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Abstract

Comprehensive study of the effects of formulation and processing parameters on
structural and functional properties of active bio-based packaging films

The aim of this study is the analysis of structure and transfer mechanisms
through chitosan based food packaging materials with incorporated carvacrol as a
model of antimicrobial active substance. Integration of composition parameters,
structure, processing and drying of chitosan systems is correlated to its
physico-chemical and functional properties. Understanding and detailed analyses of
processing parameters is crucial in production of active chitosan coatings applied on
conventional materials such as polyethylene. So, the knowledge of composition and
microstructure in association to environmental conditions, control the retention and
the release kinetics of carvacrol from chitosan film. Water vapour was crucial
parameter that strongly influenced adsorption, swelling and plasticization of chitosan
based films, as well as thermal, surface and mechanical properties. By changing the
matrix structure, penetrating water molecules decreased gas barrier efficiency and
increased release of carvacrol. Furthermore, release of carvacrol in the headspace was
correlated to the antimicrobial efficiency and to the organoleptic impact on packed
food products. Such investigation highlights the transfer mechanism within bio-based
materials, prior to efficiency prediction for their industrial development.

In dry conditions, all chitosan films were fairly good gas barriers (about
10" g/m-s-Pa). Chitosan coated polyethylene films were up to 10000 times less
permeable than uncoated PE. Increase in the environmental humidity above 60% and
up to 96% (that represents the conditions of a real fresh food packaging system),
significantly increased gas permeability of all chitosan films. Mechanical tests
confirmed that when relative humidity increased, structural changes were induced.
Therefore, extensive water plasticization of chitosan matrix was observed.

Diffusion coefficients of carvacrol from chitosan film increased up to 1000 times
when humidity increased from 0% to 100%. Water vapour triggers the release of
carvacrol in the vapour phase. This indicates the importance of controlling the
environmental conditions in the packaging at the time of the application but also
during the active film storage.

Films with carvacrol concentrations in the vapour phase above 2x107 g/mLair
were efficient against large spectrum of bacteria, including some Gram-positive
bacteria, Gram-negative bacteria and fungi. In some instances the concentration that
was required for carvacrol antimicrobial efficiency was not organoleptically acceptable
to consumers.

Keywords: chitosan, active packaging, mass transfer, water vapour,
permeability, release, antimicrobial efficiency, headspace



Sazetak

Sveobuhvatno istraZivanje utjecaja formulacije i procesnih parametara na
strukturna i funkcionalna svojstva aktivnih ambalaznih biomaterijala

Cilj ovog rada je analiza strukture i mehanizama prijenosa tvari kroz ambalazne
materijale za pakiranje hrane na bazi kitozana s inkorporiranim karvakrolom kao
modelnom aktivhom antimikrobnom tvari. Integrirani sastavni parametri, struktura,
proizvodnja i suSenje kitozanskog sustava korelirani su sa njegovim fizikalno-kemijskim
i funkcionalnim svojstvima. Razumijevanje i detaljna analiza procesnih parametara
predstavlja kljucan korak u proizvodnji aktivnih kitozanskih prevlaka na
konvencionalnim materijaima kao Sto je polietilen. Dakle, poznavanje sastava i
mikrostrukture u ovisnosti o okolnim uvjetima, osnovni je preduvjet za kontrolirano
zadrzavanje i otpustanje karvakrola iz filmova na bazi kitozana. Vodena para
predstavlja klju¢ni parametar koji znacajno utjeCe na adsorpciju, bubrenje i
plastifikaciju kitozanskih filmova, kao i na njegova toplinska, povrsinska, i mehanicka
svojstva. Penetracijom (prodiranjem) molekula vode dolazi do promjene strukture
matriksa, smanjuje se ucinkovitost barijernih svojstava prema plinovima i povecava
otpustanje karvakrola. Otpustanje karvakrola u zraénom prostoru u korelaciji je sa
antimikrobnom ucinkovitosti i organoleptickim svojstvima upakiranih prehrambenih
proizvoda. Ovo istrazivanje prije svega naglasava znacaj poznavanja mehanizma
prijenosa tvari unutar biomaterijala koji je neophodan za predvidanje ucinkovite
primjene na industrijskoj razini.

Kljucne rijeci: kitozan, aktivnho pakiranje, prijenos mase, vodena para,
propusnost, otpustanje, antimikrobna efikasnost, plinovito stanje



Resume

Contribution a la compréhension de I'influence des parameétres de formulation et de
procédé sur la structure et les propriétés fonctionnelle de films actifs a base de bio-
polyméres

Cette étude porte sur l'analyse du mécanisme de transfert du carvacrol
(molécule antimicrobienne volatile) au travers de films a base de chitosan. La
composition, la structure, les parametres de procédés et de séchage de la couche de
chitosan ont été corrélés aux propriétés physico-chimiques et fonctionnelles des films.
La compréhension de ces facteurs et de leurs influences est cruciale a I'optimisation de
la production de films actifs a base de polyéthylene enduits de chitosan. En effet,
composition, microstructure et condition environnementale (température, humidité)
conditionnent la rétention puis la libération contr6lée du carvacrol. La présence
d’humidité induit absorption, gonflement, et plastification du chitosan, et par
conséquent influe sur la structure, ses propriétés thermiques et de surface.
L'absorption d’humidité, due au changement de structure, entraine une forte
augmentation de la perméabilité aux gaz et a la vapeur d’eau, et favorise ainsi la
libération du carvacrol, nécessaire a une efficacité antimicrobienne rapide. Cette
derniere, ainsi que I'impact sensoriel sur I'aliment emballé, sont directement corrélés
aux aspects cinétiques et de partage des vapeurs de carvacrol. Ces travaux ont ainsi
mis en évidence I'importance le compréhension de mécanismes de transfert dans les
emballages a base de bio-polymeéres sur leur production et application industrielles.

Mots-clés: chitosane, emballages actifs, transfert de matiére, eau,
perméabilité, libération controlée, activité antimicrobienne, phase vapeur
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Chapter 1 Introduction

Packaging is one vector of innovation for food product development. The
packaging industry occupies an important place in the food supply chain. It is an
essential strategy for launching new products and its differentiation for market
competition. New packaging systems and materials with innovative features are
technical, security, marketing and sales tools to improve the business competitiveness.
The packaging industry presents about 9% of final sale price of consumer products.
Main functions of a packaging are: protection (mechanical, thermal and
physicochemical), customer service (information and convenience) and industrial
features (handling, storage, information functions, presentation, labelling, technical
and communication actions).

In recent years, consumers have become more concerned about what they eat.
Foods are sources of nutritive compounds and are designed to meet the biological
needs. The products appearance, texture or flavour will very often guide the consumer
to his/her final choice. This is why the preservation of food products requires the
maintenance of their initial qualities by protecting them from the external
environment and by limiting transfers and material losses. Optimizing the conservation
of the organoleptic qualities of food products, and increasing their shelf life are two
major challenges for the food industrial sectors. The answer of a packaging industry is
very often development of new materials and processing technologies. These
challenges are looking forward to improve customer satisfaction with better quality
products, and the possibility to meet increasing free service market dominance.

To involve all the links in the food supply chain, the special strategy under the
research and development of project named EMAC (EMballage ACtif) was established.
This project has brought together the packaging material producers and the food
industries as users of these packaging materials through the research institutes.

The project consortium, led by the industrial group Lactalis, involves the
participation of four SMEs (AFT Plastics: compounder specialized in the development
of composite materials with natural fibres; Chazal groupe and Salaisons Dijonnaises:
delicatessen meat product producers; Plasti-lax: packager specializing in
thermoforming and moulding/injection for rigid packaging), two major industrial
groups (Lactalis: 1° European dairy group; Wipak: packager specialized in flexible film
extrusion), four laboratories and technical centres (ICMUB-UMR 5260: specialist
laboratory of synthesis and characterization of polymeric materials; ESIREM:
engineering school materials; ESIEC: Engineering school for packaging of the University
of Reims; Welience: food and bio-industrial technology transfer centre; UMR PAM:

joint research Unit of the University of Burgundy/AgroSup Dijon, including PAPC
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laboratory (activity and transfer of molecules) and PAM-PMB (microbiological and food
process engineering); CVG: Centre de Valorisation des Glucides et produits naturels).
EMAC project involves a lot of partners and two PhD, one post-doc, one engineer and
several trainees have been recruited to target all aspects, phases and challenges of the
research project.

The EMAC project is mainly based in terms of innovation on the development of
active packaging systems that can interact intelligently with food contents. The new
packaging systems should improve the organoleptic characteristics and nutritional
properties of meat and dairy products through control of different volatile elements
and physicochemical parameters composing the protective atmosphere. The control of

these characteristics will result in extended product shelf life.

This doctoral thesis was a part of the EMAC project and has two main objectives:

o the better understanding of the impact of formulation, process and storage
parameters on the physico-chemical properties, on the structure and on the
antimicrobial efficiency of bio-based active films.

This allows optimising

e the development of an active packaging film to preserve the best qualities

and organoleptic properties of sliced dairy and meat products.

The conventional principle of inertia of the package has been repealed by new
European Union regulations in 2009. This reinforces the safety principles by opening
up new fields of applications such as active packaging. The second chapter will present
a literature review on the traditional and modern active packaging systems. Since their
introduction in 1840, plastics have revolutionized human’s everyday life and
environment. The emerging sector of bio-based materials is also experiencing a strong
growth. In this chapter, the accent is made on the chitosan, as the principle bio-based
polymer used in this study. Furthermore, the impact of incorporated active volatile
compound on the properties of polymer matrices, and vice versa, the importance of
polymer system in the retention and preservation of compound efficiency and activity,

are fully described.

The third chapter will be devoted to the description of materials and methods

used for film preparation, its characterization and these assessments of application.
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In the design of antimicrobial films, active compound must be in one way or
another incorporated in the packaging system. Very few studies concern the
importance of the processing parameters on the retention and on the preservation of
active volatile compound. Therefore, in the fourth chapter, the influence of
formulation and processing parameters on the properties of the film forming solution
and retention of active volatile compound will be presented. Formulation and drying

are defined as two main parameters featuring active film making.

Chitosan offers a great potential as active compound retender and active
releaser. Still, there are some constraints that are limiting its use on the industrial
level. Thus to improve processability, mechanical and water vapour barrier properties
of chitosan films, associating chitosan with polyethylene will be proposed in the
Chapters five and six. In the Chapter five, the water vapour and gas barrier properties
of chitosan self standing films and chitosan coatings on polyethylene are presented. To
better understand the barrier behaviour, in the Chapter six, structural and thermal

properties of developed materials will be assessed.

The incorporation of carvacrol as the model of active antimicrobial volatile
compound might change the chitosan film forming properties and its adhesion on the
supporting material. Thus in the Chapter seven, the influence of carvacrol
incorporation on the interfacial, structural and transfer properties of chitosan based

self standing films and coatings will be studied.

As chitosan is a water sensitive polymer, water vapour can strongly influence film
structure and functional properties. Most of the packaged fresh food products have
high water content, so they will immediately change the vapour composition in the
packaging. Then the influence of both relative humidity and temperature as mostly
controlled parameters during storage of a food product must be focused on. The
Chapter eight will present the results of the effect of hydration level and the presence
of liquid water on the surface, thermal and barrier properties of hydrated chitosan
based films and coatings. These results allow to better understand the transfer
mechanism of desorption and diffusion of active carvacrol from chitosan films that are

also given in the chapter eight.

In Chapter nine, the influence of water vapour on the structural changes in

chitosan network and water vapour diffusion in the film will be explained by water
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vapour sorption isotherms analysis. In this chapter, the influence of hydration level and
film composition on the mechanical properties will also be given.

Results from chapter’s three to eight are very important for the determination
and the understanding of antimicrobial efficiency and organoleptic impact of activated
chitosan films. The next two chapters are the validation of the studied systems.
Antimicrobial efficiency in the vapour phase of chitosan films activated with carvacrol
will be presented in Chapter ten. Bacillus subtilis, Escherichia coli, Listeria
monocytogenes, Lactobacillus plantarum, Salmonella Enteritidis and Penicillium
camemberti will be used as model microorganisms for their relevance as contaminants

or industrial strains in the food industry.

After laboratory evaluation and understanding of the transfer mechanism of
activated chitosan coatings, first prototype of active packaging will be validated.
Industrial validation that includes production of packaging material and evaluation of

organoleptic impact on the real food products will be described in Chapter eleven.

Finally, conclusions on the main results in relationship to the observed
phenomena will be discussed in Chapter twelve. This chapter will end with

perspectives.
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2.1. Conventional packaging versus modern technologies

Packaging is the science, art, and technology of enclosing or protecting products
for distribution, storage, sale, and use. From processing and manufacturing through
handling, design and storage all the way to the consumer, almost all foods, whether
fresh or processed, are enclosed in some form of packaging (Anker, 2000). Although it
is not known when humans first made containers for storing food, it is supposed that
various types of food containers made of organic, light-weight materials such as shells,
animal organs, woven grasses, gourds, parts of trees including hollowed logs and
leaves have been used from the ancient times (Hook and Heimlich, 2007). Listed
materials are easily compostable in the environment; therefore little evidence of their

use was prese rved.

The main function of packaging is protection and preservation from external
contamination. In doing so, packaging provides protection from three major classes of
external influences: chemical, biological and physical, thus heat, light, moisture,
oxygen, pressure, enzymes, spurious odours, microorganisms, insects, dirt and dust
particles, gaseous emissions, and so on (Robertson, 2006) (Fig. 2.1.) Moreover its
purpose is to preserve freshness of the content inside the barrier, to maintain and to
extend the quality throughout the product’s shelf-life (Miller and Krochta, 1997).

External surrounding Organic vapours

aroma

Gases solvents
021 COZI N2

‘:, Water vapour
G o
‘ , —7

o

O}Headspace o’

Light, UV Foodstuti Solutes
Lipids, salts, pigments,

additives

MECHANICAL STRESS

Figure 2.1. Protective function of food packaging.



Chapter 2 Bibliographic review

Increase in shelf life involves retardation of enzymatic, microbial, and
biochemical reactions through various strategies such as temperature control,
moisture control, addition of salt, sugar, carbon dioxide, or natural acids, removal of
oxygen, or a combination of these (Robertson, 2006). Conventionally, the ideal
packaging material should be inert and resistant to hazards and should not allow
molecular transfer from or to packaging materials (Robertson, 2006). Thus, it presents
passive barriers designed to delay the adverse effects of the environment on the food
product. However, in the past decade, in order to answer increasing needs and
demands from consumers, research and development crops up new and modern food
packaging systems. In retails, general trends involve centralization of activities and
ways to reduce costs, while maintaining food safety and quality by hurdle technology.
The way foods are produced, distributed, stored and retailed, reflects the continuing
increase in consumer demands for improved quality and extended shelf-life for
packaged foods. These changes are placing ever-greater demands on the performance
of food packaging (Kruijf et al., 2002).

According to Ahvenainen (2003) the novel trend of packaging technology
includes “smart packaging” / “interactive packaging” / “active packaging” / “clever
packaging” or “intelligent packaging”. The addition of an active substance in the
material can improve packaging functionality (Appendini and Hotchkiss, 2002). These
systems consider the packaging as a delivery system to release the antimicrobial into
food in an effective manner, via interactions between products, packaging and
surrounding environment. Thereby, the product’s quality, safety and shelf life are
extended (Suppakul et al., 2003).

Intelligent packaging is “packaging which senses and informs” and aims to
monitor the quality of the food product or its surrounding environment to predict or
measure the safe shelf life. The package function switches on and off in response to
changing external/internal conditions and can include a communication to customer or
end user as to the status of the product.

Certain packaging technologies include additives that are intended to change the
quality of the food itself. For example, some enzymes can be added to the inside of
juice packaging in order to degrade the bitter compounds in the juice (Keller et al.,
2002). These systems stay under a question: should they be evaluated as packaging or

as direct food additives?

10
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2.2. Consumer’s requirements and safety considerations
2.2.1.Consumer requirements

Rapid way of life, globalization and modernization, are some of the reasons for
changes in the way of groceries purchases and food storage. Our eating habits have
changed dramatically during the 20" century. Food service has grown to become a
major part of consumer spending. Furthermore, our today’s meals have to be quick
and convenient to prepare, healthy and tasty. Also, we often tend to buy food once a
week and we eat ready to eat meals. Two major convenience trends—meals eaten in
transit and multi-component meals—have also advanced the food service packaging
industry. Finally, we expect our food not to be too expensive and in short, to be tasty,
safe, cheap, healthy, available all year round, "as natural as possible", varied, and
sometimes elegant or exotic (Balasubramanian et al., 2009). To answer all this
requirements, polymer industries have begun exploring alternatives to presently used
chemicals and synthetic materials. In addition to the desire for natural compounds that
enhance quality, there is also a need for an efficient method for their delivery into
foods. Addition of compounds directly into food is an established practice with some
disadvantages. Active food packaging can concentrate its action both directly on the
food surface and through the headspace. Then, it allows reducing the use of
preservatives into food formulation (Quintavalla and Vicini, 2002). The latter is an
important factor for foodstuffs where the absence of preservatives is preferred with
the aim of both satisfy a consumer request and to respect the traditional food
formulation (Davidson and Juneja, 1990).

2.2.2.Safety considerations

National regulatory bodies specify safe levels of the substances that could be
added into food. Safety requirements are of global significance along the whole food
production chain. From harvest of the raw materials to storage of processed food
products in the home, a key concern is suppressing the growth of unwanted organisms
that may spoil food. Addition of antimicrobials in formulation often results in instant
inhibition of non-desired microorganisms. However, there is a great risk of
development of mutant organisms that are later on hard to handle (Balasubramanian
et al., 2009). Moreover, preservatives are an everyday topic in public discussions, and
whenever it comes up, many consumers associate them with harmful, modern
chemicals in foodstuffs. Thus consumers demand natural and preservative free

products, as well as providing enjoyment. Consumers now want food to enhance our

11
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health and wellbeing. In order to meet safety standards and at the same time to
maintain organoleptic quality, active and intelligent packaging systems have gained
great interest of scientific world and food industry.

What all packaging have in common is to protect what they contain and to help
to maintain health (active protection function). The term “safety” sums up a number of
regulatory requirements which are demanded upon packaging. In practice, a package
is regarded “safe” if it has successfully passed relevant tests to prove that it meets with

all of these requirements (Gali¢ et al., 2011).

Since the first commercial active packaging materials have been produced, they
have been widely used in the Japanese, Canadian, Australian and United States
markets. Because of the safety regulations, the use of these materials has been

restricted in the European marketplace until 2004.

In the European Union (EU), regulation constraints such as the overall migration
limit (OML) resulted in a different set of regulatory hurdles for the clearance of active
packaging materials. Recognizing the benefits of bringing safe, new materials entering
into European markets, the EU has currently developed a new regulatory standard.
Until 2004, the European Legislation has protected the health of consumers both
ensuring that no material in contact with foodstuffs can change their organoleptic
properties and permitting only a minimum interaction between foods and packaging.
However modern packaging aspects, already present on the other continents, have
forced the European Legislation bodies to regulate lack of penetration of these
materials. Thus, in 2004, the Regulation 1935/2004 has derogated the old legislation
with the purpose to assure a high level of human health protection. It deals with
materials and articles intended to come into contact with food and already contain
general provisions on the safety of active and intelligent packaging. Furthermore, by
the date, the framework for the European Food Safety Agency (EFSA) evaluation
process started (Dainelli et al., 2010). In this regulation, it is claimed that materials
have not to transfer their constituents to food in any quality that could endanger
human health or bring about any organoleptic change of the food. Releasing systems
are allowed to change the composition of the food without masking spoilage,

providing that the released substance should not mislead the consumer.

The latest act adopted on 29 May 2009, opens the door of the European
continent to the use of active packaging materials. The Regulation (EC) No 450/2009

12
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lays down specific rules for active and intelligent materials and articles intended to be
used in contact with foodstuffs to be applied in addition to the general requirements
established in Regulation (EC) No 1935/2004 for their safe use.

EC No 450/2009 introduces the concept of functional barrier. By a definition, it
consists of one or more layers of food-contact material and prevents the migration of
substances in amounts which could endanger human health. Consequently, these
active substances do not need a safety evaluation. Furthermore it opens the door to
use of nanoparticles, which should be assessed on a case-by-case basis as regards their

risk until more information is known about such new technology.

EC No 450/2009 establishes that the substances responsible for the active
functions can either be contained in separate containers such as small sachets or
directly be incorporated into the packaging material. They may release or absorb
substances and they must not be cancerogenic, mutagenic, toxic to reproduction nor
in nanoform. Moreover, they have to be listed into the community list of authorised
substances established by EFSA and must comply with the food additives regulation
(EC No 1333/2008) and food flavourings regulation (EC No 1334/2008).

It also deals with any kind of releasing systems. Notwithstanding the
environmental and antimicrobial value of essential oils, their use might be affected by
safety issues and unsatisfactory organoleptic impact. When it comes to the question of
their use in the active packaging materials, by the EC 450/2009 regulation they have
been positively listed. Extracts having an antimicrobial or preservative effect on the
food or any other technological function, extracts from plants, micro-organisms or
animal origin can be incorporated into the food packaging to exert a function in the
food and are covered by the food additives regulation. These extracts are then
considered as releasing active substances. As active substances are not part of the
passive material, their transfer does not need to be included in the calculation of the
overall migration limit. Consequently, the overall migration from active releasing
materials can exceed the OML described in EU or national legislation, provided the
levels transferred to the food comply with the restrictions in relevant food law such as
food additives regulation. Any decision, which packaging shall be used, should be
proceed by specific laboratory tests. A well known procedure is the test concerning

migration, including qualitative and quantitative (overall/specific migration) analysis.

13
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Thanks to the above regulations, European markets are now opened to the use
of new technologies of active packaging. The intensive accent to realization of this
regulation was actually a result of pressure from the US market. Namely, these
systems have been used in food preservation in the US since mid 80’s of the past
century. It is mainly due to the fact that marketing requirements for new active and
intelligent packaging technologies in the United States are not very different from the
requirements for conventional packaging materials. The only additional necessity for
manufacturers is to take care to the formation of any by-products or degradation
products that may be formed during the functionalisation of the material.
Antimicrobials in food packaging are regulated by Food and Drug Administration (FDA)
as food additives under Section 409. However, they also require registration with
Environmental Protection Agency (EPA) under Federal Insecticide, Fungicide and
Rodenticide Act (FIFRA). In the United States, the term "active packaging" generally
describes any packaging system that protects food from contamination or degradation
by creating a barrier to outside conditions while interacting with the internal
environment to control the atmosphere within the package. These substances also
improve the packaging material's ability to extend the shelf life of the food contained
inside (Keller et al., 2002).

Above mentioned facts import new opportunities to both food and material
industries to place new products on the European market. In parallel, the production
of authentic products and traditional specialities poses some qualities related to the
natural origin of typical ingredients and the additives absence, which can influence
sensory properties and consumer’s expectations (Cayot, 2007). The definition of
authentic products has been recently promoted by the European Union through
EuroFIR (European Food Information Resource) project and two directives, the Council
Regulations EC No 509/06 and No 510/060 of 20 March 2006. Many food products
have been registered by EU as ,Protected Designation of Origin“ or ,Protected
Geographical Indication”. Consequently, these regulations have increased the
attention of food companies towards new products that can evoke traditional taste
and flavour (Kuhne et al., 2010). However, the introduction of active systems into the
European marketplace in the recent future requires support with a substantial
information campaign identifying benefits and how they function. It is clear that the
innovation becomes a strategic tool to achieve competitive advantage but because of
the high costs, evaluation of the economic consequences and environmental

implications for active systems must be performed (Kruijf et al., 2002).

14
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2.3. Active packaging — basic concept

Three broad considerations must be taken into account when choosing the
appropriate packaging concept: requirement of food, followed by the packaging
format and the requirements of active agent (Han, 2005). Creation of activity in
packaging materials frequently involves the introduction of additional components
into otherwise inactive materials. Active packaging can be classified into two main
types: non-migratory active packaging and active releasing packaging. While the first
type acts without intentional migration, in the second one a controlled migration of
agents is allowed and targeted. This includes both non-volatile agents and emission of
volatile compounds in the atmosphere surrounding the food (Dainelli et al., 2008)
(Fig. 2.2.). Due to great innovation potential and big accent in active packaging
development, there is a huge palette of active compounds that can be added inside

the packaging.

fb Non migratory Active Mechanism
O Effect without intentional migration
_O (covalentgrafting or immobilisation

of active functions

Active releasing mechanism

PACKAGING MATERIAL

‘ ) ————— ¥ Controlled triggered emission of
activevolatile compoundsinto

headspace

Figure 2.2. Different modes of active releasing mechanisms (Dainelli et al., 2008).

The nature of support material is very diverse including papers, plastics,
biopolymers, metals or combinations of these materials. While in conventional
packaging, all mass transfers such as permeation, migration, sorption between
material and food product must be minimized, active packaging systems employ
materials that are sufficiently permeable to provide controlled release or absorption
and migration of active compounds (e.g. preventing increased carbon dioxide

concentrations in the package, or protecting the food from degradation due to light or

15
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water vapour exposure). Active packaging systems are, in fact, not one technology but

a collection of technologies in response to specific problems. In the literature, active

packaging systems are classified to:

EEEEE

Addition of sachets or pads containing volatile agents into packages;
Incorporation of volatile and non-volatile agents directly to polymer;
Coating or adsorbing agents on the polymer surfaces;

Immobilization of agents to polymer by ion or covalent linkages;

Use of polymers with particular properties (Appendini and Hotchkiss, 2002;
Gutierrez et al., 2009).

Active compound might be released by diffusion, by matrix degradation, by

swelling or by melting (Desobry and Debeaufort, 2011). In the first one, the principal

steps in the release of a compound from a matrix system are diffusion of the active

agent to matrix surface; partition of the component between matrix and food; and

finally, transport away from the matrix surface. The second one is driven by erosion.

Release by swelling includes mainly systems where molecule in a polymeric matrix is

unable to diffuse to any significant extent within the matrix. Then in a swollen film the

entrapped molecule is able to diffuse due to higher intermolecular spaces. The final

one, release by melting is obtained when the matrix wall is melt and then the active

compound is released (Desobry and Debeaufort, 2011).

Well studied and already applied systems may be designed to:

©

release ethanol (e.g. Lichter, 2002), carbon dioxide, sulphur dioxide (e.g.
Cantin et al.,, 2011), antioxidants (e.g. Lépez-de-Dicastillo et al., 2012;
Contini et al., 2012; Gemili et al., 2010) or antimicrobial agents (e.g. Imran
et al.,, 2012; Kanatt et al.,, 2012; Sanchez Gonzales et al., 2011a,b) in the
package.

Contrarily, systems may absorb: excessive moisture (e.g. Azevedo et
al., 2011), unwanted odours (e.g. Lopez-de-Dicastillo et al., 2011), flavours
(e.g. Ahvenainen, 2003) or gases like oxygen (e.g. Busolo and
Lagaron, 2012; Aday and Caner, 2012) and ethylene from the package
(Picon et al., 1993).

Moreover, they may be able to improve the quality of the food by for
example removing allergens like lactose, or fats like cholesterol from dairy

products (e.g. Ahvenainen, 2003).
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2.4. Antimicrobial food packaging

The quality of foods has been defined as their degree of excellence and includes
factors of taste, appearance, nutritional content and microbial safety. In 1997, Floros
and co-workers (Floros et al., 1997) identified antimicrobial packaging as one of the
most promising versions of an active packaging system. Microorganisms, temperature,
sunlight, oxygen, humidity etc. may induce microbial proliferation in the food,
degradation of food components and alterations in the organoleptic properties with
consequent consumer’s rejection. Despite increase in awareness of importance of high
level hygiene in food supply chain, foodborne illnesses caused by microorganisms are
still large public health problem. Recent food-borne microbial outbreaks are driving
force for innovative ways to inhibit microbial growth in the foods while maintaining
quality, freshness and safety. Besides, due to consumer’s demands for both minimally
processed and preservative-free products, and due to concerns related to the use of
chemical additives, use of natural additives with antimicrobial properties, seems to be
a promising alternative for food industry. By a definition, antimicrobial food packaging
materials have to extend the lag phase and reduce the growth rate of microorganisms
in order to extend shelf-life and to maintain product quality and safety (Han, 2000). A
number of review articles have described the nature of antimicrobial films and their
antimicrobial constituents, their construction and general effectiveness (Rojas Grau et
al., 2009; Dutta et al., 2009; Appendini and Hotchkins, 2002; Suppakul et al., 2003;
Ozdemir et al., 2004; Han, 2005; Joerger, 2007). The most investigated compounds
include organic acids, enzymes, metal ions, fungicides, ethanol, and natural extracts.
Different antimicrobial bio-based films with incorporated essential oils are listed in
Table 2.1.
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It is generally considered that packaging system consists of a three different
parts including material, food product and the environment (external-surrounding and
internal-headspace). If the incorporated antimicrobial compounds are non-volatile,
packaging materials must contact the surface of the food so that the antimicrobial
compound can diffuse to the surface (Fig. 2.2.). Moreover, its concentration on the
surface might be minimized because of its diffusion to the inner part of a product and
consequently antimicrobial effect will be also minimized (Min and Krochta, 2005). Its
interaction with a food material might also cause loss of the antimicrobial property.
Aseptically packed sausages or wrapped cheese are some of examples of these
systems where the diffusion between packaging and the food, and the partioning at
the interface is the main migration phenomenon involved (Han, 2003). The industrial
advantage of the non-volatile migrating systems is simplicity of the system design.
They could be applied in currently existing packaging processes without high
investment and easy maintenance.

On the contrary, if the incorporated antimicrobials are volatile compounds they
do not need to contact the surface of the foodstuff (Appendini and Hotchkiss, 2002;
Suppakul et al., 2003). Then, we are speaking about package/headspace/food systems.
These include modified atmosphere packed (MAP) products, flexible packages, bottles
and cups. Evaporation or equilibrated distribution of substance between material,
headspace and foodstuff is the main migration mechanism (Han, 2003). After
incorporation of a volatile substance in the material and packing of the food,
compound is vaporized into the headspace, reaches the surface of the food and after
all, it is absorbed by the food. Mass transfer in this system is dynamically balanced,
thus the release of the volatile compound is dependent on the volatility and chemical
interactions between compound and the system. Furthermore, the absorption rate of
headspace volatiles into the food is related to food composition (proteins, lipids).

Commonly used compounds are plant extracts. From consumers’ point of view,
they have been generally accepted in pharmaceutical and nutraceutical applications.
Thus it seems that their implantation on the packaging marketplace should not pose
any problem. This is very important when commercialization, validation and the

industrial application are envisaged.

In the antimicrobial compound selection process, the effectiveness against the
targeted microorganisms must be taken into account as well as the possible
interactions between the antimicrobial compound, the film-forming polymer and the

food components. These interactions can modify both antimicrobial activity and film
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characteristics. So, it is important to select the right packaging material for particular
antimicrobial and environmental conditions; as well as the right antimicrobial for a
specific food product and packaging process. Environmental conditions have to be
considered because release rate kinetic could be influenced by temperature and
moisture content in the packaging. Moreover, in most cases, the release of the active
substance is not governed only by diffusion, but it is also due to swelling and water
uptake of the film (Ouattara et al., 2000). Furthermore, slow release from packages
prevents large amounts of antimicrobials in the food at the time of consumption, while
still maintaining the desired activity. The continuous slow release should also be
advantageous for re-sealable packages as they may be opened and closed numerous
times (Chung et al., 2001). The release of antimicrobial compounds from polymeric
packaging materials is claimed to be systematically controllable (Sebti et al., 2003). By
releasing preservatives from the package (rather than mixing preservatives into the
bulk of the food), a smaller amount of antimicrobial agent is needed to prevent the
surface growth of microorganisms (Yalpani et al.,, 1992). Furthermore, the
concentration of antimicrobial in the packaging must be calculated based upon the
amount needed and precisely classified for the final product (Nerin et al., 2006). A
number of mathematical models have been described by Brody et al. (2001). A multi-
layer design is favoured because by selecting appropriate materials and its thicknesses,
it allows to control the diffusion of antimicrobial compounds into food.

Above mentioned factors are keys for development of successful antimicrobial

Ill

films and coatings. Important problems in evaluation of the ,real” antimicrobial
efficiency is the extrapolation of results obtained on the model systems in the
researching laboratories and the reality. Real food product has more nutrients, fat,
proteins, salts etc., that might interact with the antimicrobial and thus it is different

than the laboratory food simulants.

2.5. Essential oils as antimicrobial agents for active packaging
systems

To date, it has been demonstrated that essential oils, that are Generally
Recognized As Safe (GRAS) for food application, effectively inhibit microbial growth
and thus could be used to control foodborne pathogenic bacteria (Burt, 2004).

Essential oils have been already consumed by ancient Greeks and Romans that
were using them as preservatives, perfumes and flavourings. In the 13™ century they

were being made by pharmacies and their pharmacological effects were described in
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pharmacopoeias (Bauer et al., 2001). With the development of new techniques in food
preservation in the last decade of 20™ century, there is a great expansion of use of
essential oils and their constituents in the field of food packaging. Numerous
publications have presented data on the composition of the various oils. The major
components of the economically interesting ones are summarised by Bauer et al.
(2001). Spices and herbal plant species are known to contain a wide range of
compounds capable of exhibiting antimicrobial activity. These compounds are
produced as secondary metabolites associated with the volatile essential oil fraction of
these plants.

The chemical structure of the individual essential oil components affects their
precise mode of action and antibacterial activity (Dorman and Deans, 2000).
Moreover, the activity of essential oils depends on the test conditions,
microorganisms, and source of the antimicrobial compound (Roller, 2003). Essential
oils are active against Gram negative and Gram positive bacteria at a wide range of pHs
and salt concentrations. High degree of inhibition by volatile components of essential
oils in the vapour phase has been demonstrated in the literature (Inouye et al., 2001;
Gofii et al.,, 2009; Nedorostova et al.,, 2009; Kloucek et al., 2011). Since they are
volatile, application as a vapour instead of as a liquid may be a feasible method of use
with food products. Lower concentrations are also required if the vapour is aimed to
act on bacteria grown on the food surface, without first coming into contact with the
food itself. Thus flavour impact of essential oils on the food may be reduced (Burt,
2004). Sometimes, pleasant herbal aroma and flavour of the oils makes them
favourable in many food and drink applications. Moreover, they are approved food
flavourings in Europe. Still, great attention and more knowledge is required as tests
using real foods often reveal that the developed antimicrobial packaging system is less
effective than in previously performed laboratory conditions (Duan et al., 2007). Some
of explanations can be the greater availability of nutrients for microbial cellular repair,
higher organic acid and trace metal contents, interactions with compounds in the food
that may interact with/or inactivate the active substance (Burt, 2004). Lack of good
experimental design, discrepancies and error in a judgment, lack of studies on
resistance development of organisms, lack of multi-disciplinary approach are some of
the reasons why there are difficulties to make these antimicrobial systems more
applicative in reality (Balasubramanian et al., 2009).

To be used in active packaging films, essential oils must be retained/entrapped in
the polymer matrix. Today’s trends in this domain are towards bio-sourced materials,

namely bio-based polymers.
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2.6. Biopolymers in food packaging

In the late 50’s of the past century, food packaging is one application area that
was revolutionised by oil-based polymers such as polyethylene (PE), polypropylene
(PP), polystyrene (PS) and poly(ethylene terephtalate) (PET). These polymers quickly
found wide acceptance in different packaging applications, due to their attractive
properties such as flexibility, toughness, low weight, processability, desirable physical
and mechanical properties with a favourable cost both for food industry and
consumers. Durability, which makes these materials so useful, also ensures their
persistence in the environment and complicates their disposal. This has become an
ever growing problem for many of the plastics now in use. Awareness and consumer
power, coupled with the inexorable rise in pre-packaged disposable meals, forces food
manufacturers and packagers to improve environmental performances of their
products (Jansen and Moscicki, 2009). Most plastic materials are not biodegradable,
and they are derived from non-renewable resources. Newly discovered characteristics
of natural biopolymers makes them the great choice for different types of wrappings
and films (Krochta and De Mulder-Johnston, 1997). Based on their origin and
production, bio-based polymers may be divided into three main categories including
polymers directly extracted/removed from biomass (e.g. starch, cellulose, proteins,
casein, gluten), polymers produced by classical chemical synthesis using renewable
bio-based monomers (e.g. polylactic acid) and polymers produced by microorganisms
or genetically modified bacteria (e.g. polyhydroxyalkanoates) (Chandra and Rustgi,
1998). In general, compared to conventional plastics derived from mineral oil, bio-
based polymers have more diverse chemistry and architecture of the side chains. This
gives those materials unique possibility to tailor the properties of the final package
(Weber, 2000).

Use of edible and biodegradable films can reduce the number of disposable
packaging and can reduce environmental pollution. To increase product shelf-life and
to improve quality they may be used in a multi-layer packaging, they can enhance the
organoleptic properties of packaged foodstuff, they can supplement the nutritional
value, they can serve as carriers for antimicrobial and antioxidant agents and they can
regulate transfer of moisture, oxygen, carbon dioxide, lipid, and aroma and flavour
compounds in food systems (Anker, 1996).

Due to the big dominancy of synthetic plastics, biopolymers still haven’t reached
commercial competitiveness (Scott et al., 1999). Apart from not yet competitive
mechanical properties, some restrictions and drawbacks, biopolymer films are still
difficult and expensive to be processed in the large scale in comparison with synthetic
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polymers. Thus, combination of two is a new approach that gains attention of
packaging industry. In multi-layered systems, common polyolefin such as polyethylene
may provide good chemical, mechanical and water vapour resistance. Biopolymer
coating may serve as a carrier of active substances and for improving gas barrier
properties. They could also be easily separated from the oil-based polymer and then

they could be recycled.

The most commonly available biopolymers are those extracted from marine and
agricultural animals and plants. Generally, they are based on proteins, polysaccharides
and lipids. Starch, chitosan and cellulose can be potential candidates since they are not
only biodegradable and edible, but also widely available, easy to handle and
inexpensive (Rodriguez et al., 2006; Bertuzzi et al., 2007). The interest in these
materials and the development of their applications in food packaging has increased. It
is due to large surpluses of the raw materials, which are produced in large amounts as
by-products of agro-industrial processes. Even if they have been used in several

applications, there is still a great disposal of these by-products.

2.7. Chitosan

Among all biomolecules naturally present and commercially available, those in
carbohydrate groups have been extensively researched and commercialized. One of
the most promising polymers, chitosan, offers real potential for broad spectrum of
applications in the food and pharmaceutical industry. It is mainly due to its particular
physico-chemical properties, short time biodegradability, biocompatibility,
antimicrobial and antifungal activities, non-toxicity, toughness, durability, moderate
values of water and oxygen permeability (Dutta et al., 2009; Elsabee et al., 2009; Aider
et al., 2010; Kong et al., 2010; Chen et al., 2011; Muzzarelli et al., 2012).

2.7.1.Deacetylation, crystallinity and molecular weight

Chitosan is a linear polysaccharide consisting of B-(1->4)-linked 2-amino-2-deoxy-
B-D-glucopyranose and 2-acetamido-2-deoxy-B-D-glucopyranose residues (Fig. 2.3.)
(Kumirska et al., 2011). Next to cellulose, it is the second most abundant natural
biopolymer. It is found predominantly in the shells of crustaceans such as crabs and
shrimps, in the cuticles of insects and in the cell walls of fungi. Its biosynthesis by living

organisms in the lower plant and animal kingdoms has been estimated at 10°-10"
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tons/year (Percot et al., 2003). Commercial chitosan samples are typically prepared by
chemical de-N-acetylation of chitin under alkaline conditions. Final chitosan samples
can differ in size (average molecular weight), deacetylation degree (DA), polydispersity
or crystallinity (Aranaz et al., 2009). DA represents the molar fraction of 2-amino-2-
deoxy-D-glucopyranose units in the chitosan macromolecule and shows the
percentage of free amino groups in the polymer chain. The process of deacetylation
involves the removal of acetyl groups from the molecular chain of chitin, leaving
behind a complete amino group (-NH,). Chitosan versatility depends mainly on the
high degree of chemical reactive amino groups. The degree of deacetylation of
commercial chitosan usually varies from 75% to 95%, depending on the production
method. When preparing chitosan samples, reaction conditions must be controlled
(Aranaz et al.,, 2009). During deacetylation process, crystallinity of chitosan can be
damaged, because of degradation of polymeric chain and because of harsh conditions.
Precise determination of its average molecular weight is difficult (Rinaudo and
Domard, 1988). The usual average molecular weight reported in the literature is of the
order of 10° g/mol. The influence of average M,, on the viscosity in aqueous solutions
plays an important role in the biochemical and bio-pharmacological significance of
chitosan (Taranathan, 2003).

2.7.2.Chitosan solubility

In crystalline form, chitosan is normally insoluble in agueous solutions. However,
in dilute acids, the protonated free amino groups facilitate the solubility of the
molecule. The pK, of primary amino groups depends closely on DA, so solubility of

chitosan is also dependent on DA (Pillai et al., 2009).

pH <6 pH>65
OH OH
6] o]
0 )
HO HO
NH, MNH
n n
Soluble Insoluble
Electrostatic interactions Hydrophobicinteractions
with negatively charged molecules with fatty acids, lipids, cholesterol, non-

charged liposomes

Figure 2.3. Soluble and insoluble structure of chitosan monomer (Kumirska et
al., 2011).

25



Chapter 2 Bibliographic review

Technologically, this determines its processing in form of films,
microspheres/capsules, fibres, gels, powders, granules, tablets, microporous sponges,
etc. At pH >6.5 chitosan solutions exhibit phase separation. At pH <6.5 chitosan is
positively charged because of the presence of protonated amino groups (Elsabee et al.,
2009). This makes chitosan an effective binder to negatively charged metals,
biochemicals, macromolecules and cells (Fig. 2.3.). In solution, at pH between 6.0 and
6.5, free amino groups of chitosan molecules become less protonated and
hydrophobicity along chitosan chain increases. Therefore, by
hydrophobic/hydrophobic repulsions, in acetate buffer solutions, chitosan self
aggregates can be formed (Kumirska et al., 2011).

Solubility of chitosan in organic solvents is limited. Aqueous solutions of acetic
acid can tolerate the addition of great volumes of polar solvents without occurrence of
polymer precipitation. It has been found that up to 70% (v/w) of alcohols (from
methanol to butanol), ethylene glycol, diethyleneglycol, acetone and
dimethylformamide, up to 40% of 2-propanol and up to 80% of glycerol can be added

without chitosan precipitation.

2.7.3.Chitosan crystals diversity

The knowledge of structural differences among chitosan products is very
important in determining its properties. So, it is essential for the structure-activity-
analysis of applied systems.

Biological and chemical reactivity of chitosan is strongly dependent on the extent
of hydration and crystallinity (Ogawa et al.,, 1993). Chitosan crystal has two
polymorphs, hydrated (tendon) and annealed (anhydrous) polymorph. The tendon
chitosan shows a hydrated crystalline form which can be converted to an anhydrous
form (Ogawa et al., 1993). Changes between different polymorphs are given in Fig. 2.4.
(Okuyama et al., 1997; Okuyama et al., 1999).
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Figure 2.4. Crystalline transformation of chitosan (Ogawa et al., 2000).

Since chitosan is a polymer of D-glucosamine that has free amino group, it has a
cationic character and it makes salt with an acid. There are four possible chitosan-acid
salt types. In Type | salts, chitosan is in an extended two-fold helix (e.g. when formed
with HNOs, HBr, L-ascorbic acid). In Type |l salts, chitosan molecules takes up relaxed
two-fold helix composed of asymmetric unit of tetrasaccharide (Fig. 2.5.) This form
seems to be unstable, because no strong intramolecular bonds exist like in Type | form.
The space between chitosan chains is filled with water and carboxylic acid, which
account for more than 33% by weight according to thermo-gravimetric measurement
and the observed density (measured in ambient conditions) (Okuyama et al., 2000). In
its hydrogen iodide salts prepared at low temperatures, chitosan takes a 4/1 helix with
asymmetric unit of disaccharide. In the fourth conformation, prepared with medical
organic acids that have phenyl group, such as salicylic or genitisic acid, it was found to

be in a form of 5/3 helix.
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Figure 2.5. Plausible parallel packing structure of chitosan molecules in the Type

Il form projected (a) along the b-axis and (b) along the c-axis (Okuyama et al., 2000).

In a hydrated crystal, each chitosan chain takes an extended two-fold helix (a
zigzag structure) (Fig. 2.6.). This helical symmetry is reinforced by the Os---Os hydrogen
bond with a repeating period of 10.34 A (Fig. 2.7.)

Chitosan chains on c-axis are up chain, whereas, those in the unit cell are down
chain. So, in this crystal, chitosan chains are packed in an anti-parallel fashion. Along b-
axis, up chain and down chain make hydrogen bonds and form a sheet like structure.
These sheets are stacked along a-axis (Fig. 2.6.a). Water molecules are present
between these sheets and stabilize the crystal structure (Okuyama et al.,, 1999).
Hydrated polymorph is the most abundant in chitosan samples. Commercially available

chitosan samples have this crystal although their crystallinity is different.
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Figure 2.6. Molecular structure of hydrated (a, b) and anhydrous chitosan (c, d).

Blue circles denote nitrogen atoms (Okuyama et al., 2000).

Figure 2.7. Bonding sites in chitosan crystal (Okuyama et al., 1997).

When dehydration occurs, to fill the space where two water molecules exist,
there is a shift in the chain by breaking the hydrogen bonds between neighbouring
polymer chains, shrinkage along b chain and enlargement along a (Fig. 2.8.). During
this transformation, two independent neighbouring molecules along a in the hydrated
form must become equivalent in the anhydrated form. The acid permeates into the

specimen through water columns along the c-axis in hydrated chitosan unit cell. Then,
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the interactions between the polymer chain and the acid force hydrogen bond
network among polymer chains and water molecules to break, thereby facilitating the
conformational change from the extended two-fold helix to the less-extended relaxed
two-fold helix. Transformations from tendon to annealed polymorph occur irreversibly
and involve a drastic change in the chain arrangement of chitosan (Ogawa, 1991;

Muzzarelli, 1977). The anhydrous chitosan may be considered to be inert material.

Annealed at 240°C S = ool =%

Type 1l form

Figure 2.8. Schematic representation of dehydration of chitosan crystal
(Okuyama et al., 2000).

Demarger-Andre and Domard (1994) reported that anhydrous (annealed)
chitosan crystal can be obtained at room temperature from chitosan salts of several
monocarboxylic acids (e.g. acetic). This is due to the removal of the acids accompanied
by dehydration. Even if authors reported this phenomenon spontaneous, we could
consider that a certain hydration level for this removal is required, and thus
spontaneous is not really appropriate term to use. When stored at 100% RH, three
months, one month and three weeks were required to produce the anhydrous
chitosan polymorph from formic, acetic and propionic acid salts of chitosan,
respectively. The water-removing action of only monocarboxylic acid is accelerated by
relative humidity, hydrophobicity, pKa, solubility and boiling point of acid as
speculated by Demarger-Andre and Domard (1994). Even that the water-removing
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action of monocarboxylic acid has not been well defined yet, the most probable
explanation is the conformational stability of chitosan molecule as described earlier.

Changes in structure properties are very important when film processing is
envisaged. Then all above mentioned phenomena must be considered when producing
and using chitosan systems. The knowledge of the structural differences among
chitosan products is very important in determining the properties of these
biopolymers and is essential for the structure/activity/analysis of packaging and

biological systems.

2.7.4.Chitosan films and their application

Chitosan can form transparent films to enhance quality and extend storage life of
food products (Aider et al.,, 2010). They might be formed as self-standing films,
blended with other polymers, coated on both synthetic and bio-based polymers or
used in multilayered packaging systems. Coating process is simple and allows accurate
control of the film thickness on smooth, flat surfaces. Casting can be accomplished by
controlled thickness spreading or by pouring. In solvent casting, which is the most
common procedure, chitosan is firstly solubilised in a solvent medium. Then film
forming solution is casted and dried either at ambient temperature (Caner et al., 1998;
Chen and Hwa, 1996; Wiles et al., 2000), in oven (Butler et al., 1996) or in infrared
drying systems (Srinivasa et al., 2004). Another possible processing method is hot
melting. Still, there is no literature evident data describing extruded chitosan films.
This is due to processing problems that are mainly attributed to reduced chitosan
plastic flow properties, intrinsically difficult reproducibility, non controlled molecular
architecture and spatial conformation of natural macromolecule (Mensitieri et al.,
2011).

