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Abstract

Packaging is one of the most important technoldgiteps of food preservation. Microbial
growth and oxidation reactions occurring on foodfate are two of the main causes of
deterioration of fresh and processed food produltaditional food packaging generally protect
foodstuff from external influences. Whereas actpackaging systems interact with the food
permitting the extension of their shelf-life anckttnaintenance, or even the improvement of their
guality and sensorial features.

The main objective of this thesis is the attainn@rknowledge related to the development
of new material formulations for food packagingusmg suitably modified inorganic nanoparticles
in order to obtain a controlled release system ativa substances and to improve active film
physical and gas barrier performances.

As far as antioxidant active films is concerned #im of the work is the development of
innovative films containing naturalo-tocopherol adsorbed onto functionalised and not
functionalised mesoporous silica particles (SBA-3BA-15+APTES) in order to protect it during
LDPE film manufacture and to be able to controlrit¢ease rate. The synthesized mesoporous
powders were characterized by means of X-ray difiva and N adsorption/desorption at 77 K.
Powders loaded with tocopherol were characterized infrared spectroscopy and
thermogravimetric analysis. Results show that tleimum of the pore size distribution reduces
from 90 A for purely siliceous SBA-15 to 73 A fomino-functionalized SBA-15. Infrared analysis
shows that tocopherol interacts with the amino gsoaf functionalized SBA-15. It has been also
proven that circa 40% and 30% of tocopherol is éohdnto SBA-15 and SBA-15+APTES
respectively. Release tests performed using 96%ethanol as fatty food stimulant show that the
tocopherol diffusivity of films containing functiahized mesoporous silica decreased of about 50%
with respect to films containing free tocopherd, @his is due to the decrease in the pore size and
to the increase in diffusion resistance causedbyunctionalization of the internal pore walls lwit
the amino groups. Moreover, the oxygen radical ddisg capacity (ORAC) assay of the produced
active polymer films proved the antioxidant effeetiess of tocopherol released from samples after

manufacturing process.
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As far as antimicrobial activity is concerned, silvmontmorillonite clays have been
increasingly investigated as germicidal, bacteakidantifungal, and antiseptic components in
different food packaging formulation. The aim oistlthesis is the development of a new class of
antimicrobial systems in which the inorganic phyilicate clays (MMT) have been used as support
for silver nanoparticles (AgNPs) . The Ag-MMT fitleonsists of nanometric metallic silver and
oxides particles (size in the range 2-40nm) prefeatdy located on the surface of MMT single
lamellae as the UV adsorption and FT-IR spectravsko Antimicrobial bionanocomposites have
been obtained by solution casting of AQMMT partciato chitosan, one of the most interesting
biopolymers obtained from natural sources. The é¢oeatbeffect of glycerol and AQMMT particles
on the thermal, structural and barrier propertids tloe obtained bionanocomposites was
investigated. In fact, the plasticizer and theesilions as well as the surface of metallic parsicle
exert a combined effect which allows a reductiothef liquid water uptake and water permeability
with respect to neat chitosan. Indeed, X.Ray restdivealed that Ag-MMT particles result partially
intercalated by chitosan macromolecules althougbarinot be excluded in such an extent the
exfoliation due to the collapse of MMT structureridg the preparation of the active filler.
Moreover, considering that the antibacterial me@@rarof silver is mainly related to the action of
silver ions and metallic AgQNPs, the silver releksetics from bionanocomposites in water at 25°C
were also investigated.

In conclusion, samples of purely siliceous and anfunctionalized SBA-15 mesoporous
silica were successfully used atocopherol carriers for the production of activBRE polymer
films. In fact, active polymer films containing thenctionalized carrier showed a slower tocopherol
release when compared to samples containing fie@pl@rol and tocopherol loaded onto purely
siliceous substrate. Whereas, for antimicrobialadilm,. the silver supporting nanoparticles, Ag-
MMT, contribute to modulate the release kineticsibfer ions from bionanocomposite films over a
longer time interval (up to 20 days). This is ofgraount importance for the production of active

films to be used as food packaging materials cemially as biomaterials.
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CHAPTER
1

NTRODUCTION

In this first chapter, the reader will be
introduced to the background, the problem, the

formulation and the purpose of the thesis.
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CHAPTERL. INTRODUCTION

1.1 INTRODUCTION

111 Food Packaging

The principal roles of food packaging are to profeod products from outside influences and
damage, to contain the food, and to provide conssiméh ingredient and nutritional information
(Coles, 2003). The protection of packaged food extst for extended periods under any prolonged
chilled or ambient-temperature conditions requaagries of interrelated actions:

1) The product itself must be processed in a mannatr stabilizes it against enzymatic,
microbiological, and biochemical activity, with thkemer two of concern primarily in foods
packaged for short-term, chilled distribution.

2) The product must be protected against recontaromaily active biological vectors of
deterioration such as viable enzymes or microosgasj usually by hermetic sealing.

3) The package generally should be a high gas-batriecture that is hermetically closed, i.e.,
the seal is not a route for gas transmission imgotackage or for recontamination.

4) The environment within the hermetically sealed paekshould be made free of oxygen,
which is not always an easy task since most foodsam occluded and dissolved air; finite
guantities of reactable oxygen are usually preserthe package headspace or product
interstices whether or not a headspace is preseut,the package material itself might
contain oxygen that can be released into the food.

Traceability, convenience, and tamper indicatioe aecondary functions of increasing
importance. The goal of food packaging is to caontaiod in a cost-effective way that satisfies
industry requirements and consumer desires, mastaiod safety, and minimizes environmental
impact (Marsh and Bugusu, 2007). Food packaging reterd product deterioration, retain the
beneficial effects of processing, extend shelf-lg&ed maintain or increase the quality and saféty o
food. In doing so, packaging provides protectioonfr3 major classes of external influences:
chemical, biological, and physical.

Chemical protection minimizes compositional changiggered by environmental influences

such as exposure to gases (typically oxygen), mn@gigain or loss), or light (visible, infrared, or

14



CHAPTERL. INTRODUCTION

ultraviolet). Many different packaging materialsncprovide a chemical barrier. Examples of
packaging material able to provide a nearly absoh#rrier to chemical and other environmental
agents are glass and metals, but for this packafgimgulation, closure devices are added to
facilitate both filling and emptying and may comtamaterials that allow minimal levels of

permeability. Plastic packaging offers a large eamd barrier properties but is generally more
permeable than glass or metal.

Biological protection provides a barrier to micrganisms (pathogens and spoiling agents),
insects, rodents, and other animals, thereby ptexedisease and spoilage. In addition, biological
barriers maintain conditions to control aging. Ttype of control can occur by means different
mechanisms, for example preventing odor transmmssiad maintaining the internal environment
of the package.

Physical protection shields food from mechanicahadge and includes cushioning against the
shock and vibration encountered during distributidgpically materials, able to resist impacts,
abrasions, and crushing damage, are widely useshipping containers and as packaging for a
particular type of foods. Appropriate physical paging also protects consumers from various
hazards.

In addition to their typical protection functionagkaging may contribute to the reduction of
total solid waste. Significant food wastage hasmb@ported in many countries, ranging from 25%
for food grain to 50% for fruits and vegetables (*A989). Inadequate preservation/protection,
storage, and transportation have been cited agsaifigood waste. Since packaging tend to extend
the shelf-life of foods, prolonging their usabilitgduces total waste

In a competitive environment a food package has tie role to exposure to consumers the
product prior to purchase. Consequently, a digtiaobr an innovative packaging can boost sales.
The package may be designed to enhance the priogiaige and/or to differentiate the product from
the competition. Packaging also provides infornmatto the consumer. For example, package
labeling may be used to insert legal identificatioh product, nutritional value, ingredient,
manufacturer information, etc.

Recently, The Codex Alimentarius Commission (200&fines traceability as “the ability to
follow the movement of a food through specified gsi{@) of production, processing and
distribution” (Codex Alimentarius Commission, 20040 traceability represents an important

packaging feature to considere during a new paokafprm manufacturing. Traceability has 3
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CHAPTERL. INTRODUCTION

objectives: to improve supply management, to faatéi trace-back for food safety and quality
purposes, and to differentiate and market food$ witbtle or undetectable quality attributes.
Incorporating a unique codes onto the package alltavtrack the products throughout the
distribution process. Code format can be varioas ¢kample, printed barcodes or electronic radio
frequency identification [RFID]).

Nowadays, the frenetic lifestyle influence anywde tfood packaging features. Infact,
consumers are always looking for a convenience feackaging formulation. As a consequence,
packaging plays a vital role in minimizing the effoecessary to prepare and serve foods. Then,
convenience features such as ease of access,rwgradid disposal; product visibility; resealability
and microwavability are important and researchegr@safe trays, boil-in bags, and microwavable
packaging enable consumers to cook an entire mehlvwirtually no preparation. New closure
designs supply ease of opening, resealability, goetial dispensing features. A membrane with a
peelable seal covers the opening before sale dmasateclosure after opening. Advances in food
packaging have facilitated the development of modetail formats that offer consumers the
convenience of 1-stop shopping and the availallitipod from around the world.

Besides, to reduce or eliminate the risk of tammmeeind adulteration, willful tampering with
food and pharmaceutical products has resultedeniabpackaging features. Although any package
can be breached, tamper-evident features canndly dses replaced. Tamper-evident features
include banding, special membranes, breakaway m@esand special printing on bottle liners or
composite cans such as graphics or text that irséatg change upon opening. Special printing also
includes holograms that cannot be easily duplicatesnper-evident packaging usually requires
additional packaging materials, which exacerbatespodal issues, but the benefits generally

outweigh any drawback (Marsh and Bugusu, 2007).

112 Food packaging materials

Different materials have traditionally been usedfaood packaging. It has always been
important to select the right packaging materiadl aechnology to assure product quality and
freshness during distribution and storage. As pgekiesign and construction play a significant role

in determining the shelf life of a food product @&er variety of packaging materials have been
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CHAPTERL. INTRODUCTION

introduced with time. Today’s food packages ofteimbine several materials to exploit each
material’s functional or aesthetic properties. Mam@nd Bugusu (2007) have classified food
packaging materials on the basis of their category

Glass has an extremely long history in food packagihg; 1st glass objects for holding food
are believed to have appeared around 3000 B.Ché&saw and Griffin, 1980). The production of
glass containers involves heating a mixture otail{the glass former), sodium carbonate (the
melting agent), and limestone/calcium carbonateadmchina (stabilizers) to high temperatures until
the materials melt into a thick liquid mass thathisn poured into molds. Improved break resistance
allows manufacturers to use thinner glass, whicuces weight and is better for disposal and
transportation (McKown, 2000). Because it is odgsland chemically inert with virtually all food
products, glass has several advantages for fodkkgang applications. It is impermeable to gases
and vapors, so it maintains product freshness fong period of time without impairing taste or
flavor. Glass is rigid, provides good insulatiamd can be produced in numerous different shapes.
Finally, glass packaging benefits the environmetalise it is reusable and recyclable.

Metal is the most versatile of all packaging forms. fters a combination of excellent
physical protection and barrier properties, formigband decorative potential, recyclability, and
consumer acceptance. The 2 metals most predomynasdd in packaging are aluminum and steel.

*  Aluminum.Commonly used to make cans, foil, and laminatecepap plastic packaging,
aluminum is a lightweight, silvery white metal dexdl from bauxite ore, where it exists in
combination with oxygen as alumina. Magnesium anahganese are often added to
aluminum to improve its strength properties (Pa&geal, 2003). Unlike many metals,
aluminum is highly resistant to most forms of cerom; its natural coating of aluminum
oxide provides a highly effective barrier to thdeets of air, temperature, moisture, and
chemical attack. Besides providing an excellenti®ato moisture, air, odors, light, and
microorganisms, aluminum has good flexibility anaiface resilience, excellent malleability
and formability, and outstanding embossing poténtiais also an ideal material for
recycling because it is easy to reclaim and procgssiew products. Pure aluminum is used
for light packaging of primarily soft-drink cansetgfood, seafood, and prethreaded closures.
The main disadvantages of aluminum are its hight cosnpared to other metals (for
example, steel) and its inability to bewelded, whienders it useful only for making

seamless containers.
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Aluminum foil. Aluminum foil is made by rolling pure aluminummetato very thin sheets,
followed by annealing to achieve dead-folding prtipe (a crease or fold made in the film
will stay in place), which allows it to be foldeidhtly. Moreover, aluminum foil is available
in a wide range of thicknesses, with thinner fodgd to wrap food and thicker foils used for
trays. Like all aluminum packaging, foil provides excellent barrier to moisture, air, odors,
light, and microorganisms. It is inert to acidiofts and does not require lacquer or other
protection. Although aluminum is easily recyclableils cannot be made from recycled
aluminum without pinhole formation in the thin stee

Laminates and metallized filmisamination of packaging involves the binding ofralaum

foil to paper or plastic film to improve barriergmerties. Thin gauges facilitate application.
Although lamination to plastic enables heat seétgpithe seal does not completely bar
moisture and air. Because laminated aluminum &ivelly expensive, it is typically used to
package high value foods such as dried soups, hamntdsspices. A less expensive alternative
to laminated packaging is metallized film. Metadli films are plastics containing a thin
layer of aluminum metal (Fellows and Axtell, 200Zhese films have improved barrier
properties to moisture, oils, air, and odors, dr&highly reflective surface of the aluminum
is attractive to consumers. More flexible than laatéd films, metalized films are mainly
used to package snacks. Although the individual pmments of laminates and metalized
films are technically recyclable, the difficulty isorting and separating the material
precludes economically feasible recycling.

Tinplate. Produced from low-carbon steel (that is, blackplatmplate is the result of
coating both sides of blackplate with thin layefdin. The coating is achieved by dipping
sheets of steel in molten tin (hot-dipped tinplaie)py the electro-deposition of tin on the
steel sheet (electrolytic tinplate). Although tioypides steel with some corrosion resistance,
tinplate containers are often lacquered to proadenert barrier between the metal and the
food product. Commonly used lacquers are mateiialshe epoxy phenolic and oleo
resinous groups and vinyl resins. In addition saeitcellent barrier properties to gases, water
vapor, light, and odors, tinplate can be heat-tidtadnd sealed hermetically, making it
suitable for sterile products. Because it has gactility and formability, tinplate can be
used for containers of many different shapes. Ttioglate is widely used to form cans for

drinks, processed foods, and aerosols; contairerpdwdered foods and sugar- or flour-
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based confections; and as package closures. Ten@adan excellent substrate for modern
metal coating and litho-printing technology, enaglioutstanding graphical decoration. Its
relatively low weight and high mechanical strengthke it easy to ship and store. Finally,
tinplate is easily recycled many times without logsquality and is significantly lower in
cost than aluminum.

* Tin-free steelAlso known as electrolytic chromium or chrome oxiEated steel, tin-free
steel requires a coating of organic material tovig® complete corrosion resistance. Even
though the chrome/chrome oxide makes tin-free stastitable for welding, this property
makes it excellent for adhesion of coatings sucpaasts, lacquers, and inks. Like tinplate,
tin-free steel has good formability and strengtht i is marginally less expensive than
tinplate. Food cans, can ends, trays, bottle caps,closures can all be made from tin-free
steel. In addition, it can also be used to makgel@ontainers (such as drums) for bulk sale
and bulk storage of ingredients or finished godadi¢ws and Axtell, 2002).

The use ofpaper and paperboards for food packaging dates back to the 17th centuti
accelerated usage in the later part of the 19tlhucgnPaper and paperboard are sheet materials
made from an interlaced network of cellulose fibdgsved from wood by using sulfate and sulfite.
The fibers are then pulped and/or bleached andetteaith chemicals such as slimicides and
strengthening agents to produce the paper proéagter and paperboards are commonly used in
corrugated boxes, milk cartons, folding cartongsband sacks, and wrapping paper. Tissue paper,
paper plates, and cups are other examples of paplgraperboard products.

. Paper. Plain paper is not used to protect foods for lpegods of time because it has poor
barrier properties and is not heat sealable. Wised as primary packaging (that is, in contact
with food), paper is almost always treated, coal@ajnated, or impregnated with materials
such as waxes, resins, or lacquers to improve ifuradtand protective properties. The many
different types of paper used in food packagingaaréollows:
= Kraft paper Produced by a sulfate treatment process, kraftrpapavailable in

several forms: natural brown, unbleached, heavy,dutd bleached white. The natural
kraft is the strongest of all paper and is commardgd for bags and wrapping. It is also
used to package flour, sugar, and dried fruits\aagetables.

= Sulfite paper Lighter and weaker than kraft paper, sulfite paperglazed to

improve its appearance and to increase its watgtineand oil resistance. It can be coated
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for higher print quality and is also used in lani@sawith plastic or foil. It is used to make
small bags or wrappers for packaging biscuits amdectionary.

Greaseproof paper Greaseproof paper ismadethi@pgbcess known as beating,
in which the cellulose fibers undergo a longer thanmal hydration period that causes
the fibers to break up and become gelatinous. Thasefibers then pack densely to
provide a surface that is resistant to oils butwet agents. Greaseproof paper is used to
wrap snack foods, cookies, candy bars, and ottefands, a use that is being replaced
by plastic films.

Glassine  Glassine is greaseproof paper takemtexséteme (further hydration) to
produce a very dense sheet with a highly smoothgéossy finish. It is used as a liner for
biscuits, cooking fats, fast foods, and baked goods

Parchment paper—Parchment paper is made from @ttt pulp (passed through a
sulfuric acid bath). The acid modifies the cell@dds make it smoother and impervious to
water and oil, which adds some wet strength. Isdu# provide a good barrier to air and
moisture, is not heat sealable, and is used togugctats such as butter and lard.

Paperboard.Paperboard is thicker than paper with a higher teger unit area and often

made in multiple layers. It is commonly used to makntainers for shipping—such as boxes,

cartons, and trays—and seldom used for direct tmrdact. The various types of paperboard

are as follows (Soroka, 1999):

White board Made fromseveral thin layers of blemizhemical pulp, white board is
typically used as the inner layer of a carton. Wtobard may be coated with wax or
laminated with polyethylene for heat sealabilitpdat is the only form of paperboard
recommended for direct food contact.

Solid board  Possessing strength and durabilidyid sboard has multiple layers of
bleached sulfate board. When laminated with polyette, it is used to create liquid
cartons (known as milk board). Solid board is alsed to package fruit juices and soft
drinks.

Chipboard Chipboard is made from recycled paper aften contains blemishes and
impurities from the original paper, which makeantuitable for direct contact with food,

printing, and folding. It is often lined with whiteoard to improve both appearance and
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strength. The least expensive form of paperbodrghboard is used to make the outer
layers of cartons for foods such as tea and cereals

=  Fiberboard Fiberboard can be solid or corrugalée. solid type has an inner white
board layer and outer kraft layer and provides gpootection against impact and
compression. When laminated with plastics or alwminsolid fiberboard can improve
barrier propertiesandis used to package dry prediigth as coffee and milk powder. The
corrugated type, also known as corrugated boarthade with 2 layers of kraft paper
with a central corrugating (or fluting) materialbErboard’s resistance to impact abrasion
and crushing damage makes it widely used for shgppulk food and case packing of
retail food products.

. Paper laminatesPaper laminates are coated or uncoated papers baskdft and sulfite
pulp. They can be laminated with plastic or aluminto improve various properties. For
example, paper can be laminated with polyethylenmake it heat sealable and to improve
gas and moisture barrier properties. However, latron substantially increases the cost of
paper. Laminated paper is used to package drietlipt® such as soups, herbs, and spices.
Plastics are made by condensation polymerization (polycosdgon) or addition

polymerization (polyaddition) of monomer units.golycondensation, the polymer chain grows by

condensation reactions between molecules and igmgaanied by formation of low molecular
weight byproducts such as water and methanol. Bobjensation involves monomers with at least

2 functional groups such as alcohol, amine, or@aylic groups. In polyaddition, polymer chains

grow by addition reactions, in which 2 or more ncoles combine to form a larger molecule

without liberation of byproducts. Polyaddition inves unsaturated monomers; double or triple
bonds are broken to link monomer chains. Theresaveral advantages to using plastics for food
packaging. Fluid and moldable, plastics can be miamtesheets, shapes, and structures, offering
considerable design flexibility. Because they drengically resistant, plastics are inexpensive and
lightweight with a wide range of physical and optiproperties. In fact, many plastics are heat
sealable, easy to print, and can be integratedoirdduction processes where the package is formed,
filled, and sealed in the same production line. Tregor disadvantage of plastics is their variable
permeability to light, gases, vapors, and low mal@cweight molecules.

There are 2 major categories of plastics: thernsosedd thermoplastics. Thermosets are

polymers that solidify or set irreversibly when teghand cannot be remolded. Because they are
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strong and durable, they tend to be used primarigutomobiles and construction applications such

as adhesives and coatings, not in food packagiplicagions. On the other hand, thermoplastics are

polymers that soften upon exposure to heat andrrretor their original condition at room
temperature. Because thermoplastics can easiliidged and molded into various products such as
bottles, jugs, and plastic films, they are ideat food packaging. Moreover, virtually all
thermoplastics are recyclable (melted and reusedvasnaterials for production of new products),
although separation poses some practical limitatfon certain products. There have been some
health concerns regarding residual monomer and coperds in plastics, including stabilizers,
plasticizers, and condensation components suchisphidmnol A. To ensure public safety, FDA
carefully reviews and regulates substances usedalke plastics and other packaging materials.

Any substance that can reasonably be expectedgataiinto food is classified as an indirect food

additive subject to FDA regulations. A threshold@fulation-defined as a specific level of dietary

exposure that typically induces toxic effects ameréfore poses negligible safety concerns may be
used to exempt substances used in food contactialatom regulation as food additives. FDA
revisits the threshold level if new scientific imfieation raises concerns. Furthermore, FDA advises
consumers to use plastics for intended purposasdardance with the manufacturer’s directions to
avoid unintentional safety concerns. Despite th&sfety concerns, the use of plastics in food
packaging has continued to increase due to theclmst of materials and functional advantages

(such as thermosealability, microwavability, opitipeoperties, and unlimited sizes and shapes) over

traditional materials such as glass and tinplatgpé@z-Rubicet al, 2004).

Multiple types of plastics are being used as malfefor packaging food, including polyester,
polyvinyl chloride, polyvinylidene chloride, polystne, polyamide, ethylene vinyl alcohol and
polyolefins.

. Polyesters.Polyethylene terephthalate (PET or PETE), polycaab® and polyethylene
naphthalate (PEN) are polyesters, which are comdens polymers formed from ester
monomers that result from the reaction between it acid and alcohol. The most
commonly used polyester in food packaging is PET.
= Polyethylene terephthalate (PETHormed when terephthalic acid reacts with ethylene

glycol, PET provides a good barrier to gases (oryged carbon dioxide) and moisture.
It also has good resistance to heat, mineral sd$/ents, and acids, but not to bases.

Consequently, PET is becoming the packaging matefiachoice for many food
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products, particularly beverages and mineral wat€he use of PET to make plastic
bottles for carbonated drinks is increasing stga@ian Willige et al, 2002). The main
reasons, for its popularity are its glass-like $fzrency, adequate, gas barrier for
retention of carbonation, light weight, and shattesistance. The 3 major packaging
applications of PET are containers (bottles, jaasd tubs), semi-rigid sheets for
thermoforming (trays and blisters), and thin-orgehtfilms (bags and snack food
wrappers). PET exists both as an amorphous (tragrspaand a semi-crystalline (opaque
and white) thermoplastic material. Amorphous PES better ductility but less stiffness
and hardness than semi-crystalline PETE, whichduoasl strength, ductility, stiffness,
and hardness. Recycled PET from soda bottles id asdfibers, insulation, and other
nonfood packaging applications.

PolycarbonatePolycarbonate is formed by polymerization of a sodisalt of bisphenol
acid with carbonyl dichloride (phosgene). Cleamthesistant, and durable, it is mainly
used as a replacement for glass in items suchrger leeturnable/refillable water bottle
sand sterilizable baby bottles. Care must be tak®en cleaning polycarbonate because
using harsh detergents such as sodium hypochlsrite®t recommended because they
catalyze the release of bisphenol A, a potentialthehazard. An extensive literature
analysis by vom Saal and Hughes (2005) suggestseibe for a new risk assessment for
the low-dose effects of this compound.

Polyethylene naphthalate (PENEN is a condensation polymer of dimethyl naphtnale
dicarboxylate and ethylene glycol. It is a relayveew member of the polyester family
with excellent performance because of its highgteansition temperature. PEN’s barrier
properties for carbon dioxide, oxygen, and watgrovaare superior to those of PET, and
PEN provides better performance at high temperstwakowing hot refills, rewashing,
and reuse. Because PEN provides protection agaarstfer of flavors and odors, it is

well suited for manufacturing bottles for beveragesh as beer.

Polyvinyl chloride Polyvinyl chloride (PVC), an addition polymer ofhwi chloride, is heavy,

stiff, ductile, and a medium strong, amorphousndparent material. It has excellent

resistance to chemicals (acids and bases), gr@adail; good flow characteristics; and stable

electrical properties. Although PVC is primarily eds in medical and other nonfood

applications, its food uses include bottles andkpgimg films. Because it is easily
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thermoformed, PVC sheets are widely used for bliséeks such as those for meat products
and unit dose pharmaceutical packaging. PVC catnalpsformed into materials with a wide
range of flexibility with the addition of plasti@zs such as phthalates, adipates, citrates, and
phosphates. These alternative plasticizers alse tia& potential to leach into food but at
lower levels than phthalates. Low levels of DEHAiéghown no toxicity in animals. Finally,
PVC is difficult to recycle because it is used $oich a variety of products, which makes it
difficult to identify and separate. In addition,cineration of PVC presents environmental
problems because of its chlorine conten

Polyvinylidene chloridePolyvinylidene chloride (PVdC) is an addition polgmof vinylidene
chloride. It is heat sealable and serves as arllertéarrier to water vapor, gases, and fatty
and oily products. It is used in flexible packagasya monolayer film, a coating, or part of a
co-extruded product. Major applications include kaagng of poultry, cured meats, cheese,
snack foods, tea, coffee, and confectionary. lals used in hot filling, retorting, low-
temperature storage, and modified atmosphere pake®VdC contains twice the amount of
chlorine as PVC and therefore also presents prableith incineration.

Polystyrene Polystyrene, an addition polymer of styrene, isaGlénard, and brittle with a
relatively low melting point. It can be mono-extatt] co-extruded with other plastics,
injection molded, foamed to produce a range of petsl Foaming produces an opaque, rigid,
lightweight material with impact protection and mmal insulation properties. Typical
applications include protective packaging such g @rtons, containers, disposable plastic
silverware, lids, cups, plates, bottles, and faay4. In expanded form, polystyrene is used
for nonfood packaging and cushioning, and it canelegcled or incinerated.
Polyamide.Commonly known as nylon (a brand name for a rarfgeraducts produced by
DuPont), polyamides were originally used in testilé-ormed by a condensation reaction
between diamine and diacid, polyamides are polynmershich the repeating units are held
together by amide links. Different types of polydes are characterized by a number that
relates to the number of carbons in the originatmghomer. For example, nylon-6 has 6
carbons and is typically used in packaging. Itin@shanical and thermal properties similar to
PET, so it has similar usefulness, such as bobag packaging. Nylon also offers good

chemical resistance, toughness, and low gas peiiitygab
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Ethylene vinyl alcoholEthylene vinyl alcohol (EVOH) is a copolymer of ggne and vinyl
alcohol. It is an excellent barrier to oil, fat,damxygen. However, EVOH is moisture
sensitive and is thus mostly used in multilayeregextruded films in situation where it is not
in direct contact with liquids.

Laminates and co-extrusionBlastic materials can be manufactured either asgéesfilm or

as a combination of more than 1 plastic. There2aneays of combining plastics: lamination
and co-extrusion. Lamination involves bonding tbget2 or more plastics or bonding plastic
to another material such as paper or aluminumigsisised in the section on metal). Bonding
is commonly achieved by use of water-, solvent-,solids-based adhesives. After the
adhesives are applied to 1 film, 2 films are padseveen rollers to pressure bond them
together. Lamination using laser rather than adksedshas also been used for thermoplastics
(Kirwan and Strawbridge, 2003). Lamination enal&sgerse printing, in which the printing is
buried between layers and thus not subject to mlirasnd can add or enhance heat
sealability. In co-extrusion, 2 or more layers daflten plastics are combined during the film
manufacture. This process is more rapid (requirsef in comparison to multiple steps with
lamination) but requires materials that have théroharacteristics that allow co-extrusion.
Because co-extrusion and lamination combine maeltiphterials, recycling is complicated.
However, combining materials results in the additadvantage of properties from each
individual material and often reduces the total anoof packaging material required.
Therefore, co-extrusion and lamination can be ssuof packaging reduction.

