antioxydants aux
aliments sont une activité réduite suite a la non-sélectivité des réactions chimiques auxquelles
elles participent et une absence de spécificité pour la surface de I’aliment, lieu ou ces
réactions sont les plus présentes.

L’oxydation des lipides est aussi directement corrélée a la présence de la lumiere, a la
longueur d’onde de cette lumiere, son intensité, le temps d’exposition ainsi qu’a la
température de stockage. C’est pourquoi, le choix des -caractéristiques du matériau
d’emballage utilisé telles que sa couleur, ses propriétés barrieres a 1’oxygene et la présence
d’antioxydants sont aussi a prendre en considération pour contrdler ces phénomenes.

La protection contre la lumiere obtenue par les emballages va dépendre de plusieurs facteurs
comme I’absorption de la lumiere par le matériau, son épaisseur et sa couleur, ces éléments
pouvant se combiner afin d’optimiser la protection du produit alimentaire contre la photo-
oxydation. Nelson et Cathcart en 1983 ont étudié ’impact de la coloration de surface sur la

transmission de la lumiere et ils ont montré que le rouge permettait de réduire la transmission
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des longueurs d’onde inférieures a 550 nm. Une autre étude a montré une tres bonne efficacité
des pots en verre ou en polystyréne colorés en rouge pour la conservation de yaourts Bosset &
Fliickiger, 1989. De fagon générale, les matériaux colorés offrent une meilleure protection que
ceux qui sont imprimés. Les matériaux transparents quant a eux offrent une tres faible
protection.

La perméabilité a 1’oxygene des emballages dépend principalement du choix du

matériau mais aussi de la concentration en oxygene a l'intérieur de 1’emballage (pression
partielle), de I’humidité relative et de la température de stockage.
L’incorporation d’antioxydants naturels directement dans le matériau d’emballage est aussi
une méthode prometteuse pour améliorer la durée de vie des produits alimentaires. Différents
antioxydants naturels ou synthétiques ont été incorporés a différent films de polymeres et leur
migration a été étudiée soit dans 1’aliment soit dans un stimulant. Parmi les antioxydants
naturels, les extraits de fruits ou de végétaux prennent de plus en plus d’importance du fait de
leur activité, leur pouvoir colorant, anti-radicalaire et anti-inflammatoire (Frank et al., 2005).
Les anthocyanines, composés phénoliques largement présents dans ces extraits, couvrent une
grande gamme de couleurs qui va du rouge, a I’orange jusqu’au bleu, ce qui en fait une bonne
alternative aux colorants alimentaires synthétiques. De plus, ces molécules présentent de
nombreux bénéfices pour la santé comme la réduction du risque d’apparition de maladies
cardio-vasculaires. Les bétalaines, autre composé phénolique naturellement présent dans ces
extraits, est utilis€ comme colorant depuis le début du 20eme siecle. Ces bétalaines consistent
surtout en un mélange de bétanines (betanidin 5-O-beta-glucoside). Plusieurs études ont
souligné leur potentiel antioxydant, anti-radicalaire et anti-inflammatoire mais elles n’ont pas
été étudiées en tant que composés bioactifs dans des films d’emballage.

Nous avons donc décidé de travailler avec ces deux molécules (antocyanine et

N N

bétanine) de facon a mettre a profit leurs caractéristiques, de tester leur capacité a se
substituer a un colorant artificiel et enfin d’étudier leur relargage a partir d’un film de
biopolymere vers un aliment afin d’en contrdler 1I’oxydation lipidique. Nous nous sommes
aussi intéressé a I’impact de I’intégration de ces molécules sur les propriétés du film car il est
bien connu que les antioxydants protegent aussi le polymere de la dégradation et peuvent ainsi
éviter ’apparition de produits d’oxydation indésirables, de faible poids moléculaire, qui
pourraient migrer vers 1’aliment et entrainer un risque pour la santé et une dégradation de la
qualité du produit. L’hydroxypropyl methylcellulose (HPMC) a été choisi comme matrice

polymérique. L’HPMC est un dérivé de cellulose non-ionique et comestible. Il a des

propriétés filmogenes permettant la production de films transparents, sans odeur ni goft,
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résistants a 1’huile, solubles dans l’eau et présentant de bonnes propriétés barrieres a
I’oxygene et a la vapeur d’eau. Il a aussi la capacité de retenir les pigments. La capacité
d’élongation des films est élevée avec une flexibilité intermédiaire ce qui le place
correctement pour des applications d’enrobage comestible. I est approuvé pour des
applications alimentaires par la FDA (21 CFR 172.874) et I’'UE (EC, 1995); sa non-toxicité a
été confirmée par I’ECFA “Joint expert committee on food additives”.