The functional properties of final film are dependent on a number of parameters
including (Gontard and Guilbert, 1992):
° formulation (characteristics and concentration of the basic and secondary
components, pH, molecular weight, degree of deacetylation, a suitable
solvent (Park et al., 2002));
° film-forming conditions (type of surface upon which the film-forming
solution is spread, drying conditions);

° conditions in which film is used (temperature, relative humidity);
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° addition of plasticizers, dispersants and compatibilizers, emulsifiants,
nanocomposites, etc. (Chillo et al., 2008; Fernandez-Cervera et al., 2004;
Suyatma et al., 2005).

Chitosan film itself can be used as antibacterial compound. Furthermore, it has
been widely employed as a vehicle for incorporating functional ingredients such as:
flavours and antioxidants (Martins et al., 2012; Moradi et al., 2012), colours,
antimicrobials (Chafer et al., 2012; Abdollahi et al., 2012; Siripatrawan and Noipha,
2012), nutraceuticals (Mengato et al., 2012; Kester and Fennema, 1986), vitamins (Cho
et al., 2012; Luo et al., 2012) and fatty acids (Srinivasa et al., 2007; Varags et al., 2006).
Besides increasing product shelf life, these substances act as enhancers of the product
nutritional value. There is evidence that chitosan antimicrobial films and coatings can
increase storage life, retard weight loss, decline sensory quality and suppress the
increase in activities of enzymes. For example, recently they were used to cover fresh
fruits and vegetables (Talens et al.,, 2012; Perdones et al., 2012; Garrido Assis and
Britto, 2011), in preservation of meat products (Vargas et al., 2011a; Petrou et al.,
2012; Siripatrawan et al., 2012), fish (Gomez-Estaca et al., 2010; Fernandez Saiz et al.,
2010) and cheese (Fajardo et al., 2010; Di Pierro et al., 2011; Moreira et al., 2011).

Potential implementation of chitosan in medicine is mainly due to its mechanical
strength and rather slow biodegradation. It is very important material for biotech
companies and it has been used as an excipient, for controlled drug release, in the
preparation of tablets, beads, microspheres, gels, films, different carboxymethyl and
succinyl derivates used for tissue engineering and drug delivery (Bernkop-Schniirch
and Dunhaupt, 2012). Due to its charged character, chitosan coatings are found to be
ubiquitous in design of bio lubricated surfaces in artificial implants and frictional
process in biological systems (Raviv et al., 2003). Moreover, chitosan based hydrogels
can be formed from polyelectrolyte solutions involving a variety of molecular
interactions. Polymer chain reorganisation in these systems might be obtained by
solvent exchange. Gelation mechanism includes physico-chemical events and the

Ill

molecular reorganisation that might result in special “onion like” membranes. These

systems were recently used for tissue engineering (Ladet et al., 2008).
Features that packaging materials should display as far as mass transport

properties are concerned, include control of food products respiration; supply of a

selective barrier to gases and water vapour; capability of maintaining, as long as
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possible, a modified atmosphere in the package headspace; reduction of the migration
of lipids; and possible release of food additives such as flavour, colours, antioxidants
and antimicrobial agents (Tharanathan, 2003).

Most of mechanical properties of chitosan films are comparable to those of
cellulose or other polymers of medium strength (Jeon et al., 2002). They are flexible,
durable, strong, tough and hard to break. Due to its good plasticization efficiency, large
availability and low exudation, glycerol is the most used plasticizer for chitosan films.
Plasticized chitosan has improved elasticity, so plasticizers allow overcoming chitosan
films brittleness (Suyatma, et al., 2005; Ziani et al., 2008).

In fact, barrier properties of chitosan, mainly with reference to moisture, are
inferior to existing packaging materials. Gas and aroma permeability are unpaired by
the presence of adsorbed moisture. Chitosan is not very permeable in dry state, but
likewise other hydrophilic polymers, the permeability increases significantly with an
increase in water content.

With the respect to above mentioned problems, to improve physical, functional
and barrier properties of chitosan films, blending it with both biodegradable and
synthetic materials has been proposed. Moreover, chitosan blends could replace
synthetic polymers in many applications. Thickness of plastic components can be
reduced with attaining the same overall performances and also reducing the problems
of disposability of traditional plastics (Farris et al., 2009; Vermeiren et al., 2003;
Tharanathan, 2003). Recently, different blends were studied, such as starch-chitosan
(Li et al., 2011), quinoa protein/chitosan (Abugoch et al., 2011), HDPE/chitosan (Mir et
al.,, 2011) and ethylene methyl acrylate/ethylene vinyl acetate copolymer/chitosan
(Massouda et al., 2011).

Under special conditions, chitosan can be coated on polyolefins. In these
systems, polyolefin could add hydrophobicity to the packaging and thus decrease the
impact of hydrophilic/water sensitive chitosan layer. Still, up to date there are few
publications concerning surface modification or adhesion of chitosan on the synthetic

polymers.

33



Chapter 2 Bibliographic review

2.8. Efficacy, structure and distribution of active compound in the

polymer matrix

Active compounds can be incorporated directly into the packaging material or
they can be put in a patches, sachets etc. (Gutierrez et al., 2009b). The number of
recently published articles and patents in the last 10 years suggests rapid expansion in
interests of both scientific and large public audience. Intensive research in this field has

been performed using both plastics and/or biopolymers.

2.8.1.Influence of antimicrobial compound on the structure of
polymer/biopolymer matrices

Although many studies have demonstrated the antimicrobial effect of essential
oils and their active compounds against a broad spectrum of pathogenic bacteria in
food, there are very few publications that discuss their incorporation as additives in
polymeric plastic films (Ha et al.,, 2001; Suppakul et al., 2006, 2008; Lopez et al.,
2007a). When using conventional materials, antimicrobials can be put into the film by
adding it directly during the extrusion process. Some examples are dehydroacetic acid
sodium salt incorporated in high-density polyethylene (HDPE) film (Zema et al., 2010),
nisin containing low-density polyethylene (LDPE) and LLDPE (Richard and Cooksey,
2012), mono and multilayer polyvinyl alcohol (PVAL) films containing lysozyme
(Buonocore et al., 2005), polypropylene (PP) and polyethylene/ethylene vinyl alcohol
copolymer (PE/EVAL) films containing different essential oils (Lopez et al., 2007a) etc.

Even that usually small amount of antimicrobial compound are incorporated, it is
interesting how these substances can change pretty stable structure of plastic
materials. Valderrama Solano et al. (2011) produced antimicrobial packaging materials
by incorporating oregano and thyme essentials oils into LDPE (via two different
methods: ionizing treatment and directly by extrusion). No significant differences were
observed in thicknesses of films with and without oil and they did not affect its
mechanical properties. However, when essential oils were incorporated during
extrusion, plasticizing effect was observed. Moreover, oxygen transmission rate and
water vapour permeability were reduced. Similarly, Nostro et al. (2012) observed
plasticizing effect of carvacrol and cinnamaldehyde (3.5% wt and 7% wt respectively)
incorporated in polyethylene-co-vinylacetate (Nostro et al., 2012). These compounds
reduced the intermolecular forces of polymer chains, and thus improved film’s
flexibility and extensibility. The analysis of the surface characteristics demonstrated
that active compound lowered the contact angle values without causing any

34



Chapter 2 Bibliographic review

remarkable variation in the surface roughness (Nostro et al.,, 2012). The same
substances in polypropylene did not affect its thermal stability, but they decreased
crystallinity, increased oxygen permeability and increased thermo-oxidative stability.
Furthermore, an increase in the porosity can occur, thus reducing elastic modulus
(Ramos et al., 2012).

In the peculiar cases of biopolymers or edible polymers, as already mentioned
for chitosan, films are usually produced by solvent casting. Film drying is generally
accompanied by the loss of volatiles. Process conditions influence the final film
structure and performances. Furthermore, incorporating essential oils may
significantly affect the structural organization of the film-forming substance and
biopolymer network. Desobry and Debeaufort (2011) precisely classified their impact
on the film physico-chemical properties. A cross-linking effect in the film can influence
film microstructure, mechanical behaviour and barrier properties to oxygen and water
vapour.

Because during drying, an “emulsion type” structure is formed, incorporation of
essential oils generally decreases the transparency and gloss of bio-based polymer
films. This phenomenon has been observed regardless the matrix nature or volatile
compound (Desobry and Debeaufort, 2011). According to Du et al. (2009), colour of
biopolymer films is directly influenced by type and concentration of added essential
oil. In chitosan based films their incorporation generally increased yellowness or
brownish colour of the plain film (Moradi et al., 2012). On the contrary, it was
determined that rosemary essential oil improved the transparency of the chitosan
films and it reduced films’ light transmission in UV more than 25% (Abdollahi et al.,
2012). However, essential oils or their constituents generally increase the
heterogeneity of polymer matrix.

Oil droplets create discontinuities that usually induce a loss of mechanical
properties. Decrease of the tensile strength and Young (elastic) modulus was also
observed (Pranoto et al., 2005a,b; Zivanovic et al., 2005). Bergamot oil (0.5%) added to
chitosan films reduced tensile strength and elongation, two and three times,
respectively (Sanchez Gonzalez et al., 2010a). On the contrary, Abdollahi et al. (2012),
showed that rosemary essential oil in combination with nanoclays significantly
improved the tensile strength and elongation of chitosan. In active chitosan and
polyvinyl alcohol films tensile strength was improved with the addition of mint and

pomegranate peel extract (Kanatt et al., 2012).
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Changes in microstructure and mechanical properties indicate changes in the
organisation of macromolecules that form film network. So, it also affects permeability
of films to water vapour, oxygen, and/or aroma compounds. Decrease in water vapour
permeability of generally hydrophilic biopolymers, can be due to the interactions of oil
components with macromolecular chains. This can promote a decrease in the
hydrophilic character of the film matrix. Citrus and lemon grass essential oils decreased
water permeability of gelatin films (Tongnuanchan et al., 2012; Ahmad et al., 2012b).
Zataraia multiflora boiss extract decreased water vapour permeability of sodium
caseinate film (Broumand et al., 2011). Citronella, coriander, tarragon and thyme
reduced water vapour permeability of hake protein films (Pires et al., 2013). Atarés et
al. (2010) showed that the addition of small proportions of ginger and cinnamon
essential oils resulted in a reduction in water vapour barrier properties of soy protein
isolate films. Contrarily, the addition of bergamot oil increased the water vapour
permeability of gelatine films (Ahmad et al., 2012b). Rojas-Grau et al. (2007a) did not
show any change in the oxygen permeability of alginate-apple puree film when
oregano, carvacrol, lemongrass oil, citral, cinnamon oil, or cinnamaldehyde were
added in a range of 0.1% to 0.5%. It was attributed to the low content of encapsulated
volatile compounds that did not disturb the network structure.

From above mentioned examples on active antimicrobial compounds, gas
transfers through films are influenced by several other parameters. Thus in the next
subsection, parameters having a great impact on film gas permeability will be

described.

2.8.2.Parameters influencing gas transfers through biopolymer films

Influence of film structure and film forming components

The design and the optimization of the composition of biopolymer film are very
important especially for controlling their barrier and mechanical properties. There are
several variables that affect permeation and diffusion of molecules through polymers.
The permeability coefficient is not only a function of chemical structure; it also
depends on many physical factors such as density, crystallinity, orientation, cross-
linking, plasticizers, moisture sensitivity and temperature. In the Fig. 2.9., O,, CO, and
water vapour permeabilities of petrochemical-based plastics (referred to as common

polymeric packaging materials) are compared to those of selected biopolymers.
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Figure 2.9. Oxygen (a), carbon dioxide (b) and water vapour (c) permeability for
several biopolymers and synthetic polymers as evaluated at 25°C and in dry

environment (for PO, and PCO,).
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and Gontard, 1997; fCastell6 et al., 2010; & MC (methylcellulose) Park and Chinan, 2012; kWong et al.,
1992; 'Gennadios et al., 1994; "Ghanbarzadeh et al., 2007.

Another important parameter is chain packing. Simple linear polymer chains,

such as in high-density polyethylene, pack tightly, thereby lowering film permeability.
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Polymer chains with bulky side groups pack poorly, resulting in increased
permeabilities (Ashley, 1985). Thus, as the conditions at which the analysis is carried
out affect the results, film properties should be compared at, as much as possible

identical testing conditions.

Due to their hydrophilic nature, polysaccharide films are generally rather poor
water vapour barriers. However, they are less permeable to water vapour than most
protein films (Fig. 2.9.c). Pure lipid films have extremely low WVP. Differences in the
nature, the structure and the film processing conditions were thought to be
responsible for changes in oxygen permeability (Maté and Krochta, 1996). Changes in
solvent polarity may change structure and final film properties. Caner et al. (1998)
studied the effects of different types of acids (acetic, formic, lactic, propionic), their
concentrations, plasticizer concentrations, and storage time (up to 9 weeks) on water
vapour and oxygen permeability of solution-cast chitosan films. Among the acids used
for preparing chitosan solutions, chitosan films prepared with acetic and formic acid
showed the lowest and highest water vapour permeability, 9.49x10** g/m-s-Pa and
12.1x10** g/m-s-Pa, respectively. Moreover, the oxygen permeability was the lowest
when lactic acid was used in film preparation (7.41x10™* g/m-s-Pa), while the films
prepared with formic acid had the highest oxygen permeability (22.8x107* g/m-s-Pa).
Chitosan films prepared with acetic acid showed the second lowest oxygen
permeability (28.6x10™*® g/m-s-Pa). In the work of Park et al. (2002), water vapour
permeability in chitosan films ranged from 0.3 to 0.7 x107 g/m-s-Pa and oxygen
permeability from 0.47 to 9.72 x10%' g/m-s-Pa. Differences were attributed to
molecular weight and type of organic acid solvent used. For chitosan films prepared
with aqueous formic acid and different lipids, Wong et al. (1992) determined oxygen
transmission of 1.84x10™" g/mz's-Pa, while Muzarrelli et al. (1974) have reported an

oxygen permeability coefficient of 1.27x10™" g/m-s-Pa.

In general, the incorporation of plasticizers in polymers has a relatively complex
influence on permeability (Stannett, 1968). The presence of plasticizer in the film
formulation decreases the intermolecular forces and increases both free space and
chain mobility, thus modifying the stiffness and barrier properties (i.e. Fig. 2.9., corn
zein). Plasticization of matrix leads to widening of bonds and then gas permeability
normally increases with the plasticizer content (Arvanitoyannis et al., 1998). By
inserting between the macromolecular chains, these additives also lower the glass
transition temperature of a given polymer. By modifying the local segmental motions

they have an indirect effect on the transport parameters. These plasticizing molecules
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also possess their own diffusion coefficient that depends on their physical state (solid
or liquid). Butler et al. (1996) found that glycerol-plasticized chitosan films (glycerin as
plasticizer, 0.25 mL/g and 0.50 mL/g chitosan) had extremely low oxygen permeability
(7.71x10*® g/m-s-Pa) at 0% relative humidity. Increasing the plasticizer content

increased the oxygen permeability.

Incorporation of fat alters the barrier efficiency. It is attributed to the length of
lipid carbon chain and to oxygen solubility in fats (Kester and Fennema, 1986).
However, the effect of fat incorporation strongly depends on the film structure
(emulsions, micro/nano-emulsion, multilayer...), on the physical state of fat (solid fat
content), on the fat chain length, on the saturation of fatty acids, on the
hydrogenation degree of oils, on the crystalline form of the fats, etc. So the real impact
of fat incorporation in biopolymer matrices remains difficult to interpret (Morillon et
al., 2002).

The glass transition temperature of the film is also important parameter to take
into account. Depending upon processing conditions, crystallinity can vary even for a
particular polymer. Above glass transition temperature, polymers exist in a rubbery or
plastic amorphous state where chain mobility lessens barrier properties.
Macromolecular fragments are more mobile and there is an appreciable “free volume”
between them. At temperatures below the glass transition temperature, polymers
exist in a “glassy” form. Crystalline polymers are characterized by a high degree of
molecular mass, which provides them impermeability. So, diffusion can only occur in
amorphous domains or through structural imperfections (Weinkauf and Paul, 1990).
The crystalline zones act as excluded volumes for the sorption process and are
impermeable barriers for the diffusion process. On one hand, they increase the
effective path length of diffusion, and, on the other hand, they seem to reduce the
polymer chains mobility in the amorphous phase (Klopfer and Flaconneche, 2001).
Therefore, the permeability of films below their glass transition tends to be extremely

low.

The film thickness also affects transfers in edible films. In dry conditions it is
assumable that transfer coefficients will linearly decrease when the thickness
increases. On the contrary, thickness can have inverse impact in humid environment,
leading to a permeability increase. This is probably due to a swelling process of the
films which is not proportional of the initial thickness (Debeaufort et al., 1993; Cuq et
al., 1996).
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Influence of the diffusing molecule properties

Molecular size and shape of the transfer molecule affect diffusivity and solubility.
Small molecules generally diffuse faster than longer ones. Polar molecules diffuse
faster than non polar molecules, especially through polar films. Solubility of gases can
influence the permeability in the moist conditions. The solubility of the permeant
depends in large part on its compatibility with the polymer. Generally, more easily
condensed gases are more soluble in polymer. For example CO, is more condensable
than O, and N, and it has a much higher solubility in water
(7.5x10'4 Cm35‘|'p of c02/ Bwater-Pa) than O, (2.8><10'7) and N, (1.45><10'7). The solubility and
diffusivity of O, (2.42x10” cm?/s) are larger than N, (2x10” cm?/s). Then the
permeability of gases in polymer systems usually follows order CO,> O,> N, (Salamone,
1996). Properties of diffusing molecule can also influence the permselectivity of films

and membranes. Permselectivity of CO, to O, is described by the Eq. 2.1.:

_ PCO,
a =7 (Eq.2.1.)

From the application point of view, in a preservation of fresh products with high
water content, low PO, and high PCO, inhibits growth of aerobic microorganisms, thus
increasing the product shelf life. The degree to which atmospheric modification takes
place in the packages depends on the film permeability, on the product respiration and
on the influence of temperature on both of these processes (Beaudry et al., 1999;
Cameron et al., 1994; Gennadios et al., 1993). Then the knowledge of permselectivity

helps in design suitable packaging systems for high respiration products.

External parameters

Temperature and humidity parameters are of crucial importance for food quality
preservation, especially in real life situations, like in food market or in households for a

long-term use.

Barrer (1937) was the first one who showed that the diffusion of small-size
molecules in rubbery polymers is a thermally activated process. Temperature affects
kinetic and thermodynamic phenomena, particularly sorption and diffusion. The
thermal effects on solubility and diffusion show opposite trends. Generally, for gas
adsorption, solubility decreases with increasing temperature. It is due to the lower
condensability of the penetrant at higher temperatures. On the contrary, the effect of
temperature on the diffusion is always positive (Rogers, 1985). When no structure

change occurs in the temperature range considered, for all three physical quantities P,
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S, and D, the temperature dependence can be described by a Van’t Hoff-Arrhenius

equation:
S=S5 ( S) Eq.2.2
0 eXp R‘T ( q' " ')

where Sq is a constant and AH, is the partial molar enthalpy of sorption, Dgand Pq
are pre-exponential factors and Ep and Ep are the activation energy of diffusion and
permeation. Energy parameters depend on the morphology of the polymer matrix,
crystallinity, phase transitions etc. (Meares, 1954). Physically, the activation energy
represents the energy level that a molecule should reach to make a jump between one

position and another one. It is always a positive quantity.

Liu (2008) measured the permeabilities of N,, He, H, and CO; in water-swollen
chitosan membranes at temperatures from 23°C to 60°C. The gas permeability was
shown to increase with an increase in temperature. These results are similar to those
obtained with dry chitosan membranes (EI-Azzami and Grulke, 2007). Accordingly, the
activation energy of permeation was lower for the water-swollen chitosan membrane

than for dry chitosan.

As previously mentioned, bio-based polymers have impressive gas barrier
properties in dry conditions (Fig. 2.9.). It is noteworthy that when relative humidity
increases, gas permeability increases too and, then, better performance is given by
plastic materials (Fig. 2.10.). When relative humidity increased from 0% to 96%,
permeability of oxygen increased 3.5 and 28.3 times, respectively (Despond et al.,
2001). Oxygen permeability in starch films was increased by 6.5 times and 48.1 times
when the relative humidity increased from 60% to 80% and from 60% to 90%,
respectively (Gaudin et al., 2000). Moreover, in wheat gluten films oxygen and carbon
dioxide permeabilities were increased by 25 and 632 times when relative humidity
increased from 0% to 100% (Mujica-Paz and Gontard, 1997) etc.

Moisture transport mechanism through a composite film depends upon the
material and environmental conditions. Composition of film forming materials
(hydrophilic and hydrophobic character), temperature and relative humidity of the

environment influence water vapour permeability of the biopolymer edible films
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(Ayranci and Tunc, 2003; Anker et al.,, 2002). Consequently, the water vapour
permeability is the most extensively studied property of biopolymer and edible films.
Water acts as a solvent and causes texture degradation, chemical and enzymatic
reactions. Water activity of foodstuff is also an important parameter in relation with
the product shelf-life. In low-moisture foods, low levels of water activity must be
maintained to minimize the deteriorative chemical and enzymatic reactions and to

prevent the texture degradation.
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Figure 2.10. Oxygen (a) and carbon dioxide (b) permeability for several
biopolymers and synthetic polymers as evaluated at 25°C and in humid environment.

Gali¢ et al., 2009; bMujica Paz and Gontard, 1997; “Garcia et al., 2000a; 4 emc (carboxymethyl
cellulose) Bifani et al., 2007.

Changes in barrier properties indicate changes in a matrix structure. During
processing and storage, solvent evaporation and matrix formation occur. Then, the

active volatile compound is unavoidably lost. Thus it is very important to find a suitable
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polymer system for incorporation and preservation of active compound if target is the
antimicrobial activity of produced films.

2.8.3.Influence of polymer matrix on the retention and antimicrobial activity of

incorporated compound

At the different stages of processing, active packaging may require some level of
adaptation. When materials are aimed to be used as antimicrobial films, it is very
important to check the quantity of active compound and its antimicrobial efficiency.
The effectiveness of antimicrobial films is determined by the release rate of the
antimicrobial compounds, either directly to food or via air. The retention of active
volatile by bio-polymer based layer during oven drying is affected by the nature of the
matrix, the volatile concentration and the experimental conditions (e.g. drying rate,
sample thickness, humidity) (Cha et al., 2003; Cagri et al., 2004; Rico-Pena and Torres,
1991). Because most of the reported data give the initial amount of the volatile active
substance added in the antimicrobial film formulation and not the real final value, it is
very difficult to compare literature results. Very few reports gave the real amounts of
active compound in obtained films after film making processes. First of all, some
examples of synthetic polymer systems will be given.

Ha et al. (2001) studied multilayered co-extruded and solution-coated
polyethylene films with grapefruit seed extract. The results showed that co-extruded
films had lower antimicrobial activity than the coated ones. As extrusion was
performed at 160 — 190°C this was mainly due to low thermal stability of extract used
(120°C). In the coated films, polyamide was used as a binder. This did not require
heating. So, higher antimicrobial retention was obtained. High temperatures and
shearing associated with the extrusion process can deteriorate the antimicrobial
compounds. Then lower efficiency will be obtained. An alternative is to apply them as
a coating. A thin layer of bacteriocin solution onto polyethylene/oriented polyamide
film had good inhibitory effectiveness against Listeria monocytogenes on hamburger
meat (Mauriello et al., 2004). Good efficiency was also found in solvent casted Saran®
F-310 resin (a copolymer of vinylidene chloride) and poly(vinyl alcohol) (PVAL) with
nisin, lactoferrin, sodium diacetate, sorbic acid or potassium sorbate (Limjaroen et al.,
2003; Buonocore et al., 2003).

In bio-based polymer systems, retention of aroma compounds can be caused

either by molecular interaction with specific molecules or by an increase in viscosity of
the matrix (Guichard, 2002). According to Seuvre et al. (2006), polysaccharides
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influence the volatility of the aroma compounds molecules and their partitioning
between different phases mainly by two mechanisms. The first one, diffusion
decrease, is predicted by the Stokes — Einstein equation stating that diffusion is
inversely proportional to local viscosity (Baines and Morris, 1987; Wilke and Chang,
1955). The second mechanism involves specific molecular interactions of aroma
compounds with macromolecule due to adsorption, entrapment in microregions,
complexation, encapsulation, hydrogen bonding, hydrophobic interactions, etc.
(Godshall, 1997; Kinsella, 1989). Sanchez Gonzales et al. (2011a) showed that limonene
loss during drying ranged from 39 to 99% when added from 0.5 to 3% (w/w) in
chitosan films. Generally, when loss during drying is greater, the release in the vapour

phase is faster.

Drying methods, conditions and matrix formulation (e.g. polymer concentration,
suitable solvent system, addition of plasticizers, dispersants, emulsifiers, etc.) have to
be set up to engineer films, to monitor the retention and thus the release of the active
compound (Park et al., 2002, Chillo et al., 2008; Suyatma, et al., 2005). The choice of
the solvent in the preparation of a film forming solution is of key importance because
it affects the solubility, dispersion of hydrophobic volatile molecules, as well as the
physicochemical properties of the final products.

Changes in polymer concentration or mixing polymers may meet above
mentioned requirements. Arabic gum (AG) is a biocompatible and biodegradable
polymer with more interaction sites and negative charges for interaction with
polycationic polymers such as chitosan (Wareing, 1999). Because of its unique
properties (e.g. emulsification, acid stability, low viscosity at high concentrations, etc.),
it is used in many food applications (in beverages, emulsions, flavour encapsulation, as
an agent that protects from oxidation and volatilization). The recovery and the
oxidation stability of orange oil encapsulated in AG has been reported (Qi and Xu,
1999). Up to date, not a lot of work has been done to understand the aroma
compound retention capacity of the chitosan blends with AG. lonic and non-ionic
surfactants, have been studied in different film productions (Bravin et al.,, 2004;
Morillon et al., 2002; Rodriguez et al., 2006; Villalobos et al., 2006; Andreuccetti et al.,
2011). Functional film properties can also be improved by adding emulsifiers that
interact simultaneously with polar and hydrophobic sites in the casting matrix (di Gioia
and Guilbert, 1999). Another example is incorporation of nanocomposites that can
potentially be used to control the release of antimicrobial agents from film materials

(Tunc and Duman, 2010). Moreover, reinforcement of the polymer matrix with layered
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silicates can improve functional film properties (Park et al., 2004a; Sothornwit et al.,
2009; Tunc et al., 2007).

In summary, a hot topic in food and pharmaceutical industry concern the
efficiency of the incorporation of active compounds that provides better functionalities
and increases product shelf-life. Advances in the development of new bio-based
materials and active packaging methods have brought out higher quality materials
with enhanced performance and good price/quality ratio. Natural and bio-sourced
attributes, associated together with good performance in vivo, paved the way for
essential oils and chitosan to the first place on the list of “new” active food packaging

III

materials. In design of “the best material”, essential oils could bring the antimicrobial
efficiency. However, this effect will be maintained only if antimicrobial is well retained
and protected during processing. Aiming to this goal, chitosan can be used as film
forming polymer. Due to its biocompatibility, it can be applied in food contact
packaging and bio-products. On one hand, its swelling property and hydrophilic
character can be used in controlled releasing systems. On the other hand, because of
its sensitivity to water vapour, it can hardly be applied on industrial level. Coating
chitosan on polyolefins can add some recyclable/biodegradable value to synthetic
polymers, while polyolefins can improve the water vapour barrier properties. All
together, essential oils, chitosan and its coating on basic plastic film seem to show one

of the best potential systems for active bio-based packaging film.
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Chapter 3 Materials and Methods

Materials and Methods chapter is extracted from various publications in the thesis.
Further details are amended and reorganized for easier reading.

3.1. Materials and reagents
3.1.1.Film forming materials

Commercial grade chitosan (CS) (France Chitine, Marseille, France, powder 652,
having a molecular mass of 165 kDa, viscosity 43 cps, food grade, degree of

deacetylation of >85%) was used as main film forming polymer.

Arabic gum (AG) (Spraygum, CNI, France) was used as volatile ,retentor” and to

constitute the blended biopolymer film matrix.

Anhydrous glycerol (Fluka, 98% purity, Fluka Chemical, Germany), Tween 20
(Sigma-Aldrich), lecithin (Sigma-Aldrich), nanoclays (montmorillonite, synthesis and
characterization is detailed elsewhere (Reinholdt et al., 2005), polyethylene glycol (PEG
750, Aldrich Chemicals) and glycerol monostearate (Sigma-Aldrich) were used in order

to improve aroma compound retention and mechanical properties.

Acetic acid (glacial 100%, Merck, Darmstadt, Germany) and pure ethanol
(absolute, Sigma-Aldrich) were used as solvents in the preparation of the film forming
solutions (FFS).

All the chemicals were used without further purification and freshly prepared

solutions were used in all experiments.
A commercial, low density polyethylene film (LDPE) (Wipak, Bousbecque,
thickness of 45-50 um, density of 0.924 g/cm® melting index 190°C/2.16 kg,

0.75 g/10 min) was used as a polyolefin material.

A prototype BIAXER 65 XX HFP Std (Polyester/Polyethylene/Ethylene vinyl-
alcohol/ Polyethylene (PET/PE/EVAL/PE) was used for industrial trials and validation.
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3.1.1.1. Antimicrobial compound

Carvacrol with a purity of about 97% (Fluka) was used as the antimicrobial

volatile compound. Carvacrol characteristics are given in Table 3.1.

Table 3.1. Structure and physic-chemical characteristics of carvacrol

Molecular Formula CyoH140

Average mass 150.22 Da
Boiling Point 234 -236°C*®
H5;C CH;

Structure formula

HO
H-
Flash Point 107°C*®
Specific Gravity 0.974-0.979°
Appearance Colourless to pale yellow liquid, pungent, spicy odour °

In water: insoluble
soluble in ethanol, diethyl ether, carbon tetrachloride, acetone ©
log Pojw ® 3.64¢
® Oxford University Chemical Safety Data
® Food and Agriculture Organization of the United Nations
‘Lide, 1998
9 Griffin et al., 1999
®logP is the logarithm of the ratio of concentrations of the un-ionized solute in the solvents. The
log P value is also known as a measure of lipophilicity.

Solubility

3.1.1.2. Other compounds

Different salts used to control water activity with aqueous saturated salt
solutions are listed in the Table 3.2. All the salts were provided by Sigma Aldrich

(France).

For a laser light scattering measurements 0.1 M sodium hydroxide (NaOH, Sigma
Aldrich, France) and 10% (v/v) hydrochloric acid (HCI, Sigma Aldrich, France) were

used.
n-hexane (Chromasolv, purity of >97%, Sigma-Aldrich) was used as the extraction

solvent.
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Table 3.2. Saturated salt solutions used to control water activity (Bell and Labuza,

2000).
salt Chemical formula Water activity of t(l: ngfg)rated salt solution
Lithium chloride LiCl 0.113
Potassium acetate CH;COOK 0.231
Magnesium chloride MgCl, 0.331
Potassium carbonate K,CO; 0.432
Magnesium nitrate Mg(NO3), 0.544
Sodium bromide NaBr 0.591
Tin (1) chloride SnCl, 0.725
Sodium chloride NacCl 0.75
Potassium chloride KCl 0.851
Barium chloride BaCl 0.900
Potassium dichromate K,Cr,0- 0.980

For microbiology experiments different culture media were used as given in the

Table 3.3.

Table 3.3. Culture media used in microbiology experiments.

Culture Media

State: Microorganism

Luria Broth Agar
(LB, Sigma Aldrich)

Liquid and solid: Bacillus subtilis,

Escherichia coli and Salmonella Enteritidis

Columbia Agar
(GC, Biokar Diagnostic)

Solid: Bacillus subtilis

Brain Heart Infusion Broth
(BHI Broth, Sigma Aldrich)

Solid: Listeria innocua

Brain Heart Infusion Agar
(BHI Agar, Sigma Aldrich)

Liquid: Listeria innocua

Potato Dextrose Agar
(PDA, Sigma Aldrich)

Solid: Penicillium camemberti

Man Rogosa Sharpe
(MRS, Sigma Aldrich)

Liquid and solid: Lactobacillus
plantarum
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3.2. Film formation

In this work, more than 200 different combinations for obtaining chitosan based
films and coatings were prepared. That's why principal steps in film formation will be

described.

3.2.1.Self standing chitosan films

A chitosan solution was prepared by dissolving the chitosan powder in the 1%
(v/v) aqueous acetic acid solvent, to obtain 1, 2 or 3% (w/v) film forming solutions. To
achieve the complete dispersion of chitosan, the solution was stirred for 2 h at room
temperature. To prepare aqueous hydroalcoholic acid media, ethanol was mixed in

ratio ethanol:aqueous acetic acid 30:70.

In order to improve physico-chemical, functional and barrier properties of
chitosan films, different compounds were added to film forming solutions (FFS). The
codification of different film forming solutions and dry films used in all experiment is

given in the Table 3.4.

Carvacrol (CVC) (from 0.01 to 3%, w/v) was dispersed in the film forming solution
(FFS) and the mixture was homogenized at 24000 rpm for 10 minutes with an Ultra
Turrax (T25 IKA).

Different amounts of glycerol (GLY) (up to 50% w/polymer dry matter (p.d.m.))
were added to the chitosan solution under stirring.

Polyethylene glycol (PEG) (up to 30% w/p.d.m.), lecithine (from 0.5 to 30%
w/p.d.m), Tween 20 (from 2.5 to 30% w/p.d.m.) and glycerol monostearate (up to
5% w/p.d.m.) were added in some film formulations after solubilisation of chitosan
powder.

In order to study whether the addition of nanoclays (NC) has an impact on the
aroma compound retention and on the release properties of dried films, CS/NC films
were prepared. First, CS was dispersed in the 1% (v/v) acetic acid in aqueous solution,
to obtain 1, 2, or 3% of chitosan (w/v) solutions. Meanwhile, an exact amount of NC
powder (to obtain 10% w/w dry polymer) was dispersed into 30 mL of distilled water
under magnetic stirring at 500 rpm for 2 h. In a second step, NC suspension was added
to the film forming solution under mixing at 5000 rpm for 15 minutes. In the last step,
carvacrol was added, and the mixture was homogenized for 10 minutes at 24000 rpm

(rotation per minute) with an Ultra Turrax (T25 IKA). As nanoclays are aimed to induce
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the brittleness of dry films, glycerol was added in order to improve the film mechanical
properties. Actually, two different sequences, differing in order of addition of the NC
were prepared. In the first sequence, named A, after dissolution of chitosan, glycerol
was added (30, 40 or 50 w/dry polymer matter) and FFS was mixed next 15 minutes.
Meanwhile, carvacrol was mixed with NC dispersion. For the second sequence, named
B, glycerol was added to clay suspension under mixing for 10 minutes. Then, two
suspensions were mixed together for 15 minutes at 5000 rpm. In the last step
carvacrol was added to the mixture and following procedure was the same as the one
used for all other films.

To achieve chitosan/arabic gum blends (CS/AG), AG was added in the FFS of CS
(50% w/w) and mixed under magnetically stirring for 2 h. The next steps were the

same as for other chitosan films.

After preparation, FFS were poured into a glass Petri dish. In order to obtain
films, solvents were removed by drying in a ventilated climatic chamber (KBF 240
Binder, ODIL, France) at fixed temperatures ranging from 20°C to 100°C and RH ranging
from 10 to 80%. After drying, the films were peeled off the surface and stored in a

ventilated climatic chamber (KBF 240 Binder, ODIL, France) before measurements.

Table 3.4. Composition of film forming solutions/dry films and their

abbreviations.

Abbreviation Film composition
CSA Chitosan solubilised in the aqueous acetic acid
CSACVC Chitosan solubilised in the aqueous acetic acid and activated with carvacrol
CSAGLY Chitosan solubilised in the aqueous acetic acid and plasticized with glycerol
CSAGLYCVC Chitosan solubilised in theaa:dure);ziiiicz(zt(;cm?icti:galstcjek;zlth activated with carvacrol
CSE Chitosan solubilised in the hydroalcoholic acetic acid

CSECVC Chitosan solubilised in the hydroalcoholic acetic acid and activated with carvacrol

CSEGLY Chitosan solubilised in the hydroalcoholic acetic acid and plasticized with glycerol

Chitosan solubilised in the hydroalcoholic acetic acid and both activated with

EGLYCV
CSeGLycve carvacrol and plasticized with glycerol
PE Polyethylene
PECSE Polyethylene coated with chitosan solubilised in the hydroalcoholic acetic acid
PECSECVC Polyethylene coated with chitosan solubilised in the hydroalcoholic acetic acid and

activated with carvacrol
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Schematic presentation of preparation of chitosan based films is given in Fig. 3.1.
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Figure 3.1. Chitosan based films preparation.

3.2.2.Chitosan coated polyethylene films

A hydroalcoholic acid chitosan solution was prepared as described in the section
3.2.1. Chitosan coated polyethylene films were fabricated in the Laboratory CNAM-
PIMM Paris, France according to Sollogoub et al. (2009). The system design is given in
the Fig. 3.2., and schema of produced films in the Fig. 3.3. The coating was carried out
at room temperature, using a Nordson slot die (ChameleonTM), appropriate to fluids
of viscosity ranging between 0.5 and 2 Pa/s. The die is fed continuously by a gear
pump, the flow rate of which is adjustable from 5 to 500 mL/min. A roll winding device
creates movement of the support material at a speed ranging between 0.2 and 4
m/min. The deposit width is set to 100 mm and the die opening to 150 m. Films were
dried in a flow of a dry air at 50°C. After drying, they were stored in a ventilated
climatic chamber (KBF 240 Binder, ODIL, France) before measurements.

Slot applicator Asspiration system

Motor

Polyolefin film tube

Figure 3.2. Coating system for obtaining chitosan coated polyolefin films.
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a) (Y  r: supvor
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Figure 3.3. Schema of (a) chitosan coated and (b) activated chitosan coated

polyethylene.

For the industrial scale production, samples were prepared and dried in the
Wipak, Gryspeert S.A.S., Bousbecque, France. These samples were used for industrial
trials, packaging of real food products (Welience, Lactalis, Salaison Dijonaise and
Chazal) and sensorial evaluation of these products. A hydroalcoholic acid chitosan
solution was prepared as previously described. The prototype material named BIAXER
65 XX HFP was used as coating support material. Coating solutions were either cast on
the BIAXER 65 XX HFP or activated BIAXER 65 XX HFP. Activated BIAXER 65 XX HFP
corresponds to film obtained after extrusion of polymer compounds mixed with

carvacrol. Two experimental designs were used (Fig. 3.4.).

b

“Sealing layer”
“Barrier Iavers" BIAXER 65 XX HFP

—>  ‘“Active layer”
“Activated”

o
= “Barrier layers” | BIAXERB5XX
A — e

e

b)

Figure 3.4. Schema of chitosan coatings on BIAXER 65 XX HFP.

In the first one (a), coating was applied on the reference material. In the second
one (b), it was applied on the already modified material that had active compound
(carvacrol and/or thymol) incorporated in its mass. The experimental design was made
to apply 0.2 g of a coating per m? of film with dry mass based of 0.06% carvacrol and
1% chitosan (before drying). These modified materials were also produced in the
Wipak factory by the extrusion process followed by flexography to apply the coating.

The codification and possible variations of films is given in the Table 3.5.
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Table 3.5. Composition and codification of multilayer packaging films.

Abbreviation Film composition
Carvacrol containing chitosan coating on the BIAXER 65 XX HFP
BIAXER 65 XX HFP AP
65 8 AP1 (that contains 0.1% of thymol in synthetic polymer mass)
BIAXER 65 XX HEP AP9 Carvacrol containing chitosan coating on the BIAXER 65 XX HFP

AP2 (that contains 1% of thymol in synthetic polymer mass)

Carvacrol containing chitosan coating on the BIAXER 65 XX HFP

BIAXER 65 XX HFP AP10
AP3 (that contains 0.1% of carvacrol in synthetic polymer mass)

Carvacrol containing chitosan coating on the BIAXER 65 XX HFP

BIAXER 65 XX HFP AP11 . . .
AP4 (that contains 1% of carvacrol in synthetic polymer mass)

Printing machine Carint, type Flexo 6 groups, was used to produce coated films
(Fig. 3.5.). Following parameters were used: temperature of a tunnel: 70°C, width: 950
mm, speed: 100 m/min. After drying, all samples were packed in the aluminium foils
and stored in the factory stock.

Figure 3.5. Flexoprinter Carint (a) Anonymous; b) Wipak, Bousbecque

3.3. Characterization of film forming solutions
3.3.1. Rheological behaviour of film forming solutions

The rheological behaviour of film forming solution (FFS) was analysed at 20+1°C
by means of a viscosimeter (HAAKE RotoVisco 1, Thermo Electron Corporation,
Karlsruhe, Germany). Rheological curves were obtained after a stabilization time of 3
min. The shear stress T was measured as a function of shear rate y (s*) from 0 to 250

st The power law model:
T=K-y" (Eq.3.1.)

was applied to determine the consistency index (K, Pa/s) and the flow behaviour index

(n, dimensionless).
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3.3.2. Structure and dispersion of film forming solutions

The structure of the film forming solutions as well as that of resulting film was
studied by laser light scattering. The instrument Malvern Mastersizer Hydro 2000 SM
(Malvern Instruments Ltd, Worcestershire, UK) was used. It uses the principle of
measuring an optical model, where the incident laser beam is diffracted by the sample
(Fig. 3.6.). This technique is based on measuring the intensity of diffraction of an
incident radiation by the particles present in the sample. A light beam penetrates
circulating sample and comes to the particles which deflect light as they pass in front
of the light beam (Fig. 3.6.a). Finally, the signal is detected (Fig. 3.6.). The light ray
encountering a particle can be absorbed or transmitted. Because the particles are
completely opaque at the temperature of analysis (20°C), the light does not penetrate.
Particle size distribution of dispersed particles is actually a list of values or a
mathematical function that defines the relative amount of particles present, sorted by
their size. Particle size distribution is calculated by comparing a sample's scattering
pattern with an appropriate optical model using a mathematical inversion process.

Two different models are used, the Fraunhofer approximation and Mie Theory.
While Mie theory describes scattering in all directions in space related to meeting the
obstacle, the Fraunhofer theory of diffraction of light is applied if particle size
significantly exceeds the wavelength used (>1mm). The principle of Fraunhofer
therefore applies to all steps to convert the angular profile in particle size, by avoiding
the need to introduce the refractive index of the dispersed phase. The diffraction angle
depends on both the particle size, shape and the wavelength of the incident light and
is inversely proportional to the particle size. The particle diameter is thus determined
on the assumption of spherical particles. The intensity of the diffracted radiation is a
function of radius of the particle. The angle of diffraction is larger for smaller particles
(Fig. 3.6.a). Analysis of the particles as a whole provides the distribution of their
dimensions, with the number of particles of each size, by measuring an "equivalent
diameter of diffraction”. Moreover, this type of analysis provides a mathematical
distribution of particle size at which an average diameter can be deduced. The size
distribution is usually in the form of histograms, the relative proportion, expressed as
frequency of different size classes of the population. The instrumentation used allows
measurements from 0.1 to 2000 microns. In this distribution, two averages are

determined: the surface-average diameter (d; ;) and volume mean diameter (d,3):
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where, n; indicates the number of particles of diameter d..

e
Incident light b O Smallangle scattering
| —
Incident light » O Large angle scattering
a) .

Laser light
source

; o Scattered light
Particles Fourier
detector
lens

b)

Figure 3.6. a) Diffraction of a laser beam by small and large particles and b) laser

scattering measurement principle.

The average diameter d;, (Sauter’s diameter) represents the fineness of the
solution in terms of area ratio. It corresponds to the diameter of a sphere with the
same volume to surface area ration as the particle. Equivalent volume/mass diameter,

ds 3, is @ diameter of a sphere with the same volume (mass) as the particle.
To analyze the sample, few drops of film-forming solution were dispersed in the

dispersion module containing appropriate solvent (aqueous acetic acid or

hydroalcoholic acetic acid). Dispersion was stirred at 2020 rpm in order to dilute
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sample and to allow the passage of liquid in the optical cell. To verify the particles
distribution after film drying, samples were prepared by dispersing 1 g of dried film in
50 mL of appropriate solvent at room temperature with moderate magnetic stirring.
To identify the incidence of particles aggregation (chitosan and/or carvacrol and/or
glycerol), samples were also dispersed under moderate magnetic stirring in 50 mL of a
0.1% (w/w) Triton X-100 solution at room temperature according to Karbowiak et al.
(2007). Reproducibility was tested by carrying out nine measurements of each

replicate.

3.4. Physico-chemical characterization of chitosan based films and
coatings

3.4.1. Aroma compound retention and release

3.4.1.1. Aroma compound retention in biopolymer matrix

In order to follow the aroma compound release/retention, solvent extraction
technique and a gas chromatography analysis were performed. N-hexane was used as
the extraction solvent (due to high affinity of carvacrol for n-hexane). Pieces of dry film
were put in the glass vial and a known amount of n-hexane was added at ratio 0.2:1.5
(m/v), followed by stirring till the entire aroma compound was extracted. The aroma
compound extraction yield was taken into account for the final calculation. The
extraction yield was measured by successive extractions till the sample was exhausted.

The aroma compound was quantified by injecting the extract into a gas
chromatograph and calculated from an external calibration curve. For each sample

three repetitions were performed.

3.4.1.2. Measuring of the aroma compound in gas phase

In order to measure the carvacrol release from the film (solid phase) into a
headspace (gas phase), a static headspace method was used. The film was put into a
headspace vial (40 mL Supelco) and then sealed immediately with Mininert Valves
(Supelco). Each measurement was carried out at the equilibrium and the time
determined to reach equilibrium was 4 h at 25°C. After equilibration, a volume of 1 mL
of headspace air was taken out using a gastight syringe (Hamilton, Switzerland) and
injected in the gas chromatograph. Two headspace injections were made per vial. The
amount of carvacrol released in the gas phase was calculated from the external

calibration curve.
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3.4.1.3. Gas chromatography analysis

The volatile flavour compounds in the film extracts and in the headspace above
the film were analyzed by a Shimadzu GC 14B gas chromatograph, equipped with a
flame ionization detector (GC-FID) and 30 m length DB-Wax column (J&W) with 0.53
mm i.d. and 1.0 um film thickness and nitrogen as carrier gas (60 kPa). Hydrogen and
air were used as ignition gases. The oven temperature programme was set at 210°C,

isothermal. The injector and detector temperature were at 240°C, isotherm.

3.4.1.4. Calculation of partition coefficient

The partition coefficient is defined as the mass concentration ratio of the
molecule between two phases (gas phase above and in the film). After drying, the
obtained antimicrobial film is a solid matrix. The partition coefficient studied in this
work can be defined as follows:

K=%  (Eq3.4)
f

with C,, concentration of the volatile compound in the gas phase (garoma/gair) above the

Cs, concentration of the volatile compound in the film (garoma/&fiim)-

3.4.1.5. Determination of drying curves

Drying curves were obtained by plotting a graph of moisture ratio versus time.
The moisture content at each time interval (once per hour) was calculated from the
weight loss data and the dry solid weight of the sample, till no further weight loss was
observed. Aroma compound concentration in solution/gel/film at a given time was

determined as described in section 3.4.1.1.

3.4.1.6. Release kinetics of carvacrol

In order to follow the carvacrol release, an extraction technique and a gas
chromatography analysis were performed. Samples were conditioned at <2%, 75% and
>96% RH and 4, 20 and 37°C for more than 60 days. At each sampling time, the dosage
of the carvacrol residues was tested as described in 3.4.1.1. For each sample three
repetitions were performed. To determine diffusion coefficient of carvacrol, Fick’s
second law was used which describes the change in the concentration of diffusing
molecules in the films with respect to time and position. To be able to use Fick’s
second law, it was assumed that there is no chemical reaction between carvacrol and

film matrix. Thus the mass transfer in the film takes place only by diffusion coefficient
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of carvacrol in the film, D, considered as constant. A solution of Fick’s second law is
given by Crank (1975). Carvacrol apparent diffusivity was estimated by fitting Eq. 3.5.

to the experimental kinetic data using a pre-estimation of D using Microsoft Excel.