Polyolefins. Polyolefin is a collective term for polyethylenedapolypropylene, the 2 most
widely used plastics in food packaging, and otlkes Ipopular olefin polymers. Polyethylene
(PE) and polypropylene (PP) both possess a suatesshbination of properties, including
flexibility, strength, lightness, stability, moisas and chemical resistance, and easy
processability, and are well suited for recyclimgl @aeuse. The simplest and most inexpensive
plastic made by addition polymerization of ethyleisepolyethylene. There are 2 basic
categories of polyethylene: high density and lowsity (HDPE and LDPE). HDPE is stiff,
strong, tough, resistant to chemicals and moispeaneable to gas, easy to process, and easy
to form. It is used to make bottles for milk, jui@d water; cereal box liners; margarine tubs;
and grocery, trash, and retail bags. LDPE is flexibt is relatively transparent, it is

predominately used in film applications and in &mgilons where heat sealing is necessary.
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Bread and frozen food bags, flexible lids, and sgable food bottles are examples of low-
density polyethylene. Polyethylene bags are sonestireused (both for grocery and non
grocery retail). Of the 2 categories of polyethgemhigh-density polyethylene containers,
especially milk bottles, are the most recycled agnplastic packages. Harder, denser, and
more transparent than polyethylene, polypropyleag dpood resistance to chemicals and is
effective at barring water vapor. Its high meltipgint (160°C) makes it suitable for

applications where thermal resistance is requieesh as hot-filled and microwavable

packaging. Popular uses include yogurt containerd margarine tubs. When used in
combination with an oxygen barrier such as ethylengl alcohol or polyvinylidene chloride,

polypropylene provides the strength and moisturadrdfor catsup and salad dressing bottles.
Although more than 30 types of plastics have bessduas packaging materials (Lau and

Wong, 2000), polyesters and polyolefins are thetroosimon.

113 Functionalized packaging materials

The so-called "functional packaging" is still tod#lye most significant innovation in the field

of food packaging. The expression "functional pgok@' refers, generally, to those packaging

solutions in which is provided the use of a matené a container or an accessory of packaging

capable of perform an additional function thanitradal containment and generic protection of the

product. Since these possible "extra features"heae very different purposes, a classification has

long been in use; according to it these new pacdkafirmulations are divided into two categories,

intelligent or active.

To understand what active and intelligent packabiage to offer the world of packaging, it is

important to clarify what each phrase means. Adogrtb Huff (2008):

(0]

Intelligent packagingcan be defined as “packaging that contains anrmedteor internal

indicator to provide information about aspectstd history of the package and/or the quality
of the food” (Robertson, 2006). Intelligent packagiis an extension of the communication
function of traditional packaging, and communicdtdsrmation to the consumer based on its

ability to sense, detect, or record external agrimal changes in the product's environment.
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o0 Active packagings accurately defined as “packaging in which sdilasy constituents have

been deliberately included in or on either the pagakg material or the package headspace to
enhance the performance of the package system”eff&am, 2006). This phrase emphasizes
the importance of deliberately including a substawith the intention of enhancing the food
product. Active packaging is an extension of thetgxtion function of a package and is
commonly used to protect against oxygen and mastur

Intelligent packaging systems exist to monitor aertaspects of a food product and report
information to the consumer. The purpose of thelligent system could be to improve the quality
or value of a product, to provide more conveniermeto provide tamper or theft resistance
(Robertson, 2006). Intelligent packaging can repgwetconditions on the outside of the package, or
directly measure the quality of the food produddidie the package. In order to measure product
quality within the package, there must be directtact between the food product or headspace and
the quality marker. In the end, an intelligent systshould help the consumer in the decision
making process to extend shelf life, enhance saii@iyrove quality, provide information, and warn
of possible problems. Intelligent packaging is aagrtool for monitoring possible abuse that has
taken place during the food supply chain. Intehligpackaging may also be able to tell a consumer
when a package has been tampered with. There risntlyr work being developed with labels or
seals that are transparent until a package is dp&nrece the package is tampered with, the label or
seal will undergo a permanent color change and evay spell out “opened” or “stop”. Perhaps
intelligent packaging will be able to inform a canser of an event that occurred such as package
tampering that may save their life.

The intelligent packaging design that is leading Way in packaging technology is the time
temperature indicator (TTI). The TTI is useful besa it can tell the consumer when foods have
been temperature abused. If a food is exposedigher temperature recommended, the quality of
the food can deteriorate much quicker. A TTI carplaEed on shipping containers or individual
packages as a small self adhesive label, and evemsible change, like a color change, will result
when the TTI experiences abusive conditions. TTés @articularly useful with chilled or frozen
foods, where the cold storage during transportaaioe distribution are important for food quality
and safety. TTls are also used as freshness indic&tr estimating the shelf life of perishable

products. A TTI technology known as Time strip igrently being employed by Nestlé in their
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food service products in the UK (Anonymous, 200iMe Time strip uses a steady diffusion of
liquid through a membrane to measure the time tthatelapsed at a particular temperature. This
action can provide information about how long aduct has been opened or in use. The Time strip
is very useful for products like sauces that haved refrigerated and used within a specific time
period.

Food is a complicated material to package becausecapable of respiration and therefore
may change its own atmosphere when inside a pacKhgegas composition within a package can
easily change due to the interaction of food wishenvironment. Then, gas indicators are a helpful
means of monitoring the composition of gases insiggackage by producing a change in the color
of the indicator though a chemical or enzymatictiea (de Jongt al, 2005). The indicators must
be in direct contact with the gaseous environmergctly surrounding the food in a package.
Indicators are capable of signaling whether thera gas leakage in the package, or they may be
used to verify the efficiency of an oxygen scaven@as indicators typically signal the presence or
absence of oxygen and/or carbon dioxide. Oxygerthen air can cause oxidative rancidity,
unwanted color changes in foods, and allow aeroticcobes to grow on foods. Oxygen indicators
typically result in a color change when oxygenrissent, and the presence of oxygen can indicate
that the package has a leak or has been tampetéd @xygen indicators can also indicate
improper sealing of a package. Gas indicators e leing developed to detect water vapor,
ethanol, and hydrogen sulfide.

Another examples of indicators used in an inteliiggackaging solution for food preservation
are inks. They are available that are temperaterssive and can change colors based on
temperature. These inks can be printed onto paskagedabels such that a message can be
conveyed to the consumer based on the color ahththey are seeing. Thermochromic inks can let
a consumer know whether a package is too hot tthtaur cold enough drink. Thermochromic inks
are becoming a popular technology for beveragesh€Rson, 2006). The inks used can be
adversely affected by UV light and temperatures &24°C, so consumers should not fully rely on
the inks message when it comes to deciding thegpitipe to consume a food.

Active packaging systems are developed with thd gbaxtending shelf life for foods and
increasing the period of time that the food is higlality. Active packaging technologies include
some physical, chemical, or biological action whidmanges interactions between a package,

product, and/or headspace of the package in codgetta desired outcome (Yam et al., 2005).
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114 Active packaging

Active packaging has been considered a componetiieopackaging discipline for several
decades or since the first inclusion of desiccantslry product packages. Activeackaging,
sometimes referred to as interactive or “smart’kpgng is intended to sense internal or external
environmental change and to respond by changingwis properties or attributes and hence the
internal package environment. In the moisture-pairtee sachets, desiccants absorb water vapor
from the contained product and from the packagespsce, and absorb any water vapor that enters
by permeation or transmission through the packagetsre. As separate entities within packages,
active packaging sachets, pouches, patches, coufabes, etc., are not often integral to the
package. Desiccant pouches are widely used indabkaging of hardware and metal goods (Brody
et al, 2002).

The best-known and most widely used active packatgchnologies for foods today are
those engineered to remove oxygen from the intggamkage environment. Oxygen scavengers
reduce oxidative effects in the contained prodMidst oxygen scavengers in commercial use today
are gas-permeable, flexible sachets containingcetiiron (i.e., iron not in the fully oxidized st
particles inserted into food and other packages fndnich air is initially removed by vacuum or by
flushing with inert gas. During the last two decadef the twentieth century, commercial
incorporation of oxygen-removal materials diredtijo a package structure occurred with varying
results. The goal of active packaging, in conjlwrcivith other food processing and packaging, is to
enhance preservation of contained food and bevenagkicts (Brodet al, 2002). For example, to
optimize the effects of oxygen scavenging, oxydewukl first be removed from the product during
processing and packaging operations. The oxygernt alge be thoroughly removed from the
package interior and the package materials, andofiokage structure, including materials and
closure, must be barriers to further oxygen eritryother words, oxygen scavenging complements
good oxygen-control practices. In addition, oxygsencertainly not the only vector that can
influence the quality of the contained food. Foample, moisture gain or loss, light, nonoxidative
reactions, microbiological growth, and enzymatitivatly may all, individually or collectively, be
involved in food-product deterioration.

High-gas-permeability films, including some thatnease their oxygen permeability with

increasing temperature, are used for packaginghdtes produce. Use of these temperature-
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sensitive package materials is expected to incrieesause the technology developer has acquired a
fresh produce packager who, of course, uses tHenaémgy in its package materials. Carbon
dioxide and ethylene scavengers for modified-atrhesp (MA) or, more precisely, controlled-
atmosphere (CA) food preservation are common igeldoulk shipments. Carbon dioxide emitters
to suppress microbiological growth have experientedted success in modified-atmosphere
packaging (MAP). Ethylene scavengers are among ntlmee successful commercial active
packaging technologies in the fresh-fruit bulk-shgmt category. Odors generated or captured
within closed food packages are undesirable, agid tfbviation has been a research topic for years.
Odor removers incorporated into packaging are asirgyly important in some classes of food
packaging.

Antioxidants and oxygen interceptors incorporatedo i package materials, such as
tocopherols (vitamin E), have emerged in recentsy@ad are increasingly employed to combat
odors generated in plastic processing. Tocophemlsch are nonvolatile, have not replaced
volatile butylated hydroxyanisole/ butylated hydytotuene (BHA/BHT) which migrate into foods
in product antioxidant applications, but they apgeabe new antioxidants of choice for mitigating
the effects of oxygen. Entities such as oxygen exogers/interceptors react with oxygen to form
new compounds (Brodet al, 2002). Oxygen absorbers may remove oxygen by raagns,
including physical. Antioxidants react with freadieals and peroxides to retard or block the actual
oxidation reactions. Sequestering agents tie umaroc catalysts that might otherwise accelerate
adverse oxidative reactions.

Members of the food technology and packaging conitiesnhave long regarded package
materials as an ideal reservoir and delivery vehict antimicrobial compounds. For many years,
sorbic acid has been incorporated sparingly onrttezior of package structures as an antimycotic
in a limited number of dry food packages. The obsibenefits of sorbic acid as a mold and yeast
inhibitor have been one foundation by which numsrother antimicrobial agents have found their
way into food package materials. Unfortunately, trastimicrobial agents also exhibit toxicity
when they enter the food from the package and wibeldonsumed as part of the food. Thus, actual
commercialization has been proceeding slowly, exaeplapan where several compounds have
been reported to function effectively as antimicatdin commercial packages.

To this regard, the European Union’s Regulation512@04 offered for the first time the
opportunity for active packaging to be used in perby allowing the application of materials with
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agents that could migrate into foods. So far, thé IEgislation on materials in contact with

foodstuffs has protected the health of consumersersuring that no material in contact with

foodstuffs can bring about a chemical reaction Whiould change the composition or organoleptic
properties of these foodstuffs (taste, appearaegéjre or even smell). Regulation 1935/2004/EC
repeals this legislation in order to allow packagio benefit from technological innovation. This

was necessary in the EU because all packaging iadatéincluding those that intentionally add

substances to food) are subject to all requiremfantibod-contact materials, including the overall
migration limits (OMLs) and specific migration litsi(SMLS).

The Framework Regulation authorize the use of adind intelligent packaging, provided
the packaging can be shown to enhance the safe#yitygand shelf-life of the packaged foods.
Article 1 notes that the purpose of the law ise@ouse a high level of protection of human health
and protect the interests of consumers so thaR#wulation is to be applied to all materials and
articles (including active and intelligent packaginwhich in their finished state are intended to
contact food, or can reasonably be expected tcacbibod, or transfer their constituents to food
under normal or foreseeable conditions of use.ckxti3 entitled “general requirements” is
particularly important because sets forth the psipmn that manufacture of all materials or article
be in accordance with good manufacturing practicthat they do not transfer their constituents to
food in any quantity that could endanger humantheal bring about any organoleptic change or
deterioration of the food. Releasing systems ameeler allowed to change the composition of the
food, providing that the released substance isulmazed compound. Anyway, the main aspect of
the new Regulation is that all new active and ligeht packaging systems initially need to be
evaluated by the European Food Safety AuthoritySiEf- Based on the outcome of that evaluation,
the Commission (DG SANCO) will grant a petitionertlzorisation for the submitted active and
intelligent ingredients/systems, which will be ertk in the Regulation (Figure 1). The
authorisation is not “general” but is only for thgetitioner (“Authorisation holder”). The
authorisation of active and intelligent compondrase to be granted in accordance with Articles 7—
9 of Regulation 1935/2004/EC, upon submission gbliegtion. Application shall comprise a
technical dossier containing specified informateomd EFSA shall give an opinion within 6 + 6

months providing an explanation for the delay (Regt et al., 2010).
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Figure 1: Authorisation procedure as defined by Reg. 193512B0 (Restuccia et al., 2010).
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1.2 ACTIVE COMPOUNDS WITH ANTIOXIDANT ACTIVITY

Ageing and stabilization polymers is a major pdrimaterials science. Aging of polymers
defined as a set of chemical and physical transdtioms, leads to the loss of their set of the eésir
properties. The main role in these transformatioeisng to chemical processes of degradation and
crosslinking of macromolecules. Processes decomiposand structuring polymer conjugates
include radical-chain, ionic and molecular readdiofiraditionally, the distinction is made between
thermal, thermal-, photo-and radiation-chemicahgdiShybraeva, 2006).

Thermal oxidation and thermal-oxidative destructeme the most common and important
processes in which polymer materials participate.adcompanies the posed for chemists
experimenters and producers engaged in polymerria@atereation is the problem of maintenance
of high quality of output, prolongation of its sex life at conditions of thermal oxidation influzan
and thermal-oxidative destruction. Thermal oxidatiof polymers leads to a modification and
functionalization of the polymer chains. At the gatime thermal oxidation is accompanied by the
destruction of bonds in the macromolecules anduémite the destructive processes (Shybraeva,
2006). Thermal oxidation of polymers is a radichhio process with degenerate branching of
kinetic chains of oxidation. The structure of pobmsignificantly influences on chain oxidation and
destructive processes. Heterogeneity of polymeargtsires, the presence of regions differing in
amplitudes of molecular motions, decrease of segmmebility, reduction of oxygen diffusion
coefficient underlie this effect. These factors rida kinetics and mechanism of process. As new
methods and polymeric materials, researchers redutm the discussion of the induction period of
oxidation of polymers. However, often in the liten@ there is confusion in the very concept and
definition of the period induction. For example,emhstudying the thermal oxidative degradation of
PP with different tacticity by thermogravimetricadysis (Chan and Balke, 1997; Nakatahial,
2005) determine the induction period as a timeesponding to the onset of weight loss. Often
thermal-oxidative degradation is identified witretthermal oxidation. However, in depending on
the nature of the polymer, thermal oxidation preoesn take place without destruction chains, and

with functionalization.
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1.2.1 Oxidation

Shibryaeva (2006) have studied and outlined thetiachain during oxidation process of
polyolefins. According to him, three types reactioran be in the polymers in the presence of
oxygen. 1) Separately occurring molecule reacti@)sThe radical - chain mechanism 3) The
products of thermal decomposition and oxidatiopaymers catalyze further decomposition of the
polymer. The thermal oxidation of polyolefynes haen extensively investigated in various works.
The investigation of the kinetics and mechanismogidation of solid polymers have shown
convincingly that this process is a radical-chaithwlegenerate branching of kinetic chains. In the
thermal degradation, thermooxidation and thermadatie degradation of polymers play a major
role alkyd (R*), alkoxide (RO*) and peroxide (RQ® macroradicals and low molecular weight
radicals (r*). The high reactivity of the past tows macromolecules strongly influences on aging
processes. The chain reaction of the oxidation pblgmer includes alternate steps of the chain
propagation proceeding either inside the same mauecrule or between two molecules. The
investigation of kinetics of oxidation of the polgns, containing aliphatic groups C-H, -CH- or

- CHj3), showed that this process was described by scheoneesponding to the mechanism of

chain oxidation of liquid phase (Denisov E€l al, 1975).
For the oxidation of the polymer to the formatidmuacroradicals R*.
RH-R* +H* (1)
where
RH: the monomer units of polymer.

Reaction can be triggered by physical factors saaghltraviolet and ionizing radiation, heat,
ultrasound, or mechanical treatment chemical facteuch as catalysis, a direct reaction with
molecular, singlet or atomic oxygen and ozone. Heawe initiation by direct interaction of
molecular oxygen with the polymer, leads to detashinof a hydrogen atom, was unlikely, because
it is endothermic reaction, enthalpy is 126-189vial/(Chan and Balke, 1997). Often, the birth of
the chain portrayed as the bimolecular interaabiboxygen with the monomer units of polymer

RH + 0, —» [RHO,] = R* + HO," (2)

HO,* radicals, which formed, can enter on reactionhwiteighboring RH or on reaction of

recombination with the primary radical R*
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k
RH + 0, ——[R* + HO,";RH] - oR" (3)

Therefore, the radical yield (f) is: 00<2. RH- may be neighboring monomer units of one
macromolecule or belong to different macromoleculgsthe origin of the chain oxidation may
participate impurities of transition metals, regdwf catalysts or initiators, etc. These impusitie
get into the polymer as a result of receiving agessing the polymer.

The development of the kinetic chain by alternatadriwo reactions: the formation of peroxide
radicals (R@*) and hydroperoxide (ROOH). Macroradicals R*, ag@el in the initiation can easily
react with oxygen molecules to give peroxide rddi¢d0,* Peroxide radical can pull hydrogen
from another polymer molecules to form polymeridioperoxides:

k
R*+ 0, —— RO," (4)

RO," + RH —2— aROOH + R (5)
where
ko: the constant of continuation of kinetic chairetrat
a: the yield of hydroperoxide per mole of absorbzygen.

In the solid polymer free radical R* and hydropedexgroup, formed in reaction (5) cannot
be away from each other. Part of ROOH is destraoyechediately after the formation of the
reaction:

ROOH + R* —» RO* + ROH (6)

The reaction of (6) leads to a decrease in thed yiél hydroperoxides during the oxidation of
polymers in comparison with the oxidation of liguagdrocarbon model. Their output ROOH is
close to 100%. In the presence of oxygen even &t doncentrations of the radicals R* are
converted into RE continue to ROOH. The concentration of the raldicR* is negligible
compared to R@, so oxidation rateWy,) is determined (limited) reaction rate (5). Institiase:
Wo, = ki [R*][02] = k; [RO,"] [RH].

Branching of the kinetic chain of oxidation occumsthe decay of polymer hydroperoxides.

Generally, consider a few basic mechanisms of dposition of hydroperoxide
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kr
ROOH ——RO* + OH* 7)
k,
ROOH + RH —=— RO* + R* + H,0  (8)

2ROOH —~%, RO* + H,0 + RO,"  (9)

where kd, k'd, k"d: the constants of ROOH decontpmsrate.
Monomolecular decay (7) comes with a large actoragénergy (140-160 kJ / mol). It occurs only in
the oxidation of hydrocarbon fluids in the caselaf concentrations of ROOH in solvents not
containing weakly bound hydrogen atoms. Are moveifable reaction (8) and (9). Heat of reaction
(9) is ~ 36 kJ / mol, and for reaction (8) varigslely depending on the binding energy of the R-H.
Reaction (9) dominates at high concentrations ofirtyyeroxide, the reaction (8): in small
guantities. In polymers containing weakly bound fogbn atoms are predominant mechanism (8).
As usual [ROOH] <<[RH], ROOH decay is describedasinetic equation of first order.

The particularity of harden phase oxidation of yptdfyne is reaction of chain transfer —
interaction of alkyl (R*) or alkoxy radical (RO*) it polymer competitive to its reaction
with oxygen:

krr
R* + RH——— R + RH (10)
[R”*,R"* RO*,0H* + RH - R* + R'H,R"H, ROH, H,0]

Break radical chain due to the interaction of fradicals with each other to form inactive
products. There is quadratic termination of perexialdicals at high pressure of oxygen:

k
RORO," + RO," ——— 0, + molecular products (11)

Chain termination at low pressure of oxygen is gagc termination of alkyl radicals

K
R*+ " —— R—-R (12
and alkyl with peroxide radicals:
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RO," + R —= ROOR (13
where
ki, K4, ks: the constants of chain termination rate.
Antioxidants, therefore, act to stop the propagat radical reactions forming no-reactive
species. The new radicals formed on the molecubmbbxidant are disabled through a process of

resonance onto the aromatic ring.

122 Synthetic and natural antioxidant

Antioxidants generally are compounds that reach Wwyid or peroxide radicals or, in light,
with singlet oxygen, and that are themselves orilito generate what are generally innocuous
nontoxic compounds. Antioxidants are commonly ipooated into the food product itself as
contrasted to being included as a part of a packaaferial system. For many years, antioxidants
were and still are fat-soluble compounds incorpgatanto fatty foods to preferentially react with
intermediate oxidation products in the surroundiirgor dissolved or occluded in the food product.
In more recent years, the term antioxidhas been used more broadly to encompass compounds
that react in non-lipid environments, such as,eikample, in human body cells, which are water-
based environments.

Synthetic antioxidants are chemically synthesizedesthey do not occur in nature and are
added to food as preservatives to help prevend lipiidation. These antioxidants fall into two
major categories depending on their mode of actiBimary antioxidants and Secondary
antioxidants

Theprimary antioxidants, which prevent the formation of free radicals dgroxidation, can
further include three major categories:

1. Free Radical terminators The radical terminators constitute the bulk bé tsynthetic
antioxidants used as preservatives in food andethesioxidants prevent lipid oxidation by
terminating the free radical chains. The importaxamples of radical terminators include
Butylated hydroxyanisole (BHA), Butylated hydroxitene (BHT), Tertiary-butyl-
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hydroquinone (TBHQ), and gallates such as propitaga(PG), dodecyl gallate (DG) and
octyl gallate (OG).

2. Oxygen scavengersThe examples of oxygen scavengers which funamneducing agents,
include sulphites, glucose oxidase and ascorbyhipaie.

3. Chelating agents The chelating agents prevent oxidation of liplis binding the lipid
oxidation catalysts such as heavy metals (ironpegpetc). They do so by either precipitating
the metal or by occupying all its coordination siteexamples of such agents include

Polyphosphatases and Ethylene diaminetetraacati¢EDTA).

Secondary antioxidantsfunction is that breaking down hydroperoxides fedduring lipid
oxidation into stable end products. Thiodipropioracid and Dilauryl theodipropionate are
examples of secondary antioxidants.

BHT and BHA are the most prevalent synthetic antiants in food as reported by the
National Research Council Food Additive Commit€kemically, BHT and BHA are monohydric
phenols with commercial Butyl hydroxyanisole (BH#&9nsisting of two isomers 3-tertiary butyl 4-
hydroxyanisole and a 2-tertiary butyl 4-hydroxyaesin the ratio of 9:1. BHA is available
commercially as white waxy flakes, while BHT as &itw crystalline solid, with both being
extremely soluble in fats but not in water dueheitt phenolic structures with bulky hydrocarbon
side chain. Both of these additives have good damgugh properties, which determine their ability
to withstand various processing steps such as @akma frying and maintain their functionality.
BHA has slightly higher stability and thus is mafective especially in protecting the flavor and
color of foods. Moreover, BHA is more effective pneserving foods containing animal fats with
short chain fatty acids, such as those found iroicotand palm kernel oils used in confectionary
products. Since, BHT and BHA are fairly volatiletivtheir boiling points around 265°C and 268°C
respectively, they are also used in the food panigagaterials either by direct addition in the
waxed inner linings or indirectly as emulsions,nfrevhich they migrate into the food. BHT and
BHA have been shown to have synergistic effectsmtrgd in combination especially in nuts and
nut products.

Tertiary buty hydroquinone (TBHQ) is another impmit synthetic antioxidant most often
used in the preservation of food items containinyg§ oils. Chemically, TBHQ is a diphenol and

is commercially available as beige colored solitijol is soluble in fats just like BHT and BHA
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due to similar structural features. With its bailipoint range of about 271.3°C - 311.3°C, it isles
volatile as compared to BHT and BHA. TBHQ is areefive supplement to the expensive process
of liquid oil hydrogenation to provide increasedidative stability and color improvement, and
provides good carry through properties to the frrdduct. In addition to its use as singular
additive, TBHQ has been shown to have good syrtergiffects when used in combination with
BHT and/or BHA. Its stabilizing effects on the fotidids can also be enhanced when used in
combination with chelating agents like citric adid,substances such as vegetable oils, animal fats
and particularly shortenings. But, the use of TBWith Propyl gallate (PG) is prohibited.

Propyl gallate (PG) is the most important and wideded antioxidant among all the gallates.
Chemically, it is again a phenol and is preparechroercially by treatment of gallic acid with
propyl alcohol and further distillation to get rid the excess alcohol. PG is available as a white
crystalline solid, which is sparingly soluble inteadue to the presence of a number of hydroxyl
groups in its structure. With a boiling point rangke161.3°C - 201.3°C, it is the most volatile
among BHT, BHA and TBHQ. PG is patrticularly effeetiin stabilizing vegetable oils and animal
fats in products such as meats, spices and snlawkd; is less effective as compared to TBHQ in
preserving vegetable oils. PG has been shown te baed synergistic effects with BHA and/or
BHA. In addition it is always used along with a [&teg agent like citric acid, since in its absence
PG chelates metal ions like iron forming an aesthly unappealing blueablack complex.

Octyl gallate (OG) and dodecyl gallate (DG) are dlieer two gallates used as antioxidants in
food. Both OG and DG are white to creamy white &afime, odorless solids. OG is a diphenol like
TBHQ, with similarities in their sizes and struasy while DG has more hydroxyl groups and a
long hydrocarbon side chain in its ring structdriee increased solubility of DG in water due to the
presence of a number of hydroxyl groups is coualarited by the decrease in solubility due to the
long hydrocarbon side chain. As a result, both @& G are insoluble in water like TBHQ, BHT
and BHA. With their boiling points ranging betweén2.9°C - 522.9°C and 476.7°C - 566.7°C
respectively, OG and DG are the least volatile agradhthe gallates.

Another important synthetic antioxidant Ethylenexdiiaetetraacetic acid (EDTA) falls under
the category of chelating agents. It forms compdex#h pro-oxidative metal ions like copper and
iron, through n unshared pair of electrons in i@euular structure and thus lowers the amount of
soluble reactive metals. It is mostly used in psseel fruits and vegetables, soft drinks, salad

dressings, margarine and canned shellfish. Howéweruse of EDTA in combination with certain
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natural antioxidants is not advisable. For examgleic acid hampers the antioxidant capability of
EDTA, since EDTA and citric acid combination fornesitalytically active iron chelates that
enhance oxidation reaction.

Natural antioxidant are those antioxidants thatfated in natural sources, such as fruits,
vegetables, and meats. There are several commorahahtioxidants which are found in everyday
foods, the most common of which being Vitamin Ccabic acid), Vitamin A (carotenoids),
various polyphenols including flavonoids, anthyauys (a type of flavonoid), Lycopene ( a type of
carotenoid), Coenzyme ;Qalso know as Ubiquitin which is a type of prota@nd Vitamin E
(tocopheroals).

Vitamin C, also know as ascorbic acid, is one ef tmost prevalent natural antioxidants in
most everyday diets. It is a polar water solublgoaidant and is found most commonly in fruit,
particularly in citrus fruits such as oranges amdns. Additionally, it is found in some vegetables
such as tomatoes. It has been observed in labpratals that in lower doses (less than 30 mg).
absorption of dietary Vitamin C is fairly high (apgimately 50%). However, the higher the dose,
the lower the percent absorption. Thus, it is commaecommended that in order to optimize
Vitamin C absorption, smaller does should be corgliseveral times throughout the day, instead
of consuming one large supplements.