Le second chapitre est une revue de la littérature consacrée aux polymeres
biodégradables, a la chimie de cette dégradation, a leur fonctionnalisation par des
antioxydants et aux études de libération de ces molécules.

La premiere phase de 1’étude a été de tester des films d’HPMC contenant différentes
couleurs (bleu V (E131), jaune (FFA 200%), rouge (aqua color 60056), blanc (aqua color
60672) et vert) pour mesurer leur capacité a contrdler la photo-oxydation de 1’huile de
saumon. Nous avons ainsi pu choisir la couleur la plus efficace comme filtre a la lumiere pour
le reste de 1’étude.

Dans un second temps, les films d’HPMC ont été fonctionnalisés avec un extrait
naturel rouge (natural red color, NRC) commercialis€ comme un mélange d’extrait de
betteraves rouges (E162) et de carottes pourpres (E163). L’objectif était de remplacer les
colorants synthétiques et d’étudier les effets sur les propriétés des films (optiques,
mécaniques, thermiques, structurales et barrieres). L’effet d’un photo-vieillissement sur ces
mémes propriétés a aussi été étudié. Différentes techniques ont été utilisées telles que la
chromatographie haute performance en phase liquide a spectrométrie de masse (HPLC-MS)
pour la caractérisation du NRC et la spectroscopie infrarouge a transformée de Fourier (FTIR)
pour étude d'interaction HPMC-NRC.

Des films d’HPMC sont ensuite fonctionnalisés avec soit d’extrait de betterave (B - E
162), d’un extrait d'anthocyane rouge (amarante CA, E163) soit de leur mélange (B + CA /
50:50) a 2% (v/v) et ont été comparés avec des films fonctionnalisés avec du NRC. Les
propriétés antioxydantes, le photo-vieillissement et la stabilité des films ont été étudiés. De
plus, le transfert de ces molécules dans un simulant alimentaire (éthanol 95%) a été étudié a
20°Cet4°C.

Le coefficient de diffusion (D) et le coefficient de partage (K) a été calculé pour
chaque antioxidant. Les modifications structurales des films sont évaluées avant et apres le
relargage des antioxydants par spectroiscopie infrarouge a transformé de Fourier en mode de

réflexion atténué (ATR-FTIR).
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Enfin, les films contenant une formulation d’anthocyanines optimisée en terme de propriétés
barriecre a la lumiere et a I'oxygene ont €t€ test€s comme films d’emballage pour la
conservation d’huile de saumon. La composition lipidique de I’huile, les diénes conjugués,
I’indice de polyene, la couleur et la teneur en oxygene de 1’espace de téte de I’emballage ont

été mesurés afin d’évaluer la stabilité oxydative de 1’huile de saumon.
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I.2. Introduction and objectives of the study

Fish oil contains high levels of polyunsaturated fatty acids (PUFA) particularly
eicosapentaenoic acid (EPA, omega-3) and docosahexaenoic acid (DHA, omega-3). Most of
beneficial attributes of fish and fish products are due to these polyunsaturated fatty acids. For
instance, they have protective effects against coronary heart disease, inflammatory processes,
thrombosis, carcinomatosis, and metabolic syndrome (Miller et al., 2008; Tsuzuki et al., 2004;
Mori & Beilin, 2001). Such nutritional benefits have promoted significant research into
methods of stabilizing unhydrogenated fish oil against oxidative deterioration (Hamilton et
al., 1998).

Oxidation reactions in polyunsaturated lipids are common mechanisms causing a
number of unfavorable chemical changes including off-flavors formation, nutritional quality
decrease, economic losses and oxidation products formation, some of which are supposed to
be against human health. Naturally occurring antioxidants in fish oil, such as astaxanthin,
coenzyme-Q10, selenium, taurine, and vitamins (A, D, and E) can delay the onset of lipids
oxidation (Rita Mattei et al., 2011). However, processing and storage deplete these natural
resources, resulting in decreased protection against lipid oxidation. Antioxidants are
conventionally mixed as food additives or alternatively foods are dipped into solutions
containing antioxidants to protect food against lipid oxidation. Limitations of antioxidants
direct addition to foods include specific limit of activity due to their participation in complex
reactions in food systems and lack of selectivity to target the food surface where most
oxidative reactions occur. Lipids oxidation is directly related to light source, wavelength,
intensity, exposure time, and temperature, as well as packaging material characteristics such

as color, oxygen barrier properties and fictionalization as antioxidant.