M, i 8 @n+ 1'% o3
My~ L (2n+1)°n? exp 412 (Eq.3.5.)
n=

where t is the time (s), M; the amount of carvacrol released (g/g) from the film at time

t (s) and L the film thickness (mm). The equation was fit with n=6.

3.4.2. Structure properties of chitosan films and coatings

3.4.2.1. Thickness measurement

Film thickness was measured with an electronic gauge (PosiTector 6000,
DeFelsko Corporation, USA). The final values were reported as the mean of 5

measurements at 5 different locations of the film surface.

3.4.2.2. Colour measurements

The colour of the film was determined using a colorimeter (Minolta, CM-3600d,
Tokyo, Japan). Hunter L*, a*, and b* values were averaged from three readings across
for each sample, and then the total colour difference (AE) was calculated according to
Ghorpade et al. (1995).

3.4.2.3. Film microstructure

The film microstructure was examined using Environmental Scanning Electron
Microscopy (ESEM, Philips XL 30 ESEM, Japan).

ESEM allows the examination of practically any specimen under any gaseous
conditions, unlike conventional SEM (Scanning Electron Microscopy) which operates in
vacuum. Then as chitosan films had certain amount of water and aroma compounds,
to avoid the evaporation of those, ESEM was used. Samples do not need to be
desiccated and coated with gold—palladium, so their original characteristics may be
preserved for further testing or manipulation.

An ESEM employs a scanned electron beam and electromagnetic lenses to focus
and direct the beam on the specimen surface in an identical way as a conventional
SEM. A very small focused electron spot (probe) is scanned in a raster form over a
small specimen area. The beam electrons interact with the specimen surface layer and

produce various signals (information) that are collected with appropriate detectors.
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The output of these detectors modulates, via appropriate electronics, the screen of a
monitor to form an image that corresponds to the small raster and information, pixel
by pixel, emanating from the specimen surface.

A 5x10 mm? film was fixed on the support using a double side adhesive tape with
an angle of 90° to the surface to allow the observation of the film cross section and
film surface. The surface in contact with the glass support during drying will be
referred to as the “support side” and the other surface in contact with the air during
drying will be referred to as the “air side”. All the films were cut with a new razor blade
to prevent as much as possible any morphological damage. The films were observed at
different magnifications up to x15000 for focusing and images were taken at
magnification from x800 to x2500 with an intensity of 8 kV and absolute pressure of
230 Pa.

3.4.3. Mechanical properties

To determine mechanical film properties, universal test Machine (TA.XT plus
model, Stable MicroSystems, Haslemere, England) was used according to ASTM
standard method D882 (ASTM, 1992). Tensile strength (TS), film elastic modulus (EM)
and elongation (E) properties were determined from stress—strain curves, estimated
from force deformation data. Equilibrated film samples were mounted in the film
extension-grips of the testing machine and stretched at a rate of 50 mm/min until
breaking (Fig. 3.7.).
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Figure 3.7. a) Schema of a module used for testing mechanical properties and b)
evolution of constraint/deformation curves in function of polymer glass transition
temperature (Tg) (adapted from Gibson and Ashby, 1988).
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At least eight replicates of each type of film formulation were tested. Samples
were cut in a rectangular section of 1 cm wide and 10 cm long. Before testing, all
samples were equilibrated for 7 days at <2, 30, 52 and 75% RH in a cabinet using

adequate saturated salt solutions at 25°C.

3.4.4. Thermal properties

3.4.4.1. Thermal gravimetric analysis

A thermal gravimetric analysis (TGA) was used to evaluate the thermal stability
of the samples. TGA is a type of testing performed on samples that determines
changes in weight in relation to a temperature program in a controlled atmosphere.
Analysis is carried out by raising the temperature of the sample gradually and plotting
weight (percentage) against temperature.

Thermogravimetric measurements were made using a TGA Q500-0574 (TA
Instruments). The samples were heated from 25°C to 700°C at a heating rate of

10°C/min under a nitrogen atmosphere. Films were stored at 25°C and 0, 30, 75 and

~100% RH at least 7 days prior to measurements.

3.4.4.2. Differential scanning calorimetry

Differential scanning calorimetry (DSC) monitors heat effects associated with
phase transitions and chemical reactions as a function of temperature. The differential
heat flow required to maintain the same temperature in the testing sample and in
thermally neutral sample, used as a reference, is measured. The sample and reference
are heated by independent elements. A signal proportional to the difference of heat
supplied to the sample and to reference is obtained. The curve AH/At (t=time)
depending on the temperature (T) is recorded.

A differential scanning calorimetry was performed using a DSC Q1000-0506
(TA Instruments). An empty capsule was used as an inert reference and the calibration
was performed using the indium standard. The accuracy of the measurements was
estimated at +0.1°C. The heating and the cooling rates under nitrogen atmosphere
were fixed at 10°C/min. Since chitosan is a hydrophilic polymer which tends to retain
moisture, the experiment consisted in the 2 runs in order to eliminate the moisture
effect. The following temperature program that ranged between 80°C and 350°C was
used for all the samples:

a) equilibrating at 25°C, cooling from 25°C to -80°C at a rate of 10°C/min,
isothermal for 10 minutes and heating to 220°C, isothermal for 5 minutes ;

b) cooling down to -80°C at a rate of 10°C/min, isothermal for 10 minutes;
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c) reheating to 350°C at a rate of 10°C/min, isothermal for 5 minutes;

d) and finally cooling down to 25°C at a rate of 10°C/min.

Prior to the experiments samples were conditioned at 25°C and 0, 30, 75 and
~100% of relative humidity (RH) for at least 7 days. Reproducibility was tested by
carrying out the two measurements for each sample. The mass of all the samples was

around 10 mg.

3.4.5. Surface properties

3.4.5.1. Fourier Transform Infrared Spectroscopy - Attenuated Total Reflectance

The infrared spectroscopy gives a data about the interactions between the atoms
and their vibrations. The vibrational frequencies are determined by the shape, the
mass of the atoms and eventually by the associated vibronic coupling. The changes on
film’s surfaces were assessed by FTIR-ATR spectroscopy (Brucker, IFS 28, equipped
with zinc selenide (ZnSe) crystal). Data treatment was done using a Software OPUS. All
spectra were an average of 64 scans at a resolution of 4 cm™, from 650 to 4000 cm™
and determined at 25°C. Samples were previously conditioned at 25°C and 30% of

relative humidity (RH) for at least 7 days prior to the experiments.

3.4.5.2. Contact angle and wettability

Mathematical definition of the contact angle

The first definition of the contact angle goes back to the Greek mathematician
Euclid in Euclid's Elements: the angle between the tangent and the circumference.
Then, with the birth of calculus, Newton, in a manuscript from 1664, stated that: "The
contact angle is compared to another angle as a point vis-a-vis a line, because the
curvature of a circle equals four right angles, and this curvature can be conceived as
consisting of an infinite number of contact angles, as a line consists of an infinite
number of points" (Loget, 2002). Now it is defined as: "the dihedral angle formed by

two contiguous interfaces to their apparent intersection" (B.0O., 2003).

Determination of a contact angle

Contact angle (0) is described as a relationship between the surface tension at a
point of the three phase contact line (Fig. 3.8.) between a solid phase S, a liquid L and
its vapour V given by:

yLy - cosO = yS, —yS, (Eq.3.6.)
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where yLy, ySy and yS, are the surface tensions of the liquid-vapour, solid-vapour and

solid-liquid, respectively (Young, 1805).

Liquid drop

Solid surface

Figure 3.8. Contact angle of a drop of liquid deposited on a solid surface and the

surface tension at the contact point of three phases.

The Young equation, based on a thermodynamic equilibrium can be applied to
isotropic solids, smooth, and rigid surfaces, free of chemical reaction/dissolution in the
presence of liquid. Still, in many ways, most solid surfaces deviate from perfection
(smooth, chemically homogeneous, rigid, insoluble and non-reactive). In reality these
surfaces are often heterogeneous, deformable, rough, etc. The contact angle value is
dependent on surface heterogeneity, but as Drelich (1997) pointed out, there is no
universal theoretical model for this phenomenon with all the possible cases that could

exist.

The contact angle was measured by the sessile drop method, in which a droplet
of the tested liquid was placed on a horizontal film surface. Measurement was done
using a DGD-DX goniometer (GBX, Romans-sur-lsere, France), equipped with the
DIGIDROP image analysis software (GBX, Romans-sur-lsere, France) according to
Karbowiak et al. (2006) (Fig. 3.9.). The sessile drop method is basically an optical
contact angle method, which is the most frequently used to estimate wetting
properties of a solid surface. A droplet of a testing solution (~1.5 pL) was deposited on
the film surface with a precision syringe. The method is based on image processing and
curve fitting for a contact angle measurement. This is made from a theoretical
meridian drop profile, measuring contact angle between the baseline of the drop and
the tangent at the drop boundary. Video acquisition of a magnified image of the drop
profile is conveyed to a computer via a CCD camera, which enables to quantify changes
in the droplet shape recorded as digital images over the time. The contact angles were
measured on both sides of the drop and averaged. The measurement was carried on

over 120 s. The effect of evaporation was assessed on the aluminium foil considered as
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an impermeable reference surface. All measurements were done on both sides of the
films. For chitosan self supported films, the surface in contact with the glass support
during drying will be referred to as the “support side”. The other surface in contact

with the air during drying will be referred to as the “air side”.
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Figure 3.9. Schema of the experimental system used for contact angle

measurements.

Determination of surface tension and critical surface tension

The surface tension of the film forming (coating) solutions (y.) was measured by
the sessile drop method and Laplace-Young approximation (Song and Springer, 19963,
1996b). In order to determine the drop shape, using the image analysing software,
solutions were taken with a 1 mL syringe (Hamilton, Switzerland). The estimation of
the critical surface tension (yc) of the PE, the coated PE and the self-standing chitosan
films was obtained by extrapolation from the Zisman plot (Zisman, 1964). Zisman plots
were obtained by plotting the cosine of the contact angles (cosB) of a series of
standard liquids (Chapter 7, Table 7.1.) on the film surface versus the surface tension
of the same liquids (Fig. 3.10.). The critical surface tension values of films are the mean
of the extrapolation of cos® for the liquids that form approximately a straight line.
Extrapolation of this line to the point of cosB=1, yields the value of the critical surface

energy equal to liquid surface tension (y.) at this point.

66



Chapter 3 Materials and Methods

Liquid 1
Liquid 2
Liquid 3
Liquid 4
Ligquid 5

Liquid 6

Cosine of a contact angle

0 Ye

Liquid surface tension (mN/m)

Figure 3.10. The Zisman plot design.

Absorption flux

Absorption flux (F.,s) was obtained from the drop volume kinetics taking into
account the evaporation flux (Feva), according to Karbowiak et al. (2006). When a water
drop is deposited onto a solid surface a decrease of volume and contact angle occur.
To explain this decrease over a time, two mechanisms are suggested: evaporation that
results due to the pressure difference between the water drop and the surrounding

atmosphere, and absorption inside the film.

V() =V(0) - Veva(t) - Vabs(t) (Eq.3.7.)

where V.., is the evaporated volume (uL) and V,ps is the absorbed volume (uL).

Considering that absorption is negligible in aluminium foil, it was used as

reference to estimate the evaporation flux Feys as follows:

Fopy = Vora(t) =V (t +dt) _ AV, (Eq.3.8.)
Ag(t)-dt Ag(t)-dt

where Ag is the surface area of the water droplet on this reference material.
The volume absorbed by a hydrophilic material can therefore be calculated after

the subtraction of the evaporated volume. The initial volume of the droplet as well as

the contact area is dependent upon the measurement as they are controlled manually
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by accurate syringe. The absorbed volume at time t can be determined from the
reference evaporation flux and the surface area of the droplet on the tested surface:

dV ) =V(t)=V(t+dt)-dV,,,(t)=dV(t)—dV,,,(t) (Eq.3.9.)
dV, () =dV(t)—F,,, -dt- Ag(t) (Eq.3.10.)

where As is the surface area of the water drop on the tested surface.

The absorption flux F,,s is thus the absorbed volume per base area unit (that

corresponds to the interface liquid/solid) and per time unit:

dv,
F, =—_—labs Eq.3.11.)
abs AB(I)-dt (

where Ag is the base area of the water drop on the tested surface.

When swelling occurs, the droplet volume increases so F,,s cannot be estimated.
The swelling index was obtained from the drop volume kinetics using the following
equation:

SWindex = ?/_‘0/ - 100 = VZV;OVl -100 (Eq.3.12.)

where AV is the droplet volume variation (uL) during dt time (s) measured on the
film sample. V, is the maximal volume (uL) of the droplet, V; is the minimal volume

(uL) of the droplet and Vy is the initial volume (uL) of the droplet.

Surface free energy and wettability

Surface free energy and its polar (ysp) and dispersive (ysp) components were
calculated by the Owens—Wendt method (Owens and Wendt, 1969):

Ys = VYsp + Vsp (Eq.3.13.)
YL (1 + cos8) = 2((ysp - VLD)O'S + (Ysp - VLP)O'S) (Eq.3.14.)

Because two unknowns, ysp and ysp appear in Eq. 3.14,, it is insufficient to
determine the SFE of a polymer. Thus, the contact angle has to be measured using two
measuring liquids of known surface tension and their polar (y.p) and dispersive (y.p)
component (deionised water as the liquid with the dominant polar component and

diodomethane with the dominant dispersive component). That yields to the two
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equations in the form of Eq. 3.14., with different values of the constant coefficients. As

a result, a system of two linear equations is obtained:

(¥sp)*® + a(ysp)®® = b(1 + cos6 1)
(Ysp)®® + c(ysp)®® = d(1 + cosf ;) (Eq.3.15.)

where a, b, ¢, d are the coefficients dependent on the types of these liquids and 8; and

B, are contact angles of water and diodomethane over a tested film.

The Young’s equation, which describes the contact angle with interfacial tensions
of solid and liquid, clearly shows that the wetting is favoured by a low ys, a high ysy
and a low y.y, and that spreading occurs when ysy - ys.> yuv (Fig. 3.8.). If spreading does
not occur, the drop is finite as dimensional, and then, at equilibrium, it leads to the
existence of a contact angle. In theory, the value of the contact angle can vary from 0°
to 180°. A contact angle of 0° implies a full spreading of the liquid to the solid surface,
while a value of 180° corresponds to a surface absolutely non-wettable, which

represents the limit of a system without unreal interactions (Fig. 3.11.).

Poorwetting

15°

— R

0°

 — T

Figure 3.11. Wetting of a solid surface.

When considering the attractive forces at a given interface, it has been
suggested that the liquid-vapour interfacial tension is the sum of contributions from
the different intermolecular forces (Kaelble, 1970; Rabel, 1971; Dupre, 1869). For a
pure liquid, if polar and dispersive interactions are known, and if the contact angle
between that liquid and a solid is obtained, the interaction can be described by the
adhesion coefficient (work of adhesion per unit area, W,), given by Dupre equation
(Dupre, 1869):

Wo =Ysy + Vv —Vis (Eq.3.16.)
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where W, is the work of adhesion between the liquid drop and the solid (the
work necessary to separate the liquid from the solid to give both solid and liquid

phases in equilibrium with the vapour phase) to obtain:
W, = v1,(1 + cosO)(Eq.3.17.)

Cohesion coefficient (work of cohesion per unit area, W,) is given by:

W, = 2y,y (Eq.3.18.)
Then, spreading coefficient (W) for a liquid over a solid is calculated as:

W =W, =W, =VYsy —VYiv — Vis (Eq.3.19.)

The physical significance of this energy change is the work needed to separate
the solid and liquid from the solid/liquid interface. The equilibrium spreading

coefficient can only be negative or equal to zero.

3.5. Transfer measurements
3.5.1.Theoretical background

Key characteristics of packaging materials are their barrier properties to gases
and vapours. Gas permeation has been studied for over 150 years. However,
significant advances in the understanding the gas permeation have been made only in
the last three decades. The interest in the field was generated from developments of
new synthetic polymeric materials. The permeation is affected in a complex way by a
number of parameters within the material, like flexibility of the polymer chains,
morphology, orientation, crystallinity, interaction between the permeant molecules
and the polymer, and interaction with eventual filler (Chapter 2). The first study of gas
permeation through a polymer was conducted by Thomas Graham in 1829 (Stannet,
1978). He observed a loss in volume of a wet pig bladder inflated with CO,. In 1866,
Graham gave the solution to diffusion process, where he postulated that the
permeation process involves the dissolution of penetrant, followed by transmission of

the dissolved species through the membrane.
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The transfer of a molecule through the polymer film is governed by the
concentration gradient, from the highest concentration to the lowest concentration.
The permeability of a polymer film is often described in three stages:

1) the solution or sorption of the diffusate into the surface of the polymer

exposed to higher concentration;

2) migration or diffusion of the dissolved solute through the polymer according

to the concentration gradient towards the opposite surface; and

3) desorption on the opposite side of the film (Fig. 3.12.).
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Figure 3.12. Transfer mechanism through polymer film.

Sorption involves the take-up of molecules from environment into package, but
not through it. Diffusion refers to the transport of molecules through the polymer.
Desorption is the opposite of sorption. Migration is the passage of molecules originally
contained in the packaging material to a food product. Finally, permeability includes
the transfer of molecules through the package, from inside of the packaging to the
external environment or vice versa.

The solubility, diffusion, and permeability coefficients are key parameters that

affect a polymer’s barrier performance.

3.5.1.1. Diffusion process

Diffusion represents the kinetic property of the polymer-permeant system. It
occurs as a result of natural processes, which tend to equal out the concentration of a
given species of molecules in a given environment. According to Crank (1975), the
diffusion coefficient describes the mechanism by which molecules move in a material
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under the effect of a potential gradient, following a succession of random molecular
motions in all directions in a space. The model proposed by DiBenedetto and Paul
describes the transport of gas molecules parallel to the polymer chains (DiBenedetto,
1964). The gas molecule is assumed to be trapped in the bundle under equilibrium.
During a thermal fluctuation, the expansion of chains near the molecule creates a
cylindrical passage, thereby allowing the gas molecule to make a diffusional jump to
the other end of this passage. With the closing of the passage, the gas molecule is at a
new position under thermal equilibrium. On the macroscopic scale, this movement
coincides with a small displacement of gas molecule along the chain. These random
displacements result in the diffusion of the gas molecule through the membrane.

The diffusion coefficient is defined by Fick’s first law:
=D (Eq.3.20
J=-Dys  (Eq.320)

where J (g/m?:s) is the transfer rate, in other words, the quantity transferred per unit
time and per unit area, C (g/m?®) is the concentration of permeant, x (m) is the

thickness of the films and D (m?%/s) is the diffusion coefficient.

There are two types of diffusion behaviour in the polymer:

° Fickian behaviour which is characterized by diffusion coefficients
independent of concentration. This behaviour is often observed in the diffusion
of gases such as oxygen in synthetic polymers.

° Non-Fickian behaviour which is characterized by diffusion coefficients
dependent on the concentration or time. This behaviour is observed for water

vapour and organic vapours in organic polymers (Neogi, 1996).

3.5.1.2. Sorption process

The sorption process is described as the distribution of penetrating molecule
between two or more phases. It includes adsorption, desorption and incorporation
into the gaps, but also the formation of aggregates, "clusters" and other phenomena
(Rogers, 1985). Sorption is governed by the strength of interactions between

Ill

permeant/permeant, permeant/polymer and polymer/polymer. ,ldeal” sorption is the

most easily expressed by Henry's Law:

C=S-p (Eq.3.21.)

72



where p (Pa) is the partial vapour pressure of the permeant, C (g/m?) is the
concentration of the permeant and S (g/m>-Pa) is the solubility coefficient. S depends

on the temperature and varies with the vapour pressure of the solute.

3.5.1.3. Permeability

The permeability is selective process and is characteristic of the

polymer-diffusate interaction when the latter is an organic liquid in which the
macromolecular films swell. The permeability coefficient includes both kinetic and
thermodynamic properties of polymer-permeant system and involves three steps as
previously mentioned.

The balance of compounds around a thin polymer membrane can be described
by the Fig. 3.13.

Figure 3.13. Diffusion flow around a thin polymer membrane.

The rate of diffusion (or flow) of the permeant on the distance interval, Ax, is

equal to the cumulative rate of permeant in the membrane according to Eq. 3.22.:

d(C-Ax)
Jx = Jerax = == (Eq.3.22.)

where C is the concentration of permeant, A the film surface, C-Ax is the amount of
permeant in the membrane depending on the distance Ax at any time. The expresion
on the right side of Eq. 3.22. represents the exchange rate of the permeant in the
interior of the membrane. Dividing Eq. 3.22. by A-Ax and by taking the limit of Ax close

to zero, gives:

. _ ]x _]x+Ax _ a] _ aC
lim = ———— -

Ax—0 Ax N & N E (EQBZB)
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If the sorption equilibrium is quickly established, the rate of passage of the gas
through the polymer film depends mainly on the rate of diffusion. In this case,
assuming that D is constant and the substitution of J with D in the Eq. 3.23., gives the
second Fick's law that describes the non stationary state of the film:

9%c _ ac

Permeation of small molecules in polymer depends on their solubility and
diffusivity. The mass transfer of simple gases such as hydrogen, air, oxygen, carbon
dioxide, and nitrogen through polymer films is described by the Eq. 3.25. that relates
solubility (S), diffusion (D), and permeability coefficients (P):

P=£(D,S) (Eq.3.25.)

If D and S are independent on the concentration, P can be expressed as:
=P®  (Fq.3.26.)
J = P q.3.26.

In practice, the permeability is defined as a steady state for D and S. Integrating

the equations 3.20., 3.21. and 3.22., following relation is obtained:

_ (am/dt) |

e (Eq.3.27.)

where, M is the amount of permeant (g) over time t (s), A (m?) the exchange surface of
the exposed film transfer, Ap (Pa) the partial pressure difference and e (m) is the film

thickness.

3.5.2.Gas permeability measurements

The gas permeability determination was performed using a manometric method,
on a permeability testing appliance, Brugger, Type GDP-C (Brugger Feinmechanik
GmbH, Germany) according to ISO/DIS 15 105 1.

The sample is put between the top and bottom part of the permeation cell. The
volume of the bottom part is as small as possible and known. Prior to each test the
bottom part of the permeation cell is evacuated. During testing the top part is filled
with the test gas. In the other chamber the pressure increases because of the
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transmission through the specimen. The permeation rate is calculated than based on
the pressure increase.

The increase in pressure during the test period was evaluated and displayed by
an external computer. Data were recorded and permeance was calculated by a GDP-C
Software. The sample temperatures (4 and 25°C) were adjusted using an external
Thermostat (HAAKE F3 with Waterbath K). The desired relative humidities ranging

from 0 to ~96% were regulated in the top part of the permeation cell. For a first series

of measurement a glass fibre disc was humidified with a saturated salt to set up the
desired humidity. In the second experimental series, the relative humidities were
regulated using external saturation systems with different salt solutions for each
relative humidity differential. Relative humidity in the chamber was checked during
the whole experimental period using Optic USB Base Station HOBO Pro v2
temperature/relative humidity data logger (Onset®HOBO®Dataloggers, U23 Pro v2,
France) and the data were recorded on the PC and transferred using a special software

HOBOware Pro 3.0. Three repetitions were made for each sample.

3.5.3.Water vapour permeability measurement

The water vapour permeability (WVP) of films was determined gravimetrically
using a modified ASTM E96-80 (1980) standard method, adapted to edible materials by
Debeaufort et al. (1993).

The driving force of water vapour diffusion through a film is the difference
between the partial pressures of water vapour in air on both film sides. In a stationary
state, equilibrium is established on both film sides between the water concentration
on the membrane surface and the water vapour concentration in air that is dependent
on the temperature at the film surface and its surroundings. If the partial water vapour
pressures on both sides are different, a gradient of water concentration is established
in the film and the permeation occurs.

In this work, three relative humidity differentials of A 33-0%, A 75-30% and A
100-30% and the temperature of 25+1°C were used. Prior to the WVP measurements,
all the film samples were equilibrated at 25+1°C and 30% relative humidity for at least
72 h. The film samples were then placed between two Teflon rings on the top of the
glass cell (Fig. 3.14.) containing different salt solutions. These permeation cells were
introduced into a ventilated chamber (KBF 240 Binder, ODIL, France), maintained at
30% RH and 25+1°C. WVP (g/m-s Pa) was calculated from the change in the cell weight
versus time at the steady state, using the following equation:
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WVP = am Eq.3.28
_At-Ap-Ae (Eq.3.28.)

where Am/At is the weight of moisture loss per unit of time (g/s), A is the film area
exposed to the moisture transfer (9.08x10™ m?), e is the film thickness (m), and Ap is
the water vapour pressure difference between the two sides of the film (Pa). Three

replicates for each film type and RH gradient were made.
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Figure 3.14. Water vapour permeation cell.

3.5.4.Moisture sorption isotherms

3.5.4.1. Theoretical background

The sorption isotherm allows estimating the water content at equilibrium of a
solid material exposed to the surrounding moisture. This measure is widely used in the
field of bio-based materials and foods. It allows determination of ideal conditions for
storage of these materials to prevent microbiological spoilage and preserve their
mechanical strength. The sorption isotherm of a product is the graphical relationship
between water content and water activity at equilibrium for a given temperature. This
relationship is complex. An increase in a, is usually accompanied by an increase in

water content, but in a non-linear fashion.
Considered as the "fingerprint" of a food product, this isotherm curve (usually S-

shaped) shows how water content changes as water activity is increased or decreased

(Roudaut and Debeaufort, 2010). If the composition or quality of the material changes,
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then its sorption behaviour might also changes. The International Union of Pure and
Applied Chemistry (IUPAC, 1985) classified adsorption isotherms into six general types
(Fig. 3.15.). Depending on the nature of material (crystalline or amorphous), the shape
of isotherm is different and corresponds to different types of interactions between

adsorbed substances and adsorbent and/or its porosity.

Water content
=

10 I gt

Figure 3.15. Types of water vapour sorption isotherms (IUPAC, 1985).

The Type | isotherm, called Langmuir isotherm, is typical of microporous solids
and chemisorption isotherms. Type Il is the sigmoid shaped isotherm, shown by finely
divided non-porous solids. If, however, the solid is porous and has a significant internal
surface, then the thickness of the adsorbed layer on the walls of the pores is
necessarily limited by the width (diameter and length) of the pores. The form of the
isotherm is modified correspondingly; instead of type Il and lll, type IV, V and VI exist
(Roudaut and Debeaufort, 2010).

Different mathematical models have been developed for description of sorption
isotherm, for evaluation of specific surface area, of number of a sorbing sites etc. (i.e.
GAB, BET, Langmuir, etc.).

Sorption isotherms can be generated from an adsorption process or a desorption
process. The difference between these curves is defined as hysteresis. This
phenomenon has come from a change of state of the material or conformational
changes of molecules during dehydration (Simatos, 2002).

The moisture sorption isotherms of most foods are non-linear, generally
sigmoidal in shape, and have been classified as type |l isotherms. This type Il isotherm
is usually divided in three zones corresponding to different ways of moisture fixation

on the solid substrate as shown on Fig 3.15. The zone A (a, <0.2) presents the
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adsorption of a monomolecular layer of water. This corresponds to the van der Waals
interactions between hydrophilic parts of the matrix and water molecules. Water
adsorption occurs progressively until it creates a continuous monolayer of water
molecules at both the external surface of the product and on the surface of
infractuosities and pores of the product. Water is considered as strongly fixed and in a
"semi-rigid" state, because of the great importance of interactions between water
molecules and the surface. When the whole surface is saturated, the second zone B
starts (Van den Berg, 1991). Then, it corresponds to the adsorption of successive layers
of water to the monolayer by hydrogen bonds (0.2<a,<0.7). Finally, the third zone C
(aw>0.7) results from an excess water present in macro-capillaries or as part of the
liquid phase in high moisture materials. Herewith, the water is in a liquid state and it
exhibits nearly all the properties of bulk water, and thus is able to act as a solvent (Al
Muhtaseb et al., 2002).

3.5.4.2. Experimental part

An Autosorp (Biosystems, Couternon, France) apparatus was used to determine
the moisture sorption isotherms. To control humidity; HPLC grade water (Prolabo,
France) was used. The desired RH conditions varied step by step from 0 to 85%.
Samples were weighed periodically (0.01 mg/h variability for 500 mg of a sample) with
a time interval of 6 hours. To assure reaching the equilibrium, long periods were
chosen. If the samples did not attain constant weight after 7 days, the next RH was
preceded.

Analysis of the water vapour sorption was carried out at 25°C. Duplicate film
samples, accurately weighed, were placed into proper cells. Prior to measurements,
the tested samples were dried over P,Os for 10 days. Then they were additionally dried
in the Autosorp apparatus under the dry air flow (having dew point at -60°C that
corresponds to RH <0.046%). This value was considered as the initial zero value or
polymer dry basis for water vapour sorption isotherm calculation.

For determination of water vapour desorption isotherms, the polymer dry basis
was considered as the value obtained after desorption process under the dry air flow.
Moreover, samples were additionally dried at 105°C for 48 h at the end of both
sorption-desorption-sorption processes. During this drying the degradation and
reorganisation of chitosan polymorph might occur. Moreover, when films were dried
by this method, colour modification occurred. This denoted some chemical reactions

and possible structure change. Then for the further desorption calculations, the
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polymer dry weight was considered as the final value obtained after the equilibration
of the desorption process at 0% RH.

To describe water vapour sorption isotherms, the semi-theoretical multilayer
sorption model Guggenheim-Anderson-de Boer (GAB) (Anderson, 1946) was used as

follows equation 3.29.:

m, = m, 'CGAB 'KGAB a, (Eq_ 3_29_)
(I_KGAB a, )'[1+(CGAB _1)'KGAB 'aw]

where m; is the equilibrium moisture content on dry basis (g water/g dry
matter). my, is the monolayer moisture value (e.g., it indicates the maximum amount of
water that can be adsorbed in a single layer of dry film, and is a measure of the
number of sorbing sites). This model is the most accepted model for foods or edible
materials. The parameters of the model were determined by adjustment between the
GAB equation and the experimental results, using a regression analysis carried out by
Microsoft Excel and Matlab software (version 7.01, The Mathworks, Natick, MA). The
water molecules are adsorbed by the polar groups on the polymer chains and the next
n-th layer corresponds to the water molecules successively condensed on the first
layer. In the above equation, a,, is water activity, and Cgag and Kgapg are the equation
parameters. In this model, the subsequent layers properties are discriminated from
those of the pure liquid bulk. The Cgag constant is related to adsorption energies of
first and second layers whereas the Kgag constant is related to the adsorption energies
of second and subsequent layers which lie somewhere between the monolayer
adsorption energy and the pure adsorptive liquefaction energy. These constants are
defined by the relations (Quirijns et al., 2005):

AHgap, — AHgyp,

Ceas = Cogage * (— RT ) (Eq.3.30.)
AHGAB n AH[
Keap = Cogage - (— 1RT 1y (Eq.3.31.)

with AHgag: the adsorption enthalpy of the first layer and AHgag, that one of the
subsequent layers. Cogag is Arrhenius type constant to express temperature

dependence of Cgpg.
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3.5.5.Calculation of water vapour diffusion coefficient in film

Taking into account water vapour sorption isotherms and assuming a Fick’s law,
it is possible to determine an apparent diffusion coefficient of water in the film. The
observed phenomenon can be described as the mass transfer through a membrane of
constant thickness (L). Initial conditions are a uniform initial distribution and different
water surface concentrations, zero on one side and infinite for the other side. Mass
transfer problem can be solved using an analytic solution to the Fick’s law applied to

transient state:

M = 8 —-D2n+1) 7%
ro— 1 _
M Z(:‘ (2n+1)7* eXp{ 4r’

- } (Eq.3.32.)
where M;denotes the total amount of diffusing substance which has enter the film at

time t and M. the corresponding quantity after time.

This model was applied to experimental values in order to determine the
apparent diffusion coefficient of water in the film, by minimising the sum of the square
of the differences between measured and predicted values, using Levenberg-
Marquardt algorithm, and taking D as adjustable parameter. Two repetitions were
performed for each studied sample.

Modeling and data analyses were performed using Matlab software (version
7.01, The Mathworks, Natick, MA). The determination coefficient was first calculated
to check the adjustment of the model to experimental data according to Karbowiak et
al. (2011) (see Fig. 9.3. for example). This was done for each individual data series.

3.6. Antimicrobial properties of chitosan films and coatings

Evaluation of antimicrobial efficiency was performed in collaboration and

partially realised by Ms. Sylvie Moundanga from Laboratory PAM-PMB.

3.6.1.Microbial cultures

The following microbial strains were selected as non pathogenic models of
undesirable microbial contaminants in the food industry: Gram positive bacteria
Bacillus subtilis 168 BGSC 1A (Ohio, USA), Listeria innocua DSM 20649 (Germany) and
Lactobacillus plantarum (UMR PAM, Dijon, France); Gram negative bacteria Escherichia
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coli TG1 K12 from the microbiology laboratory culture collection (UMR PAM, Dijon,
France) and Salmonella Enteritidis CIP 81.3 (France) and fungi Penicillium camemberti
DSM 1233 (Germany).

Bacterial cultures were regenerated from cryopreserved strains by plating and
isolating individual colonies on Petri dishes containing LB Agar, for L. innocua, E. coli
and S. Enteritidis, Columbia Agar for B. subtilis or MRS agar for Lactobacillus
plantarum. Pre-cultures were prepared by transferring a single colony into a 250 mL
conical flask containing 50 mL (for E. coli) or 150 mL (for S. enteritidis and B. subtilis) of
LB broth, 150 mL of BHI broth (for L. innocua) or 10 mL of MRS (for L. plantarum). The
bacteria were then cultured overnight (12 h) in optimal temperature conditions (37°C)
and orbital agitation (without agitation for L. innocua and L. plantarum). Then an
aliquot of the pre-culture was used to inoculate an adequate volume of a similar
growth liquid medium (0.5 mL in 50 mL of LB broth for E. coli; 1 mL in 50 mL of LB
broth for S. enteritidis and B. subtilis; 0.5 mL in 100 mL of BHI broth for L. innocua, 10
mL of MRS for L. plantarum) (Fig. 3.16.). Bacterial cells were incubated in the same
optimal conditions of culture as previously described, up to late exponential phase.
Subsequently, these appropriate liquid cultures were then used for inoculation of

nutrient agar plates in order to obtain target bacterial cells.

e Inoculation

Inoculation =—= of il =
| of 1 colony
XmLoflLB XmLofLB
Isolated microbial colonies B 37°C, xx rpm 1! 37°C, sx rpm
Pre-culture Culture

Figure 3.16. Schema of isolation procedure and preparation of a culture.

3.6.2.Inoculation

For P. camemberti, a loopful of mycelium with fungal spores was transferred to a
PDA agar plate. For all bacterial strains, inoculation was carried out with a 48 circular
prongs (8x6 arrays) replica platter (Sigma-Aldrich) suitable for 96 wells microplate.
Only one well out of two of the eight lines and of the first six columns of a sterile 96
wells (8x12 array) microplate (Nunc Brand, USA, Fig. 3.17.) was filled with 200 uL of the

cell suspension obtained as previously described. The replica platter allowed
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performing an efficient and repeatable transfer of bacterial colonies from the
microplate to the agar plate. Therefore 24 drops of equal and always similar volume
(1.5 pL per drop) were regularly dispensed in a 90 mm diameter Petri dish containing
LB agar (for all bacterial strains except L. innocua and L. plantarum), BHI agar (for L.

innocua) or MRS agar (for L. plantarum).

a)

Figure 3.17. Photos of a) replica platter, b) microplate, c) inoculated Petri dish.

In this study, the cluster of cells formed on the agar surface from the whole
cellular population initially contained in a drop of bacteria suspension was called
“colony”. Since only one well out of two of the microplate was filled, drops on the
nutrient agar plate did not touch each over even when colonies grew. Thus 24 distinct
inocula of known and repeatable initial cellular concentration (10 cells per inoculum)
were obtained. The inoculum size had to be high enough to permit the count of cells
stemming from an inoculated drop by classical methods (enumeration with a Malassez
haemocytometer and count of colonies forming units (CFU)) as soon as the
exponential phase of growth. Easy estimation of bacterial growth was achieved by

macroscopic observations and cell diameter measurement of the colonies formed.

3.6.3.Experimental design

The pure aroma compound or the chitosan-based films were laid down on the lid
of the Petri dish and the inoculated agar plate was put in an inverted position above
this lid. In the case of pure aroma compound, a drop of solution was deposited on the
centre of the cover, whereas the film covered the surface of the lid (Fig. 3.18.). To
prevent leakage of vapours, all the plates were sealed with Parafilm’ immediately after
laying of the antimicrobial material. Then, the Petri Dishes were incubated, still in the
inverted position, in optimal conditions of growth depending on the strain tested, as
described previously.
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Figure 3.18. Schema of Petri dishes used in the experiments. A control test; B

test with pure aroma compound; C test with activated chitosan films/coatings.

Two experimental procedures were applied. The first one was developed to
check if the antimicrobial compound in the vapour phase prevents the microbial
growth just after inoculation. Therefore, the pure aroma compound, control film and
films containing carvacrol were deposited in the Petri dish lid at the same time it was
inoculated (to). For the second experimental series, film or aroma compound was
deposited in the Petri dish lid after a previous incubation phase. The length of this
initial incubation phase (t;) was defined as the time needed to obtain macroscopically
visible colonies. In work performed by Moundanga (2012) it was determined as 4 h for
E. coli and B. subtilis, 6 h for S. Enteritidis and L. innocua, 12 h for L. plantarum and 24
h for P. camemberti. This period corresponds approximately to the early exponential
phase and it was chosen to obtain colonies which had not yet reach their final size.
Indeed, it was necessary that after t; bacterial colonies were still able to grow over
time when placed in favourable conditions (control without film neither antimicrobial
compound) to easily underscore a possible inhibition of growth due to the compounds
tested. This experimental design allowed checking if the concentration of the
antimicrobial compound in the vapour phase was high enough to inhibit the growth of
already formed colonies. Two inoculated controls, one sealed with Parafilm” and the
other one without Parafilm®, and both, with neither carvacrol nor film, were prepared.
This was done to ensure that airtighting of Petri dish does not influence the growth of
the inoculated strains (possible anoxia). The control with Parafilm” was used as
reference for the microbial growth. Besides, film without aroma compound was used
to exclude the potential activity of other volatile ingredients from the film such as
acetic acid or water. Furthermore a non inoculated control was prepared to exclude

any contamination in the experimental system. Every test was replicated at least twice.
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3.6.3.1. Size of colonies

To estimate the relative growth of cells in presence of the antimicrobial
compound compared to the control, the radial diameter (cm) of colonies was followed.
Measurements were carried out during seven days of incubation. Plates were
photographed to determine the evolution of colony size over time and pictures were
analysed using Photoshop® software. The average diameter of 20 colonies was used as
a mean result. For the second experimental series (exposure to antimicrobial vapours
after an incubation phase), colony size diameter ratio d,/d; was calculated where d, is
the average colony size diameter and d; the initial colony size diameter at the time of

colony film exposure.

3.6.3.2. Cellular counts
A whole colony was harvested from the nutrient agar plate with a sterile

inoculating loop and cells were re-suspended in 1 mL of physiological saline solution
(0.9% w/w). In the case of the pure aroma compound, harvested colonies were those
closest to the centre of the plate and all at equal distance from the aroma drop.
Counts were then performed using a Malassez counting chamber to determine the
total number (N) of cells in the colony. Colony-forming unit (CFU) were also counted to
estimate the number of cultivable cells in the same colony. Cultivability (C) was

calculated as follows:

CFU
C(%) = —5—100  (Eq.333))

3.7. Sensory evaluation

Evaluation of sensory impact was performed in collaboration and partially
realised by Ms. Karen Joly, Mr. Jean-Marie Delaitre and Ms. Anne Endrizzi from

Welience.

Food samples
Jambon blanc (Chazal), Paté en crolte (Chazal), Terrine (Salaisons Dijonnaises),

Jambon persillé (Salaisons Dijonnaises) and Feta (Lactalis) were directly supplied from
factory (Fig. 3.19.).
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Figure 3.19. Five food products used in this study.

Freshly delivered products were repackaged under the sterile conditions with
three different chitosan/carvacrol coated polyethylene films (Fig. 3.20.a). 150-200 g of
each product was placed in the previously sterilized container (with H,0, and dried
prior conditioning) and closed with the active film. This allowed controlling the sample
mass and free volume in container to assure that all samples were conditioned in a
same manner.

Samples were grouped by two, placed in a bigger container (Fig. 3.20.b) and
packed under controlled atmosphere. The packing conditions were as following: ratio
CO,/N; 50/50, pre-vacuum of 20 mbar and re-injection of gases at 600 mbar. During
the conditioning, a great attention was given that no direct contact between food and
film occurred. This way we were sure that the antimicrobial action was through the
headspace only. Moreover, the sensory impact could only be due to exposure to
carvacrol vapours released from active films. Two control tests for each product were
made. The first one was the originally supplied packed food, while the second one,
food re-packed with non active film (Wipak, BIAXER 65 XX PEEL) served as a control of
eventual microbial contamination during reconditioning. All samples were kept at 4°C

before tasting (Fig. 3.20.c). All conditioning was performed in Welience, Dijon.
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Figure 3.20. Re-packaging of food products under sterile conditions and using

active or control films.

Triangle test-theoretical background

The triangle test is one of the commonest tests used in the sensory analysis. The
basic procedure is that each panellist is presented with three samples — two packed
under one film and one under another film — and is asked “Which one is the odd
sample?”. If sample A is being tested against sample B, there are six possible
permutations for the order in which the samples may be presented. These are:

AAB ABA BAA ABB BAB BBA

As far as possible, one-sixth of the panel should be presented with each
permutation to avoid bias. Their response will either be correct or incorrect. In order
to analyse the data statistically the number of correct responses is compared with the
number which would theoretically be expected to have occurred by chance. This
method is effective for determining that either a perceptible difference results
(triangle test for difference) or that a perceptible difference does not result (triangle
test for similarity) when for example, a change is made in ingredients, processing,
packaging, handling or storage. In accordance, the difference is defined as a situation
in which samples can be distinguished on their sensory properties, while the similarity
is a situation in which any perceptible differences between the samples are so small
that products can be used interchangeably. a risk applies to a probability of concluding
that a perceptible difference exists when one does not. B risk is probability of

concluding that no perceptible difference exists when one does.
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Sensory evaluation

A group of 11-15 panellists, consumers (men and women) of typical burgundy
products with small previous experience, evaluated the smell, visual appearance, taste
and general acceptability of the samples. The purpose of sensory evaluation was to
check that there are no visual difference between the standard products and
repackaged products under classic film and to assess the presence or absence of a
significant difference between the standard products repackaged in classic film and
standard products repackaged under active film. The former was done to assure the
absence of contamination during repackaging.

In evaluation of odour and taste differences triangular tests were conducted in
specially equipped room (Welience, Dijon). For each treatment and sampling date, the
five products were evaluated by each judge. At each storage time, samples were
freshly opened before the degustation and each product was subjected to a panel of
testers to assess the sensory quality. The coded samples were presented and they
were tasted in a different order for each subject. Each person had to rinse their
mouths between each test with water and bread. Furthermore, a sensory evaluation
based on descriptive analysis was carried out in order to better understand how the

panellists perceive odours and/or differences between the samples.

3.8. Statistical analysis

The statistical analysis of data was performed through variance analysis
(ANOVA) using Xlstat-Pro (win) 7.5.3. (Addinsoft, New York). The data were ranked and
statistical differences were evaluated on the ranks with a one-way analysis of variance
(ANOVA) and Tukey’s multiple comparison tests. The principal component analysis
(PCA) was used for detailed examination of the data. In all cases, a value of p < 0.05

was considered to be significant.
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biopolymer films

Active packaging film is one of the top subjects in today’s food processing
industry. The activity of the active film depends on the quantity and availability of the
active compound. When we are speaking about the volatile compounds such as
essential oils or their components, we must consider that some of these will be lost
during film processing. While there is a lot of a research done in verifying the
antimicrobial activity of essential oils incorporated in the bio-based polymers, very
little published data exist on the influence of processing parameters, especially on the
stability and retention of plant essential oils into bio-based/edible films and coatings.
Authors mostly report the initial amount of antimicrobial volatile substances added in
the film-forming solution instead of the real concentration in the films. Quantifying
compounds mobility is a crucial element in understanding the mechanisms of release
in the headspace or in contact with food. Therefore, the retention of the
active/antimicrobial compound is one of the most important features of active
biopolymer film processing.

Essential oils are regarded as alternatives to chemical preservatives, and their
use in foods meets the demands of consumers for minimally processed natural
products. Depending on the nature and strength of the binding, release of aroma
compounds in the gas phase will be more or less decreased (Desobry and Debeaufort,
2011).

One way of investigating the retention (or release) of aroma compounds by
polysaccharide-based matrices is to measure the gas/matrix partition coefficient (K).
This parameter describes the distribution of volatile compounds between the gas
phase and the solid matrix, after equilibrium is reached (Boland et al., 2004). So,
knowledge of this property must be studied to allow the estimation of the volatile's
concentration in the packaging headspace. Several parameters should be taken into
account. These include the type and the concentration of components along with the
nature and the physico-chemical properties of the aroma compounds e.g. volatility and
hydrophobicity (Seuvre et al., 2006).

This chapter presents the influence of drying parameters (temperature and
relative humidity) and film formulation (polymer, casting solvent and additives) on
carvacrol retention and its mass partition coefficient. The drying kinetic, the properties
of film forming solution, as well as physical film properties, were studied in order to
develop chitosan films as vehicles for controlling aroma compound retention and

release for further packaging applications.
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4.1. Characterization of the film forming solutions
4.1.1. Rheological behaviour of film forming solutions

Viscosity can influence drying kinetics and aroma compound retention. The
experimental flow curves of film forming solutions (FFS) between 0 and 250 s™ (Fig.
4.1.) have been very closely fitted by Ostwald de Waale model (r>0.99). The addition of
ethanol changed the rheological properties of solution. Hydroalcoholic acid solutions
showed more pronounced pseudoplastic behaviour (n value from 0.82 to 0.84),
whereas a less shear thinning behaviour was observed for aqueous acidic media (n
value from 0.93 to 0.95). A viscosity decrease ,attributed to the conformational change
of the macromolecular chains, was reported (Vargas et al., 2011; Kasaai et al., 2003;
Bonilla et al., 2012). Higher alcohol and chitosan content resulted in greater viscosity.
Solvent polarity changed the organisation of chitosan chains and therefore viscosity
increased. In more concentrated hydroalcoholic acidic FFS, structuring degree was
greater, so was dynamic viscosity. Those associated structures formed macro clusters

in concentrated polymer solutions (Uspenskii et al., 2010).

80 -

70 - g Hydroalcoholic
%¥D (Cacid solvent

60 "

50

40
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30 Aqueous acid

20 solvent
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Figure 4.1. Typical flow curves, at 20°C, of the film forming solutions prepared in
the aqueous acidic media (continuous lines) or in the hydroalcoholic acid media
(dashed lines).

x chitosan, A chitosan and carvacrol, o chitosan, carvacrol and glycerol,
* chitosan and glycerol.
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The incorporation of carvacrol, as a non miscible compound, significantly
reduced viscosity in both systems: from 173 to 111 mPa/s and from 683 to 633 mPa/s
for aqueous acidic and hydroalcoholic FFS, respectively. Indeed, the adsorption of
polymer on the droplet surface favours a decrease of its effective thicknening
concentration in the agueous media (Bonilla et al., 2012). In aqueous acid solutions
glycerol interfered with the polymer chains, and provoked a decrease in chitosan
viscosity. Therefore K values increased (from 0.11 to 0.13). This effect was not
observed in the hydroalcoholic solutions. Different solvents probably affect the drying
and the final chitosan film structure in the same way as FFS properties, which govern

film functional properties.

4.1.2. Particle size distribution
(Unpublished part of this chapter)

Stability of the film-forming solution greatly affects the final microstructure of
film matrix, which might impact its functional properties. In this sense, characterization
of some dispersion stability factors could help to better understand the differences in
the physico-chemical characteristics of the final film. Scanning electron microscopy can
be used to determine structure of suspensions/solutions/emulsions, but it does not
quantify stability and dispersion of particles in the system. Instead, laser diffraction
particle size analysis allows determining and quantifying the size and the distribution
of particles in FFS, or after solubilisation/dispersion of films in FFS solvent.