[B-carotene (which can be thought of interchangeabith Vitamin A) is a fat-soluble
antioxidant member of the carotenoid family. VitanA is mostly found in vegetables such as
kale, carrots, sweet potatoes, apricots, papayaspther orange-hued produce items. Carotenoid
bioavailability is considerably very low, approxitaly 10-30 % and just as with other antioxidants,
absorption levels decrease as dose increases. $&eohuhe low absorption levels of Vitamin A,
excess is generally released from the body viadsshste. Addtionally, it should be noted that
when Vitamin A is taken with high levels of dietdiyer, absorption decreases significantly.

Lycopene another fat- soluble antioxidant is alsneamber of the carotenoid family, but has
one major difference: it cannot be converted iniaiviin A, as all other carotenoids can. Lycopene
is found in tomatoes and tomato products. andastargly, it has been found that lycopene levels
in processed tomato products (such as tomato paetéa sauce, ketchup, etc.) are far greater than
those in tomato fruits. As with other carotenoiygopene is best absorbed in the presence of

dietary fats, and hindered by the presence of widitzer.
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Polyphenols are another major class of naturabzidtants. They are most commonly found
in products such as teas, particularly green telaranibos (red) tea, in addition to dark fruits lsuc
as Concord grapes. Bioavailability of polyphenalsapproximately 15-20% of consumption, with
absorption increasing when the consumed polyphethmlsot have sugar molecules attached to
them. Therefore, polyphenols from tea sources haymerior absorptions to those from fruit
sources, due to the relatively high sugar contéfuds.

Among polyphenols, flavonoids are one of the mashmon sub-categories found naturally
in foods. Flavonoids have been seen to have phatigthigh concentrations in foods such as dark
chocolate, potatoes, lettuce, wheat, red wine ¢aktiea. Flavonoids have been seen to have much
greater bioavailability when consumed from sourcgmtaining low quantities of sugar
(approximately 50%) than when consuming flavondiden sources with higher quantities of sugar
such as fruits (approximately 15%). One type o¥dlzoid of particular interest are anthyocianins,
which are typically found in dark fruit (such asuéberries, blackberries, Concord grapes, acai
berries) and red wine.While anthocyanin absorption is very low, it haseb show that the
bioavailability of anthocyanins in darker fruits much greater than that of lighter fruits ( sush a
strawberries).

Another common type of natural antioxidant foundf@ods is the protein CoenzymeQ
(CoQup) also known as Ubiquitin. Co@is a small soluble protein used by animals astarala
antioxidant. Thus, it is found in substantial qtitges in food sources such as fish and other meats
particularly organ meats (eg. chicken liver), adlas in high-protein plant sources such as wheat
bran.The bioavailability of Cogyfrom meat sources and poultry has been seen tpgrexamately
60%.

Finally, Vitamin E, part of a family of antioxidaknow as tocopherols, is a non polar, fat-
soluble antioxidant. It is commonly found in seVetges of produce, such as cereal grains,
broccoli and Brussels sprouts. It can also be fannaore lipid—-rich sources such as cooking oils
like olive oil, sunflower oil, or safflower oil anduts like almonds and hazelnuts. In general, jodil
absorption of Vitamin E is tought to be rather firegént, with the body absorbing only 20-40% of
dietary intake. As with Vitamin C, it has been sdleat the absorption levels of tocopherols are
decreased as consumption levels increase. It bagakn seen that when taken in conjunction with

dietary fats, tocopherols have a higher bioavditsbi
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123 Tocopherol

a-Tocopherol is primarily recognized as a sourceitf#min E and is available as a natural
product (d-alpha-tocopherol) or a synthetic prod@dkalpha-tocopherol). Alpha-tocopherols
exhibit some antioxidant potency, for this reasthe tocopherol concentrates are proving to be
valuable ingredients where regulations do not perthe use of more effective synthetic
antioxidants or where natural source antioxidaressanply preferred.

a-Tocopherol is a chain-breaking antioxidant thacte with peroxyl radicals with a rate
constant of about 106 ¥, which is much faster than the reaction of peraaglicals with lipid
RH (Wright et al, 2001). The bond dissociation enthalpy (BDE) oemdlic antioxidants is an
important factor in determining the antioxidanteetiveness, since the reaction rate with free
radicals is faster with weak OH bonds. The R€dical has a BDE on formation of the parent
ROOH of about 88 kcal/mol, which will react rapidtyan exothermic reaction witdrtocopherol.
The BDE ofa-tocopherol is about 76 kcal/mol, while, y-, ands-tocopherol have slightly higher
respective BDEs of 78, 78, and 80 kcal/mol (Wrigital, 2001). These BDEs enable the
tocopherols to function as effective chain-brealangoxidants that prevent lipid peroxidation. The
rate constant for the hydrogen atom transfer fesetacopherol to cumylperoxyl radicals at 25 °C
decreases by approximately 2 orders of magnituda a@ansitioning from hexane to ethyl acetate
as solvent (Valgimigliet al, 1999). This solvent effect may be explained irm&e of hydrogen
bonding betweenu-tocopherol, which acts as hydrogen donor, andsihlgent, which acts as
hydrogen acceptor (Pedriedit al, 2001). The more solvating solvent induces addoilgy to the
reactants relative to the transition state, whitfecéively increases the activation energy of the
reaction.

Most vegetable oils contain tocopherols with thereneainsaturated oils having higher
concentrations of up to 1000 mg/kg or greater (BlgsE991). In the more saturated vegetable oils,
such as coconut and palm kernel, tocopherols am®stl completely lacking. Several types of
tocopherol exist such as the, B-, y-, andd-forms, which differ from one another in the pasiti
and number of methyl groups on the phenol ringeAes of corresponding tocotrienols also exists
in which the 16-carbon side chain is unsaturateding the storage of unsaturated oils, tocopherols
are consumed and their concentrations fall as @miggroceeds. In coconut oil-tocopherol

concentrations have been reported in the rangé&Oriiykg (Slover, 1971; Rao and Perkins, 1972;
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U.S. Department of Agriculture, 2007@)-.Tocopherol exhibits the highest antioxidant atyiaf the
tocopherols in vegetable oil with the least stapiuring storage (Playeet al, 2006). The
degradation rate ofi-tocopherol for 10 days of storage in soybean akvb.6% per daya-
Tocopherol degraded faster than bgthandé-tocopherol with its degradation rate 10 timesdast
than é-tocopherol.a-Tocopherol easily donates a hydrogen atom to #rexyl radical due to its
relatively low BDE and is the most easily destrayedocopherol is expected to function as a more
potent hydrogen donor than or 3-tocopherol due to its fully methylated structuRdafyeret al,
2006).

The reported stability ofi-tocopherol varies widely among researchers aneéapgpstrongly
dependent upon factors of atmosphere, sample matrc analytical method. The stability of pure
a-tocopherol upon storage was approximately halvid @ach 10 °C increase in temperature. The
half-life of purea-tocopherol at a temperature of 40 °C was 113 dakgde at 120 °C the half-life
was reduced to only 0.9 days. The degradatian édcopherol followed an induction type of curve
with a-tocopherol having less stability in its pure fothan when diluted in an oxidatively stable
solvent. A complete loss @eftocopherol is observed upon storage of red palmgooundnut oil,
and their mixed blends (Lakshmi and Sarojini, 1986)ocopherol is highly unstable to heat in red
palm oil with 89% losses due to heating at 1306816 min during a frying process (Lakshmi and
Sarojini, 1996). Significant decreases in tocoplseatso occurred during the extrusion process of
fish- and peanut containing half-products (Sukregtrkl, 2001). Decreases irrtocopherol content
in fish and peanut extrudate were 23 and 18%, o#ispéy, under extrusion conditions of around
100 °C and 250 rpm. These differences-tocopherol content are attributed to differencetaity
acid composition of the raw materials. Oxidativgmelation ofa-tocopherol has been studied by
microcalorimetry and is clearly a temperature-delean process between 50-80 °C (Otsekal,
1994).

Thermal oxidation ofi-tocopherol at 200 °C resultedartocopherylquinone as a degradation
product (Chung, 2004). Both tocopherol and tocoyljeinone were further degraded into
fragments primarily at non-aromatic parts. The ddgtion products ofu-tocopherol were
combined with tocopherylquinone to produce thermaducts through a dimerization process.
Under an inert atmosphere that completely excluggen, no degradation eftocopherol was
observed at temperatures up to 240 °C, but theepcesof any trace of oxygen will result in its

immediate oxidation (Verleyeat al, 2001). In monoacid triacylglycerola;tocopherol losses of
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nearly 10% per hour were observed at 180 °C, |lgattircomplete depletion after 10 h of heating
(Barrera-Arellancet al, 1999).

124 Santa Barbara Amorphous-15 (SBA-15)

In the 1960s, the modern view of drug delivery ega which drug performance was
increasingly effective by specific targeting anuddid delivery to control a therapeutic concentration
for a longer duration than conventional dosing.n8igant research on the incorporation of active
compounds within food packaging and its subsequentrolled release to the packaged product
began in earnest in the 1990s.

Controlled release packaging is well-suited by Raraury et al(1995) for controlling
continuous food degradation reactions, such asoimi@r growth and lipid oxidation, because
constant replenishment of active compounds can taiairsafety and quality. Controlled release
may be defined as a process by which one or maneedangredients are made available at a desired
site and time at a specific rate.

So this release delivery system offers the foll@gnadvantages:

a) active ingredients are released at controlled raes prolonged periods of time,

b) ingredient loss during processing and cooking camwided or limited due to increased
stability,

c) reactive or incompatible components can be segh(R@takamurget al, 1995).

Until now, different materials have been intenspealvestigated in the last years as controlled
release delivery system. Among all materials usedaatrolled release system matrices, both the
chemical composition and the presence of porositthem can influence the release pattern as
literature has reported. However, the porosityhef conventional matrices is highly heterogeneous,
owing to its complex chemical composition, and ften depends upon hazardous mixing and
processing of materials that have different intdreapabilities for porosity generation. In gengral
the presence of micropores (pore diameter <2.0 simolld be avoided in matrices designed for
efficient and controlled drug delivery, as theyguoe generally desirable low diffusion rates and
prevent the incorporation of interesting molecudas to size discrimination. M41S denoted a new

family of ordered mesoporous materials which woalldw overcoming these problems. These
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materials contain a homogeneous distribution of apeses (2 nme,<50 nm) which are
characterized by a very narrow pore size distrdyutiThe pore size and pore volume of these
materials make them suitable potential matricedémting and for further release of a large variety
of molecules having therapeutic activity and ndiyame.

Since the discovery of MCM-41 in 1992, there hasrbenuch interest and research into
mesoporous silicate materials. There are examplgeaise of MCM-41 in catalysis, development
of gas adsorption theory, and separation of laigedical molecules, however these examples are
limited and further work needs to be done to dgvedlee industrial applications of mesoporous
silicates. Indeed, it has been reported recentigva property of MCM-41, one of the members of
the M41S family, for the controlled drug releadeufirofen) under in vitro assays (Vallet-Regi
al., 2001). The greatest advantage of these matesisteir large surface area, uniform pore size,
and controlled surface chemistry and hence theemi@l for absorption processes.

Among them, highly ordered hexagonal mesoporousasgtructure SBA-15 has been
synthesized by using commercially available blookalymer surfactants in strong acid media
(Figure 2) (Zhaoet al, 1998). SBA-15 possesses a hexagonal array of poes®©~6.0 nm in
diameter, which is much larger than the 3.0-nm $arearacteristic of the MCM-41 structure
reported so far for drug delivery. Therefore, SBRAi% expected to have less restriction for the

delivery of bulky molecules.

Figure 2: Highly ordered hexagonal mesoporous silica SBAlcture (Kleitz F., 2007).

The developed mesoporous silica SBA-15 offers nessibilities for incorporating biologically
agents within silica hosts and for controlling theglease kinetics from the matrix. In literatuire,

fact, a variety of studies about the use of SBAsiliba as carrier for drug release can be found.
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The unique mesoporous structure of these partisleéhe cause of the broad interest in their
application in biotechnology. Their large internalumes, high surface areas and straight narrow
channels allow for the high adsorption of drugse ithteir structures. The straight channels allow for
adsorbed drugs to diffuse out in a controlled mamver time frames that depend on the drug in
guestion (size and chemical composition), the sgl@aedium, pore size, surface functionalization
and particle size and morphology. Currently, tHeage of the drug from mesoporous materials is
usually controlled by diffusion and so the relepsefile can be easily modified by changing the

material properties such as, for example, pore eiam In the case of hydrophobic and poorly

water soluble drugs, the release from the orderesoporous SBA-15 silica matrix was enhanced
compared to the direct dissolution of drug itself.

Enhanced release kinetics of drug/SBA-15 systembeaexplained in terms of displacement
desorption of drug by the influx of water (Figurg teractions of hydrophobic drug with the
hydrophilic surface of SBA-15 are weaker than thieractions of water with silica walls. This is
the reason why drug molecules effectively desorbench the surface by competitive adsorption
with water molecules. At loadings of active subsemmolecules where the monolayer capacity is
exceeded, the release is controlled no longer $plaltement desorption (no monolayer) but by the
dissolution of crystalline or amorphous drug in fhares. After comparing SBA-15 with organic
polymer based solid dispersions, we found that 9BAehaves differently. It is well known for
organic polymer based solid dispersions that tesddiution rate decreases with increasing drug-to-
polymer ratio while SBA-15 materials as carrieralde fastin vitro release kinetics even at high
drug loadings.

Based on this considerations, the release or dissolof the poorly water soluble drug could
be enhanced by avoiding the breaking up of inteewdbr interactions in the crystal structure. This
may be accomplished by dispersing single drug nuédsconto the walls of the SBA-15 matrix.
Even when the monolayer capacity was exceededekbase was still higher than the dissolution of
the crystalline form because of the existence oioparticles inside the pores, whether crystalline
or amorphous (Speybroeekal, 2008)

In the food packaging field, this SBA-15 abilityutd be much promising to realize new

material formulation for the controlled releaseikty.
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Figure 3. Schematic representation of the desorption mecha(Bpeybroeclet al, 2008).

125 State of Art of tocopherol based active films

Migration typically describes a diffusion procesdich may be significantly affected by the
interaction of food components with the packagingtarial (Arvanitoyannis and Bosnea, 2004).
The majority of compounds commonly migrating frorackaging materials to foods are those
polymer additives, monomers, oligomers, and contants. Several types of additives are typically
incorporated into polymers at concentrations ofl8100% (w/w) to limit the effects of oxidative
degradation during processing and the lifetime atemal (Calvert and Billingham, 1979). These
additives may include plasticizers, antioxidantghtl stabilizers, thermal stabilizers, lubricants,
antistatic agents, antifog agents, and slip adsitivOur attention was focalized on antioxidants
and/or stabilizers.

Antioxidants can be classified into two groups: poounds that prevent formation of free
radicals from hydroperoxides and compounds thabinhthe radical chain reaction (Scott, 1995).
Antioxidants act sacrificially and are partially completely converted to secondary products when
they function to protect the polymer. Initially tineajority of antioxidant substances used either as
polymeric stabilizers or as active substances waithantioxidant function towards the foodstuff
were synthetics. Tombesi and Freije (2002) fourat the synthetic antioxidants was present in
46% of commercial drinking water bottled in polygtne terphthalate (PET) in Argentina. They

were considered more effective than the naturat @®ut antioxidant activity. In fact, the major
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products formed when they were oxidized were edactcceptors and were much more effective
than antioxidant itself as processing stabiliz&woft, 1995).

However, the migratory nature of synthetic antiaxtinto foods and food simulants has
caused some concern regarding its continuous us@ asitioxidant in food-packaging materials;
therefore,a-tocopherol has been increasingly tested as aaladlternative. Natural antioxidants
such, aso-tocopherol, are “generally recognized as safe” ASRby FDA and its degradation
products containing mostly tocopherol quinone conmas are harmless (Laermer and Zambetti,
1992).a-Tocopherol would be expected to have a slower atign rate from packaging into a food
due to the larger molecular weight @tocopherol (431 g/mol) relative to BHT (220 g/marhe
thermal stability ofa-tocopherol appears far superior to BHT by therrawgnetric analysis
showing thati-tocopherol does not begin to volatilize until ash800 °C (Laermer and Zambetti,
1992).a-Tocopherol was observed to be susceptible to themidative degradation beginning at
165 °C as measured by non-isothermal DSC measuten(@iuffrida et al, 2007). Leeet al.
(2004) incorporated-tocopherol and BHT into a heat seal layer (SUBYA®) coextruded with
an HDPE layer at initial concentrations of 0.0073d a0.1137% (w/w), respectively. They
determined the first-order rate constants-edcopherol and BHT from the packaging film at 23°C
to be 0.00115 t and 0.0037 1, respectively. After 18 weeks of storage at 23 @, relative
percentage of antioxidant remaining in the packa@iim was 36% ofu-tocopherol and only 3% of
BHT. After six days of accelerated testing at 45 a&@proximately 25% odéi-tocopherol and no
BHT remained in the film (Leet al, 2004). Wesslinget al. (2000a) also found that BHT was
depleted much more rapidly thantocopherol during storage at 20, 30, and 40 °60&b relative
humidity. Importantly, their results indicate thhé presence of a food product affects the loss of
tocopherol from LDPE film. Oatmeal packaged in theDPE pouches resulted in a loss of
approximately 400 mg/g af-tocopherol during four weeks of storage, but flra tored without
the product had retained 900 mg/guetiocopherol during the same period (Wesskh@l, 2000a).
Different characteristics of the food, such as aohphase properties, fat, alcohol, and acid conten
influence the retention od-tocopherol in LDPE films (Wesslingt al, 1999).a-Tocopherol is
considered to be a more stable antioxidant than BH&n used in an LDPE film in contact with
sunflower oil or 95% ethanol due to the much slowansfer from the polymer film to the fatty
food simulants (Wesslingt al, 1998). Substantial loss aftocopherol from LDPE in contact with

water has been reported but this was attributetegpadation caused by metal ions in the medium
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(Wesslinget al, 1999). Higher retention af-tocopherol was reported when citric acid, whicls ha
the ability to form complexes with metal ions, wadded to the water in contact with the LDPE
film. a-Tocopherol concentrations of 1000 and 10000 mé#kee been used in LDPE films with
the dual function of protecting the polymer fromidative degradation during processing and
delaying the onset of oxidation in the packagedif@&/esslinget al, 2000b). After processing the
LDPE films, only about one-third (360 and 3400 mig/tespectively) of the-tocopherol originally
added to the polymer blend was retained with timeareing lost by manufacture and/or storage.
These high levels af-tocopherol showed a positive effect on the oxaastability of linoleic acid
emulsions at low temperatures, but may have dettaheffects on LDPE polymer characteristics
(Wessling et al, 2000b). Studies by Al-Malaikt al. (1994, 1999) report that the overall
tocopherol retention level in PE and PP is genggiater than 80% of the original amount added
with high initial concentrations of 1 —10% (w/w).nktabilized LDPE loaded with lower initial
concentrations of 0.2% (w/vg}tocopherol leads to considerable loss of paseiacopherol during
severe processing (Al-Malaikat al, 1994). This extended LDPE processing resulted in
approximately 97, 89, 84, and 66%tocopherol retention after each of four successixteusion
passes. The high antioxidant activity aftocopherol is at least partially the result of the
transformation products formed during melt proaegs{Al-Malaika et al, 1994). The major
products formed are diastereoisomers of dimerdramers in addition to aldehydes, whose relative
concentrations are dependent upon processing seaad the initiab-tocopherol concentration.

A promising type of active packaging is antioxigiatipackaging in which an antioxidant is
incorporated into the polymer material to be redelamto the packaged food product and as such
extend their shelf-life. The principal action ofighactive packaging is based on the assure of a
controlled release of the antioxidant from the fitm the food product to provide a sufficient
concentration of active compounds which prevemis loxidation and rancidity of the food product,
with a continuous antioxidant effect in the packagilf an antioxidant is added to the food as an
ingredient, its antioxidant effect would be a omatievent and oxidation could persist after it is
totally consumed. With controlled release, the@atiant effect is prolonged to enhance the shelf-
life.

Sir6 et al. (2006) produced films with retention of about 8b¥ithe initial 2000 mg/kgs-
tocopherol concentration in unstabilized LDPE. &ctf in this latter study the antioxidant was

complexed into beta-cyclodextrin in order to givetpction during extrusion and to ensure a
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controlled release. Due to cyclodextrin polar hydhibc outer shell and relatively hydrophobic

cavity, they can build up host—guest complexesnmjusion of suitable hydrophobic molecules.
Siro et al. reported that complexation by beta-agektrin was an effective tool for controlling the

release of alpha-tocopherol from antioxidative \actipackaging because depletion of the
antioxidant was completed in about 1000 h compavrigid about 3500 h in the cases of free and
complexed alpha-tocopherol, respectively.

Recently, Heirlingset al. (2004) adsorbeda-tocopherol onto purely siliceous (non-
functionalized) SBA-15, in an attempt to protea #mtioxidant during extrusion and to ensure a
controlled and sufficient release during the shitdfof the food product. They considered that the
pure SBA-15 porous network could serve as carperfdnctional substances in new food active
packaging solution, being a good reservoir for dileommodation of drug molecules due to its
uniform pore size and highly ordered nanochannels.

Since a largely shared opinion is that the releafsdrugs from siliceous mesostructures
depends on the pore architecture, the pore sizespacfic drug-silica pore wall interactions, with
the latter phenomenon in turn depending on theepiess of functionalizing groups on pore wall
surfaces, a change in the pore size and the chiefunzzionality of the substrate with respect ® it
purely siliceous counterpart could allow a beterfgrmance in the controlled release.

In fact, when the interactions between desorbingeoutes and silica pore walls are
significantly strong and/or show some kind of speity, the release also depends by the stability
of the complex between the functional groups of tlrag and those of the substrate. This
phenomenon allows then to fine-tune the releasspetific molecules from a given mesostructure
by simply changing the functional groups that atached to its pore walls during the synthesis
process.

However, the approach proposed by Heirlieggl. (2004) had only a small influence on the
release profile ofa-tocopherol, which shows almost the same releasetike as when the
antioxidant is directly loaded into the film. Withe aim to overcome this issue, in this work, a-
tocopherol was adsorbed onto amine-functionalizB&-%5 in order to ensure a more controlled
antioxidant release into a fatty food simulant bgams of changes in the pore size and the chemical

functionality of the substrate with respect toptsely siliceous counterpart.
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1.3 ACTIVE COMPOUNDS WITH ANTIMICROBIAL ACTIVITY

When antimicrobial agents are incorporated intoolyrper, the material limits or prevents
microbial growth. This application could be usedffmods effectively not only in the form of films
but also as containers and utensils. Food packaderials may obtain antimicrobial activity by
common antimicrobial substances, radiation, oragassion/flushing.

Radiation methods may include using radioactive enws, laser-excited materials,
ultraviolet-exposed films, or far-infrared-emittimgramic powders. However, universal irradiation
sterilization of food package materials is notpgetmitted by the FDA.

Gas emission/flushing controls mold growth. Forregkes, berries and grapes are stored in
produce boxes, palletized, and stretch wrapped, fltshed with sulfite to prevent fungal spoilage.
It is easy to use these types of bulk gas flushimg) controlled-/modified-atmosphere technologies.
However, there is no commercial material that costar releases sterilizing gases such as sulfite.
Sachet systems have been used to control the gaposdion inside a package. An oxygen-
scavenging system absorbs oxygen gas in the paclkage prevents growth of aerobic
microorganisms, especially mold, as well as oxatatf food components.

Antimicrobial packaging materials have to extengl ldg period and reduce the growth rate of
microorganisms to prolong shelf life and maintagod safety. They have to reduce microbial
growth of non sterile foods or maintain the stapilof pasteurized foods without post-
contamination. If the packaging materials have -sigfilizing ability because of their own
antimicrobial activity, they may eliminate chemicskrilization of packages using peroxide and
simplify the aseptic packaging process (Hotchki®/7). The self-sterilizing materials could be
widely applied for clinical uses in hospitals, lmigical labware, biotechnology equipment, and
biomedical devices, as well as food packaging.

Commercial antimicrobial food package materials stndctures still appear to be a few years
in the future, but efforts of the 1990s underscadiezl continued development of new functional
roles for packaging materials (Rice, 1995). HotshKi1995) enumerated alternative antimicrobial
packaging and summarized the issues relating imembbials in package structures and materials.
In most, but not all, solid or semisolid foods, rolwal growth occurs primarily at the surface. In

prepared or mixed foods, microbiological growth @atur anywhere in the mass. Antimycotic
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agents are not uncommonly incorporated into waxes @her edible coatings used to package
hard-skin fresh produce items such as oranges @miesa More recently, the concept of
incorporating antimicrobial agents directly intockage, films that contact the surface of the food

has been developed, particularly in Japan, butialsther geographic regions.

1.31 Meccanism

Antimicrobial package materials may be classifie two types:
» those containing antimicrobial agents that migtatthe surface of the package material and
thus can contact the food,
» those that are effective against food surface rhiotogical growth without migration of the
active agent(s) to the food.
In the first case, a preservative is found eithighiw the matrix or on the surface of the food-
packaging material. The corresponding substance beameleased completely or in a specific
amount on the food surface to perform its biocici&oa.
Bastarrachea (2011) have studied four differentratign mechanism of antimicrobial agents
from packaging surface to the food. Figurshbws a schematic representation for the first case
which
(A) represents a packaging system that incorportiesntimicrobial agent in a single layer and
releases it gradually into the food matrix,

(B) represents the same concept but with an insgr] which can be useful in controlling the
release of the antimicrobial compound,

(C) consists of a layer of food-packaging matedahted with a formulation containing an
antimicrobial substance.

In the second case, as it is shown in Fig.4, therse (D) represents a packaging system in
which antimicrobial activity occurs only when miorganisms get in contact with the surface of the
packaging material. For both types of systems,cticentact with the food is necessary, making

these technologies a suitable option for vacuunkg@doods such as cheese, meat, fish, or poultry.
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Figure 4: Antimicrobial food-packaging systems (adapted fl®astarracheat al, 2011)

Several studies have investigated the effectivenésmntimicrobial films against microbial
growth. Nevertheless, some attempts to produces filith antimicrobial activity have failed, since
many factors affect their ability to suppress micab growth. The interaction of the antimicrobial
agent with the corresponding packaging material atyersely affect the release of such an agent,
or the film production procedure can diminish aityiwf the antimicrobial agent to levels that make
it ineffective for its purpose. Processing operaiosed during the manufacture of packaging film,
such as extrusion, printing, drying, or laminationay significantly affect the activity of the
antimicrobial compounds due to phenomena such gsadation and evaporation. It is also
important to consider the activity of the antimioial substance once it gets in contact with thelfoo
matrix. The interaction between the antimicrobiabstance and food components may be strong
enough for the antimicrobial agent to become irmtiffe against the microorganisms it is intended
to suppress. This may occur even when the effeats® of the packaging material has been tested

and confirmed in vitro conditions (Bastarracle¢al., 2011).
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Antimicrobial food-packaging films have been showrinfluence the engineering properties
of the film, such as the mass transfer propertiggases through the films, and the tensile, thermal
and morphological properties of these films (Basizteaet al, 2011). The level of influence
depends on the type of film material, the film @egion procedure, and the antimicrobial agent
used. These properties play an important role terdening the application of the film and the
shelf life of the packaged food product. Modificais in the original properties of the film may be
detrimental or even beneficial in the applicabilitiythe packaging film, depending on the nature
and extent of modification (Bastarrachea al, 201). However, to date, there has been no
comparative analysis of the engineering propeudie®od-packaging films after the incorporation

of antimicrobials.

132 Antimicrobial packaging film

According to Appendini and Hotchkiss (2002) antimlwal packaging can take several forms
including:

1. Addition of sachets-pads containing volatileraidrobial agents into packages.

2. Incorporation of volatile and non-volatile antonobial agents directly into polymers.

3. Coating or adsorbing antimicrobials onto polymarfaces.

4. Immobilization of antimicrobials to polymers lmn or covalent linkages.

5. Use of polymers that are inherently antimicrbbia

1. The most successful commercial application of aictiobial packaging has been sachets that
are enclosed loose or attached to the interior package. Three forms have predominated:
oxygen absorbers, moisture absorbers and ethapalr \generators. Oxygen absorbers may
reduce the oxygen inlet, inhibiting the aerobesl@sogrowth as an antimicrobial. Moisture
absorbers can redueg, also indirectly affecting microbial growth. Ett@rnvapor generators
are usually used in products with reduced wateaviac(a,<0.92) since the amount of ethanol
generated is relatively small. These systems cobwo$iethanol absorbed or encapsulated in

carrier materials and enclosed in polymer packéte. ethanol permeates the selective barrier
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and is released into the headspace within the pack®ne of the drawbacks is the
characteristic off flavor of ethanol.