Most appropriate way to control lipid oxidation may be decrease of light exposure and
oxygen removal by the application of a suitable antioxidant-active packaging. Light
protection offered by the packaging materials depends on several factors, including inherent
absorption characteristics of the material, thickness and coloration of the material, which may
all be combined to optimize photo-oxidative protection of specific foods. Incorporation of
pigments into packaging materials is a way of improving the light barrier. Nelson and
Cathcart in 1983 investigated the effect of surface coloration and found that red color was a
very effective measure to reduce light transmission at wavelengths below 550 nm. Another
investigation of red-pigmented glass and polystyrene jars pointed out the good

photoprotective properties for several yogurt varieties (Bosset & Fliickiger, 1989). In general,
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colored materials offer better protection than do printed materials. Literature shows that black
laminates offer the best protection against photo-oxidation of Havarti cheese, followed by a
white laminate. The transparent materials provided little protection. Oxygen permeability of
the packaging material depends first and foremost on the materials used and also on the
concentration of oxygen inside and outside the packaging material (partial pressures), the

relative humidity, and the storage temperature.

Controlled release of natural antioxidants from packaging materials to the foods is
another promising technique for extending food shelf life. Different natural and synthetic
antioxidants have been incorporated in several polymer films and their migration in real foods
and simulants have been studied. Among natural antioxidants fruit or vegetable extracts
(betalains from red beetroot extract) are gaining more importance because of their coloring
potential antioxidant, antiradical and anti-inflammatory activities (Frank et al., 2005).
Anthocyanins present in these phenolic compounds cover a large variety of colors such as red,
orange and blue which make them an attractive alternative to synthetic food dyes. Moreover,
anthocyanins have many health benefits, including reduced risk of cardiovascular diseases.
The use of betalains from red beetroot extracts (Beta vulgaris L.) as separate food colours
date from the early 20" century. Betalain consists mainly of betanin (betanidin 5-O-beta-
glucoside). Several studies have indicated their potential as antioxidant, antiradical and anti-
inflammatory pigments but they have not been much explored as bioactive compounds in

edible food packaging.

We choose these natural antioxidants because of their dual functional properties;
firstly, for their natural color replacing synthetic colorants and secondly, for their release
providing a continuous control of lipids oxidation. Antioxidants also protect the polymers
against the formation of undesirable oxidative and low-molecular compounds which can
migrate to foods causing a decrease in food quality. We used natural antioxidant compounds
which are usually consumed in foods to ensure the safety concerns regarding to their

migration from active packaging to the food.

Hydroxypropyl methylcellulose (HPMC) was chosen as polymeric matrix carrying
natural antioxidants. HPMC is a readily available non-ionic edible plant derivative forming
transparent, odorless, tasteless, oil resistant, and water soluble edible films acting as a barrier
to oxygen and water vapours. It has also the ability to absorb and retain the colour pigments.
The tensile strength of HPMC films is high with medium flexibility, which makes them
suitable for edible coating purposes. It has been approved for food uses by the FDA (21 CFR

9
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172.874) and the EU (EC, 1995); its safety in food use has been confirmed by the (ECFA)

“Joint expert committee on food additives”.

In second chapter of this study biodegradable polymers, chemistry of biodegradation,
biopolymer fictionalization, mechanism of antioxidants and release studies etc, are described

as review of literature.

Then at the first step of our research work, HPMC films containing different synthetic
colours such as blue patent V (E131), yellow (FFA 200%), red (aqua color 60056), white
(aqua color 60672) and green were tested for their ability to avoid photo-oxidation in salmon

oil. The main objective was to select a suitable color packaging as a light barrier.