This study aimed to verify the influence of two solvents (aqueous acetic acid and
hydroalcoholic acetic acid), glycerol and carvacrol on the particle size distribution in
different film formulations. Mean particle diameters (ds; for characterization of the
fine and spherical particles, and ds3 for larger particles with irregular form like
aggregates) and type of distribution are given in Table 4.1.

Aqgueous acetic acid favoured solubilisation of chitosan flakes and then no peaks
were observed in CSA-FFS and CSA film granulograms. On the contrary, in the presence
of ethanol, one part of chitosan particles were swollen and not completely solubilised.
This means the film-forming “system” is probably a colloidal suspension instead of a
solution as observed for CSA. Thus, chitosan self-aggregates could be formed by intra-
and inter-molecular hydrophobic interactions (Kumirska et al., 2011). This behaviour
depends mainly on the distribution of the particles in the FFS, its viscosity and
rheological properties. Indeed, viscosity of FFS in hydroalcoholic acid solvent was
significantly higher than those in aqueous acid solvent (Fig. 4.1.).
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Table 4.1. Mean diameter (ds3, and ds3) and type of particle size distribution

before (FFS) and after film drying (film).

Agueous acid

Hydroalcoholic

Distributi Distributi
solvent ds, dss istribution acid solvent ds, dss istribution
FFS nd nd nd FFS  141.5%5.7 419.9+76.1 multi
CSA CSE
film nd nd nd film  602.749.1 752.1+21.8 mono
FFS 285.2+69.9 322.2+21.2 multi 365.9+52.5 392.1+32.2 mono
CSACVC CSECVC
film 36.5+19.1 343.4%+257.8 multi film 22.0+1.1 119.7+#11.1 multi
FFS 36.4+16.11 229.4+137.1 multi 55.4+28.9 329.9+92.2 multi
CSAGLY CSEGLY
film 391.746.75 712.1+11.1 mono film 513.6+26.4 780.0+23.7 mono
FFS 259.6+69.9 343.2+47.6 multi 259.4498.8 655.9492.5 multi
CSAGLYCVC CSEGLYCVC
film 379.2+20.5 552.6%21.7 mono film 4449+16.6 737.7+19.0 mono

nd=not detected; multi=multimodal; mono=monomodal

To confirm the formation of aggregates, samples were additionally solubilised in

Triton X-100. By interfering between chitosan chains, this non ionic surfactant,

contributed to the repulsions between chitosan chains and prevented the aggregation.

Thus lower ds, and multimodal distribution corresponding to fragmented chitosan

aggregates were observed (Fig. 4.2.a).

15
CSE FFS
< 10 CSE film
g = = = CSE FFS + Triton ;
2 5 CSE film + Triton '
= ’
0 b 2 ,; 7 —
0 0 1 10 100 1000 10000
a) Particle size (um)
15
. e CSECVC FFS
X 10
g ——— CSECVC film
>
S 5
>
0
0,01 0,1 1 10 100 1000 10000
b) Particle size (um)

Figure 4.2. Particle size distribution of a) chitosan film forming solution and film

before and after addition of Triton X-100%; b) chitosan/carvacrol film forming solution

and film. 'Triton X-100 polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether
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In glycerol containing FFS the size distributions were multimodal, probably due
to droplet flocculation that occured after the homogenization process. Unlike, after
drying, in every case monomodal distribution was observed and the average size
diameter was increased (Table 4.1.). This was attributed to the coalescence
phenomenon.

When only carvacrol was added in the colloidal suspension, the average
diameter was higher than in the simple FFS (CSE-FFS). It is likely that only a small
portion of carvacrol molecules was well dispersed. It was probably due to the
insufficient quantity of free chitosan chains to ensure the interfacial adhesion of
particles (Bonilla et al., 2012). It seemed that carvacrol had a stabilizing role during
drying and influenced the structuring of the chitosan matrix. Film drying led to a
significant (p <0.05) reduction of the particle sizes, as compared to FFS, as can be seen
in Table 4.1. and Fig. 4.2.b. In the literature, chitosan has been used to stabilize oil in
water emulsions of food-grade sunflower oil (Rodriguez et al., 2002), film-forming
dispersions containing oleic acid (Vargas et al., 2011) and essential oils such as
bergamot oil (Sanchez-Gonzales et al., 2010). Droplet size is a determining factor for
stability and in FFS it affects viscosity. In dry film it affects functional film properties.
After re-solubilisation of dry films, carvacrol droplets diameter was found to be around
0.2 and 2 um. This was also confirmed by microscopic observations (Chapter 7, Fig.
7.3.).

However, in the presence of both glycerol and carvacrol, particle size distribution
was the same as for films without carvacrol. Carvacrol seems to lose its
stabilizing/structuration properties. This was attributed to its great affinity for
(solubility in) glycerol and therefore it couldn't anymore stabilized the emulsion.
Moreover, in dry films observed by ESEM, carvacrol droplets were hardly visible, which
confirms our hypothesis (Chapter 8, Fig. 8.3.).

To conclude, ethanol allows faster drying and better solubilisation of carvacrol,
while acetic acid brings the acidity which allows the better solubilisation of chitosan.
The effect of drying of the film forming solution has favored, firstly, the aggregation
(appearance of new populations of particles that disappear of big ones consecutively
to the addition of Triton X-100) and, secondly coalescence of particles (changes from

multimodal to monomodal distribution).
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4.2. Drying process

Drying is considered as one of the most important steps during biopolymer film
preparation (Arvanitoyannis et al., 1998; Kaya and Kaya, 2000; Sothornvit and Krochta,
2005). During drying, all volatile agents, including solvents and aromas are
progressively evaporated. Consequently, as solvent removal increases, the film dry
matter increases too. Increasing drying temperature boosts the volatilization of the
volatile compounds present in the film forming structure. Thus drying time was shorter
(Tables 4.2. and 4.3.). Drying temperatures seemed to be an important factor
influencing both physico-chemical film properties and carvacrol retention.

Hydrophobic carvacrol is naturally immiscible in hydrophilic biopolymer
solutions. Ethanol was used to enhance carvacrol dissolution, to obtain better mixing
with aqueous acetic acid and to decrease drying time. After ethanol is evaporated, the
remaining system is a hydrophilic film containing hydrophobic substance. It is
important to realize that, naturally, such a system has a limited uptake. Carvacrol was
unavoidably evaporated with solvents. But, the overall mechanism of aroma
compound loss is complex because there is simultaneously a change in the biopolymer
viscosity, a change in the physical state from liquid to solid, a change in polarity due to
the differential evaporation rate between volatiles, a probable change in the
interaction nature and strength, and finally, a change in the macromolecular structure
as here after suggested.

In the crystal, chitosan chains are packed in an antiparallel way. In the salt
solutions with acetic acid, called Type Il salts, the chitosan molecule takes up a relaxed
two fold helix composed of asymmetric units of tetrasaccharide. Since water molecules
are included in the crystal, they tend to enter between these sheets and stabilize the
crystal structure. Type Il crystals change to the annealed chitosan polymorph by
spontaneous water-removing action of the acid (Ogawa et al., 2004). Amorphous
structures that might be obtained by solvent casting greatly contributed to the matrix
relaxation and carvacrol release. The polarity of hydrophobic carvacrol molecules was
changed after solubilisation and dispersion in hydroalcoholic FFS. Thus, more
molecules were locked in the chitosan network. Solute polarity is an important factor
in transfer process (Arora et al., 1991; Matsui et al., 1992). Therefore, as ethanol
evaporates faster than water, in the beginning of the drying, carvacrol losses were

more pronounced.
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Moisture and carvacrol content in the sample in different intervals were determined
(Fig. 4.3.).
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Figure 4.3. Drying curves of the chitosan solutions.

The time required to obtain constant film weight for hydroalcoholic and aqueous
acidic solutions was 6 and 7 hours, respectively (Fig. 4.3). To ensure that weight
changes were negligible, films were left in the drying chamber up to 14 h. Generally,
the loss of volatiles was greatly influenced by the water content in drying film (Fig.
4.4.). Therefore, there was no significant change in carvacrol content when films were
left up to 14 h. Mayachiev et al. (2010) reported that at ambient temperature it took
52, 50 and 47 h for 1, 2 or 3% Indian gooseberry extract to obtain dry films,
respectively. Theoretically, mass transfers have a constant rate at the beginning and
they slow down after reaching critical moisture content. At high moisture levels, the
carvacrol rate loss from a drying solution is mainly dependent on its volatility. Higher
water uptake resulted in matrix plasticization and then its release was facilitated.
Soottitantawat et al. (2005) reported that the release rate of menthol increased, upon
increasing water activity. Glycerol attracts and deters water molecules so the shape of
the drying curves was changed. The evaporation rate is proportional to the saturated
water vapour pressure above the solution surface. This pressure is considered as
constant, throughout the drying process until the final stages, when the pressure is

reduced. On the contrary, curves do not display a linear trend (Figs. 4.3. and 4.4.).
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Figure 4.4. Water content (gh20/100 g d.m.) and relative carvacrol release (% of

initially added amount) from chitosan based films during drying.

A) aqueous acidic media (CSA), B) hydroalcoholic media (CSE), C) agueous acidic media

with glycerol (CSAGLY), D) hydroalcoholic media with glycerol (CSEGLY).
(The coloured zones correspond to standard deviation of the curves).
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Due to the internal heating phenomenon, saturated pressures became larger and
thus led to non-linear slopes of hydroalcoholic and aqueous acid FFS curves,
respectively. Over the time, structural change in the thin layer of FFS modifies diffusion
which disturbs the evaporation rate. According to Buonocore et al. (2003) the release
of an active compound from the polymer network took place in several steps.
Correspondingly, carvacrol loss depended on intermolecular migrations between
chitosan chains, its solubility and its diffusion towards the matrix surface. During the
first hour, less aroma compound was released from plasticized FFS. The water
evaporation rapid rate was delayed for about 2 h (Fig. 4.4.C, D). At the end, glycerol
didn’t have any significant effect on the overall drying period. The gelatinization
technique and the drying method influenced the tapioca starch/glycerol network
characteristics and caused changes in physical film properties (Flores et al., 2007).

Below gelation point, more than 50% of initially added carvacrol was lost (Fig. 4.4.).
These values correspond to ~10% of water in sol/gel. Indeed the authors reported that

at gel point, the water content was below 15% (Batista et al., 2007). Once dried, the
plasticized chitosan films had more water than the unplasticized ones. Similar results
were mentioned by Ziani et al. (2008). At low moisture contents the diffusion

coefficient became a determining loss factor.

4.3. Film macroscopic appearance

The film appearance was studied by colour measurement according to
Ghorparde et al. (1995) and was done for the targeted application and not for the
physico-chemical reactivity. Film transparency is a key to good film acceptance by
users. Therefore, two different aspects of colour changes have been measured as a
function of the composition and the drying temperature. Results are given in Tables
4.2.and 4.3.

CSA and CSACVC films presented good transparency. This was indicated by high
lightness values (L*) that ranged from 94.9 to 96.4 (Tables 4.2. and 4.3.). A significant
decrease in this parameter was found when both glycerol and NC were incorporated
(85.4, 85.0 and 89.0 for CSA 3, 2, or 1 % (w/v) respectively). L* was higher than that of
chitosan-based nanocomposites reported in previous studies (66.8 and 85.8) (Rhim et
al., 2006). It was probably because of different types of NC. Still, it was in the same
range as obtained by Casariego et al. (2009). Martins et al. (2010) found that
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incorporation of a-tocopherol in chitosan based films led to a decrease in lightness
(from 95.4 to 92.3) and an increase in greenness (a* decreased from 3.54 to -1.42).
The b* value is the parameter describing the natural colour of chitosan, and it was the
chromatic coordinate that influenced the total colour difference. b* increased from
5.94 to 15.73 and it indicated the yellowness of the CSA films. The yellowness was

intensified with chitosan concentration and addition both of glycerol and arabic gum.

As an indicator of global colour changes, AE was calculated from other colour
parameters. Increase of b* and AE, in the presence of NC was previously reported
(Casariego et al., 2009; Park et al., 2002). Again, this value showed more changes with
increasing temperature, especially when CSA was blended with AG. Srinivasa et al.
(2004) observed an increase in yellowness in oven-dried chitosan films. Furthermore,
when the casting temperature was increased, the films presented different yellow and
green colour changes (lower b* and a*). These changes may be attributed to oxidation,
nonenzymatic browning or Maillard reaction between protein traces and reducing
sugars from AG but no chemical analysis has been done to confirm this hypothesis.
According to Deng et al. (2009) and Kanatt et al. (2008), glycerol incorporated in
chitosan may be oxidized so the products could react with chitosan through the
Maillard reaction. In Tables 4.2. and 4.3. decrease in L* value at higher temperatures
can be due to the presence of glycerol and not NC. L* changed remarkably for CSA/AG
blends (75.3, 71.4 and 45.6 for 60, 80 and 100°C respectively) and films with NC (85.4
and 63.9 for 60 and 100°C, respectively). Overall colour changes were more intense
with higher amounts of acetic acid for chitosonium acetate films heated for 2 h at
120°C (Kam et al., 1999).

4.4. Film properties as a function of composition and drying

conditions
4.4.1. Influence on mass partition coefficient

Usually, the mass partition coefficient Kass (ratio between the aroma compound
concentration in the air and the aroma compound concentration in the film) is
inversely proportional to the retention capacity during processing. Knass can be related
to carvacrol retention by chitosan based films during film processing (casting plus
drying) (Fig. 4.5.).
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Figure 4.5. Relationship between the carvacrol retention during the film

processing and the air/film partition coefficient during the film storage.

Actually, more than 200 formulations in drying temperature interval from 20 to
100°C and various humidities (from 10 to 80% RH) were tested. Formulations included
two polymers (chitosan and arabic gum) and various additives (at various
concentrations) as aroma compound retention enhancers such as glycerol,
polyethylene glycol, Tween 20, lecithin and nanoclays. The partition coefficient of an
aroma compound between the headspace and the film matrix is influenced by many
factors (e.g. volatility, polarity, water solubility and temperature) (Bangs and
Reineccius, 1982; Saravacos and Moyer, 1968). The composition, the physico-chemical
properties of the matrix, as well as the intra-network interactions can change the
thermodynamic behaviour of volatile molecule reflecting its ability to reach a gaseous
phase. Only free dissolved molecules exert a vapour pressure and therefore, they can
influence Kmass (de Roos, 2003). The principal component analysis (PCA) was done to
better identify the main parameters of the composition/process which influenced
carvacrol retention, drying time and Kpnass. It appeared that carvacrol retention in
chitosan based films increased with decreasing drying time, drying humidity and NC
(axis representation and data of the PCA analysis not given). A negative correlation was
found for chitosan, glycerol and AG addition, drying temperature and dry film
thickness. The time required to obtain dry films depended mostly on film thickness,

chitosan, AG and glycerol. With temperature increase, drying time was shorter.
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Besides, Knass increased with drying temperature and humidity increase, whereas it
decreased when more chitosan, glycerol or AG were present in thicker films.

Higher chitosan concentrations did not show significant differences in Kq.ss, that
was in order of magnitude of 10° (3.88x10° - 6.18x10°®). The addition of glycerol
lowered carvacrol release from dry CS films whereas Kyass was in order of 10”. On the
contrary, the rise in glycerol/polymer dry matter ratio in CSA/AG blends, facilitated
carvacrol release, and therefore Kya.ss increased up to 10”. The protective colloid
functionality of AG led to lower partitioning of the aroma compound between films
and surrounding atmosphere. Even though better protection with AG during drying
was observed, in equilibrium, the amount of released carvacrol from dry film remained
equal (data not shown). Consequently, no significant difference in Kqss was observed.
The effect of temperature on the K was previously studied by Ettre and Kolb (1991),
Kolb et al. (1992) and Carelli et al. (1991). According to literature, the relationship
between log K and 1/T may be considered as linear. Temperature increases the aroma
compound volatility and the diffusivity according to Henry’s law (Buttery et al., 1971).
Therefore at higher temperatures the release of volatile is higher and K,ss lower. The
final result is less aroma compound (Fig. 4.6.A). This behaviour was confirmed for CSA
films, but not for CSA/AG blends. The possible explanation is better stability of
AG/carvacrol complexes formed in CSA/AG blends at higher temperatures, as will be

discussed further on.
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Figure 4.6. Carvacrol retention (a) and the air/biopolymer partition coefficient
(Kmass) (b) in the chitosan based films with or without the addition of nanoclays when

dried at temperature scale from 20 to 100°C.

Finally, to better understand carvacrol retention behaviour, the most important
parameters (chitosan dry matter, glycerol, NC and GA) were studied. Furthermore, the

influence of the drying temperature was discussed.

4.4.2. Influence of chitosan concentration

Different concentrations of chitosan in film forming solutions changed structure,
thickness and carvacrol retention. Generally, a lower amount of polymer indicates a
reduction in its retention capacity. It was attributed to the inclusion of carvacrol
molecules within the matrix. This phenomenon was explained by Voilley and Simatos
(1980). A sol/gel transition occurs faster when the chitosan solution is more
concentrated (Montembault et al., 2005). Then again, 1% (w/v) chitosan FFS (CSA)
remained aqueous for a longer period. Influenced by solvent evaporation, more
carvacrol was lost. On the other hand Boland et al. (2004) reported a higher release
with increased matrix rigidity. This might explain why films with the highest chitosan
concentration entrapped a lesser quantity of aroma compound. At higher
temperatures, polymer concentration plays an important role. Retention varied from
4.9 to 18.9, from 0.93 to 14.99 and from 0.51 to 13.29 for 1 and 2% CSA films dried at
20, 60 and 100°C, respectively. Several explanations can be made. First of all, it is to
expect that higher carvacrol loss would occur at temperatures close to its flash point
(106°C). Drying at lower temperatures does not only decrease aroma compound
volatilization, but it might also influence polymer crystallinity. Srinivasa et al. (2004)
stated out that ambient dried chitosan films had a lower crystallinity than those at 70,
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80 or 90°C. There are two main explanations of interactions between polysaccharide
and aroma molecules (viscosity modifications and molecular interactions (hydrophobic
interactions, hydrogen and covalent bonding)) (Baines and Morris, 1987; Lubbers et al.,
1998; Roberts et al., 1996; Secouard et al., 2003). In theory, hydrophobe/hydrophobe
interactions are endothermic reactions, so an increase in temperature amplifies them.
This explains why chitosan macromolecules were networked faster at higher
temperatures, forming a denser structure and leaving fewer spaces for carvacrol.
Generally, the viscosity increased when the concentration of the dispersed phase
increased. Increased temperature can increase flexibility of chitosan macromolecules,
and as a result, viscosity decreases. Therefore, films cast from less dense chitosan
solutions lost more volatiles. The authors reported that highly volatile aroma
components are much better retained with an increase in the feed solid level (Charve
and Reineccius, 2009). However, increasing the solid level too much may result in non
dissolved material and increased viscosity, which may slow down the film formation.
Therefore there must be an optimum solid concentration. High temperature exposure
results in the build-up of a more porous crust that offers less resistance to carvacrol
vapour diffusion during drying. The retention of aroma compounds is dependent on its
diffusivity after the formation of a semi permeable surface. Diffusion and volatilization

pathways are shorter; consequently more carvacrol is lost (Fig. 4.6. and Table 4.4.).
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4.4.3. Influence of additives

Drying time and thicknesses are mainly dependent on chitosan concentration
and glycerol, whereas retention is directly glycerol and NC content dependent. An
increased concentration of additives led to a greater molecular contact between the
chitosan and the compounds. Therefore, forces between polymer chains were
weakened and the matrix network was more opened. Chitosan films of high
deacetylation degree, that have higher crystallinity, are more mobile (Chen et al,,
1994). Increased macromolecular chain mobility facilitated carvacrol uptake (from 1.35
to 4.94 and from 9.46 to 18.90 for chitosan 1 and 2% (w/v) respectively). Glycerol
displaced bound water and acetic acid. It resulted in an increased number of existing
bonds and in the formation of new bonds (with chitosan—NH groups) (Park et al., 2001,
Cerqueira et al., 2012). In this sense, glycerol was a competitive agent for carvacrol, as
it occupied places where aroma compound could interact.

At higher concentrations (40 and 50% of polymer dry matter) glycerol facilitated
the mobility of polymer chains, disturbed gelation and film formation. Thus, drying
time was longer and more carvacrol was lost at all temperature ranges. Likely, it
changed the film thickness and enhanced carvacrol diffusion into the atmosphere
(Table 4.4.). Similar findings were reported by Sebti et al. (2007). Sanchez Gonzales et
al. (2011) observed a reduction in the film thickness by means of essential oil
evaporation. To sum up, both unplasticized and plasticized films had lower thickness as
polymer dry matter decreased. It seems that temperature had no significant effect on

these film formulations (Fig. 4.7.).

5 _
—0
<4 - == CSA/AG/30%GLY
S 3. ~tr= CSA/AG/40%GLY
E e
g , ;— | == CSA/AG/S0%GLY
m l N
. CSA/30%GLY
1 T -
0 T T — 1

20 60 100
Temperature (°C)

109



Chapter 4 How composition and process parameters affect volatile active compounds in
biopolymer films

2,5E-05 -
== CSA/AG/30%GLY
2,0E-05 -
—f— CSA/AG/40%GLY
2 1,58-05 1 == (SA/AG/50%GLY
€
> 1,0E-05 - = CSA/30%GLY
} —
5,0E-06 - = —= ]
0,0E+00 . . .
20 60 100
b) Temperature (°C)

Figure 4.7. Retention (a) and partition coefficient (Kmass) (b) of carvacrol as a

function of the film composition and the drying temperature.

When nanoclays were mixed in FFS, only films with glycerol could be obtained.
Lavorgna et al. (2010) stated that in films without glycerol, NC stacks lay with their
platelet surface parallel to the casting surface. Brittleness is due to the
complex/branched primary structure and weak intermolecular forces of natural
polymers (Ginister et al.,, 2007). These authors indicated interlayer distances of
16.34 A, thereafter carvacrol (size 6.62 - 10.14 A) could easily enter the free spaces of
unfilled gaps. Perisco et al. (2009) reported that carvacrol is able to enter the clay
galleries enhancing the lamellar distance up to 38.4 A. Statistical analyses didn't show
significant effects between A and B processing sequences of CSA/NC films. NC stacks
were randomly orientated in the space. In a previous study, Wang et al. (2005)
reported that the size of some stacks reached even up to 600 nm. That might be the
reason why NC aggregates appeared in the tested samples. Mascheroni et al. (2010)
suggested that increased carvacrol retention capacity exhibited by NC/wheat gluten
was due to the entrapment of the carvacrol molecules in the aggregated structures,
due to specific interactions between different components of the mixture. The
interaction between solvents and clays controls the dispersion of the platelets and, as
a consequence, it determines the resulting properties of nanocomposites (Burgentzlée
et al., 2004). Glycerol enhanced the intercalation of chitosan in the silicate galleries
and hindered flocculation. Moreover it reduced the surface energy of the aqueous
solution and it extended the H-bonding between CSA-NC (Shanmugharaj et al., 2006).
So, enough gaps were formed and better carvacrol dispersion was achieved (Darder et
al., 2003). As a consequence, retention increased 21, 2.6 and 2.2 times in films (CSA)

containing 1, 2 and 3% (w/v) chitosan, respectively. Even though the volatility and
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consequently the carvacrol loss from CSA matrix were higher at higher temperatures,
the addition of NC seemed to protect the carvacrol molecule. There are two possible
explanations: a reduced drying time (at 100°C and 60°C drying time decreases 3 times)
and the thermal stability of formed structures. Indeed, the authors pointed out that
NC/carvacrol decomposed at higher temperatures (Keawchaoon and Yoksqgn, 2011).
Carvacrol losses from soy protein isolate coated papers were up to 37% when
processed at 90°C, being higher than those prepared at 25°C and 50°C (12 — 14%,
respectively).

Arabic gum and chitosan mainly form coacervates. They are liquid-like, mobile
and reversible structures formed as a result of low charge density in systems where
the ionic interaction of opposite polyelectrolyte is of moderate strength (Biesheuvel
and Cohen Stuart, 2004). The formation of soluble complexes is attributed to a
chitosan lower charge density and the presence of non-charged monomers (Coelho et
al., 2011). Therefore, during the homogenization of carvacrol molecules, they can
enter the coacervate CSA/AG globules which protected the aroma compound from
evaporation. Differences in the nature of biopolymers increased the formation of a
bubbled structure (Alcantara et al., 1998).This was not the case for pure chitosan films.
In the presence of AG, the retention rate increased from 2.5 up to 3.2 folds, in a range
from 20 to 100°C, respectively. Whereas the polymer dry matter increased by 50%, the
incorporation of AG shortened the drying time 19 and 32 times in the interval from 20
to 100°C, respectively. Better film forming and emulsifying properties of AG increased
essential oil retention from 45 to 63% with an AG concentration increase (Fernandes et
al., 2008; Krishnan et al., 2005).

4.5. Conclusions of Chapter 4

This chapter brought attention to the complexity and the importance of
controlling both composition and process parameters during the drying of biopolymer
active films. In the Fig. 4.8. simplified and summarized view of main parameters
influencing the active volatile compound retention and release from biopolymer films
is given (adapted from Desobry and Debeaufort, 2011).

In relation to the effectiveness of potential antimicrobial packaging, it is very

important to know the amount of active compound retained in the film matrix after

processing. Volatile compound retention by biopolymer films is complex, and many
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factors could affect it and interact. Moreover, the film structure, including additives,

influences the aroma compound retention and the release from the films.
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Figure 4.8. Overview of the mechanism and the main parameters influencing

active packaging film performances.

An appropriate solvent that influenced FFS also affected film drying (kinetics and
time) and therefore the structure which governs the film functional properties (aroma
compound retention, release and film appereance) was also changed. Indeed, acetic
acid aqueous media allow complete solubilisation of the chitosan. Consequently, more
homogeneous structure is formed. On the contrary, hydroalcoolic acid media led to
formation of colloidal suspension that induced structuration of different matrix
network. Drying time is reduced when hydroalcoholic solutions are used for
solubilization of a polymer powder. The partition coefficient can be related to
carvacrol retention during film processing (casting plus drying) in chitosan based films.
The glycerol-plasticized samples display higher water content due to the high
hydrophilic character of glycerol. The loss of aroma compound is greatly influenced by
the water content in the drying film. Drying curves did not display linear trend. It is due
to the structural changes in the thin layer of FFS because the diffusion was modified

according to the time. It seems that the drying time and thickness are mainly
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dependent on the chitosan and glycerol content, whereas the retention is directly
correlated to the glycerol and NC content. Disrupting intermolecular forces between
polymer chains, plasticizers change the matrix structure that facilitates the carvacrol
uptake. Moreover the addition of AG favoured carvacrol retention. Retention rate
increased up to 3 folds in temperatures ranging from 20°C to 100°C. The presence of
nanoclays in plasticized films promoted the aroma compound retention, which was

more pronounced at lower drying temperatures.

In summary, in this chapter, the importance of processing parameters on the
retention of active volatile compounds was highlighted. In the next two chapters the
importance of composition of bio-based polymer films and coatings on their barrier

and structural properties will be studied.
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In Chapter 4, it was demonstrated how film processing affects final composition
of the dry film and thus influence its functional properties. The barrier to moisture,
oxygen, carbon dioxide or combination of hereof in a packaging system can increase
the food product shelf life and improve its quality (Srinivasa et al., 2002). Then for
designing good food packaging film, it is very important to verify the gas permeability
of barrier packaging materials.

In Chapter 2, the importance of the use of biopolymers in today’s packaging
industry is outlined. However, due to a good processability, a low energy processing
demand and a good resistance to chemicals and harsh environments, polyolefins are
still ,,the number one” material in food packaging. Common polyolefin film that is non-
polar hydrocarbon polymer with good water vapour barrier property is polyethylene
(PE). However, due to their low gas barrier, different surface treatments can be used
to improve their barrier performances against non condensable gases (Robertson,
1993). Moreover, polyolefins can be coated or laminated with gas barrier polymers like
synthetic ethylene/vinyl alcohol (EVAL), copolymers, poly(vinylidene chloride) (PVDC),
poly(ethylene terepthalate) (PET) or polyamide-6 (PA-6). Biopolymers such as chitosan
are excellent gas barriers in dry conditions and even though they meet the gas
permeability requirements, replacing food plastic packaging by self-standing
biopolymers is a difficult task to achieve. So, the combination of chitosan with
polyethylene can be a “winning” combination.

Still, several considerations, guidelines and parameters must be taken into
account. When speaking about food storage, oxygen (O,) is the key factor that might
cause oxidation, unwanted food changes and nutrient deterioration. In addition to the
development of oxidative reactions where proteins and lipids degrade, when the
oxygen permeability of the packaging material is too high, microorganisms present in
the food can start to grow (Robertson, 1993; Sothornvit and Pitak, 2007). Carbon
dioxide (CO,) is formed in some food due to the deterioration and respiration reactions
(Vermeiren et al., 2003). On one hand, CO, may be added into a packaging to suppress
microbial growth in some products (Lopez-Rubio et al., 2004). On the other hand, high
levels of a carbon dioxide, resulting from food deterioration or oxidative reactions
could cause adverse quality effects in the products. Some excess of carbon dioxide can
be removed by using highly permeable plastics, whose permeability increases with
higher temperatures (Brody et al., 2008).

Water vapour is a critical compound that can penetrate through the packaging
materials. To avoid the moisture transfer that can affect food quality, control of water

vapour permeability (WVP) is important to inhibit microbial growth, undesirable
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textural changes and to ensure stability and safety during distribution and storage
(Aloui et al., 2011). In the determination of permeability, the effects of both the
temperature and the moisture content have to be taken into account to reflect as
much as possible the conditions of intended use. Thus, measurements of
permeabilities should be performed under the specific conditions that will be
encountered by a packaged product. The transport properties of coated packaging
materials are often influenced by coating composition. Due to their hydrophilic nature,
polysaccharides are highly receptive to moisture and exhibit low water vapour barrier
properties (Gennadios et al., 1994). Gas permeability of carbohydrate films and
coatings depends on several factors such as film integrity, crystallinity, hydrophilic-
hydrophobic ratio, the polymeric chain mobility, the interaction between the film-
forming polymer and the presence of a plasticizer or other additives. The presence of
plasticizers increases water vapour transmission of films regardless on the formulation
(Rodriguez et al., 2006).

Therefore, the design and the optimization of the coating composition are very
important for food packaging materials (Tihminlioglu et al., 2010). Differences in film
forming conditions between cast films and coatings were thought to be responsible for
changes in oxygen permeability (Maté and Krochta, 1998).

Detailed understanding of the characteristics of coated films is of a great
practical and commercial importance. In this chapter, it is aimed to develop and study
chitosan-based coatings applied on the LDPE films. Films and coatings will be analysed
for their barrier properties against water vapour, oxygen, carbon dioxide and air. The
effect of the temperature and the relative humidity on the barrier characteristics of

the chitosan coated PE films will also be discussed.

5.1. Water vapour permeability

5.1.1. Influence of coating process on the water vapour permeability of
polyethylene

Polyethylene films are known to be very hydrophobic and relatively not very
permeable to water vapour. The WVP of PE film was similar (Table 5.1.) to those of the
most commercial polymer films like polypropylene (6.5x10™" g/m-Pa-s) and polyvinyl
chloride (7.1><10'13 g/m-Pa-s) (Park, 1999). Therefore, it was interesting to verify if the
deposit of a chitosan layer on the LDPE would alter its water vapour barrier properties.

The water vapour permeability of uncoated PE was not sensitive to the relative
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humidity increase. The WVP of untreated PE was 5x10* g/m-s-Pa. However, the water
vapour transmission rate (WVTR) increased with the relative humidity (RH) gradient
from 0.55+0.05x10” to 1.84+0.08x10™ and 2.55+0.39x10° g/m?'s when the gradient
varied, 0-33%, 30-75% and 30-100% RH, respectively. PE film is often considered as
non water sensitive, so WVP remains not influenced by gradient. However, when it is
coated by a biopolymer, this property seems to be lost. The presence of hygroscopic
chitosan layer can act as a water reservoir on the PE surface, thus significantly
promoting its water vapour permeability. Accordingly, chitosan interacts easily with
the surroundings, absorbing water from the environmental humid air and therefore
undergoing significant physical changes. In particular, the chitosan/water interaction
leads both to an increased mobility in the hydrophilic macromolecule chains and to the
swelling of the polysaccharide network. They are at the base of the gas diffusivity and
gas solubility phenomena, respectively (Guilbert and Gontard, 2005). It is likely that
high water sorption by chitosan induces surface water concentration much higher in
the liquid state, and thus increases its permeability. Swelling also disrupted the
structural integrity and barrier properties of the polymer network (Pushpadass et al.,
2009). This hypothesis could be tested by determining the water content of the films in
the steady state, but it is not precise enough to confirm it. To test this hypothesis, we
exposed the coated side to lower humidity with the same gradients (Table 5.1.,
PECSE;.). Thus WVP decreased for at least 15% when the face of PE coated with
chitosan is exposed to lower humidity (Table 5.1.), which tends to confirm mentioned
above. Even though the presence of the bio-coating did not lead to any significant
changes in WVP of the PE films; still, higher WVP of coated samples at higher ARH was
observed (Table 5.1.). This could explain that PE films are excellent water vapour
barriers, and the addition of a thin layer coating was not enough to affect their initial
performances at tested temperature (25°C). Similar observations were reported for
PET and OPP fat/protein coated films (Farris et al., 2009). At ARH 75%, higher WVP can
be attributed to the very high increase in solubility. A decrease in the diffusivity
appears to be accompanied by the formation of water clusters (Metz et al., 2005) thus

increasing water vapour permeability at higher RH (Table 5.1.).

5.1.2. Influence of casting solvent and glycerol on WVP of self-standing

chitosan films

Table 5.1. displays the WVP of all self-standing tested films, at 0-33%, 30-75%,
30-100% relative humidity differentials. The WVP of two films based on chitosan (CSA
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and CSE) was tested at different RH gradients to highlight the effect of the solvent
nature (acetic acid (A) or ethanol (E)) during the film preparation.

Table 5.1. Water vapour permeability (WVPx10™"® (g/m-s-Pa)) at 25°C of PE films
coated with chitosan compared to chitosan self standing films prepared with different

casting solvents and plasticizers.

Relative humidity

ifterential ARH 70% ARH 45% ARH 33%

PE 4.62 +0.73 5.55 +0.23 7.72 +2.58

PECSE 12.37 + 1.14f 6.67 +0.23" 7.88 +2.39

PECSE;,, 9.14 + 1.09 6.41 +3.28 2.85+0.34'
CSA 4161.31 £656.17*°  2199.80 + 1048.33%¢  25.71 +2.20'
CSE 4100.77 +588.88*°  2884.37 + 346.43>%%¢ 3871 +2.61'
CSAGLY 5410.08 + 1543.67° 1905.39 + 149.64° 26.14 + 1.24
CSEGLY 3481.46 +343.88"%Y  2635.38 +414.28°%¢  105.17 +6.57'

** Different superscripts indicate significant differences between formulations (p<0.05)

When ethanol was used, the pH of the solution changed (from 4.5 to 5.2). This
could modify the structure of the film due to variation in the polarity and thus of the
solubility and the interfacial tension. Thus the obtained films were denser and their
sensitivity to the plasticizing effect of water was reduced. In addition, ethanol
concentration affected the solubility of chitosan and this resulted in different
permeabilities of dry films. At water partial pressure between 0.40 and 0.54 the
transport mechanism changed from a Fickian process to an anomalous process. A
second important increase in water vapour flows was observed when partial pressure
was above 0.95 (Despond et al., 2001).

Glycerol reduces the interactions between polymer chains and increases their
mobility, so it was used as a plasticizer of chitosan films. Indeed, the obtained films
were more flexible and less brittle. However, glycerol is also known for its
antidepressant properties and therefore its strong hygroscopicity (Denavi et al., 2009).
As a result, it promotes the sorption of water to relative humidities above 80%, and
under these conditions the plasticizing effect of water is additional to that of glycerol,
thus explaining higher WVP. At high hydration level, the water molecules partially
dissolved chitosan to form a gel in which interactions among the polar groups of
chitosan and additives were promoted. The mobility of the polymer chains increased
and the packaging density was reduced. Thus, there was a significant increase in its
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water sorption capacity (Vargas et al., 2009; Arvanitoyannis and Biliaderis, 1998). An
increase in the interchain spacing caused by the inclusion of glycerol molecules
between the polymer chains may promote water vapour diffusivity through the film
and, hence, accelerate the water vapour transmission. The increases in WVP arising
from plasticizer addition reported in this study are consistent with other works (Chillo
et al., 2008; Pelissari et al., 2012).

Caner et al. (1998) reported that chitosan films had a WVP ranging from
14.92x10" to 611.0x10™ g/m-s-Pa (at 25°C and from 50% to 100% RH). Changes were
influenced by different acids and plasticizers. Water molecules play an important role
in the packing and conformation of chitosan chains. Higher solubility of glycerol in
hydroalcoholic medium may cause better distribution, therefore decreasing the
number of the lattice between polymer chains and pathways for water permeation.
Since WVTR through chitosan is a diffusion process, it is reasonable to expect that WVP
is more strongly influenced by changes in the lattice volume fraction than by changes
in the lattice dimensions. Therefore, permeability of CSEGLY was ten times lower at
lower RH gradient, in comparison with higher RH gradient (Table 5.1.). Karbowiak et al.
(2008) showed that the increase in the diffusivity of water, or other small molecules in
biopolymer films, is directly related to the water content and not that of the plasticizer
added. The adsorbed water induces a plasticization of the chitosan network which
increases the mobility of polymer chains. This could be attributed to the higher
diffusivity due to weak intra- and intermolecular attractive forces in the polymer
matrix. This phenomenon is favoured by the relative humidity increase.

Chitosan glycerol plasticized films had higher WVP values than PE (Table 5.1.),
cast and extruded glycerol plasticized oat starch (0.042x10™*° g/m-s-Pa and 0.22x10%°
g/m-s-Pa, respectively) (Galdeano and Sahbaz, 2009) and methylcellulose (0.50x10™*°
g/m-s-Pa) (Turhan et al., 2004). However, these values were lower than for glycerol
plasticized wheat gluten (7.00x10™° g/m-s-Pa) and amylose films (3.80x10™° g/m-s-Pa)
(Gennadios et al., 1994). The lowest values were obtained for CSE plasticized films
(3.48><10'10 g/m-s-Pa, Table 5.1.). Moreover, the authors reported that the WVTR of
polysaccharide films were related to their thickness (Turhan et al., 2004; McHugh and
Krochta, 1994; Myllarinen et al., 2002). During preparation, including film casting and
drying, differences in film thicknesses due to edge effects are commonly observed.
Therefore, it was expected to experience the difficulty of minimizing induced

variations.
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5.2. Oxygen, carbon dioxide and air permeability
5.2.1. Influence of coating process on gas permeability of coated PE

Biopolymer films are aimed to be good gas barriers. To investigate the ability of
chitosan coating in enhancing barrier properties of traditional polyolefin films,
polyethylene films were coated with thin chitosan layer (3 and 6 um). For most plastic
films, CO, permeability is from 2 to 6 times greater than that of O, and provides a
range of selectivity. This allows a large selection of films of suitable ratios for specific
food products (S¢etar et al., 2010). PO, (Fig. 5.1.) was found to be two times lower
than PCO, (Fig. 5.2.) for tested PE film.
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Figure 5.1. Oxygen permeability of polyethylene (PE) and PE chitosan coated
samples (PECSE).

“Different superscripts indicate significant differences (p<0.05).

In dry conditions, PCO, (1.02x10"'g/m-s-Pa) was lower (Fig. 5.2.) than PO,
(6.18x10"g/m-s-Pa) for chitosan coated PE films (Figs. 5.1.). In comparison to the
uncoated PE, the application of chitosan coatings on PE films showed more than two-
order decrease in oxygen permeability (Fig. 5.1.) and three-order-decrease in carbon
dioxide permeability (Fig. 5.2.). P,ir (data not presented) was found to be lower than
PO, and PCO, (2.66><10’17 and 2.08x10® g/m-s-Pa, for 3 and 6um chitosan coated PE,

respectively).
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Figure 5.2. Carbon dioxide permeability of polyethylene (PE) and PE chitosan
coated samples (PECSE).

=4 Different superscripts indicate significant differences (p<0.05).

Thermal analysis (Chapter 6, Kurek et al., 2012b) did not display changes in the
PE structure after coating process. Therefore, the decrease in PO, and PCO, can only
be attributed to the chitosan layer. Good barrier materials are considered if having PO,
less than 2.44x10™Y g/m-s-Pa at 23°C (Salame, 1986). According to this criterion, the
chitosan coated PE was classified as excellent oxygen barrier. In a humidified
environment, the CO,/0, (a) of coated samples increased (calculated from data given
in Figs. 5.1. and 5.2.). Moreover, the a increased with the coating thickness increase
(from 2.2 to 33.6 for 3 and 6 um coatings, respectively). The high polarity of CO, causes
its better dissolution, condensability and higher solubility than O, (Henry’s law
solubility constants for CO, and O, in water at 25°C indicates that CO, (7.57><10'6 cm3rp
of co2/BH20-Pa) is 26 times more soluble than O, (3.7SX10'7 cm3srp of 02/8H20°Pa) (Lide,
2007), therefore PCO,>P0O,. The high permeability caused by higher diffusivity of CO,
could be due to the lower kinetic diameter, 3.3 A and 3.46 A for CO, and O,
respectively. The presence of the water vapour close to the hydrophilic polymer
surface changed the structure of the thin chitosan coating and resulted in preferential
permeation for acid gases such as CO,. From the application point of view, in a
preservation of fresh products with high water content, low PO, and high PCO, inhibits
growth of aerobic microorganisms, thus increasing the product shelf life. The degree to
which atmospheric modification takes place in the packages depends on the film

permeability, product respiration and the influence of temperature on both of these
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processes (Beaudry, 1999). Gases such as O,, CO, and water vapour exit or enter the
package in a controlled manner and therefore, special films could be obtained by
modifying the film manufacturing process. Also, they could meet aerobic respiration
needs and maintain desirable CO, and moisture levels. It was found that PCO,/PO, of
PE chitosan coated film was 5.5 at 25°C and 96% RH (from Figs. 5.1. and 5.2.).

The temperature increase from 4 to 25°C resulted in PO, rise for all tested films
(Fig. 5.3.).
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Figure 5.3. Changes in oxygen permeability of polyethylene and chitosan coated
polyethylene films as a function of temperature and relative humidity.
¢ Different superscripts indicate significant differences (p<0.05).

As temperature increases, molecules have more energy and they can move much
more easily through both PE part and chitosan coating. There is also a thermal
expansion of the polymer material (Rogers, 1985). On the other hand when humidity
increased, that effect was not so pronounced (PO, = 2.44, 0.54 and 6.40 times higher
for the PE, PE chitosan coated and chitosan films, respectively). PO, generally follows
Arrhenius behaviour, unless the polymer passes through a transition such as the glass
transition temperature (Beaudry, 1999). The Arrhenius model applied to oxygen
permeation has been confirmed both for some biosourced films (Ma et al., 2012) and

polyolefins (Kurek et al., 2011). Lower difference observed for humidified samples was
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due to the sorption of water molecules onto the coating surface that formed
previously mentioned water reservoir. Therefore, it facilitated and increased oxygen
permeation. There was no significant difference in activation energy between dry and
humidified PE samples (36.62 and 37.69 kl/mol, respectively). On the other hand, the
activation energy values of the PE chitosan coated (113.26 kl/mol) and the chitosan
self-standing films (160.28 kJ/mol) were higher than those of the uncoated PE (36.62
kJ/mol). That indicates that the oxygen permeation through the PE coated films is
more sensitive to temperature changes than that of commercial PE. Lower values at
higher moisture rates (25.88 and 78.26 kl/mol for coated PE and chitosan films,
respectively) indicate that oxygen permeation depends more on humidity change than
to temperature increase. Greater correlation of PO, and RH than PO, and temperature
was also observed by Hong and Krochta (2006). These authors reported that the
permeability of the whey-protein-coated films increased exponentially with RH (in the
range from 30% to 85% at 25°C) and twofold increase for each 10°C was observed. The
exponential effect of RH on oxygen permeability has been previously observed for
other biopolymer films (McHugh and Krochta, 1994; Fabra et al., 2012).

5.2.2. Influence of casting solvent and glycerol on gas permeability of

chitosan self-standing films

In their dry state, all chitosan films had low PO,, PCO, and P, (Table 5.2.). The
oxygen permeability of the CSA film was lower than previously reported (883x10"
g/m-s-Pa (Sathivel et al., 2007)). In Chapter 6, the influence of solvent nature and
plasticizers on structural changes in chitosan films will be discussed (Kurek et al.,
2012b). The general transport mechanism for a gas through polymeric material starts
with a sorption of the gas molecules to the surface and then their dissolution in the
polymer matrix. The next step is a diffusion step, described as a series of jumps from
one cavity to another within the polymer matrix. At the final step gas molecules are
desorbed from the other side of the material. From a kinetic point of view, in a layered
chitosan structure pathways for gas permeation are much longer, so this results in
lower gas permeabilities. Indeed, in dry conditions, PCO, and PO, were very close and
fairly low (Table 5.2.).
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Permeating humidified gas turns hydrophilic polymer chains into a swollen
state and greatly increases gas permeability. This phenomenon was more pronounced
for the CO, (from 5 to 238 times) than for the O, (from 4 to 42 times). So an increase in
the selectivity was observed (a was increased up to 56 times for CSE film, Table 5.2.).
Actually, after drying there is always a trace of acetic acid left. High solubility of CO, in
acids and its interaction with chitosan molecules makes CO, preferentially more
permeable (Ito et al., 1997). Likewise, it may enhance the transport of the CO, through
the chitosan films. Generally, the selectivity of CO,/0, found in this research was lower
than that of Despond et al. (2001) (a=16.7).

The addition of ethanol during processing decreased PO,, PCO, and P,;.. During
the film preparation several events may occur, such as structural orientation and
conformation changes of chitosan matrix. It was attributed to the interactions
between acetic acid and chitosan chains that strengthen the film network. Such events
can facilitate diffusion of acetic acid through the expanded form of chitosan network in
a manner that restricts the flow of gases (Srinivasa et al., 2007). Water molecules
interact with polar groups in the matrix, gas molecules enter in micro-channels within
film structure and material swells. This results in variations in gas permeability.
Disturbing presence of water and molecular orientation of the polymeric chains may
hinder the movement of gas molecules (Salame and Steingiser, 1977). The final reason

could be increase in material polarity (Robertson, 1993).

The PO, of plasticized chitosan films was from 2.2 to 8.4 and from 3.5 to 8.2
times higher than unplasticized one (at 0% and 96% relative humidity, respectively,
Table 5.2.). Since chitosan films had relatively high moisture contents (up to 20% for
self-standing films) and water is itself an effective chitosan plasticizer, when adsorbed
it influences the plasticizing ability of glycerol. So it can lower Tg and thus increase
permeability (Robertson, 1993). The rupture of hydrogen bonds may create additional
sites for the molecule dissolution and may increase mobility of the O, molecules within
the amorphous phase (Gontard et al., 1996). The most important difference was
observed for permeating air, being from 5.6 to 9 times higher for plasticized samples.
Higher relative humidity increases the plasticizer effect on oxygen permeability of
sorbitol plasticized starch films (from 3.5 to 718 times at a relative humidity from 57 to
90%) (Gaudin et al., 2000). The authors (Caner et al., 1998) found that the oxygen
permeability of chitosan film ranged from 1.32 to 514 x 10" g/m-s-Pa, according to

type of acids and plasticizers.
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5.3. Conclusions of Chapter 5

Generally, bio-based polymers are considered to be good barriers to gases. The
casting of the chitosan coating onto the polyethylene films enhanced their gas barrier
properties at low relative humidities. In dry conditions, the coated films were from 100
to 1000 times less permeable than the polyolefin film with the following permeation
order PCO,>P0,>P,;.. Even though polyolefins are expected not to be sensitive to water
vapour gradient, WVP of coated films was increasing. Therefore, it was undoubtedly
attributed to chitosan coating. Due to its hydrophilicity, the chitosan coating negatively
influenced the water vapour barrier properties of the PE films. Still, statistically no
significant difference was observed. A rise of the relative humidity decreased the
barrier performances of the chitosan and probably changed its structure. Therefore,
gas barrier properties at high humidity were also affected. Permeability at the higher
moisture level rose up as the coating thickness increase. Polymer structure, physical
properties (solubility and diffusivity of CO, and plasticization effect of water molecules)
and polymer/gas interactions influenced the permeation flow particularly in the humid
environment, but still followed the same order PCO,>P0,. Elsewhere, gas transfer
through the self-standing chitosan film was influenced by the casting solvent and the
plasticizers. Glycerol facilitated the mobility of the penetrant. Ethanol increased the
polymer density and changed the network polarity. Therefore it decreased the

permeation in dry state, but negatively affected it in wet state.

