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ABSTRACT

This thesis explored Atlantic lobsteHgmarus americanysshellwaste as a chitosan
(LCh) source for developing antimicrobial edible films for food packaging applications. The study
focused on improving the physicochemical properties of the films by blending fish gelatin (Ge)
and sunflower oil (O) with LCh anelvaluating the effect of plasticizer, polymer concentratien (1
2%LCh w/v) and drying temperatures (37/60/80 °C) on these filmsRFXRD and TGA
analysis revealed excellent intermolecular interactions between film components; however, high
temperature ging adversely affected these interactions. The formulations of-GE®
composite films were optimized using Response Surface Methodology, and the obtained models
allowed films to be tailored to a wide range of functionalities for niche packing apptisatio
Regarding their antimicrobial activity agairist coli, neat LCh films presented a high degree of
inhibition (77-83%), but composite films showed significantly reduced activity. Overall;GEh
O films demonstrated excellent potential as anfaeadly alternative to conventional plastic

films.

Keywords:lobster shells, chitosan, fish gelatin, edible packaging, antimicrobial films, response
surface methodology.
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CHAPTER 1

INTRODUCTION

Shellfish processing and consumption generate thousands of tonnes-ofastteland by
productsglobally each yearMost ofthis wasteis either unsustainably discarded in landfills and
seas, causing land and coastal pollution concerns suend lowvalue applications as fertilizers,
animal feed or energy recovery through incineraffacher & Russel, 2008; Hilsey, 2018; Kaur
& Dhillon, 2015) However, if optimally utized, these byproducts can be a valuable bioresource
as they are generally rich in various higdue nutritional or bioactive compounds such as
complex carbohydrates, proteins, lipids, minerals and carote(Glt=n et al., 2016; Hulsey,
2018) Chitin, a unigue biopolymer, is one of such compounds found abundantly in crustacean
shells and has attracted significant scientific interest in the recent past due to its rlemarkab

properties and distinct derivativéShen et al., 2016)

Atlantic-Canada is the largest producer and exporter of live and processed
AmericarAtlantic lobsteryHomarus americanysvorldwide, accounting for more than 58% of
the global productiofFAO, 2020) In 2019, Canada landed 103,917 tonnes of American lobster,
valuing more tharl.5 billion CAD, indicating the significance of lobster processing industries
(LPIs) in the regior{Fisheries and Oceans Canada, 2019b, 20Hmyever, lobsters have a low
portion of consumable meat, and up to 75% of the lobster mass cdisclaeded during its
processing, generatirlgrge amounts of shelvaste and other bgroducts(llangumaran, 2014;
Nguyen, Barber, Corbin, et al., 201AHence, thesheer abundance of tHabsteroriginated shell

waste opens up prospects for its utilization as an economical and sustainable chitin source.

Chitin and its derivatives are exceptional biomolecules with various novel and well
established applications irstiue engineering, dridglivery, wastevater treatment, plant disease
management, and industrial production of several valuable chemaggiatform compounds
(Chen et al., 2016; Hulsey, 2018; llangumaran et al., 2017; Nguyen, Barber, Corbin, et al., 2017;
Yang, 2011) Among these applications, the potential aifidsoluble deacetylated chitin
derivativesj.e. chitosan and chitooligosaccharides, as critical components of active, biodegradable



or edible food packaging systems are notewd(ttyabee, 2015; Fernandde Castro et al., 2016;
Hamed et al., 2016)

In the past few decades, the unsustainable and uncontrolled disposal etissépssH
fuel-based nofbiodegadable plastic packaging waste, primarily originating from food packaging,
has resulted in extensive land and oceanic pollutaosingdetrimental effects on the natural
environmen{Marsh & Bugusu, 2007; Rhode2018) Moreover, the continued rapid depletion of
the earthodés fossil fuel reserves has-basedi sed
packaging system@.eceta, Guerrero, Cabezudo, et al., 203 a result, in recent years, the
scientific community has made significant strides toward findingfieendly and sustainable food
packaging alternatives that can either partially or fully replace fhsdibased plastics.

Chitosanbased packagingilins are of particular interest in this regard due to their
biodegradable, biocompatible, edible and antimicrobial nature, along with their renewable
biological origin (chitosan sourcegnd thuscan offer numerous environmental and functional
benefits overconventional plastic films in specific food packaging and preservation applications
(Dutta et al., 2009; Elsabee, 2015; Leceta, Guerrero, Cabezudo, et al., Q0h@Vver, the
challenges asstted with pure chitosan films such as their inherent hydrophilic nature, high
rigidity, poor thermal processibility, high dependence on environmental humidity, limited
technology for their industrial processing and possible costs associated with thearchito
production have severely limited their applications in the food indsider, 2010; Elsabee,
2015; Khouri, 2019)

In order to address these deficiencies and improvephlysicochemical properties and
overall functionality othitosan films, continuous efforts have been made over the last two decades
to optimize the process conditionéSingh et al., 2015; Srinivasa et al., 2Q0incorporate
plasticizers & functional additivd€erqueira et al., 2012b; Elsabee, 20drx) blencthitosan with
other biopolymers such as starch, alginate, or zein pr(@anon & Vazquez, 2020; Santacruz et
al., 2015; Zhang et al., 201%ishgelatin is one okuch blending biopolymers with excellent
compatibility with chitosan anthe ability to enhance film flexibility and elasticitfHosseini et
al., 2013; Yao et al., 2017k is also reasonably cheap and can be sustainably sourced from the

processing of abundantly available fisaste(skin, bones and fingAvenaBustilloset al., 2006;
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Hosseini et al., 2013Dn the other handydrophobic compounds like oils mixed with chitosan
in small proportions can significantly enhanttee hydrophobicityand water vapour barrier

properties of theesultantilms (Elsabee, 2015; Ojagh et al., 2010)

However, despite the recent advancements in the field, there are still considerable gaps in
the production, processing and applicability of chitelsased edible films in the fdgpackaging
industry. In addition to the utilized solvents, additives and processing parameters, the
physicochemical properties and behaviour of chitosan, and its interaction with other film
components (solvent acid, plasticizers and copolymers), areyhighlenced by its purity and
structural characteristics (MW and %DD), which in turn are dependent on its source and extraction
procedurgAnsorena et al., AB; Elsabee, 2015; Khouri, 2019; Nadarajah, 2005; Nunthanid et al.,
2001; Park et al., 2002Unfortunately, most of the available literature on the production and
properties of chitosan or composite films is based on analytical grade or high paasachwith
no reports made to this day on utilization of chitosan derived from thevshstié of Atlantic
lobsters for edible film applications. Moreover, several variations and inconsistencies have been
reported throughout the literature regarding tfiece of various factors on the physicochemical
properties of chitosan films, leading to extreme difficulties in predicting and controlling their

behaviour as a packaging material, thus limiting their commercial applicability.

The present studgddresessome of these gaps by evaluating the applicability ofdost
crude chitosan procured from abundantly available Atlantic lolsstelt waste in the production
of solvent cast edible films. The study investigate effect of various factors su@s polymer
and plasticizer concentrations, drying temperatures, chitosan molecular weight and incorporation
of fish-gelatin and sunflower oil on the physicochemical properties of the ledistdirderived
chitosan films. Moreover, the study devedaptimized procedures and formulations for tailoring
physicochemical properties of lobstarellchitosari fish gelatini sunflower oil composite films

based on their desired applications in various food preservation and containment functions.



1.1 Scopre AND RESEARCH OBJECTIVES

The overall goal of this study was utilize lobstershellwaste as an accessible and cheap
source of chitosafor developingunctional edible films with the potential to substitute singge
plastic packagingndmodify these filmsaccording tadifferent food packaging applicatiorito

achieve this goal, theéefinedresearch objectives of this thesis were:

1. To characterize andomparelobster shelwaste derived crude chitosghCh) with
commercially available chitosaoy evaluating thegphysicochemicabehaviourof their

solvent cast films.

2. To evaluate theffect ofincorporatindish gelatin (Ge) and sunflower oil (O) in L@&hms

when prepared at differefitm drying temperatures.

3. To optimize the formulations dbbstershellchitosari fish gelatini sunflower oil(LCh-
GeO) composite films using Response Surface Methodolofyr different film

functionalities according toiche packaging applications

4. Toinvestigate the antimicrobial properties of optimized L&#O composite films and to
examine the effect of replacing LCh wethzymatically hydrolyzed low molecular weight
LCh.

1.2 THESIS LAYOUT AND ORGANIZATION

Chapter 2 provides he background information and a review of the available literature
regardingthe variousfacetsof this project and utilized materialsicluding the prospects of
Atlantic lobster shelivaste as a potential chitosan source andtitieal aspects of chitosan as a

film-forming biopolymer

The overallexperimentalvork reported in this thesis is divided into three distinct chapters
(Chapter 3, 4 and 5), with each chapter being a felipwtudy on the observations of the previous

chapters.



Chapter 3is a preliminary study for evaluating the applicability of crude chitosan obtained
from lobstershell waste in the preparation of edible films. This chapter presents the extraction
procedure, characteristics of extracted LCh and the procedyseefmaring chitosabased edible
films. It also compares the physicochemical properties of LCh films with films obtained from

commercially available crahellchitosan and high molecular weight analytical grade chitosan.

Chapter 4 is an investigative studgn the preparation and characterization of LCh
composite films incorporated with fish gelatin and sunflower oil. The study also presents the effect
of differentfilm drying temperatures on the physicochemical, structural and thermal properties of

neat anccompositeLCh films.

Chapter 5 is an optimization study for LGBeO composite film formulations and
provides regression equations for predicting various physical, mechanical, optical and barrier
properties for these films depending on their composifibe.study also presents some optimized
formulations of composite films depending on their intended functionality in different food
packaging applications. Finally, the effect of replacing LCh with enzymatically hydrolyzed low
molecular weight LCh on the ghicochemical and antimicrobial properties of optimized films has

also been reported in this chapter.

In the end Chapter 6 summarizes thmajorfindings from all three experimental chapters
and provides concluding remarks on the contribgtadrihis stug to the field and suggestions for

future work.



CHAPTER 2

LITERATURE REVIEW

2.1 CANADIAN LOBSTER INDUSTRY AND LOBSTER SHELL-WASTE

Atlantic or American lobsterdHomarus americangsare arguably the most economically
significant seafood commodity in Canada, owing to their premium pricing and high demand across
the globegFisheries and Oceans Canada, 2019a; Lobster Council of Canada A2t largest
producer and exporter of live and processed Atlantic lobsters worldwide, Canada occupies more
than 58% of the global share, indicating the importance of lobster production and processing
industries in the countrfFAO, 2020; Lobster Council of Canada, 2018)2019, Canada landed
over 103 thousand tonnes of Atlantic lobsters, 93% of which were exported with a trade value of
about 2.6 billionCAD, a significant chunk of the country's total marine product export revenue
(Fisheries and Oceans Canada, 2018, 2019a, 20A@bpugh the Covidl9 pandemic has
significantly impacted the production, processing and export of lobsters in 2020, the industry is

expected to return to normalcy and grow in the following yga#©, 2021)

The majority of Canadian lobster production comes from three Atlantic provinces, i.e.,
Nova Scotia, New Brunswick, and Prince Edward Isl@nabster Council of Canada, 2010;
Thériault et al., 2013)The aggregate commercial value of lobsters landed in 2Q19ese three
provinces was 1411.8 million CAD against the country's total of 1596.6 million EAdberies
and Oceans Canada, 2019dpreover, aproximately 55% of it was contributed by Nova Scotia

alone(Figure2.1).
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Figure2.1: Canadian lobster landing values in 2019 (produced using data Fisheries and Oceans
Canada (2019D).

Canadian lobster market and sales are broadly categorized into two groups: live and
processed (frozen and cann€thériault et al., 2013)Although live lobsters are preferred by the
consumers and fetch a higher price, the constraints of domestic/international trade & logistics of
live produce and demand for increased sliiefand convenience hawiven rise to a massive
food processing sector for lobster processing in Atlantic Cafiglayen, Barber, Corbin, et al.,
2017; Thériault et al., 2013\ccording to a government report in 2013, over 55% of total lobster
landing in Canada was processed into various frozen or canned products, and lobster processing
industries (LPI¥ are estimated to grow significantly in the next few decddegriault et al.,

2013) Unfortunately, due to the low portions of consumable meat in lobstet30@0by weight),

LPIs generate enormous quantities of shell waste ayptdgucts (> 40,000 tonnes/year), which

is primarily discarded in dumpsites, landfills and oceans, contributingdalahcoastal pollution

due to their high resistance to biodegradaidealy et al., 1994; Nguyen, Barber, Corbin, et al.,
2017) In addition, LPIs incur huge costs associated with the transportation and disposal of this
waste, compelling them to shift towards more sustainable angitesting alternativegKerton

et al., 2013; Nguyen, Barber, Corbin, et al., 2017)



Apart from their inorganic matrix, crustacean shells are composed ofvaigéa
biomolecules, i.e., proteins (2% db), chitin (1540% db), unsaturated lipids-(®% db) and
significantly high amounts of astaxanthin, making a convincing argument towards their utilization
as a potential renewable bioresou(Cen et al., 2016; Kerton et al., 2018) recent years,
crustacean shells have found some commercial applicasdog~aalue animal feed supplements
and organic fertilizers or their utilization as a feed source for chitin extraction that can be further
converted to higlvalue chitosarfArcher & Russel, 2008; Hulsey, 2018; Kaur & Dhillon, 2015;

Xu, 2017) However, at present, only a tiny fraction of lobster selte generated in Atlantic
Canada is utilizefor these application&Schaer, 2021Xu, 2017)

2.2 BACKGROUND ON CHITOSAN

Chitosanis an artificially modified biodegradable and edible polysaccharide derived from
chitin, a structural biopolymeeadily found in the exoskeletons of arthropods such as crustaceans,
arachnids and insects, and the cell walls of fungi and some algal spiéraedi-Mendoza et al.,
2016) Chitin is the second most prevalent biopolymer in nature after cellulose and is also
structurally very similar to cellulose, and thus is oftermed as a nitrogenated cellulose derivative
(loelovich, 2017) It is a homopolymer ofN-acetytD-glucosamine (GIcNAc) monomers
connectedinearlyt h r o u idjglydosidfclinkages. However, in nature, it is found as a random
copolymer of GIcNAc and Blucosamine (GIcN) subunits, with the prior being predominate in
the polymer chain (Figure 2.2Arnold et al., 2020; Kumari & Kishor, 2020)

Chitin is usually highly resistant to physical and chemical degradation argblabfe in
agueous and most organic solvents due to its excessive intra and intermolecular hydrogen bonding
and hydrophobic acetyl groups, which significantly restricts its commercial applications to a few
specialized field¢Annu et al., 2017; LizareMendoza et al., 26). However, with a decrease in
its degree of MNacetylation (DA%), its hydrophobic nature significantly decreases due to the
increased availability of hydrophilic free amine groups §NiH its structure, providing it with a
net positive charge in waté€umari & Kishor, 2020) Therefore, partially deacetylated chitin with
DA less than 3810% becomes readily soluble in dilute acidic aqueous medindis aeferred to

as chitosan (Figure 2.2Khouri, 2019) Chitosan is a unique, ndaxic biopolymer offering
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excellent biodegradability, biocompatibility, high adsorption capacity and activity against

microorganisms, and with its increased solubility, it can also be easily processediloi¢ films

and coating¢Chen et al., 2016; Hahn et al., 2020; Zhang et al., 2013)

OH
OH o} OH 3
HO 0 HO o
.0 HO O
[e) OH o)
OH OH

Chitosan

Cellulose

Figure2.2: Structure of chitin, chitosan and cellulose (adapted fAdwarenga(2011)).