As far as incorporation of bioactive agents inahgdantimicrobial into polymers concerned,
the research in this field for food application masre than doubled in the past 5 year. Until
now, the different antimicrobial packaging form baxeen mainly applied in drug and pesticide
delivery, textiles, surgical implants and other rbexlical devices. GRAS, non-GRAS and
‘natural’ antimicrobials have been incorporateditifferent packaging materials, and have
been tested against a variety of microorganismsallQhe antimicrobials, silver-loaded micro-
and mesoporous structures are the most widely as@dlymer additives for food applications.
Silver ion substitute functional ions present iegh porous systems, which are antimicrobial
against a wide range of bacteria and molds. Sitves act inside microbial cells disrupting the
cells’ enzymatic activity. As in nature differenitstances present an antimicrobial activity, a
combinations of more than one antimicrobial incogbed into packaging have also been
investigated. In fact, it could be hypothesizedt tb@mpounds active against Gram-positive
bacteria (i.e. lysozyme) combined with chelatingraig (i.e. EDTA) can target Gram-negative
bacteria. The rationale for incorporating antimimeds into the packaging is to prevent surface
growth in foods where a large portion of spoilagd aontamination occurs. This approach can
reduce the addition of larger quantities of antnoigals that are usually incorporated into the
bulk of the food. The gradual release of an antiofi@l from a packaging film to the food
surface may have an advantage over dipping angiegrdn the latter processes, antimicrobial
activity may be rapidly lost due to inactivation thie antimicrobials by food components or
dilution below active concentration due to migratiato the bulk food matrix. Films with low
diffusion rates were desirable since they maintainigher surface concentrations of sorbate
for longer periods. Thermal polymer processing mé@shsuch as extrusion and injection
molding may be used with thermally stable antimigats. In solvent compounding, instead,
both the antimicrobial and the polymer need toddetde in the same solvent. Biopolymers are
good candidates for this type of film forming presedue to the wide variety of proteins,
carbohydrates and lipids (which act as plasticjze¢inst form films and coatings. These
polymers as well as their combinations are solubleater, ethanol and many other solvents
compatible with antimicrobials. Antimicrobial pagkag materials must contact the surface of

the food if they are non-volatile, so the antimmed agents can diffuse to the surface,
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therefore, surface characteristics and diffusionetics become crucial. Then, packaging
systems that release volatile antimicrobials hdse been developed. These include chlorine
dioxide, sulfur dioxide, carbon dioxide and allglisiocyanate release systems. The theoretical
advantage of volatile antimicrobials is that they @enetrate the bulk matrix of the food and
that the polymer need not necessarily directly acinthe product.

Antimicrobials that cannot tolerate the temperauused in polymer processing are often
coated onto the material after forming or are addezhst films. Cast edible films, for example,
have been used as carriers for antimicrobials aptleal as coatings onto packaging materials
and/or foods.

A few examples of ionic and covalent immobilizatiohantimicrobials onto polymers or other
materials have been achieved. This type of imnmdtilbn requires the presence of functional
groups on both the antimicrobial and the polymear&ples of antimicrobials with functional
groups are peptides, enzymes, polyamines and argacids. In addition to functional
antimicrobials and polymer supports, immobilizatioay require the use of ‘spacer’ molecules
that link the polymer surface to the bioactive ag@&hese spacers allow sufficient freedom of
motion so the active portion of the agent can antamicroorganisms on the food
surface(Appendini and Hotchkiss, 2002). Spacer$ toald potentially be used for food
antimicrobial packaging include dextrans, polyetimd glycol (PEG), ethylenediamine and
polyethyleneimine, due their low toxicity and conmmase in foods. The potential reduction in
antimicrobial activity due to immobilization muse kxonsidered. For proteins and peptides,
changes in conformation and denaturization by sié/enay result in low activity per unit area.
Other antimicrobial enzymes that could potentidléy covalently immobilized for packaging
applications. A major challenge, however, is themoration of substrates into the system as
well as managing undesirable products from thetias

Some polymers are inherently antimicrobial and Haeen used in films and coatings. Cationic
polymers such as chitosan has been used as agaatihappears to protect fresh vegetables
and fruits from fungal degradation. Physical maidifion of polymers has been investigated as
means to render surfaces antimicrobial. Additiomwfients could also potentially prevent cell
membrane damage and bacterial recovery and/oriithéadhesion of the cells to the surface

due to the interaction of salts and other catioitls thie surfaces.
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133 Synthetic and natural antimicrobial

Antimicrobial agents can be divided into two categ® according to their sources. These are
chemical antimicrobial agents and natural antinbi@bagents.

Any chemical that when added to food tends to prewe delay deterioration, but does not
include common salt, sugars, vinegars, spicesjleregtracted from spices, or chemicals applied
for their respective insecticidal or herbicidal pecties are defined as chemical preservatives
(Davidson and Branen 1993).

Benzoic acid is one of the oldest chemical presetes used in the cosmetic, drug, and food
industries. Sodium benzoate was the first chenpoaservative approved for use in foods by the
U.S. Food and Drug Administration. The structumahiulas of benzoic acid issgBsCOOH and of
sodium benzoate isglsCOONa. Benzoic acid (molecular weight 122.1) ocdarpure form as
colorless or white needles or leaflets. It is stduin water. Sodium benzoate (molecular wieght
144.1) is a white granular or crystalline powdeiisImuch more soluble in water than benzoic acid
(Davidson and Branen 1993).

In recent years, sorbic acid and its more wateunldel salts, especially potassium sorbate
known as sorbates are used widely throught thednasl preservatives for various foods, animal
feeds, pharmaceuticals, cosmetics and in othericapipins. They are very good preservatives
because they inhibit or delay the growth of mangroorganisms, including yeasts, molds, and
bacteria. Under certain conditions, sorbates cammioibit some microbial strains. In general,
however, they are considered effective food pregesms when used under sanitary conditions and
in products processed using good manufacturingipesc(Davidson and Branen, 1993).

Recently, due to health concerns and increasedeaess, people preferred not to consume the
food including chemical preservatives. Becauséhsf ¢ondition, natural antimicrobial agents have
gained a major importance. The most popular antohial agents are enzymes such as lysozyme,
lactoperoxidase, etc.

Nisin is an antibacterial polypeptide (moleculaigi® 3,510) produced blyactococcus lactis
subspeciefactis that broadly inhibits gram-positive bacteria andrsfiormers (Padge¢t al, 1998)
but when combined with a chelator, nisin also a#mbit growth of some gram-negative bacteria
(Dawson et al, 2005). Generally all proteins have absorbance&8i nm but nisin has no

absorbance at this wavelength, since it containaromatic acids. The solubility and stability of
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nisin depend on the pH of the solution. In dilut€ligolutions at pH 2.5 its solubility is 12%. The
solubility decreases to 4% at pH 5.0. Nisin is labte and irreversible inactivation occurs even at
room temperature while pH are neutral and alkaledees (Davidson and Branen 1993).

Lysozyme (EC3.2.1.17), found in different sourceascliding plants, animals and
microorganisms, is a single peptide enzyme (lbragiral, 1996). Its molecular weight is 14400
and it contains 129 amino acid residues (Takahesfal., 2000, Ibrahimet al., 1991). Its lytic
activity on bacteria is occurred by hydrolyzing ggidic3-linkages between N-acetylhexosamines
of pepdidolycan (PG) in their cell walls. Becaudettmt reason, many researchers have studied
lysozyme for bio-preservation of foods. Most of thbieidies related with lysozyme have been
focused on hen egg white lysozyme because the enzyroommercially purified from hen egg
white (Changet al, 2000). The antimicrobial activity of the enzyrnsemainly against gram-positive
bacteria but because of the PG layer surroundeda byrotective lipopolysaccharide (LPS)
membrane, it is ineffective against gram-negatiaetdéria (Nakamurat al, 1991, Ibrahimet al.
1991). So, many researchers have interested iedsitrg the antimicrobial spectrum of lysozyme.
For instance, combination of lysozyme with EDTA rasldysozyme highly effective on gram-
negative bacteria (Mecitogkt al, 2006), and conjugates of lysozym with dextrataggamannan
or xyloglucan have good antimicrobial activity awsi both gram-positive and gram-negative
bacteria when applied in combination with mild legiat 50 °C (Nakamuret al, 1992). In several
studies, lysozyme was incorporated as a preseevatiimany packaging materials to extend the
shelf life of the foods (Appendini and Hotchkis9T)

In addition to natural antibacterial agents, inmigaones, typically silver, are now attracting
attention in review of their safety from toxicitin recent years, antibacterial goods, having an
inorganic and/or antibacterial agent incorporatestdin or applied, are becoming available in the
market; such as used in wall carpeting, rugs, aotésial fabric and fiber production, antibacterial
film and the like. For examples:

v' Ethyl alcohol — Ethyl alcohol adsorbed on silicazeolite is emitted by evaporation and is
somewhat effective but leaves a secondary odor.

v Chlorine dioxide — Chlorine dioxide is a gas thatrpeates through the packaged product. It
is broadly effective against microorganisms but laalverse secondary effects such as

darkening meat color and bleaching green vegetables
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Allyl isothiocyanate — Allyl isothiocyanate, an a&t component in wasabi, mustard, and
horseradish, is an effective broad spectrum antohial and antimycotic. However, it has
strong adverse secondary odor effects in food.

Spice-based essential oils — Spice-based esseiisahave been studied for antimicrobial
effects.

Metal oxides — Nanoscale levels of metal oxidehrsagcmagnesium oxide and zinc oxide are
being explored as antimicrobial materials for usdaod packaging (Garland, 2004). and,
finally

Among metallic ions, the silver ion has the stra@tgentimicrobial activity. Metallic silver
does not release the ion easily, compared with@o@md so its antimicrobial activity is not
quite as strong in its metallic state. Silver isade and relatively inert metal and therefore
often used in direct human contact as dishes, fl&teks, spoons, knives, and tooth fillings.
Silver is used as an antimicrobial agent in thenfaf medicine and water treatment agent.
Silver ions can be dissolved in water, but theyilgdsecome insoluble by reacting with
halogens, which is why silver’s distribution in neg is limited. Silver is strongly absorbed
by magnesium oxide, clay materials, and organicamsampounds. No reports exist with
regard to carcinogenicity and mutagenicity of gilv@ the United States, the standard for
silver content in drinking water has been set at ldkhan 50 ppb on the basis of a silver-
containing medicine that causes angina symptoms.

Silver ions — Silver nitrate that forms silver iomswater solution has strong antimicrobial
activity. Activity at much lower concentration thdhe antimicrobial level causes protein
denaturation. Consequently, silver nitrate hasséohy of use as a therapeutic for bacterial
infection and as an antiseptic in hospital envirenta. Silver is considered to interfere with
metabolic functions of respiratory and electrom$@ort systems of microorganisms and mass
transfer across cell membranes. Silver salts fanain direct contact, but they migrate slowly
and react preferentially with organics. Researchtlo®m use of silver nanoparticles as
antimicrobials in food packaging is ongoing, bueaf the ¥ product has already emerged:
Fresher Longer ™ storage containers allegedly aorddver nanoparticles infused into

polypropylene base material for inhibition of grovaf microorganisms (NSTI 2006).
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1.34 Silver based Nanoparticles

Silver has a broad spectrum of antimicrobial atiég| being active against Gram-negative
and Gram-positive bacteria, fungi, and certain ses1 Moreover, silver presents some important
processing-related advantages such as high terapestaibility and low volatility.

Effective antimicrobial nanocomposite packaging enats based on silver nanoparticles
(AgNPs) have been presented. Thanks to their langgace area-to-volume ratio, AQNPs present a
more effective antimicrobial activity. On the othleand, the smaller size of nanoparticles may
increase the possibility of human cell penetratiad cytotoxicity (Stet al, 2009).

The mechanism of the antimicrobial activity of AgiNRas not been well understood, but
there are basically three common proposed mechan@sndescribed in a review by Dalktsal.
(2011): (i) gradual release of Agons, resulting in inhibition of ATP production GirDNA
replication, (ii) direct damage to cell membrangsAlgNPs, and (iii) generation of reactive oxygen
species (ROS) by AgNPs and Aigns. Some authors have described the antimidrabtavity of
AgNPs as being dependent on release of ibgs (Kumar and Miinstedt, 2005). Aginds to
electron donor groups in biological molecules comitg sulfur, oxygen or nitrogen, such as thiols,
phosphates, hydroxyls, and amines (Da#asl, 2011; Kumar and Munstedt, 2005). Festgal.
(2000) suggested that interactions of Agns with thiol groups in proteins may induce itiaation
of bacterial enzymes. As a reaction to the prot@maturation promoted by Agons, DNA
molecules may become condensed and unable toatplic

Nanoparticles are important materials for fundamlestudies and diversified technical
applications, because of their size-dependent ptiepeor highly active performance due to the
large surface areas; but when pure nanoparticlesuaed alone, they present some common
problems, eg, agglomeration between nanopartides €t al, 2002) To overcome agglomeration,
preparation of nanoparticles based on clay compgundvhich nanoparticles are supported within
the interlamellar spaces of clay and/or on its reetesurfaces, is one of the most effective sohgio
(Choyet al, 1998, Miaoet al, 2006). Synthesis of metal nanoparticles on ssligports such as
smectite clays is a suitable way to prepare praltyi@pplicable supported particles as well as to
control the particle size. Smectite clays have Beweswelling and adsorption ability, which is
especially interesting for the impregnation of batterial-active nano-size metals in the

interlamellar space of clay (Rasatlal. 2010, and Paaet al. 2001). Montmorillonites (MMT) are
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layered silicate belonging to the structural famdf the 2:1 phyllosilicates. The presence of
inorganic cations on the planar surface of MMT fayenakes them hydrophilic and hence
ineffective in hydrophobic polymers. However, catiexchange reactions have been used to
replace these inorganic cations with organic caticurfactants which intercalate into the clay
gallery, producing organically modified montmorilites (OMMT) with increased interlayer
spacing, hydrophobic surface and improved intepastwith organic polymers.

Ag—-MMT antimicrobial nanoparticles may be obtaineg bringing Na—MMT in contact
with AgNO; solutions in order to replace exchangeablé iNas with Ag ions (Costaet al, 2011;
Incoronatoet al,2010). Ag-MMT nanoparticles were incorporated byoronatcet al. (2010) into
three different polymeric matrices (agar, zein, apdlycaprolactone), but only the agar
nanocomposites presented antimicrobial activityictvtwas ascribed to the highest water content
(thus highest level of macromolecular mobility)tbé agar hydrogel. The release kinetics of Ag
ions was controlled because of the weak electiostaeractions established with surface platelets
of MMT. In a further study (Incoronatet al, 2011), the group evaluated the effectivenessnof a
antimicrobial packaging system consisting of agat Ag—-MMT nanoparticles on cheese stability.
The nanocomposite packaging system markedly inedeéise shelf life of the cheese, without
affecting its functional dairy microbiota and serysquality.

Costaet al. (2011) used Ag—MMT nanoparticles (in powder fornm)extend stability of a
kiwi—pineapple salad. The Ag—MMT powder (10, 15,26rmg) was left on the bottom of boxes
containing 50 g of cut fruits and 70mL of 25% frg¢ syrup. The growth of mesophilic and
psychrotrophic bacteria and yeasts was reducedhdynanoparticles. The overall sensory quality
was assessed by using a five-point scale (from dry*poor” to 5="excellent”), and the sensorial
acceptability limit (SAL) was defined as the megmnet for the product to achieve the overall quality
threshold (score 3). The SAL was increased from431for the control sample (without
nanoparticles) to 15.67 for the salad packagetienbbx containing 20mg of Ag—-MMT. The same
group (Costat al, 2012) applied calcium alginate coatings loadeith ig—MMT nanoparticles to
fresh-cut carrots which were packaged in orientelygsopylene bags. The spread plate count
technique was used for total bacteria, psychroimbp#cteria, yeasts aseudomonaspp, and the
plate count technique for Enterobacteriaceae. mbeases in microbial population for the carrots

with active coating were lower than for the uncdatarrots or those with a plain coating (without
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Ag—-MMT). When packaged in oriented polypropylerie tarrots with the active coating achieved
a refrigerated shelf life of about 70 days agadndays of the uncoated samples.

Su e tal. (2009) suggested that suspended AgNP/clay nanlsylshow electrostatic
attraction to bacteria and form highly concentraggfiNP clusters on the bacterial cell wall. The
authors attributed the antimicrobial activity of dg/clay nanohybrids to membrane disruption
through the generation of intracellular reactiveygen species (ROS). St al. (2011) observed
that, although high electrostatic activity of MM@&rcdisturb the cellular membrane integrity, MMT
alone did not have significant biocidal activityhive AQNP/MMT promoted significant microbial
growth reduction, indicating that AgNP is reallyfesttive antimicrobial agent in AQNP/MMT
nanohybrids.

1.35 State of art of antimicrobial chitosan film

Although unmodified nanoclays are not antimicrobigl themselves, they may adsorb
bacteria from a solution enabling better interacttwith antimicrobial polymers such as chitosan
(Wang et al, 2006). Hanet al. (2010) observed that chitosan—MMT nanocompositesew
significantly more effective again§&. aureusandE. coli than both pure chitosan and Na—MMT.
Since the antimicrobial activity of chitosan hagmeascribed to its cationic character, the incidtase
antimicrobial activity of the nanocomposites searstradictory, because the cations of chitosan
are neutralizedia electrostatic interactions with anionic silicaégdrs. The authors concluded that
the nanocomposites exhibited synergistic effectsvéen the components, because the chitosan
molecules were evenly distributed through the iaarg matrix.

Wang et al. (2006, 2007, 2009) have carried out, instead, @esseof studies on
chitosan/rectorite intercalated nanocomposites \aitkimicrobial properties. In their first study
(Wang et al, 2006), chitosan/rectorite nanocomposites witled#t ratios were prepareda
solution-mixing technique. Unmodified &arectorite (REC) and organic rectorite modified by
cetyltrimethyl ammonium bromide (OREC) were usedhe Tantibacterial activity of the
nanocomposites was measured by the MIC against Bogitive S. aureusandBacillus subtilig
and Gram-negative E( coli and Pseudomonas aerugingsabacteria. Solutions of the

nanocomposites, chitosan, REC and OREC were addeelii-dishes with nutrient agar to several
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final concentrations, and the microorganism suspesswere inoculated on the nutrient agar, and
incubated at 37°C for 24h. REC hardly inhibited thecterial growth, and OREC only slightly
inhibited it, but the nanocomposites showed bettkibitory effect than pure chitosan, REC and
OREC, patrticularly against Gram-positive bactetia.a further study (Wangt al, 2007), the
authors suggested that the antibacterial actidheohanocomposites were divided into two stages —
first, the adsorption of the bacteria from solutiand immobilization on the clay surface, and
second, chitosan accumulation on the clay surfabéhiting bacterial growth. Finally, in a more
recent study (Wangt al, 2009), N-(2-hydroxyl) propyl-3-trimethyl ammoniuahitosan chloride
(HTCC) was added into an OREC suspension undeingtiat 80°C, at HTCC/OREC weight ratios
of 1:1, 2:1, and 4:1, and the nanocomposites werezé-dried and ground to powder. The MIC
values of the nanocomposites were up to 32 timasrithan those of HTCC against Gram-positive
bacteria, up to 8 times lower agailstcoli, and up to 16 times lower agaifsspergillus niveus
indicating that the nanocomposites were more e¥Wecagainst Gram-positive bacteria. The
excellent antimicrobial activity of the nanocompesiwas attributed to the high affinity and strong
interaction between quaternized chitosan and ORB@pining the adsorption and immobilization
capacity of OREC with the antimicrobial activity @iaternized chitosan. In the three studies of the
group (Wanget al, 2006, 2007, 2009), the antimicrobial activity weaported to be directly
proportional to the amount or the interlayer distamof the nanoclay, thanks to an increase in
effective layers per unit weight, causing more éaatto be adsorbed and immobilized on the clay
surface.

Shameli € al. synthesized silver nanoparticles (Ag-NPs) usingeeg physical synthetic
route into the lamellar space of montmorilloniteNiWl)/chitosan (Cts) utilizing the ultraviolet (UV)
irradiation reduction method in the absence of ralicing agent or heat treatment. Cts, MMT, and
AgNO; were used as the natural polymeric stabilizerjdssupport, and silver precursor,
respectively. They investigated the antibacter@lvay of Ag-NPs in MMT/Cts against Gram-
positive bacteria, ieStaphylococcus aurewnd methicillin-resistan®. aureusand Gram-negative
bacteria (ie,Escherichia col by the disk diffusion method on Muller—Hinton Agat different
sizes of Ag-NPs. All of the synthesized Ag/MMT/Ci®nanocomposites were found to have high
antibacterial activity. These results show that MT/Cts BNCs can be useful in different
biologic research and biomedical applications, sashsurgical devices and active substance

delivery vehicles.
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The antibacterial activity of silver nanoparticllemded in chitosan agai§.aureuswere
widely studied in literature. The goal was to aghiby Regiekt al. ( with complete elimination of
antibiotic resistant and biofilm forming strains $tfaphylococcus aurewdter short contact times.
They have applied an innovative approach: the eémite of the chitosan molecular weight and its
deacetylation degree (DD) were analyzed togeth#r thie influence of the bacterial concentration
and contact time. The best results were obtaindd gh DD chitosan where a fast reduction was
favored; leading to smaller nanopatrticles (nhucteats promoted), and a sufficiently high polymer
viscosity prevented the resulting nanoparticlesnfiandesired agglomeration. Instead, Soates.
created a suitable method to produce reinforcedbasterial paper packaging using the
antimicrobial triclosan (TC) and organically modidi montmorillonite (OMMT) as “model”
compounds. They were able to incorporate direc@yahd OMMT into papers via coating process,
and the resulting materials were characterizechbyitro antimicrobial assays. So the TC presence
in the coated papers exhibited inhibitory effeagiastS. auereusand Escherichia colibut the
OMMT did not improve the paper’s antimicrobial eféncy.. Instead the incorporation of OMMT
had increased the tensile strength of approximaB&o and had enhanced the water barrier
property and thermal stability of paper.

The development of stabilized and densely dispectétdsan-silver nanoparticles using a
green approach based on electrochemical oxidatonglexation process followed by UV
irradiation reduction was studied by Reioktaal. The obtained nanoparticles were uniform and
spherical. It was found. that increasing the Agteonin the chitosan-Ag based films tends to
decrease their equilibrium swelling values. Thiduaion in swelling values may be attributed to
the acting of the Ag as crosslinkers between chitoshains. These crosslinking points increase
with increasing the Ag content in the matrices Wwimeduces the mobility of the chitosan chains and
consequently reduces the swelling extent of thedfilReichaet al. carried also out antimicrobial
activity assays againsBacillus thuringiensisand Pseudomonas aeruginoshacteria. The
nanoparticles demonstrated a relatively high aotds@al activity as compared to that of pure
chitosan and the antibacterial activity increaséd mcreasing the nanoparticle concentration.

Materials based on chitosan are applied in membsaparation, water treatment, material
engineering, and in various application fields. S&hematerials are characterized by good
biocompatibility, biodegradability and accessilyilihowever, low mechanical properties as well as

poor water stability can be a barrier for their laggtions. For this reason, in this work active
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nanoparticlea have been obtained and embeddedhittsan matrix. This approach will bring the
twofold advantage to improve the performances ef dbtained nanocomposite material and to
impart it an additional functionality such as thesgibility to prolong the shelf-life of the package
products Chemical structure of chitosan contaimmgtiple functional groups (hydroxyl, carbonyl,
carboxyl, amine, amid) creates possibility for neending between chitosan chain and nano-filler
particles, like clay as montmorillonite (MMT). Mareer, as reported above, montmorillonite
(MMT) is one of the layered silicates currently magidely employed in the production of
polymer-clay nanocomposites with significant impement in mechanical properties (Chargga
al., 2003; Changt al, 2003). MMT possesses a 2-to-1 layered structutte a single octahedral
aluminum layer located between two layers of tetdahl silicon. Furthermore, MMT as lamellar
clay has intercalation, swelling, and ion exchapggperties. It can be delaminated into elemental
sheets without difficulty, so it is tempting tolizie these sheets as the substrate for preparation
nanoscale. Indeed, the MMT interlayer space has hesed for the synthesis of material and
biomaterial nanoparticles, as support for anchatiagsition metal complexes and as adsorbents for
cationic ions. With its cation exchange capacitd awelling property montmorillonite clays can
encapsulate various protonated and hydrophilicrocgaolecules into the interlayer space, which
can be released in controlled manners by replacemign other kinds of cations in the release
media. Therefore, this clays are suggested to bd delivery carriers of hydrophilic molecules.
Given the above scenario, in this research worgamc-inorganic hybrid materials were
developed by intercalating chitosan macromolecul&s active montmorillonite clays (AgMMT)
obtained by means a ionic change reaction. The MMY and silver ions were employed as carrier
for controlled release and active guest moleculesspectively. Whereby the resulting
bionanocomposites, composed by Chitosan/Ag-MMT wsliteresting structural and functional

properties.
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1.4 AMOF THESIS

The main objective of this thesis is the attainnmknowledge related to the development
of new nanocomposite systems loaded with suitalbgdified inorganic nanoparticles and to the
improvement of their production processes and pedoces for the obtainment of active films
intended for food packaging applications. The gainam is the development of a methodology for
the design and production of new packaging systales to successfully answer to the evolutions
of food market.

This purpose is strictly related to the need of itidustrial food and food packaging sectors and
takes into account new demands of the packageddsbdbution. As a matter of fact, this field is
highly influenced by new social habits: people de shopping at always longer time intervals, for
this reason packages able to maintain charact=risti fresh food for longer time are greatly
desired. On the basis of these considerationsgélelopment of new active packaging materials
can represent useful innovation necessary totfechighlighted problems.

In the development of the proposed new active pgiogasystems, the attention has been also
focused on the environmental impact considering teste disposal is becoming a problem of
enormous relevance. In particular, the use of dddgcpolymers such as LDPE and eco-friendly
polymeric materials from natural sources such a®sdn have been proposed. In fact, chitosan is
nontoxic, biodegradable and biocompatible. It iswe&l via the deacetylation of chitin, which is the
most abundant biopolymer found in nature, with éxeeption of cellulose. Chitin is a natural
biopolymer found in the exoskeleton of crustaceans insects as well as in the cell walls of fungi
and microorganism. Chitosan has a potential forasa packaging polymer due to its excellent
film forming ability. Therefore, chitosan has beged in edible film or coating in order to extend
the shelf life of foodstuffs. Actually, the pooretimal, barrier and mechanical properties are the
main reasons of their limited diffusion. The inhd@rdaydrophilic nature of chitosan limits its
application because it causes the resulting filmexbibit a low water vapor barrier and poor
mechanical properties in the presence of wateriaiimid environments. Many research studies
have focused on improving the physical propertieshotosan—based biodegradable packaging
films by decreasing its hydrophilicity and improgiits mechanical properties (Rhiet al, 1998;
Parket al, 2002; Chunget al, 2005). Others strategies have been exploreddirg the addition

of plasticizers such as glycerol which increassilfidity of the final product (Srinivasat al.,
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2007). The addition of other biodegradable alighatlyesters, such as poly-caprolactone (PCL),
poly(butylene succinate) (PBS), poly(lactic acid®LA), poly(butylene terephthalate adipate)
(PBTA), and poly(butylenes succinate adipate) (PB82orreloet al, 2005; Olabarrietaat al,
2001), has also been investigated to produce ralgeavith properties intermediate between the two
components.

The use of nanometric particles appear extremelgresting both to confer new
functionalities to the polymeric material and topimove some of their properties. Moreover one of
the purposes of the research activity is to corerhy modify the nanometric particles to confer
them active properties and, thus allowing the olot&nt of new materials having improved
properties to be used for prolonging the shelfdfpackaged foodstuf. In a period characterized by
high-tech packaging the nanotechnology could bel tisereach consumer satisfaction, guarantee
hygienic safety and food quality, rationalize pagkg and reduce waste. An exhaustive research
must be planned in order to achieve the necessaoylkdge to understand the relationship
between structure, process and properties of aow®composite materials and their efficacy in
improving the hygienic, nutritional and sensory lgyaf packaged goods. By using this approach
it will be possible to apply significant innovat®mthat represent and confirm the developments of
the scientific research in this specific topic.

In conclusion the overall objective of this thesis is to stuayg do develop of an active packaging
with specific functional properties, such as antiaxt and antimicrobial activities.