As shown in this chapter, all together, plasticizers and solvents as well as
atmospheric conditions strongly influenced permeability performances of chitosan
based films and coatings. To better understand the observed phenomena, in the
following chapter, structural and thermal properties of chitosan based films and

coatings on polyethylene will be studied.
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Chapter 6 Structure and thermal properties of a chitosan coated polyethylene bilayer film

In the previous chapter it was observed that coating polyethylene films with
chitosan thin layer enhanced gas barrier properties of polyethylene. In dry conditions,
the coated films (coating thickness 6 um) were significantly less permeable than the
polyethylene film with the following permeation order PCO,>P0,>P,;. (Figs. 5.1. and
5.2.). The respective barrier properties of stand-alone chitosan or PE film can’t explain
this gain in barrier performances. Regarding the barrier properties, the critical
compounds that can penetrate the packaging materials and degrade food quality are
water vapour and oxygen of the surrounding atmosphere. The analysis of the structure
and surface properties is important to better understand this performance.

Processing can cause serious damage of polymer material. Changes in solvent
polarity may change structure and final film properties. Differences in polarity
between PE support and chitosan coating may lead to decohesion between two layers.
Moreover, plasticizers that are used to increase the flexibility or plasticity of polymers
may cause significant changes in its structure and its functional properties. Migration
of species such as plasticizers, from one layer to another, can also be a major drawback
in multilayer films. Therefore, precise control of the processing and conditions of use,
of any polymeric system is very important to get a material with good and desired
properties, to avoid decomposition and undesired matrix degradation.

Thermal analysis such as thermogravimetry (TGA) and differential scanning
calorimetry (DSC) have been widely employed for the characterization of polymeric
materials. Moreover, these techniques are used to monitor physical modifications,
changes in chemical structure and composition, or in molecular architecture of
chitosan polymer matrix (El-Hefian et al., 2010; Appelqvist et al., 1993; Ratto et al.,
1995). Furthermore, a kinetic study of thermal degradation can provide useful
information for the optimization of the polymer processing (Navarro et al., 2003).

There are several reports about thermal decomposition and stability of chitosan
(Zohuriaan et al., 2004; Pawlak and Mucha, 2003; Neto et al., 2005). Besides, thermal
properties of low density polyethylene and its composites have been already well
studied (Kurek et al., 2011; Murray et al., 2012; Weon, 2010). However, relatively few
researches have been conducted on the influence of processing on the permeability
properties, thermal and structural stability of polyethylene coated films (Farris et al.,
2009; Hong et al., 2006; Ha et al., 2001; Shin et al., 2002).

In this chapter, thermal and surface structure characteristics of developed films

and coatings were analysed. Moreover, in order to develop the performances of the

coating layer, and to understand the influence of casting solvent and glycerol,
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additional tests on chitosan self-standing films have been performed. Beside
plasticizing properties, glycerol was also used as a model of small polar molecules that
can be incorporated in the chitosan based bio-coatings. Therefore, the behaviour of
this model could be extrapolated to that of small molecules such as flavourings,

antioxidants or antibacterials.

6.1. Thermal properties

Thermal analyses were conducted to better understand the behaviour and
barrier properties of dry films. Besides, the determination of the thermal properties of
the PE and the chitosan coated PE samples was carried out to check if the coating
material as well as the coating technique influenced the polyolefin film structure.
Moreover, useful information on the hydration, crystallinity and the stability of the
various chitosan coatings can be achieved. The thermal properties of the chitosan

powder, PE films and all tested chitosan films are summarized in Table 6.1.

Table 6.1. Thermal properties of chitosan powder, chitosan based films, PE, and

PE coated films obtained by DSC analysis.

SAMPLE T4(°C) AH4(J/g) Tos(°C) AHps()/g) To(°C) AHb()/g)
CS POWDER 43.2 0.2 201.7 101.0 300.1 64.8
CSA 72.9 11.5 215.8 193.9 3189 24.2
CSAGLY 51.2and 92.2 0.9and 15.7 193.7 295.7 286.7 39.2
CSE 72.1 10.2 184.1 282.3 316.8 16.1
CSEGLY 52.1and90.2 1.3and9.4 1684 290.9 284.7 12.7
Tq (°C) AHq()/g) Tm(°C) AHW(J/g) To(°C) AHo()/g)
PE / / 1129 90.7 / /
PECSE 48.3 1.3 112.9 812 289.9 0.2

Tq-dehydration  temperature;  Tps-dissociation  temperature;  Tp-degradation
temperature; T,-melting temperature; AHg4-enthalpy of dehydration; AHps-enthalpy of
dissociation, AHp-enthalpy of degradation, AH-enthalpy of melting
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6.1.1. Characterization of the chitosan coating

Chitosan is a partially crystalline polymer composed of rigid chains having a small
specific volume (Sakurai et al., 2000). Changes in the inclination of the baseline in the
DSC thermograms for the raw chitosan samples were very weak. Therefore no glass
transition temperature (Tg) could be detected and neither for other chitosan-based
samples. The difficulty in T, determination of chitosan-based materials was also
pointed out by El-Hefian and co-workers (2010). Indeed, the T, of chitosan is known to
range between -23°C and about 220°C according to moisture and/or plasticizer
content. All samples containing chitosan displayed two/or three endothermic peaks in
the first run and just one exothermic peak in the second run. The first endothermic
peak was attributed to the loss of moisture and to solvent traces associated with the
hydroxyl groups of the 85% deacetylated chitosan. This specific temperature detected
at 43.1°C for the chitosan powder, is named as the dehydration temperature (Tq)
(Fernandez et al., 2004; Xu et al., 2006; Casariego et al., 2009). This peak did not
appear in the second heating. For CSA and CSE films, the dehydration temperature was
shifted around 72°C and reflected the strength of water/acetic acid/chitosan chains
interactions (Table 6.1.). These interactions resulted from the film preparation step
which requires the systematic use of acetic acid both for CSA and CSE films. In all CSE
samples ethanol was completely evaporated during the processing. From the
dehydration enthalpy (AHg) it was also clear that these interactions were much more
present in the CSA and CSE films than water/chitosan interaction in the pure chitosan

powder.

In the glycerol plasticized films, CSAGLY and CSEGLY, the endothermic region for
T4 consisted of two peaks that were detected around 52°C and around 90°C (Table
6.1.). This variation in the peaks position means that glycerol was also able to establish
physical interactions with water, acetic acid and hydroxyl groups of chitosan chains.
Endothermic peaks area is related to the relative amount of the interactive molecule in
the film. There was a difference in the endothermic peak area for the plasticized
samples, as they vary in their solvent-holding capacity. Considering that the acetic acid
evaporated preferentially to glycerol, the relative amount of acetic acid in the films
was lower than the glycerol amount. Therefore, the peaks around 51°C with AHg4
around 1 J/g can be attributed to the interactions principally based on the acetic acid
and the chitosan influenced by the glycerol (shift from 72°C). As the new hydrophilic
centres were formed, formation of the second peak around 91°C with AHy around
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12 J/g can be attributed to the interactions principally based on the glycerol and the
chitosan influenced by the acetic acid.

For the PECSE film, the thickness of the chitosan coating was about 6 um
compared to 80 um for the self standing films. Therefore, the evaporation of acetic
acid in the chitosan coating was more pronounced than in the films. Consequently, the
lower T4 value detected at 48°C stands for the interactions between water/chitosan

and small amount of the residual acetic acid (AH4 around 1 J/g).

The second series of endothermic peaks displayed between 168°C and 215°C
(called dissociation temperature, Tps, values displayed in Table 6.1.) could not be
attributed to a melting transition since a recrystallization peak was never detected by
cooling the sample. Moreover as observed by Chuang and co-workers (1999), following
the first heating, the characteristic peak could not be detected in the second heating
(not shown in Table 6.1). The authors attributed the presence of this peak to the
dissociation process of the interchain hydrogen bonding of the chitosan. This
assignment was supported by the TGA results which showed that for the chitosan
powder, no weight loss occurred in the Tps region around 201°C (data not shown).
However this dissociation temperature seemed to be influenced by the initial presence
of the acetic acid and/or glycerol in the film. Indeed, except for the CSA film for which
the Tps can be detected at 215°C, the Tps value of the films were systematically lower
than the one of the pure chitosan powder. From the TGA analysis, it was interesting to
note that the decomposition of glycerol (around 170°C) occurred in the Tps area for the
CSAGLY and the CSEGLY samples. Finally, for the PECSE film, due to the low amount of
the chitosan when applied as a thin coating layer (6 um), no Tps could be detected.

At higher temperature, the exothermic peaks centred in the range from 284°C to
318°C appeared (Tp values in Table 6.1.). They were attributed to the thermal
degradation as depolymerisation and pyrolytic decomposition of the polysaccharide
backbone (Zohurian et al., 2004; Sakurai et al., 2000; Xiao et al., 2003). Tp was
measured at 300°C for the pure chitosan powder whereas it was enhanced around
317°C when the acetic acid was incorporated in the film (CSA and CSE samples). On the
contrary, the addition of a plasticizer in the chitosan films (CSAGLY and CSEGLY
samples) is responsible for the decrease in the Tp values. The small exothermic peak in
the PE coated sample that appeared around 289°C was attributed to the chitosan

coating degradation. It can be observed that the degradation enthalpy of chitosan in
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the coated sample was much lower than the one observed in the chitosan self standing
films. It was due to the lower quantity of chitosan coating as already mentioned. Lower
decomposition enthalpies obtained for dry films compared to chitosan powder can

then be explained by formation of chitosonium acetate in the films using acetic
aqueous solution as a solvent.

6.1.2. Comparative thermal stability of PE, coated PE and CSE film

The TGA thermograms of polyethylene, polyethylene coated and chitosan
coating are illustrated in Fig. 6.1. As expected, under the nitrogen flow, the one step
degradation of polyethylene occurred around 455°C. On the other hand, there were
two main steps for the PE chitosan coated films degradation. The first one appeared as
a broad change from 40°C to 270°C and the second one from 270°C to 483°C. When
compared to the chitosan self standing CSE film weight loss curve, it is evident that the
first degradation step of the coated PE is attributable to the chitosan coating and the
second one to the additional degradation of both PE and chitosan. Concerning the
amount of the residue after the degradation, the highest weight loss can be observed
only for the PE films and light solid residues of 3% in the coated samples were
attributed to the chitosan coating. From this comparison, we can also assume that the
thermal stability of the PE layer was not affected by the chitosan-based coating.
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Figure 6.1. TGA thermograms of polyethylene (PE), chitosan coated polyethylene
(PECSE) and chitosan coating (CSE).
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6.1.3. Comparative thermal stability of glycerol plasticized and unplasticized
samples

The TGA thermograms of chitosan powder and self-standing plasticized and not
plasticized chitosan films are given in Fig. 6.2. For CSAGLY and CSEGLY samples, three
steps of degradation were mainly observed (Lavorgna et al., 2010) instead of two for
the unplasticized samples (CSA and CSE). The first one in the range from 30°C to 150°C
results from the evaporation process related to the hydrophilic nature of the chitosan,
with weight loss from 6% for the chitosan powder (corresponding to the residual
water) to values up to 14% for the other films. For CSA and CSE samples, weight loss
values were attributed to the evaporation of the residual water and the acetic acid.
Higher weight loss observed for CSAGLY and CSEGLY were due to the evaporation of
the residual water, of the acetic acid and of the glycerol. For the unplasticized samples,
the second degradation step ranging from 150°C to 417°C, followed by the final mass
loss up to 700°C was attributed to a complex process including the dehydration of the
saccharide rings, depolymerisation and decomposition of the acetylated and
deacetylated units of the polymers (Martins et al., 2012). It is important to note that
this step was separated in the two stages for plasticized samples (from 120°C to 215°C
and 215°C to 417°C) and was attributed to the glycerol degradation. This was clearly
observed when comparing the derivative signal and the weight loss of the
unplasticized and plasticized samples (data not shown) and coherent with the DSC

thermograms.
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Figure 6.2. TGA thermograms of chitosan powder and chitosan films.

Moreover, closer examination of Fig. 6.2. indicates differences in the residual
amounts of the chitosan powder, unplasticized and plasticized samples at 700°C. After
degradation, the weight loss of the plasticized CSAGLY and CSEGLY film were the
highest and equal to about 72%, in comparison with the unplasticized CSA (65%) and
CSE (47%) samples. This low amount of residue for the plasticized samples can be
related to the presence of glycerol that evaporates around 170°C. Surprisingly, an
important gap between CSA and CSE weight loss is observed at 700°C that could only

be related to the use of ethanol during the film fabrication process.

6.2.  Film microstructure and surface analysis

At a microscopic level, a good adhesion of the chitosan coatings on the
polyethylene surface with the good integrity was observed (Fig. 6.3.A). Discontinuities
in the polyethylene film are due to impurities and additives originally present in the PE.
Micrographs indicated that the air side and the support side surfaces of pure chitosan
films (CSE and CSA) were smooth, flat and without cracks (Figs. 6.3.C-G). After drying,
the layered structure was observed (Figs. 6.3.B and 6.3.E).
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Figure 6.3. Micrograph of cross section of chitosan coated polyethylene (A); cross
section (B), air side surface (C) and support side surface (D) of CSA film; cross section
(E), air side surface (F) and support side surface (G) of CSE film; cross sections of
glycerol plasticized samples-CSAGLY (H) and CSEGLY (I) and air side surface (J) and
support side surface (K) of CSEGLY.
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When a solution is cast, the solvent (mixture of water, acetic acid and ethanol)
evaporates, and the interfacial concentration gradients are formed. Fluctuations of the
concentration and the temperature between a Petri dish interface and a chitosan/air
interface caused the formation of the layered structures (Torres et al., 2005). These
changes in structure have also been confirmed by the DSC (Section 6.1.). In plasticized
films, although there is a tendency of the film components to move from one side to
the other, the structure all along the films is quite homogeneous. Fig. 6.3.1 shows that
CSEGLY has a much more homogeneous structure than film CSAGLY film (Fig. 6.3.F).
This indicates that the repartition of glycerol was better in CSEGLY film. It was
attributed to the hydrophilic character of glycerol that favours its solubility in ethanol
and therefore a more homogeneous structure of the film prepared with hydroalcoholic
acetic solvent was obtained. Nevertheless, there are some spots also distributed in a
homogeneous way (Fig 6.3.K), that could be attributed to the plasticizer which goes up
to the air side, probably because of a phase separation. However, phase separations
were observed both on the air side and support side. Still, surfaces were flat and

without pores and cracks (Figs. 6.3.J-K).
The molecular structure of the compounds and changes in the polymer matrix

due to processing were verified with FTIR-ATR. The characteristic bands in all tested

samples and FTIR-ATR spectra are given in Table 6.2. and Figs. 6.4. and 6.5.
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Chapter 6 Structure and thermal properties of a chitosan coated polyethylene bilayer film

The analysis of FTIR-ATR spectra indicated that no new chemical bonds were
formed on the polymer surfaces. The PE side in the coated PECSE sample showed the
same spectrum as the uncoated sample (Fig. 6.4.). This means that, despite the phase
separation observed in the chitosan layer between glycerol and chitosan chains, no
migration of glycerol into the PE could be detected. Bands at 2915 cm™ and 2847 cm™
were assigned to the asymmetrical and symmetrical C-H stretching, respectively. The
peak at 719 cm™ corresponds to CH, rocking in -(CH.)s- units (Zanetti et al., 2004).
Similarly, the chitosan CSE side of the PECSE sample showed a similar spectrum to the
one of the chitosan self standing film. The broad band between 3100 and 3500 cm™
were concerned as N-H and hydrogen bonded O-H stretch vibrations. Similarly to that
of the PE, in the C-H stretch region, two peaks around 2915 cm™ and 2847 cm™
appeared (Dhanikula and Pachangula, 2004). Strong bands at 1650 ecm tand 1551 cm™
could be assigned to the vibration of C=0 bond and the deformation of N-H bond
(Abugoch et al., 2011; Martinez-Camacho et al., 2010). C-H deformation was observed
at 1407 cm™ (Cardenas et al., 2008) and the band at 1254 cm™ was associated to the C-
O bonds of ether or alcohol functions (Bettini et al., 2008). The band at 1150 cm™
corresponds to the symmetric stretching of C-O-C and the peaks from 1150 to 900 cm™
were assigned to the amino group on the C2 position of pyranose ring (Zhao et al.,
2012; Pereda et al., 2012).
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Figure 6.4. FTIR-ATR spectra of polyethylene (PE), chitosan film prepared with
hydroalcoholic acid solvent (CSE), chitosan coated polyethylene - side polyethylene

(PECSE - PE), chitosan coated polyethylene - side chitosan film (PECSE - CSE).
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Moreover, some differences in the spectra of chitosan powder and dry films
were observed. This was attributed to the film formation and increase in the order of

the network structure (Fig. 6.5.).

—— CSAGLY

~ CSEGLY

Wavenumber (cmT)

Figure 6.5. FTIR-ATR spectra of raw chitosan powder (CS), chitosan film prepared
with aqueous acid solvent (CSA), chitosan film prepared with aqueous acid solvent and
plasticized with glycerol (CSAGLY), chitosan film prepared with hydroalcoholic acid
solvent (CSE) and chitosan film prepared with hydroalcoholic acid solvent and
plasticized with glycerol (CSEGLY).

In the raw chitosan, O-H and N-H stretching bands were narrow and very intense
whereas asymmetric and symmetric CH stretching peaks were in duplet. Overall
observation was that in the region from 1700 to 1500 cm™ characteristic wave
numbers for the dry films were systematically lower than the values of the chitosan
powder. The shift of the 1598 cm™ peak suggests an increase in the number of the
hydrogen bonds, interaction of primary amine groups of chitosan and acetic acid
(presence of NH;"OOCCHj; ionic bond) during the film drying. Moreover, these peaks
were shifted to the lower values when glycerol was added. This was due to the
interaction between glycerol and N-H groups in the chitosan. During the film drying
glycerol displaced the acetic acid which was bound with chitosan macromolecules.
Therefore shift in the N-H deformation was observed (from 1550 to 1536 cm™) (Brown
et al., 2001). In addition, the band around 3200 cm™ became broader when ethanol

was used as a solvent and glycerol was added as a plasticizer, probably due to the
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polarity increase of the film forming solutions. In previous chapter it was reported that
addition of the ethanol during processing decreased PO,, PCO, and P,,. Observed
behaviour was attributed to the structural orientation, conformation changes of
chitosan matrix and increased crystalline spacing. Besides, micrographs (Fig. 6.3.)
showed better dispersion of glycerol in CSEGLY films. Similar observations were
previously reported (Lavorgna et al., 2010; Brown et al., 2001). The shift in the C-O
group was probably the result of a lower mobility in the films due to its contribution to
the formation of the solid structure, rearrangement of the hydroxyl bonds in the
hydroalcoholic acid media and the interactions between the primary hydroxyl groups
and the acetic acid. Indeed, Balau et al. (2004) confirmed by XRD analysis that
differences in this range were related to the change of the amorphous material into a

crystalline phase.

6.3. Conclusions of Chapter 6

In summary, coated films showed a good visual and thermal stability, as well as a
good adhesion between the synthetic surface and the biopolymer, as revealed by
ESEM imaging. While the PE films showed one step in their degradation process,
chitosan films followed three/or four steps for their degradation. Moreover, chitosan
film degradation is influenced by solvents and plasticizers. Thermal studies revealed no
significant changes in the structure of the PE film after the coating process. Still, it can
affect the barrier properties that were therefore attributed to the chitosan layer.
During the chitosan film formation some changes in the structural conformation
occurred. In the aqueous acetate acid media, protonated chitosan molecules formed
the chitosonium acetate. Glycerol established bonds with the amino groups of the
chitosan and therefore displaced the acetic acid and strengthened the global structure
of the film. Moreover, when PE was coated with chitosan, FTIR-ATR spectra showed a
typical polyethylene spectrum on the support side, and the chitosan on the opposite

surface confirming that coating process did not affect the polyolefin layer.

Given the points in the Chapters 5 and 6, one can conclude that chitosan based
matrix showed great potential to be formed as self-standing film, or as coating on a
polyethylene, with a good barrier performances and with no negative effects on
support materials. Furthermore, in the Chapter four, chitosan films have shown a
capacity to retain carvacrol as active volatile molecule and thus can be used in active
packaging films development. However, the incorporation of carvacrol might affect the
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structure and also final functional properties of chitosan films. Moreover, in design of
good multilayer films, it is very important to check the wettability and the surface
properties of polymers involved. Pursuing this further, in the following chapter, the
influence of carvacrol on different physico-chemical properties of chitosan films and

coatings will be studied.
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Chapter 7 Carvacrol affects interfacial, structural and transfer properties of chitosan coated polyethylene

In Chapter two, it was pointed out that due to the health concerns and
environmental problems; the current research on active packaging has focused on the
use of natural preservatives or active compounds introduced in the biodegradable/bio-
based packaging materials (Siripatrawan and Harte, 2010; Suppakul et al., 2003).
Therefore, the incorporation of carvacrol as the main component from oregano
essential oil, can improve both the antimicrobial and the functional film properties.

When designing the most suitable film for a determined use and functionality, it
is important to understand the influence of physico-chemical factors on the functional
properties of the film forming solutions and obtained films. The application target of
this chapter is the development of the environmentally friendly, carvacrol activated
chitosan-coated polyethylene film, with the potential of its use as an active food
packaging material. Furthermore, it is aimed to assess the ability of the deposition of
different compositions of chitosan coatings on the low density polyethylene. However,
to better understand the possible changes in the chitosan matrix, chitosan
self-standing films containing carvacrol have also been studied. Finally, surface
modifications, changes in thermal and barrier properties after the coating processes,

have been determined as a function of the coating composition.

7.1. Liquid surface tension of the film forming solutions and
critical surface tension of polyethylene and chitosan films

This work was designed to study the compatibility of the chitosan film forming
solutions (FFS) and the PE film. PE was used as the support film coated by the FFS. To
ensure adequate bonding, spreading and wetting, the film forming solution should
have a liquid surface tension higher than the critical surface tension of the support
material. Therefore, the surface tension of FFS is an essential factor for determining
coating adhesion success. The phenomenon of spreading of the liquid over the surface,
as measured by the contact angle, is dependent on the relative magnitude of cohesive
and adhesive molecular forces that exist respectively within the liquid and between
the liquid and the solid. Wetting is favoured by a low liquid-solid (yis) and liquid-vapour
(ywv) surface tensions, and a high solid-vapour surface tension (ysy) (Eq. 3.6.). The first
information given by the contact angle measurements can thus be exploited in a static
manner with a comparative study at time 0 s when the drop is just deposited onto the
tested surface, and time 30 s corresponding to a metastable equilibrium between the
liquid droplet and the tested surface. In this static method, the sessile drop is assumed

to be in the complete mechanical equilibrium, even if the value of the contact angle is
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not the true equilibrium, due to the experimental conditions and tested surfaces that
differ from the perfection (Karbowiak et al., 2006). Initially, after the deposition of
different FFS, a significant modification of the liquid/PE film contact angle occurred.
Thus spreading was observed. The same trend was monitored during all the recorded
period (120 s) (Fig. 7.1.). The obtained values were lower than 90°, hence denoting a
spontaneous partial wetting of the PE surface with all the film forming solutions
(Vargas et al., 2009; Hagenmaier and Baker, 1993).

Time (seconds)
0 10 30 60 90 120

Solution

Aqueous acetic

solvent n A A A A A
[ T o W . W . A A

CSA-FFS

CSACVC-FFS
Hydroalcoholic
acetic solvent o N "" A ""

Figure 7.1. Pictures of solvents and chitosan film forming solutions when

applied to polyethylene film.

CSA-FFS - chitosan in aqueous acid solution; CSE-FFS - chitosan in hydroalcoholic acid
solution; CSACVC-FFS - chitosan and carvacrol in aqueous acid solution; CSECVC-FFS -
chitosan and carvacrol in hydroalcoholic acid solution.

The coating solutions with ethanol (CSE and CSECVC) had a surface tension of
32.4 and 31.3 mN/m, respectively. These values were significantly lower than those of
coatings based on chitosan solubilised in aqueous acetic acid (CSA and CSACVC), of
71.8 and 37.9 mN/m, respectively. The first two coating solutions, CSE and CSECVC,
had a low surface tension due to the fact that the solvent was hydroalcoholic acid.
Furthermore, the presence of carvacrol might act as a surface active ingredient
(CSECVC). This fact is supported by the values for CSACVC-FFS where the surface
tension was drastically decreased after the carvacrol incorporation. Moreover, results
indicated that the CSE and the CSECVC coatings were more prone to spreading on the
polyethylene film used in this study, since their liquid surface tension values were
closer to yc (critical surface tension) of the PE film. This was determined from the
Zisman’s plot (Chapter 3, Section 3.4.5.). The lowest liquid surface tension value (31.3
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mN/m) matched the lowest contact angle value (39°) and therefore, a better spreading
and probably better adhesion followed.

7.1.1. Critical surface tension and surface free energy of PE films

The surface energy of the solid surface is related to the surface tension of the
liquids and their contact angles. The determination of the critical surface tension (yc)
was done from the measurement of the contact angle of several standard liquids
deposed on that surface. Young (1805) defined the contact angle as a wetting
phenomenon for solid, non-porous and non-absorbent surfaces. The evaluation of yc
and surface free energy through the surface forces measurement is an approach that
guantifies the “surface affinity” for solutions. It was extrapolated from Zisman plot (as
described in Chapter 3).

Table 7.1. Surface tension (y.), dispersive (y.°) and polar (y.”) surface tension
components, adhesion (W,), cohesion (W¢) and spreading coefficient (Ws) of standard
liguids and chitosan film forming solutions (FFS) on the PE at equilibrium after 30 s
(0305)-

D P
Compound v ( VI\LI/ ) v Wp W Wg O30
m m
Water 72.8 218 51.0 82.4° 1456° -63.2%8 82.4+4.8°
Diodomethane. 50.8  50.8 0 79.7°%¢ 101.67 -21.99 553+1.5°
Glycerol’ 640 340  30.0 86.4° 128.0° -41.6" 69.5+7.7°
Tetradecane® 26.6  26.6 0 4998  53.1) 327 286+2.5°
Hydroalcoholic g . . b
4 colut 55.0 ND ND 76.4 110.0° -33.6° 67.1+3.6
acild solution
Aqueous acetic cd c a
4 coluti 70.0 ND ND 78.2% 140.0° -61.8% 83.2+1.3
acla solution
CSA-FFS 71.76  ND ND 80.1°¢ 1435° -63.4% 83.3+35°
CSE-FFS 3241 ND ND 57.4% 648" 7.4 39.4+2.6°
CSACVC-FFS 37.88 ND ND 59.8°  75.88 -15.9° 54.6+0.2°
CSECVC-FFS 31.3 ND ND 556"  626' -6.9° 39.0+1.6%

ND not detected; *adapted from Van Oss (1994); *h Different letters indicate a
statistically significant difference within the column at p<0.05 level.
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To verify the applicability of that method it was necessary to determine the
surface free energy of polyethylene and chitosan films. Eq. 3.15. was used to calculate
the values of the polar and dispersive film surface tension components. The surface
free energy of the PE film was 35.7 mN/m. Thus PE film used in this study has a low-
energy surface (<100 mN/m) (Owens and Wendt, 1996) with a higher dispersive (31.3
mN/m) and a lower polar (4.4 mN/m) component (Table 7.2.).

Table 7.2. Comparison of surface free energy and the dispersive (ys°) and polar
(vs') components of polyethylene film and chitosan self standing films. Measurement

were done at air drying surface (air) and support drying surface (support).

FILM SAMPLE Surface Free Energy Vs® Vs Critical surface tension
(mN/m) (mN/m) (mN/m) (mN/m)
PE 35.76' 31.298  4.47° 17.36"
CSE air 37.32° 36.12°  1.20° 41.80°
CSE support 32.76" 31.90" 0.85% 38.558
CSECVC air 66.42° 43.72°  22.70° 76.68°
CSECVC support 32.68" 31.900  0.78° 38.74
CSA air 39.69° 38.59°  1.10% 44.35°
CSA support 34.308 33.44°  0.86" 39.34°
CSACVC air 65.29° 36.00°  29.30° 76.54°
CSACVC support 37.68° 35.79°  1.88° 40.02°

*h Different letters indicate a statistically significant difference within the column at
p<0.05 level.

This denotes ability of PE to participate in non-polar interactions. Therefore,
Zisman plot can be applied to estimate the critical surface tension, defined as the value
of the superficial tension (liquid/vapour) at the intercept of the Zisman plot for cos6=1.
Table 7.1. shows the surface tensions of the four different film forming solutions, two
solvents used to solubilise chitosan powder and four standard liquids applied on

polyethylene film for the Zisman plots (Fig. 7.2.).
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Figure 7.2. Zisman plot of polyethylene surface.

Elsewhere, yc values have been reported to be lower than the surface tension
values of the same tested surfaces (Dan, 1970; Casareigo et al., 2008). A surface with
these characteristics interacts with the liquid primarily by dispersion forces, thus
influencing the effective spreading of the coating on the PE surface (Rulon and Robert,
1993). Therefore the compatibility of the surface polarity and FFS played an important
role in the PE wettability. The PE, being very rich in apolar components features a

significant apolar influence.

7.1.2. Wettability of polyethylene films by the coating solutions

Optimization of wettability (Ws) includes optimisation of work of adhesion (Wa)
and work of cohesion (W.). Cohesion promotes contraction and adhesion promotes
the spreading of a liquid. The obtained results are reported in Table 7.1. CSECVC was
considered as the most suitable solution to coat the PE surface as it had the highest W
(the closest to zero) (Tzoumaki et al., 2009). The higher cohesive force of a coating
solution caused the shrinkage of the CSA droplet. CSE and CSECVC were more capable
to spread on the PE. The higher surface tension (Table 7.1.) and contact angles of CSA-
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FFS (83°) and CSACVC-FFS (54°), indicated that the forces between molecules were
very strong. In addition to the reduced superficial tension of the FFS, the equilibrium-
spreading coefficient (Ws) was improved with ethanol and carvacrol (from -63.38 to -
6.99). Moreover, smaller contact angle was observed over the whole tested period
(Fig. 7.1.). Both good stability of coating/PE and lower free energy loss (Choi et al.,
2002) increased the force required to separate the coating film from the PE. Thus the
solution spread and good adhesion was obtained (Fig. 7.3.A). This phenomenon may
be attributed to the adsorption of the surface active molecules at the liquid-vapour
interface and its transfer to the solid-liquid interface during the coating process (Von
Bahr et al., 1999). Surface active molecules in the FFS, which were adsorbed on the PE,
caused increase of surface pressure of CSECVC-FFS that in turn increased its spreading
and decreased the contact angle. Besides, wettability is influenced by viscosity. It must
be low enough to allow the easy and homogeneous application of FFS onto the PE
surface. In Chapter four, it was reported that the incorporation of carvacrol and
ethanol significantly reduced the consistency index. Therefore a better wettability was
obtained. For further application, CSE and CSECVC were chosen as the best coating

formulations.

surface
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Airside

Det WD Exp pb—— 50um
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Figure 7.3. ESEM cross sections of PECSECVC film (A), CSECVC coating layer (B),
CSECVC film (C) and surfaces of chitosan films — support side surface of CSACVC (D) and
CSECVC (E) and air side surface of CSECVC (F,H) and CSACVC (G).

7.2.  Effect of glycerol on the surface tension of film forming

solutions and its spreadability/adhesivity on polyethylene

(Unpublished part of this chapter)

Generally, plasticizers like glycerol are used to improve mechanical properties of
solid films. However, by interspersing themselves, incorporation of these agents as
internal lubricants may reduce frictional forces between polymer chains. Thus they can
change surface tension of film forming solution and its spreadability on support
surface. The surface tension of tested film forming solutions is given in Table 7.3.
Addition of glycerol had adverse effect on liquid surface tension (y.) of CSA and CSE.
While y, of CSAGLY-FFS was little bit lower than CSA-FFS, y. of CSEGLY-FFS was
significantly higher than CSE-FFS. Plasticization with hydrophilic glycerol results in

decreasing surface hydrophobicity. Then, it is to expect that higher repulsions between
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hydrophobic PE and hydrophilic coating would take place that was not the case for
CSA-FFS. However, addition of carvacrol both in hydroalcoholic aqueous solvent as
well as in the acidic acid solvent decreased the surface tension of film forming
solutions. Drop in the surface tension by the addition of carvacrol might be due to the
interfacial adhesion between carvacrol and chitosan. However, as already observed in
Chapter 4, in the presence of glycerol, carvacrol seems to lose its
stabilizing/structuration properties. Then, the spreading was acerbated. Ziani et al.
(2008) reported that the presence of glycerol was not significant in reducing surface
tension since it is not a tensioactive molecule. Differences in this study obtained for
CSEGLY sample might be because of the different solvent, amounts of glycerol and

type of chitosan used.

Table 7.3. Surface tension of chitosan film forming solutions and their change
with the addition of glycerol.

SAMPLE VL SAMPLE Vi
CSA-FFS 71.76£0.45° CSE-FFS 32.41+0.97°
CSAGLY-FFS 67.22+0.10° CSEGLY-FFS 40.32+2.20°

CSAGLYCVC-FFS  38.63+0.03° CSEGLYCVC-FFS 33.75+0.36°

=4 Different letters indicate a statistically significant difference within the column at
p<0.05 level.

Adhesion, cohesion and spreading coefficients of different film forming solutions
on the polyethylene surface are given in Table 7.4. Photos of the film forming solutions

on the polyethylene at different spreading times are given in Fig. 7.4.
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Figure 7.4. Changes in the drop volume of the film forming solution containing
glycerol (GLY) and/or carvacrol (CVC) deposited onto the polyethylene as a function of
the solvent nature (CSA=aqueous acetic acid solvent, or CSE=hydroalcoholic acid
solvent).
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Table 7.4. Adhesion (W,), cohesion (W¢) and spreading (Ws) coefficients of
chitosan/glycerol film forming solutions onto polyethylene surface at equilibrium
(6305)-

SAMPLE W, Wc W5

CSA 80.14° 143.52° -63.38'
CSAGLY  75.54° 134.44° -58.89°
CSAGLYCVC 60.63° 77.26° -16.63°

CSE 57.45% 64.82° -7.37°
CSEGLY  45.6° 80.64° -35.02°
CSEGLYCVC 583" 67.50° -9.16°

*f Different letters in the column indicate a statistically significant difference among
the samples

The addition of glycerol decreased the adhesion coefficients in both solvents.
Surprisingly it slightly improved the spreadability of the aqueous acetic acid film
forming solution (Table 7.4.). However, in hydroalcoholic acid solution due to droplet
flocculation after homogenization process (as described in Chapter 4) the cohesion
forces were higher. So, the spreading was obstructed as the coefficient increased from
-7 to -35. Nevertheless, regardless of glycerol, the spreading coefficient of all
hydroalcoholic acid film forming solutions were fairly lower. In summary, spreading

was favoured by both ethanol and carvacrol (Figs. 7.1. and 7.4.).

7.3. Surface free energy and critical surface tension of dry
chitosan self standing films

To better understand the functional film properties, the hydrophilic/hydrophobic
character of chitosan films, the surface free energy and the critical surface tension
were determined. Results are given in Tables 7.1. and 7.2. The surface free energy
controls the contact angle of the droplet with the film surface. On the film support side
no significant changes occurred. The hydrophilic character was more pronounced on
the air side (higher values of reported data) (Tables 7.1. and 7.2.). While a hydrophobic
behaviour should be expected, significantly higher surface free energies were
measured for CSECVC and CSACVC films (66.4 and 65.3 mN/m, respectively). The
authors reported that the addition of hydrophobic agents, such as essential oils and
lipids, could increase the surface hydrophobicity (Moradi et al., 2012;
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Ojagh et al., 2010; Pereda et al., 2010). Opposite results in this study indicated that
during drying process, some changes in the film structure occurred (Fig. 7.3.).
Additionally high values of the water contact angles were reported for the support side
(from 80-110°). From Table 7.1., it can be seen that the polar component (ys) of
chitosan surfaces were close to zero. Once again, when carvacrol was incorporated,
this value changed up to 29 times (from 1.20 (CSE) to 22.70 mN/m (CSECVC) and from
1.10 (CSA) to 29.30 mN/m (CSACVC)). Farris and co-workers (2011) stated that this
behaviour could be due to the non-polar impurities on the chitosan surface. On top of
that, the possible orientation of the methyl moieties of the residual acetyl groups
along the chitosan backbone may have become exposed at the solid/air interface for
the thermodynamic reasons (Cunha et al., 2008). Higher dispersive components,
ranging from 31.90 mN/m for CSE support side to 43.72 mN/m for CSECVC air side are
coherent with the typical values found for the polysaccharide films.

7.4. Molecular interactions in the films

Molecular structure changes in polyethylene film, chitosan coatings and
self-standing films were verified with the FTIR-ATR technique which allows a surface
analysis of the samples. The characteristic bands in all tested samples are given in
Table 7.5.
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FTIR-ATR analysis spectra indicated that no new chemical bonds were formed on
the polyethylene surfaces. PE side in the coated PECSE and PECSECVC sample showed
the same spectrum as the uncoated one. Bands at 2915 cm™ and 2847 cm™ were
assigned to the asymmetrical and symmetrical C-H stretching, respectively. The peak at
719 cm™ corresponds to CH, rocking in -(CH,)s- units (Zanetti et al., 2004). Chitosan
used in this study was >85% deacetylated, therefore the typical C=0 stretching peak at
1655 cm™ and N-H bending peak at 1598 cm™ were observed. These peaks
represented the structure of N-acetylglucosamine, which could be found in chitosan
with a lower degree of deacetylation (Balau et al., 2004; Martinez-Camacho et al.,
2010). The chitosan sides of the coated samples showed a similar spectrum to the one
of the chitosan self standing films (depending on the formulation). However,
differences in the spectra of chitosan powder and dry films were observed. It was
attributed to the film formation that increased structure order as well as to a number
of hydrogen bonds, interaction of primary amine groups of chitosan and acetic acid
(Kurek et al., 2012b). In the region from 1700 cm™ to 1500 cm™ characteristic for the
C=0 stretching and N-H bending bands, wave numbers for the dry films were
systematically lower than the values of the chitosan powder. Other peaks were
assigned as following: at 1407 cm™ to C-H deformation (Cardenas et al., 2008), at 1254
cm™ to C-O bonds of ether or alcohol functions (Bettini et al., 2008), at 1150 cm™ to
the symmetric stretching of C-O-C and the peaks from 1150 cm™ to 900 cm™ to the

amino group on the C2 position of pyranose ring (Pereda et al., 2012).

The spectrum of the raw carvacrol (not given in Table 7.5.) displays vibrations at
1420 cm™ assigned to C-H deformation, vibration at 1250 cm™ and 1115 em™ assigned
to C-O vibration and characteristic phenyl ring out-of-plane vibration at 811 cm™
(Schultz et al., 2005). This characteristic bond is observed in all samples containing
carvacrol, confirming that some free carvacrol molecules are entrapped within the
chitosan network. However, a new peak shifted to higher wavelength (820 cm™
instead of 811 cm™) indicated the occurrence of carvacrol/chitosan interactions. New
peaks also appeared after the carvacrol incorporation, in the symmetric C-H vibration
region, at 2850 cm™ and 2869 cm™ for CSACVC and CSECVC samples respectively. Shift
from 1650 cm™ to 1630 cm™ for the carbonyl bond and disappearance of N-H
deformation at 1550 cm™ in CSECVC sample may be due to interactions between N-H
groups in chitosan chain and OH group of the phenyl ring in the carvacrol molecule
(5-isopropyl-2-methylphenol). In comparison to CSACVC films, carvacrol is more

soluble in ethanol and thus better dispersed in FFS. Therefore during the film drying,
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additional interactions might take place. Likewise, the band around 3200 cm™ became
broader when ethanol was used as a solvent. It was probably due to the increase of
polarity in the film forming solutions (Martinez-Camacho et al., 2010; Kurek et al.,
2012b). The shift of the C-O bond was probably the result of a lower mobility in the
films due to its contribution to the formation of the solid structure, rearrangement of
the hydroxyl bonds in the hydroalcoholic acid media and the interactions between the

primary hydroxyl groups and the acetic acid (Balau et al., 2004).

7.5. Film microstructure

Environmental scanning electronic microscopy (ESEM) observations were carried
out to contribute to a better insight in the homogeneity and in the microscopic
structure of dried films. The final microstructure obtained by the different FFS after
drying is influenced by the structural arrangement of chitosan and carvacrol before
and after drying. A good adhesion was observed for the coated PE (Fig. 7.3.A).
According to Sanchez-Gonzalez and co-workers (2010), droplet flocculation,
coalescence and creaming can occur. Chitosan string arrangement as well as the
evaporation front during drying caused a layered structure of carvacrol free films
(Kurek et al., 2012b). Presence of carvacrol drives to heterogeneous structure (Fig.
7.3.B). Two phases in the film matrix were formed: carvacrol droplets embedded in a
continuous chitosan polymer network. Besides, the heterogeneous structure could
result in a lower stability of the FFS during drying. As the dry matter content increased,
greater molecular contact between chitosan and carvacrol was obtained. Thus,
formation of new interactions (as seen in FTIR-ATR spectrograms) might weaken the
polymer chain aggregation forces. The formed matrix was more opened and the result
was thicker films (thickness increased up to 15% for CSECVC films). Fig. 7.3.C shows
that the upper part, corresponding to the evaporation surface during drying, exhibited
a porous-like structure. This structure is also favoured by creaming of carvacrol droplet
driven by solvent migration toward the evaporation surface. The lower part was more
compact. The carvacrol oval droplet form (Figs. 7.3.A-C) was probably due to the
deformation forces assigned to a polymer chain aggregation, network retraction and
orientation due to the casting and the solvent evaporation. Surface micrographs
indicated that the support side surfaces of chitosan films with carvacrol (CSECVC and
CSACVC) were smooth and without cracks (Figs. 7.3.D and 7.3.E). Air side surface of
CSACVC sample was smooth and homogeneous (Fig. 7.3.G), while air side surface of
CSECVC sample showed discontinuities indicating phase separation and presence of
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carvacrol droplets oriented to the evaporating surface (Fig. 7.3.F). Furthermore,
surface convexity and presence of small holes, once again attributed to carvacrol were
observed (Figs. 7.3.H and 7.3.G).

7.6. Thermal properties of coated PE and self standing

carvacrol/chitosan films

The determination of the thermal properties of the PE and the chitosan coated
PE samples was carried out to verify whether processing or coating composition
influenced the PE film structure. Moreover, useful information on the hydration, the
degradation and the stability of the various chitosan coatings can be achieved. The
thermal properties of the PE films and all tested chitosan films are given in Table 7.6.
The DSC curve for the polyethylene film and chitosan coated PE film (PECSE samples)
do not reveal any significant modification in the PE structure as reported in Chapter 6.
For the chitosan/carvacrol coated PE films (PECSECVC), during the first heating, the
melting point of the PE film at 113.5°C was observed. However, during the second
heating, the melting point had shifted to 117.1°C (data not presented). This
reorganization of the PE chains may be induced either by the presence of the chitosan

film at the surface of the sample or by the cooling ramp of the DSC analysis itself.
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In previous chapter (Chapter 6) it was underlined that for the all chitosan
self-standing films changes in the inclination of the baseline in the DSC thermograms
were very weak and therefore no glass transition temperature (Tg) could be easily
detected. Moreover in this study, all chitosan films displayed two/or three
endothermic peaks in the first run and only one exothermic peak in the second run.
For CSA and CSE films, the first endothermic peak around 72°C fits the dehydration
temperature (T4). The dehydration temperature is the temperature required to
overcome interactions between the hydroxyl groups of the 85% deacetylated chitosan
chains and water or acetic acid. For the raw chitosan, the dehydration temperature is
much lower and detected around 43°C. In the films containing carvacrol, CSACVC and
CSECVC, the endothermic region for T4 consisted of two peaks that were detected
around 52°C and around 90°C. This variation in the peaks position means that a small
amount of carvacrol was also able to establish physical interactions with water, acetic
acid and hydroxyl groups of chitosan chains. These peaks do not appear in the second
heating. For both coated samples, PECSE and PECSECVC, T4 values were detected at
48°C and 49°C, respectively. As coated layers were 10 times thinner than self-standing
films, water and acetic acid were easily evaporated from the chitosan coating.
Therefore the interactions between water/chitosan were less pronounced and AHq4
value was lowered.

The second endothermic peak at 215.8°C for CSA film and 184.1°C for CSE film
was related to the dissociation process of the interchain hydrogen bonding of the
chitosan as supported by no weight loss in TGA thermograms (Chuang et al., 1999).
However, as described in previous chapter, Tps values are influenced by the initial
presence of plasticizers (glycerol and/or carvacrol for example) between the chitosan
chains. For this reason, the carvacrol containing films show lower Tps values
(Table 7.6.), indicating structural changes in chitosan matrix, compared to CSA or CSE
films. For the coated samples, no Tps could be detected probably due to the low
amount of the chitosan when applied as a thin coating layer (6 um).

At higher temperatures, the exothermic peak appeared (degradation
temperature, Tp, Table 7.6.). It was attributed to the thermal degradation,
depolymerisation and pyrolytic decomposition of the polysaccharide backbone
(Sakurai et al., 2000). This temperature corresponded to the maximum mass loss
measured in TGA thermograms. Compared to raw chitosan for which Tp is around
300°C, the degradation temperature is higher with acetic acid containing samples (CSA
and CSE) and lower in CSECVC and CSACVC samples. This was attributed to carvacrol

that acts as plasticizer as already mentioned. The same behaviour and appearance of

165



Chapter 7 Carvacrol affects interfacial, structural and transfer properties of chitosan coated polyethylene

small exothermic peak appearance in coated samples thermograms was attributed to
the degradation of chitosan based coatings.

Thermal degradation temperatures and weight losses obtained from TGA
analysis are reported in Table 7.6. As expected, under the nitrogen flow, polyethylene
degrades in one step at around 455°C. Contrarily, coated samples show two steps of
degradation. A broad change in weight loss from 40°C to 270°C appear as the first one
and followed by the second degradation step from 270°C to 483°C. No significant
changes are observed between coatings with and without carvacrol, probably due to
the low amount of carvacrol present in the tested samples and detection limits of TGA

apparatus.

For chitosan based films, two steps of degradation are observed.

The first weight loss, in the range from 30 to 150°C, is around 13% for CSA and
CSACVC films and falls to 6-8% for CSE and CSECVC films. This step is attributed to the
evaporation of the residual water (film equilibrated at 30% RH prior to TGA) and acetic
acid used for the film preparation. The weight loss is only around 6% for raw chitosan
powder.

The second degradation step ranges from 150°C to 415°C and is followed by the
final weight loss up to 700°C. It is attributed to a complex process including the
dehydration of the saccharide rings, depolymerisation and decomposition of the
acetylated and deacetylated units of the polymers (Martins et al., 2012). Usually, films
prepared with aqueous acetic acid solvent (CSA and CSACVC) have increased thermal
stability compared to the CSE and CSECVC films, as evidenced by higher onset
temperature of the second weight loss. Moreover, although authors have reported
that incorporation of essential oils in chitosan and starch chitosan films increases the
degradation temperature of tested films (Altiok et al., 2010; Pelissari et al., 2009), no
significant changes in the thermal stability of the various chitosan films in our study is
observed. However, closer examination of the curves shape between 150°C and 415°C
reveals two stages (from 150°C to 200°C and 200°C to 415°C) for CSACVC and CSECVC
samples (Table 7.6.). This may be attributed to the influence of carvacrol, introduced
into the film matrix. The pure compound shows one-step weight loss in the range from
50°C to 185°C with a maximum weight loss at 169°C. This behaviour is also clearly
observed when comparing the derivative signal and the weight loss of the carvacrol

and non carvacrol samples (data not shown) and coherent with the DSC thermograms.
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7.7. Water vapour permeability

Polyethylene films are hydrophobic materials known to be not very permeable to
water vapour. Therefore, it was interesting to verify the effect of the coating
composition (carvacrol and chitosan) and of the processing onto the water vapour
permeability of coated PE films. In previous chapters, it was reported that the
presence of hygroscopic chitosan layer, which interacts easily with the surroundings,
can act as a water reservoir on the PE surface. Thus, it can significantly promote the
water vapour permeability of the support layer as shown in Chapter 6 (Sebti et al.,
2007). Therefore the aim of this experiment was to check the chitosan film behaviour,
with incorporated carvacrol, when tested at low humidities. The water vapour
permeability values (measured at relative humidity gradient from 0 to 33% RH) for
polyethylene coated films are given in Fig. 7.5. and for self-standing chitosan films in
Table 7.7.
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Figure 7.5. Water vapour (WVP), oxygen, carbon dioxide and air permeability of
polyethylene (PE), chitosan coated (PECSE) and chitosan+carvacrol coated (PECSECVC)
polyethylene film.