2.3 SOURCES, PRODUCTION AND APPLICATIONS OF CHITOSAN

Chitin existsi

depending on the orientation of polymer chdirigiure 2.3 (loelovich, 2017; Kumari & Kishor,

2020) -chitin, being the most abundant one, is usually isolated frarstaceans, insects and

n

three

di fferent

pol ymor p-torms,

f or me

fungi and comprises anparallel chains that significantly increase its thermodynamic stability

caused by strong intermolecular hydrogen bond@ten et al., 2016Y0n the other hand, the

polymorph consists of parallel chain arrangements and can be found in squid pens and tube worms.

Finally, ino-chitin, every third chain is arranged in the opposite dire@mhcan be isolated from
cuttlefish and insect cocoofiselovich, 2017)Bothb

a ffiodns however, are structuraltyuite

unstable, have high sensitivity to swelling and are relatively rare t¢Aimau et al., 2017)
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Figure2.3: Orientation of polymer chains in difeat allomorphs of chitin.

Even with such widespread availability in nature, chitin and therefore chitosan is only
obtained commercialljrom the exoskeletal shells of crustaceans, i.e., shrimps, crabs, crayfish,
and krill, due to their high chitin content (#89%) and availability as a leeost food processing
by-product(Chen et al., 2016; Nadarajah, 2005)

2.3.1 Chitosan Production

Characteristics of chitosan suck igs purity, molecular weight, degree of deacetylation,
and polydispersity index are critically influenced by its source and extraction conditiatayv
et al., 2019) Chitosan can be isolated from crustacean shells using either harsdkatid
chemical extraction procedures or biological procedures (enzymatic or fermentative methods) and
usually involves four basic steps: demineralization, deproteinization, deacetylation, and
depigmentatiofAnnu et al., 2017)Demineralization of shells is achieved by dissolving inorganic
salts in low pH condibns by either adding strong mineral acids like HCI or by-acatlucing
bacterial (APB) fermentatiofArbia et al., 2013; Kerton et al., 2013)uring ceproteinization,
shell proteins are disintegrated and dissolved in hot alkaline conditions or are enzymatically
hydrolyzed using proteolytic bacterial fermentation or directly treating with proteolytic enzymes
(Annu et al., 2017; Arbia et al., 2013)ext, the resultant substrate is deacetylated to produce
chitosan by again treating it with concentrated alkali solutions at high temperatures or using the
chitin deaetylase enzym@umari & Kishor, 2020) Finally, the extracted chitosan is purified by
removing residual pigments like carotenoids using oxidizing agents or solvent ext(etiton
etal., 2013)
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While chemical extraction procedures have high extraction efficiencies and short
processing times, they adversely affect the physicochemical properties of chitosan and are
considered unsustainable and uneconondigalto their high energy and freshwater requirements
and the use of corrosive chemicélaumari & Kishor, 2020; Xu, 2017)On the other hand,
biological procedures are efiendly, energyefficient and produce a reproducible product with
desired propertieyadav et al., 209). However, they are slow, have low product yield and are
limited to laboratoryscale studieg¢Arbia et al., 2013; Kumari & Kishor, 2020Therefore, the
majority of commecial chitosan production relies on chemical extraction procedures, which
consequently increases the cost of chitosan procurement despite the cheap and abundant

availability of its source material (crustacean shelkte).

2.3.2 Functional Properties of Chitosan

The distinct chemical and structural characteristics of chitosan provide it with unique
functional properties that can be utilized in various industrial and medical applications, making
chitosan a highly attractive and valuable biopolyif¥adav et al., 2019)While the acetylated
units of chitosan can form hydrogen bonds and hydrophobic interactiomributing to its
molecular stability and structural rigidifizizardi-Mendoza et al., 2016jnost of its exceptional
properties are associated with the free amino groups of its deacetylated units that give chitosan its
polycationic nature and solubility in dilute acidic mediufAsnu et al., 2017; Kumari & Kishor,

2020) Additionally, the reactive hydroxyl and amino groups of chitosan permit diverse
interactions with organic and inorganic compounds, which can modify and enblamesan's
physical and solution propertiélsizardi-Mendozaet al., 2016)

2.3.3 Commercially Relevant Applications of Chitosan

One of the leading commercial applications of chitosan is for the adsorption and removal
of pollutants from industrial and municipal wastewater due to its positive charge and reactive
functional groups-{NH> and-OH) that result in excellent metal chelating ability and high affinity
towards negatively charged organic compounds such as lipids, proteins, phenolic compounds and
industrial dyegHahn & Zibek, 2018; Kumari & Kishor, 2020; Liu et al., 2013; Nechita, 2017;

Varma et al., 2004; Wydro et al., 200As well, an evergrowing list of biological and bioactive
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properties of chitosan and its derivasy including biocompatibility, hemocompatibility, anti
tumour activity, antinflammatory activity, has made the use of chitosan increasingly applicable

in various biomedical fieldfArya et al., 2017; Kumari & Kishor, 2020; Zhao et al.12D The
biodegradable and neoxic nature of chitosan, along with its biocidal activity, has also made it
suitable for several agricultural applications as-ememdly antibacterial and antiungal agents

for plant disease management or as encapsglagents in the controlled delivery and release of
drugs (pesticides, herbicides and insecticides) and micronutrients to th@\apged et al., 2017;
Malerba & Cerana, 2018; Orzali et al., 20IMpreover, the activity of chitosan and its oligomers

as a biestimulant has also been widely applied for enhanced seed germination and eliciting disease
resistance in plan{glangumaran, 2014; Majeed et al., 2017; Miade& Cerana, 2018)

In addition to the abovenentioned unique properties of chitosan, its recognition as a
generally safe (GRAS) food additive, dietary supplement, and functional ingredient by the USFDA
has made it commercialtglevanin a wide rangef food processing and preservation applications
as well(Morin-Crini et al., 2019)For instance, several reports have been published on successful
applications of chitosan as a natural antioxidant and antimicrobial agent to ettheaaality and
sheltlife of fresh produce, processed products and beverages in the form of solutions, powders,
and coatingqgFriedman & Juneja, 2010; No et al., 200&s well, chitosan has also found
applications as an effective coagulant and flocculant for clarificatidnuafjuices, beers and
wines and as a health supplement and nutraceutical for its nutritional value and functional benefits
as a prebiotic and hypocholesterolemic ag@&@utiérrez, 2017; MorikCrini et al., 2019;Xu,

2017)

In recent years, chitosan hako attracted much scientific interest as a filonming
biopolymer fa the development of biodegradable and edible films and coatings for food packaging
and preservation applications due to their several functional and environmental benefits over
conventional plastic packagin¢Khouri, 2019; Leceta, Guerrero, Cabeo, et al., 2013;
Nadarajah, 2005) This will be discussed in more detail in the following sections of this literature

review.
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2.4 EDIBLE PACKAGING

Singleuse norbiodegradable food packaging is one of the most significant contributors to
plastic waste r@d associated land and oceanic pollution. According to the United Nations
Environmental Program (UNEP), in 2015, more than 140 million tons of sirsgieplastic
packaging waste was globally generated, most of which comprises food packagin{Maasite
& Bugusu, 2007; UNEP, 2018y nfortunately, only about 20% of this plastic waste is either
recycled or incinerated, while the rest ends up in landfills, or the oceans, causing detrimental
effects on the natural environment amtumulation of microplastics in the food chéihodes,
2018; UNEP, 2018)Moreover, the production of conventional plastics is highly reliant on non
renewable petroleuthased raw materials, and with the unavoidable depletion of fossil fuels, there
has been a growing urgency and push towateveloping novel packaging systems with low
environmental impadi_eceta, Guerrero, Ibarburu, et al., 2013; Rajpal, 2007; Rhodes,. 2018)

Biodegradable packagy materials primarily based on renewable and compostable
constituents originating from marine, agricultural or bacterial sources can provide a partial solution
to the environmental and sustainability issues of plastic pack#&gmgrre-Joya et al., 2018;
Angelo et al., 2017; Rajpal, 200Bdible packaging is a subset of biodegradable packaging and
can be defined as a thin membrane or a coat composed of polysaccharides, proteins, lipids or
composites that acts as a protectegering for food products and is in itself safely consumable
along with theproduct(Khouri, 2019) Edible packaging can baescribedas either a coating,
where a filmforming solution is directly applied and dried on the surface of the product (via
immersion, brushing or s@y) or as a separately cast or extruded film that can be wrapped around
or containthe product (Falguera et al., 2011; Wang et al., 201h) addition to the low
environmental impact associated with their biodegradable nature, edible films and coatings can
offer anarray offunctional advantages over conventional packagirigrms of food preervation
and sheHlife extension quality and texture enhancement, estheticd delivery of nutritional and
functional additivegHan, 2014; Pavlath & Orts, 2009)

Several biomaterialselated toproteins,polysaccharides (carbohydrates and gums) and
lipids, such as casein, soy protein, gelatmethylated derivativesf cellulose starch,chitosan,

alginate, carrageenan, and certaaxes have been identifiea the last two decades potential

13



film-forming materials with desired physical and chemprabpertes (Aguirre-Joya et al., 2018;

Han, 2014)In general, polysaccharide and protbased films and coatings offer good structural
integrity and mechanicalrpperties along with excellent resistance againstO0;, and ethylene
gaspermeation but are very sensitive to moisture and have poor vapour barrier propguies-

Joya et al., 2018; Falguera et al., 2011; Pavlath & Orts, 2Q08he other hand, lipids and waxes
offer superior resistance against moisture but lack the desired structural stability and are difficult
to shape as homogeneadiums(Debeaufort & Voilley, 2009; Falguera et al., 201dpnsequently,
synergisic combinations of these constituents have often been utilized in recent studies to take
advantage of the properties of each compo(®nsorena et al.,@.8; Souza et al., 2020; Wang

et al., 2017)

Overthe years, edible coatings have foumdespreachiche commercial applications in
the preservation and shelf life extension of various food products such as fresh horticultural
produce, meat & poultry, fish products, confectionery & bakery products, and ¢Aegsto et
al., 2017; Han, 2014; Olivas & Barbe€anovas, 2009; Ustunol, 2008)owever, coatings do not
serve the primary containment function of packaging and do not pnosdeanical protection to
the product and thus have to be used in conjunction with sturdy outer packaging. On the other
hand, edible films can provide the required protection to the contained products against external
stresses while also offering other ftinoal benefits such as the delivery and slow release of
antioxidants or antimicrobial agents in order to prolong the 4ifeel6f the contained products
(BlancoPascual & GémeEstaca, 2017)Despite thisin contrast to edible coatingsdible films
have not yet seen much commercial succkss to their produespecific applicability, higher
production costs and direct competition with significantly cheaper conventional thermoplastic
films such as low or high-density polyethylene (LDPEMBPE) or polypropylene (PP) films
(Azeredo et al., 2009; Falguera et al., 2011; Leceta, Guerrero, Cabezudo, et alEffii8have
more recently been directed towards developing, enhgrazid modifying edible films and their
physicochemical characteristics to overcome these deficiencies and eventually substitute
thermoplastics, which seems achievable in the near f(funmgelo et al., 2017; Pavlath & Orts,
2009) Table 2.1 lists some of the commercial edible coatingdibms presently available as food

packaging alternatives in the marketplace.
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Table2.1: List of some commercially available edible coatings and {#mgelo et al., 2017; Erkmen &
Barazi, 2018; Pavlath & Orts, 2009; Prasad et al., 2018)

Company Product Filmforming components  Applications

Edible coatings

Pre and postharvest protection of
fresh fruits, delayed ripening and
reduced moisture loss

AgriCoat
NatureSeal Ltd.

Sucrose esters, vegetable oils

Semperfresf and plant cellulose

Postharvest protection of melons,

BASF FreshSeal® Not disclosed
mangoes and tomatoes

Reduced enzymatic and oxidative
Improveat BioFruitCoat Not disclosed degradation of fresh fruits and
vegetables

Increased nutritional value of
fresh produce, cheese, meat and
bakery products

Blend of vitamins, antioxidant:

BioNutriCoat and pre & probiotics

BioCheeseCoat Not disclosed Re(_juced microbial spoilage and
moisture loss from cheese
Reduced microbial spoilage and
BioMeatCoat Not disclosed extended sheHife of meat
products

Caragum
International®

Reduced oil absorption in fried

Fibrecoat Spray Vegetable fibres breaded products

Seaweed extracts and Reduced oil absorption in fried

Fibrecoat Tempura oo table fibres meat products

Glaze for confectionary products
with increased fat resistance and
reduce moisture loss

MantroseHaeuser Shellac and vegetableased
Crystalac® )
Co., Inc. proteins

Blend ofcustom formulated Glaze for hard and soft sugahell

Certicoat® . panned candies with reded
oil and natural wax products .
moisture loss

Blend of vitamins and calcium Prevention of oxidative browning
NatureSeal® in selected freskout fruits and
ascorbate
guacamole
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Table2.1: Continued.