As far as antioxidant activity is concerned, thé&@s been a growing interest in the
manufacturing of active films for food packaging which an antioxidant compound is added
carring out a dual function: the first one is tatect and stabilize the polymer from oxidative
degradation during processing and the second ot delay the onset of oxidation of packaged
foodstuffs during storage. To extent the shelf bfeprotected foods, the packaging formulation
must assure a controlled release of antioxidanstanbes because an antioxidant added directly
into the food as ingredient exhibits a more andemow functional activity in the time. One of the
possible approaches chosen within the researchitgadf this PhD Course to control the release
kinetics of antioxidants into fatty food simulanssthe use of a particular molecular system as
functionalised and not functionalised mesoporolisasparticles.

As far as antimicrobial activity is concerned, gmidal, bactericidal, antifungal, and

antiseptic components has been increasingly irgegstl as active compounds in different food
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packaging formulation. A new approach is bsed en itlcorporation of substances in the inorganic
compound, such as clays or zeolites, to be usechagers to ensure the release of the active
compounds over time. In this way, the obtainedvacdiorganic compound can be used to protect
and prolong the shelf-life of packaged foods.Tia af the research activity will be reached
throught the following steps:
1. Choice of the polymeric matrices suitable for theedected application.
For antioxidant films, low density poly ethyleneOBE) was chosen as film materitlis
widely used for heavy duty materials like packagitgsh bags, food wraps, cable
sheathing, greenhouse films, buckets, etc. .
For antimicrobial one, the chitosan was chosen iams imaterial. It is a linear
aminopolysaccharide obtained by deacetylation afichrepresenting one of the most
abundant natural biopolymer. Chitosan is a verynmpsong biopolymer because it is
environmentally friendly due to its biodegradaliliand it exhibits good film-forming
properties.
2. Choice of active compounds suitable for the select@pplication.
As antioxidant substance-Tocopherol has proved to be very stable under gasing
conditions, it is favorable migration charactedstiand excellent solubility in the
polyolefins. Furthermore the use aftocopherol is cost-efficient compared with other
antioxidant since the required effective concerdrais considerably lower than that most of
other commercial anitoxidant. Because of the gtatibn mechanism of the radicals and its
reactivity in the polyolefin oxidation process theslditive get a particularly effective
antioxidant.
As antimicrobial agent, silver is well known foss istrong toxicity to a wide range of
microorganisms, with high temperature stability &ma volatility. Some mechanisms have
been proposed for the antimicrobial property ofesilnanoparticles (Ag-NPs): adhesion to
the cell surface, degrading lipopolysaccharides forching “pits” in the membranes,
largely increasing permeability; penetration insdeterial cell and releasing antimicrobial
Ag" ions by Ag-NPs dissolution.
3. Study on the technique to control the release of éhactive substances in the food.
Recent breakthroughs in the synthesis of mesoposiica materials with controlled
particle size, morphology, and porosity, along witikir chemical stability, has made Santa
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Barbara Amorphous-15 silica matrix (SBA-15) highlyractive as the structural basis for a
formulation of antioxidant active film in this remeh work. In addition, the possibility to
functionalize mesoporous silica nanoparticle s@fatow to design a new generation of
controlled release delivery systems.

Moreover, montmorillonite clays have attractedagnaterest from researchers since they
exhibit good adsorb ability, cation exchange cayaend drug-carrying capability. These
features added to intercalation capacity of orgaspecies into its layered structure to
prepare organic—inorganic hybrids, make montmanito clays both a good filler and
carrier for active ompounds into antimicrobial fim

. Active nanoparticles.

As far as antioxidant films is concerned, functimed and not-functionalized mesoporous
silica nanoparticles (SBA-15 and SBA-15+APTES),wdoaded with the antioxidant
compounds by impregnation.

As far as antimicrobial films is concerned, silweontmorillonite particles have been
obtained by ionic exchange reaction.

. Characterization of active nanoparticles.

Neat and tocopherol-loaded SBA-15 and SBA-15+APTBR% been characterized in order
to determine the verify the effectiveness of th@negnation process with tocopherol. In
particular, X-Ray Diffraction (XRD), Fourier Tramsim-Infrared Ray (FT-IR), N
Adsorption/Desorption and Thermo-Gravimetric An&yd GA) have been performed.
Ag-MMT nanoparticles have been characterized by\Wi&/bbservation tests and FT-IR.

. Active film manufacturing and optimization of processing conditions

Antioxidant films were obtaining loading pure tot@pol and tocopherol adsorbed into
SBA -15 and SBA-15+APTES into unstabilized LDPE mxatrhough a three step process:
mixing, press and extrusion

Sodium Montmorillonite and silver montmorilloniteamoparticles were embedded by

solution casting technique into chitosan polymeprimduce antimicrobial film.

. Characterization of the obtained active films

Several studies were performed on the obtained/eadtims in order to investigate the

influence of the resence of the active particelsheir structural and functional proprties
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Migration tests.

The kinetic release of tocopherol from unfuncticred and functionalized SBA/LDPE
system in a fatty food stimulant, as 96% v/v ethavere studied.

Release tests of silver ions from chitosan bionamgmsites in a aqueus solution at ambient
temperature were carried out.

. Study on the effectiveness of the obtained activagkaging films.

In order to verify the effectiveness of the obtdiraetive films, tests in model systems have

been performed.
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MATERIALS AND METHODS

In this chapter the reader will be introduced to
the research techniques and the research tools

used in the thesis.




CHAPTER2 MATERIALS ANOMETHODS

2.1 MATERIALS

2.1.1 Antioxidant film

Antioxidant packaging films (AO) have been develbpe slow down or minimize oxidative
deterioration of packaged products during stordgese active packaging, including the concept of
the release of packaging components to foodstiudfs received considerable attention recently. The
migration of antioxidants from a packaging matetoah foodstuff may result in prolonged shelf-life
and preservation of quality of the product. In thiesis the following matrices and active

compoinds were chosen

2.1.1.1 Polymer Matrix

Low-density polyethylene (LDPE) is commonly used in packaging applicatiomslving
contact with food. One of the reason of its widesgpruse is its versatility. LDPE is relatively iner
chemically and almost insoluble in all solventg@m temperature, although some softening and
swelling may occur due to sorption of food compdaehe permeability of water vapor through
LDPE is low, but many organic vapors and oils pagsdly through the material. It has a fairly
high permeability towards oxygen and is therefooé suitable when oxidation is likely to be a
problem (Paine, 1992). However, LDPE can be contbiwéh other materials exhibiting better
barrier properties towards oxygen. LDPE is a thgiastic made from the monomer ethylene. It
was the first grade of polyethylene, produced i83LBy Imperial Chemical Industries (ICl) using a
high pressure process via free radical polymeonatlts manufacture employs the same method
today.

The polyethylene used in the experimentation isalmkzed LDPE granules provided by
"Riblene®"; the low density polyethylene, a therrdagtic resin obtained by polymerization of

ethylene, consists of highly branched polymer chaamd characterized by a low level of
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crystallinity and lowdensity. It is characterized by a melting temperatf 130 °C and a density
0.91/0.96 g/cry has an operating temperature betw-50°C and +70 °C.

T
T T
H H/

Figure 5: Monomer of Low density Poly ethylene (LDPE).

The structure of th ethylene monomer is show in figls. Thephysical properties (Tab1)
of the polyolefin are governed primarily by chaintanglement and n-covalent van der Waa
forces, allowing them to be softened into a fluidlinstate by the application of h (Lang, 2009).

The incorporation of an antioxidant into the packggnaterial to help prevent oxidation
the foodstuff contained therein could increase theafdeDPE in food packaging. One antioxid:
which could be used in LDPE a-tocopherol, whicthas proven to be an excellent stabilizer of
material (Laermer, 1990The main purpose of incorporating an antioxidiatd a polymer is t
protectthe polymer from degradation during process

Strandeberg and Albertsson studied the efficierica-tocopherol as a loi-term and process
antioxidant stabilizer in filnblown LDPE in comparison with a commercial phenalitioxidant
(Irganox 1076). According to the chromatographi@lgsis, there was lesa-tocopherol than
commercial phenolic antioxidait the film materials after processing. They explained thiglt as
consequence of the fact thattocopherol is mot volatile and less soluble in the polymer ma
thanirganox 1076 because of its lower molecular we shorter aliphatic tail, and wer melting
temperatureThe processtabilizing efficiency was nevertheless higher tfog material containin
a-tocopherol, as the oxygen induction tii(OIT) measurements showed. The high OIT valu
LDPE-Toc, despite the low residual content, presuly depends on a higher diffusion rate ¢
mobility in the polymermatrix of a-tocopherol due to the small size and or low bond
dissociation energy for ldenatior (Denivson).Another possible explanation for the high efficig

of a-tocopherol is its adation products, whic are chainsreaking antioxidants and deactivate |
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alkyl peroxyl and alkyl radicals. The oxidation guxts are said to have an even higher efficiency
as stabilizers than-tocopherol (Al Malaikaet al, 1999).

After processing, however, certain amounts of aimdent often remain in the plastic and at
this stage the antioxidant could possibly be relddsom the material in contact with foodstuffs.

Table 1: Some physical properties of LDPE (Lang, 2009).

PROPERTY LDPE
Molecular weight 1-3-10
Cristallinity (%) 55-70
Density (g/cr) 0.915 - 0.935
Softening Point °C 86
Melting Point °C 112
Tensile Strenght (kg/fh-10° 0.06 — 0.14
Glass transiton Temeprature
o -20
T,°C

2.1.1.2 Active Coumpound

The natural antioxidantocopherol, also know as Vitamin E, was one of the first \aeti
compounds selected for inclusion in antioxidantkpging materials. As an antioxidant for food
systems, tocopherol as several advantages inclgting heat stability, high effectiveness against
lipid oxidation and being natural; perhaps mostongntly, it provides a clean label preferred by
consumers. Tocopherol has also been used in extrpdé/mers as a polymer antioxidant,
indicating its suitability for such applicationsodopherol occurs naturally as a mixture of four
isomers, differing in the number and position oftmyegroups on the ring. In this study | chose to
use onlya-tocopherol, the most bioactive form.

L 'a-tocopherol (Figure 6) used is provided by the "SigAldrich”, and is extracted from

vegetable oils.
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CHy

CHs

Figure 6: Structure of Alph-tocopherol, extracted from vegetable

It is characterized by a dens of 0.95g/ml at 25 °Clt looks like ¢ colored oily viscous

liquid clear pale yellow.
The types of vitamin E are 8:
» tocotrienols ¢, B, y ands, in a first time known as vitamin T)
» tocopherolsd, B, y andd)
There are, in natureight compounc, derivatives of 6-chromanetith four methyl groups bound
to the aromatic ring and with side chai isoprenoid to 16 carbon atonssturaed or unsaturated,
in position 2, with commorchemical structui, having the Biological activity of vitaminE.
Depending on the presence afaturated  unsaturated chaithese compoun: are divided into
two groups: the tocopherols, (B, v, 8) and tocotrienolsd B, y, 8). The latte, in fact, have three
double bonds on thesoprenoic chain. The methyl grouparrangement allow to distinguish
individual compoundsf the two classt. Biologically the a-tocopherol Figure ...)is the most
potent and active form.

The tocopheroltave thre centers of chirality (on C2, C4 and C8) dadotrienols one (C2).
The natural tocopherol, usex a term ¢ comparison for the evaluatiasf the othe substances
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biological activity, being the most active, presetite three chiral atoms in the R configuration (to
which is also called RR#copherol). Tocopherols are oily compounds, insie@lun water and
soluble in polar solvents. They are easily degrdiedxygen and UV rays and are quite resistant to

heat.

2.1.1.3 Inorganic Carrier

According to the International Union of Pure andpA@ed Chemistry (IUPAC), porous
materials are classified into three categories:ropiorous with pore diameters less than 2 nm,
mesoporous having pore diameters between 2 ananb@md macroporous with pore sizes larger
than 50 nm. Highly ordered mesoporous silicatet siscMCM (M obil Composition ofM atter No.

41, 48,...) and SBASantaBarbaraAmorphous material No. 1, 3, 15,...) have been lecggnized
as very promising materials with a rich varietypoflssible applications (Waet al, 2007). A wide
variety of SBA materials has been prepared, sucBB#s-1 (cubic), SBA-11 (cubic), SBA-12 (3D
hexagonal network), SBA-14 (lamellar), SBA-15 (2[2xhgonal) and SBA-16 (cubic cage-
structured). They show ordered arrangements of riidlanand cavities of different geometry
confined between walls built up from SiOnits (Ukmar and Planinsek, 2010).

Mesoporous silica nanoparticles are synthesizedebgting tetraethyl orthosilicate with a
template made of micellar rods. The result is dectibn of nano-sized spheres or rods that are
filled with a regular arrangement of pores. The pate can then be removed by washing with a
solvent adjusted to the proper pH. In another tegls) the mesoporous particle could be
synthesized using a simple sol-gel method or aysgimging method. Tetraethyl orthosilicate is also
used with an additional polymer monomer (as a tatejl

Then the resulted structure of mesoporous silicA-38 is composed by hexagonally packed

one-dimensional nanochannels (Figure 7).
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Figure 7: Internal structure of one—dimensional nanochanobEBA-15 (Source:Pacifical Northwest National

Laboratory ).

212 Antimicrobial film

There has been a growing interest in recent tirnedetvelop materials with film-forming
capacity and having antimicrobial properties whitblp improve food safety and shelf life.
Antimicrobial packaging is one of the most promgsiactive packaging systems that have been
found highly effective in killing or inhibiting spage and pathogenic microorganisms that
contaminate foods (Salledt al, 2007). It is well-known that microbial alternat®are responsible
for the enormous losses in food and hence, oveydhes, various chemical and physical processes
have been developed to extend shelf-life of foddaong such processes adequate packaging of
food products is a fundamental factor in their @wmation and marketing phases. Thus, packaging
is not only crucial but actually preponderant faod quality preservation. The antimicrobial
packagings have been used to control microbial tirow a food ingredient using packaging
materials and edible films and coatings that congaitimicrobial agents and sometime by using
techniques that modify the atmosphere within thekpge. Because of the increase in consumer
demand for minimally processed, preservative-freedpcts, the preservative agents must be
applied to packaging in such a way that only lowels of preservatives come into contact with the
food. In order to meet this demand, the film ortocwatechnique is considered to be more effective
though little cumbersome to apply. A greater emighas safety features associated with the
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addition of antimicrobial agents is gaining growaslone of the emerging areas for development in
packaging technology and it has likely to play ajanaole in the next generation of ‘active’
packaging systems (Brody, 2001). Active packagmthe packaging system possessing attributes
beyond basic barrier properties that are achieweaduling active ingredients in the packaging
system and /or using functionally active polyménsthis context, chitosan films have shown great

promise for their application in food preservation.

2.1.2.1 Polymeric matrix

Chitosan, a linear polysaccharide consisting of (1,4)-ldik amino-deoxy-b-D-glucan, is a
deacetylated derivative of chitin, which is the@®t most abundant polysaccharide found in nature
after cellulose (Figure 8). Chitosan has been folinbe nontoxic, biodegradable, biofunctional,

biocompatible in addition to having antimicrobilacacteristics (Darmadji and Izumimoto, 1994)

R
H ©OH H | H H QOH
NH
H o H_ o
o HO H
HO HO o
H i H AN
H NH2 H NH2

R= H or COCH;

Figure 8: Chitosan Structure.

Jayakumaret al, 2007; Jayakumaet al, 2005; Jayakumaet al, 2006; Jongrittiporret al,2001;
Wang, 1992). As compared with other bio-based fpagkaging materials, chitosan has the
advantage of being able to incorporate functionddstgances such as minerals or vitamins and
possesses antibacterial activity (Cleeral, 2002; Jeoret al, 2002; Molleret al, 2004). In view of
these qualities, chitosan films have been usedpaeleaging material for the quality preservation of
a variety of food (Park & Zhao, 2004; Suyatetaal, 2005; Tsai & Su, 1999; Wet al, 2005).
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2.1.2.2 Active Compound

It is well known that silver ions and silver-basedmpounds are highly toxic to
microorganisms (Zhaet al, 1998) showing strong biocidal effects on as magsyl6 species of
bacteriaSilver is a metallic chemical element with the chemigahlsol Ag and atomic number 47.

A soft, white, lustrous transition metal, it hag thighest electrical conductivity of any elemerd an
the highest thermal conductivity of any metal. Thetal occurs naturally in its pure, free form
(native silver), as an alloy with gold and othertal® and in minerals such as argentite and
chlorargyrite. Most silver is produced as a bypuidi copper, gold, lead, and zinc refining.

Silver has long been valued as a precious meta,isrused as an investment, to make
ornaments, jewelry, high-value tableware, uter(sience the term silverware), and currency coins.
Today, silver metal is also used in electrical ectd and conductors, in mirrors and in catalysis of
chemical reactions. Its compounds are used in gnaphic film, and dilute silver nitrate solutions
and other silver compounds are used as disinfectamtl microbiocides (oligodynamic effect).
While many medical antimicrobial uses of silver @éaveen supplanted by antibiotics, further
research into clinical potential continues. Silveetal dissolves readily in nitric acid (HNOto
produce silver nitrate (AgN$), a transparent crystalline solid that is photsgare and readily

soluble in water. Silver nitrate is used as thetista point for the synthesis of many other silver

+ (R
g A
Y

Figure 9: Silver ion and tridimensional structure silvetrate.

compounds (Figure 9).
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2.1.2.3 Inorganic Carrier

Nanoparticles used as fillers or additives in paysnfor various desired effects are receiving
an increased interest for research and developmérious types of nanoparticles, including
nanocarbon, carbon nanotubes, nanoclays, and moei@dés, are currently used to modify the
polymer performance. The essential nanoclay rawenatis montmorillonite Montmorillonite
talc, pyrophyllite, saponite, and nontronite afeva members of the larger smectite clay group. The
general formula for the chemical structure of this group is
(Ca,Na,H)(Al,Mg,Fe,Zn)Si,Al)40,0(OH),XH,0. The important difference among the members of
this group is seen in the chemical characterisfitese are used as fillers in paints, rubbers, as
plasticizer in molding sands, in drilling muds, aasl electrical, heat, and acid-resistant porcelain.
The structure of clay particles is perceived inelay each layer is composed of two types of
structural sheets: octahedral and tetrahedral. t&étnehedral sheet is composed of silicon-oxygen
tetrahedral linked to neighboring tetrahedra byrislgathree corners, resulting in a hexagonal
network. The remaining fourth corner of each tetchbn forms a part to adjacent octahedral sheet.
The octahedral sheet is usually composed of alumioumagnesium in six-fold coordination with
oxygen from the tetrahedral sheet and with hydroXyle two sheets together form a layer, and
several layers may be joined in a clay crystalbie interlayer cations, Van der Waals force,
electrostatic force, or by hydrogen bonding. Theocaéformula and structure are shown in Figure
10. As we can see, montmorillonite is a 2:1 clay, megnihat it has 2 tetrahedral sheets
sandwiching a central octahedral sheet. The pestiate plate-shaped with an average diameter of

approximately one micrometre.
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Figure 10 Theoretical formula and structure of Montmorilten(MMT).
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2.2 METHODS

2.2.1 Antioxidant film

2.2.1.1 Synthesis and functionalization of nanapkeg

Typical synthesis of SBA-15 requires triblock copuokr, typically non-ionic triblock
copolymer (Zhacet al, 1998b) as structure directing agent and Tetragh@tthosilicate (TMOS),
Tetraethyl Orthosilicate (TEOS) or Tetrapropyl dHicate (TPOS), as silica source. According to
Zhaoet al (2000) the formation of ordered hexagonal SBAalth uniform pores up to 30 nm was
synthesized using amphiphilic triblock copolymersinrong acidic media i.e., pH ~1. If pH is more
than the isoelectric of silica i.e., at pH 2-6, precipitation or formation of silica gel would oecu
Disordered or amorphous silica would likely to @@pened at neutral pH of 7. Nevertheless,etui
al. (2005) have proved to synthesize SBA-15 at pH @4fich is above isoelectric point of silica.
They suggested that the prehydrolyzed of TEOS a3pttould interact with template agent to
form a mesophase under weak acidic condition. Thetmecent study is the synthesis of highly
siliceous SBA-15 from low silica inorganic precursath the presence of impurities of industrial
waste product which typically consist of metal @éxitbntaining 42 wt% Si) Template removal is
one of the crucial aspects in ordered mesopordics Synthesis in which this procedure could
modify the final properties of desired porous simoe. The usual method of removing template is
calcination. According to Zhaet al (1998a) the calcination of mesoporous structuB&-35 at
500°C would produce final properties of porous cite with interlattice d spacing of 74.5-320 A
between the (100) planes, pore volume fractionau.85 and silica wall thickness of 31-64 A
(Zhao et al, 1998a). Besides mesoporosity structure, SBA-15 feand to contain micropores
which indicated the hierarchical template of matestructure (Schmidt-Winket al, 1998). These
microporous structures are generally disordered @nodide interconnectivity between ordered
mesopores (Bradst al, 2008).

In this work purely siliceous and functionalized AB5 were synthesized and then
impregnated with tocopherol by the research grotiPmf. Caputo and Dr. N. Gargiulo at
Department of Materials and Procudction Engeneeridgiversity of Naples according to a recipe
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reported in our common paper (Gargietoal, 2011). Two grams of Pluronic P123 (Aldrich) were
dissolved in 15g of ultra-purified water and 60g 2i¥1 HCI solution with stirring at room
temperature. Then, 4.25g of tetraethylorthosiliq@tEOS, Aldrich) was added into that solution
with stirring at room temperature for 20h. The et was aged at 80 C for 24h without stirring.
The solid product was filtered, washed, and aiedliat room temperature. Calcination was carried
out at 500°C for 6h (heating rate: 1°C/min).

The mesoporous silica structure allow a chemicattion allocation at nanometer level. We
have already seen how these materials are obthynadol-gel polycondensation in the presence of

surfactant micellar aggregates, which act as strungy (Gargiulo N., PhD Thesis) (Figure 11).

Template

@ % Si(OR),
Hydrolysis and
Polycondensation

Micellar Media

Extraction

Mesoparous silica

Figure 11 Mesoporous silica synthesis scheme (Gargiuld®ND Thesis).

As reported in Dr. Gargiulo N., Ph D thesis, aftee elimination of the surfactant, the
materials are characterized by a long-range orddrexhibit a high surface area with a narrow
pore-size distribution, which is controlled by tkarfactant. Many scientists have studied the
functionalization of these materials, in order tak® them suitable for applications such as catalysi
(Maschmeyeret al, 1995), separation (Saleseh al., 2002), chemical detection (Merciet al,
1997), housing compounds included, molecular s{ghanget al, 1996) and controlled release as
well as for the exploitation of physical propertiesthe fields of optics, magnetism, electrical
conductivity, etc...

The different type of modifications have been geximto three classes:

1. Functionalization of the porous system channels;
2. Functionalization of the structure;

3. Functionalization of the porous system and thectire channels.
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The first one consists of a "direct synthesis" sams of co-hydrolysis and polycondensation
of tetraethylorthosilicate (TEOS) with a organiadtbxysilane RSi(OE$) in the presence of a
structuring agent (Corriet al, 2001) This single stage method allows a contfolhe organic
groups load, as well as their regular distribuiizgide the the porous system channels (Catril,
2000). The characteristics of these materials @y gimilar to those of purely silica SB¥S
(Margolese et al., 2000). In any case, the diametérdhe pores are smaller due to the
functionalization of the porous system channels.

In this PhD thesis the amino-functionalized SBA-1SBA-15+APTES) synthesized
according to a recipe reported in literature hagnbeised (Gargiuloet al, 2011). The
functionalization was carried out in a similar walypurely silica SBA-15 synthesis (Warg al,
2005). 2.0g of Pluronic P123 was dissolved in 6268.0M HCI solution at room temperature.
After TEOS was added, the resultant solution wasliegated at 40 C for prehydrolysis, and then
aminopropyltriethoxysilane (APTES, Aldrich) was wlg added into the solution. The molar
composition of the mixture was 0.9 TEOS:0.1 APTEB16CI:0.017 P123:165 4. The resulting
mixture was stirred at 40°C for 20h and then age@0&C for 24h without stirring. The solid
product was recovered by filtration and dried atmetemperature overnight. The template was
removed from the as-synthesized material by refigxn 95% ethanol for 24h. Finally, the material

was filtered, washed several times with water ghdrel, and dried at 50°C.

2.2.1.2 Impregnation

Different techniques are used to impregnate varim@soporous structure with metallic
oxides or other active substances in order to me®d@anocomposite materials used as molecular
sieve, adsorbents and heterogeneous catalysts.

Wet Impregnation (WI) and Incipient-Wetness Impragom (IWI) are more commonly
used "one solvent” techniques, while denominatawd“solvent” one is an innovative method.

In the WI technique support is put in contact wathigh amount of solution containing the
precursor/active substance. The incipient wetnesisnique (IWI) is similar to dry impregnation,
since during the impregnating process the solutiontaining the substance is added in such

guantity as soon as the wet powder, equal to thie polume of the support. The impregnation
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method called "Tw&Solvents'derived from the traditional IWI methodidais based on the
combination of a hydrophobic solvent and watemipregnate the mesoporous material@{ial,
2005).First the support is suspended in a hydrophstivent (shexane or cyclohexane), poorly
miscible with water, and then is put in contacthaat quantity of aqueous solution containing the
precursor/active substance equal to the host mmafmre volume.

As reported by Gargiulet al, 2012, for our samples of SBA-15 and SBA-15+APTRS
impregnation witha-tocopherol was carried out using a slightly maaifiversion of the method
reported by Xuwet al. (2005), similar to IWI technique. Typically, thesiieed a-tocopherol amount
was dissolved in ethanol (8mL per gram of substraben mesostructured silica was added to the
solution. The solid powder was recovered throughndrat 35°C for 16h under reduced pressure.
The tocopherol/silica weight ratio was 0.73 for glyrsiliceous SBA-15 and 0.42 for SBA-
15+APTES. Both of them were chosen with the aimhaling the amount of tocopherol

approximately capable of filling the total pore wwle of the hosting systems.

2.2.1.3 Active film preparation

The obtained films are coded as follows: LDPE/TQC ffims containing 1% wt/wt pure
tocopherol, LDPE/SBA-15/TOC and LDPE/SBA-15+APTESAO for films containing
approximately 3% wt/wt of SBA-15 and SBA-15+APTHE&ded with tocopherol corresponding to
a tocopherol amount of about 1% wt/wt.v

The unstabilized LDPE films were prepared throughkiesal steps: mixing, compression,
pelletization and extrusion. Each step will be héisr described in detail.

1) Mixing - The mixer is an instrument equipped with a mygxochamber, the two rotors, co-
rotating or counter-rotating, and a feed hoppeg; libst mixing is obtained with co-rotating
rotors enterprising, ie whose threads enter onglenthe other (Figure 12). Through the
hopper mixing chamber is fed with polymeric matisrend additives in the form of granules,
chopped, powders and liquids.

Thanks to the action of electric heating elememnis thermocouples is possible to increase
and control the temperature for the plastificatbdthe material and impose a thermal history.

For the mixing of LDPE witha-tocopherol has been used a Haake Rheomix 600 mixer
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produced by Thermo Scientific (Figure 13); the mgichamber consists in three

temperature-controlled heads and two counter-rigatdtors, and has a volume of about 50

cma3.
% % Serbatoio di aimentazione
—

SR%i

Pistone

Fotori

Canali di
ratfreddamentofizcaldamanta

S

Porta di scarico

Figure 12: Mixer scheme.

The temperature set for the three heads of the rm&el40°C, and the mixing of the

components lasts 6 minutes and the rotation spieie ootors is 20 revolutions/min.

The temperature control of the three heads anthtkieg time has a fundamental importance,
because temperatures and melting times too lowoor Htigh may cause, respectively,
inefficient mixing or degradation of the material.

Figure 13 Thermo Scientific Haake Reomix Mixer.

85



CHAPTER2 MATERIALS ANOMETHODS

2)

3)

Press The obtained material was pressed in a press GoMB00P (Figure 14) in order to
obtain sheets of a weight of approximately 5-10ndg a thickness of one millimeters.The
action of the press takes place through the folgwnethod:

1. For 180", temperature is 140 °C and no pressugester.

2. For 120" temperature remains at 140 ° C and presisub0 bar.

3. For 10, the pressure is brought to 10 bars.

4. The temperature gradually decreases to 30 ° C.

During cooling the material is maintained undersgtee in order to avoid the occurrence of
the thermal shrinkage phenomenon. The sheets thtagied are cut into thin strips and then

pelletized. The pellets fed into the extruder.

Figure 14: Collin P300P Press.