** Different superscripts indicate significant differences between formulations

(p<0.05).
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No significant differences were observed when thin chitosan coating (6 um)
without carvacrol was applied on polyethylene film (7.72x10™" and 7.88x10** g/m-s-Pa
for PE and PECSE, respectively). Moreover, the water vapour permeability was
increased by incorporating carvacrol into the coating layer. Indeed, the addition of a
hydrophobic material into a film does not guarantee reduced water vapour
permeability, because the permeability of the films is influenced by the existence of
the free channelling for the diffusion of water molecules (Pereda et al., 2012; Cheng et
al., 2008). The water vapour permeability trend was similar to with that of the
self-standing chitosan films. Opposite, the water vapour permeability in the samples
with carvacrol increased for about five times. As supported by thermal analysis,
carvacrol induced a plasticisation of the chitosan network. It is possible that it also
decreased intermolecular attractions and increased molecular mobility which
facilitated the migration of water vapour molecules. Moreover, the water vapour
transfer in biopolymer films depends on the hydrophilic-hydrophobic ratio of the film
constituents (Ahmad et al., 2012). Besides, this behaviour could be explained by the
formation of porous structure with the addition of carvacrol that was supported by
ESEM data (Fig. 7.3.). According to Bonilla et al. (2012) and Martins et al. (2012), the
negative effect of the essential oil incorporation on the cohesion forces of the chitosan
matrix could explain the phenomena of enhanced transport through the film despite
the increased hydrophobic character of the matrix. The different effects of aroma
compounds on the water vapour permeability were reported. The water vapour
permeability of soy protein or alginate based films tends to be increased by the
presence of ginger and cinnamon essential oils or their aroma compounds while
carrageenan, chitosan or hydroxypropyl methylcellulose based films had lower water
vapour permeability (Pranoto et al., 2005a; Atares et al., 2010; Hambleton et al., 2008;
Rojas-Grau et al., 2007). At the same time, the difference between hydroalcoholic and
aqueous acidic samples (CSE and CSA) was observed. Ethanol in FFS could modify the
film structure as a result of the variation in the polarity and the interfacial tension.
Thus, ethanol affected the solubility of chitosan powder and the water vapour

permeability of dry films was increased.
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Table 7.7. Water vapour (WVP), oxygen (PO,), carbon dioxide (PCO,) and air
permeability (Pai;) and permselectivity (a) of chitosan self-standing films.

WVP

SAMPLE (103g/m-s-Pa)
ARH (0-33%)

CSE 38.71+2.61° 1.04+0.15° 6.98+0.81° 3.79+0.25° 6.71

POz Pcoz Pair

a CO,/0
(10g/m-s-Pa) (10"g/m-s-Pa) (10"'g/m-s-Pa) 2/0:

CSECVC 189.91+74.65° 8.19+0.51° 7.76+0.39° 5.69+0.24° 0.95

CSA 25.7142.20° 2.22+40.27" 1.49+0.17° 0.22+0.05° 0.67

CSACVC 101.48+40.59*°  2.72+0.33° 3.77+0.09° 4.35+0.19° 1.39

*d Different superscripts within the columns indicate significant differences between
formulations (p<0.05).

7.8. Oxygen, carbon dioxide and air permeability

One of the most interesting applications of chitosan based films is their high
barrier that governs gas transfers between food products and their surroundings. Gas
permeability properties could be changed by the addition of active compounds, which
could act as structure enhancers. Oxygen, carbon dioxide and the air permeability of
chitosan coated polyethylene films with or without incorporated carvacrol at 25°C in
the dry state (to prevent moisture plasticization of the chitosan) are given in Fig. 7.4.
The permeabilities of polyethylene films significantly decreased after the coating
process. As the thermal and surface analysis did not display significant changes in the
PE structure after coating, the decrease in gas permeability was undoubtedly due to
the presence of the chitosan layer. The application of chitosan coating on the
polyethylene surface decreased oxygen, carbon dioxide and air permeability from two
to four orders of magnitude, respectively. This result agrees with earlier observations
(Garcia et al., 2000). Elsewhere, the presence of carvacrol in the chitosan layer
increased ten times the PO,, PCO, and P,;. The gas permeability of biopolymer films
depends on several factors such as the film integrity, the crystalline/amorphous phase
ratio, the hydrophilic/hydrophobic ratio, the polymeric chain mobility and the
interaction between film forming polymer chains and added molecules that all
together might have changed the matrix structure (Garcia et al., 2000).Thus, the
increase in the permeability with the addition of carvacrol may be associated to the
breakdown of hydrogen bonds between the chitosan polymer chains (as seen in

spectrograms) that opened additional sites for the dissolution of gases and increased
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the mobility of oxygen molecules within the chitosan layer. Farris et al. (2009) reported
that the addition of hydrophobic oil molecules decreased the cohesive energy density
of the protein network. Additionally they acted as a plasticizer, increasing the free
volume of the system. Therefore, the less tight lattices were formed and small gas
molecules passed faster across the sample. Still, a significant difference (p<0.05) was
observed reaching values of 117.5, 40.42 and 3.94 x10"’ g/m-s-Pa compared to the
controlled values (uncoated PE) of 782.5, 1562.23 and 1025.9 x10"’ g/m-s-Pa for PO,,
PCO, and P, respectively. McHugh and Krochta (1994) indicated that whey protein
films exhibit relatively poor oxygen barrier properties after lipid incorporation. The
PCO; of the PE film is 2 times higher than PO, (Fig. 7.5.). Permeability of PECSE and
PECSECVC followed the same permeability order: PO,>PCO,>P;,.

Furthermore, for all tested coatings, PO, increased with the temperature
increase. When temperature increased, molecules had more energy, so they could
easily pass through both the PE film and the chitosan coating. Also it is possible that
thermal expansion of the polymer material occurred (Rogers, 1985). Thus oxygen
permeation through the chitosan coated PE films without carvacrol was more sensitive
to temperature changes than that of commercial PE and chitosan coated PE with
incorporated carvacrol (14 and 2 times higher at 25°C, respectively, data not shown).
Hence, activation energies (E,) decreased in the following order: Eapecse>Eape>Eapecsecvc
(87.8, 28.4 and 27.2 kJ/mol respectively).

According to Gennadios et al. (2002) permeability is a steady state property
that describes the extent to which a permeating substance dissolves and then the rate
at which it diffuses through a film. During processing, the addition of ethanol as
solvent decreased PO,, PCO, and P, of chitosan self standing film. It was attributed to
the structural orientation and conformation changes of the chitosan matrix and
probably to the densification of the chitosan network as previously described in
chapter four. Better solubility of carvacrol in ethanol (that increased the bonding of
carvacrol with the sites in the chitosan chains as supposed from FTIR-ATR spectra)
might have decreased the matrix integrity and opened more channels for the diffusion
of small molecules. Therefore, permeability was increased. The film structure as well
as the distribution of carvacrol oil droplets might be associated with the gas and water
vapour permeability of the resulting films (Fig. 7.3.). Even that, in Chapter four it was
clearly pointed out that during the drying and storage period, an important volatile

aroma compound loss occurred (up to 80%), the permeability increased 3, 2 and
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1.3 times for CSECVC and CSACVC films that were significantly different (p<0.05) from
CSE and CSA (Table 7.7. and Fig. 7.6.). Nevertheless the permeabilities of all chitosan

self-supported films remained weak and could be used as good barrier coating
materials.
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Figure 7.6. Changes in gas permeability of chitosan films in dry environment
(0% RH) as influenced by the addition of carvacrol.

*d Different superscripts within the columns indicate significant differences between
formulations (p<0.05).

Permselectivity is the indication of the appropriateness of a given film for a
specific food. It describes the ratio between CO, and O, permeabilities (Salame et al.,
1986). Even though commercial packaging films have a typical permselectivity between
4 and 8 for highly respiring food products, lower values are required (Exama et al.,
1993). Therefore chitosan films tested in this study could be used for similar food
products applications (Table 7.7.). Selectivity allows balancing the pressure inside the
packaging particularly for modified atmosphere packaging.

7.9. Conclusions of Chapter 7

For production of novel bilayer chitosan / PE films with better characteristics, the
knowledge of wetting properties represents a key parameter in order to enhance their
aptitude to adhere to plastic layer, while maintaining the integrity of packaging.
Chitosan biopolymer film forming solutions spread and partially wet the polyethylene

film surface. During the period of 120 s, measurements revealed contact angles lower
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than 90°. In fact, these characteristics are primarily influenced by surface wettability of
films, which is dependent upon the degree of contact achieved between plastic
surfaces and wetting film forming solution. Furthermore, the magnitude of
intermolecular forces involved has an important role. Keeping this in mind,
hydroalcoholic acid solvent and carvacrol decreased the liquid surface tension of CSE
and CSECVC film forming solutions, increased the solution surface tension and
spreading, and decreased the contact angle. Then, the equilibrium-spreading
coefficient was improved. Therefore, the chitosan film forming solution containing
ethanol and carvacrol, as surface active components, was considered as the most
suitable for polyethylene coating. FTIR-ATR analysis spectra indicated that no new
chemical bonds were formed on the polyethylene surfaces. Carvacrol containing
chitosan films had additional bonds at 811 cm™, assigned to the out-of-plane vibration
of phenyl ring in carvacrol molecule. Environmental scanning microscopy indicated
that carvacrol containing films has a heterogeneous structure with two phases.
Carvacrol droplets were embedded in the chitosan matrix. Thermal studies indicated
that no significant structural changes in polyethylene film occurred after processing.
The presence of carvacrol induced a plasticization of the chitosan network, thus lower
dissociation temperatures were reported. Besides, it might have decreased
intermolecular attractions and increased molecular mobility. Furthermore, the film
structure as well as the distribution of carvacrol droplets was associated with
facilitated migration of water vapour and gas molecules. Ethanol affected the chitosan
powder solubility and the water vapour permeability of dry films was increased.
Chitosan layer, as carbohydrate based polymer, significantly decreased the gas
permeabilities of the polyethylene film. Carvacrol increased PO,, PCO, and P, of PE

coated samples for ten times, following the order PO,>PCO,>Py;,.

To sum up, incorporation of carvacrol led to changes in the structure of chitosan
matrix. Consequently, barrier properties of these materials were also influenced. In
this chapter only dry environmental conditions were taken into account. However, the
environmental conditions in food packaging are usually higher than 50% RH. This
aspect was already assessed in Chapter 5. However, studied films did not contain
carvacrol. So it is important to study the influence of relative humidity on the
performances of carvacrol activated packaging films. For this purpose, the following
two chapters will be focused on the influence of relative humidity on the

physico-chemical and functional properties of different chitosan films.
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Chitosan is a water sensible material that naturally interacts with water.
Yakimets et al. (2007) determined the water content of biopolymer films as a critical
variable that leads to water-induced transformations (for example, amorphous-
crystalline transition) that have a strong impact on the molecular mobility and
functional properties. In chapter two, it was underlined that hydrated chitosan exist in
a twofold helix. This structure can be converted to a dehydrated form, very similar to
the hydrated one, but with molecular packing and water content quite different
(Ogawa et al., 2004). Moisture has a plasticizing or swelling effect on polymers, so it
increases gas permeability (Ashley, 1985). Water increases the polymer-free volume,
allowing the segments of polymeric chains to be mobile (McHugh et al., 1994).
Moreover, in order to satisfy adequate functional properties, the film must be
designed according to some surface properties. In previous chapter, it was shown how
contact angle measurements enable investigation of the wetting behaviour of the
biopolymer surface. It can be also a good indicator for the determination of their
hydrophilic nature. In other words, it helps in understanding the mechanisms of
polymer surface degradation and of active compound release, which have great
importance both for food packaging and for pharmaceutical applications. However,
poor water resistance and mechanical performance are limiting factors for the use of
bio-based materials manufactured only from natural polymers. That is why there is
growing demand in development and characterization of bio-based/synthetic polymer

systems.

In previous chapter, changes of chitosan film properties after the incorporation
of carvacrol were assessed. Similarly, during the storage and the use of packaging
material, these properties will probably also change. The loss of active volatile
compounds from bio-based matrix at specified temperature and relative humidity (RH)
(that will simulate the timeline in the ‘real food product’ shelf life), requires the
knowledge of the polymer water sensitivity, the diffusion coefficient of active
compound, release rates and migration amounts according to moisture levels. Mass
transfers through food packaging films exist whatever the type of material used, even
if several of them are associated. Increased storage temperature and humidity can
accelerate the migration of the active agents in the film. Thus, the protective action of
antimicrobial films will be minimized, due to the high diffusion rates in the polymer

and in the food.
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The aim of this chapter was to investigate the influence of RH on the surface and
thermal properties of bio-based self standing films and coatings applied onto
polyethylene films. Once again, chitosan and carvacrol were used as models of
biopolymer matrices and active compounds with an antimicrobial potential. The effect
of incorporated carvacrol on the structure changes was studied. Water vapour, oxygen
and carbon dioxide permeability has also been determined in order to monitor the film
behaviour according to the temperature and RH. Furthermore, to better understand
the influence of both temperature and RH on the carvacrol release, kinetics were
studied at 4, 20 and 37°C and 0, 75 and >96% RH during more than 2 months. Chosen
temperatures represent the storage conditions of most fresh food products, of

ambient conditions or conditions of use, and those for optimal microbial growth.

8.1. Hydrophobicity and wettability of chitosan surfaces

First of all, material wettability was tested in order to better understand how
relative humidity (RH) influences the surface properties of chitosan/carvacrol based
films and coatings. To estimate the resistance of films to liquid moisture, contact angle
(that indicates surface hydrophobicity) at the time of deposit (0 s) and at metastable
equilibrium (30 s), water absorption rate (wettability), swelling and delay of swelling of
chitosan based films and chitosan coated polyethylene (PE) films were determined.

Results are given in Table 8.1.

Practically, a large (6>65°) and small (6<65°) contact angles represent the
guantitative definition of a hydrophobic and hydrophilic surfaces, respectively (Vogler,
1998). Moreover, in previous chapter surface free energy and critical surface tension
were determined. These parameters allow the estimation of materials hydrophobicity.
From Table 8.1. and Fig. 8.1., three types of behaviour can be observed. Changes in
behaviour were depended on the polymer nature, the nature of the solvents used in

chitosan film preparation and the addition of carvacrol.
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Figure 8.1. Shape and volume changes of water drop deposit on: (a) chitosan
based films prepared with aqueous acetic solvent and (b) chitosan films prepared with
hydroalcoholic acid solvent; (c) chitosan coated polyethylene; and (d) activated
chitosan coated polyethylene.
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First of all, during the experiment, the contact angle of a water droplet deposited
on the PE film linearly decreased. This phenomenon was mainly due to evaporation
and spreading. Indeed, the water cannot be absorbed on the PE, because it is a dense
material with a maximum capacity of water absorption less than 0.2% of its mass. It
can neither be spread because in this case, the volume of drop would be kept
constant. The adsorption rate is affected when the excess water evaporates during the
measurement. Thus, the “adsorption” rate on aluminium foil was determined to
estimate the evaporation rate of the measurement, considering that aluminium does
not significantly absorb water during the measurement. The data obtained on
aluminium were similar to those on PE, confirming that evaporation is predominant.
On the coated PE the water droplet profile began to change immediately upon
deposition onto the chitosan-coated surface (Fig. 8.1.). Close values of surface free
energies reported in Chapter 7 (35.76 and 37.32 mN/m for PE and coated PE,
respectively), explain why no significant changes were observed in the contact angle
values of PE and coated PE. Still, the presence of the thin chitosan layer (6 um) caused

the swelling of the coated side.

Contrarily, films based on chitosan have non-linear behaviour where changes
such as solvatation, hydration and/or swelling occurred (Fig. 8.1. and Table 8.1.). This
behaviour differed depending on the solvent and the presence of carvacrol. Moreover,
a different response was observed from the “air” to the “support” side. Thus, films
prepared in the aqueous acidic solution (CSA) tend to be swollen (with a surface
deformation) on the air side, since after submission an immediate increase in the drop
volume was observed. Contrarily, films prepared in the hydroalcoholic acid solution
(CSE) also swelled. The swelling occurred after the first absorption that was
characterized by a decrease in both volume and angle of water droplet. The presence
of water at the surface of chitosan results in low frictional surface forces, which is a
desirable property in developing biocompatible materials. Moreover during contact
angle measurement the swelling phenomenon was induced probably due to the
plasticization by water and partial solubilisation of chitosan macromolecular chains.
This behaviour seems to be contradictory to that observed for the water vapour
permeability, which showed a lower resistance of CSE films to water transfer (results
will be discussed later).

Farris and co-workers (2011) stated that reduction in the solid/liquid contact
area is accompanied by a steep decrease in volume. Taking this into account, the

sensitivity of films to the liquid moisture transfer was evaluated by the determination
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of the water droplet adsorption rate. The water adsorption rate of the air side of CSA
film was not determined, because the film started to swell immediately as the water
droplet was deposited. This phenomenon was followed by a decreased hydrophobicity
which favoured the wetting of the surface and thus the decrease of the contact angle.
The absorption period before swelling was longer for air sides of CSACVC and CSECVC
films (Table 8.1.). Moreover, for CSECVC F,,s was doubled (Table 8.1.). The support
sides of carvacrol containing films were the most hydrophobic surface (highest contact
angle). This might be explained by the different orientation of carvacrol droplets in the
support side compared to the air side because of the evaporation phenomenon of
carvacrol during film drying. Moreover, this was supported by the lower Faps
(0.32-1.15 uL/mmz-s) for air sides of CSA and CSE films than for CSACVC and CSECVC
(1.40-1.65 puL/mm?s).

To deepen analysis, the Owens and Wendt method was used to determine the
film interfacial tension (Chapter 7). The addition of carvacrol led to a sharp increase of
the interfacial tension which should result in a decrease in its wettability and thus its
affinity for water. But this was not observed, then the films containing carvacrol
absorbed water faster and swelled. That’s why this behaviour could be explained by
the film structure. In the previous chapter it was pointed out that carvacrol droplets
caused irregularities in the polymer matrix. In this case, the surface roughness was
increased due to evaporation of carvacrol during film drying. Thus, the side effect
could be attributed to a reorientation of the molecules during the film drying
(Karbowiak et al., 2006; Ogawa et al., 2004). Additionally, non-polar impurities in
samples might increase surface heterogeneity (Cunha et al., 2008). Consequently, it
favoured water penetration because of the capillary forces. Still, the PE coated
samples did not exhibit these changes to a large extent, probably due to different
drying procedures and lower coating thicknesses.

CSECVC film had higher contact angle values than CSACVC measured at time 0 s
or 30 s. Hydroalcoholic solvent favoured the solubility of carvacrol and thus a more
homogeneous droplet/matrix layer was formed. Here, the side effect was even more
pronounced. This behaviour in the presence of carvacrol perfectly supports the results
obtained for the water vapour permeability, in particular for the highest RH differential
(ARH 100-30%). The swelling of material is desirable from an application point of view
that might be the main guideline in the controlled release of active compounds.
Moreover, it turns out that the surface phenomena play an important role in the

mechanism of permeation.
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8.2. Influence of glycerol on surface properties of chitosan films

(Unpublished part of this chapter)

Comparison of chitosan films with and without glycerol as plasticizer enables
understanding the changes of surface properties. Indeed, it allows also correlating the
nature of used additives (glycerol used as a plasticizer) and their influence on the
orientation of polymer chains at the surface during film formation. Contact angles,

absorption rates and percentage of swelling are given in the Table 8.2.

Table 8.2. Contact angle at time 0 s (6y9) and at 30 s (Bt30), absorption flux (Faps),
time delay before swelling and swelling percentage data for chitosan based films as

influenced by the addition of carvacrol.

-3
Film  Side 80 (% Ouo) ol Delay(s) Swelling (%)
A air 93.64+0.23°  89.88+0.18" IS / 53.545.5%%

support  88.8+0.24*°  94.32+0.76*° 1.15+0.01°° 2.9+0.4° 41.3+0.9%f
csagly A 71.29+16.18"° 88.47+9.41%° IS / 237.6+41.9°
support 88.47+9.41*° 89.95+1.28%° IS / 83.9+37.6%¢

CSAGLY  air  55.69+9.03%° 47.13+6.92% 2.79+0.78° 20.7+1.2® 100.7+13.3%°
CVC support 67.05+3.25%°  69.249.87°  0.33+0.10° 18.0+4.2° 156.2+12.3°¢
CsE air  87.26£0.51*° 89.90+1.57*° 0.32+0.02° 10.8+1.1° 22.9+1.8"

support 88.19+2.44*°  86.50+1.25° 0.95+0.04° 15.8+3.4*" 51.8+5.9%%
csecly AT 78.92+8.13°P°  78.4749.64°° 5.40+2.70° 10.3+4.1° 67.6+24.5%°
support 90.3410.16*° 102.97+3.28° IS / 175.3+11.0°

CSEGLY  air 43.22+1.39° 87.58+2.18%° IS / 188.1+22.4*°
CVC support 89.41+3.63*" 87.83+4.34*" 0.63+0.16™° 3.4+3.2° 146.2+7.9°¢

IS=immediate swelling
** Different superscript within the column indicates significant difference at a level

p<0.05.

Likewise for other chitosan film formulations, different behaviours were

observed from one surface of the film (film-casting—support interface) to the other
(film—air interface), which could be also attributed to the influence of the support on
the polymer and to macromolecular orientation during drying. Table 8.2. shows that
the contact angle of glycerol containing films was slightly decreased on the air film
side. This was probably because of the presence of plasticizer. The effect was more
pronounced in the CSAGLY sample, probable because the excess of the glycerol

molecule moved to the surface of the air side as supposed from the ESEM micrographs
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(Chapter 6, Fig. 6.4.). Then, glycerol increased the polar component of the film (ys')
and decreased its surface hydrophobicity (Fig. 8.2.). Addition of glycerol affected both
structure and composition of the film surface: a reduction of polymer—polymer
interactions with an increase of their chain mobility consequently to incorporation of
glycerol within chitosan chains occurred. In addition, glycerol molecules were also
present at the film surface. This behaviour was similar both for aqueous acid solvent
and hydroalcoholic acid solvent. Contrarily to our results, Oh et al. (1999) observed a
small decrease of the total surface free energy of the ethyl cellulose-based films with
the addition of plasticizer. However, the addition of glycerol caused the substantial
increase in moisture absorption and it caused changes in mechanical properties of the
film (discussed in Chapter 10). In another words, at the same water activity, the water
content was higher in film with glycerol than without glycerol. So the initial contact

angle was expected to decrease as the water content increased.
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Figure 8.2. Comparison of the total surface free energy and its polar component
in chitosan based films as influenced by glycerol addition.

=4 Different superscripts indicate significant differences between samples at p<0.05.

Furthermore, the affinity of glycerol/chitosan films for water was clearly visible
because its presence caused the swelling of the film matrix up to four times higher
than in films without glycerol (Table 8.2.). This behaviour has been observed in several
other bio-based films such as carrageenans (Hambleton et al., 2011), sodium alginate
(Hambleton et al., 2011) and whey protein (Kokoszka et al., 2010). In addition, these
authors have shown that when the glycerol content was high the period before

swelling was shorter and that the swelling was increased. Similarly, in this study,
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CSAGLY samples swelled immediately. However, 10 seconds delay before swelling was
observed in CSEGLY samples. This was attributed to better repartition of glycerol in
CSEGLY than in CSAGLY film (Chapter 6).

In the films that contained both glycerol and carvacrol, surface changes showed
more complex phenomenon. The swelling was higher in CSEGLYCVC than in
CSAGLYCVC samples. The most possible explanation is that glycerol was more soluble
in ethanol and carvacrol was primarily dissolved in glycerol. These reduced the
hydrophobicity effect of the carvacrol on the chitosan matrix. Then, the hydrophobic
character of carvacrol was masked and then glycerol favoured the swelling. Better
distribution of carvacrol in multi-component films and more complex matrix was
confirmed by electron scanning microscopy (Fig. 8.3.). However it is interesting to note
that support sides of both CSAGLYCVC and CSEGLYCVC had higher contact angles. This
was probably due to the phase separation as observed at the film surface micrographs
(Fig. 8.3).

n  Det WD Exp p——— 20m AccV SpotMagn Det WD Exp |———— 50pm
CVC

GSE11.1 0 2.1 mBar CSAGLYCVC BO0OKV55 800x GSE111 0 2.1 mBar CSAGLYCVC

D Exp b———— 20um AccV SpotMagn Det WD Exp b—————— 20um
00KV 55 2500x GS 0 2.1 mBar CSEGLYCVC - 8.00kv 55 2500x GSE98 0 2.1 mBar CSEGLYCVC
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Figure 8.3. Micrographs of cross section of CSAGLYCVC (a) and (b); CSEGLYCVC
(c) and (d); and (e) air and (f) support surface of CSEGLYCVC.

8.3. Thermal properties of chitosan based films influenced by

relative humidity

A thermal analysis was performed in order to confirm the hypothesis about
plasticization influenced by water and/or carvacrol. Before measurements, all the
samples were conditioned to three RH (~0, 75 and ~100%). T4 is a value associated
with the system mobility and is defined as a physical change from the glassy to the
rubbery state in amorphous materials promoted by heat. The determination of Ty in
chitosan based films was a difficult task because changes in the inclination of the
baseline in the DSC thermograms were very weak. That is why we are generally
speaking about the dehydration temperature (T4) related to with the evaporation
process (characteristic phenomenon of hydrophilic polymers), the dissociation
temperature related to the dissociation process of the interchain hydrogen bonding of
the chitosan (Tps) and the degradation temperature related to the decomposition of
the polysaccharide backbone (Tp). Small endothermic dehydration peaks around 60°C
and 96°Cin dry (RH 0%) samples indicated that even after conditioning there was still a
small quantity of water in the system, probably due to the solvent traces after drying.
The observed Tps values for chitosan films with and without carvacrol changed with
RH. It was attributed to the different intensity of the plasticisation effect of water and
carvacrol. When the RH was close to zero, the plasticisation effect of carvacrol was
more pronounced. It was attributed to the fact that in the system, there was not
enough of free water and then, carvacrol had the plasticizing role increasing the

mobility of chitosan polymer chains. Thus, in dry system, Tps values were consequently
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lower for CSECVC (131°C) than for CSE samples (170°C). Additionally, less energy was
needed to establish the film network. Furthermore, AH4, AHps, AHp of CSECVC (around
0.7, 40 and 90 J/g respectively) were lower compared to CSE films (around 2, 70 and
112 J/g, respectively). When RH increased, the plasticization effect of water became
more pronounced than that of carvacrol. Thus for 75% to 100% RH range the
dissociation temperature were lower for samples without carvacrol (133°C for CSE and
159°C for CSECVC films). When increasing RH, the number of water molecules in the
system increases. So the possibility for chitosan chains to interact with water
molecules increases too. The hydrophilic character of chitosan and thus water binding
capacity tends to draw additional water into the matrix limiting the interactions of
carvacrol with the polymer chains and determine the final distribution of water in the
system. The quantity of absorbed water increases and more energy was required
(higher enthalpies at higher RH). The remarking effect was also in significant increase
in carvacrol release at humidities above 75% that will be later discussed.

For the chitosan coated samples, only T4 and Tp temperatures were detected for
chitosan part and T,, for PE. No significant changes were observed due to the low

amount of the chitosan when applied as a thin coating layer (3-6 um).

8.4. Water vapour permeability of carvacrol/chitosan films and
coatings at high RH differentials

Water vapour permeability (WVP) is the most important and extensive
properties of biopolymer films because of its direct influence on the deteriorative
reactions in packed food. The permeability of films is not a constant (or intrinsic
characteristic of the material) because it increases with RH gradient, contrary to the
predicted sorption-diffusion model that describes permeability. This non-ideal
behaviour is generally attributed to a structural modification of the film such as
swelling, due to the sorption of water vapour. This swelling was also observed by

others for biopolymers based materials (Karbowiak et al., 2006; Kokoszka et al., 2010).

Polyethylene films are known to be very hydrophobic, low moisture sensitive and
relatively not permeable to water vapour. Moreover, its WVP does not change with RH
differential. In the chapter five and seven it was observed that the presence of the
hydrophilic chitosan layer presented a reservoir of water on the PE surface (Kurek et
al., 2012b). It is likely that high water sorption by chitosan resulted in a much higher
concentration of water on the surface, even in a liquid state, which favoured the
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sorption of water by PE, and therefore increased its permeability. At higher RH
differentials, the addition of carvacrol in the coating layer decreased WVP, probably
because of the hydrophobicity of the aroma compound while at lower RH the effect

was opposite.

From Fig. 8.4. it is evident that all chitosan based films are not good water barrier
materials compared to polyethylene. It is probably because of the inherent
hygroscopic character of chitosan. Its WVP was nearly 2 to 3 orders of magnitude
greater than that of PE film. Increased moisture pressure gradient significantly affected
WVP.
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Figure 8.4. Water vapour permeability (WVP) at 20°C and three humidity
differentials ® 100-30% RH, ® 75-30% RH and ™ 33-0% RH of chitosan films and
carvacrol activated chitosan films compared to chitosan coated PE films.

** Different superscripts indicate significant differences between formulations (p<0.05)

At lower RH differentials (33-0%), films without aroma compound (CSA and CSE)
had lower permeability, from 10 to 15%, than that containing carvacrol (CSACVC and
CSECVC) as shown in Fig 8.4. This, once again, suggests a plasticizing effect of carvacrol,
only noticeable for the lowest RH and less marked plasticizing effect of water. Despite
the increase in the hydrophobic character of the film when carvacrol was added, its
incorporation might have negatively influenced the attractive forces between chitosan

molecules and it might have increased segmental movements between them (Bonilla
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et al., 2012). This hypothesis was reinforced with the DSC results that displayed a
modification in Tps and Tp (Section 8.3.).

The addition of hydrophobic substances could decrease the hydrophilic portion
of the film decreasing its affinity for water at high RH (Hernandez-Mundz et al., 2004).
But in our study, in self-supported chitosan films, the WVP tends to reach a plateau at
high moisture environments (Fig. 8.4.). This is due to water impact on the molecular
mobility that masked the hydrophobic effect of carvacrol. Then at 75-30% and at 100-
30% RH differentials WVP were not significantly different. Indeed, adsorbed moisture
has a plasticizing effect on the biopolymer network and leads to changes from glassy to
rubbery material state (Phan et al., 2005). At higher RH film swelled and the swollen
network of chitosan, together with the decreased density and the local viscosity,
facilitated the diffusion of water molecules that was more rapid than through the

glassy material.

8.5. Oxygen and carbon dioxide permeability

When a chitosan film is applied with a food product, the gas concentration in the
packaging may change during the storage. The chemical composition of the food
surface is dynamic and biochemical changes in food, microbial respiration, gas
solubility and permeability through packaging film will influence product quality. The
efficiency of chitosan films and coatings strongly depends on its water vapour and gas
barrier properties. These parameters are also depended on the chemical composition
and the structure of the film forming polymers, the product characteristics and the
storage conditions. To approach to the 'real' product conditions, influence of RH on the
oxygen (PO;) and carbon dioxide (PCO,) barrier properties were examined (Fig. 8.5.).
Generally, biopolymers are aimed to be a good barrier to gases at low RH. Thinking of
chitosan as a new kind of oxygen-barrier coating material, it is possible to obtain a high
oxygen barrier property on common plastic films and also to improve the

biodegradability of the produced material.
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Figure 8.5. Oxygen and carbon dioxide permeability influenced by relative
humidity of a) polyethylene and chitosan coated polyethylene films and b) chitosan
and carvacrol activated chitosan self standing film. © O, dry (0% RH), ® O, humid
(>96% RH), ® CO, dry (0% RH), ® CO, humid (>96% RH).

* Different superscripts indicate significant differences between samples (p<0.05).

The PO, and PCO, of chitosan coated PE and self standing chitosan films are
given in Figs. 8.5.a and 8.5.b. In dry conditions PCO, (1x10™*'g/m-s-Pa) was lower than
PO, (6x10g/m-s-Pa) for chitosan coated PE films. The gas permeability of PE films
alone was not significantly affected by RH. At the temperatures of study, PE was

probably in the rubbery state and as it is apolar material, it should not interact with
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water molecules. On the contrary, for chitosan coated samples both PO, and PCO,
were significantly higher at >96% RH, precisely 10 times for PO, and 1000 times for
PCO,. The effect of RH was less pronounced for carvacrol containing coated PE.
Already in dry conditions these films were less performing than PECSE. PO, and PCO, of
PECSECVC at >96% increased for 4 and 19 times respectively, but still remained 1.6 and
1.5 times lower than PE film itself. Hagenmaier and Shaw (1991) also reported an

exponential increase in PO, of shellac coatings with increasing RH.

PO, and PCO, changes with RH and composition of self standing chitosan films
are given in Fig. 8.3.b. In dry conditions, the permeability of both gases increased with
the incorporation of carvacrol. This was mostly due to microstructural changes in the
chitosan network that became more mobile attributed to the presence of carvacrol

microdroplets.

As the relative humidity increased, the PO, and PCO, of all samples significantly
increased. Despond and co-workers (2001) found that PO, and PCO; increased by 12.9
and 172.7 times, respectively, when RH increased from 0 to 100%. In general, there is a
competition between water and gas molecules. The plasticizing and/or swelling effect
of moisture followed by self association of water molecules (clusters) might have
induced rearrangements in the conformation, changes in crystallinity and mobility of
the polymer chains and thus changed the permeation of gases through the chitosan
film. CSACVC and CSECVC films were less permeable than CSA and CSE films. There are
several explications. First, at higher RH, Tps for CSECVC films was higher comparing to
pure chitosan films. Thus in humid environment, in the presence of carvacrol the
decrease in PO, can be associated with the increase of the crystallinity. Indeed,
authors reported that in semi-crystalline chitosan, the mass transfer is primarily
function of the amorphous phase, because the crystalline phase is usually assumed to
be impermeable (Ziani et al., 2008). Second, at higher RH there is a competition
between water molecules and carvacrol to be bonded with chitosan chains. Then, as
mentioned previously, the plasticization effect of water was stronger in non activated
samples and PO, and PCO, increased. CSACVC films (aqueous acid solvent) were less
permeable than CSECVC (hydroalcoholic acid solvent). This can be attributed to the
different molecular orientation of the polymeric chains due to solvent nature (Salame
and Steingiser, 1977). Generally, when comparing gases, higher solubility of CO; in the
water leads to higher PO, in humid conditions. In this study, in carvacrol containing

samples, PCO, was higher than PO,, while in the pure chitosan films no significant
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differences were observed (Fig. 5.3.b). Similarly, Bae and co-workers (1998) found that
CO; in wet chitosan membranes were 15-17 times more permeable than in the dry

chitosan membrane.

8.6. Influence of glycerol and relative humidity on the gas and

water vapour permeability of chitosan films with carvacrol

(Unpublished part of this chapter)

Oxygen, carbon dioxide and water vapour permeabilities of chitosan films
containing either carvacrol or carvacrol and glycerol are given in the Figs. 8.6. and 8.7.
Generally, plasticizers reduce intermolecular forces along the polymer chains, thus
increasing free volume and chain movements. In previous chapters it was shown that
addition of glycerol in chitosan/carvacrol film forming solutions led to some structural
changes. Deviations in viscosity and particle size distribution were observed (Chapters
4 and 6). Then in section 8.2., structural changes were confirmed by ESEM. Likewise, it
is to expect that these complex systems would change barrier properties of chitosan
based films. Indeed, carbon dioxide permeability of CSACVC comparing to CSAGLYCVC
films in dry and in humid environment was significantly increased (Fig. 8.6.a). The same
behaviour was observed for oxygen permeability in humid environment, while in dry
conditions no significant changes could be attributed. However, when hydroalcoholic
acid solvent was used, no significant changes in gas barrier properties were observed
(Fig. 8.6.b). This could be attributed to a better distribution of glycerol and carvacrol in

hydroalcoholic systems as previously suggested (Chapters 4 and 6).
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Figure 8.6. Oxygen and carbon dioxide permeability of carvacrol containing
chitosan films in dry and humid environment as affected by the addition of glycerol: a)
chitosan films prepared in aqueous acetic acid solvent (CSACVC); b) chitosan films
prepared in hydroalcoholic acetic acid solvent (CSECVC).

*d Different superscript indicate statistically significant difference between samples

6000
&
"
£
b |
B
-
B
5 2000 CSAGLYCVC
CSACVC
{3
CSEGLYCVC
n J n
ARH 30-0% CSECvC
ARH 75-30% ,
ARH 100-30%

Figure 8.7. Water vapour permeability of chitosan films with carvacrol and
glycerol at three different humidity differentials (CSAGLYCVC and CSEGLYCVC).

The majority of these anomalous behaviours arise due to the hydrophilic nature
of glycerol that in complex systems with carvacrol induced the presence of
inhomogeneities in its structure. Following this further, the water vapour permeability
of CSAGLYCVC and CSEGLYCVC films was significantly increased at higher relative
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humidity gradients (Fig. 8.7.). Solubilisation of carvacrol in glycerol seems to mask the
protective hydrophobic effect of carvacrol, hence WVP was increased. Furthermore,
glycerol increased the affinity of films to adsorb water, thus the plasticization by water

was induced.

8.7. Release of carvacrol from chitosan films

In the development of active packaging, the remaining concentration of the
active compound during processing and controlled-release of the same one from
packaging materials is of major significance as it will extend the antimicrobial effect of
the packaging film. Since the carvacrol release and diffusion from the chitosan matrix
begins as soon as carvacrol is added to the film-forming solution, this point has been
well reported in Chapter four (Kurek et al., 2012a). Diffusion can occur through the non
hydrated chitosan matrix but will generally be facilitated as the polymer gradually
swells in contact with water vapour. In order to quantify the effect of RH and
temperature on the release of carvacrol from chitosan based films, release kinetics and
apparent diffusivities of carvacrol were assessed for three relative humidities and
three temperatures. Experimental (amounts of carvacrol) and calculated data

(diffusion coefficient) are given in Fig. 8.8.
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Figure 8.8. Kinetic of carvacrol release from chitosan based film during 2 months
influenced by relative humidity (0, 75 and >96%) and temperature a) 4°C, b) 20°C and
c) 37°C.

The experimental release kinetics at controlled RH (0, 75 and >96% RH) clearly
showed that the release was greatly accelerated by saturating the system with the
water vapour and increasing the temperature from 4 to 37°C. Thus after 60 days, the
release was the lowest at 0% RH and the highest at >96% RH with almost complete
exhaustion in the later. Moreover at 37°C and RH >96%, already after 2 days, more
than 98% of carvacrol was lost, while at 0% RH this was significantly lower (only 2%). At
0% RH even after 60 days remaining carvacrol content was higher than 85% (for 4°C),
45% (for 20°C) and 20% (for 3°C). As long as the structure of the films was not
significantly changed, a high retention of carvacrol was maintained. Effect of RH on
carvacrol diffusivity was attributed to the plasticization of the chitosan matrix by
water. In the high humidity environment, the release of the entrapped compound into
the headspace is closely related to the adsorption of water in the material and

hydration of the matrix (Whorton and Reinnecius, 1995). Thermodynamically, different
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states of matter may be assigned to the chitosan chain in contact with water vapour
molecules. With no doubt, hydrophilic content of the chitosan will affect the
intermolecular forces responsible for diffusion and swelling (Ogawa et al., 2004).
Water begins to penetrate the surface of the film, followed by cracks appearing near
the surface, so subsequent release of carvacrol occurs. During the time, due to their
hydrophilicity, the chitosan chains are significantly hydrated meaning that the
interaction between water and chitosan increases. This facilitates water diffusion,
leads to a greater swelling and thus to a greater release of carvacrol. The release
mechanisms are quite important from the application point of view. When estimating
the shelf life of the active packaging film we want to avoid active compound loss. On
the contrary, as soon as the packaging will be put in the atmosphere of a ‘real fresh
food product’, where a,, and thus RH in the packaging is high, accumulated water
vapour would favour the release of carvacrol and thus induce the adsorption on the
food surface. The antimicrobial effect will thus be obtained.

Depending on the RH and temperature, the diffusion coefficients (D) of carvacrol
varied from 1.2x10™" m%/s (at 0% RH and 4°C) to 55000x10™" m?/s (at 100% RH and
37°C) (Fig. 8.8.). The slower release in the low a,, region is most likely due to the lower
mobility of carvacrol molecules in the glassy state of the chitosan matrix. The
activation energy (E,) for diffusion may be described as the energy required to create a
hole large enough to let by a diffusing molecule. The calculated D was plotted against

the reciprocal of absolute temperature (Fig. 8.9.).
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Figure 8.9. Influence of temperature and relative humidity on the diffusivity of

carvacrol in chitosan film.

The diffusion rates significantly increased with the temperature and humidity

increase. Tunc and Duman (2011) mentioned that temperature is very effective
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parameter for controlling the loss of antimicrobial compounds from biopolymer based
films. When sufficient amount of E, is available in the system the diffusing molecule
jumps from one position to another. For 0, 75 and >96% RH, the activation energies
were 71, 167 and 136 kJ/mol respectively. The diffusivity values were a little bit higher
than those obtained for the same compound in soy protein isolate based-matrix,
where at 30°C and RH varying between 60% and 100%, D ranged from 0.02 to
1.38 10** m?/s (Chalier et al., 2009).

8.8. Conclusions of Chapter 8

Chitosan films and coatings showed a great potential to be used as active aroma
compound support matrices. These matrices can provide activity to food packaging
films, by humidity and temperature induced release mechanisms. Changes in swelling
properties, water vapour permeability and gas permeabilities at high humidity
conditions, were mostly influenced by structure reorganization, presence of glycerol
and plasticizing effect of water molecules. At low relative humidity gradients, the
incorporation of carvacrol induced a plasticization of chitosan matrix, decreasing its
barrier properties. These phenomena were confirmed by the changes in structural
properties displayed by thermal analysis. In systems with both carvacrol and glycerol,
irregularities in matrix structure degrade barrier performances of these films. Chitosan
coatings significantly improved the gas permeability properties in dry conditions. For
PECSE films, PO, was still the lowest at high RH. Contrarily, lesser improvement was
obtained for coatings with carvacrol, especially in the case of carbon dioxide. The
release of the active compound was strongly enhanced by RH as required for the
application. During the film storage, the most important was to avoid the active aroma
compound loss. This is the reason why the diffusion coefficients had to be low at low
RH. Contrarily, regardless of the temperature, as soon as the film is exposed to high
humidity (foodstuff), the active compound will be fast released and will provide an
immediate antimicrobial efficiency.

Chemically, the side groups of chitosan contribute greatly to the overall
properties of this hygroscopic material. Polar in nature, these groups can also increase
a large amount of free volume between neighbouring polymer molecules, because of
their size and relative flexibility. Considering water to be a plasticizer for hydrophilic
polymers, it may lead to further insight to an understanding of their swelling
characteristics. To deepen analysis and to better understand affinity of chitosan films
to water, water vapour sorption phenomena will be discussed in the following chapter.
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Since it is known that the addition or removal of water may cause phase
transitions in the macromolecular structure (Schwartzberg, 1986; Torres, 1994), the
knowledge of sorption isotherms has been important for predicting water sorption
properties of hydrophilic films, stability and quality changes during packaging and
storage, especially of intermediate and high moisture foods (Bell and Labuza, 2000).
The ability of thin layer materials to adsorb water molecules strongly influences their
structural, mechanical and barrier properties. The diffusion of penetrants can differ
depending on polymeric systems. Therefore, the investigation of water sorption by
chitosan is important because the presence of water can have preponderant effect on
its physical properties and then on further applications. Water activity (a,) and
consequently the humidity level inside the packaging is important to determine the
stability criteria for foodstuffs and it is in function of both equilibrium moisture
content and temperature. Water activity of the product affects microbial growth,
browning, lipid oxidation, and some physical properties of foodstuff (such as colour,
texture, aspect, etc.). Because of above mentioned effects, it is an important factor in

the preservation of moisture sensitive packaging materials for food applications.

Due to specific interactions between water molecules and hydrophilic sites on
the polymer backbone, water sorption in biopolymers is generally a complex
phenomenon. Actually, adsorbed water molecules are partially dispersed into the
polymer matrix and in part physically bonded to the hydrophilic sites (Netti et al.,
1996). Because of film forming characteristics and as encapsulation capacity for active
agents and drugs, susceptibility of chitosan to water has already been studied. Some
recent works reported ,,anomalous diffusion” (Despond et al., 2001), ,degradation”
(Pereda et al., 2009) or ,specific reorganisation” (Bodek et al., 1999) of chitosan films
during sorption experiments with water vapour. Up to now, there is no many data
dealing with the thermodynamics of water vapour sorption over adsorption and
desorption cycles, neither as with the kinetics aspect of water diffusivity in
biopolymers. During experiment and storage, chitosan might encompass some phase

transitions including polymorphism and re-crystallisation (Kawada et al., 1999).

9.1. Water vapour sorption kinetics in chitosan based films

The complete kinetics of water vapour sorption by chitosan powder or chitosan
film is displayed in Fig. 9.1. It gives the mass uptake of the samples as a function of
time when the relative humidity is increased step by step from 0 to 80%. This kinetics
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allows determining if equilibrium is achieved between each relative humidity change.
From these data, an apparent diffusion coefficient for water can also be calculated

assuming Fickian diffusion between each RH step.
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Figure 9.1. Curves of water vapour sorption kinetics for (a) chitosan powder and
(b) chitosan based film (CSA). db= dry basis.

The initial study has involved a comparison of kinetic rates and equilibrium

uptakes for water adsorption on chitosan powder and chitosan films. All chitosan films

followed the same behaviour, thus in the following parts, only CSA film will be
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presented as the model of both CSA and CSE. Chitosan powder (Fig. 9.1.a) and chitosan
film (Fig. 9.1.b) did not show similar kinetics.

Firstly, the mass equilibrium was reached after around 12 hours for all relative
humidity differentials for the chitosan powder. However, in all samples, it is evident
that the amount of water adsorbed on chitosan powder at equilibrium (water
adsorption capacity) increased with increasing RH. The adsorption may be
approximately divided into three stages such as initial adsorption stage, gradually
slowing adsorption stage and adsorption equilibrium stage. Moreover, three different
regimes in this initial stage were observed depending on the relative humidity range.
The slope of the kinetic curves, and thus the amount of adsorbed water was the lowest
for 0-10%, 10-20% and 20-30% RH intervals and the highest for 70-80% RH intervals.
The amount of water adsorbed in chitosan powder, rapidly increased with increasing
the adsorption time in the initial adsorption stage. And then, in the gradually slowing
adsorption stage, the m, increasing rate turned slowly and gradually toward constant
mass. After 12 hours of adsorption for chitosan powder, equilibrium was reached. In
the initial adsorption stage, the water vapour pressure at the surface of chitosan
powder was less than that in the environment. Then, the powder adsorbed water
molecules from the environment rapidly, and as a result, the m, was rapidly increased.
With the progress of water adsorption experiment, the water vapour pressure in the
chitosan surface gradually tended to equal to that in the environment. Then, the
adsorption rate for chitosan to adsorb water molecules was slowed down to reach a
dynamic equilibrium.