Company Product

Film-forming components

Applications

Fruitsymbiose Inc. Purbloom

De Leye Agro B.V. Bio-Fresi"

Nova Chem Ltd.  Nutri-SavéM

Opta Food

Ingredients Inc. Opta Glaze

Mori™ -

Edible Films

COGIN® -

KrisKraft Polymer
Inc.

BioEnvelop® Agro
Inc.

VivosMEdible
delivery systems

MonoSoL LLC
Ooho

Notpla Limited

Innovation Utility
Vehicle

Columbus' Egg

Algal extracts and calcium
ascorbate

Sucrose esters and
Carboxymethylcellulose (CMC

Carboxymethyl chitosan

Wheat gluten

Silk Protein

Carrageenatbased films

Hydroxymethylpropylcellulose
(HPMC) based films

Cellulosdalerivative and
starchbased films

Not disclosed

Sodium alginatdased films

Not disclosed

Shelflife extension of frestcut
fruits and vegetables

Postharvest protection of pears
and apples, delayed ripening and
reduced moisture loss

Reduced respiration and moisture
loss in pleasind awcados

Reduced microbial spoilage in ra
eggs

Reduced microbial spoilage,
moisture loss and oxidation in
several food products

Packaging of processed meat ani
poultry products

Mechanical protection of several
foods

Mechanical protection of several
foods

Water-soluble edible films

Packaging of high moisture and
liquid foods

Packaging of high moisture and
liquid foods

16



2.5 CHITOSAN-BASED EDIBLE FILMS FOR FOOD PACKAGING APPLICATIONS

Among various reported filforming biopolymers, chitosan has arguably attracted the
most scientific and commercial interest in the recent past due to its abundant availability, inherent
antimicrobial nature, and excellent film propertignsorena et al., 2018; Gutiérrez, 2017)
Moreover, its compatibility and dly to interact with various other biopolymers, biomolecules
and inorganic compounds on a molecular level due to its unique cationic nature have also made
chitosan a material of interest in the development of composite films with enhanced
physicochemicgpropertiegWang et al., 2017)

Edible films can be prepared by either wet (evaporative solvent casting) or dry (extrusion
and thermepressing) processing method&pure et al., 2011; Nadarajah, 200Splvent casting
is the most utilized technique for the ssdhle production of biopolymdrased films but can
also be applied at an industrial scale using continuous casting equifBhemtoPascual &
GomezEstaca, 2017; Rossman, 2008Jternatively, thermepressing andxtrusion are much
more feasible in a commercial setting due to their several advantages over solvent casting in terms
of processing times, energy efficiency and flespace requiremen{8lancoPascual & Gémez
Estaca, 2017; Pelissari et al., 2011; Wang et al., 2@Extjuded eible films based on several
proteins and polysaccharides such as casein, gelatin, wheat gluten, starch, pectin asudulbbger
cellulose derivatives have been reported in the litergdfDeegaran et al., 2009; Hanani et al.,
2014; Kocira et al., 2021; Li et al., 2011; Repka et al., 2086)vever, because of the excessive
hydrogen bonding in its structure, chitosan thermdiygrades before melting and cannot be
extruded in its native forrPAnnu et al., 2017; LizareMendoza et al., 2016Therefore, chitosan
films are primarily prepared by wet processing owing to the high solubility of chitosan in dilute
aqueous acid solutiorf€azon & Vazquez, 2020)

Several different procedures and processing parameters have been reported in the literature
for preparing chitosan films and coatin@gsder, 2010; Cazén & Vazquez, 2020; Dutta et al.,
2009) However, most of them usually invosolubilizing chitosan in an acidic aqueous medium
at low concentration®.5- 4% w/vi due to the processing challenges caused by the high viscosity
of the solutions) followed by either its direct application on food surfaces by-spating, spread

coating or immersion coating, or by casting it in flat containers like diskres or metal trays. The
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drying of these aqueous chitosan solutions leaves behind a robust and colourless homogeneous
coat on the food surface or a solvent cast film in the container that can be peeled off and further
applied in food packaging appligans. In recent years, researchers have also been able to produce
thermoplastic chitosan by using thermomechanical processing, making extruded chitosan films a
possibility (Epure et al.2011; Grande et al., 2018; Matet et al., 20ER)wever, the production

of thermoplastic chitosan requires large proportions of plasticizers, and the resultant extruded or
hot-pressed neat chitosan films usually have inferior physicochemical prepemmared to their
solvent cast counterpart€hen, 2015; Epure et al., 2011; Grande et al., 2018; Matet et al., 2013;
Wang et al., @17) Therefore, extruded chitosdmased edible films are almost always produced

as a blend in small proportions with other thermoplastic polyiMesdes et al., 2016; Pelissari

et al., 2011, 2012)

2.5.1 Properties of Chitosan Films

The applicability of an edible film as a food packaging material is often assessed by its
mechanical (strength, ftéility and elasticity), barrier (permeation of liquids and gases), optical
(transparency and colour) and functional proper{®ancoPascual& GomezEstaca, 2017;
Gutiérrez, 2017)In general, solvent cast chitosan films offer high strength and rigidity, excellent
resistance to gas and lipid permeability (except for water vapour permeation due to hydrophilic
nature), a colourless transpar@ppearance, and an innate antimicrobial and bivalent mineral
chelating ability, making them highly attractive for food packaging and preservation applications
(Aider, 2010; Cazo6n & Vazquez, 2020; Guilbert et al., 1995; Khouri, 2019; Zhang et al., 2013)
However, these properties are highly dependent and significantly influenced by several film
forming parameters such as the charactesstf chitosan (purity, MW and %DD), type and
concentration of acid solvents and plasticizing agents, functional additives and blending polymers,
and the processing and pgsbcessing factors (drying temperature, storage conditions, film
neutralization, bat curing, crosinking etc.) (Ansorena et al., 2018; Cazén & Vazquez, 2020;
Elsabee, 2015; Khouri, 201Nadarajah, 2005Moreover, widespread discrepancies can be found
throughout the literature regarding the effect of these factors on the specific properties of chitosan

films, which is a significant limiting factor for their commercialization.
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The animicrobial nature of chitosan is the flgaring property that distinguishes it from
other filmforming biopolymers and has been studied and applied in various fields and forms. Past
studies have shown the activity of chitosan films against a wide odmgeroorganisms with the
highest sensitivity against yeasts and moulds, followed by -g@sitive and grarmegative
bacteria(Aider, 2010) Although the complete mechanism behitie& inhibitory activity of
chitosan is still a topic of debate, it is likely to be associated with the free amino groups of chitosan
that interact with the anionic sites on the bacterial or fungal cell walls, disrupting them and leading
to the leakage oheir cytoplasmic contenfaider, 2010; Elsabee, 2015; Rajp2007) However,
the antimicrobial potency of chitosan films significantly varies with the intrinsic properties of
chitosan, the host organism and the conditions of the growth medium (pH and ionic strength)
(Dutta et al., 2009; Wang et al., 201&jtempts have also been made to enhance the antimicrobial
efficiency of chitosan fihs by incorporating other active ingredients like nisin or several essential
oils into the film matrix(Aider, 2010; Elsabee, 2015)

The molecular weight (MW) and the deacetylation degree (%DD) of chitosan play a
significant role in the molecular arrangement and crystalline structure of the films, which in turn
affects most of their physicochemical properties. For instabiethanid et al.(2001)
characterized solvent cast films prepared from chitosan of different MW and %DD and observed
an increase in the tensile strength (TS) and crystallinity) @rd a decrease in % elongation at
break (EAB) of the films with an increase in the MW and %DD of chitosan. They attributed these
results to the formation of chain entanglement networks in high MW chitosan and a denser packing
with increased intermoleculinteractions in a highly deacetylated chitosan (small amino groups
replacing bulky acetyl groups). They also reported a decrease in the moisture uptake of the films
with increasing %DD and decreasing MW of chitos@lves et al.(2019 andPark et al(2002)
made similar observations on the effect of MW and %DD of chitosan on the mechanical properties
of the films. In addition, Alves et al. (2019) alspoeted an increased water solubility of the films
with an increase in %DD and a decrease in MW. Past studies have also reported the influence of
MW and %DD of chitosan on the antimicrobial activity of the films against different bacterial and
fungal strais; however, there are inconsistencies in the observed effedes, 2010; Elsabee,

2015)
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The type and concentration of acid utilized for solubilizing chitosan and the final pH of the
agueous solvent have also been reported to significantly impact the mechanical, barrier and optical
properties of the chitosan filn{€azon & Vazgez, 2020; Park et al., 2002)hese effects are
generally associated with the structure and size of the acids and their interactions with protonated
amino groups as a counter ion, which may influence the inter and intramolecular interactions
between tk chitosan chainBégin et al., 1999; Khouri, 2019; Kim et al., 2006; Nadarajah, 2005)

In a study byKim et al.(2006) chitosan films prepared in different organic acid solutions (formic,
acetic, lactic angbropionic acid) and at different final solvent pH showed significantly different
physicochemical properties. They reported that with an increase in the solvent pH, water vapour
permeability (WVP) and water solubility (WS) of the films increased while teesile strength

(TS) decreased. Moreover, they concluded that the films prepared in acetic acid (cuEisia

films) showed the best structural integrity with the highest TS and a lower WVP and WS among
the tested acid solvents. Similar observatiorese made byPark et al.(2002) while testing
chitosan films prepared in acetic, malic, icitor lactic acid solvents. Due to the high variation
observed in the properties of the chitosan films with changing the acid type, they recommended
utilizing different acids as solvents to tailor the properties of chitosan films according to the needed
functionality. However, most of the available literature for chitosan films is based on acetic acid
as a solvent because of its excellent compatibility with chitosan, cheap availability, and relative
safety as a food additi &utiérrez, 2017; Khouri, 2019)

While neat chitosaiacetate films generally offer very high TS @060 MPa; higher than
most commercial polymdrased films such as low and hidbnsity polyethylene (LDPE/HDPE)
and pdypropylene (PP) films), they tend to be rigid and brittle with comparatively low
stretchability (4 50%)(Cazén & Vazquez, 2020; Khouri, 2019; Leceta, Guerrero, Ibarburu, et al.,
2013; Nadarajah, 2005; Nunthanid et al., 2001; Park et al., 2002; Ziani €1Qd), Pherefore,
plasticizers such as polyols (glycerol, sorbitol and polyethylene glycol) or sugars (glucose and
sucrose) are often blended with chitosan to reduce the frictional forces between the polymer chains,
resulting in enhanced flexibility anstretchability of the films while compromising on their TS
(Ansorena et al., 2018; Caz6n & Vazquez, 2020; Santacruz et al., 2015; Vieira et al., 2011)
However, the addition of plasticizers (type and proportions) also significantly affectstaltho

other film properties, including their swelling ability, water solubility and overall hydrophilicity,
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but the reported effects are often inconsis(ahtes et al., 2019; Cerqueira&t, 2012b; Leceta,
Guerrero, & de la Caba, 2013; RodrigiMizfiez et al., 2014; Ziani et al., 2008he most adverse
effect is observed on the mass transfer/barrier properties of the films (water @affo0s) asthe
incorporation of plasticizers rades the intermolecular forces and enhances the mobility of
polymer chains, resulting in a lesser density of polymer packing and a higher free volume, which
in turn increases the overall permeability of the filjAasorena et al., 2018; Cazén & Vazquez,
2020;Cerqueira et al., 2012b; Leceta, Guerrero, & de la Caba, 2013)

The drying and storage conditions while preparing chitosan films also play a critical role
in defining film characteristics. Although temperature, time, and drying methods have been
repored to influence the structural arrangement of polymer chains, affecting the film matrix and
overall film crystallinity (FernAndeZ’an et al., 2010; Homelara et al., 2018; Mayachiew &
Devahastin, 2008}he environmental humidity during processing, storage and characterization of
chitosan films is considered a far more critical factor. The reason being the hydrophilic nature of
chitosan films, because of which they readily absorb moisture from the sgingsias a function
of the environmental RH. This absorbed moisture acts as an uncontrolled plasticizer in the films
and significantly influences their mechanical and barrier properties, just like a polyol plasticizer
(Nadarajah, 2005; Ziani et al., 2008)herefore, most studies condition chitosan films at a
specified RH until an equilibrium is attained prior to their testingdragacterization to minimize
the variability in the results.