Extrusion- The extruder is a machine used for molding p@ymmaterials. It consists in a
screw inside a hollow cylinder placed in rotatiog B motor; the cylinder walls are
temperature-controlled, and thanks to the jointoacof the rotating screw and heat, the fed
material is plasticized, pressurized, and is pushetb "die” which gives it the shape (Figure
15).
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Figure 15. Schematic representation of an extruder.

Polymeric materials and additives in the form dargrles, chopped, powders and liquids, can
also be fed in the extruder, through the hoppeinabte mixer. The fusion process of the
material takes place in the extruder section wiidtlows the supply section; overcome this
phase, the material proceeds toward the die dibyethe screw rotation and subjected to a
pressure variable and dependent on the profilbestrew itself. The profile of the screw is
made as a function of the pressure profile obtainetthe extruder; the final screw section
(metering), for example, is designed to reach thleesof higher pressure, this to ensure the

complete melting of the material (Figure 16).

|
i 1 :
I 1 !
| Feed 1 :

Compression Metering .

Figure 16. Screw section of a extruder.

At the die output swelling phenomena occurs, ireothiords the polymeric material swelled
due to the action of gravity force and the entamglets deformation. To minimize this effect
the die must be lengthened and the melt speed atsgeThen the polymer is pressed and
stretched by a calender constituted by two coadating rollers (Figure 17).
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Figure 17. Calendering of LDPE polymeric film.

The extruder used is the PRISM Eurolab 16 Twin BcExtruder manufactured by Thermo

Electron Corporation (Figure 18).

PRISM EUROLAB 16

Figure 18. Prism Eurolab 16 Twin Screw Extruder.
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It consists in seven temperature-controlled sestiamside the rotors are co - rotating twin screw,

40cm long, with a ratio L/D equal to 24; the usefolume of the extruder is 70 énfor active film

production was used the temperature profile inditan Table 2.

Die-head machine was used in order to realizefilms of the maximum thickness of 3@Q®n. We

used the following process parameters:

feeding hopper screw speed = 7rpm.

extruder screw speed = 30rpm (the material progddem the head after a residence time

about 15 minutes).

speed of the rollers of the calender which is clved film 2.7rpm.

imbobinazione speed varies between 1.9 and 2.5rpm

the distance between the die and the rollers i< om.

In order to obtain a good film is often necessargdntrol the pressure inside the extruder, which

can oscillate between 25 and 40 bar.

Table 2 Temperature profile setting in the extruder.

Section 1 Section 2

Section 3

Section 4

Section 5

Section 6

Die

135°C 145°C

150°C

150°C

150°C

150°C

145°C
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222 Antimicrobial film

2.2.2.1 lon Exchange Mechanism

lon exchange basically is a chemical reaction betw®ns in solution and ions in an
insoluble phase. In ion exchange, certain iongemeoved by the ion exchange solid, since electro
neutrality must be maintained, the solid releases ito the solution. lon exchangers, by common
definition, are insoluble solid materials, whichrgaexchangeable cations or anions. These ions can
be exchanged for a stoichiometrically equivalenbam of other ions of the same sign when the
ion exchanger is in contact with an electrolytauioh. Carriers of exchangeable cations are called
cation exchangers, and carriers of anion exchangsn®n exchangers. Certain materials are
capable of both cation and anion exchange. Theseadled amphoteric ion exchangers.

A typical cation exchange is:

2 NaX+ CaCh(aq) s Cax + 2NaCl(aq)
A typical anion exchange is:
2 XCl+ NaSOy(ag)s X2S0O, + 2NaCl (aq)

X represents a structural unit of the ion exchang@id phases are underlined; aq indicates tleat th
electrolyte is in aqueous solution.

lon exchange resembles sorption in that, in boe€a dissolved species is taken up by a
solid. The characteristic difference between the penomena is that ion exchange, in contrast to
sorption, is a stoichiometric process. Each ionictvlis removed from the solution, is replaced by
an equivalent amount of another ionic species efséime sign. In sorption, on the other hand, a
solute (an electrolyte or nonelectrolyte) is tak@nwithout being replaced by another species. That
is, adsorption is the enrichment of one or moremaments in an interfacial layer (adsorbent surface
+ adsorption space), and it may also be used totdehe process in which adsorptive molecules
are transferred to and accumulated in the inteafdayer (Helfferich, 1962). lon exchangers owe
their characteristic properties to a peculiar featf their structure. They consist of a framework,
which is held together by chemical bonds or latecergy. This framework carries a (+) or (-)
electric surplus charge which is compensated by @hopposite sign, the counter ions. They are

free to move within the framework and can be regudaoy other ions of the same sign. The counter
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- ion content of the ion exchanger - the so-caltedexchange capacity - is a constant, which is

given solely by the magnitude of the framework geaand is independent of the nature of the

counter- ion.

As a rule the pores are occupied not only by cauiotes but also by solvent and solutes,

which can enter the pores when the ion exchangeragntact with a solution.

2.2.2.2 lon Exchange in Montmorillonite

Various clays, zeolites and alumosilicate mineraith cation—exchange properties are

known. Among the different alternative ion exchasgenontmorillonite have some advantages

compared with the conventional organic resin typEsey have a 3 dimensional framework

structure with cavities in which the counter ioas enove.

The primary features of montmorillonite can beddsas:

1.

o gk w DN PE

They consist of uniform molecular sized cavitiesotlgh which cations diffuse in order to
undergo exchange in sites, within the crystal.

Most clays do not undergo any appreciable dimemsiohange with ion exchange due to
their 3 dimensional framework structure.

The aluminum content, that is the number of tetladléy oriented aluminum atoms per unit
cell of framework, defines the maximum number dfcfrarges available to cations.

lon selectivity shown by specific clays for oneigatover another is unusual and does not

follow the typical rules that can be shown by otin@rganic and organic exchangers.

The cation exchange behavior of montmorilloniteetets upon:

Nature of cation species, cation size, and catange
Temperature

Concentration of cation species in solution

Anion species associated with the cation in satutio
The solvent

The structural characteristics

The capacity of ion exchangers is defined in teofthe number of inorganic groups in the

material and is usually given in milliequivalentr gram of dry A form or CI form of the resin, or
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per milliliter of swollen resin bed. The capacityhen defined in this way, is a characteristic
constant of the material. The common ion-exchaeges have capacities between 2 and 10 megq.
/g (Helfferrich, 1962).

lon exchangers can distinguish between differenintar ions. When counter ions are
exchanged, the ion exchanger usually takes uptainsecounter ions in preference to others. This
selectivity can arise from one or several of théowing physical causes. The Donnan potential, a
purely electrostatic effect, results in a prefeeenfor the counter ion of higher valence
(electroselectivity), particularly when the ion—baage capacity is high and the external solution is
dilute. Specific interactions between a counteraad the fixed ionic groups, formation of ion pairs
or strong complexes, result in a preference far itbm. In resins and other gels, the tendency ef th
elastic matrix to contract results in a prefereimcehe smaller ion, which causes less swellirfge T
selectivity of mesostrusture silica, is chiefly eretined by lattice forces and by steric effectshsuc
as sieve action and space requirements of the ¢ghated) counter ions. The selectivity of ion
exchangers is also affected by interactions in eké&ernal solution, particularly by complex
formation of the counter ions with the co—ion. Toeinter ion, which forms the weaker complex, is
preferred. Thus, by addition of a complexing agenthe solution, the selectivity of a given ion
exchanger can be enhanced or varied.

lon exchange is a diffusion process. Its mechamsseredistribution of the counter ions by
diffusion. The co — ion has relatively little eftean the kinetics and the rate of ion exchange. The
rate determining step in ion — exchange is intardibn of the exchanging counter ions either
within the ion exchanger itself (particle diffusjoar in an adherent liquid, film’ which is not
affected by agitation of the solution (film diffusi).

Film diffusion control is favored by high capacitgpw degree of cross linking, and small
particle size of the ion exchanger; by low concaiin and weak agitation of the solution; and by
preference of the ion exchanger for the counterwbicth is taken up from the solution. A simple
criterion can be used for predicting whether pbetar film diffusion will be rate—controlling under
a given set of conditions.

Particle diffusion controlled exchange is more daphen the counter ion, which is initially in
the ion exchanger, is the faster one. For filmugibn controlled exchange, the opposite holds. The
counter ion, which is preferred by the ion exchangetaken up at the higher rate and released at

the lower rate. Factors which favor high rateshagd counter ion mobilities, small particle sizedan
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low degree of cross linking of the ion exchangeespnce of the ion exchanger for the counter ion
which is taken up, high concentration and efficiegitation of the solution, and elevated

temperatures.

2.2.2.3 Antimicrobial Particles by lon Exchange &ges

It has been known that certain materials suchlasrsicopper, and zinc or their compounds
are effective as antimicrobial agents. Silver is ohthe most commonly used metal possessing the
highest antimicrobial activity.

Some studies describe the antimicrobial compostianvhich montmorillonite particles are
supports for antimicrobial metal ions (Malachostaal, 2009, Magafat al,2008, Praust al,
2008, Darroudiet al, 2009). By treating montmorillonite with solutio$ metal ions, a desired
antimicrobial metal ion can be substituted in tlags structure.

In fact, silver-montmorillonite (Ag-MMT) nanopartes were prepared by ion exchanged
reaction. Firstly an amount of 5 g of Na-MMT welisgkrsed in 100 ml of a 0.2 M NaCl solution
for 4 h while stirring. The solid was then sepaddbg centrifugation at a speed of 10000 rpm for
about 15 min and then washed with deionized waietHree times. The washed Na-MMT was
brought in contact with silver nitrate (AgNCsolutions at different concentration. In partamiNa-
MMT was dispersed firstly in a 500 ppm Agh@olution, at 70°C for 3 hours under stirring,
covering the top and side of the beaker in ordggrewvent the UV room light exposure. The solid
and liquid parts of the slurry were separated trdeigation at a speed of 10000 rpm for 15 min.
Afterwards, the collected solid part was broughtcontact with 1000 and 5000 ppm AgiO
solutions following the procedure previously desed. Finally, the collected sediment was washed
with deionized water for three times and then adldwo dry overnight in a vacuum oven at 80°C.

Dried samples were ground until a homogeneous powds obtained.
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2.2.2.4 Active film preparation

The chitosan film for casting were produced throtlggfollowing steps:

A chitosan solution was prepared by dissolving @8 ¢S powder in 100 ml of aqueous
acetic acid solution (1%, v/v), using a magnetiaiag plate at 90°C and 150rpm for 20
min and then cooled to room temperature.

Both free chitosan and nanocomposite films werestjgized with glycerol by adding
glycerol (25% (wt/wt) on solid CS) to the CS sabutj while stirring for 20 min at 6€C.
Nanocomposite samples were obtained by disperglegted amounts of clay (3 and 10%
(wt/wt) on solid CS) in 100 ml of 1% (v/v) aqueoasetic acid solution for 1 h at room
temperature.

This dispersion was added to the CS solution,estifor 1 h at room temperature and then
for 30 min at 25°C in an ultrasonic bath.

The dispersion was then poured onto glass disesn@ter = 14 cm) and dried at ambient
conditions T = 22°C and RH= 53%) for 3 days, until the water wampletely evaporated.

The cast films were then dried overnight in a vacwayven at 25°C.

The chitosan and nanocomposite films (Figure 18ppced (average thickness 120+5mm) were

respectively coded as follows:

CS for free chitosan film,
CS/3MMT for nanocomposite film containing 3%wt/witAg MMT powder
CS/10MMT/GLY for nanocomposite film containing 10%wt of Ag MMT powder .

Figure 19 Chitosan casting film.
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2.3 PARTICLE AND FILM CHARACTERIZATION

2.3.1 Particle Characterization

2.3.1.1 Fourier transform infrared (FT-IR)

FT-IR stands for Fourier Transform InfraRed, theferred method of infrared spectroscopy.
In infrared spectroscopy, IR radiation is passedugh a sample. Some of the infrared radiation is
absorbed by the sample and some of it is passedghr(transmitted). The resulting spectrum
represents the molecular absorption and transmisgiceating a molecular fingerprint of the
sample. Like a fingerprint no two unique molecwgauctures produce the same infrared spectrum.
This makes infrared spectroscopy useful to:
* identify unknown materials
* determine the quality or consistency of a sample
The normal instrumental process is as follows:

1. The Source: Infrared energy is emitted from a glowing black-pposburce. This beam
passes through an aperture which controls the atmmfuenergy presented to the sample
(and, ultimately, to the detector).

2. The Interferometer: The beam enters the interferometer where the “sgleehcoding”
takes place. The resulting interferogram signat tndts the interferometer.

3. The Sample:The beam enters the sample compartment wherdransmitted through or
reflected off of the surface of the sample, depegpdon the type of analysis being
accomplished. This is where specific frequencies emfergy, which are uniquely
characteristic of the sample, are absorbed.

4. The Detector: The beam finally passes to the detector for finehsurement. The detectors

used are specially designed to measure the spetgeilrogram signal.
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5. The Computer: The measured signal is digitized and sent to thampcwer where the
Fourier transformation takes place. The final irdchspectrum is then presented to the user
for interpretation and any further manipulation.

Because there needs to be a relative scale faaliberption intensity, Background spectrum
must also be measured. This is normally a measurewith no sample in the beam. This can be
compared to the measurement with the sample in htbam to determine the “percent
transmittance.” This technique results in a sp@ctwhich has all of the instrumental characteristics
removed. Thus, all spectral features which aregmteare strictly due to the sample. A single
background measurement can be used for many samgdsurements because this spectrum is
characteristic of
theinstrument itself.

Fourier transform infrared (FT-IR) spectra werefpened by using a Nicolet FT-IR

spectrometer (Figure 20)

Figure 20: Nicolet FT-IR spectrophotometer.
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2.3.1.2 Thermo-Gravimetric Analysis (TGA)

The thermo-Gravimetric analysis (TGA) is a measwaeinmethod in which the product is
continuous record of sample mass changes, in acdtlect atmosphere and as a function of
temperature or time. The result of the analysigsigally expressed with a graph, which shows on
the abscissa the temperature or the time and oorthieate the variation of mass as an absolute
value or percentage; this chart is also definedecof thermal decomposition.

The instrumentation used for the thermogravimetrggmposed of four parts:

* a thermal balance;

e an oven;

e a purge gas system that ensures an inert otiveastvironment, depending on the case;

» a computer for controlling the instrument.

The scales available for those types of analysi® logperating range of between 5-20 mg.
Thermobalance in the sample is placed in the owéile the rest is thermally insulated. A variation
of mass of the sample produces a deflection yo&egbes to interpose a shutter between the lamp
and one of the two photodiodes. The consequenatiami of the current of the photodiode is
amplified and sent to a coil located between thegpof a permanent magnet. The magnetic field
generated by the current in the coil shows the yokts original position. The current is amplified
by the photodiodes is measured and translatedantmass or mass loss through the processing
system.

The oven operates normally in the range betweem rtmmperature and 1500°C, with a
heating rate that can be varied from little mowntkaero up to 200°C per minute.

Usually nitrogen or argon are used to purge then@ral prevent oxidation of the sample. In
other cases it can also feed oxygen if you wamstudy oxidation. The presence, inside the oven, of
an inert atmosphere favors the dispersion of the dggomposition of the sample, which would
otherwise be hampered by the saturation of theremwient.

The information obtainable with the thermogravineetmethod are limited compared to
other thermal methods such as differential themmalysis (Differential Thermal Analysis or DTA)
or differential scanning calorimetry (Differenti@canning Calorimetry or DSC). This type of

analysis is therefore limited to the study of phaeoa of decomposition, oxidation, loss of the
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crystallization solvent, The thermogravimetric anaiogram provide information on the molecules
decomposition mechanisms and kinetics, so that¢haye used for the substances recognition.
The thermo gravimetric analysis of the films proellidhas been performed with using the

sponge platinum (Figure 21); the measurement wdsrpged using the following method:

» with the aid of the instrument thermobalance weegghed approximately 8mg of films

* the sample has been equilibrated at 40°C

* the sample was heated from 40°C to 700°C with acgpé& 10°C / min.

Thermo-Gravimetric analysis (TGA) was carried out @ TGA 2950 thermobalance (TA

Instruments) (Figure 21).

Figure 21: TGA 2950 thermobalang¢& A Instruments (Source: TA Instrument, website).

2.3.1.3 N Adsorption/Desorption Analysis

Gas adsorption manometry is the method generadlgl i the determination of adsorption
isotherms of nitrogen at the temperature of ligoitlogen 77 K). This type of approach was
known as a ‘volumetric determination’ (or alternaty as the ‘BET volumetric method’) since it
originally involved the measurement of gas volunmefpre and after adsorption. However, it has

been pointed out (Roquerel al, 1999) that it is no longer appropriate to usetémm ‘volumetric’
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since the amount adsorbed is now generally evaluayemeasuring the change of gas pressure,
rather than a change in gas volume.

Two different operational procedures can be usedhe determination of the adsorption
isotherm. The conventional technique makes use dfseontinuous, point-by-point procedure.
Successive amounts of the adsorptive are introdacet at each stage the system is allowed
sufficient time to attain equilibrium, which of c@e corresponds to a series of single points on the
adsorption isotherm. The continuous approach isemecent and is dependent on the principle of
‘quasi-equilibrium’ (Roquerol, 1972). In this cagke introduction of the adsorptive must be slow
enough to provide a continuous ‘equilibrium’ isatie(i.e. with an infinite number of points). If
properly used, the continuous manometric procetlasethe great advantage that it is possible to
reveal inconspicuous features (e.g. sub-steps);hmmay not be detectable by the discontinuous
method (Roquerol, 1972).

In general, commercial manometric equipment hasbeen designed for measurements at
very low relative pressures. Since the filling oficrapores of molecular dimensions (i.e.
ultramicropores) takes place @ip’<10™ it is necessary to undertake high-resolution gutam
(HRADS) measurements (Roqueret al, 1999; Kelly et al. and Llewellynet al, 2000) to
investigate ‘primary micropore filling’.

As is well known, the BET theory (Brunauer et &.pased on an over-simplified model of
physisorption (Greggt al, 1982). As in the Langmuir theory, the adsorbemfage is pictured as
an array of equivalent sites on which moleculesadsorbed in a random manner. It is assumed that
the occupation probability of a site is independgfnthe occupancy of neighbouring sites and that
there are no lateral interactions between the addsomolecules (i.e. the ideal localised monolayer).
The molecules in the first layer act as sites fotarules in the second layer; these in turn aes sit
for molecules in the third layer and so on for nesales in the higher layers. Although no lateral
interactions are allowed, all layers above thd fire assumed to have liquid-like properties.

In view of the artificial nature of the BET theoiyjs not surprising to find that the range of
applicability of the BET equation is always limitéal a part of the nitrogen isotherm. The best fit
rarely extends aboya/p®~0.30 and with some adsorbents (e.g. graphitisduboa) the upper limit
is at p/p°<0.1. It is evident that the location and extenttteé linear region of a BET plot is
dependent on the adsorption system (both adsorbedt adsorptive) and the operational

temperature. In view of this situation, it is stgpnrecommended (Roquet al, 1999) that the BET
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monolayer capacity),, should be derived from the best linear fit faxttpart of the isotherm which
includes Point B.

A high value of the parameter C, which is assodiatéh a sharp Point B, is an indication
of strong adsorbent—adsorbate interactions. Tyg@icahlues in the range 80-150 for nitrogen at 77
K are consistent with the formation of well-definedonolayers on many non-porous and
mesoporous adsorbents (Rogeedl, 1999; Gregeet al, 1982).

The second stage in the application of the BET ouktis the calculation of the specific
surface areaa(BET), from n,,. The evaluation o&(BET) is, of course, dependent on the average
area,o, occupied by each molecule in the completed mgeoldn the case of nitrogen at 77 K,
o(Ny) is usually taken as 0.162 Anthis value was originally proposed by Emmett &mdnuaer
and was based on the assumption that the mondiagkethe liquid form of close-packed structure.
However, other investigators have proposed varateynative values, extending over the range
0(N2)=0.13-0.20 nr (Gregget al, 1982; Roquekt al, 1999) and we are left with an apparently
confused picture.

The following are inherent difficulties of the BHWethod — (a) the validity oh, is
guestionable; (b) the monolayer structure is netgame on all surfaces; (c) strong adsorption at
very low pp® may involve localised monolayer coverage and/anary micropore filling (i.e. in
pores of molecular dimensions). In principle, itnet difficult to establish whether there is a
significant micropore filling contribution, but theue value ot(Ny) is usually unknown, especially
when the adsorbent surface is heterogeneous.

Figure 22 Micromeritics ASAP 2020 (Source: LabCommerce, Imebsite).
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N, adsorption/desorption analysis were carried ouT A€ using a Micromeritics ASAP
2020 (Figure 22).

2.3.1.4 UV/Vis Spectroscopy

UltraViolet-Visible Spectroscopy orUltraViolet-Visible Spectrophotometry YV-Vis or
UV/Vis) refers to absorption spectroscopy or reflectaspectroscopy in the ultraviolet-visible
spectral region. This means it uses light in thebleé and adjacent (near-UV and near-infrared
(NIR)) ranges. The absorption or reflectance inviséle range directly affects the perceived color
of the chemicals involved. In this region of theatomagnetic spectrum, molecules undergo
electronic transitions. This technique is completagn to fluorescence spectroscopy, in that
fluorescence deals with transitions from the exkistate to the ground state, while absorption
measures transitions from the ground state to xodeel state. The principle by means UV/Vis
Spectroscopy act is the following: molecules camtey n-electrons or non-bonding electrons (n-
electrons) can absorb the energy in the form ohulblet or visible light to excite these electrdaas
higher anti-bonding molecular orbitals. The moresilgaexcited the electrons, the longer the
wavelength of light it can absorb.

UV/Vis spectroscopy is routinely used in analyticehemistry for the quantitative
determination of different analytes, such as tteansi metal ions, highly conjugated organic
compounds, and biological macromolecules. Speamscanalysis is commonly carried out in
solutions but solids and gases may also be studied.

« Solutions of transition metal ions can be colored.,(absorb visible light) because d
electrons within the metal atoms can be excitedhfane electronic state to another. The
colour of metal ion solutions is strongly affectey the presence of other species, such as
certain anions or ligands. For instance, the cotdua dilute solution of copper sulfate is a
very light blue; adding ammonia intensifies theotwl and changes the wavelength of
maximum absorptiomMay).

« Organic compounds, especially those with a highrele@f conjugation (e.g. DNA, RNA,
protein), also absorb light in the UV or visiblgyiens of the electromagnetic spectrum. The

solvents for these determinations are often watemfater-soluble compounds, or ethanol
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for organic-soluble compounds. (Organic solventy tmave significant UV absorption; not
all solvents are suitable for use in UV spectrogcdthanol absorbs very weakly at most
wavelengths.) Solvent polarity and pH can affe@ #bsorption spectrum of an organic
compound. Tyrosine, for example, increases in gigor maxima and molar extinction
coefficient when pH increases from 6 to 13 or whelvent polarity decreases.

« While charge transfer complexes also give riseolowrs, the colours are often too intense
to be used for quantitative measurement.

The Beer-Lambert law states that the absorbaneesoiution is directly proportional to the
concentration of the absorbing species in the soluand the path length. Thus, for a fixed path
length, UV/Vis spectroscopy can be used to deterntire concentration of the absorber in a
solution. It is necessary to know how quickly thes@bance changes with concentration. This can
be taken from references (tables of molar extimctioefficients), or more accurately, determined
from a calibration curve.

A UV/Vis spectrophotometer may be used as a detéatdiPLC. The presence of an analyte
gives a response assumed to be proportional toctimeentration. For accurate results, the
instrument's response to the analyte in the unknsiould be compared with the response to a
standard; this is very similar to the use of calilan curves. The response (e.g., peak height for
particular concentration is known as the respoastof.

The wavelengths of absorption peaks can be coecblaith the types of bonds in a given
molecule and are valuable in determining the fumai groups within a molecule. The Woodward-
Fieser rules, for instance, are a set of empinbakervations used to prediciax, the wavelength of
the most intense UV/Vis absorption, for conjugateginic compounds such as dienes and ketones.
The spectrum alone is not, however, a specificftgsany given sample. The nature of the solvent,
the pH of the solution, temperature, high electelyoncentrations, and the presence of interfering
substances can influence the absorption spectrxmperinental variations such as the slit width
(effective bandwidth) of the spectrophotometer vailso alter the spectrum. To apply UV/Vis
spectroscopy to analysis, these variables musbiiatied or accounted for in order to identify the
substances present.

The instrument used in ultraviolet-visible spectaysy is called a UV/Vis spectrophotometer.

It measures the intensity of light passing throagbamplelj, and compares it to the intensity of
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light before it passes through the sampie The ratiol/lyis called theransmittanceand is usually

expressed as a percenta@el). The absorbancd, is based on the transmittance:

A= —log( T )
100%

The UV-visible spectrophotometer can also be caméid to measure reflectance. In this case,
the spectrophotometer measures the intensity lof t&flected from a samplé)(and compares it to
the intensity of light reflected from a referencaterial (o) (such as a white tile). The ratio is called
thereflectance and is usually expressed as a percent#g®. (

The basic parts of a spectrophotometer are adigintce, a holder for the sample, a diffraction
grating in a monochromator or a prism to sepatsealtfferent wavelengths of light, and a detector.
The radiation source is often a Tungsten filam&30¢{2500nm), a deuterium arc lamp, which is
continuous over the ultraviolet region (190-400nx¢non arc lamp, which is continuous from
160-2000nm; or more recently, light emitting diodg&£D) for the visible wavelengths. The
detector is typically a photomultiplier tube, a pdaiode, a photodiode array or a charge-coupled
device (CCD). Single photodiode detectors and phatbplier tubes are used with scanning
monochromators, which filter the light so that ohgjht of a single wavelength reaches the detector
at one time. The scanning monochromator moves iffiaadion grating to "step-through” each
wavelength so that its intensity may be measuredaagunction of wavelength. Fixed
monochromators are used with CCDs and photodiodg/sarAs both of these devices consist of
many detectors grouped into one or two dimensia@mnedys, they are able to collect light of
different wavelengths on different pixels or grogbpixels simultaneously.

A spectrophotometer can be eitlsamgle beanor double beamin a single beam instrument,
all of the light passes through the sample ¢glnust be measured by removing the sample (Figure
23). This was the earliest design and is stillammon use in both teaching and industrial labs In
double-beam instrument, the light is split into th@ams before it reaches the sample. One beam is
used as the reference; the other beam passes lthttoeiggample. The reference beam intensity is
taken as 100% Transmission (or O Absorbance), laadnieasurement displayed is the ratio of the
two beam intensities. Some double-beam instrumieate two detectors (photodiodes), and the
sample and reference beam are measured at theiszanén other instruments, the two beams pass
through a beam chopper, which blocks one beam @@ The detector alternates between

measuring the sample beam and the reference beagmahnronism with the chopper. There may
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also be one or more dark intervals in the chopgelec In this case, the measured beam inten:

may be corrected by subtracting the intensity mesaisun the dark interval bele the ratio is taken.

Lok | :

Figure 23 Diagram of a sing-beam UV/Vis spectrophotometéSource: Wikipedic.

Samples for UV/Visspectrophotometry are most often liquids, althotighabsorbance «
gases and even of solids can ale measured. Samples are typically placed transparent cell,
known as a cuvette. Cuvettes gypically rectangular in shape, commonly with aternal width of
1cm. (This width becomes the path lenc, in the Beer-Lambert law).est tube can also be used
as cuvettes in somastruments. The type of sample container used @il radiation to pas
over the spectral region of interest. The most lyid@plicable cuvettes are made of high qus
fused silica or quartz gladsecause these are transparent throughout the Wihleviand nee
infrared regions. Glass and plastic cuvettes ase abmmon, although glass and most pla:
absorb in the UV, which limits their usefulnessisible wavelengths

Specialized instruments have also been made. Thesee attaching spectrophotometer:
telescopes to measure the spectra of astronormeealires. U-visible microspectrophotomers
consist of a UV-visiblenicroscop integrated with a UM4sible spectrophotomet

A complete spectrum of the absorption at all wawvgiles of interest can often beoduced
directly by a more sophisticated spectrophotomeliersimpler instruments the absorption
determined one wavelength at a time and then cechpitto a spectrum by the operator.
removing the concentration dependence, the expimctioefficient(e) can be determined as

function of wavelength.
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UV-visible absorption spectra were measured withaanbda 850 spectrometer (Perkin
Elmer) (Figure 24).

Figure 24: Perkin ElImer Lambda 850 spectrometer (Sourcevéisity of Leicester, website).