On the contrary, depending on the relative humidity differentials, the transient
state seems to be variable in films. For example, it appears to be around 50 hours for
relative humidity below 30% RH, but reduced to 9 hours between 30% and 70% RH,
and increased again to 36 hours above 70% RH. We can reasonably think that the
transient state for water transfer is therefore shortened in the case of powder, due to
a greater surface area exposed compared to the film. However, considering the full
kinetics and not only the first part up to which the equilibrium seems to be attained, it
is worthy to note that another phenomenon superimposed to water sorption between
30% and 70% RH for the films. In this range, after a strong increase in mass during the
first 9 hours, chitosan film displayed a very slight decrease in mass over time. This fact
is very surprising and also points out that the equilibrium in mass was not perfectly
reached for theses relative humidity differentials. This also indicated that, for chitosan

films adsorbing water a longer time was needed to reach equilibrium. In the case of
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chitosan film, similar shape of kinetic curves was observed for 0-30% RH range and
above 70% RH. However, as previously mentioned in the range from 30% to 70% RH,
there was not the final equilibrium stage attained during the experiment.

The water vapour desorption kinetics for chitosan powder and chitosan film
(CSA) are displayed in the Fig. 9.2.
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Figure 9.2. Curves of water vapour desorption kinetics for (a) chitosan powder
and (b) chitosan based film (CSA).
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Contrarily to the sorption, during the water vapour desorption from chitosan
powder and chitosan films, similar kinetic behaviour was observed. In the initial
desorption stages the mass loss was the highest and after a certain period, mass has
reached the equilibrium. Contrarily to sorption kinetics, the constant mass seems to be
reached faster for film samples (18 h) than for chitosan powder (around 50 h).
However, two main regions were observed for both samples types, one above 70% RH
where the mass loss was faster and the most important and the second one from 70%
to 0% RH where mass lost was less important. Moreover, chitosan film samples

displayed greater mass loss.

The moisture sorption isotherm (adsorption and desorption), is a way to
characterize the solubility of water in the film matrix, so it is especially important for
bio-based films. Even though chitosan is widely studied polymer and water vapour
sorption isotherms were previously reported, very little work has been carried out on
the kinetics of adsorption/desorption of water on chitosan films. The behaviour of
water sorption in chitosan films obtained in this study is different from that reported in
the literature. From kinetic results it is clear that for these systems very long times are
required for reaching equilibrium. Thus it is very important to be careful when
comparing the literature data. The experimental procedures as well as reported results
may vary depending on the duration of the experiment, the weighting accuracy, and
the determination of the chitosan samples dry weight. The former is key factor that
makes questionable or doubtful some works which consider the only first part of the
kinetics as the experimental period was much shorter (i.e. just 4 h in the work of
Mucha et al. (2005)). The second dilemma comes out when comparing the
determination of samples dry basis before sorption experiment. It has been reported
that chitosan samples were dried at 95°C (Ludwiczak and Mucha, 2010), 100°C (Mucha
et al., 2005; 2007) and 105°C (Suppakul et al., 2012) before sorption experiments.
However, drying at high temperatures can result in the degradation and reorganisation
of chitosan polymorph. Moreover, in this study, when films were dried at 105°C, colour
modification was observed. This denoted some chemical reactions and possible
structure change. That is why the determination of polymer dry basis in this study was
performed by drying under the P,0s followed by drying under dry air flow (having a
dew point -60°C that corresponds to <0.046% RH). All these factors must be taken into

account for the following discussion.
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In a similar study with chitosan films, a mass loss was reported during exposure
to water vapour after 10 hours period (Pereda et al., 2009). Mass decrease observed
after pseudo-equilibrium was hypothesised by these authors to result from the
competition between polymer degradation and water sorption. However no
experimental proof was given to confirm it. In another study, Epure et al. (2011)
reported water uptake evolutions of unplasticized and glycerol plasticized chitosan
over 35 days. Authors reported the attained equilibrium already after very short period
(24 h). However, there is a trend that after the first equilibration, the mass of the
samples for RH above 33% tended to decrease within the standard deviation, which is
similarly to the results obtained in our study.

Interestingly, Martino et al. (2011) reported significant decrease in water content
(from 67.3% to 10.1%) for chitosan films after 20 days of storage at 57% RH. This was
attributed to a specific reorganisation of the material during its aging similarly to
results reported in a study of Bodek et al. (1999). However, once again no

experimental proof was given to confirm it.

In the present study, there are several hypotheses which could explain the mass
loss in chitosan films. It can be attributed to the specific reorganization of chitosan
matrix, changes in the chitosan polymorph and water removal action of acetic acid.
First of all, during the film preparation, the addition of acetic acid aqueous solution
allowed the partial protonation and destruction of chitosan plain powder which is
favourable for its mixing and solubilisation. In result, hydrated crystals were formed.
According to authors, hydrated crystals exist in the relaxed two-fold helical
conformation with bonded two water molecules (Okuyama et al., 1997). As speculated
by Demarger-Andre and Domard (1994), at room temperature, acetic acid might be
removed from chitosan crystal. Then result of dehydration is anhydrous crystal (Fig.
2.4.). Even though authors reported that this removal is spontaneous, we must
underline that in this study a certain hydration level (>20-30% RH) was required. The
anhydrous polymorph is energetically a more stable conformation of chitosan
polymorph, because of additional inter-chain hydrogen bonding formed upon the
removal of loosely bound water molecules between chains (Ogawa et al., 1984; Saito
et al.,, 1987). When dehydration occurs, chitosan macromolecular chains shift by
breaking the bonds to fill up the spaces of previously existing water molecules. The re-
crystallization into the anhydrous allomorph can then be favoured by a relatively
higher molecular mobility in hydrated condition and result in the weight loss. Similar

observations were reported by Osorio-Modrazo et al. (2011). As during desorption in
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all cases the equilibrium was reached, it could confirm that the removal of acetic acid
was done during the sorption process and that specific re-organisation occurred.

To confirm this hypothesis, after desorption, the second water vapour sorption
was performed. The mass gain values were almost superimposed to the desorption
ones for the same RH gradient. Moreover, the mass of the sample was well
equilibrated. This indicates irreversible re-organization in the film structure. As the
binding capacity changed during the second sorption, mass gain was lower than during
the first one. Special problems in sorption studies are typical for some low molecular
carbohydrates such as lactose. If a sugar solution is dried below its saturation point an
amorphous solid glass is formed. These amorphous non crystalline materials can bond
water internally. During moisture sorption as a,, increases further crystallisation can
occur, potentially leading to re-crystallisation of the entire matrix that causes water to
be expelled from the matrix into the environment around it (Bell and Labuza, 2000).

From the kinetic results, water diffusion coefficients at relative humidity
differentials from 0% to 85% in different chitosan films were determined. Results are

given in the Table 9.1.

Table 9.1. Diffusion coefficients of water vapour in chitosan based films.

Water diffusion coefficient D x 10" mZ/s

Relative humidity %

Film 0-10 10-20 20-30 30-50 50-60 60-70 70-80 80-85

CSA  1.84+0.12 2.57+0.06 5.76+2.26 15.40+0.25 15.00+0.50 14.03+0.67 11.22+2.29 8.17+2.02

CSACVC 2.17+0.47 3.01+0.13 5.79%+1.99 16.00+0.13 nd 14.33+0.11 11.79+0.60 7.22+0.14

CSAGLY 3.56+0.01 nd 12.86+2.49 14.10+0.73 14.37+0.98 13.58+0.89 8.88+3.11 6.69+1.73

CSE  1.80+0.05 2.84+0.52 7.23+0.48 16.09+0.88 14.41+1.59 13.39+0.85 9.98+1.84 6.90+1.54

CSECVC 2.51+0.05 3.30+0.12 4.00+0.01 13.65+1.02 nd 9.28+2.06 7.81+0.01 5.62+0.15

CSEGLY 1.91+0.20 nd nd 15.83+0.50 14.06+0.69 13.57+0.80 9.06%2.27 7.07+0.01

nd = not determined

The transfer of water vapour through the chitosan films does not follow the
Fick’s law applied to transient state. For that reason, the ultimate value of water mass
gain used in the fitting process in calculation of diffusion coefficients was taken at the
moment when the tested sample started to lose its mass. This is an important choice
and detail that must be considered in the interpretation of results. Examples of

mentioned phenomena are given in the Fig. 9.3.
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Figure 9.3. Water vapour sorption in chitosan based films. a) CSAGLY, ARH
70-80%; b) CSAGLY, ARH 50-60% c) CSEGLY, ARH 70-80%; d) CSEGLY, ARH 50-60%.

Experimental data (o) and fitting data (-).

Moreover, for some samples the water vapour sorption was too fast. In other

words, the transient state was too short and diffusion coefficient could not be

determined (Fig. 9.4.). These results are considered as not detected (nd) (Table 9.1.).
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Figure 9.4. Water vapour sorption in CSAGLY film in relative humidity range
10-20%. Experimental data (o) and fitting data (-).

The diffusion of a water vapour through a polymer matrix is a consequence of
random motions of individual molecules of the species. According to McHugh and
Krochta (1994), anomalous diffusion occurs when penetrant diffusion and polymer
relaxation rates are comparable. Relative humidity had strong impact on the moisture
diffusivity in all chitosan-based films. The relation between relative humidity range and
diffusion of water in different films is given in Table 9.1. and Fig. 9.5. All samples
followed the same behaviour. The diffusivity increased gradually up to ten times, as
the moisture content increased up to 50% when the maximum values were reached. It
corresponded to the 10-20% of the moisture content in the chitosan films (depending
on the sample type). Then, while the moisture content of films continued increasing, D
gradually decreased. Depending on the relative humidity, moisture diffusivity at 25°C
varied from 1.84x10™* to 15.4x10™* mz/s for pure chitosan films, from 2.17x10™ to
16.0x10™** m?/s for carvacrol containing films and from 1.91x10* to 15.8x10™* m?/s
for glycerol plasticized films. The solvents used for the film-forming solution did not
significantly change the diffusivity of water in films. However, D in glycerol containing
samples was significantly faster in the range from 10-30% relative humidity. In the RH
range 10-20%, the diffusivity was so fast that the determination of diffusion coefficient

was impossible, as previously mentioned.
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Figure 9.5. Diffusion of water in chitosan based films as a function of relative
humidity: a) chitosan film prepared in aqueous acetic acid solvent, and b) chitosan

films prepared in hydroalcoholic acid solvent.

Similar values of the effective diffusion coefficients for chitosan/glycerol films
were reported by Pereda et al. (2009). In the mentioned study D was 15x107** m?%/s at
75% RH. In another work, Despond et al. (2001) calculated the diffusion coefficients at
lower partial pressures. In the RH range from 0% to 40%, according to authors,
sorption was controlled by a Fickian mechanism. The reported values were in the same

range as values in this study (from 0.46 to 1.83 x10™** m?/s). According to same
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authors, at low RH (<50%), water molecules are interacting with polar groups of
chitosan by hydrogen bonding.

During the exposure to water vapours, water vapour plasticizes the chitosan
films which swelled and then induced an increase of the mobility of both the chitosan
polymer segments and water penetrant molecules. It is thought that anomalous
effects observed in hydrophilic films could be due to glass transition-induced structural
changes within films exposed to high RH gradients (McHugh and Krochta, 1994).
Moreover in the presence of glycerol the network becomes open and flexible enough
to allow the passage of the water molecules. Consequently, D was increased. It is
possible that deviations from Fickian behaviour are the results of increased penetrant-
polymer and penetrant-penetrant interactions. In other words this means that the
association of water molecules can occur. At higher water activity weakly interacting
water molecules are added. A positive deviation of equilibrium sorption from Henry’s
law sorption is generally interpreted by a clustering tendency of penetrates in the
polymer material. Despond et al. (2001) reported that as the partial pressure increases
water molecules are predominately clustered on active sites of hydrogen bonds. This
was not confirmed experimentally but it was calculated from the GAB isotherm model.
Similar behaviour of water clustering in cellulose-derivative films was also observed
(Barrie, 1968; Debeaufort et al., 1994).

Consequently, decrease of D as the relative humidity increases above 50%, can
be explained by a phenomenon of clusters formation. Below the concentration
corresponding to the water monolayer, water interacts strongly with the chitosan
macromolecular chains and/or hydrophilic glycerol, which explains the very large
decrease in apparent diffusivity. Once the monolayer was formed, water no longer
interacts with the polymeric system and the free water molecules associate to form
clusters. As the molecular volume of these clusters increased, the water diffusivity
decreased. Another explanation could be attributed to the higher density of hydrated
chitosan alomorph. Then interestingly, it can restrict the water diffusion rate
(Okuyama et al., 2000). Thus, once again, bigger molecules could not penetrate and
diffuse in the polymer. The diffusion decrease above 50 % perfectly corresponds to the
humidity where structural reorganisation took place. The phenomenon of association
of water molecules was initiated at polar centres and is especially important in

hydrophilic polymers such as silicone, cellulose and its derivatives (Barrie et al., 1974).
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9.2. Water vapour sorption isotherms

Water vapour sorption isotherms of chitosan powder and all chitosan based

films are given in Figs. 9.6 and 9.7. All of them display a type Il sigmoidal shape of the
IUPAC classification (Fig. 3.15.).

The slope of adsorption isotherms, when the relative humidity tends to zero
was rather low. This indicated a weak absorption affinity of water on chitosan films at
low RH. When the relative humidity is above 60% and approaching 85%, the adsorbed
amount of water increased for more than three times. These data are in agreement

with other works reported in literature (Rosa et al., 2010; Sebti et al., 2007; Vargas et
al., 2009).

60 -
50 -

40 -

3 —4=—S0RPTION

~==DESORPTION
20

m, (gH,0/100g db)

10

0 0,2 0,4 0,6 0,8 1
a,

Figure 9.6. Water vapour sorption and desorption isotherms of chitosan powder.
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Figure 9.7. Water vapour sorption isotherms of a) chitosan based films prepared
with the agueous acetic acid solvent (CSA); b) chitosan based films in hydroalcoholic
acid solvent (CSE).
db=dry basis

The obtained sigmoidal shape shows an asymptotic trend when water activity
tends toward 1. The sigmoid shape of water sorption isotherms was previously
observed by other authors for pure chitosan films (Del Nobile et al., 2004; Wiles et al.,
2000). Chitosan has three predominant adsorption sites: hydroxypropyl group, amine
group and polymer chain end (composed of hydroxyl group or aldehyde group)

(Fig. 2.3.). Analysis of the results of water sorption indicates significant differences in
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water sorption capacity of chitosan powder (mass gain up to 45 g,0/100 g db) and
chitosan films (mass gain up to 75 gn0/100 g db). Generally, water adsorption occurs
into an amorphous phase of polymer. Crystallinity degree of chitosan powder
decreased during the film formulation and freshly dry film had semi-crystalline
structure (Li et al., 2011). This decrease is a consequence of the modification of inter-
and intra-chain hydrogen bonds between the amino and hydroxyl groups due to the
modification of the structure after the destructuration of chitosan crystal (Tanigawa et
al., 2008).

For a RH >50% it is worthy to note that adsorbed amounts were higher on
glycerol containing samples. Moreover, the maximum water uptake increased with the
addition of glycerol, and decreased by the addition of carvacrol. Due to its hydrophilic
character glycerol interacts both with chitosan and with water molecules through
hydrogen bonds. As the resulting system has more water molecules, the equilibrium
water contents were higher. According to Talja et al. (2007) films with higher glycerol
concentrations could bind more water. Martino et al. (2011) found that
chitosan/glycerol samples, preswelled in acetic acid solution, had 69.2% of water while
neat chitosan had only 67.3%. Even that unplasticized and plasticized chitosan
materials presented similar water uptake evolutions the glycerol containing samples,
after 35 days had almost double values of water content as reported by Epure et al.
(2011). Furthermore, in work of Pereda et al. (2009) the equilibrium moisture content
of chitosan films increased with the glycerol concentration.

Furthermore, differences in mechanisms of sorption/desorption during the
equilibration process were noticed, which could be due to a specific structure

reorganisation of the material.

Adsorption isotherms on powder and on films exhibited a hysteresis loop. That
is to say that the adsorption-desorption process was not reversible. However, different
behaviour was observed in chitosan powder and chitosan films. For chitosan powder
(Fig. 9.6.), during desorption process; the quantity of desorbed water was higher than
that sorbed during the sorption. On the contrary, in all chitosan films these values
were much lower (Fig. 9.8.). There is no many literature data reporting the existence of
a hysteresis loop in the adsorption/desorption process in the chitosan film. The
desorbed amounts were the highest in CSA films. Polymorph structure change and
water removing due to competition between water and acetic acid could be
postulated. We can assume in both hydroalcoholic samples, and those with both

glycerol and carvacrol, there was less acetic acid in the system. Then, the acid was less

212



Chapter 9 Water vapour sorption isotherms of chitosan based films and coatings: influence on
their barrier and mechanical properties

removed during sorption. Likewise during sorption, the equilibrium water content
values were the highest for glycerol plasticized samples. Additionally, for both
solvents, desorption isotherms were superposed for film with and without carvacrol.
This indicated that carvacrol was completely desorbed at higher relative humidities

(Chapter 8, Fig. 8.8.) and it didn’t cause any significant structure change.
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Figure 9.8. Water vapour desorption isotherms of a) chitosan based films
prepared in aqueous acetic acid solvent (CSA); b) chitosan based films in
hydroalcoholic acid solvent (CSE); containing carvacrol (CVC) or glycerol (GLY) or both
(CVCGLY).
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The data of water vapour sorption isotherms were fitted with the GAB model

which gives accurate description of the adsorption process throughout the range of

water vapour pressures explored (Fig. 9.9.). The GAB model parameters Kgag, Ccas and

m., were determined on the way of adjustment of the curves of the equation with the

experimental results. They are given in the Table 9.2. However, because of possible

changes in material, desorption isotherms were not modelled.
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Figure 9.9. GAB model fitting of a) chitosan powder; b) CSA film; c) CSACVC film;
d) CSAGLY film; and e) CSACVCGLY film. Experimental (o) and fitted (-).

214



Chapter 9 Water vapour sorption isotherms of chitosan based films and coatings: influence on
their barrier and mechanical properties

Table 9.2. GAB model fitting parameters.

SAMPLE (/100gab) %% K68 (47100 g ) at 8506 A
CS powder 8.54 6.288 0.9916 49.32+0.54

CSA 10.60 5.7529 0.9811 57.32+2.28
CSACVC 8.54 8.3954 0.98 46.80%1.62
CSAGLY 16.83 1.1041 0.9708 75.10+0.90
CSAGLYCVC 10.92 1.764 1.0167 67.35+0.70
CSE 11.02 5.7356 0.9842 60.52+2.52
CSECVC 10.44 5.3448 0.9553 49.90+0.81
CSEGLY 15.06 1.3991 0.9856 75.56+1.84
CSEGLYCVC 9.81 1.8629 1.0279 65.32+0.31

The monolayer water content (m.,) was the lowest in chitosan powder
(8.54g/100g db) followed by carvacrol containing films (9.06 and 10.44g/100g db for
CSACVC and CSECVC respectively). The highest monolayer water content was for
plasticized chitosan films (16.83 and 15.06g/100g db for CSAGLY and CSEGLY,
respectively). Constant Cgpg, related to the water—substrate interaction energy, was
higher in pure carvacrol and carvacrol/chitosan films than for glycerol containing films.
Significant drop, when glycerol was present in the film indicated that, as film became
more hydrophilic, the water molecules were adsorbed with less energy. No significant
changes were observed between the two solvents used. For more complex samples,
where at the time there was both glycerol and carvacrol, constant Cgag Was lower than
that of only carvacrol containing sample, but higher than glycerol- plasticized samples.
These indicate changes in the structure and the competition between carvacrol and

glycerol that were critical parameters influencing the final film properties.
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9.3. Correlation between water vapour moisture isotherms and
oxygen permeability in the relative humidity range from 0% to 96%
of chitosan-based films and coatings

As humidity is inescapable in many packaging situations, its effect cannot be
overlooked. The humidity in the environment is often above 50% RH, and the humidity
inside a food package can be nearly 100% RH. Significant changes in oxygen
permeability when films were exposed in dry and completely humid environment (RH
>96%) are already reported in previous chapters. To better understand the influence of
hydration level on the oxygen permeability of chitosan films and to precise when
exactly significant changes occur, in the following part the results of the tests
performed over the whole humidity range from 0 to >96% RH are presented.

Oxygen permeability data for all chitosan based samples is given in Fig. 9.10.
Within the studied range, two main regimes were observed. For RH <50%, O,
permeability remained low and fairly constant. In all samples, in the range between 50
and 60% RH, slight decrease in permeability was observed. It’s interesting that this
corresponds to the same relative humidity range where unusual behaviour in water
vapour sorption experiment occurred and a change in chitosan polymorph was
proposed. Finally, at RH >60%, O, permeability increased exponentially up to very high
values. There are several explanations for such behaviour. Firstly, when a polymer
equilibrates with a humid environment, it absorbs water. Accordingly, above 60% RH,
chitosan films swelled intensively and the average water content increased from 30%
to 75% (w/w db) when humidity increased from 60% to 85%, respectively. Then high
water content in the film at higher RH facilitated the gas solubility. Indeed, disruption
of hydrogen bonds between molecules may create additional sites for the dissolution
of oxygen and increase mobility of the O, molecules within the polymer bulk phase
(Despond et al., 2001; Gennadios and Weller, 1990). Similar results were found for
starch films which with less than 15% of water were shown to be good oxygen barriers,
whereas those containing more than 20% water lost the oxygen barrier property
(Forsell et al., 2002). Secondly, there is possible formation of water clusters. Zimm and
Lundberg (1956) determined cluster functions for a variety of hydrophilic polymers
over a large range of relative humidity. At low RH the initial water molecules were
absorbed on specific sites. However, as RH increased the clustering occurred.
Clustering leads to increases in the available free volume and in the permeability of
polymeric matrix to test gases. The same phenomena could be postulated for chitosan
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films. This might led to the appearance of greater gaps between macromolecular
chains in chitosan films and diminished its cohesivity.
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Figure 9.10. Oxygen permeability of chitosan based films as influenced by
different relative humidities: a) chitosan based films prepared in aqueous acetic acid
solvent (CSA); b) chitosan based films in hydroalcoholic acid solvent, containing either

carvacrol (CVC) or glycerol (GLY).

In addition, the plasticization by carvacrol, by glycerol and/or by water was
described in the Chapters 4 and 7. At lower relative humidities, carvacrol plasticized
the polymer network. Then CSACVC and CSECVC films were more permeable. It was
also noticed that when samples were equilibrated at high relative humidities (>75%

RH), changes in thermal degradation in carvacrol containing samples compared to pure
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chitosan films occurred (Chapter 8). Water is the most effective plasticizer in
hydrophilic films, and the amount of moisture in the films is related to the RH of the
environment. Consequently, at RH >60% and film moisture content above 30%,
plasticization with water was enhanced and higher PO, of CSA and CSE was observed
(Figs. 9.10.a,b).

Glycerol plasticized samples were more permeable in the RH humidity range
from 0 to 80% RH (Fig. 9.10.). Here, once again the cluster theory can be postulated.
Glycerol competes with water for active sites on chitosan molecule thus promoting
water clustering at low moisture levels. Indeed, in a similar way, increased clustering
with the presence of plasticizers resulted in increase in free volume within the
collagen/glycerine matrix and subsequent increases in permeability as reported by
Lieberman and Gilbert (1973). In addition, Epure et al. (2011) denoted that in glycerol-
plasticized chitosan samples stored at 75% RH the crystallization process was inhibited
due to materials’ hydrophilicity and modification in hydrogen bonds interaction. For
RH >85%, when samples were in completely humid environment, no significant
changes for unplasticized and plasticized samples were observed. This was probably
due to the competition of the greatest plasticizing effect of water than that of glycerol
in high water containing materials. Similarly, hygroscopic materials: wheat gluten film
(Gontard et al., 1994), starch (Gaudin et al., 2000), nylon 6 (Hernandez and Gavarra,
1994), cellophane (Krochta, 1992), methylcellulose (Rico Pena and Torres, 1991), etc.,
are significantly affected by the presence of moisture. The presence of hydroxyl groups

(-OH) are responsible for the phenomena observed for most of these polymers.
Polyethylene, known to be good water barrier, was unaffected by humidity

levels. Then, in pure polyethylene samples, PO, was fairly constant in the whole RH
range (Fig 9.11.).
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Figure 9.11. Relationship between water vapour sorption isotherms (symbols)
and oxygen permeability (lines) of polyethylene (PE, blue), chitosan coated
polyethylene (PECSE, green) and chitosan-carvacrol coated polyethylene (PECSECVC,
red).

As it has been previously reported in Chapters 5 and 6, at low RH, all chitosan
coatings significantly improved PE oxygen barrier properties. Furthermore, no
significant changes in PO,, neither in PECSE nor PECSECVC films in the range up to 40%
RH were observed. Here, once again above 40% RH the PO, increased rapidly.
Interestingly, this corresponds to only 2% of sorbed water. At a,, above 0.6, small
increases in humidity led to large mass gain of water. This suggested a swelling
phenomenon as water activity increased. Logically, in the coated samples, the water
uptake was mostly due to the presence of chitosan. Then, swelling together with its
plasticization by water was critical outcome that result in important loss of barrier
properties. Indeed, while pure polyethylene films sorbed less than 0.17% of water,
chitosan coated (PECSE) and activated chitosan coated PE (PECSECVC) sorbed up to 6
and 8% of water, respectively. The PO, values were higher from one to two orders of
magnitude for chitosan coated and activated chitosan coated samples. Once again, at
higher humidities PECSECVC samples were more permeable than PECSE films. This
behaviour was previously attributed to the surface modification and roughness in the
presence of carvacrol molecules. During fast drying of coated samples carvacrol
molecules are evaporated and they might leave the holes on the chitosan surface. Thus
an increase in surface heterogeneity supports the increase in oxygen permeability.
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To conclude, permeability of chitosan films and films formed as coatings,
increased at higher RH because of increasing moisture concentration within the film. In

other words, relative humidity had an exponential effect on the oxygen permeability

The suitable use of packaging, apart from barrier properties is also strongly
dependent on its favourable mechanical properties. Even that there is large
information available on the mechanical properties of chitosan films; little information
exists on the influence of moisture on the mentioned. Hence, the following discussion
contributes to elucidate the relationship between mechanical properties and

surrounding atmosphere of chitosan films.

9.4. Effect of relative humidity on mechanical properties of chitosan

based films and coatings

Based on the requirements for packaging materials, films must have a certain
degree of resistance. Mechanical properties reflect the ability of chitosan matrix to
maintain a good integrity either as stand-alone films or applied as coatings on
polyethylene.

Composition and hydration level changed the mechanical behaviour of all
chitosan samples. The tensile strength (TS), the elongation at break (E) and the Young
modulus (EM) could be used to describe how the mechanical properties are related to
film's chemical structure. TS value indicates the maximum tensile stress that the film
can sustain, E is the maximum change in length of a film before breaking, and EM is a
measure of the stiffness of the film. The measured values are given in Table 9.3.

EM and E were significantly affected by increasing the relative humidity. While
EM decreased the relative humidity generally affected E in the opposite way. At higher
RH, water molecules were intensively sorbed into chitosan film. Thus increase in
moisture content resulted in an extensive plasticization of chitosan matrix. Water
molecules increased intermolecular spaces and reduced mechanical strength. In dry
conditions (at RH <2%) all tested films were very brittle (Fig. 9.12.). Below 52% RH the
addition of carvacrol and glycerol significantly increased the elongation at break of
chitosan films. This was attributed to plasticization of the chitosan matrix in the

presence of carvacrol and glycerol in dry conditions.
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Table 9.3. Elongation at break (E), tensile strength (TS) and Young (elastic)

modulus (EM) of chitosan-based films as a function of relative humidity.

Flm RH% E% TS (MPa) EM (MPa) Film RH% E% TS (MPa) EM (MPa)
<2 12°  49° 16.9° <2 0.6 16.6° 30.6°
« 30 37° 344>  93° 30 57.7° 728 1.3°
8 52 7117 508 0.7 8 "5 728" 505a 0.7¢
75 113.4° 23.8° 0.2' 75 122.7° 36.7%° 0.3
<2 23° 57° 25.9° <2 18  79.2° 45.8°
% 30 49.2° 55.2° 1.1° g 30 72.8° 76.4° 1.1°
§ 52 66.3° 69.1° 1.0° 5 52 73.7° 61.4° 0.8°
75 110.4° 17.9° 0.2' 75 128.0° 21.9° 0.2¢
<2 27° 632*°  22.6° <2 2.8 81.2° 0.3¢
g 30 92.2° 35.6°° 0.4° g 30 57.0° 253° 0.1°
§ 52 433° 18.9° 0.4° 5 52 559° 12.8° 0.2¢
75 91.2° 15.5° 0.2f 75 385"  6.6° 0.1°
> <2 34° 999° 3000 > <2 59.8° 15.1° 29.1°
S 30 103.2° 485° 05 9 30 510° 6.9° 0.4¢
Z) 52 859° 39.0° 05° O 52 334° 60° 0.2¢
8 75 755 13.2° 020 8 75 453" 60 0.2°

**Different superscript within a column indicate significantly different result at p<0.05.

The film stiffness is strongly affected by relative humidities higher than 52%,

while film’s capacity of stretching is significantly increased from 30% RH (Fig. 9.12.).

These effects could be explained by the glass transition of polymers inducing the

structure change from glassy to rubbery, which can be estimated from the shape of

stress-strain representations of the tensile curves. The work of Gibson and Ashby

(1988) on the mechanical properties of synthetic polymers (solid materials) such as

poly(vinyl chloride) shows that the shapes of tensile stress-strain curves are directly

correlated to the structure characteristics of the polymer, and particularly to the glass
transition. On the basis of the work of Gibson and Ashby (1988) (Fig. 3.7.), three

different behaviours in chitosan based films as a function of both relative humidity and

formulation were observed (Table 9.4.).
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Figure 9.12. Tensile stress-strain curves of chitosan films in function of relative
humidity and composition. CSE: film prepared in hydroalcoholic acid solvent, CVC:
carvacrol containing films. Classification of Groups 1-3 was done according to Gibson
and Ashby (1988) and it is given in Table 9.4.

Table 9.4. Classification® of mechanical properties and film structures as a

function of ambient relative humidity and film composition.

Film <2% RH 30% RH 52% RH 75% RH

CSA 1 2 3 3
CSACVC 1 2 2 3
CSAGLY 1 3 3 3

CSAGLYCVC 1 3 3 3

CSE 1 2 3 3
CSECVC 1 2 3 3
CSEGLY 1 3 3 3

CSEGLYCVC 1 3 3 3

°Group 1 brittle fracture, glassy polymer, T < 0.8 T,. Group 2: extensive cold
drawing, ductile polymer, T = T,. Group 3: uniform viscous flow, rubbery polymer, T >
1.05 T,.

Generally, the glass transition temperature of the polymer is decreased when the
matrix is plasticized. When measurement temperature is lower than 0.8 T, (glass
temperature of the film), polymers are linear-elastic to fracture, brittle, and in a glassy
state (Group 1). At higher temperature (T = T;) the mode of failure changes from brittle
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to ductile with large extensions (Group 2). Finally, in conditions corresponding to T >
1.05 T, the polymer deforms homogeneously by viscous processes, giving a large
extension to failure (Group 3). In the later, the interruption of the chitosan chain
aggregations and plasticizing effect of both glycerol and water makes the chain
displacement during stretching easier, which gives the film a greater ability to be
deformed without breaking. An example of graphical determination is given in the Fig.
9.12. The similar trend was also found in previous studies for sodium caseinate and
chitosan films (Fabra et al., 2010; Vargas et al., 2009). However, the real T, value
according the water content or RH couldn’t be determined by classical techniques such
as DSC.

9.5. Conclusions of Chapter 9

In conclusion, the water vapour sorption in chitosan films was strongly
influenced by relative humidity and film formulation. Powder and films did behave the
same. At relative humidities from 20-70%, water sorption in chitosan films was not
governed by Fickian mechanism, since sorption kinetics results revealed a decrease in
mass. A deviation from Fickian sorption indicated an anomalous diffusion of water. The
amount of sorbed water was mainly due to physical sorption on the active sites in
chitosan chains, whereas at higher relative humidity, an additional contribution
probable due to water clustering is observed. The diffusion coefficient of water vapour
in chitosan films was not significantly influenced by solvent and carvacrol. However,
the addition of glycerol seems to speed up the diffusion. Finally, glycerol increased the
amount of water absorbed, as expected. The embedded carvacrol also tends to reduce
the hygroscopicity of the films. However, the equilibrium moisture content in all films
dramatically increased above a,=0.6. The GAB model allows accurate description of all
sorption isotherms. Film permeability changes in function of moisture concentration,
which is related surrounding air’'s RH. Like for water sorption, two different domains
were distinguished for oxygen permeation. Below 40% RH no significant changes were
observed in all chitosan samples. However, for the water content in films higher than
20% (at RH >60%) exponential increase in oxygen permeability was induced. In the
former region, differences in the permeabilities among samples were mainly due to
the plasticization effects of both carvacrol and glycerol. However, at higher hydration
levels the plasticization effect of water was predominant. The adsorption of water in
chitosan coated polyethylene was totally attributed to the chitosan coating.
Interestingly, even low amounts of sorbed water (around 6%) caused significant
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decrease in oxygen barrier performance of coated polyethylene. Whatever the RH s,
coated polyethylene film (PECSE) was shown to be better oxygen barrier than PE and
PECSECVC (Fig. 9.11.).

The increase in moisture level significantly affected the mechanical properties,
by lowering the tensile strength and the elastic modulus, while increasing the
percentage of deformation. These changes were mainly due to the unavoidably
important plasticizing effect of water, as confirmed by lowering the transition

temperatures as speculated in Chapter 8.

In Chapters 8 and 9, it was clarified how water vapour significantly affected
structural and barrier properties of chitosan based films and coatings. Moreover, in
Chapter 7, the influence of storage parameters and release mechanism of active
carvacrol compound was proposed. Also, the significance of formulation and of
processing parameters in film design was underlined. The knowledge of these results is
important for the development of antimicrobial films for food storage. Thus, to
approach the real food and the industrial application of produced activated chitosan
films and coatings, in the next two chapters, the study will be focused on their

antimicrobial and sensory properties.
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The importance of composition and environmental conditions on
physicochemical properties of chitosan based films and coatings were studied in
previous chapters. Even that there is a large amount of available data on the
antimicrobial efficiency of essential oils on different microorganisms, there are no
many studies dealing with antimicrobial films that are active in the vapour phase. Most
of the relevant studies have only evaluated measurement that provide protection
when there is direct contact between microorganisms and active agents, which is not
the case in most potential applications.

Moreover, no literature available data was found based on carvacrol/chitosan
antimicrobial films. Carvacrol is a phenolic compound extracted from oregano and
thyme oil. Its inhibitory effect on the growth of various microorganisms is well
documented and described extensively. Different studies report its activity using either
diffusion (Liolios et al., 2009) and/or contact methods (Lambert et al., 2001; Friedman
et al., 2002). However, several works have been published concerning vapour-phase
inhibition, i.e. vapour phase method (Ben Arfa et al., 2006; Nostro et al., 2009; Kloucek
et al., 2011). Besides studies were performed on different food products such as fish
(Kim et al., 1995), fruit juices (Kisko et al., 2005), meat (Skandamis and Nychas, 2002),
and against different microorganisms such as E. coli (Friedman et al.,, 2002; Burt et
al., 2007), Bacillus sp. (Ultee et al., 2000; Burt et al., 2007), Listeria sp. (Friedman et
al., 2002), Salmonella sp. (Friedman et al., 2002), Lactobacillus plantarum (Ben Arfa et
al., 2006) etc.. It can also be used to improve functional and antimicrobial properties of
biopolymer films to extend product shelf-life (Ben Arfa et al., 2006; Mastromatteo
et al., 2009). Ultee et al. (1999) showed that carvacrol has biological effects in the
products associated with outbreaks of B. cereus (e.g., rice, pasta, and soup). Thus, it
could be applied both as an antimicrobial and as a flavouring compound.

The increasing numbers of foodborne illness outbreaks caused by some
pathogens and the antibiotic resistance of some strains have captured the attention of
regulatory agencies. Most reporting cases of foodborne illness have documented
significant increases over past few decades in the incidence caused by microorganisms
in food, including pathogens such as Salmonella sp., Listeria sp., and
enterohaemorrhagic Escherichia coli, parasites such as cryptosporidium, cryptospora,
trematodes and fungi (Viazis et al. 2011, Amalaradjou et al., 2012; Olaimat et al., 2012;
Pires et al., 2012). Salmonella species have become the major cause of foodborne
diseases which has raised a great safety concern to public health. Escherichia coli
0157:H7 and sporulating Bacillus species are a concern to public health on a global

scale and are found in a wide variety of foodstuffs. Pasteurization and cooking are

227



Chapter 10 Antimicrobial efficiency of carvacrol vapour related to mass partition coefficient when
incorporated in chitosan based films aimed for active packaging

adequate methods of ensuring that viable cells are eliminated, but heat treatment is
not desirable for all foods and cross-contamination cannot always be prevented.
Controlling the numbers and growth of E. coli and Bacillus sp. therefore remains an
important objective for sectors of the food production industry (Burt, 2007).

In this chapter, the antimicrobial potential of carvacrol vapours will be studied.
First of all, the inhibition of Bacillus subtilis, Escherichia coli, Listeria innocua and
Salmonella Enteritidis by the only vapour phase using volatile carvacrol incorporated
into chitosan-based films was assessed. The concentrations of carvacrol in the
chitosan-based films after drying were determined. In addition, the mass partition
coefficients were also detected. These systems were used to control the concentration
of carvacrol in the vapour phase. From the quantification of the aroma compounds in
the air, minimum inhibitory concentration of studied films was reported. In the second
part of this chapter, the study was expanded on the determination of antimicrobial
efficiency against a fungus: Penicillium camemberti. Pursuing this further, in the third

part, the antimicrobial efficiency of chitosan coated polyethylene is given.

10.1. Film characterization

The film composition and the physico-chemical characterization of the system
are given in Table 10.1. Five chitosan based films having various compositions were
used as carvacrol support matrix and allowed to fix the air/film mass partition
coefficient (Kmass, ratio between the aroma compound concentration in the air and the
aroma compound concentration in the film) and the carvacrol concentration in the
headspace above culture media. In relation to the effectiveness of antimicrobial food
packaging, it is very important to know the amount of active compound retained in the
film matrix after processing. Most of the reported data only consider the initial
guantities of the active substance in the FFS and scarcely in the film after drying.
Therefore it is not easy to compare the reported values. Carvacrol initially added in the
FFS was significantly lost (from 50 to 99%) during film processing and drying (formation
of the film matrix and solvent evaporation). Carvacrol concentration in films after
drying varied from 0.04% to 10.75% (w/w) (Table 10.1.).

Its retention and release are influenced by film structure and composition at the
tested temperature of 25°C. In Chapter four it was pointed out that K. is inversely
exponential to the retention capacity during film processing. Then it directly affected
carvacrol vapour phase concentration. It was attributed to the release mechanism
from the chitosan-based matrix. The partition coefficient of films tested in this study,
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depending on the carvacrol retention and its concentration in the headspace, varied
from 10® to 10™. Indeed, carvacrol partitioning is influenced by aroma compound
properties (e.g. volatility, vapour pressure, etc.), by the properties of food product
inside the packaging (aw, fat content, etc.) and by the chitosan film properties
(composition, physico-chemical properties of the matrix and intra-network
interactions) (Chillo et al., 2008). Thereby, the presence of arabic gum, nanoclays,
glycerol and lecithin changed the overall thermodynamic behaviour and release kinetic
of carvacrol reflecting its ability to reach a gaseous phase above food product. Then
the reduction of food spoilage bacteria might be increased when the Kqnass and
carvacrol concentration in the headspace rose. In this study, volatile carvacrol
molecules were easily released into the vapour phase with resultant significantly
increased antimicrobial properties (AF1). The highest carvacrol vapour concentration
(1.08><10'7 g/mL) was found for the film with the highest K. (AF1) and the lowest
(6.28x107° g/mL) for the film with the lowest Knass (AF5). Besides, from previously
observed phenomena (Chapters four to nine) fast diffusion to the vapour phase could
be due to the structural changes in chitosan matrix. Then it favoured the antimicrobial
efficiency. Antimicrobial tests and observations permitted a comparison of the

antimicrobial potential of chitosan-based films and examination of its relationship with

Kmass-
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10.2. Antimicrobial efficiency

In this study, the growth of bacterial colonies exposed to pure carvacrol in the
vapour phase and carvacrol containing chitosan films was monitored by using different
investigation methods. For macroscopic observations pictures of Petri dishes were
recorded over the incubation period. Further measurement of colonies diameter by
image analysis was performed. In addition, the rate of cultivability was determined. Up
to date, direct liquid contact studies for antimicrobials were mostly performed. In the
gaseous phase, the antimicrobial efficiency of tested vapours depends upon the
volatility of each compound while in liquid phase it depends upon the “diffusability”
and solubility of the active compounds into the agar (Goiii et al., 2009). Carvacrol is a
volatile compound and therefore it could be highly active in the packaging headspace.
Presence in a gaseous phase could facilitate the solubilisation of lipophilic carvacrol in
the cell membranes, thereby causing high damages such as permeabilization (Inouye
et al., 2001).

10.2.1. Macroscopic observations

Fig. 10.1. presents some pictures of the control film and two chitosan-based films
with carvacrol. The antimicrobial effect of the two films of the extreme Kass (AF1 with
the highest Kmass and AF5 with the lowest Knass) against Gram-positive bacteria, B.
subtilis and L. innocua and Gram-negative bacteria, S. Enteritidis and E. coli is
presented. For control samples with and without Parafilm” no significant differences
were observed (data not presented) for all tested bacteria. Then a decrease of
microbial growth cannot be attributed to potential anoxia. First of all, pictures given in
Fig. 10.1. show that a macroscopic observation allows an approximate estimation of
the antimicrobial efficiency of carvacrol since drastic differences appeared especially

comparing pictures obtained for colonies exposed to AF1 and AF5.
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From all the results it was observed that the AF1, with the highest Ky.s, was
strongly efficient against all microorganisms tested. This film totally inhibited growth
of just inoculated bacteria (tg) since no colony was observed on nutrient plates. This
high antimicrobial efficiency was confirmed on already grown colonies (t;) compared
to the control. In the case of L. innocua, carvacrol was even able to kill the bacteria,
probably by permeabilization of the cell membrane and to lyse the cells since no more
colonies were visible on the nutrient agar plate after seven days of exposure. The
complete reduction was confirmed after counting (CFU/mL was equal to zero, this will
be discussed later). It seemed to be slightly less efficient against already formed
colonies of S. Enteritidis and E.coli. Indeed, after seven days of film exposure, colonies
seemed to be a bit larger in diameter and thicker than at the initial time of exposure.
On the contrary, in a previous work, Burt et al. (2007) evaluated carvacrol vapours
against foodborne Salmonella species in meat products. Pathogen counts were
reduced to extended limit and significantly increased product shelf-life. Different
experimental conditions used (size of inoculum, culture media, etc.) could explain
different efficiency of carvacrol against Salmonella species observed in these two
studies. In our research, in the experiment performed at to, the microbial cells were at
the beginning of the lag phase. The AF5, with the lowest Kass, appeared not to be
efficient. Growth of just inoculated cells and the growth of already formed colonies
followed the same behaviour. Therefore, the concentration of carvacrol released in the
vapour phase from this film was not high enough to inhibit or stop the growth of the

tested microorganisms.

10.2.2. Chitosan/carvacrol film antimicrobial efficiency in lag phase of
bacterial growth

From the photos of Petri dishes, colony diameter was measured using image
analysis software. Same examples of photos are given in Fig. 10.1. Radial colony
diameters of B. subtilis, E. coli, L. innocua and S. Enteritidis as a function of incubation
time were recorded (Figs. 10.2. and 10.3.). The colony size diameter ratio was
determined from the ratio d,/d:. dy is the average colony size diameter and d; is the
colony diameter at a time when films were put in the vapour contact with the

inoculated medium.
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20 Salmonella Enteritidis CIP 81.3
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Figure 10.2. Average colony size diameter of bacterial strains put in the vapour
contact with five active chitosan-based films, control film and pure carvacrol vapours
at to during seven days exposure of a) Bacillus subtilis 168 BGSC 1A; b) Escherichia coli
TG1 K12; c) Listeria innocua DSM 20649; and d) Salmonella Enteritidis CIP 81.3.

to - films or aroma compound were put in the Petri dish lid at the same time as the
incubation started

B microbial cells without treatment; = pure carvacrol vapour;  chitosan-based film
without carvacrol; ™ AF1; M AF2 ;M AF3"; M AF4"; M AF5 .

" Film type definition and characteristics are given in Table 10.1.

For not visible columns colony growth diameter was equal to zero.

Measurements of the colony size diameter allowed a first estimation of the
antimicrobial efficiency of the carvacrol. Indeed, carvacrol has been shown to cause
the cell permeabilization, but it also induces modifications in the bacterial morphology.
The cell surface structure of Gram-positive and Gram-negative bacteria changes after
contact with carvacrol. An increase in cell surface roughness and a decrease of both
length and diameter of bacteria cells due to the leakage of cytoplasmic contents were
previously reported (La Storia et al., 2011; Sousa et al., 2012). Furthermore, the sub-
lethal levels of carvacrol prevent the development of flagella in E. coli 0157:H7 (Burt et
al., 2007), causing cell to be non-motile, and completely inhibit the motility of
Salmonella (Inamuco et al., 2012). This absence of flagellum may lead to the altered
morphology of bacterial colonies making them more rugose (Watnick et al., 2001).
Mendelson and Salhi (1996) found a relationship between colony form and Bacillus

subtilis motility attributed to response to the local signals during colony development
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and to global conditions. However, in our study no modification in colonies form was
observed. Nevertheless, to exclude the impact of the variations of the size and the
shape of colonies according to the stress, further measurements of the cultivability
were performed to confirm the antimicrobial activity of carvacrol.

The first part of the presented results gives the data about the experiments
performed at to (inoculation and vapours exposition at the same time). At t=6h, all the
bacteria were in the exponential growth phase. In control samples (non-exposed cells
and exposed to the chitosan films without carvacrol) colony growth diameters
increased with time for all tested bacteria. After this exponential phase the mean
diameter increase rate remained low (stationary phase). Chitosan-based films without
carvacrol were not efficient, since no significant differences appeared with respect to
the control plates. The maximal radial growth of control samples after seven days was
9 mm, 6.5 mm, 6.2 mm and 9 mm for B. subtilis, E. coli, L. innocua and S. Enteritidis,
respectively. For all tested microorganisms, after six hours exposure to AF1, AF3, AF4
and pure carvacrol vapours (1><10'7 8carvacrol/ MLair) colony diameters were significantly

different (equal to zero) from the control samples (Fig. 10.2.).

Table 10.2. Cultivability (expressed as percentage of bacterial cells having
reproduction ability, %) and inactivation ability of carvacrol in various chitosan-based
antimicrobial films against Bacillus subtilis 168 BGSC 1A, Escherichia coli TG1 K12,
Listeria innocua DSM 20649 and Salmonella Enteritidis CIP 81.3. Reported results are
mean values (p<0.05) of the results obtained 7 days after exposure at tg and t;.

Bacillus subtilis Escherichia Listeria innocua Salmonella
168 BGSC1A coliTG1K12 DSM 20649 Enteritidis CIP 81.3
to t to t1 to t1 to t
Control 100 100 100 100 100 100 100 100
P“ri::;‘;arcm' 0 0 0 0 0 0 0 0
“fi:l"t:j:::::a 100 100 100 100 100 100 100 100
AF 1 0 0 0 o 0 0 0 16
AF 2 84 96 0 100 O 100 0 100
AF 3 0 0 o o 0 0 0 84
AF 4 0 0 0 o 0 0 0 100
AF 5 100 100 100 63 100 100 100 100

to — the films and carvacrol were put in the Petri dish at the same time as the
incubation started; t; — the films and carvacrol were put in the Petri dish after the
incubation started. Incubation time as described in Materials and methods.
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Furthermore, after 7 days inactivation was observed (Table 10.2.) and
statistically no significant differences could be seen among the active samples. These
three films, AF1, AF3 and AF4, were then efficient to inhibit the growth of just
inoculated B. subtilis, E. coli, L. innocua and S. Enteritidis. For AF2 B. subtilis diameter
increased up to 7.6 mm (Figs. 10.1.a and 10.2.a) while for E. coli and S. Enteritidis no
growth was observed. Furthermore, in L. innocua plates different pattern was noticed
(Fig. 10.2.c). This strain has a particularly short lag phase and short generation time
(results shown later) which could explain that carvacrol was less active on this strain at
the beginning of exposure. Weissingeret al. (2001) found significantly greater influence
for longer incubation periods (1h<7h). During first several hours, “the aroma
compound had more time” to reach the headspace above the inoculated agar.
Carvacrol entered and damaged microbial cells before they started to divide. Thus,
films were active even at lower carvacrol concentrations. Indeed, it was reported that
antimicrobial efficiency via headspace was obtained from the combined effect of direct
vapour absorption on microorganisms and indirect effect through the medium that
absorbed the vapour (Inouye et al., 2006). In the first six hours, AF2 presented a less
marked antimicrobial efficiency (average colony size up to 5.6 mm). However
accumulation of carvacrol vapour over time might lead later to a complete inactivation
and reduction in cells cultivability (Fig. 10.2.c, Table 10.2).