In conjunction with their mechanical properties comparable to other biopolymers, and
excellent resistance against lipids,add CQ transfer, the antimicrobial nature of chitosan films
make theman ideal choice for food preservation and shtdfextension applications. However,
the high sensitivity of chitosan towards environmemahidity (hygroscopicity)and its high
water vapour permeability restrict their direct applicatiOhigsorena et al., 2018 herefore, to
overcome these issues and enhance the overall functionality of chitosan films, several modification
strategies have been proposedra¥e years, such as film surface neutralization, heat curing,
crosslinking, grafting, incorporation of functional or active ingredients and rffsmsorena et al.,
2018; Elsabee, 2015; Khouri, 20199mong these strategies, blending chitosan with other
compatible biopolymers and lom@terials to modify specific characteristics of the edible films has
been extensively reported in the literature and is briefly discussed in the following section.
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2.5.2 Chitosan Blend and Co -polymer Films

Single component edible films usually always have aertissadvantages limiting their
functionality (Rajpal, 2007)For instance, they can have good mechanical properties but still offer
poor resistance to water vapour permeability due to their hydrophilic nature (most polysaccharide
and proteirbased films)YAguirre-Joya et al., 2018; Nieto, 2009; Zhang et al., 204/33an act as
an excellent barrier to moisture but offer inadequate homogeneity and overall film integrity
(hydrophobic lipids or wasbased films)YAguirre-Joya et al., 2018; Debeaufort & Voilley, 2009;
Falguera et al., 2011Yherefore, blending biopolymers and additives of different physiological
nature is one of the mosftfective ways to produce edible films with desirable properties while
overcoming the limitations offered by singtemponenbased filmgAnsorena et al., 2018; Cazon
& Véazquez, 202Q) Composite edible films obtained from mixing chitosan with other
polysaccharides, or proteins and lipids, have shown promising improvemeahtdedter
performance in terms of their mechanical, transport and other physicochemical properties
compared to stardlone chitosan filmgAnsorena et al., 201&azén & Vazquez, 2020; Elsabee,
2015)

2.5.2.1 Chitosanpolysaccharide films

Chitosan generally shows excellent compatibility with anionic polysaccharides containing
negatively charged sidghain groups in their structure, such as alginate, carrageenan, GMC an
pectin(Nieto, 2009; Park et al., 2001; Wang et al., 2021; daal., 2001) This is often attributed
to the electrostatic interactions between these negatively charged groups and the protonated amino
groups of chitosan, resulting in the formation of stable polyelectrolytic complexes (PEC) between
the two polymes (Ansorena et al., 2018; &dbee, 2015; Yan et al., 200Bgaron et al(2017)
characterized edible films obtained from the blends of different proportions of chitosan and pectin
extracted from blue crab waste and orange peels and repaoriaedrease in the water solubility
and moisture content of the films with increasing concentration of pectin. Moreover, the authors
observed that chitosgrectin composite films were more flexible and elastic than their-stimme
counterparts but had rsagnificant effect on their vapour barrier properties, which can be crucial
in eliminating the need for plasticizers in chitoszsed filmsismillayli et al. (2020)developed

stable chitosan PEC films complexed with alginate or carrageenan and studied their antimicrobial
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potential againsiaphylococcusureusandEscherichiacoli. The authors reported a significantly
enhanced inhibitory activity of PEC films (chitosalginate and chitosacarrageenan) against

both bacterial strains compared to their original polymers (chitosan, alginate or carrageenan).

Neutral polysaccharidesatie also shown the potential to modify various properties of
chitosan filmgCazén & Vazquez, 2020; Elsabee, 20F%)r example, a significant improvement
in the mechanical and thermal properties was reported for chitosan films reinforced with a high
proportion of nanofibrillated cellulogg-ernandes et al., 201@n the other hand, a decrease in
the water vapour permeability (WVP) along with improved mechanical properties was achieved

for chitosan films combined with thermally gelatinized corn st@het al., 2005)

2.5.2.2 Chitosanprotein films

Various animal and plafiiased proteins, such as casein, whey protein, collagen, gelatin,
soy protein, wheat gluteand corn zein, have been utilized as blending polymers in a wide number
of studies to enhance or modify the functionality of chitosan filelsabee, 2015; Haghighi et al.,
2020) (Pereda et al., 2008, 200&@mbined sodium caseinate with chitosan and reported ionic
interactions between the two polymers resulting in highly homogeneous composite films with
improved tensile strength (T®8hile not affecting their % elongation (EAB). In a different study,
Valenzued et al.(2013)reported that composite films of chitosgninoa protein presented high
flexibility with almost eight times the %EAB observed for neat unplasticized chitosan films
without showing any adverse effect on their WVP. However, a signifiednttion in the TS and

resistance to oxygen transfer was also observed for these films.

Among all reported chitosaprotein blends, chitosagelatin composite films are the most
studied and reported in the literature. This can be explained by the cladapibty of gelatin and
high compatibility between the two polymers providing better functionality to the resultant films
(Haghighi et al., 2020; Wang et al., 202D0hitosangelatin composite films are discussed

sepaately in Section 1.5.3.
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2.5.2.3 Chitosanlipid films

A feasible approach to lower the moisture sensitivity of chitdsesed edible films and
improve their WVP is to incorporate hydrophobic biomolecules, such as oils and fatty acids, into
the film matrix (Cazon & Vazque, 2020; Pereda et al., 2012loreover, utilizing functional
hydrophobic compounds like essential oils or vitamin E for this purpose can also promote the
antimicrobial and antioxidant capacity of the fil(@garifar et al., 2019; BlaneBernandez et al.,
2013; Kakaei & Shahbazi, 2018 some cases, the incorporation of lipids can show plasticizing
effects as well, lowering film rigidity and stiffneddowever, their increased proportions mostly
exhibit detrimental effects on the overall mechanical properties of the ([@a=bn & Vazquez,
2020) Shen & Kamden(2015)studied the effect of different concentrations of citronella essential
oil (CEO) and cedarwood oil (CWO) on the physicochemical properties of the chitosan films. They
reported a significant concentratidependent decrease in the moisture uptake and WVP of the
films for both CEO and CWO. Additionally, the oils significantly improtieel %EAB of the films
at low concentrations (10% w/w) without having much effect on their TS. At higher concentrations
(30% wi/w), however, both TS and %EAB reduced drastically.

Chitosan can also favourably interact with some lipids (electrostatic or Inabigp
interactions) to produce films with enhanced structural integrity, hence improving both TA and
%EAB (Ansorena et al., 2018yereda et a{2012)reported such favourable interactions between
chitosan and olive oil. They not only obtained an increase in film hydrophobicity (decrease in
WVP, equilibrium moisture content, watsolubility and water diffusion coefficient, and an
increase in water comtt angle) with increasing proportions of olive o#1®% w/w) but also
observed a significant concentratidapendent increase in their TS, %EAB and elastic modulus.
The only drawback of olive oil incorporation was the considerable increase in they ajabi¢

films.

2.5.3 Chitosan -Gelatin Composite Films

Gelatin, a partially hydrolyzed derivative of collagen, is a watduble animal protein
usually obtained from fish and animal processingptyducts (bones, hides, cartilages, etc.)

(Pereda et al., 2011; Wang et al., 2017has numerous and widespread commercial applications
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in the food industry because of its distinct properties (dmeig, gelling, emulsifying and
foaming), GRAS status, nutritious amino acid profile and cheap availd@itigorena et al., 2018;
Azarifar et al., 209; Wang et al., 2021)Additionally, the presence of high contents of proline,
glycine and hydroxyproline in the gelatin structure provides it with the ability to form
homogeneous, transparent and flexible films with excellent mass transfer resig&@inse rmost
gases, volatile compounds, oils and ultraviolet radiation (UV) and the potential to be applied as an
edible packaging materi@Haghighi, Biard, et al., 2019; Pereda et al., 2011; Wang et al.,.2021)
Unfortunately, just like chitosan, gelatin too iswdrophilic biopolymer, and thus its resultant
films are also susceptible to environmental RH and offer high water vapour permeability (WVP)
(GomezEstaca et al., 2011; Haghighi, Biard, et al., 20MJreover, the proportions of amino

acid and molecular weight of gelatin vary significantly with the source and extraction procedure,
providing high structural and physicochemical variability in the resultant {ikasnaBustillos
etal.,, 2006 GbmeEst aca et al ., 2011; Kogodziejska &

Chitosan and gelatin show a high affinity towards each other due to their hydrophilic nature
and ability to interact eleaistatically(Haghighi, Biard, et al., 2019At a pH below 6.2 but above
the iseelectric point of gelatin (4:5.2), the potonated amino groups of chitosan form
polyelectrolytic complexes (PEC) with the anionic carboxylate groups of g€latng et al.,
2021; Yin et al., 2005)Various authors have previously confirmed the presence of such
complexion between chitosan and gelatin usirgXdiffraction, thermogravimetric analysis and
FTIR spectroscop{Hosseini et al., 2013; Pereda et al., 2011; Qiao et al., 2017; Yin et al., 2005)
Consequently, chitosagelatin composite films have been reported to offer improved mechanical,
physical, thermal, optical, and trawsp properties when compared to their stahmhe
counterpart§GémezEstaca et al., 2011; Hosseini et al., 2013; Patel et al., 2018; Pereda et al.
2011; Rivero et al., 2009; Rui et al., 2017; Wang et al., 2017, 202Bddition, due to the

thermoplastic naterof gelatin, it can impart poorly explored properties like heat sealability to the

composite films, which can be a defining factor for their packaging applicdRoateepchanachai
et al., 2019)

Pereda et a(2011)developed composite films from chitosan (Ch) and betide gelatin
- type B (BG) prepared at 0.8Ch:1BG w/w ratio and compared them againstipdals@t or BG
standalone films. Compared to Ch or BG films, the composite filmsBGH) showed a significant
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reduction in their WVP and equilibrated moisture content and an increase in % elongation (EAB)
and antimicrobial activity againsg. coli and Listeria monocytogenesin addition, the
incorporation of gelatin also increased the total soluble matter and transparency of composite films.
However, a different study bigivero et al.(2009)utilizing the same type of gelatin and similar
processing conditions reported an increase in WVP and a decrease in TS compared to Ch films
with no significant effect on %EAB. The difference in the initial pH of the compositeféitming
solutions and praortions of Ch and BG blends utilized in the two studies could explain these
contradicting results.

The applicability of mammalian gelatin derived from bovine or porcine waste in food
applications is challenged by the associated risk of Bovine Spongifecepkalopathy outbreaks
along with the dietary restrictions posed in some religi{@wenaBustillos et al., 2006; Hosseini
et al., 2013; Wasswa et al., 200@elatin from marine sources (warm or cold water fish skins,
bones and fins) is an exciting alternative to mammalian gelatin as it dbkawe any associated
potential safety hazards and is also considered kosher andAaalaBustillos et al., 2006;
Chiou et al., 2009)urthermore, large quantities of fiprocessing waste are generated each year,
posing economic and environmental challenges for disposal, and this can be utilized as a cheap,
sustainable and eddendly source for the commercial production of fish geléitiosseini et al.,
2013; Wasswa et al., 200Another advantage of fispelatin over traditional mammalian gelatin
is its increased hydrophobicity due to its significantly lower content of hydrophilic hydroxyproline,
which provides better moisture resistance to the resultant {#wsnaBustillos et al., 2006;
Elsabee, 2015)

A study published byzémezEstaca et al(2011) compared chitosagelatin composite
films prepared from either bawe-hide (BG) or tunaskin gelatin (TG). The authors reported that
TG-Ch composite films were significantly more resistant to water solubility and had higher %EAB
compared to B&h and stan@lone Ch films. In addition, both FGh and BGCh composite
films presented lower WVP and TS than Ch films. However, no significant difference was found
for WVP and TS among the two composite films. Contradictory results were found in a different
study by Hosseini et al. (2013), who compared the chitbshngelatin composite films with
different proportions of gelatin to chitosan (0:100, 60:40, 70:30, 80:20 and 100:0). According to
their observations, the hydrophilic nature of composite films significantly increased (water
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solubility and WVP) with increasing proportioasfish-gelatin. Also, the %EAB of the composite
films with higher gelatin content considerably improved while sacrificing on TS. The reason can
be pinned down to a difference in the MW of chitosan, amount of added plasticizer and drying
temperature utiged in the two studies.

Some studies have also incorporated additional hydrophobic compounds like essential oils
into the chitosaigelatin composite films in order to improve film hydrophobicity and
antimicrobial potentiglHaghighi, Biard et al., 2019; Kakaei & Shahbazi, 2016; Wang et al., 2021;
Yao et al., 2017)One such example is a study publishedrhg et al.(2017) who incorporated
different concentrations ofddmonene (0, 0.25, 0.50, 0.75,cah.0% w/w filmforming solution)
into chitosarfish gelatin composite films. Along with the concentratd@pendent increase in the
%EAB and decrease in the TS;lilhonene significantly enhanced the surface hydrophobicity
(water contact angle) and antimabial activity (againsk. coli) of the composite flmdHowever,

as expected, a considerable increase in the opacity of the films was also observed.

2.5.4 Opportunites for Lobster -based Chitosan Composite Films

Over the years, the literature associated withdascription, development, modification
and application of chitosamased biodegradable or edible flms has significantly expanded, yet
their commercialization in the food packaging industry is still prohibitive due to the high
dependency of their propars on an excessive number of factors, including the source of chitosan,
and the high cost of chitosan itself. Nevertheless, some of these issues can be addressed by utilizing
low-cost crude chitosan procured from the valorization of abundantly avaidiskeishell waste
and blending chitosan with other cheap but compatible biopolymers like gelatin. Despite the
wealth of research on chitosan and chitesased films, crude chitosan extracted from lobster
shell waste has not been explored for edible &lpplication. Moreover, opportunities exist for
optimizing and tailoring chitosan or composite films for specific niche packaging applications and

standardizing their development procedures.
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CHAPTER 3

EXTRACTION AND CHARACTERIZATION OF CHITOSAN FROM
LOBSTER SHELL-WASTE AND DEVELOPMENT OF SOLVENT CAST
CHITOSAN FILMS

3.1 INTRODUCTION

Sustainable management and valorization of shellfish waste dained widespread
interest in the last two decades owing to the associated economic benefits and increased
enviornmental awareneg¥erton et al., 2013)As discussed in Chapter 2, Atlantic Canada
generates enormous quantities of lobster shafite, and in order to get rid of it, lobster processing
industries (LPIs) incur costs to landfill, incineration or disposal in seas. However, utilizing this
shellwaste as a renewable bioresource for producing-Vadjie products such as chitosan has

excellenteconomigorospects.

On the other hand, the abundance of fessl-based notbiodegradable plastic waste
originating from food packaging industries has riserious environmental concerns and has
attracted mucimeeded attention to the renewable and biodegradable biopebased packaging
materials(Leceta, Guerrero, Cabezudo, et al., 20C3)itosan is an ideal candidate in this regard
due to its abundant availability, excellent filorming ability, biocompatibility and inherent
antimicrobial propertiefDutta et al., 2009; Leceta, Guerrero, Cabezudal.e2013) Therefore,
producing chitosan from crustacean shell waste and using it to develop edible films for food
packaging applications can be a significant step towards addressing these two majcelataste

issues at once, in addition to genergisignificant commercial value.