2.3.1.4 X-Ray Analysis

Small-angle X-ray scattering(SAXS) is a small-angle scattering (SAS) technigirere the
elastic scattering of X-rays (wavelength 0.1...0.2) toy a sample which has inhomogeneities in
the nm-range, is recorded at very low angles (8lpic0.1-10°). This angular range contains
information about the shape and size of macromtdsciucharacteristic distances of partially
ordered materials, pore sizes, and other data. S8X&pable of delivering structural information
of macromolecules between 5 and 25nm, of repe#drdiss in partially ordered systems of up to
150nm. USAXS (ultra-small angle X-ray scatteringh cesolve even larger dimensions.SAXS and
USAXS belong to a family of X-ray scattering tedunes that are used in the characterization of
materials. In the case of biological macromolecslesh as proteins, the advantage of SAXS over
crystallography is that a crystalline sample ismetded. Nuclear magnetic resonance spectroscopy
methods encounter problems with macromolecules igieh molecular mass (> 30-40 kDa).
However, owing to the random orientation of dissdlor partially ordered molecules, the spatial
averaging leads to a loss of information in SAX&pared to crystallography.
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Figure 25: Diagram of monochromatic beam of X-Ray (SourckSTN website).

In an SAXS instrument a monochromatic beam of Xsrigybrought to a sample from which
some of the X-rays scatter, while most simply gmtigh the sample without interacting with it.
The scattered X-rays form a scattering pattern wkichen detected at a detector which is typically
a 2-dimensional flat X-ray detector situated behimel sample perpendicular to the direction of the
primary beam that initially hit the sample. The tesm@ng pattern contains the information on the
structure of the sample (Figure 25). The major @b that must be overcome in SAXS
instrumentation is the separation of the weak scadtintensity from the strong main beam. The
smaller the desired angle, the more difficult tbiescomes. The problem is comparable to one
encountered when trying to observe a weakly radhapgct close to the sun, like the sun's corona.
Only if the moon blocks out the main light sourazesl the corona become visible. Likewise, in
SAXS the non-scattered beam that merely travelsutiir the sample must be blockedthout
blocking the closely adjacent scattered radiatiost available X-ray sources produd&ergent
beams and this compounds the problem. In prindhpdeproblem could be overcome focusing
the beam, but this is not easy when dealing wittayé and was previously not done except on
synchrotrons where large bent mirrors can be uBeid.is why most laboratory small angle devices
rely on collimation instead. Laboratory SAXS instrents can be divided into two main groups:

point-collimation and line-collimation instruments:

1. Point-collimation instruments have pinholes that shape the X-ray beam to a smmelllar

or elliptical spot that illuminates the sample. $hihe scattering is centro-symmetrically
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distributed around the primary X-ray beam and ttedtering pattern in the detection plane
consists of circles around the primary beam. Ovwinthe small illuminated sample volume
and the wastefulness of the collimation process nrly those photons are allowed to pass
that happen to fly in the right direction — the tseged intensity is small and therefore the
measurement time is in the order of hours or daysase of very weak scatterers. If
focusing optics like bent mirrors or bent monochaton crystals or collimating and
monochromating optics like multilayers are usedasueement time can be greatly reduced.
Point-collimation allows the orientation of non-isapic systems (fibres, sheared liquids) to
be determined.

. Line-collimation instruments confine the beam only in one dimension so thathibam
profile is a long but narrow line. The illuminatedmple volume is much larger compared to
point-collimation and the scattered intensity & slame flux density is proportionally larger.
Thus measuring times with line-collimation SAXStmsnents are much shorter compared
to point-collimation and are in the range of mirsutd disadvantage is that the recorded
pattern is essentially an integrated superposi{@nself-convolution) of many pinhole
adjacent pinhole patterns. The resulting smeararg ke easily removed using model-free
algorithms or deconvolution methods based on Fourensformation, but only if the
system is isotropic. Line collimation is of greagnefit for any isotropic nanostructured
materials, e.g. proteins, surfactants, particlpetision and emulsions.

Figure 26: SAXSess apparatus by Anton Paar.
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During the experiment step, the structural chareaton of the inorganic samples were
carried out by means of Small Angle X-ray Scat@r{i®AXS) analysis. SAXS spectra were
performed using an Anton Paar SAXSess camera eggiiypfih a 2D imaging plate detector. GuK
X-Rays with 1.5418 A wavelength were generated Piips PW3830 sealed tube source (40 kV,
50 mA) and slit collimated (Figure 26).

As concerned antimicrobial substances the strustafeNa-MMT and and Ag-MMT clays
were evaluated using wide angle X-ray diffractiodiAXD) measurements. Wide-angle X-ray
scattering is the same technique as small-anglayXscattering (SAXS) only the distance from
sample to the detector is shorter and thus diffsactnaxima at larger angles are observed.
Depending on the measurement instrument usedpibssible to do WAXS and SAXS in a single
run (small- and wide-angle scattering, SWAXS). Hpectra were collected in the transmission
mode (i.e., the X-ray beam moves through the saniyylscanning the@(0 is the diffraction peak
angle) range between 1.5 and 40°.

All scattering data were dark current and backgdosuobtracted, and normalized for the
primary beam intensity. In order to remove theasét scattering from the data, the SAXS profiles

were additionally corrected for both the Porod ¢ansand desmearing effect.

2.3.1.5 Trasmission Electron Microscopy

TransmissionElectron Microscopy (TEM) is a microscopy technique wherebigeam of
electrons is transmitted through an ultra-thin gpeaq, interacting with the specimen as it passes
through. An image is formed from the interactiortteé electrons transmitted through the specimen,;
the image is magnified and focused onto an imagdawce, such as a fluorescent screen, on a layer
of photographic film, or to be detected by a sessmh as a CCD camera.

TEMs are capable of imaging at a significantly leighmesolution than light microscopes,
owing to the small de Broglie wavelength of elessoThis enables the instrument's user to
examine fine detail-even as small as a single colomatoms, which is tens of thousands times
smaller than the smallest resolvable object ingatlimicroscope. TEM forms a major analysis

method in a range of scientific fields, in both pical and biological sciences. TEMs find
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application in cancer research, virology, matersgignce as well as pollution, nanotechnology, and
semiconductor research.

At smaller magnifications TEM image contrast is dweabsorption of electrons in the
material, due to the thickness and compositiorhefrhaterial. At higher magnifications complex
wave interactions modulate the intensity of thegmaequiring expert analysis of observed images.
Alternate modes of use allow for the TEM to obsemvedulations in chemical identity, crystal

orientation, electronic structure and sample indueectron phase shift as well as the regular
absorption based imaging.

Figure 27: FEI Tecnai G12 Spirit Twin microscope (Sourcel,Rizebsite).

Transmission electron microscopy analysis was@adwut by using a FEI Tecnai G12 Spirit
Twin microscope operated at 120 kV (LaB6 cathod&tresolution 0.35 nm) (Figure 27). Images
were recorded on a CCD camera with the resolutiat086 x 4096 pixels. Powder samples of Ag-
MMT were dispersed in distilled water and the saspen was treated with ultrasound for 2 min. A
drop of a very dilute suspension was placed onleyhmarbon coated copper grid and allowed to
dry by evaporation at room temperature before afasien.
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2.3.2 Film Charatcterization

2.3.2.1 Water Vapor Permeability

The permeability of pure gases in the various filmas investigated by using a system whose
operation diagram is shown in Figure 28

As observed in Figure 28, the flat film sample matas placed in a test cell. Test cells are
divided into two chambers separated by the samg@eemal. The inner chamber is filled with
nitrogen (carrier gas) and the outer chamber wittew vapor (test gas). Molecules of water
(delivered to the outer chamber by the test gdf)s#i through the film to the inside chamber and
are conveyed to the sensor by the carrier gas.skgiem uses a patented modulated infrared sensor
to detect water vapor transmission through flatemals. This high performance sensor provides

parts-per-million sensitivity.

ib par

|
e

Figure 28: Operation diagram of water vapor permeability appas.

The computer monitors the increase in water vapoicentration in the carrier gas and it
reports that value on the screen as the water vaposmission rate. The RH of test cells is
monitored by RH probes inserted into the outsidendber. When absorbent material is saturated
with distilled water the system provides a testgasosphere of 100% RH.
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Then, water vapor permeability was determined bwmeeof Permatran, Mocon, Model W
3/31 (Figure 29).

Figure 29 Permatran, Mocon, Model W 3/31 (Source: Moconpsite).

2.3.2.2 Oxygen permeability

For oxygen permeability test the apparatus is aintd water vapor permeability one. In fact
the test cell is also divided in two chambers,dasand outside one. So flat film samples are
clamped into the diffusion cell, which is then penlgof residual oxygen using an oxygen-free
carrier gas. The carrier gas is routed to the semstl a stable zero has been established. In this
system the used sensor is a patented coulometrsoisén detect oxygen transmission through flat
materials. This high performance sensor (three isodeailable, each with distinct ranges for
higher accuracy) provides parts per- billion sevigjteven in the presence of water vapor. This is
an intrinsic or absolute sensor that does not reqealibration. Calibration films are provided to
ensure the entire system is performing to the lgpeecision and accuracy standards.

Pure (99.9%) oxygen is then introduced into thesidet chamber of the diffusion cell.
Molecules of oxygen diffusing through the film twetinside chamber are conveyed to the sensor by
the carrier gas.

On the basis of this principles of operation, oxygermeability was determined by means of
Ox-Tran (Mocon, Model 2/20).
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2.3.2.3 Water sorption

Water absorption is a physical phenomenon or agssin which water molecules enter
some bulk phase, in this case in a solid mateFtak phenomenon is characterized by a swelling of
the polymer matrix because when the polymer netveorkes in contact with aqueous solutions,
the thermodynamic compatibility of the polymer ctsaand water causes the polymer to swell. As
water penetrates inside the glassy network, th&sdlansition temperature of the polymer decreases
and the material becomes rubbery.

For this reason chitosan films were cut in smakps (1.2cmx1.2 cm), desiccated overnight
under vacuum and weighed to determine their drysméise weighed films were placed in closed
beakers containing 30 ml of water (pH=7) and stoaed=25°C. The swelling kinetics were
evaluated by periodically measuring the weightenoent of the samples with respect to dry films
with a balance accurate to 0.0001 g, after gerttylibg the surface with a tissue, until equilibriu

was reached. The water gain (W.G.) was calculaddlmws:

_ (mWetFilm - mDryFilm) 5

W.G. (%) = 100

mDryFilm

wheremyetrim andmpyrim are the weight of the wet and dry film, respedyive

2.3.2.4 Release Tests

As concerned the antioxidant film, the release veste conducted analyzing the different
samples with the high pressure liquid chromatogyafHPLC).

High PerformanceLiquid Chromatography omMHigh PressureLiquid Chromatography,
(HPLC) is a type of chromatography (Figure 30) thkdws to separate two or more compounds
present in a solvent by exploiting the balancefiity between a "stationary phase" placed inside
of the chromatographic column is a "mobile phaseWihg through it. A substance closer to the
stationary phase compared to the mobile phase tkenger time to walk the chromatographic
column (retention time), respect to a substanck wilbw affinity for the stationary phase and high

for the mobile phase.

112



CHAPTER2 MATERIALS ANOMETHODS
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Figure 30 High Performance Liquid Chromatography apparéBmirce: Comsol, website).

Chromatography can be described as a mass trgmsfeess involving adsorption. HPLC
relies on pumps to pass a pressurized liquid asangple mixture through a column filled with a
sorbent, leading to the separation of the sampieponments. The active component of the column,
the sorbent, is typically a granular material matisolid particles (e.qg. silica, polymers, etc (@
micrometers in size. The components of the sampéune are separated from each other due to
their different degrees of interaction with thelst particles. The pressurized liquid is typicaly
mixture of solvents and is referred to as "mobitage"”. HPLC is distinguished from traditional
("low pressure™) liquid chromatography because afp@nal pressures are significantly higher (50-
350 bar), while ordinary liquid chromatography tadly relies on the force of gravity to pass the
mobile phase through the column. Due to the snzatipde amount separated in analytical HPLC
typical column dimensions are 2.1 - 4.6 mm diameted 30-250 mm length. Also HPLC columns
are made with smaller sorbent particles (2-5 mi@min average particle size). This gives HPLC
superior resolving power when separating mixtuwdsch is why it is a popular chromatographic
technique.

The sample to be analyzed is injected at the beggnof the chromatographic column where
it is "pushed" through the stationary phase byniobile phase thanks to a pressures of the order of
hundreds of atmospheres. To obtain high efficiesgyaration particle size of column filling have
to be very small (usually have diameters rangiognf3 to 10um). For this reason, it is important

to apply a high pressure to maintain an eluentoregde flow rate and an appropriate time analysis.
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At the end of the column a detector (IR, UV-VISgspofluorometry, mass spectrometer) and a
computer are positioned to allow a continuous aiglgt the column output and to quantify and/or
to identify the injected substances.

The main advantages of this technique are: thermoleduced size which avoids longitudinal
deviations (longitudinal movement of the mobile gdjaand alternative routes problems; constant
and adjustable elution rate (mobile phase throudmyh ¢olumn); decreased test speed; small
compound amount required to the analysis (rangeddem 5-10ug of sample) and a greater
accuracy and precision. The tool used for the amalgnd the Agilent 1100 series of Hevelett
Packard (Figure 31).

Figure 31 Hevelett Packard Agilent 1100 series (Sourcet Egsipment Connection, website).

In these experiments, 96% v/v ethanol was useatas food stimulant and small pieces (~
1,6g—1 cr) of a-tocopherol film were immersed in beaker contairB0gmL of chosen stimulant at
25°C. At specific intervals of time the amount o€dpherol released from the polymer films into
the ethanol was monitored as a function of timdl uhe attainmentof an asymptotic value. In
detail,a- tocopherol concentration in ethanol was deterchumging an HPLC (Agilent Model 1100,
Milan, Italy) following the chromatographic methguoposed by Siret al. (2006). Before the
analysis started, the instrument was calibrategttimjg different known concentrations solutions of
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a-tocopherol; thus it was possible to calculate lilegght of the peak areas and to express as a
function of the concentration. The calibration @rwas constructed for peak area against
tocopherol concentration of standard solutions fido 100 ppm.

As concerned the antimicrobial film, the concembratof silver released in an aqueous
solution from the nanocomposite films was measusgdinductively coupled plasma atomic
emission spectroscopy (ICP/AES).

I nductively Coupled PlasmaAtomic EmissionSpectroscopy (ICP-AES), also referred to as
I nductively CoupledPlasmaOptical EmissionSpectrometry (ICP-OES), is an analytical technique
used for the detection of trace metals (Figure B23.a type of emission spectroscopy that uses th
inductively coupled plasma to produce excited atantsions that emit electromagnetic radiation at
wavelengths characteristic of a particular elen{&éfanssoret al, 2007; Mermetet al, 2005).
The intensity of this emission is indicative of #@ncentration of the element within the sample.

The ICP-AES is composed of two parts: the ICP dedaptical spectrometer. The ICP torch
consists of 3 concentric quartz glass tubes. Thpubwr "work" coil of the radio frequency (RF)
generator surrounds part of this quartz torch. Argas is typically used to create the plasma. When
the torch is turned on, an intense electromagtiiedid is created within the coil by the high power
radio frequency signal flowing in the coil. This Rignal is created by the RF generator which is,
effectively, a high power radio transmitter drivitige "work coil" the same way a typical radio
transmitter drives a transmitting antenna. The arggs flowing through the torch is ignited with a
Tesla unit that creates a brief discharge arc tilhabe argon flow to initiate the ionization proges
Once the plasma is "ignited", the Tesla unit is\éar off. The argon gas is ionized in the intense
electromagnetic field and flows in a particular atainally symmetrical pattern towards the
magnetic field of the RF coil. A stable, high temrgiare plasma of about 7000 K is then generated
as the result of the inelastic collisions createtiveen the neutral argon atoms and the charged
particles. A peristaltic pump delivers an aqueou®rmganic sample into an analytical nebulizer
where it is changed into mist and introduced diyeaiside the plasma flame. The sample
immediately collides with the electrons and charget in the plasma and is itself broken down
into charged ions. The various molecules breaknip their respective atoms which then lose
electrons and recombine repeatedly in the plasmangg off radiation at the characteristic
wavelengths of the elements involved. In some dssi@ shear gas, typically nitrogen or dry

compressed air is used to 'cut' the plasma ata@afpspot. One or two transfer lenses are them use
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to focus the emitted light on a diffraction gratinghere it is separated into its component
wavelengths in the optical spectrometer. In othesighs, the plasma impinges directly upon an
optical interface which consists of an orifice frowhich a constant flow of argon emerges,
deflecting the plasma and providing cooling whillewing the emitted light from the plasma to
enter the optical chamber. Still other designs ogtcal fibers to convey some of the light to
separate optical chambers. Within the optical crex(slp, after the light is separated into its
different wavelengths (colors), the light intensgymeasured with a photomultiplier tube or tubes
physically positioned to "view" the specific waveggh(s) for each element line involved, or, in
more modern units, the separated colors fall upoareay of semiconductor photodetectors such as
charge coupled devices (CCDs). In units using theéstector arrays, the intensities of all
wavelengths (within the system's range) can be mnedssimultaneously, allowing the instrument
to analyze for every element to which the unit énsitive all at once. Thus, samples can be
analyzed very quickly. The intensity of each liree then compared to previously measured
intensities of known concentrations of the elemeansl their concentrations are then computed by
interpolation along the calibration lines. In aduht special software generally corrects for

interferences caused by the presence of diffetentents within a given sample matrix (Figure 32).

Monachromaton: | RF Generafo

Deterior g

Figure 32 Inductively Coupled Plasma Atomic Emission Spestopy apparatus (Source: Indian Istitute of

Technology, Bombay, website)
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2.3.2.5 Oxygen radical adsorbance capacity (ORAC)

Oxygen Radical AbsorbanceCapacity (ORAC) is a method of measuring antioxidant
capacities in biological samplesvitro (Ouet al, 2001; Cacet al, 1993).

The assay measures the oxidative degradation offltleeescent molecule (either beta-
phycoerythrin or fluorescein) after being mixed lwitee radical generators such as azo-initiator
compounds. Azo-initiators are considered to prodheeperoxyl radical by heating, which damages
the fluorescent molecule, resulting in the lossflobrescence. Antioxidants are considered to
protect the fluorescent molecule from the oxidatdegeneration. The degree of protection is
quantified using a fluorometer (Figure 33).

The fluorescent intensity decreases as the oxela®generation proceeds, and this intensity
is typically recorded for 35 minutes after the &iddi of the azo-initiator (free radical generat@p
far, AAPH (2,2’-azobis(2-amidino-propane) dihydramide) is the sole free-radical generator used.
The degeneration (or decomposition) of fluoresegimeasured as the presence of the antioxidant
slows the fluorescence decay. Decay curves (floerez intensity vs. time) are recorded and the
area between the two decay curves (with or wittemitoxidant) is calculated. Subsequently, the
degree of antioxidant-mediated protection is qui@etiusing the antioxidant trolox (a vitamin E
analogue) as a standard. Different concentratiéoriolox are used to make a standard curve, and
test samples are compared to this. Results forstaaples (foods) have been published as "trolox
equivalents" or TEs (Huargg al., 2010; Garreét al, 2005).

Simple Fluorometer
Light Source Excitation Mirror
") A
N J==—=3 Monochrometer fF—-s——"—_ Sample

— P,

v E s

Pt As

Detector

Fluorescence |
Monochrometer

— - Recorder

Figure 33 Diagram of fluorometer (Source: ChemWiki).
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One benefit of using the ORAC method to evaluabstnces' antioxidant capacities is that it
takes into account samples with and without lagsphaof their antioxidant capacities. This is
especially beneficial when measuring foods and leupgnts that contain complex ingredients with
various slow- and fast-acting antioxidants, as wslingredients with combined effects that cannot
be precalculated.

In this work, ORAC measurements have been perfotoyeldr. M. Lavorgna at Dipartimento
di Scienze della Vita, Seconda Universita deglidstli Napoli as reported in our common paper
(Gargiulo et al., 2012). In detail, 28 of tocopherol released in ethanol at 4 and 25ctGrarious
time (1, 3, 6, 24, 72, 168 h) by the three invedgd active flms were added to gb of sodium
phosphate buffer (0.2 M, pH 7.4) with 150 of fluorescein sodium salt (dM). The microplates
(96 wells) were incubated in the fluorescent platder for 30 min at 37 °C. Immediately before
starting the measurements at 535 nm (485 nm exucitéitter, Spectra Fluor Tecan Group Ltd.,
Mannedorf, Switzerland), 2hL of the AAPH radical generator (153 mM) were pldde the
reaction mixture. The analyzer was programmed ¢orcethe fluorescence of fluorescein every 5
min, after the addition of AAPH, for a total of $%in. A 100uM solution of Trolox (6-hydroxy-
2,5,7,8- tetramethylchroman-2-carboxylic acid) wdsized as standard and sodium phosphate
buffer as positive control. The samples were tetltegke times (three independent assays) and the
data reported are the average of these assaysesuks, expressed asnol Trolox Equivalents
(TE)- 100 mL-1 of sample (ORAC value), were calculatetbliews:

AUCsample - AUCsolvent control)

ORAC values =V, (
values sample AUCtrolox - AUCsowent control

whereVsamplels the volume of the sample (&) andAUC is the area under the fluorescence decay

curve.
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In this chapter the reader will be introduced to
the knowledge and understanding the
mechanism and the interaction occurring
inside the material composites used in the

thesis.
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3.1 NANOPARTICLES CHARACTERIZATION

Neat and tocopherol-loaded SBA-15 and SBA-15+APT¥#8e characterized in order to
verify the effectiveness of the impregnation pracegith tocopherol. In particular, X-Ray
Diffraction (XRD), Fourier Transform-Infrared RayT-IR), N, Adsorption/Desorption and
Thermo-Gravimetric Analysis (TGA) have been perfedn

311 X Ray Diffraction (XRD)

X-ray diffraction is a versatile, non-destructiveadytical technique for identification and
guantitative determination of the various crystalcompounds, known as ‘phases’, present in solid
materials and powders.

Figure 34 shows the XRD patterns of non-impregnat&dl tocopherol-loaded SBA-15 and
SBA-15+APTES mesoporous silicas. In brackets tlaeesthe Miller indices of significant lattice
planes.

The spectrum of non-impregnated SBA-15 sample,rtegon Fig. 34 (a), reports, as typical
for this material, an intense diffraction peak esponding to the (100) plane and two weak, well-
resolved diffraction peaks corresponding to (11 €00) planes. On the contrary, only one very
broad (100) peak is presented by the amino-funalioed SBA-15+APTES samples, as reported in
Fig. 34 (b). The disappearance of the other twokpda the XRD pattern of this product
demonstrates a disordered mesostructure, indicatistrongly adverse effect of APTES on the
formation of SBA-15. Moreover, for both SBA-15 a88A-15+APTES powders, the impregnation
with a-tocopherol gave rise to a strong decrease inrtemsity of the XRD peaks: this should be
attributed to the pore-filling effects that canuied the scattering contrast between the poreshand t

silica walls.
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Figure 34: X-ray diffraction (XRD) patterns of: (a) n-impregnated and tocopheroladed SB/15; (b) non-
impregnated and tocopheroladed SB+15+APTES. Solid lines: nompregnated samples. Dashed lines: tocop-

loaded samples.
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3.1.2 Temo-gravimetric Analisys (TGA)

Thermogravimetric Analysis (TGA) measures the amaund rate of change in the wei
of a material as a function of temperature or time controlled atmosphere. Measurements
used primarily to determine the composition of mate and o predict their thermal stability
temperatures up to 1000°C. The technique can deaize materials that exhibit weight loss
gain due to decomposition, oxidation, or dehydra

Thermogravimetric analysis (TGA) was carried outaothermobalancen which powder
samples were heated from 100 to 1000 °C at a heate of 10 °C/min under air flo
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Figure 35 Thermogravimetric (TG) analyses of: (a) -impregnated SBA-15, (b) nhampregnated SBA15+APTE:
(c) tocopherol-loaded SBAS+APTES, (d) tocophet-loaded SBA-15.

The comparison between the TG curves of nonimpregnated materials allows
highlight the weight loss of theminc-functionalized sample due to the thermal decomiposibf
the organic groups that areciwored on the walls of the pore channels. Moredwecomparing th

TG residues at 1000 °C of the r-impregnated samplese., (&) and (b) curve in Figure 35, with
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thoseof their respective tocophe-loaded counterpartse. (c) and (d) curve in Figure 35, it is
possibleto evaluate the antioxidant content, that turnet toube about 40% wt/wt for pure

siliceous SBA15 and 28% wt/wt for SB-15+APTES. Such results correspon tocopherol/silica
weight ratios that are very similar to those usaring theimpregnation process, which then pro
to be very effective in loading antioxidi molecules within the pores of the selec

mesostructures.

3.13 N, adsor ption/desorption analysis

The knowledge of the pc-network structure based on physicadsorption/desorption
analyses is fundamental to the characterizatiammobmetric powdersThe BET and BJH methoc
has been uset study pore dimensions and surface areaneat andx-tocopherc-loaded SBA-15
functionalized and unfunctionalized nanwders.

The purely silieous SB~15 was degassed at T8O for 15 h, while th amino-
functionalized one was activated for the same timberval at 100 °C. Specii surface areas were
evaluated using the BET method, while pore sizéridigions wer deternined by applying the
BJH method on the adsorption branches of the iswit (Figure 36).
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Figure 36. N, adsorption/desorption isotherms and the BJH pare distributions of nc-impregnated SBA-15 and
SBA-15+APTES mesoporous silicas.

124



CHAPTER3EXPERIMENTALRESULTS

Both samples give type IV isotherms with two shisigreases of Nadsorbed amount, one
for relative pressures >0.5, and another one & l@wr relative pressures. The first increase
corresponds to the capillary condensation of treomalive, while the second one corresponds to
micropore filling: the coexistence of these two pim@ena is typical of bimodal porous materials
that possess both meso- and microporosity. Thefgpsarface area turns out to be about 750gm
for purely siliceous SBA-15, and 400%y for SBA-15+APTES. The maximum of the pore size
distribution is registered at 90A for purely siliees SBA-15 and at 73A for SBA-15+APTES;
moreover, the distribution of purely siliceous SBB-is significantly sharper than that of SBA-
15+APTES. The total pore volume of purely silice@BA-15 is about 0.77 ciy: if this volume is
completely filled with tocopherol, it is possible lbad about 0.73g of the antioxidant per gram of
hosting mesoporous silica (about 40%wt/wt). Thaltpore volume of SBA-15+APTES is about
0.44 cni/g, and allows a loading of about 0.42g of tocophper gram of silica (about 29%wt/wt).
The difference in porosity between purely silicearsd amino-functionalized SBA-15 may be
related to the structure-distorting effect of APTIESide the synthesis mixture.

314 Fourier Transform Infrared (FT-IR)

Fourier transform infrared (FT-IR) spectra werefpened on KBr pressed disks containing
1% w/w of inorganic samples. FT-IR spectra werdeotéd over the range 400-4000 tmith a
resolution of 4 cril. The samples were dried at 80 °C overnight betfestng.

FT-IR measurements have been performed to demtmsthe effectiveness of the
incorporation of amine groups in the mesoporousaté by co-condensation of TEOS and APTES,
as well as the molecular interaction between toeoghand the amino-functionalized walls of the

mesoporous channels.
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Figure 37 Fourier transform infra-red (FTIR) spectra of Aompregnated SBA-15 and non- impregnated SBA-
15+APTES.

Purely siliceous SBA-15 exhibits the characteristisorption bands at 465, 801, 1080 and
about 1200 cmcorresponding to the vibration stretching and begadnodes of the Si-O-Si bonds
along with the absorption bands at 950 and 3640 amresponding to the vibration modes of
silanol Si-OH groups (see inset graph of Fig. Flythermore, the peak at 1633-and the broad
band at 3438 cmcorrespond respectively to the bending and stmegcinode of adsorbed or
hydrogen-bonded water molecules. After incorporatad amino-groups (see SBA-15+APTES
spectrum), the intensity band at 950 atecreases, whereas two new absorption bands ar@lr3
1510 cm, indicated by arrows in Fig. 37 and ascribed, eesipely, to the bending of —N-H amine
bonds and the symmetrical-NHbending mode, appear. This spectroscopic resultates that the
modification of SBA-15 by APTES brings a reductioh the amount of silanol groups on the
channel walls. Furthermore, in acidic conditionems amine groups protonate leading to the
formation of zwitterions with silanol groups (-NH....-OSi) (Walcarius.et al, 2003). The
stretching mode of C-N bonds in the anchored APTigeties is not resolved due to the overlay
with the infrared absorption of Si-O-Si and —Si<RI groups in the range 1000 to 1250*ctm
addition, the broadening of the peak at 3450 fon the sample with APTES is ascribed to the
symmetric stretching modes of N-H amine groups tiae reported at around 3346 dor free

amine and around 3305 effor terminal amine groups cross-linked with theusdl group through
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zwitterions interactions. Finally, in the sample/SB5+APTES the peak at 1633 ¢mm assigned to

the overlay between the bending of —N-H amine gsoaipd the —OH bending of adsorbed water
molecules.
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Figure 38 FT-IR spectra of hon-impregnated SBA-15, tocophératied SBA-15, non- impregnated SBA-15+APTES,
tocopherol-loaded SBA-15+APTES.