At the second step of our research study, the HPMC films were functionalized with
natural red colour (NRC) a commercial blend of beetroot juice (E162) and purple carrot
extract (E163). The main objective was to replace the synthetic colors with natural pigments
and to investigate their effect on HPMC films properties, such as optical, mechanical, barrier,
thermal and structural properties. Effect of fluorescent light-ageing on films properties was
also investigated. In the next step these HPMC films functionalized with NRC were further
studied for their antioxidant and photo-ageing stability. The highly precise techniques such as
High Performance Liquid Chromatography Mass Spectroscopy (HPLC-MS) for NRC
characterization and Fourier Transform Infrared Spectroscopy (FTIR) for HPMC-NRC
interaction study were used.

HPMC films were then functionalized with 2% (v/v) of each, beetroot extract (E 162),
a red liquid extract of anthocyanin (amaranthine, E163) and their mixture (B+AC/50:50) and
were compared with NRC films for their antioxidant and photo-ageing stability. The release
behaviour of incorporated natural antioxidants from HPMC films into food simulating liquid
(95%) ethanol at 20°C and 4°C was accomplished. The diffusion coefficient (D) and partition
coefficient (K) of each antioxidant were calculated. Structural changes of films before and
after antioxidants release were followed by Fourier transform infrared spectroscopy in total
attenuated reflection mode (ATR-FTIR).

Finally, HPMC films containing anthocyanin (amaranthine, E163) with their improved
light barrier and oxygen barrier properties were tested as packaging materials for salmon oil
preservation. Lipids quality parameters including oil color, headspace oxygen uptake,
conjugated dienes, fatty acid composition and polyene index were tested to determine the

oxidative stability of salmon oil.

10
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The overall objective of the present study was to optimize and develop a
biodegradable active packaging with improved physico-chemical and functional properties to
continuously control the oxidation processes in packed foods. The scientific tasks were related
to the packaging functionalization by the inclusion of natural antioxidants and/or
antimicrobial agents, packaging physico-chemical properties, controlled release of these
natural agents in a biological matrix (simulated food and biomaterials). Hence, the topic has

covered the areas of chemistry, biochemistry, physics and basics of food microbiology.
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LITERATURE REVIEWED

I1.1. FOOD PACKAGING DEVELOPMENT

A wide range of materials are used for packaging applications including metals, glass, wood,
paper or pulp, plastics or combinations of more than one material as composites. They are

applied in three broad categories of packaging:

- Primary packaging, which is normally in contact with the foods and taken home by
consumers.

- Secondary packaging, which covers the larger packaging such as boxes, used to carry
quantities of primary packaged foods.

- Tertiary packaging, which refers to the packaging that is used to assist transport of large

quantities of foods, such as wooden pallets and plastic wrapping.

Secondary and tertiary packaging materials are normally in larger quantities and have
less material variation and thus are relatively easier to collect and sort for recycling or reuse
purposes. Primary packaging materials are not only more dispersed into households, they are
also largely mixed, contaminated and often damaged and thus create problems in recycling or
reuse of the materials. This has caused increasing environmental and health concerns. In a
survey conducted by the Environment Agency in 1998 (Wasteline, 2002), paper and board
packaging made up approximately Swt% of the domestic waste bin, whilst non-packaging
paper (mainly printed matters) and board accounted forover 29%. Generally, over 67 million
tonnes of packaging waste is generated annually in the EU, comprising about one-third of all
municipal solid waste (MSW) (Klingbeil, 2000). Plastics contribute 18 percent of the 10.4
million tonnes of packaging wastes produced annually in the UK (DEFRA 2007). Discarded
packaging is also a very obvious source of litter, posing a major waste management challenge
(Barnes et al., 2009; Gregory, 2009; Ryan et al., 2009; Thompson et al., 2009a,b). This has
been resulted in the development of biodegradable packaging materials from renewable
natural resources. Many national and international organizations have been established to
facilitate the development in this area. These include the European Renewable Resource
Materials Association (ERRMA), the National Non-Food Crops Centre (NNFCC) in the UK,
the International Biodegradable Polymers Association and Work Group (IBAW) based in
Germany and the Interactive European Network for Industrial Crops Application (IENICA)
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(Davis & Song, 2006). The UK Government-Industry Forum has strongly recommended
greater use of non food crops, particularly for biodegradable packaging applications (DEFRA,
2004). American Society for Testing and Material (ASTM) declared that any product
claiming to be biodegradable must completely decompose into CO, and water with in a 180

days period.