Extensive research has been done on extraction, characterization and applicability of shell
derived chitosan and chitoshased edible films in the pa@ider, 2010; Dutta et al., 2009;
Elsabee, 2015However, very limited literature is available on chitosan obtained from the shells
of Atlantic lobsters Homarws americanuy and thus its use in the development of edible
antimicrobial films has not yet been reported. Therefore, the primary objective of the study

presented in this chapter was to characterize and compare-sisiieterived crudehitosan with
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commercially available crashell chitosan and analytical graghgh purity)chitosan with regards

to the structural and physicochemical properties of their solvent cast films.

3.2 MATERIALS AND METHODS

3.2.1 Materials and Reagents

A homogeneous migf claw and tail shells of Atlantic lobst@domarus americams) was
obtained fromClearwater Seafoods Inc. (NS, Canada). &tadll chitosan was purchased from
Tidal Vision (WA, USA), and high molecular weight chitosan was purchased from S\ifgiriah
(ON, Canada). Unless specified, all reagents utilized in this study were of analytical grade and
were purchased from either SigiA&drich (ON, Canada), Fisher Scientific (ON, Canada) or
BDH® VWR Chemicals (USA).

3.2.2 Extraction of Chitosan from Lobster Shells

Lobster shells were washed thoroughly with tap water, dried°at 86r 24 h in a hogir
oven (Hermather®Y, Thermo Fisher Scientific, USA), and ground into smaller pieces using a
high-power blender (Model BL660, SharkNinja Operating LLC, USA). The obthproduct was
stored in sealed containers at room temperature. Crude chitin was extracted from these dried and
ground lobster shells using an aaitali two-stage chemical extraction procedure, i.e.,
demineralization followed by deproteinization of #iells as described below. The obtained chitin

was then chemically converted to chitosan via alkatied deacetylation.

3.2.2.1 Demineraleation and deproteinizationf dried lobster shedl

Following the procedure described Wy. Xu et al.(2020) ground lobster shells were
sieved to 2 mnparticle size and weraddedinto a 2M hydrochloric acigHCI) solution at a
concentration of 0.1 g/mlThe addition of shells was done over a period ofdineven excess/e
foaming. The solution was continuously stirred (250 rpm) for 24 h at roonetatape to allow

the acid to solubilize minerals from the shell particles. The demineralized (DM) shells were then
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washed with distilled water until achieving neutral, pdllowed by overnight oveqrying at 60

°C. The dried DM shells were collected thextngay, and their weight was recorded.

For deprotenization the obtained DM shellarere ground to a coarse powder using an
electricpowered grain mil(WonderMill, Canadagnd were added into a 1M sodium hydroxide
solution (NaOH) at a concentration of @AnL. The alkaline solution was continuously stirred
(200 rpm) and heated at 70 for 6 h. The solution was then cooled to room temperature, and the
residue was collected using vacuum filtration with Whatman filter paper (grade 1). This residue
was washe with distilled water to neutrality and ovelnied overnight at 60C. The dried product
(crude chitin) was collected and weighed the next day, and the extraction yield was calculated
using the following equation:

OQME FMQGOO i EAITRI QQ06 Q

01 04N WMOARQ —crme=gr T o aoioaras el T (Fd-3D)

3.2.2.2 Deacetylation otrudechitin

The chitin obtained from the above procedure was derivatized into chitosan by partially
removing its acetyl groups using concentrated alkali solution according to a procedure described
by Trung et al(2006) The extracted chitin was treated with 50%0H solution at 60C for 20
h with constant stirring (200 rpm) at a concentration of 0.1 g/mL. The treated mixture was cooled,
and the residue was collected using vacuum filtratvdh Whatman filter paper (grade 1). This
residue was again washed with distilled water to achieve neutral pH andemat 60°C for
48 h. The weight of the dried residue, i.e. crude lobstetl chitosan (LCh), was recorded, and
the % yield was caldated using the following equation:

OQWE TMOwo i AN @& QQo Q

01 60 ¢&XD0 ¢ BB Q 0 65 | O IO prnmt (Eq.32)
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3.2.3 Characterization of Extracted Chitin and Chitosan

3.2.3.1 Proximate analysis

The moisture, ash and fat content of dried lobster shells, DM shells, extracted crude chitin,
and LCh were determined using the standard methods descrite@A@ (1990) Briefly, the
moisture content was determined by odeping the samples at 108 for 24 h. The ash content
was measured by charring and burning the samples at 600 °C for 3 h in a muffle furnace (Therm
Fisher Scientific, USA). The total lipid content of the samples was determined using the Soxhlet
apparatus (C. Gerhardt UK Ltd, UK) with dietksther as the extraction solvent for 3 h.

The total elemental nitrogen present in lobster shBN&,shells andextracted chitirvas
measured using elemental analy&isrkinElmer Inc., U8), and the chitin and protein content of

these samples were calculated using the following equdiag Rojas et al., 2006)

~ _ B 0 O O pmm O
b XQOMEE O0'0QE O . (Eq. 33)

_ _ 0 O O pmm O
PrRi ¢ ou¥QRE0 0E O — - (Eqg. 34)

Here N: denotes total elemental nitrogety; denotes protein conversion coeffici¢ti25
for marine products)Cq denotes chitin conversion coefficient (34or completely acetylated
chitin); K denotes the sum all nortnitrogencompounds, i.e., % ash content, % lipid contént
moisture contentAll measurements were performed in triplicatasd their averageswere

reported.

3.2.3.2 Fourier-transform infrared FT-IR) spectroscopy

The structural analysis of dried lobster shells, DM shells, extracted chitin and LCh was
performed by FIIR spectroscopy (Spectrum Two, PerkinElmer, USA) using an attenuated total
reflection (ATR) accessory (MIRaclé Single ReflectiolATR, PIKE Technologies, USA) with
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a diamond ATR crystal. The measurements were taken using a method descritbgualybw,
Barber, Smith, et al2017)with slight modifications. Before analysis, the samples were ground
into a fine powder using a mortar and pestle. The final spectra for each sample was aneaggrega
of 32 scans recorded at a resolution of 4 tratween 4000 crhto 500 cmt. Additionally, FFIR

spectra were obtained for commercially available -sfaddl chitosan (CCh) (Tidal Vision, USA)
andanalytical gradéigh molecular weight chitosan (HCh)iggaAldrich, USA) for comparison

with LCh. All measurements were performed in triplicates.

3.2.3.3 Estimation of the degree of acetylation (DA) and deacetylation (DD)

Absorbance results from HR spectroscopy were used for calculating a for
extracted chitirand DD for chitosan samples using the following equati(@®signerotto et al.,
2001)

5
0o b o @¢ 5 P& T (Eq. 35)
O0Pp pmtmOob (Eq. 36)

Here, A1320 and Ai420 denote sample absorbance values at 1326 and 1420 cm,

respectively.

3.2.3.4 Molecular weight (MW) analysis for chitosan using-gefmeation chromatography

The molecular weights of LCh, CCh and HCh, were determined usingegekeation
chromatography (GPC) equipped with viscometric (VS), light scattering (LS) aadtire¢ index
(RI) detectors (Agilent, 1260 Infinity 2 Mulbetector GPC/SEC System, US). The samples were
prepared in 0.1 M sodium acetate buffer (pH 4.4) at 4 mg/mL concentration. GPC analysis was
performed by eluting the samples with 0.1 M sodium aediaffer through a series of two PL
aquagelOH MIXED-M columns (8um, 300 x 7.5 mm, Agilent, US) at a flow rate of 1 mL/min.
The samples were filtered through a QB syringe filter(Basix™, Fisher Scientific, UShefore
injection, and sample volumeg$ 60, 25 and 1QuUL were injected. The calibration curve was
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obtained by eluting pullulan polysaccharide narrow standards (GPC/SEC Calibration Kit, Agilent,
US) at a concentration of 0.5 mg/mL with peak molecular weighi$ (&hging from 9.5 kDa to
642 kDa

3.2.3.5 Analysis of the thermal behaviour of chitosan

The thermal behaviour of LCh was evaluated using a simultaneous thermal analyzer (STA
8000, PerkinElmer, USA) in TGA and DSC mode. The samples were heated@indi from
30 to 900°C, under a constant niigen gas purge (20 mL/min). The weight of the samples ranged
from 14 to 17 mg. The TGA, differential curve of the TGA (DTGA) and DSC curves were

obtained. All measurements were performed in triplicates.

3.2.4 Development of Solvent Cast Chitosan Films

A procedire for preparing chitosamased edible films was developed based on a review of
several methods described in the literafi@erqueira et al., 2012b; Leceta et al., 2015; Singh et
al., 2015; Ziani et al., 2008¥Firstly, powdered chitosan samples (LCh, CCh or HCh) were
dissolved in aqueous acetic acid (1%, v/v) at a concentration of 20 mg/mL. The solutions were
then continuously stirred (300 rpm) for three hours at®@@nd filtered while still hot through a
25 um wire mesh using vacuum filtration to remove impurities. Finally, the obtained chitosan
solutions were dgassed to prevent the formation of air bubbles in the films either by applying
vacuum over the solutions for 15 min or by sonicating the samgleg aprobe sonicator (VCX
750, VibraCell™, Sonics and Materials, USA) for 10 mins at 40% amplitude ars&énd pulse.

Note here that no plasticizers were added to the chitosan solutions in this stage of film

development.

Approximately 0.25 g/chAof each degassed chitosan solution was poured into polystyrene
Petri dishes (100x15 mm, Fisherbr®AdUSA) and dried at 66C for 24 h in the heair oven.
The dried films were carefully peeled off from the dishes and conditioned &221 (room
temperatug) in a desiccator with a saturated magnesium nitrate solutiorb@® RH) for at least

three days prior to any analysis.
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3.2.5 Characterization of Solvent Cast Chitosan Films

3.2.5.1 Film thickness

The thickness of the chitosan films was measured usimigital thickness gauge
(NeoteckR, USA) with the least count of 0.00@m. Ten measurements were taken at randomly
distributed points (one at the centre and nine at the outer or inner edges of the film), and the mean
value obtained from these measuremeras further used for determining the mechanical, barrier

and optical properties of the films.

3.2.5.2 Equilibrated moisture content, Degree of Swelling and Water Solubility

The equilibrated moisture content (EMC), degree of swelling (DS) and water solubility
(WS) for the chitosan films were determined based on a previous method descridedhbyg
Jara et al(2018)with slight modifications. Briefly, 10 mm diameter circles wptached out of
the films using a wad punch set (Boe¢hnHoffmann Group, USA) and weighetl) with a
precision of 0.1 mg. Next, the film samples were dried at’@i® the hotair oven for 24 h, and
their dry matter weight was recorddd/f). Thedried film samples were then put into 20 mL glass
scintillation vials containing 15 mL distilled water for swelling, placed on an orbital shiéier (
130 control, IKA Works, USA and agitated for 24 h (320 rpm) at room temperatii®. The
extra water onthe surface of the swollen films was gently removed using Kimwipes, and
subsequently, the weight of the swollen samples was mea¥\w@d Finally, the swollen samples
were again dried at 10 for 24 h, and their final weight was record&). Averagevalues

from triplicates for each film type were reported.

The values for percentagVC, DSandWSfor the film samples were calculated using the

following equationsg

)
00 0P ——— pmm (Eq. 37)
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oY ——— pmm (Eq. 38)

wYP ——— pTuT (Eq. 39)

3.2.5.3 Light barrier properties and Opacity value

The barrier properties of the films againgtraviolet (UV) and visible light were
determined by measuring thabsorption spectra at wavelengths ranging from 230 to 800 nm with
10 nm increments using a microplate reader (Infinite M1000 Pro, Tecan, USA). Circular samples
of 5 mm diameter were punched out from the films and placed inveeB@ransparent plate
(Fisherbrand, Thermo Scientific, USAJThe absorptiowalues for enpty wells were considered
as a reference. Opacity values of the samples were calculated by integrating the area under the
absorption curve within the respective wavelength ranges-@3@nm for UV and 400 800 nm
for visible light) divided by the thickness of the film. The values were expressed as absorbance
units per thickness unit (A/mm). All measurements were performed in triplicates to ensure

reproducibility, and their average wapoeted.

3.2.5.4 Mechanical properties

The mechanical properties of the prepared films, i.e. tensile strength (TS), percentage
elongation at break (%EAB) and elastic modulus (EM), were measured according to ASTM
standard method D888 using a universal testing machine (EZ TestLEXZHS, Shimadu,

Japan) equipped with a 1 kN load c@NSTM Internation, 2018)Briefly, films with known
thickness were cut into rectangular strips (70 x &and conditioned in 52 2% RH at RT (21

+ 2 °C) for at least 48 h before testing to ensure equilibrium conditions. The sir@sscurves

for the samples were produced at an initial grip separation and mechanicdleadsgpeed of 30

mm and 12.5 mm/in. TrapeziumX software (Shimadzu, Japan) was used to analyze the results
and determine TS, %EAB and EM for the films. Average values from at least six replicates for
each film were reported.
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3.2.5.5 Water vapour barrier properties

The ASTM standard E96/986 waer method with slight modifications was used to
determine the water vapour permeability of the film sampheSTM Internation, 2016)As
depicted in Figure 3.1, each film sample without any pinholes and known thickness was sealed
over the circular opening (0.00028)of a 5 mL glass vial containing 4 mL distilled water (100%
RH). The vial lid was additionally sealed with ParafifnM to ensure that it was aiight.
Subsequently, the sealed vial was placed into atighit contaner containing 10 grams of silica
gel desiccant (0% RH) to maintain a constant relative humidity gradient across the film. Finally,
the whole setup was placed into an oven maintained at@5The silica gel present in the -air
tight container absorbedehvater vapours transferred through the film, and the reduction in weight
of the vial was recorded with a precision of 0.1 mg at different time intervals over a week- Steady
state and uniform vapour pressure conditions were assumed considering thelyredaiaié

volume of the outside container with desiccant.

The change in mass of the vial was plotted against time, and the water vapour permeability

(WVPB of the samples was calculated using the following expresisions

Yé
ORYY o (Eq. 310)
YO 01

L haTYYoY co 311
wwd = O VO (Eqg. 311)

Here, WVTRIs the water vapour transmission rate (g/Ry,r&m/3t is the slope of the
weight loss vs time graph (g/H; is the exposed area of the film{yPsais the saturation vapour
pressure at 25C (3.171 kPa)RHo andRH, are relative humidity outside and inside of the glass

vial, respectively (expressed as a fraction), @hds the average film thickness (mm).