Film AF5 was not efficient against E. coli, B. subtilis, L. innocua and S. Enteritidis.
Thus, for AF5, B. subtilis diameter increased up to 8.6 mm, E. coli up to 6.5 mm, L.
innocua up to 6.2 mm and S. Enteritidis up to 9 mm (Figs. 10.1.b and 10.2.b-d). It was
attributed to the low carvacrol concentration in the AF5 and low partioning between
the headspace and the film (Table 10.1.). Lépez et al. (2007b) reported that polymer
structure directly influenced the diffusion of carvacrol, thymol, and cinnamaldehyde
during the first six hour through the polymeric matrix. As a conclusion for t; samples,
chitosan films with Ky of 10* 10° and 107 (AF1, AF3 and AF4, respectively) had
antimicrobial efficiency against all tested microorganisms (B. subtilis, E. coli, L. innocua
and S. Enteritidis). Moreover no significant differences were observed underneath
pure carvacrol vapours and in the plates coated with these active films. AF2 exhibited
efficiency against all the tested strains except B. subtilis, while AF5 was inefficient
against all five tested microorganisms. Thus, the less marked antimicrobial effect was
for the lowest Knass (10'8, AF5).
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10.2.3. Chitosan/carvacrol film antimicrobial efficiency in the exponential
phase of bacterial growth

The results of antimicrobial efficiency at t; are presented in Fig. 10.3. and Table
10.2. This second part of the study allowed estimating the efficiency of the
antimicrobial films against bacteria in their exponential phase. Parameters concerning
microorganisms such as inoculums sizes, bacteria physiological state and storage
conditions (temperature, culture media and relative humidity) are important to explain
the antimicrobial efficiency of both carvacrol and chitosan films (Lambert et al., 2001).
Tests were performed when visible round colonies could be macroscopically observed
(Fig. 10.1.). The growth curves for all tested strains were obtained in another
experiment (data not shown). At t; all bacteria were in exponential phase. To be
active, antimicrobial has to damage bacterial cells before they start to divide. Then
time delay for carvacrol to reach cells has to be shorter than their generation time.
Generation times vary for different bacterial strains. So, at this experimental part,
different film activities were observed for different bacteria. Fernandez-Saiz, et
al. (2009) also reported that bacteria were more sensitive when inoculated in the mid-
log phase. At the end of experiment, only pure carvacrol could maintain complete
inhibition. Accordingly, as the most resistant, S. Enteritidis grew during the whole
tested period, except after exposure to the pure carvacrol vapours when the growth
was stopped (Fig. 10.3.d). Besides, E. coli was more sensitive than S. Enteritidis. For
AF1 among tested bacteria only S. Enteritidis was not completely inactivated (16%

cultivability) for AF1. Still it can be considered as efficient.
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Figure 10.3. Average colony size diameter ratio of bacterial strains put in the
vapour contact with five active chitosan-based films, control film and pure carvacrol
vapours at t; during seven days exposure of a) Bacillus subtilis 168 BGSC 1A; b)
Escherichia coli TG1 K12; c) Listeria innocua DSM 20649; and d) Salmonella Enteritidis
CIP 81.3.

t; - films or aroma compound were put in the Petri dish lid after an initial incubation
phase of 4 h for B. subtilis and E. coli and 6 h for S. Enteritidis and L. innocua

B microbial cells without treatment; ¥ pure carvacrol vapour;  chitosan-based film
without carvacrol; ™ AF1; M AF2 ;M AF3"; M AF4"; M AF5 .

" Film type definition and characteristics are given in Table 10.1.

Gram-negative bacteria tested are found to be more resistant to carvacrol than
Gram-positives tested. This result is in accordance with the results of most works
where the antimicrobial effect of essential oils and their components was studied
(Lanciotti et al., 2003; Burt, 2004). This fact is attributed to the hydrophobicity of the
lipopolysaccharides that are predominately contained in their outer membrane.
However these results are not sufficient to conclude that carvacrol is more efficient
against Gram-positive bacteria. As discussed by Burt (2004), in some studies no
evidence for a difference in the sensitivity between Gram-negative and Gram-positive
bacteria was found (Deans & Ritchie, 1987), whereas in other studies Gram-negatives
appeared to be even more susceptible (Hao et al., 1998; Wan et al.,, 1998).
Furthermore, even if the ability of carvacrol to permeabilize and to depolarize the
cytoplasmic membrane is a sine qua non condition for antimicrobial activity, the
mechanism of bacterial resistance to carvacrol does not only concern the cell
envelopes. Indeed, Burt et al. (2007) first demonstrated that carvacrol induces

production of HSP60 in Escherichia coli 0157:H7 and more recently Ait-Ouazzou and
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co-workers (2012) showed that genetic factors such as rpoS or sigB also influence the
cell resistance to this antibacterial. For these reasons inter-specific but also intra-
specific differences in the resistance of Gram-positive and Gram-negative bacteria can
be observed.

According to Nebe-Von-Caron et al. (2000) cultivable cells require both metabolic
activity and membrane integrity to reproduce themselves. Contrarily, even if they are
alive, “viable but not cultivable cells” that are in an eclipsed state do not necessarily
show their reproductive capacity on growth media. Attributed to its hydrophobicity,
carvacrol was accumulated in the cells membranes. Hydrogen bonding modification of
the membranes resulted in the cell death. When AF3 and AF4 were used, the
inactivation of B. subtilis, E. coli and L. innocua was observed, while they had no
significant effect against S. Enteritidis (Fig. 10.3. and Table 10.2.). In this experimental
part, AF2 and AF5 films were not effective against all tested bacteria. From all results,
minimal vapour inhibitory concentration in this study was considered as 4.62x10®
Scarvacrol/ MLair (Kmass=1.13><10'6) for B. subtilis, E. coli and L. innocua, 1.08x10”’
Scarvacrol/ MLair (Kmass=1.01x10'4) for S. Enteritidis. Values reported in the present study
are lower than previously reported. Lépez et al. (2007b) found MIC for
L. monocytogenes  of 2.13x10” Scarvacro/MLair.  Authors  observed  significant
antimicrobial effect of vapours of Thymus vulgaris (1.27><10'5 Scarvacrol/ MLair) against
several pathogenic bacteria, L. monocytogenes, E. coli and S. Enteritidis (Inouye et al.,
2001; Nedorostova et al., 2009). Even thought this essential oil had carvacrol as a
principal component, significantly lower values in our study may be caused by the
different methods used and possible different mode of action of complex essential oils

and isolated compound.

10.3. Antimicrobial efficiency of chitosan based films against

Penicillium camemberti

(unpublished part of this chapter)

The shelf life of different food products, especially sliced cheese and meat can be
compromised by fungi. For example, cheese is a good substrate for the growth of
certain adaptive fungal species due to its low pH, elevated salt concentration and low
water activity (Pitt and Hocking, 1997). Molds can produce mycotoxins which have
potential adverse health effects. In addition, they can cause an unsightly appearance,
objectionable flavour and cause textural changes in food product. In addition to
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Gram-positive and Gram-negative bacteria, it was also interesting to check the
antimicrobial efficiency of carvacrol vapours against fungi. Penicillium camemberti was
used as an example of fungi species.

In this study, the growth of fungal mycelium exposed to pure carvacrol in the
vapour phase and to films containing this antimicrobial compound was monitored by
macroscopic observations. Fig. 10.4. presents some pictures of the control and two

chitosan-based films with carvacrol.

Control film AF1

7 days after |7 days after 7 days after|7 days after
to

Figure 10.4. Photos of Penicillium camemberti DSM 1233 after the exposure to
the vapour of two antimicrobial films AF1” and AF5" and control film (chitosan-based
film without carvacrol).

to - start of the incubation; t; - microbial culture after an initial incubation phase of
48 h. Tested film was put in the vapour contact with the already grown fungus at t;.
Film type definition is given in Table 10.1.

The antimicrobial effect of two films of the extreme Kass (AF1 with the highest
Kmass and AF5 with the lowest Knass) against P. camemberti is presented. It can be
observed that the AF1, with the highest Kpnass, was strongly efficient against P.
camemberti. For all active samples, after 7 days exposure to carvacrol vapours, mycelia
seemed to be completely destroyed. The inhibited molds had black colour contrary to
the orange colour of living molds. This high antimicrobial activity was confirmed on
already grown mycelium (t;) as shown on picture presented on the column four
compared to the control (column one). AF1 film stopped the growth of P. camemberti,
probably from the beginning of the antimicrobial exposure, since the mycelium size
decreased and was black, as can be seen on the pictures presented on the columns
three and four. Then only black colour biomass could be observed. However, the AF5,
with the lowest Kass, appeared not to be efficient. Therefore, the concentration of
carvacrol released in the vapour phase from this film was too low to stop the growth of

P. camemberti.
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From the photos presented in Fig. 10.4. and others, mean mycelium surface was
measured and it was taken into account in determination of antimicrobial efficiency
(Fig. 10.5.).

The first part of the presented results gives the data about the experiments
performed at ty (inoculation and vapours exposition at the same time). Growth of P.
camemberti was followed over 168 h. Only macroscopic observations were performed
(Fig. 10.4.) and global aspect was taken into account. Inoculation was carried out by
transferring a loopful of mycelium with fungal spores to agar plates. Then, the initial
spore number and the initial mycelium size were not very well controlled. The lack of
precision explains the differences between film without carvacrol and control (Fig.
10.5.). For all samples no visible changes were observed within the first 72 h. This was
generally due to long growth dynamics for fungus species. After 144 h, the mycelium
size decreased when exposed to AF1, AF2, AF3 and AF4, while samples with AF5
continued growing (Fig. 10.5.a). After 168 h, it reached the size more than five times
bigger than at the beginning of the experiment which was coherent with control
samples. In brief, for ty samples, chitosan films with Kass of 10, 10® and 10~ (AF1,

Af2, AF3 and AF4, respectively) were efficient against P. camemberti.
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Figure 10.5. Inhibition of Penicillium camemberti DSM 1233 at a) to and b) t;.
B microbial cells without treatment; I pure carvacrol vapour;  chitosan-based film
without carvacrol; ™ AF1"; ® AF2"; M AF3"; M AF4”; B AF5',

to - films or aroma compound were put in the Petri dish lid at the same time as the
incubation started; t; - films or aroma compound were put in the Petri dish lid after an
initial incubation phase.

" Film type definition and characteristics are given in Table 10.1.

In the second part, tests were performed when eye-visible orange/yellow
mycelium could be macroscopically observed (Fig. 10.4.). When already grown P.
camemberti was exposed to the active films vapours, mycelium size was significantly
reduced for pure carvacrol vapours and AF1, AF2, AF3 and AF4, as compared to the
control samples (Fig. 10.5.b). Control film without carvacrol and AF5 did not show any
activity. The destruction of the fungal mycelium could be attributed to the carvacrol
lipophilic nature (Rasooli et al., 2006). Among tested carvacrol containing films, only
AF5 film with Kin,s<107 did not show any antifungal activity. Thus, the MIC of carvacrol
vapour against P. camemberti determined in this study was about
3.2x10°® gearvacrol/MLair.

To summarize, chitosan based self standing films with carvacrol showed
antimicrobial efficiency against tested Gram-positive, tested Gram-negative bacteria
and tested fungus. The antimicrobial effect in the vapour phase could be controlled by
mass partition coefficient as it determines the quantity of the carvacrol in the
headspace. However, the efficiency is also dependent on the experimental conditions
and processing parameters. Since application objective of this work is the packing of
products using chitosan coated polyethylene, it was unavoidably important to test the

antimicrobial efficiency of these systems.
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10.4. Antimicrobial efficiency of three chitosan coated polyethylene
films with different concentrations of carvacrol in the vapour phase

(unpublished part of this chapter)

Three chitosan coated polyethylene films with different concentrations of
carvacrol in the vapour phase, AF-A (2.82x10"7 Scarvacro/ MLair), AF-B (4.44x10'9
Scarvacrol/ MLair) and AF-C (2.58x10’10 Scarvacrol/ MLair) Were tested against Bacillus subtilis,
Escherichia coli, Lactobacillus plantarum and Penicillium camemberti. These films were
chosen because their vapour concentrations were close to the films used for the
sensory evaluation (Chapter 11). That is to say that microbial cell was exposed to the
vapours (atmosphere) above coated-film or pure carvacrol at the same time as the
agar was inoculated. The average colony size diameter was followed during 65 h for
Bacillus subtilis, 60 h for Escherichia coli, 70 h for Lactobacillus plantarum and 144 h for
Penicillium camemberti.

Average colony/mycelium size and photos of Petri dishes at the end of
experiment are given in Fig. 10.6. The same behaviour was observed for all tested
microorganisms. Differences in the average colony size diameter among different
strains were due to the different development and formation of colonies for each
bacterium. However, among the same species, no significant changes in control
samples (film without aroma compound) with respect to control cells were observed.
From the Fig. 10.6., it can be seen that in samples treated with pure carvacrol vapours
and AF-A, no visible colonies were formed on the agar. Contrarily, in all other samples,
round whitish colonies were developed. Penicillium camemberti was the less resistant
(Fig. 10.6. h-j). For this fungus, along AF-A (highest concentration) and pure carvacrol
vapours, AF-B film was also efficient. In these samples, only small black particles could
be seen on the agar plates. These were probably residues of the biomass of the
destroyed mycelium. In summary, among three tested films, only AF-A (2.82x10”
Scarvacrol/ MLair , Kmass=1.01x10'5) was efficient against all four tested microorganisms. AF-
B was efficient against P. camemberti, while AF-C did not show any effect. The
concentration of carvacrol in the vapour phase is of 2.82x107 Gcarvacrol/ MLair could be
considered close to the minimal vapour inhibitory concentration in this experiment
that provoked antimicrobial effect for E. coli, B. subtilis and L. plantarum, and that of
4.4x10° Scarvacro/ MLair could be considered as the minimal vapour inhibitory

concentration for P. camemberti.
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Figure 10.6. Antimicrobial efficiency of three chitosan coated polyethylene films
against (a,b) B. subtilis 168 BGSC 1A, (c,d) E. coli TG1 K12, (e,f) L. plantarum and (g,h) P.
camemberti DSM 1233. M untreated cells; M film without carvacrol; "' pure carvacrol
vapours ; B AF-A; B AF-B; @ AF-C.
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Chapter 10 only presents a small part of work done on microbiology aspects. A
lot of other experiments and trials have been conducted in parallel and partially done
by Ms. Moundanga (2012) from lab UMR-PAM-PMB. These complementary works deal
with experimental parameters influencing antimicrobial efficiency of produced films
and determination of minimal inhibitory concentrations in the vapour phase.

Parameters concerning microorganisms such as inoculums sizes, bacteria
physiological state and storage conditions (temperature, culture media and relative
humidity) are important to explain the antimicrobial activity of carvacrol and different
chitosan films (Lambert et al., 2001). During the experiments, it was observed that the
efficiency of both pure carvacrol vapours and those released from films were
significantly affected by the distance from the testing sample in the Petri dish. This
result is of key importance for the application, since the aim of developed films was
the antimicrobial action by the vapour phase and not by diffusion within the product.
Furthermore this pointed out that during packaging of a food product, packaging film
with incorporated active compound should cover the whole surface above product. In
real conditions, fluctuation in temperature and possible contamination of food
products in food supply chain during opening/reclosing of the packaging may occur.
Some other experiments and trials were then performed to verify the effect of
temperature and inoculum size on antimicrobial efficiency of carvacrol vapours. This
part greatly helps to determine and then to optimize the efficiency of the active
packaging systems developed in this project. However, all the data are under

confidentiality.

10.7. Conclusions of Chapter 10

To summarize, antimicrobial efficiency of films varied as a function of both type
of microorganisms and characteristics of the film matrix where carvacrol was included.
The antimicrobial effect can be controlled by Knass. Among five different active films
that varied in composition, and consequently in the final carvacrol concentration in the
film after drying, those with highest Kass were the most active. From presented
results, it can be seen that AF1 film (1.08x10'7 Scarvacrol/ MLair) exhibits antimicrobial
effect against all tested microorganisms both during their latent and exponential
phase. AF3 (4.62x10'8 Scarvacrol/ MLair) and AF4 (6.41x10'8 Scarvacro/ MLair) films had also
strong antimicrobial effect at ty and t; except for S. Enteritidis that was the most
resistant bacterium. AF2 film was efficient at tg but not at t;. AF5 film

(6.28x10'9 Scarvacro/MLair) did not exhibit any antimicrobial effect against E. coli,
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B. subtilis, L. innocua, S. Enteritidis and P. camemberti, both at t; and t;. Even though
the antimicrobial mechanisms are not fully understood, active compounds are thought
to exert their effect during the lag phase. This can explain better antimicrobial
efficiency and lower inhibitory concentrations for those samples exposed to vapours as
soon as they were inoculated (tp). The antimicrobial tests and observations permitted a
comparison of the bioactive potential of chitosan films and examination of relationship
between the antimicrobial activity and mass partition coefficient (Kmass).

Chitosan based films and coatings on polyethylene used in a vapour phase
showed potential to inhibit the development of different microorganisms. However,
the effect of the background on the inhibition of microbes is in dispute. This could be
due to the fact that much of this knowledge is derived from laboratory media
simulating the unique conditions of a “real” environment in which there is diversity
among microbes, as well as changes impact on their physiological status or
concentration level of contaminations or synergistic effect with food components such
as salt. Depending on the concentration, carvacrol vapours are efficient against large
spectrum of microbes. However, these concentrations should be better studied and
evaluated in real food products. Moreover, by synergistic action of different
compounds it could be possible to reduce the concentrations needed to stop the
microbial proliferation. Additive effects between the antimicrobials and their use in
the vapour phase may permit the use of relatively low amounts of each antimicrobial
and thereby reduce cost of the antimicrobial treatment while improving the
antimicrobial efficiency.

Following the microbial approach in this study, the next chapter focuses on the
sensory analysis of food packed with different chitosan coated polyethylene films to

assess the organoleptic impact.
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Chapter 11 Application of carvacrol as active compound in real food products:
Validation of sensory impact

11.1. Impact of essential oils on organoleptic properties of
packaged food products

Quality of food product is a complex issue. Sensory properties are the most
apparent to the consumers, so the majority of consumer complaints relates directly to
sensory quality failures. In contrast to the large amount of information on the
effectiveness of films and coatings containing essential oils against a wide spectrum of
microorganisms, little is known about their possible impact on organoleptic food
properties. The major drawback is their strong flavour, which could change the original
taste of foods. Understanding of the sensory impacts due to interactions between food
and packaging materials can lead to innovations in quality and to increase shelf-life of
food systems. Thus, sensory evaluation of real food products packed with antimicrobial
films should be performed.

Sensory impact from food packaging interactions is probably more prevalent
than acknowledged. Sensory evaluation has been defined as a scientific method used
to evoke, measure, analyze and interpret those responses to products as perceived
through the senses of sight, smell, touch, taste, and hearing (Stone and Sidel, 1993).
This definition has been accepted and authorised by sensory evaluation committees
within various professional organizations such as the Institute of Food Technologists.

In the previous chapter, use of carvacrol as antimicrobial agent in food
preservation has been assessed. Due to specific taint, essential oils containing
carvacrol are used as flavour ingredients, seasonings in food preparations, in
perfumery, in pharmaceuticals and cosmetics while preserving capabilities, potential
health benefits, antioxidant activity, and antimicrobial effects (Burt, 2004). Carvacrol is
approved food additive, particularly as flavouring agent, in Europe ((EC) No 1334/2008)
and USA (FDA CFR - Code of Federal Regulations Title 21) and is included in the
European Union list of flavouring substances ((EC) No 2232/96 and Commission
Decision 1999/217/EC). The regulatory status of thyme, oregano and their phenolic
constituents suggest minimal safety concerns when used as food antimicrobial.
Cinnamaldehyde, carvacrol, carvone and thymol appear to have no significant or
marginal effects in vivo whilst in vitro they exhibit mild to moderate toxic effects at the
cellular level. Genotoxicity data appear not to raise concern in view of the present
levels of use (Stammati et al.,, 1999). However, some essential oils and their
components can cause allergic contact dermatitis in people who use them frequently.
So, preventive measures may be needed if these substances were to be used on a
larger scale (Carson and Riley, 2001).
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The concentration of oregano oil in food applications varies from about 320 to
3200 ppm (Tucker and Maciarello, 1994). In practice, carvacrol is added to different
products, e.g., baked goods (15.75 ppm), non alcoholic beverages (28.54 ppm/0.18
mM), and chewing gum (8.42 ppm) (Fenaroli, 1995). Thymol, an isomer of carvacrol, is
generally used for flavouring purposes in food and beverages at levels of 5-78 ppm
(Burdock, 2005).

Up to date, no many consumer acceptance tests or other sensory studies have
been published on jambon blanc (ham), feta cheese, jambon persillé (parsley ham),
terrine or paté en croute (meat paté pie) packed with antimicrobial films. However,
sensory studies have been conducted on related food products and antimicrobial films
containing some natural antimicrobials. Foods generally associated with herbs, spices
or seasonings would be the least affected by non wanted flavouring phenomenon
(Burt, 2004). As it is not always evident to find a literature data on sensory analysis of
food products treated with carvacrol, the collected data both for pure carvacrol as well
as for essential oils where carvacrol is the main component are given in Table 11.1.

For example, the flavour of beef fillets treated with 0.8% v/w oregano oil was
found to be acceptable after 15 days storage at 5°C and cooking (Tsigarada et al.,
2000). According to Ultee and others (2000), carvacrol is capable of inhibiting B. cereus
in soup, but at an approximately 50-fold higher concentration than needed to reach
the same effect as in broth. On fish, carvacrol is said to produce a 'warmly pungent'
aroma; citral was 'lemon-like' and geraniol 'rose-like' (Kim et al., 1995). Thyme and
oregano oils, spread on whole asian sea bass at 0.05% (v/v), also imparted a herbal
odour, which became more pronounced after 33 days storage at 0-2°C (Harpaz et al.,
2003). Similar concentrations, however, may be less acceptable in other foods (Burt
and Reinders, 2003). For example, the incorporation of thyme oil (1.8%) as an
antimicrobial coating for pre-cooked shrimps reduced the acceptability scores for taste
and odour (Ouattara et al., 2001).

Roller and Seedhar (2002) demonstrated that carvacrol and cinnamic acid were
effective in reducing and inhibiting microbial growth on fresh cut kiwi fruit and
honeydew melon, respectively, without determinable sensory effects. However, it has
been mentioned that carvacrol rapidly reduced acceptability of fresh-cut jalapeno

peppers and carvacrol treated samples had the lowest shelf life (Ruiz-Cruz et al., 2010).
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Table 11.1. Collected data on sensory impact of carvacrol and carvacrol
containing essential oils in different food products. The upper part of a table gives the

acceptable scores, while the lower part gives literature data for unacceptable sensory

score.

Active compound  Food product Sensory note Reference
(()(;Zgozr::;x;l Beef fillets Acceptable Tsigarida et al., 2000
Oregano oil . Skandamis and

M f I
(1% v/w) inced bee Undetectable Nychas, 2001
Thyme and oregano .
A H | H l., 2
oils 0.05% (v/v) sian sea bass erbal odour arpaz et al., 2003
Oregano oils Ready-to-eat Acceptable Ultee and Smid, 2001
(1%) soups
Oregano oil . Mejlholm and
(0.05% v/w) Cod fillets Pleasant effect Dalgaard, 2002
Carvacrol (250 ppm) Lettuce Acceptable Gutierrez et al., 2009a
Carvacrol (150 ppm)  Carrot broth Acceptable Valero and Giner, 2006
Carvacrol (3%) Fish Warmly pungent Kim et al., 1995
Thyme oil Pre-cooked Changes in appearance,
Ouatt tal., 2001
(1.8%) shrimps odour and taste uattara et at.
Carvacrol Fresh cut kiwi fruit Adverse sensory Roller and Seedhar,
(5-15 mM) Honeydew melon consequences 2002
Carvacrol Fresh-cut jalapeno Strong .
Ruiz- l., 201
(2.5 mM) peppers negative effect uiz-Cruz etal,, 2010
Thyme oil Chopped bell Adverse sensory Uyttendaele et al.,
(1%) peppers properties 2004
Carvacrol Vegetable broth sLike slightly” Sousa et al., 2012
(2.5uL/mL) g "neither like nor dislike” v’

Sousa et al. (2012) determined influence of carvacrol and 1,8-cineole on the
sensory characteristics of vegetables. Sensory evaluation revealed that scores of the
most-evaluated attributes felt between "like slightly" and "neither like nor dislike." As
application of carvacrol and 1,8-cineole in vegetable broth caused a significant
decrease (p<0.05) in bacterial count over 24 h, the combination of carvacrol and 1,8-
cineole at sub-inhibitory concentrations could constitute an interesting approach to
sanitizing minimally processed vegetables.

Linalool and methycavicol have been embedded in LDPE to test both the
antimicrobial effects of as well as sensory impacts on wrapped cubed Cheddar cheese
over 6 weeks of storage at 4°C (Suppakul et al., 2008). Linalool embedded in LDPE did

not impact flavour of the cheddar cheese over 6 week storage as panellists could not
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detect the difference between cheeses stored in LDPE or linalool/LDPE. While the
microbial shelf life of cheese was improved with use of methylcavicol as compared to
linalool, the sensory effects were noticeable with the use of this compound illustrating
the potential for reducing the commercial success of the antimicrobial material.

This chapter focuses on the sensory evaluation and potential for the application
of chitosan/carvacrol coated polyethylene on five typical Burgundy food products. The
sensory evaluation of: ham-jambon blanc, jellied ham with parsley - “jambon persillé”,
“paté en croute”- meat paté pie, “terrine” and feta cheese were performed. It was
aimed to identify whether a sensory difference, if any, has resulted from the active

packaging treatments and how panellists detected and described the difference.

11.2. Effect of carvacrol/chitosan coated polyethylene on sensory
quality of “jambon blanc”, ,jambon persillé“, ,paté en croute”,

Lterrine” and feta cheese

A sensory test was conducted to determine if the application of activated
chitosan coated polyethylene films causes a difference in odour and overall
acceptability of real food. Better understanding of the odour thresholds of
antimicrobial agents has a great importance in order to assess the possibility of using
active packaging treatments in preservation of cheese and meat products. Tested fresh
food products had high water activity (a,, >0.97), and therefore they could change the
atmospheric conditions inside the packaging. Consequently the release mechanism
from packaging material significantly changed. Moreover, food with high protein and

lipid content are good aroma supports and able to absorb flavour compounds.

Characteristics of active packaging films used in sensory evaluation are given in
Table 11.2. Depending on the carvacrol concentration, carvacrol activated chitosan
coated polyethylene films were classified as AF1, AF2 and AF3. The carvacrol in the
vapour and carvacrol incorporated in chitosan matrix was in following order
AF1>AF2>AF3.
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Table 11.2. Characteristics of three active packaging films used in sensory

evaluation.
AF1 AF2 AF3
Film forming solution (w/v) 0.35 0.035 0.0035
Aroma quantity in dry film (mge./gfim) 4.78 0.270 0.023
Headspace (x 102 UEcve/ MLair) 6.53 0.727 0.0538
Kimass (X 107) 1.15 2.27 1.95

Sensory analysis based on a series of triangle tests was conducted to discriminate
the products packed in different active films. This was carried out to determine the
lowest level of carvacrol that could be detected by panellists.

Parallel to the sensory evaluation, the quantification of carvacrol as the active

compound in both films and products was performed (Fig. 11.1.).

Physico-chemical Sensory
characterization evaluation
Carvacrol in the

packaging film (\

G
——— J e——
i

Carvacrol adosrbed in
the food

Figure 11.1. Schematic view of tests performed in order to characterize the

influence of active films on organoleptic impact in food products.

Presence of carvacrol was tested in the headspace, in the films before and after
products conditioning (Fig. 11.2.), and finally in the product itself (Fig. 11.3.)
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Figure 11.2. Mass of carvacrol in different films after 15 days of storage of ham,

“paté en crolte”, “jambon persillé”, “terrine” and feta cheese.

AF=active film; AF-JB=active film in which ham was packed; AF-PEC=active film in
which Paté en crolte was packed; AF-JP=active film in which “jambon persillé” was
packed; AF-Terrine=active film in which terrine was packed; AF-Feta=active film in
which feta cheese was packed.

The results of remaining concentrations in three packaging films tested after the
application with ham, “paté en croGte”, “jambon persillé”, “terrine” and feta cheese
are given in Fig. 11.2. During storage, carvacrol was significantly released from
packaging films. Concentrations that remained in the films after conditioning were
approximately ten times lower than at the beginning of the evaluation.

Since carvacrol has its own characteristic flavour and interactions among the
compounds it may generate unique flavours and impact sensory attributes of packed
foodstuff. Some amounts of carvacrol were sorbed by food product. Depending on the
concentration in the vapour phase and on the product composition, different amounts
of carvacrol were found after the extraction (Fig. 11.3.). This could be attributed to
different diffusion rates and to the repartition of carvacrol in the samples. Indeed, Han
(2005) reported that variable activity in foods due to interactions of essential oils with

food components occur and then limit their use.
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Figure 11.3. The amounts of carvacrol found in food products after the storage in

three different active films.

Tests of differences were used to determine, whether or not, a difference in
some specific attribute exists between two samples, or to determine if one sample is
preferred to another. These types of tests are the simplest and the most sensitive tests
that can be used. However, they cannot tell us anything about how large the
difference is or how great the preference between the samples is. In order to better
understand how the panellists perceived the differences in the products; a sensory
evaluation based on quantitative descriptive analysis was also carried out.

When high concentrations of natural active agents are incorporated in films, the
film may have a strong flavour due to the incorporated active agents (Han et al., 2005).
The odour and taste thresholds of carvacrol were determined in order to assess the
possibility of detecting these attributes at low concentrations by the panellists. The
detection odour thresholds are summarized in Table 11.3. For a products packed in
AF1, intensive odour was detected immediately after opening the packages, which
disappeared a few time after because of the evaporation at room temperature. On the
contrary, for AF2 and AF3 packages, after their opening, no significant differences have
been attributed to carvacrol in the product atmosphere.

After smelling the product, some panellists perceived the presence of carvacrol
for all tested concentrations (AF1, AF2 and AF3) (Fig. 11.4.). Statistically, some
significant differences between active packaging and control films were found only for
AF1 packed products. This was the highest concentration tested. The same observation
was for all packed products. Then, the odour threshold in the product was determined

to be around 15 ppm.
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Figure 11.4. Results from taste and odour triangle test of five products packed in
three packaging materials with different concentration of carvacrol (AF1, AF2, AF3).

The significance limit is based on a difference tests (a risk of 5%).

The detected odour thresholds reported in this study are different from odour
thresholds published in the literature (Table 11.3.). Actually, threshold values suffer
from lack of reproducibility due to differences in methodology and training of
panellists.

Table 11.3. Odour thresholds of carvacrol.

Detected odour threshold (ppm)

This study/literature Reference
In the packaging headspace 65.3/2.29 Burdock, 2005
After smelling the product 15.9/124 Bitar et al., 2008

After tasting the products packed in AF1, which was the system with the highest
carvacrol concentration, persistence of characteristic aroma was detected (Fig. 11.4.).
Already after 3 days of storage, the strong impact on taste and smell was detected for
ham and ham with parsley. Only weak, but still significant differences were seen on the
“paté en crolte” and feta cheese. For “terrine”, the differences were more easily
perceived by smell than taste. General description remarks were recognition of
oregano taint and hot/spicy taste. Finally, both taste and odour descriptors were fairly
above significance limit.

For AF2 and AF3 packaging, the overall scores were better than in AF1 and below
the significant detection level (Fig. 11.4.). To better understand “unpleasantness”
detected by panellists who answered correctly, descriptive analysis was performed and

comments are summarized in the Tables 11.4. and 11.5.
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Both after 3 and 15 days, the odour differences for AF2 were not significant. To
confirm it, more panellists should be involved. After 15 days, all products repacked in
active packaging and in the control package were similar. Moreover, within the same
samples, some contradictory answers were found. For example, for a ham at the same
time “less pronounced” and “more pronounced” odour descriptions are given.
Similarly, no significant differences in taste were found both after 3 and 15 days. To
conclude, recognition of carvacrol in both odour and taste was below the significance
level (Fig. 11.5.)

| odour

etecton [ taste

e eance 9

Recognition of the different sample
(% panelists)

Figure 11.5. Changes in odour and taste of different product packed in chitosan
coated AF2 after sensory evaluation. Obtained values are result of triangular test with
o =5%.

For the lowest concentration of carvacrol in packaging films (AF3), no significant
differences in odour and taste could be detected. Even that these concentrations are
lower than that required for antimicrobial efficiency, the understanding of the odour
and of the taste thresholds in food products is of a great merit. However, it implies the
complementarities between the antimicrobial efficiency and sensory impact in real

food products and points out a great interest for future research.

11.3. Conclusions of Chapter 11

Sensory analysis based on a triangle test helps to differentiate between the
products packaged in active packaging films containing higher concentrations of
carvacrol from those packaged in control films. It was previously reported that the
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required levels for essential oils and their constituents to maintain an antimicrobial
effect in food products are usually higher than the amount used in flavouring
applications. So, they may result in adverse sensorial effects (Bagamboula et al., 2004;
Smith-Palmer et al.,, 2001). However, activated bio-based coatings can be an
interesting application in packaging sector.

The addition of higher concentrations of carvacrol clearly imparted a noticeable
odour and taste to products during storage. In Chapter 10 only higher levels of
carvacrol were shown to be effective against different spectrum of microorganisms.
However in this chapter, it was not compatible with packed meat and cheese products.

Maximally absorbed concentration of carvacrol that was significantly detected by
panellists in different products was about 15 ppm. This corresponds to around 65 ppm
in the headspace. When the concentration in the headspace dropped ten times,
detection ability approached the limit values for “paté en cro(te” and “jambon
persillé”. This could be due to the odour detection thresholds that were shaped by the
molecular architecture of chemical stimuli (Bitar et al., 2008). For carvacrol
concentrations less than 7 ppm, no significant changes in organoleptic properties were

found.

Sensory studies associated with antimicrobial tests can provide the information
required for getting the best new active material. Nowadays, sensory evaluation
becomes a tool irreplaceable in food industry while interacting with the key sectors in
food production. To overcome organoleptic impact of carvacrol, further investigations
can follow some literature approaches. For example, Bagamboula et al. (2004)
suggested that the strong aroma associated with essential oils and their compounds
could be reduced by the use of de-aromatization methods. Particular essential oil
could be replaced with its principal constituents that may be equally antimicrobial
effective but with milder flavouring attributes (Lambert et al., 2001; Smith-Palmer et
al., 2001). The addition of a flavourless additive to the essential oil mixture can
increase the antimicrobial efficacy and enable a lower essential oil concentration to be
used (Burt and Reinders, 2003; Mejlholm and Dalgaard, 2002). Furthermore, Guttierez
et al. (2009) suggested that combinations of essential oils can minimize application of
higher concentrations by synergism of compounds. Consequently, any adverse sensory
impact in food will be reduced. Additionally, microencapsulation process can be used.
In these systems, active compounds can be trapped and their odour and flavour will be
masked until they will be slowly released into the atmosphere at constant low doses.

However in this case, slowed release would also impact the antimicrobial effect. This
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technique must be taken with precaution and an additional antimicrobial test should
be performed.

To overcome the barrier between the antimicrobial effectiveness of new
packaging systems with natural antimicrobial compounds, and their efficacy in the real
food systems, further researches and investigations on larger industrial scales are

needed and envisaged.
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Research on bio-based materials that have been forgotten for decades in favour
of those derived from petrochemicals has steadily increased in recent years. On one
hand, awareness of environmental risks and the depletion of oil resources have
increased the value of research on agricultural resources. On the other hand,
consumers’ awareness for new, natural, chemically free products with increased food
shelf life are main issues that the food industry is fighting with on daily level. It is
within this context that this research was focused on the validation of chitosan,
carbohydrate polymer, as a bio-based material for food packaging applications. More
specifically, the food industry is addressing the issue by gradually incorporating natural
essential oils into food/headspace/packaging to replace the more traditionally used
synthetic chemical preservatives. In order to make for both food and packaging change
from the use of synthetic sources to purely natural sources, this research is focussed to
the optimization of film processing, the use of hurdle technology, the release systems,
the functional and barrier properties, the limits of antimicrobial activity, the most
effective concentration and the validation of active compound on the real food
products. While literature research provides knowledge about antimicrobial activity of
materials in direct contact with a food product, there are still many areas where
information is lacking. In particular links between structure, function and active

compound released in a headspace are rarely made.

This work contributes to a better understanding of the mass transfers from and
through packaging material. It aimed to correlate involved mechanisms and factors, a
prerequisite for its application, as described in Fig. 12.1. During this study, the focus
was made on the analysis of transfer mechanisms through material and identification
of parameters that are crucial at different scales, from macroscopic to molecular
investigations. Incorporated substances may affect the physical properties,
processability and applicability of the packaging material. So performance of packaging

materials must be maintained after addition of active compounds.

Composition parameters, film structure and film production in relation to its
functional properties was assessed. First, it was necessary to characterize the film
forming materials that were aimed to be the support matrix for carvacrol used as the
model active/antimicrobial compound. Importance of chitosan film design was pointed
out. Drying procedure, optimization of formulations and production of bio-based

chitosan films was performed.
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In relation to the effectiveness of potential antimicrobial films, the most
important was to know the amount of active compound retained in the film matrix
after processing. Lower temperatures (20°C) and average relative humidity (30%),
hydroalcoholic acid solvent, arabic gum and nanoclays strongly influenced carvacrol
retention in chitosan matrix. In a life cycle of packaging film, there are two main stages
when active compound might be lost, in particular during the drying period and the
storage/application period. In the first chapter, deepen study of drying system already
qguantified the relative importance of water transfers within the chitosan matrix.
Carvacrol was preferentially lost at higher water contents. In this stage, chitosan chains
are still far away from each other, and all the volatiles including carvacrol are
progressively evaporated. At water content lower than 10%, mass transfers were
slower. Moreover, the water diffusion coefficients in this range were ten times lower
than in humidified systems. Certainly, the loss of carvacrol was greatly influenced not
only by the water content, but also with the composition of film matrix. The retention
was found to be oppositely related to the mass partition coefficient. When less
carvacrol was retained in the film, this indicated higher mass partition coefficient. So
the greater release occurred in the headspace.

The composition of film forming solution is important for solution casting.
Changes in solvent polarity and structural changes at the interface of chitosan globules
in the film forming solution have influenced surface tension. It is depending on its
polar and apolar components. Ethanol and carvacrol lowered the surface tension of
film forming solutions. Thereby, the spreadability onto the non polar/hydrophobic
polyethylene was improved. As the cohesion coefficient was higher than the adhesion
coefficient, spreading of chitosan solution occurred. This has permitted optimization of
the coating process of polyethylene films by thin chitosan layers. The drying technique
and environmental parameters have influenced the drying time, film structure, film
appearance, carvacrol retention and film functional properties. Addition of ethanol
does not only change the polarity of film forming solutions but also improve the
solubility of carvacrol and glycerol. Furthermore it reduced, for about 10%, the time
needed to obtain dry films during oven drying. The solvent evaporation led to changes
in the film surface properties and its composition. The support sides of self-standing
chitosan films were more hydrophobic than air drying sides. Glycerol and carvacrol
influenced the phase separation during drying. In dry films, carvacrol looked like small
droplets that were easily seen in the microscopic scale. In addition, evaporation of

carvacrol towards air surface increased the surface heterogeneity. So, depending on
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the composition, all chitosan films swelled in a lesser (pure chitosan films) or larger
(chitosan films with glycerol) extent.

Fast drying technique was applied for industrial production of chitosan coated
polyethylene. This process did not significantly change the structural and thermal
properties of supporting material. Nonetheless, in dry environment the gas
permeability of coated polyethylene was improved up to three orders of magnitude.
Meanwhile, water vapour permeability was not significantly affected. Actually,
polyethylene alone is a rather good water vapour barrier. So, thin chitosan coatings on
PE did not drastically decrease its water barrier performance. However due to its
hygroscopic nature, even 3-6 um thin chitosan films absorbed up to 6% of water
vapour that condensed on the chitosan/PE interface and presented water reservoir.
When environmental relative humidity was above 60%, a significant increase in gas
permeation occurred, but it still remained lower than the uncoated polyethylene. As
gas permeation through pure polyethylene films is not affected by environmental
humidity, this increase was then attributed to chitosan only. Thus, particular attention
was made on the water vapour impact on the chitosan matrix.

Deepen analysis of mass transfers that occurs on the surface of chitosan film
exposed to water vapour was performed and possible explanations were given. The
sorption of water vapour in chitosan matrix led to some structural changes. Water was
shown to be the most ubiquitous plasticizer for chitosan films. Already during early
stage of the drying, high carvacrol loss was induced by the matrix plasticization. This
also led to changes in the strength and the nature of interactions between chitosan
chains. Moreover, according to Ogawa et al. (2000), during drying, water molecules
help the structuration of the chitosan crystals. Then, a hydrated chitosan crystal was
formed with a shape of two fold helix. As this system is energetically more stable than
the anhydrous polymorph, the complete removal of water molecules from the
chitosan crystal is rather difficult. This was observed in the water vapour sorption
experiment. Once completely dry, with 0% of water in a film, increasing the number of
water molecules in the environment led to the increased amount of sorbed water. Non
ordinary phenomenon was observed from 30 to 70% relative humidity. In this humidity
range, moisture has induced some removal of acetic acid, so re-crystallisation/re-
organisation of chitosan chains was observed. Above 60% RH, the sorbing capacity
exponentially increased. This amount of environmental water was also crucial for
barrier performances of both self-standing chitosan film and coatings on PE. The
monomolecular layer of sorbed water has increased with the addition of glycerol. This

hydrophilic plasticizer is known for its water attracting attributes so water molecules

270



Chapter 12 Overall conclusions and perspectives

were sorbed with less energy. Higher water contents in the film led to plasticization
and formation of water clusters that caused an increase in gas and water vapour
permeabilities. At lower relative humidities, chitosan was plasticized by both glycerol
and carvacrol, while at higher relative humidities water had a stronger impact and
masked the other plasticizers. This hypothesis resulted from series of experiments. At
lower relative humidities, the dissociation temperature was lowered for carvacrol
containing samples. Lowering the transition temperatures is a specific attribute of
plasticizing agents. The dissociation temperature was also lowered for glycerol
containing samples. On the contrary, in the pure chitosan films, the lower
temperatures were observed at higher relative humidities indicating the plasticization
by water. However, the real glass transition temperature for chitosan films was not
determined, because in this study it could not be displayed by thermal analysis. Barrier
performances of chitosan films changed depending on the composition and on the
environmental conditions. In dry environment, the increase in oxygen and carbon
dioxide permeability was observed for carvacrol and glycerol containing samples.
Nevertheless, in dry conditions, all chitosan films were fairly good gas barriers (about
10" g/m-s-Pa). The gas permeability of chitosan coated PE was up to 1000 times lower
than uncoated polyethylene films. The increase in the environmental humidity above
60% and up to 96% (that represents the conditions of a real fresh food packaging
system), has significantly increased gas permeability in all chitosan films. Finally,
mechanical tests confirmed that when the relative humidity was increased, structural
changes were induced. This indicated an extensive water plasticization of chitosan
matrix.

Even that the water significantly decreased the barrier performances of chitosan
films and changed the integrity of film matrix, this phenomenon is desirable for the
antimicrobial film performance. Indeed, during application, water plays an important
role in the release of the active compound from chitosan matrix. Swelling of chitosan
in contact with the water vapour increases the gaps between chitosan macromolecular
chains and thus facilitates the release of carvacrol. Diffusion coefficients of carvacrol
from chitosan film increased up to 1000 times when humidity went up from 0% to
100%. Water vapour triggered the release of carvacrol in the vapour phase. So it
indicated the importance of controlling the environmental conditions in the packaging,
at the time of the application but also during the active film storage. The release of
active compound is defined by a mass partition coefficient. This parameter can be used

to control the concentration of carvacrol in the vapour phase.
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Comprehension of the physico-chemical mechanisms involved in such complex
system is crucial to control the release and the concentrations of active volatile
compound. Indeed, kinetics and thermodynamics of mass transfers are key factors to
control the composition of the vapour phase between the foodstuff and packaging
material. Only the knowledge of these transfer phenomena allows to measure and to
understand the antimicrobial efficiency of volatile compound. The antimicrobial
efficiency is a concentration dependent parameter. In other words, there is a certain
minimal concentration required to obtain the antimicrobial effect. However, films with
carvacrol concentrations in the vapour phase above 2x107 g/mL.. were extremely
active against large spectrum of bacteria, including Gram positive bacteria, Gram
negative bacteria and fungi. In some instances the concentration that was required
(around 124 ppm) for carvacrol antimicrobial efficiency, it was not organoleptically
acceptable to consumers. Due to its deliberate interaction with the food, the migration
of carvacrol even at low doses represents an organoleptic problem. Therefore, efforts
need to be made to use essential oil such as carvacrol in very low amounts (much
lower than reported in the literature), in order to be effective in controlling
microorganisms without contributing to an overwhelming flavour and/or odour notes

to food products.

To optimise mass transfers in antimicrobial system during the application,
transfers of carvacrol in the vapour phase, in the agar and through agar have been
assessed in a parallel study. These experiments are part of those on the long trail to
better understand the importance of the surface of exposure and the distance (or air
gap) between film and surface contaminated with microorganisms. Thus modelling of
the data will provide sufficient information for the improvement of the antimicrobial
effect. Consequently, this way is important for the final application and validation in
industrial scale.

In the scopes of this project, multilayered films were also produced. These films
are made of an antimicrobial compound incorporated in the synthetic polymer.
Additionally, they are coated with activated chitosan. Multilayer systems can be
efficient to control the release of the active compound. On one hand, this active
compound that is incorporated in the synthetic polymer has low partioning. So this
system serves as a long term active compound reservoir. On the other hand, the
chitosan layer that is exposed to product atmosphere will provide a fast release at the

time of the application. In this way, the concentration of the active compound within
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the packaging could be maintained over a long period. However, further investigation
on mass transfers is needed to resolute this hypotheses.

This work opens many possible investigation trails concerning the chitosan based
films development.

First of all, a further investigation about the structural changes of chitosan matrix
by a water vapour is envisaged. Indeed, finer analyses of network organisation by X-ray
diffraction or circular dichroism are envisaged. This will help to better understand the
phenomena that occur in the chitosan/water interface. Besides, in this way, functional
film properties that are governed by water vapour could be clarified.

Being an excellent gas barrier in dry conditions gives a potential to chitosan to be
used as an inner layer in conventional multilayer plastic films. So, further investigations
could be focused on substitution of polymers like ethylene vinyl alcohol, polyvinylidene
chloride or polyamide. Not only that chitosan would provide a barrier against gases,
but also, as it is natural and a water sensitive polymer, it would improve recyclability of
laminates normally used in multilayered packaging films.

Controlled releasing system are of a top subjects not only in the food packaging
industry but also for medical purposes. Therefore, chitosan based systems studied in
this work, could be potentially used as supports of some pharmaceutical products and
in tissue engineering.

Even if chitosan, as a bio-sourced and naturally derived material, has been
extensively studied in the literature, no many available data exist on its
biodegradation. A study on the biodegradation of chitosan films can be considered to
define the parameters that govern its degradation kinetics depending on whether it
takes place in a ground or in compost. Also, it would be interesting to study the
consequences of real biodegradation of these materials on the environment.

All along this work, the word “active” was the main though. It supposes that the
active compound will improve the product shelf life because of antimicrobial efficiency
and due to its deliberate interaction with the food and/or its environment. The
migration of substances can represent a food safety concern. So first of all, finding
appropriate methods for migration tests accomplished with toxicology testing, could

also be of a great interest for both scientific community and industrial forces.
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