I1.1.1. Bio-based food packaging materials

Bio-based food packaging polymers are the materials derived from renewable sources. These
materials can be used for food applications” In addition, packaging materials recognized
as biodegradable according to the standards outlined by the EU Standardization Committee.
This amendment was included not to exclude materials which currently, of practical and
economical reasons, are based on non-renewable resources, but at a later stage these materials
may be produced based on renewable resources (Chandra & Rustgi, 1998; Weber et al.,

2002).

I1.1.1.1. Origin and description of biopolymers
Bio-based polymers may be divided into three main groups based on their origin and

production (Petersen et al., 1999).

Group 1: Polymers directly extracted/removed from biomass. Examples are polysaccharides

such as starch, cellulose and proteins like casein and gluten.

Group 2: These are the polymers produced by classical chemical synthesis using renewable
bio-based monomers. A good example is polylactic acid, a bio-polyester polymerized from
lactic acid monomers. The monomers themselves may be produced via fermentation of

carbohydrate feedstock.

Group 3: Polymers produced by microorganisms or genetically modified bacteria. To date,
this group of bio-based polymers consists mainly of the polyhydroxyalkonoates, but

developments with bacterial cellulose are in progress.

These three groups are presented in schematic form in Figure 1. In general, compared

to conventional plastics derived from mineral oil, bio-based polymers have more diverse
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chemistry and architecture of the side chains giving the material scientist unique possibilities

to tailor the properties of the final package.

Biobased Polymers

from biomass

G1: Polymers extracted

G2: Polymers synthesized
from bioderived monomers

G3: Polymers produced
from microorganisms

Polysacharides || Protein || Lipide || Poly lactate || Other polyesters Bacterial compound
| l |
Animal Plant Waxes
Casein Zein Fats
Wey Soy Oils
Collagen Gluten

Gelatin
Starch Cellulose Gums Chitosan/chitin
Potato Cotton Guar
Corn Wood (HPMC) Locust bean
Wheat Other derivatives  Alginate
Rice Carrageenan
Other derivatives Pectin

Other derivatives

Figure 1. Schematic presentation of bio-based polymers based on their origin and method of

production (Weber et a

l., 2002).

I1.1.1.2. Group 1: Polymeric materials

Natural polymers belonging to this group are directly extracted from biomass. Most

commonly available, are extracted from marine and agricultural products. Examples are

polysaccharides such as cellulose, starch, and chitin and proteins (casein, whey, collagen &

soy). All these polymers are, by nature, hydrophilic and somewhat crystalline, factors causing

processing and performance problems, especially in relation to packaging of moist products.

On the other hand, these polymers make materials with excellent gas barriers (Marron et al.,

2000). The principal polysaccharides of interest for material production have been cellulose,

starch, gums, and chitosan. Likely, the more complex polysaccharides produced by fungi and
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bacteria (group 3 bio-based polymers) such as xanthan, curdlan, pullan and hyaluronic acid,
will receive more interest in the future (Otles & Otles, 2004).

Chitin is a naturally occurring macromolecule present in the exoskeleton of
invertebrates and represents the second most abundant polysaccharide resource after cellulose.
In general, chitosan has numerous uses; flocculent, clarifier, thickener, gas selective
membrane, plant disease resistance promoter, wound healing promoting agent and
antimicrobial agent. Chitosan also readily forms films and, in general, produces materials with
very high gas barrier, and it has been widely used for the production of edible coating.
Furthermore, chitosan may very likely be used as coatings for other bio-based polymers
lacking gas barrier properties (Kittur et al., 1998).

Proteins can be divided into proteins from animal origin (e.g. casein, whey, collagen &
keratin) and proteins from plant origin (e.g. gluten, soy, pea and potato). A protein is
considered to be a random copolymer of amino acids and the side chains are highly suitable
for chemical modification which is helpful to the material engineer when tailoring the

required properties of the packaging material (Graaf & Kolster, 1998).
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Fig 2. The numerous and diverse side chains of proteins (Graaf and Kolster, 1998)

Proteins based materials are highly suitable for packaging purposes due to their excellent gas
barrier properties. However, like starch plastics mechanical and gas properties are influenced
by the relative humidity due to their hydrophilic nature. One of the ways to modify protein
properties is by chemical modification and, as seen in Figure 2, proteins contain a wide
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variety of chemical moieties which may help tailoring protein properties towards specific

applications (Graaf & Kolster, 1998).