Errors in theWVPmeasurements due to resistance in permeability caused by the stagnant
air gap between the eagped film surface and water were corrected using the formulae described
by the ASTM standard methddSTM Internation, 2016)Measurements were done in triplicates

for each film type to ensure reproducibility, and their average neported.
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Air-tight container —»
Screwable lid with

circular opening

R

Film Sample
l— Rubber gasket

Glass vial —

— Distilled water

Platform with holes —|2=22C 1

Silica gel (desiccant) —»

Figure3.1: Setup forevaluatingthe water vapour barrier properties chitosan films.

3.2.5.6 Surface hydrophobicity

The hydrophobicity of the film sura wasassessed by measuring the surface contact angle
(CA) with the sessile drop method using ethylene glycol (polar liquid) according to the procedure
described byPeerda et al., 2012yith minor modifications. Prior to the analysis, rectangular strips
of the film samples (50 x 1®n¥) were cut and conditioned in 32% RH at RT (21 2 °C) for
at least 48 h to ensure equilibrium conditiohilse measurements werekien at RT using a drop
shape analyzer instrument (DSA25B{iEs GmbH, USA) with a drop volume of fQ. The shape
of the drops was analyzed usingi&s Advance software within the first 20 seconds of the deposit
to avoid variations due to the swelling bétfilms. All measurements were performed in triplicates

for each film type, and their average was reported.

3.2.5.7 Statistical analysis

Data collected from each test were statistically analyzed using $augte analysis of
variance (ANOVA) in Minitab 19 Stadtical Software. Comparison of the means was performed
by employing posthoc Tukey's HBonest significant differencegst, and a{value ofless than

0.05 was considered statistically significant. All results are reported astnséamdard deviation.
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3.3 RESULTS AND DISCUSSION

3.3.1 Characterization of Extracted Chitin and Chitosan

3.3.1.1 Appearanceproximate composition arektraction yield

Chitosan extracted from lobster shells had a light pink appearance, indicating the presence
of carotenoids that did not get remeal during the harsh deacetylation process (Figure 3.2).
Crustacean shells are considered a rich source ofvaigle carotenoids, especially astaxanthin,
which is one of the most potent antioxidants present in nature with approximately ten times the
activity of other common carotenoids likecarotene and luteifMiki, 1991; Nguyen, Barber,
Corbin, et al., 2017)Commercially available chitosan is generally depigmented using organic
solvents or strong oxidizing agents to achieve the high purity required for its sem@iehttons
(Chen et al., 2016; Yadav et al., 201Blpwever, this depigmentation step was skipped in the
present study, as it could have numerous benefits in the context of edible films. For example, the
high purity of chitosan is not essential for the development of films; hence the cost of its extraction
can be significantly reduced while eliminating the need for organic solvents or oxidizing agents,
making the process a bit cheaper and a little more sustaihddreover, the small amounts of
carotenoids present in the chitosan could improve its overall antioxidant and antimicrobial activity,

a highly desirable aspect of chitosan films.

2M HCI
1:10 (w/v) 24h

Dried lobster Demineralised Deproteinized Crude chitosan
shells (DM) Shells (DP) Shells flakes

Figure3.2: Intermediary and finalkextractionproducts obtained fronobster shelwaste.

1M NaOH
1:10 (w/v) 6h

50% NaOH
1:10 (w/v) 20h

The proximate composition of dried lobster shells, demineralized (DM) shells, ishsier
derived chitin and chitosan (LCh) is shown in Tahlk Erustacean shells are generally rich in
minerals (2660% w/w db), proteins (280% w/w db)and chitin (1540% w/w db); however, their
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composition can significantly vary depending on the species, season and parts of the shell
(BolRelmann et al., 2007; Hulsey, 2018) the present study, thebster shells were found to
contain large amounts of minera&58% w/w db) and relatively smaller amounts of organic
material (proteins + chitin + lipidss 3 4 Whv db) which is in accordance with the previously

reported findings oBol3elmann et a(2007)

The extraction process followed in this study efficiently removed most minerals, proteins,
and lipids from the shells (> 99% removal), providing a reasonably pure product with a high
extraction yeld of 21.3% and 18.4%w/w dry lobster shellsfor chitin and chitosan, respectively.

In addition, the moisture content for both extracted chitin and chitosan was less than 5% which is

well within the acceptable range for commercializagidishahi et al., 2011)

Table3.1: Proximate composition of dried lobster shallsmineralized shells, lobstshell chitin and
lobstershell chitosan.

% Dry matter Lobster Demineralized Lobstershell Lobstershell
basis (db) shells shells chitin chitosan
Moisture content 7.16 + 0.39 7.81+0.14 4.41+0.11 2.50+0.09
Ash content 58.39 + 0.89 0.74 £ 0.06 0.59 + 0.08 NA
Lipid content 0.09 +0.01 NA NA NA
Protein content 12.92 + 0.66 18.27 £ 1.27 NA ND
Chitin content 21.45 +0.67 73.18 + 1.27 7.16 +0.39 ND

NA: Not available; ND: Not determined
3.3.1.2 FT-IR and Nacetylation/deacetylation degree

The FTIR spectra for lobster shells, lobssdrell chitin, lobsteshell chitosan (LCh),
commercially available crabhell chitosan (CCh), arahalytical gradéigh MW chitosan (HCh)
are shown in Figures 3.3 and 3.4. Additionally, representatimatiRlisdentified in the chitin and

chitosan samples are shown in Table 3.2.
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Table3.2: Identified and assigned HR peaks for lobsteshell chitin, lobsteshells chitosan (LCh), commalcrabshellchitosan (CChand high

MW analytical gradehitosan(HChYReferencesloelovich, 2017; Kaya et g2014; LizardMendoza et al.2016)

Wavenumber (crri)

Vibration assignments Characteistic Lobster Characterstic Lobs_terheII Crgbshell High MW
IR—bar_I(_JIs for shell chitin IR—bgnds for chitosan chitosan  chitosan
chitin chitosan (LCh) (CCh) (HCh)
O-H stretching 34003450 3431 34003500 3358 3357 3357
N-H stretching 32503270 3261 32503300 - - -
CH sym. and Ckasym. stretching 29302950 3103 - - - -
CH stretching and Gldsym. stretching 28502900 2876 28502900 2870 2870 2871
C=0 secondary amide stretching (amide 16401660 1656 16401660 1657 1656 1657
C=0 secondary amide stretching (amide 16201630 1621 - - - -
Amine groups bending - - 15801600 1592 1592 1590
N-H bending and CH stretching (amide 1] 15501560 1552 15401560 - - 1545
CH bending and CHteformation 14001420 1428 14201430 1418 1418 1416
CH bending and sym. gdteformation 13701380 1375 13701380 1374 1377 1374
CH wagging (amide I11) 13001320 1308 13101330 1319 1318 1315
Asym. Bridge oxygen stretching 11501200 1155 - - - -




ev

Table3.2: Continued.

Wavenumber (crmt)

Vibration assignments Characterstic Lobster Characterstic LobgterheII Crgbshell High MW

IR-bands for shell chitin IR-bands for chitosan chitosan chitosan
chitin chitosan (LCh) (CCh) (HCh)

Asym. Isplane ring stretching 11001150 1113 11501160 1150 1150 1151

CGO-Casym. Stretching in phase ring 10001060 1061 10301070 1024 1023 1025

GO asym. In phase ring 10001030 1009 - - - -

CH wagging 950-980 952 - - - -

CH ring stretching 850900 895 850-900 891 875 893




All identified absorption peaks for lobstehell derived chitin and chitosan were consistent
with the previously reported characteristichBnds for chitin samplg$oelovich, 2017; Kaya et
al.,, 2014; LizardiMendoza et al., 2016)In nature, chin predominantly occurs in two
polymorphic crystalline formsJ or b-chitin, based on the spatial arrangement of their chains
(Kumari & Kishor, 2020) The amidd bands attributed to the stretching vibrations of C=0 and
C-N groups can be used to differentiate these two polymorphs of chitin from each other. For
chitin, two distinct amide bands appear at 1660 ¢nand 1630 cm, whereas only one band
appears at around@0 cmf o 1chitib (Kumirska et al., 2010Referring to Table 3.2 and Figure
3.3, it can be observed that extracted chitin showed two distinct -drbaiels at 1656 antb21
cm?, indicative of the U polymorph. Affomb-her ch
chitin is the vibration band associated with the CH stretching and deformation, which shifts from
895cmtin U-chitin to 890cnitin b-chitin (loelovich, 2017; Kumirska et al., 201()he vibration
band observed at 895m? for the extracted chitin further confirmed its structural nature. The
spectra of lobster shells looked significantly different from the spectra of chitin or chitosarebecaus
of the presence of large quantities of minerals and proteins (Figure 3.3); however, a peak at 1654
cmitassociated with amide | (characteristic to chitin) indicated the presence of chitin in the shells.
Vibrational bands at 1460450 and 870 crhobservale in the shell spectra can be assigned to the
stretching and bending vibrations of calcite (CgJ0@inerals present in the sh@Bbenebor et al.,
2017)

Structural changes assated with the derivatization of chitin to chitosan can be easily
identified from their FHAIR spectra. For example, with an increase in deacetylation of chitin and
its conversion to chitosan, the integssf amide I, Il and 11l bands gradually decremaad a new
peak at 1590 crhemerges indicative of free amine (roups. Moreover, the two distinct peaks
associ at ed wicHitih meagmintd a single band otiservable at around 1650 cm
(Kumari & Kishor, 2020; Kumirska et al., 2010)he same characteristics can be observed for
both LCh and CCh samples (Figure 3.4). HoweverH@ib sample showed a significant amide Il
peak (1545 cm), while an observable peak at 1590 coould not be detected, indicating a low

degree of deacetylation for the sample.

The degree of acetylation (DA) or deacetylation (DD) for chitin and chitemauples were
determined using the equations mentioned in Section 3.2 (materials and methods) and are

44



presented in Table 3.3. The ratio of absorption peaks at 132Guec 1420 cm, representing

CH. wagging (amide IIl) and Ckbending, was chosen for tlealculation of DA and DD%, as

this ratio is not sensitive to the AR measurement technique and the moisture content of the
sample, and provides a high correlation (r = 0.99) between the actual and estimated values of
DA/DD (Brugnerotto et al., 2001V. Xu et al., 2020)The DD for the analyzed chitosan samples
were significantly different (p < 0.05) from each other, with CCh showing the highest value
followed by LCh and HCh.

Table3.3: Degree of acetylation (DA) for extracted chitin and degree of deacetylation (DD) for chitosan
samples

Lobstershell Lobstershell Commercial crakshell High MW analytical
chitin chitosan(LChH chitosan(CCh grade chitosarn(HCH
DA(%) 97.6+ 23
DD (%) - 80.2+£2.7A 96.1+3.% 73.0+1.%

The difference between the two mean values followed by the same letter in the samis statisticallyinsignificant (p>0.05)
as determined by Tukey's HSD test.

The DA/DD is one of the most critical parameters for chitin or chitosan and influences
their various physicochemical properties and applicatfbimmrdi-Mendoza et al., 2016 A DA
of 97.6% for extracted chitin is relatiyehigh and suggests that the extraction procedure did not
significantly affect the chemical composition of chitin present in the lobster shells. On the other
hand, HCh showed a relatively low DD of only 73%, which is similar to the reported DD (>75%)
by the production company (Sigrasddrich, USA). The variation in DA/DD mostly depends on
the extraction procedure (time, temperature and alkali concentration); however, the initial substrate
(source of chitin) can also impact the DA/DD of the final product.r@sults for DA/DD of lobster
shell chitin and chitosan (LCh) were similar to the results reportatf.ogu et al.(2020) who

utilized the same substrate (lobster shells) and a similar extraction procedure.

Overall, the FTIR spectra for all chitosan samples analyzed (LCh, CCh ard Were

similar to each other, showing only a few minor differences in the intensities and positions of the
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absorption peaks. Therefore, it can be concluded that the extracted-shtedkderived crude

chitosan was structurally comparable to the comrallycavailable products.

3.3.1.3 Molecular weight (MW) of chitosan

Molecular weights (peak, weight average and number average) for different chitosan
samples determined by gel permeation chromatography (GPC) along with their polydispersity
index (PDI = Mv/Mn) areshown in Table 3.

Table3.4: Average molecular weigh{®W) and polydispersity index for different chitosan samples.

Peak MW  Weight average Number average Viscosity average Polydispersity

(Mp) MW (Mw) MW (M) MW (My) Index (PDI)
LCh 389 + 22 kDa 341 + 47 kDa 308 + 25 kDA 363 + 23 kDA 1.10 £ 0.06
CCh 356 + 18 kDa 304 +27 kD& 267 + 47 kDA 327 + 15 kDA 1.14+0.10
HCh 408 + 84 kDa 360 + 56 kDa 204 + 23 kDA 415 + 57 kDa 1.76 +0.08

LCh: lobsteshell chitosan; CCh: commercial cistiell chitosan; HCh: high MW analytical grade chitoha.difference between
the two mean values followed by the same letter in the same column is statistiesignificant (p> 0.05) as determined by
Tukey's HSD test.