When the mesoporous silicas were filled with toeph additional absorption bands
appear in the spectra (Figure 38). The band at k#65is for phenyl, skeletal and methyl
asymmetric bending and the band at 1388 ¢snassociated with methyl symmetric bending.
Comparing the spectra of non-impregnated and tcaogpfoaded SBA-15+APTES (see inset graph
of Fig. 38) it is possible to observe that the paak633 cm, which is due to the overlapping of the
bending vibration modes of adsorbed water and pyiramine groups, shows a defined component
at 1620 cm, indicated by an arrow in the inset of Fig. 38 andst probably arising from the
interaction between the -Nigroups of APTES and the -OH groups of tocopherdiemdes. The
FT-IR results confirm that the mesoporous silicartels are filled with the tocopherol and weak

interaction between -NHyroups of APTES and -OH groupsatocopherol has been occurred.
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3.2 ACTIVE FILM CHARACTERIZATION

3.2.1 UV Adsorption

To obtain absorption informan, a sample is placed in the spectrophotometer
ultraviolet and/or visible light at a certain wasefjth (or range of wavelengths) is shone thrc
the sample. The spectrophotometer measures how ofuttie light is absorbed by the samj
Indeed, wherwhite light passes through or is reflected by soemd substance, a characteri
portion of the mixed wavelengths is absorbed. Horst the lower th absorbanc value, the clearer
the film and vice versa.

The optical properties of films which corn unfucntionalized and functionalized sili
materials with adsorbed tocopherol, were determaretl compared to a reference LDPE film .
LDPE film with pure tocoprol. The results are shown iigure 39.

The increase in adsorbance value can be due face imperfections or due to t
incorporation of silica materialnd/ or tocopherdn the film.
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Figure 3% UV/Vis adsorption spectra reference LDPE film, LDPE/TOC film and films comaig SBA-15/TOC and
SBA-15+APTES/TOC.
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In particular, thehigher reduction in transparency is observed in dhge of tocopher:
adsorbed into SBA-15+APTEShis can be due to yellow colour of tocopherol amthe precens
of silica particles. However, films result homogeraind aggregates (ot be detected, as showr
the figure 40

T R

Figure 40: Small pieces photo of LDPE film and LDPE loadedwa-tocopherol in SB-15+APTES.

3.2.2 Water vapor and Oxygen Permeability

Permeability is defined as transmission of a petendaough a resisting material. In abse
of cracks, pinholes, or other flaws, the primarychemism for gas and water vapolow through a
film or coating is by activated diffusion, i.e. etipermeate dissolves in the film matrix at the @it
concentration side, diffuses through the film dni®y a concentration gradient and evaporates
the other surface.

On this principle basisamples with a surface area of 5% were teste at 25°C. The water
permeation tests were conducted by keeping thervaatevity on the downstream side of the fi
equal to 0, and keeping the water activity at thetneam side of the film at ttconstant value of
0.5 whereas .he oxygen permeability of the investigated film wietermined setting thwater

activity at the downstream and upstream side of the fil0.5. Each test was made in duplic:i
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Figure 41 Water vapor (a) and oxygen permeability values LWJPE, LDPE/TOC, LDPE/SBA/TOC and
LDPE/SBA+APTES/TOC active polymeric film samples.

As far as water vapor and oxygen barrier propedresconcerned, no significant differences
are observed among the neat LDPE and the actives f{Figure 41). This can be related to the
similar degree of cristallinity observed for thefdens (data not shown). These data provide a

positive result since an increase in the oxygemstrassion rate could result in an acceleratiomén t
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oxidation of the packaged product and, thus, coaoteghe positive shelife extension effect du

to the presence of the residual antioxidant ingoattive film.

3.23 Release Tests

EU directives propose to use olive oil as fattyd@inrulant for migration tests, however,
order to avoid quantification problems arising fraeome analytical restriction and analyti
interference, alternative simulants have been megoln these experiments, 96% v/v ethanol
used and the amount adcdopherol released from the polymer films (~1.6rg}the chosen foo
simulant (80 ml) at 25 °C was monitored as a fuamcdf time until the attainment of an asymptc
value. In detail,a-tocopherol concentration in ethanol was determinsihlg an HPLC (Agilen
Model 1100, Milan, Italy) following the chromatogiaic method proposed by Siet al. (2006).
The calibration curve was constructed for peak aggansia-tocopherol concentrain of standard
solutions from 10 to 100 pprMigration tests were performed in order to investigthe effect c
the adsorption otocopherol onto the functionalized and -functionalized silica material 1
control therelease kinetics of the antioxidefrom the polymer film to the food simulant. Res

are reported in Figure 42.
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Figure 42 Tocopherol release profiles of LDPE/TOC, LDPE/S-15/TOC and LDPE/SB-15+APTES/TOC active

polymer film samples.
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Mathematical models generally based on Fick’s seéclanv are often used to describe
migration of active compounds from polymer filmsher analytical solution of Fick’'s second
diffusion equation for one-dimensional diffusiondalimited volumes of food simulants given by
Crank is reported in the following:

Mg (2n+1)%m?

o __ 8 (@2n+1)7n”
=1- Xn=o (2n+1)2m2 exp[ 412 D] (1)

Ming

whereMtandMint are the amount of tocopherol in the food simuldra particular time& and at the
equilibrium, respectively] is the thickness of the film anD is the diffusion coefficient of
tocopherol. Eg. (1) was fitted to the experimendttih. The diffusion coefficient was determined by
minimizing the sum of squares in errors betweenedstmated and measured values by using a
Matlab Code.

Diffusion coefficients, obtained by fitting Eq. (19 the experimental data, are 1.9°10.3
10~ and 0.7 10 cnrs: for films embedding neat tocopherol, tocopheroldkd into SBA-15 and
tocopherol loaded into SBA-15+APTES, respectivétlyis possible note the tocopherol diffusion
was reduced about 30% when it impregnated on SBArtbabout 60% when it impregnated on
SBA-15+APTES.

They show that the use of non-functionalized SBAdEbays only to a small extent the
migration of the antioxidant, as also reported bsrilhgs et al(2004) As for functionalized
mesoporous silica, the tocopherol diffusivity desed significantly. This could be attributed to the
decrease in the pore size and to the increasdfusidin resistance caused by the functionalization
of the internal pore walls with the amino groupbeTelease of pre-adsorbed molecules from the
pores of mesoporous silica involves two procesfiest; the solvent diffuses into the pores to
dissolve the molecules, and second, the dissolv@daules diffuse out of the pores. Thus, in the
present work, the solvent ethanol takes more tinéiffuse into the pores of the amino-modified
system because of the increased hydrophobicitiiepbre surfaces which, in addition to pore size
and interaction between tocopherol and APTES argimops, may be another factor to delay the
antioxidant release of the functionalized sampldwrefore, the changes in the tocopherol release
rate are caused by the changes in the host-guestgtions induced by functionalization.
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3.24 Oxygen radical absorbing capacity (ORAC) assay

The antioxidant properties of the samples was miedsaccording to the method described
by Caoet al. The ORAC assay is based on the inhibition of peeoxylradical oxidation of
fluorescein sodium salt (substrate compound) induzg heat decomposition of 2&zobis (2-
amidinopropane) dihydrochloride (AAPH).

Antioxidant activity detected by ORAC assay wasestigated in order to verify the
effectiveness of tocopherol released into the samufood solution after the obtainment of the
active films trough the high temperature meltinggass. Results reported in Table 3 show that for
all the investigated films and regardless the temtpee at which release tests were carried out,
antioxidant activity increases as a function ofdjrthus confirming the release kinetics previously
determined. It is worth noting that the effectives®f tocopherol released slightly depends on the
temperature, resulting higher at 25 °C. Moreovbg activity depends on the method used to
introduce the antioxidant in the film. Tocopherelased at 25 °C from functionalized mesoporosus
silica exhibits the highest activity probably besauof its better preservation during film

manufacturing due to the inclusion into the funcéilized silica material.

Table 3: Results of the oxygen radical absorbing capacifgAQ) assay on LDPE/TOC, LDPE/SBA-15/TOC and
LDPE/SBA-15+APTES/TOC active polymer film samples.

ORAC VALUES
Time T=4°C T=25°C
(days) LDPE/SBA- LDPE/SBA- LDPE/SBA-
Al R Frectited Focl PR P

TOC TOC +APTES/TOC
0.04 10.02 9.698 9.91 12.63 11.05 12.32
0.25 17.25 13.71 15.32 17.25 13.57 15.40
1 19.53 15.81 16.76 19.69 16.58 23.10
3 21.11 16.26 17.67 20.77 16.89 23.52
7 21.21 16.71 19.45 21.18 17.22 23.66
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CHAPTER3.EXPERIMENTAL RESULTS

3.3 NANOPARTICLES CHARACTERIZATION

Ag-MMT has been chemical charerized through UMWsible observation tes X-Ray
diffraction analyses of NMMT and Ag-MMT clays were conducted highlight the MMT
structural modifications that take pli when Ag ions replace Na ions and silver nanopag
locate onto the MMT layerestructure. Using this approach, it is possibleaoghly estimate the
location of he silver within the MMT structu (i.e., in the galleries or on the surface of Ml
platelets).

331 UV/Vis absorption

UV-visible absorption spectra wi recorded using quartz cuvettes within the rang20&f
to 800 nm.The cuvettes were filled wita 500ppm shaken water dispers of Na-MMT and Ag-
MMT, and their spectra were recorded. Ag spectrum was isolated by subtracting th«MMT
spectrum from the AGAMT spectrum

450 nm
034 ]

350 nim
0,24 290 nm

0,14 ‘;'

oo!

Absorbance, AU

300 400 500 600 700 800
Wavelength, nm

Figure 43: UV-visible absorption spectra of sir Na-MMT and XRD spectra of N&MMT and Ac-MMT clays.
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The UV-visible absorption spectrum related to siligeshown in Figure 43. Characteristic
silver surface Plasmon bands were detected at 290, and 450 nm, and these bands were
tentatively ascribed to the presence of residiatisions (Wanget al, 2005) or with the existence
of silver nanoparticles smaller than 2 nm (Skaal, 2006), smaller than 10 (Huameg al, 2008),
and smaller than 40 nm (Sharmiaal, 2009), respectively. The broad peak at 450 nimdative

of the presence of silver nanoparticle aggregates.

3.3.2 X Ray diffraction test

The structures of Na-MMTand Ag-MMT clays were ewtd using wide angle X-ray
diffraction (WAXD) measurements. The spectra waskected in the transmission mode (i.e., the
X-ray beam moves through the sample) by scannieddh® is the diffraction peak angle) range
between 1.5 and 40°. All spectra were correcte¢ &ml the dark current and the empty holder
background.

X-ray diffraction (XRD) analyses of Na-MMT and AgMT clays were conducted to
highlight the MMT structural modifications that &lplace when Ag ions replace Na ions (along
with K, Mg, and Ca ions) and silver nanopatrticlesate onto the MMT layered structure. Using
this approach, it is possible to roughly estimate lbcation of the silver within the MMT structure
(i.e., in the galleries or on the surface of MMatglets).

The XRD spectra of Na-MMT and Ag-MMT powders aremgared in Figure 44.
Unmodified Na-MMT clay has an intense diffractioeax at around@®= 7.2°, corresponding to a
basal do1 spacing between the silicate platelets of abciinin. The MMT modified with Ag also
had a distinctive diffraction peak aB2 7.2°, but the peak shape and intensity was mérked
different from that of the Na-MMT clay. These featsi reflect the structural modifications that take
place when Ag ions replace Na ions inside the Eystructure of MMT. MMT clay probably loses
its layered structure, giving rise to nanoparticieth collapsed or exfoliated structure (Pratusl,
2008). The occurrence of structural modificatiotso avas indicated by the disappearance of the
Na-MMT peak at 8 around 29°. An additional small peak with maximam2 = 37.9°, in the
XRD pattern of Ag-MMT corresponds to the (111) eetion of Ag, thus proving the presence of

metallic silver. The diffraction peak abzround 32° can be assigned to AgO@gcrystalline
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domains, which are generated as a result of addnieéduction of Ag ions under basic condit
(Sharmeet al, 2009).
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Figure 44: XRD spectra of Na-MMT and Ag-MMT clays.

Based on the analysis results of WAXD, and ta into account that the basal spacirgo1)
of MMT is around 1.2 nm, the metallic and oxideveil nanoparticles as well as the silver ions

mainly located on the surface of both single MMatplet and MMT tactoidas schematized in

Figure 45.
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Figure 45: Schematic representation of the-MMT and Ag-MMT structures
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3.33 Transmission Electron Microscope (TEM)

TEM micrographs of Ag-MMT particles are shown inglie 46. The Ag and AQ
nanoparticles are deposited on the MMT lamellaédn &itpreferential location on the edges. The
particles are well-separated from each other anavshsize in the range from 2 to 30nm. Most of
silver nanoparticles have been detached from wligdatelets by sonication process and result
homogeneously dispersed around the MMT lamellaéhdrinsert image of Figure 46 it is observed
the presence of Ag or Ag20 nanoparticles with ayersize of about 2-3nm alongside the presence
of MMT platelet fragments likely originated by then exchange process. The presence of these
fragments confirms the destroying of MMT layered rpfmlogy as already shown by XRD

analysis.

Figure 46: TEM images of Ag-MM at different magnifications.

138



CHAPTER3.EXPERIMENTAL RESULTS

3.4 HLM CHARACT ERIZATION

34.1 X Ray Diffraction

The crystalline structure of chitosan polymer \alsoevaluated by WAXD measuremer
The spectra were detted in the transmission mc¢ by scanning the@range between 1,5 and 4

as well as for the morphology oig-MMT and Na-MMT in the polymer.
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Figure 47: X-ray diffraction spectra of neat CS, CS/NaMMT andABIMT active films

Figure 47 reports th&VAXD spectra for neat chitosan and nanocompafilms with
NaMMT and AgMMT, with glyceiol as plasticizer. Neat chitosan films show chamastic
crystallinity peaks at@= 8°,11.2° and 18°as well as a broad peak corresponding to the amag
structure at 23%ee the inset graph of tlFigure 47) (Wanget al, 2005). The crystalline strture
of chitosan is strongly dependent on its procestiegtment, as well as its origin and molec
constitution, such as degree of deacetylation antberlar weight (Rhimet al, 2006). However,
the data reported in Fig. 4how that the crystalliry of chitosan is slightly reduced by the addit
of the NaMMT clay. As he unmodified NaMMT clay presents a distinctivefrdiftion peak a

around B = 7.2° corresponding to doo; Spacing between the sitite platelets of about 1.2 nm
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can be observed that for chitosan/clay nanocomgmsdite NaMMT diffraction peak shifts to 4.5°
(i.e. doo1 spacing equal to 1.8nm corresponding to a thickreegpansion of the original clay of
about 50%). This shows that the chitosan macromtdscare able to intercalate the NaMMT
stacks. The obtained results indicate that theraatation of chitosan chains within the silicate
galleries takes place in different regimes of disjpss as well as to a different extent. An anatéogu
result were reached for chitosan/AgMMt clay nanoposites because of basal (001) MMT
diffraction peak shift; so in the bionanocompositegosan macromolecules are intercalated in the
MMT silicate galleries. Indeed in CS-AgMMT samptbg intensity of the reflection was lower,
whereas its half-width was larger than this of ysetb clay minerals, whereby the highly ordered
parallel lamellar structure of the mineral was aiged by metal nanoparticle formation .

The crystalline structure of chitosan is not akelcby both glycerol and Na-MMT clay
addition whereas it is significantly modified byetpresence of the Ag-MMT filler. Probably the Ag
ions and metallic particles interact with the ch@én macromolecules acting as additional cross-
linkers which strengthen the polymeric network.

3.4.2 Water vapor Permeability

Water vapor transmission rate for silver nanocldysosan film was recorded by keeping film
samples in contact with a water activity gradieetween downstream and upstream side of
material.

In table 4 are reported the value of water vapempability (WVP) of pure chitosan film,
montmorillonite loaded chitosan and silver montrihanite loaded chitosan.

WVP decreases when chitosan film is loaded witth bwnoclays systems, Na-MMT and
AgMMT, and it slightly changes as the amount of AgWincrease up to 10% (Table 4). Chitosan
has a poor barrier property against water vapoausse of its hydrophilicity (Maet al, 2003; Liu
et al, 2007), so the presence of Ag-MMT particles alloawsreduction of the water vapor
permeability of about 30% with respect to neatadan.

As X-ray spectra showed, NaMMT nanoclays resultethe coexistence of both intercalated
and exfoliated structures in the matrix of nanocosies. With adding AQMMT clays, it was clear

that an intercalated morphology with additional ssllmking was present. A tortuous pathway
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formed by well-dispersed layers of AQMMT (Figure)4&ted as a barrier against gas transmission
because of the increased path length (Rhim, 2(&i6Le negatively charged clay acts as an ionic
crosslinker, the addition of clay will strongly aét the low-swelling ratio as well as the high sros
linking density of chitosan films (Litet al, 2007). The resulting CS/AQMMT nanocomposite
shrunk in the interlayer space, resulting in potecking that inhibited the passage of gas

molecules.

Table 4 Water vapor permeability values of CS, CS/3%NaMMB/10%naMMT, CS/3%AgMMT and
CS/10%AgMMT active polymeric film samples.

SAMPLE WATER VAPOR PERMEABILITY
[g/m s Pa]
cs 3,0210™
CS/3%NaMMT 2,500
CS/10%NaMMT 2,080
CS/3% AgMMT 2,210
Cs/10%AgMMT 2,210"

The observed decrease in WVP is of great importanegaluating the nanocomposites films
for use in food packaging, protective coatings atier application where efficient polymer barriers

are needed.

"’““—:_S\ A

Figure 48 Cross-linking phenomena in a polymer.
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34.3 Water Adsorption

Water uptake is a measure of the resistance dfmastample to water. Though the water
solubility of all nanocomposites films was not sfgraly different than that of neat chitosan film
(Table 5). This results clearly indicates that weger absorption of nanocomposite films was not

affect by mixing rather with unmodified NaMMT or Awnoparticles-loaded MMT.

Table 5: Results of water sorption tests for CS, CS/10%Navand CS/10%AgMMT.

WATER ADSORPTION
SAMPLE
[%0]
CS 136
CS/10%NaMMT 190
Cs/10%AgMMT 148

The established interaction between Ag ions or Agtaftic surface with chitosan
macromolecules and the extent of intercalation @otd the obtained material a higher stability in
liquid water, as confirmed by WAXD analysis

The water uptake of CS, CS/10%NaMMT and CS/10%AgMhihocomposites at various
pHs is shown in Figure 49. As we observe, the $mgelbf CS matrix was pH-dependent.
CS/10%AgMMT nanocomposite swelled greatly in theliacmedium compared to the neutral or
basic one. Chitosan with AQMMT nanocomposites s¥ehigher at a much faster rate in a lower
pH medium than in a higher pH medium. The effecplfon the water uptake of the chitosan-
containing AQMMT nanoparticle is ascribed to theltolysis of amide linkages in the crosslinked
chitosan network by acid and the regeneration ahamgroups in networks (Huareg al, 1998;
Sunget al, 1999). Because the amino groups reformed in étark could be protonated in acidic
medium, the water gain at equilibrium of chitosamaining Ag nanoclays in the acidic solution
was larger than that in the neutral one. The astitic repulsion of the protonated RiHyroups
along the chitosan chain could lead to an expardidime network and hence a higher swelling.

The presence of glycerol also confers a higher dgiomal stability to the samples. This
behaviour is most likely to be due both to the fation of the crosslink network induced by the
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hydrogen bonds between the chitosan and glycemltaran enhanced intercalation of chitosan
molecules into the silicate galleries (Lavorgal, 2010).

The samples containing Na-MMT filler show an incesth of the water liquid uptake
compared to neat chitosan which is attributed t® high water affinity of the phyllosilicate
particles or platelets. However, it can be inferfren the data at pH 3.56 and 6 that the presehce o
Ag-MMT particles allows a reduction of the watertalge in comparison to the Na-MMT
bionanocomposite (Figure 49). This result is ex#gnsignificant because one of the limitations to
chitosan commercialization is mainly related tohitgh water liquid uptake which compromises the
sample dimensional stability and consequently thelieative properties. It is likely that the Ag
ions or Ag metallic surface increase the networkemtx of chemical and physical cross-linking
between the chitosan macromolecules conferringaabtained material a higher stability in liquid

water.
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Figure 49 Water sorption values at equilibrium at &5 of film (A) CS, @) CS/NaMMT and Q) CS/AGQMMT at
various pHs.
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344 Release Test

For migration tests, a known amount of films weregnersed in an agueous solution (10
at ambient temperature. Liquid samples were withdrérom the solution at different times a
analyzed by ICP/AES. A commercial ICP mstandard solution was used for calibratiln Figure
50is reported the release kinetics after 20 daysnofiérsion for both two different concentratior
Ag-MMT chitosan films.

Silver ions are released in a steady and prolomgaaner, thus showing tt most of Ag
released comes from the oxidation of the metallitage as the water diffuses through the struc
determined by the interactions between inorgaratepdts and organic chitosan macromolecule
can be noticedhat the amount of silveions released after a given immersion time increagéh
growing concentration of the silver particles ie gholymer. Moreover, after an immersion time
about 20 days, an increase of the ions releasl imeasurable indicating that the silver revoir is
not yet depleted.

The steady Ag release can be an useful propertiailoring the antimicrobial activity of th
bionanocomposite films and to design materials Wwhagplicit their function in preventing foc

degradation over a longer time oping window.
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Figure 50 Silverrelease profiles of CS/3AgMMT and CS/10%AgMMT aetpolymer film sample
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CHAPTER4 CONCLUSION

4.1 (CONCLUSION

411 Antioxidant active Film

In this thesis, samples of purely siliceous andnanrfiuinctionalized SBA-15 mesoporous
silica were successfully used atocopherol carriers for the production of activBRE polymer
films. X-ray diffraction and microporosimetric memsments revealed the strong influence of
adding the functionalizing agent (aminopropyltratiisilane) to the mesophase synthesis mixture
on the structure and the pore size of the finatipeb. Fourier transform infrared spectroscopy tests
proved that the interaction between tocopherol gn@damino groups of functionalized SBA-15
occurred. Migration tests were performed on acpeé/mer films containing tocopherol-loaded
mesoporous silica particles in order to investigdwe effect of the amino functionalization on
controlling the release kinetics of the antioxiddata food simulant. Active polymer films
containing the functionalized carrier showed a glotecopherol release when compared to samples
containing free tocopherol and tocopherol loadetb qourely siliceous substrate. In fact, the
antioxidant diffusivity of films containing functi@lized mesoporous silica decreased of about 50%
with respect to films containing free tocopheralicB a result is attributed to the decrease in the
pore size of the carrier with respect to the namcfiwnalized one, and to the increase in diffusion
resistance caused by the functionalization of tibernal pore walls with the amino groups. Finally,
the oxygen radical absorbing capacity (ORAC) asdape produced active polymer films proved

the antioxidant effectiveness of tocopherol relddsem samples after manufacturing process.

41.2 Antimicrobial active Film

In this work of thesis, a new bionanocomposite fiégxhibiting antimicrobial activity was
produced. Ag-MMT nanoparticles were obtained thidugy ion exchange reaction and inserted in
the characteristic lamellar structure of montmoniite. Chitosan, chosen ass matrix for the active

films, was successfully loaded with these new aictiobial silver-based nanoparticles.
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Characterization of AQMMT nanoparticles show thatdnsists of nanometric metallic silver
and oxides particles (size in the range 2-40nmiepeatially located on the surface of MMT single
lamellae. Moreover, X-ray diffraction spectra showeat Ag-MMT particles result partially
intercalated by chitosan macromolecules althougbarinot be excluded in such an extent the
exfoliation due to the collapse of MMT structureidg the preparation of the active filler.

The crystalline structure of chitosan is not aféelctoy both glycerol and Na-MMT clay
addition as shown WAXD spectra, but the glycerasgitizer and the silver ions as well as the
surface of metallic particles exert a combined ctffghich allows a reduction of the liquid water
uptake and water permeability with respect to raatosan. In fact, the presence of Ag-MMT
particles allows a reduction of the water uptakalodut 50% with respect to either neat chitosan
and Na-MMT nanocomposite.

Finally, by means of release tests it is possilWeobserve how the silver supporting
nanoparticles, Ag-MMT have contributed to modul#te release kinetics of silver ions from
bionanocomposite films over a longer time interfugd to 20 days).

Results obtained in this work suggest that chitddaers loaded with montmorillonite clays
containing antimicrobial agents (silver ions) exthibmproved water absorption properties and can
be used as novel food packaging materials withrobet release properties. This is of paramount
importance for the production of active films to lmed as food packaging materials or potentially

as biomaterials.
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4.2 HRJUTURE DEVELOPMENT

The field of food packaging can be considered dnéh@® emerging applications of stimuli-
responsive polymer materials. They are an intergsinnovative and challenging class of materials
that can adapt to surrounding environments andeguiate the transport of molecules as a reaction
to external stimuli. To sustain life and maintailbgical function, nature requires selectively
tailored molecular assemblies and interfaces thatigee a specific chemical function and structure
as well as a change in their environment. Synthmilgmer systems with very similar attributes are
often prepared for a broad range of applicatiorchsas controlled- release systems. Recently,
stimuli-responsive macromolecular nanostructuregehbeen developed; they are capable of
conformational and chemical changes upon receptibrexternal signals such as change in
temperature, pH or chemical composition. These madgewill permit triggering the release of
active compounds only when strictly needed by th&tesn, thus avoiding waste (Stuaitt al,
2010).

Mother Nature shows us abundant examples of stimaponsive (or smart) materials which
have triggered the interest of researchers forrgy lome: leaves oMimosa pudicacollapse
suddenly when touched; leaves of the Venus flysa@p shut on doomed insect prey; leaflets of
Codariocalyx motoriusrotate under exposure to sunlight; sunflowers ttoward the sun;
chameleons change color according to the envirotahesituation; and so on. Mimicking the
functions of such organisms, scientists have madatgfforts to synthesize stimuli-responsive
polymers which have scientific significance andmpising applications (Het al, 2012) .

Stimuli-responsive polymers (SRPs) rapidly changeirt configuration, dimension or
physical properties with small changes in the appate stimuli such as heat, moisture/water, pH
value, electricity, light, magnetic field, and seht (Huet al, 2012).

Recently, the use of polymeric nanocarriers to dpant active compounds like small-
molecular, peptides, or others found an increadéehteon throughout the different fields of
industrial and material engineering. Not only thla¢se nanocarriers enhance the properties of
already existing material in terms of bioavaildlilibarrier and mechanical properties, furthermore
they can be tailor-made in such a manner thatdbtctively release their cargo at the desired time

of action.
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Fleigeet al, (2012) have noticed that the nano-structurederarhave been fabricated from a
practically limitless variety of organic and inorga materials including, but not limited to,
polymers and dendrimers, lipids, amphiphiles, carbanotubes, DNA-like scaffolds, elemental
nanocrystals, quantum dots and mesoporous matefifls hierarchical assemblies of these
materials, architectures and particulate systentsh sas polymeric micelles, conjugates and
complexes of dendrimers and hyperbranched polymiexsi,ganic nanoparticles, polyplexes,
liposomes and vesicles, caged architectures ang wihers, which share the dimensional feature
of nanometer scale-range and are used for delvebjoactive agents, are termed as nanocarriers
(Fleigeet al, 2012).

From the above, it is possible imagine to combihe particular efficiency of active
composites with the innovative feature of stimelsponsive materials. In fact , stimuli-responsive
macromolecular nanostructures could be able ofarardtional and chemical changes on receiving
an external signal. These changes are accompanigdriations in the physical properties of the
polymer. The signal is derived from changes in riegerials’ environment, such as a change in
temperature, chemical composition or applied mechaanforce, or that can be triggered
exogenously by irradiation with light or exposupean electrical and magnetic field.

This new point of view can open the doors to a neaterial formulation research to be used

also in the food packaging field.
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