Casein is a milk-derived protein. It is easily processable due to its random coil
structure. Upon processing with suitable plasticizers at 80—100°C, materials can be made with
mechanical performance varying from stiff and brittle to flexible and tough performance.
Casein melts are highly stretchable making them suitable for film blowing. In general, casein
films have an opaque appearance (Otles & Otles, 2004). Investigations of milk-protein-based
films have focused on commercially available caseins, caseinates, and whey proteins. Little
work has centered on individual casein fractions due to high manufacturing costs; however,
Ward (1998) developed a cost-effective method for isolating B-casein. The B-casein is the
most hydrophobic protein in milk, and edible f—casein films are expected to have lower water

vapor permeability than other milk protein films (McHugh & Krochta, 1994).

Gluten is the main storage protein in wheat and corn. Wheat is an important cereal
crop because of its ability to form viscoelastic dough. Mechanical treatment of gluten leads to
disulfide bridge formation formed by the amino acid cysteine which is relative abundant in
gluten. Processing temperatures are, depending on the plasticizer contents, in the range of 70-
100°C. Mechanical properties may vary in the same range as those for caseins. Gluten plastics
exhibit high gloss (polypropylene like) and show good resistance to water under certain
conditions. They do not dissolve in water, but they do absorb water during immersion. Due to
its abundance and low price, research on the use of gluten in edible films, adhesives, or for
thermoplastic applications is currently being carried out (Otles & Otles, 2004). Soy proteins
are commercially available as soy flour, soy concentrate and soy isolate, all differing in
protein content. Soy protein consists of two major protein fractions referred to as the 7S
(conglycinin, 35%) and 11S (glycinin, 52%) fraction. Both 7S and 11S contain cysteine
residues leading to disulphide bridge formation and processing is, therefore, similar to gluten
with similar mechanical properties. The most successful applications of soy proteins were the
use in adhesives, inks and paper coatings (Fossen & Mulder, 1998). Keratin is by far the
cheapest protein. It can be extracted from waste streams such as hair, nails and feathers. Due
to its structure and a high content of cysteine groups, keratin is also the most difficult protein
to process. After processing, a fully biodegradable, water-insoluble-plastic is obtained.
However, mechanical properties are still poor compared to the proteins mentioned above

(Shukla, 1992).
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Starch, the storage polysaccharide of cereals, legumes and tubers, is a renewable and
widely available raw material suitable for a variety of industrial uses. As a packaging
material, starch alone does not form films with adequate mechanical properties (high
percentage elongation, tensile and flexural strength) unless it is first treated by
either plastization, blending with other materials, genetic or chemical modification or
combinations of the above approaches (Otles & Otles, 2004). Starch based films can be
formed by using its pure components such as amylose and amylopectin (Paes, Yakiments &
Mitchell, 2008), native starch (Lopez & Garcia, 2012), modified starches (Lépez, Garcia &
Zaritzky, 2008) and soluble or pregelatinized starch (Pagella, Spigno & De Faveri, 2002).
Nevertheless, starch films like other polysaccharide films are highly sensitive to moisture
action. Furthermore, their mechanical behaviour can vary as a consequence of retrogradation
phenomenon throughout time (Jiménez et al., 2012a). The hydrophilic character of starch
films can be modified by different techniques such as surface sterification (Zhou et al., 2009),
surface photocrosslinking (Zhou et al., 2008) or by adding hydrophobic compounds to film
formulation (Averous et al., 2000; Fang & Fowler, 2003). On the other hand, starch
retrogradation has been inhibited by mixing starch with other polymers such as

hydroxypropyl methylcellulose (HPMC) or sodium caseinate (Jiménez et al., 2012b, 2012c).

Corn is the primary source of starch, although considerable amounts of starch are
produced from potato, wheat and rice starch in Europe, the Orient and the United States.
Starch is economically competitive with petroleum and has been used in several methods for
preparing compostable plastics. However, a challenge to the development of starch materials
is the brittle nature of blends with high concentrations of starch. Overcoming the brittleness of
starch while achieving full biodegradability in blends can be accomplished by the addition of
biodegradable plasticizers. Common plasticizers for hydrophilic polymers, such as starch are
glycerol and other low molecular weight polyhydroxy—compounds, polyethers and urea.
Plasticizers lower the water activity, thereby limiting microbial growth. When starch is treated
in an extruder by application of both thermal and mechanical energy, it is converted to a
thermoplastic material. Cellulose is the most abundantly occurring natural polymer on earth
and is an almost linear polymer of anhydroglucose. Because of its regular structure and array
of hydroxyl groups, it tends to form strongly hydrogen bonded crystalline microfibrils and
fibres and is most familiar in the form of paper or cardboard in the packaging context. Waxed
or polyethylene coated paper is used in some areas of primary food packaging. However, the