Molecular weight (MW) is a critical characterization parameter for chitosan that
significantly influences its physical, chemical and antimicrobial prope(Aesiu et al., 2017;
Aranaz et al., 2014; S. Y. Park et al., 200@gnerally, chitosan is classified into three broad
categories based on its MW, i.e., low MW chitosan (< 50 kDa), medium MW chitos&bQ50
kDa) and hightMW chitosan (> 250 kDaKumari & Kishor, 2020)In this study, all three chitosan
samples analyzed (LCh, CCh and HCh) had an average MMy ¢iMmore than 250 kDa and thus
were identified as high MW chitosan. Althougih had the highest Wiand My followed by LCh
and CCh, the differences were statistically insignificant (p > 0.05). Moreover yile MCh was
within the range reported by the production company (3BJ5 kDa; Sigmaldrich, USA),
whichdemonstratetheefficacy of the procedure followed in this study for accurately determining
the MW of chitosan.
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The polydispersity index (PDI) of a polymer describes the broadness of its MW distribution
and overall homogeneiffpanaei et al., 2018; Shastava, 2018)The observed PDI for LCh and
CCh was around.1, which was significantly lower (p < 0.05) than that of HCh (PDI = 1.76),
suggesting a narrower MW distribution and better homogeneity of LCh and CCh compared to
HCh. Chitosan with a low PDI (0.8b 1.15) is generally preferred for material synthesis
applications as they exhibit higher uniformity in their properties and function@iyu et al.,
2017; Hulsey, 2018)Therefore, due to their low PDI, LCh and CCh might be more suitable for
producing edible films with consistent properties compared to HCh.

3.3.1.4 Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)

The thermal behaviour and overall thermal stability of LCh were evaluated using
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). TGA and its
derivatve (DTGA) and DSC thermograms for LCh are presented in Figure 3.5. The thermograms
provided a comprehensive overview of thermal degradation of LCh, and weight loss was observed
in two distinct stages/zones.

The first degradation stage starting from 406Q 70 °C, represents an endothermic region
with a weight loss of around 5% and is associated with the removdisobsedand bound
moisture from the chitosan samp{Rodrigues de Mello et al., 2020) The second stage
corresponding to the loss of orgamwaterial due to the dehydration of saccharide rings, and
depol ymerization and disintegration of chitos
°C up till the final temperature of the analysis with the maximum decomposition satg) (&t
303 °C(Figure 3.5A- DTGA curve) (Kumari & Kishor, 2020) This degradation region was
highlighted with a sharp exothermic peak at the maximum decomposition temperature evident in
the DSC thermogram (Figure 3.5B). Severalvjmes articles have reported similar results with
the maximum decomposition temperatures for chitosan ranging betweer3280C depending
on the measurement conditions, source of chitosan, and [@D%azzari et al., 2015; Kaya et al.,
2014;Rodriguede Melloet al., 2020; Siriprom et al., 2014he residual mass remaining at the
end of the analysis represents the thermal degradation products of chitosan, i.e. carbon and ash.
No thermalevents or peaks due to the glass transition of LCh could be identified frem the

thermograms.
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Figure3.5: A) TGA and DPGhermograms for lobsteshell chitosan; B) DSC thermogram for lobstesll
chitosan.

3.3.2 Development and Characterization of Solvent Cast Chitosan Films

All chitosan samples were fairly soluble in 1% (v/v) acetic acid (AA) and gave highly
viscous, cleaffree of undissolveg@articles)and transparent (HCh) to slightly yellowish (LCh and
CCh) film-forming solutions (FFS2% w/v). The observable viscositythe solutions was in the
order of HCh > LCh > CCh, which followed the trend observed from theivélues (Table 3).

All three chitosan samples exhibited excellent ffsrming ability, and the resultant solvent cast

films were homogeneouBexible and resembled clear plastic films (Figure 3.6B).
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De-gassed under vacuum De-gassed via ultrasonication

Figure3.6: A) Solvent cast films obtained from chitosan soligibsgassed either via application of
vacuum or ultrasonication; B) Films prephfeom 2% (w/w) solutions of lobstshell chitosan (LCh),
commercial cratshell chitosan or high MW analytical grade chitosan (HCh).

De-gassing of chitosan solutions before casting is essential to remove solubilized air and
prevent the formation of air bbles in the films during the drying process. In this study, two
methods for degyassing, i.e. applied vacuum and ultrasonication, were evaluated. In contrast to
previously reported studies, the application of vacuum over chitosan solutions was nonsufficie
to remove all solubilized air and resulted in a lot of tiny air bubbles present in the film matrix after
drying (Figure 3.6A)Srinivasa et al., 2004; Ziani et al., 2008his may be attributed to the high
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viscosity of our chitosasolutions that may have prevented the solubilized air from escaping under
the vacuum. On the other hand, films obtained from the solutions treated with ultrasonication had
no visible air bubbles present, indicating an adequate removal of solubilizezhathe solutions
(Figure 3.6A)(Baron et al., 2017)Moreover, these films were visually smoother and more
homogeneous compared to the vacuungaksed films, and therefore only these films were
pursued further for characterization. Among the three diitarieitosan films (LCh, CCh and HCh
films), no apparent difference in their appearance could be identified apart from the slight
variations in their colour (Figure 3.6B).

3.3.2.1 Thickness, equilibrated moisture content, degree of swelling and water solubility

Table 35 presents the values for thickness, equilibrated moisture content (EMC), degree
of swelling (DS) and water solubility (WS) of films obtained from different chitosan samples
(LCh, CCh and HCh). Film thickness is a critical parameter that influences several
physicochemical properties of the films (mechanical, barrier and optical properties) and indicates
the structural arrangement and overall packing of polymer chains in the film matrix. In the current
study, the average thickness of the chitosan films rang®eeen 45 55 um. Films obtained from
both LCh and HCh had a similar thickness and were significantly thicker than the CCh films (p <
0.05). As the amount of chitosan solution poured into each petri dish while casting was kept
constant, and the moistutentent of all three films was similar, this variation in thickness may be
attributed to a difference in the DD% of chitosan samplesgaificantlyhigher DD% Table 3.3
of CCh compared to LCh and HCh may have contributed to a denser packing of @Ghrctie
films due to a high degree of substitution of bulky acetyl groufprs@CHs) with small free amino
groups {NHy), resulting in increased intermolecular hydrogen bonding interadtunghanid et
al., 2001)and thus a thinner film.

Chitosan is a hydrophilic biopolymer that tends to have a high affinity towards water. As
such, dried chitosan films absorb moisture from the surroundings until an equilibrium is reached,
and this absorption depends on varitacors, including the environmental temperature and RH,
film processing conditions, additives and type of solvéHtamezJara et al., 2018; Nadarajah,
2005; Nunthanid et al., 2001; Ziani et al., 200Bhe assessment of the equilibrated moisture
content (EMC) of chitosan films is critical as the present moisture acts as a plastiaizer
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significantly affects the mechanical and barrier properties of the (Hamdi et al., 2019; Ziani

et al., 2008) The three chitosan films analyzed here had comparable EMC lying between 16 to
19% (w/w db), and the differences in %DD of chitosan did not affect the moigitake of the

films (Ziani et al., 2008)Similar values of EMC have been reported_bgeta, Guerrero, & de la
Caba(2013)(157 19% w/w) andZiani et al.(2008)(167 18% w/w) for 1% (w/w) neat chitosan

films prepared under similar conditions in 1% acetic acid without the addition of plasticizer.

Table3.5: Values for thickness, equilibrated moisture content, degree of swelling and water solubility
values of the prepared chitosan films.

Films Thickness Equilibrated moisture ~ Degree of swelling  Water solubility
(um) content (%) (%) (%)

LCh 55.2+6.6" 16.0+0.8° 247+ 100 23.7+0.5°

CCh 44.1+7.P 18.7+0.6° 294+ 6° 27.3+0.6°

HCh 55.4+4.4° 16.7+0.5°8 228+ 8" 17.7+1.1°

LCh: lobsteshell chitosan; CCh: commercial cistiell chitosan; HCh: high MW analytical grade chitosha.difference between
the two mean values followed by the same letter in the same column is statistiesignificant (p> 0.05) as determined by
Tukey's HSD test.

Thedegreeof swelling (DS) is a measure of the ability of biopolyrbased films to absorb
and hold water in their matrix and directly correlates with the presence of hydrophilic functional
groups in their structe (HomezJara et al., 2018All three investigated chitosan films showed
excessive swelling in water (>200%) due to their high hydrophilicity, which is consistent with the
literature (Cui et al., 2018; Homedara et al., 2018; Mayachiew et &Q10; Nunthanid et al.,
2001) However, the DS of CCh films was significantly higher than LCh and HCh films, which
could be justified by the presence of more hydrophilic groups in the CCh film matrix (due to higher
%DD), enabling it to absorb and hatabre water. Moreover, CCh also had comparatively lower
MW (though not significantly lower), which may have also contributed to its higher DS
(Nunthanid et al., 2001)

The integrity and stability of chitosan filntkuring and after swelling can be crucial in
dictating their applicability as a packaging material for liquid or mghsture food products. In

contrast to some of the previous studies where the neat/pure chitosan films either disintegrated or
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showed ex&mely high DS and became highly fragile after swelling, films obtained in this study
remained intact and showed relatively low DS due to the high MW of chitosan wisieth,

provided improved structural integrity to the filmg Kr ki | et al ., 2012; M
Nadarajah, 2005; Nunthanid et al., 2001; Rodrig\ééiez et al., 2014)NVater solubility (WS) is

another aspect of assessing the hydrophilicity of the chitosan filswiltiag their resistance

against wate(Pereda et al., 20L1Pnce again, CCh with the highest DD% and compatgtive

lower MW among the three chitosan samples showed the highest WS (p < 0.05), which is in good
agreement with the literatuf@lves et al., 2019; Garcia et al., 2015; Leceta, Guerrero, & de la

Caba, 2013)

3.3.2.2 Light barrier properties and opacity value

Consideration of optical properties while designing edible food packaging is essential in
terms of food preservation and customer acceptance. While packaging materials with high visual
transparency are generally preferred to allow visual inspection @otitained products by the
consumer, they should also be able to protect food products fromgtidation and degradation
caused by high energy ultraviolet (UV) radiations. Therefore, an ideal edible packaging film
should be opaque in the UV spectrum #maghsparent in the visible spectrum of light. As shown
in Figure 3.7, all three chitosan films were found to be an effective barrier against UVB radiations
(280-315 nm) as their transmittance was less than 35% in this region. On the other hand, films
wererelatively transparent in the visible region (transmittance > 70%), which is also apparent from
the physical appearance of these films (Figure 3.6). These observations are in alignment with the
literature(Hamdi et al., 2019; Hosseini et al., 2013; Leceta et al.,,ZM>b)

No significant correlation could be established between the DDb%hitosan and the
appearance and transparency of their films. However, HCh films presented significantly lower
opacity values (p < 0.05) compared to LCh and CCh in both U\(\JO&nhd visible (ORis)
spectrum of light (Table 8). This variation in theransparency of the films could be attributed to
the HCh being analytical grade with a corresponding lack of impurities. An important point to note
here is that LCh was not depigmented during the extraction process and had a light pink appearance

(Figure 32) in contrast to the clear white colour of CCh and HE&vertheless, the pigments did
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not affect the appearance and transparency of the LCh films, thus justifying the omission of the

depigmentation step.
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Figure3.7: Light transmission (%) of films obtained from lobstleell chitosan (LCh), commercial cehiell
chitosan (CCh) and high MW analytical grade chitosan (HCh).

Table3.6: Values for film opacity observed in the UV (280 nm) and visible (46800 nm) light
spectrum for the prepared chitosan films.

Films Opacity in the UV spectrum (QFR) Opacity in the visible spectrum (QR
(A.nm/mm) (A.nm/mm)

LCh 807+13" 395+ 107

CCh 834+18° 419+16°

HCh 742+ 10° 344+ 78

LCh: lobsteshell chitosan; CCh: commercial cistiell chitosan; HCh: high MW analytical grade chitoSha.difference between
the two mean values followed by the same letter in the same column is statistiesifynificant (p>0.05) as determined by
Tukey's HSD test.
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3.3.2.3 Mechanical properties

In terms of food packaging, the applicability of edible films strongly depends on their
mechanicaproperties In general, edible films should possess adequate strength and flexibility in
order to withstand differergorts of external stress and serve the containment function while
maintaining their structural integrity. Figures 3.8, 3.9 and 3.10 show the averagesgtrestsain
(U) curves obtained from the mechanical testing of all three chitosan films. It chsdrwed from
these curves that all three chitosan films followed the typical deformation behaviour of
ductile/plastic materials under an applied load. At a low value of strain (< 6%), chitosan films
displayed Hookean behaviour (elastic region) wheretiiesssincreased rapidly with strain, and
the slope of this region defined the elastic modulus of the films. Beyond this region (strain > 6%),
the films showed plastic behaviour, and the stress increased more slowly with strain till the point
of fracture. 8nilar observations of the stresfrain relationship for chitosan films were reported
by Pereda et a[2011)andHosseini et al(2013)
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Figure3.8: Average stresssty) ¢ strain (yg curve for lobsteshell chitosan films (LCljere,n denotes
the number of analyzed replicates.
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Figure3.9: Average stresssgyg) ¢ strain (Lyg) curve for commercial craghell chitosan films (LCh). Here,
n denotes the number of analyzed replicates.
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Figure3.10: Average stressshyg) ¢ strain (Lo curve for high MW analytical grade chitosan films (LCh).
Here, n denotes the number of analyzed replicates.
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Table 37 summarises the mechanical parameters, i.e., tensile strengtlelgrigation at
break (%EAB) and elastic modulus (EM), of all three chitosan films obtained from their stress
strain curves. The films had high TS (/80 MPa) and EM (19002100 MPa) and unexpectedly
high EAB (481 58%), and despite the observable vais in the mean values, no significant
differences were found among all mechanical parameters of the three films (p > 0.05). According
to several previous reports, the TS of chitosan films increases with an increase in the molecular
weight of chitosariNunthanid et al., 2001; Park et al., 2002; Rivero et al., 2009; Ziani 2088)
Nunthanid et al.(2001) suggest that this increase in TS occurs due to the formation of an
entanglement network of high MW chitosan chains resulting in a higher resistance towards applied
stress. In this instance, though CCh films had a lower TS value than LCh or HCh films, the

difference in their molecular weight was not enough to provide a significant effect.

Table3.7: Values for the mechanical properties of the prepared chitosan films.

Films Tensile strength Elongation at bbeak Elastic modulus
(MPa) (%) (MPa)

LCh 80.5+4.6" 58.7+3.9 1987+ 2174

CCh 69.2+5.* 48.3+12.1A 2053+ 207"

HCh 77.4+£10.3 47.9+5.5° 2130+ 767

LCh: lobsteshell chitosan; CCh: commercial cistiell chitosan; HCh: high MW analytical grade chitoSha.difference between
the two mean values followed by the same letter in the same column is statistiesignificant (p> 0.05) as determined by
Tukey's HSD test.