bulk of paper is used for secondary packaging (Marron et al., 2000).
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Cellulose is the structural component of the primary cell wall of green plants, many
forms of algae and the oomycetes. Some species of bacteria secrete it to form biofilms.
Cellulose is the most common organic compound on the earth (Mandal et al., 2010). About
33% of all plant matter is cellulose (the cellulose content of cotton is 90% and that of wood is
40-50%). Cellulose consists of a linear chain of several hundred to over ten thousand d-
glucose units which in contrast to starch are -1, 4 linked. This B-1, 4 linkages make cellulose
linear, highly crystalline and indigestible for humans (Al-Tabakha, 2010; Caraballo, 2010; Li
et al., 2005).

OH

OH
3 OH
HO s (° O HO OHO
OH n-2

Non-reducing Anhydroglucose unit, AGU Reducing
end group (n = value of DP) end group

Figure 3. Chemical structure of cellulose including C-atoms numbering

Three hydroxyl groups with different polarities, secondary OH at the C-2, secondary OH at
the C-3 and primary OH at the C-6 position are present, and the formation of strong various
intermolecular and intramolecular hydrogen bonds play an important role in the cohesion and
stability of macromolecular chains. Solubility in water decreases with a degree of
polymerization (DP) of more than 6 (Klemm et al., 1998). The organization of the cellulose
fibers leads to a porous structure. To elaborate derivatives with film forming properties,
cellulose can be esterified or etherified to certain cellulose derivatives such as cellulose
acetate (AC), methylcellulose (MC) or ethyl cellulose (EC), hydroxypropyl cellulose (HPC),
hydroxyethyl cellulose (HEC) and hydroxypropyl methylcellulose (HPMC).

Hydroxypropyl methylcellulose (HPMC)

Hydroxypropyl methylcellulose is an odorless and tasteless, white to slightly off-white,
fibrous or granular, free-flowing powder (CAS No. 9004-65-3) that is approved for food uses
by the FDA (21 CFR 172.874) and the EU (EC, 1995); its safety in food use has been
affirmed by the JECFA (JECFA, 2004). HPMC is a synthetic modification of the natural
polymer, cellulose. Specifically, it is a modification of alkali cellulose, which is produced

when purified wood pulp is treated with 18% sodium hydroxide solution. Methyl and
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hydroxypropyl ether groups are introduced into the molecule by reacting the alkali cellulose
with methyl chloride and propylene oxide, respectively. These added groups confer on the
molecule its unique properties of being cold-water soluble, while at the same time exhibiting

reversible gelation when heated and recooled (Kibbe, 2000; Reilly, 2000).

H OR' CHOR
—0—/OH H H o—
N SR A
CH,OR H OH

L —n
Figure 4. Hydroxypropyl methylcellulose chemical structure (Al Rawaa, 2006)

The cellulose ethers are manufactured by a reaction of purified cellulose with alkylating
reagents (methyl chloride) in presence of a base, typically sodium hydroxide and an inert
diluent. The addition of the base in combination with water activates the cellulose matrix by
disrupting the crystalline structure and increasing the access for the alkylating agent and
promotes the etherification reaction. This activated matrix is called alkali cellulose (Kirk
Othmer, 1993). During the manufacture of HPMC alkali cellulose reacts with methyl chloride
to produce methyl cellulose and sodium chloride. Side reactions of the methyl chloride and
sodium hydroxide produce methanol and dimethyl ether by-products. The methylcellulose is
then further reacted with the staged addition of an alkylene oxide, which in the case of HPMC
is propylene oxide as shown in the following equation 1 (Kirk Othmer, 1993).

Rcell OH: NaOH + CH3C1 —> Rcell OCH3 + NaCl
RCCHOCH_?, + NaCl + CH3C1 + XCH3C\:€I—CH2 — R.a OCH3

(OCH; CH)xOH + NaCl Eq. |
CH;

After this reaction, HPMC is purified in hot water, dried and ground.
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