Data comparison with the literature for mechanical parameters of chitosan films is difficult
as several factors, including properties of chitosan, type of solvent acid, drying and storage
conditions, and additives like plasticizamsay havily influence the tensile properties of the films
(HomezJara et al., 2018; Nunthanid et al., 2001; Park et al., 2002; Rivero et al., 2009; Trung et
al., 2006) Ziani et al. (2008) anHeceta, Guerrero, lbarburu, &t (2013)reported TS values of
unplasticized 1% w/w chitosan films (prepared in 1% AA) in the range of 55 to 77 MPa, which
were similar to the values observed in this study. However, the EAB values significantly differed
among these two studies frat - 49% (Ziani et al., 2008) to 45% (Leceta, Guerrero, Ibarburu,

et al, 2013) Comparing several other previous works, TS and EAB for unplasticized chitosan
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films prepared in acetic acid have ranged between 39 to 150 MPa and 4 to 38%, respectively
(Khouri, 2019; Kittur et al., 1998; Miranda et al., 2004; Nadarajah, 2005; Park et al., 2082¢
significant variations in the mechanical properties of the chitosan films can be partially explained
by the differences in thehitosan characteristics and the drying and storage conditions of the films.

The elastic modulus (EM) of a polymeric film is a measure of its ability to resist elastic
deformation under applied stress and is equal to the slope of itssttessscurve n the elastic
region. The values of EM observed here (Tablé &dicated high film stiffness and are
comparable to the previously reported values of unplasticized chitosan films prepared in acetic
acid ranging between 1470 to 3300 MBégin et al., 1999; Khouri, 2019; Nadarajah, 2065yh
standard deviations have been reported in the mechanical properties of the solvent cast chitosan
films throughout the literature, includy in the current study, and may suggest the high

heterogeneity in the microstructure of the chitosan films.

3.3.2.4 Water vapour barrier properties and surface hydrophobicity

One of the primary functions of food packaging is to avoid, limit or control thefénaaf
moisture between a food product and its surroundings. Hence, the ability of an edible film to allow
or resist permeation and transfer of water vapours through it, assessed by its water vapour
transmission rate (WVTR) and water vapour permeabiltf/P), is one of the most critical
parameters that define its food packaging applications. The obtained values of WVTR, measured
WVP (WVPmney and corrected WVP (W\iR) for all three chitosan films are shown in Table. 3.
Although the differences betweenetWVP/WVTR of LCh, CCh and HCh films were not
significant (p < 0.05), an inverse correlation can be observed between these properties and the
DD% of chitosan. Films obtained from CCh (highest DD%) showed the lowest WVTR/WVP
values, followed by LCh and HQlowest DD%). This could be associated with the high packing
density and low free volume in CCh films (refer to Sec82.1), which did not allow for a high
degree of permeation of water vapours through the film matrix. Similar observations on the effect
of %DD of chitosan on the WVP of chitosgelatin composite films have been previously
observed by.iu et al.(2012) A wide range of values for WVP/WVTR of chitosan films have been
reported in the literature due to differences in test conditions (RH gradient, temperature, air
circulation) and filncompositiongHomezJara et al., 2018; Hosseini et al., 2018p et al., 2017;
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Ziani et al., 2008)Alves et al.(2019)reported uncorrected WVP values measure at a 100% RH
gradient for unplasticized chitosan films prepared in 1% acetic acid in the range -®& 3746

g.mm/KPa.h.rfy which are similar to the values observed in this study (Ta8)e 3.

Table 3.8: Values for the ater vapour transmission rate (WVTReasuredVVP(WVR,es), correctedWVP
(WVRo) and surface contact ang{€A)or the prepared chitosan films.

Films WVTR WV Rnea WVR.or CA
(g/h.m?) (g.mm/kPa.h.n?) (g.mm/kPa.h.n¥) ©)
LCh 25.6+1.1~8 0.62+0.06 0.90+0.09 71.1+0.6°
CCh 24.4+0.%F 0.60+0.04 0.86+0.08 64.7+ 1.4
HCh 26.9+0.5" 0.66+0.03* 0.97+0.04 67.4+0.4*B

LCh: lobsteshell chitosan; CCh: commercial cistiell chitosan; HCh: high MW analytical grade chitoSha.difference between
the two mean values followed by the same letter in the same column is statistigsignificant (p> 0.05) as determined by
Tukey's HSest.

In general ediblefilms based on biopolymers, including chitosan films, are hydrophilic in
nature and offer very high WVP (10 to 100 times) compared to hydrophobic-bssfed plastic
films (Khouri, 2019; Nadarajal2005) Moreover, the WVP of a hydrophobic polymeric film is
independent of its thickness and the driving force, i.e., the vapour pressure gradient across the film
(Khouri, 2019; Miranda et al., 2004iowever, the WVP of hydrophilic films generally shows a
positive exponential correlation with the relative humidity (RH) gradient and linear correlation
with the thickness of the film@ertuzzi et al., 2007; McHugh et al., 1993he equilibrium RH
at the inner surface of the hydrophilic films (exposed to higher RH conditions) increases
exponentially with their thickness due to the eased mass transfer resistance and complex non
linear nature of their sorption isotherrfidcHugh et al., 1993)This results in an increased
effective vapour pressure gradient across the two surfaces alntise Which in turn increases
their WVP.Rivero et al(2009)observed that the WVP of chitosan films remained independent of
film thickness for thinner films (up to 600 um) and then linearly increased with the thickness.
Therefore, in this study, the thickness of the tested films wasrképe range of 40 60 um to

minimize errors in the WVP values arising from thickness variations.
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Thevapour barrier properties of hydrophilic films are also strongly influenced by the air
gap between the film surface and water inside the test cup. ayes of stagnant air offers
resistance to magransferdeveloping a partial pressure gradient between the mounted film and
water. This results in an underestimation of WVP (measured by the standard ASTM method) by
up to 65%(McHugh et al., 1993)Thus, the measured WVP (WM& values were corrected
(WVPor) to account for the effect of still air according to the correction method described by
ASTM standard E96/966 (ASTM Internation2016) The values of WVRobtained in this study
were significantly hi ghegdemaonsiratifgihe implicationsOof the5) t h

stagnant air gap effect in the determination of water vapour barrier properties for chitosan films.

In terms of surface contact angle (CAl), three films presented relatively similar values
(65- 71°) with slight variations that can be explained by minor surface imperfections (T&ple 3.
The contact anglereated by water or any other polar solvent anghwrface of polymeric films
indicatesthear degree of superficial hydrophilicityr hydrophobicity(Leceta, Guerrero, & de la
Caba, 2013)Moreover, the final state of the solvent droplet on the film providesnmaion
regarding their surface wettability which can be a critical parameter in designing edible films for
packaging liquid or higimoisture food productéAguirre-Joya et al., 2018; Leceta, Guerrero, &
de la Caba, 2013)senerally, with an increase the hydrophilic nature of the film surface, the
interaction of polar solvents with the surface increases resulting in a decreas@iigutfe-Joya
et al., 2018) Although we hypothesized that a higher DD% would make the surface of chitosan
films more hydrophilic due to the presence afrenfree-NH2 groups, our observations indicated

no correlation between %DD of chitosan and the surface hydrophobicity of their films.

In this study, ethylene glycol was used as the polar solvent instead of distilled water for
measuring CA of chitosan fiils as the use of water droplets caused instantaneous swelling of films
resulting in skewed CA measureme(ereda et al., 2012)Typically, a water contact aleg
(WCA) of more than 65represents a hydrophobic surfg@rdoba & Sobral, 2017Previous
studies have report&!CA for unplasticized chitosan films in the range of 116 to 7 2:8licating
the hydrophobic nature of their surfa@hanem & Katalinich, 2005; ouri, 2019; Leceta,
Guerrero, & de la Caba, 2013; Leceta et al., 20A8hough ethylene glycol is less polar than

water, the CA of ethylene glycol tends to be less for a given surface due to its low surface tension
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and high spreadabilitfKatalinich, 2001) Hence, the obtained results of CA were comparable to

the literature.

3.4 SUMMARY AND CONCLUDING REMARKS

The observations from this chapter established the applicability of crude chitosan extracted
from the shells oAtlantic lobsters in the production of edible films for potential food packaging
applications. The extracted crude chitosan showed structural, thermal anébrfiimg
characteristics similar to commercially available or analytical grade chitosan. Teectiitosan
also produced homogeneous, flexible and robust solvent cast films with physicochemical

properties comparable to the reported literature.

While preparing chitosan filforming solutions, ultrasonication was a more effective
technique for degassing and homogenization in contrast to the widely reported vacuum
application. The unplasticized chitosacetate films obtained in this study were highly transparent
but acted as an effective UV barrier and presented exceptional strength and strigtchabili
addition, the films offered a high degree of swelling and high vapour permeation but had low water
solubility and a relatively hydrophobic surface. Small changes in the deacetylation degree of
chitosan significantly influenced the overall hydrophilmature of the films; however, no
observable effect was found on their WVP and CA. The pigments that remained in the LCh after
extraction did not affect any physicochemical characteristics of the films and thus eliminated the
need for depigmentation/bldsing of chitosan for edible film applications. This study can be
regarded as a proof of concept and paves the way for exploring other processing and compositional

factors to modify or improve the functionality of LCh based edible films.
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CHAPTER 4

EVALUATION OF PLASTICIZED LOBSTER -SHELL CHITOSAN AND
COMPOSITE FILMS

4.1 INTRODUCTION

Single component biopolymeric films, commonly polysaccharide or prbtsed, almost
always offer some associated disadvantages that significantly limit their appliogoprise-
Joya et b, 2018; Debeaufort & Voilley, 2009; Falguera et al., 2011; Pavlath & Orts, 28G8)d
alone chitosan films are no exception, as observed from the results of Chapter 3. While chitosan
films can offer excellent strength and integrity with high transpey and resistance towards UV
radiations, their flexibility and stretchability are often inadequstang et al., 2017, 2021)
Moreover, the hydrophilic nature of chitosan renders these fiiighdy permeable to moisture and
sensitive to environmental humidity, which in turn significantly impacts their mechanical and
physical propertie¢Cerqueiraet al., 2012a; Pereda et al., 2Q1Pherefore, incorporating and
blending other bi@womponents that can interact with chitosan at a molecular level and provide
functional improvements without significantly altering any desirable properties or pradootts
could be necessary for the commercialization of chitdsesed edible filmfAnsorena et al., 2018;
Wang et al., 2017)

Fishgelatin is a potential blending biopolymear fchitosan films due to its excellent
compatibility with chitosan and its ability to improve the mechanical, physical and thermal
properties of the flmgHosseini et al., 2013; Yao et al., 201[f) addition, its cheap availability
can reduce the overall cost of film production. On the other hand, incorporating hydrophobic
components in the chitasdilm matrix, such as edible oils, can help reduce their hydrophilicity
and improve resistance towards moisture sensitivity and permd&emqueira et al.2012a;
Pereda et al., 2012 herefore, in order to improve the functionality of lobstkeellderived
chitosan films, the present study aimed to incorporategigatin and sunflower oil into these
films and evaluate their effect on the structuragrmal and physicochemical properties of the

resultant films. Moreover, the study also aimed at evaluating the effect of drying temperature and
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polymer concentration on the film properties. Although several authors have reported on-chitosan
gelatin composé films in the past, limited literature is available utilizing fggiatin as a blending
polymer with chitosan. Furthermore, no comprehensive reports are available on the effect of edible
oil incorporation and drying temperature on chitefiah gelatin omposite films, and none

involving lobstersheltderived chitosan, which motivated the present study.

4.2 MATERIALS AND METHODS

4.2.1 Materials and Reagents

The chitosan utilized in this study was derived from Atlantic lobster-gleste (refer to
Chapter 3, Section 3.2.2). Gelatin derived from aséder fish skin was purchased fr@mgma
Aldrich (ON, Canada), and glycerol (proteomics grade) was purchasad BDH® VWR
Chemicals (USA). Sunflower oil (100%, Kernel brand) was procured from the local mallket.
reagents utilized in this study were of analytical grade and were purchased from either Sigma

Aldrich (ON, Canada), Fisher Scientific (ON, Canada) oHBI¥YWR Chemicals (USA).

4.2.2 Development of Lobster -Shell Chitosan -based Edible Films

4.2.2.1 Experimental design

Chitosan or chitosan composite edible films obtained from five different formulations of
film-forming solutions (FFS) and prepared at three different grigmperatures (37, 60 and 80
°C) were analyzed in this study (Table 4.1). ©b&ainedilms were evaluated for their structural,
thermal and physicochemical properties depending on their formulations and drying temperatures.
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Table4.1: Investigated formulations of lobstehell chitosarbased filmforming solutions.

Formulations Lobstershellchitosan  Fish gelatin Sunflower oil Glycerol

(% w/v sol) (Y%owl/v sol) (% wiw polymer) (% w/w polymer)
1%LCh 1 ) ) -
2%LCh 2 - ) 20
LCRhO 2 3 10 20
LChGe 1 1 i 20
LChGeO 1 1 10 20

LCh: lobsteshell chitosan; Ge: fish gelatin; O: sunflower oil

4.2.2.2 Preparation of films

The procedure for preparing chitosaaised edible films (Figure 4.1) was adopted from
Haghighi, Biard, et a2019)with various modifications. For preparing figlelatin (Ge) solution
(2%, wiv), Ge powder along with plasticizer (glycerol at 20%, w/w polymer) was first allowed to
swell in distilled water at 4 °C for 30 mins followed by continuous stirring (300 rp61) &E for
an hour. Lobsteshell chitosan (LCh) FFS (2%, w/v or 20 mg/mL) were prepared by dissolving
LCh powder and glycerol (20%, w/w polymer) in aqueous acetic acid (1%, v/v). The solution was
continuously stirred (300 rpm) for three hours at 60 °Cféteded while still hot through a 25 pm
wire mesh using vacuum filtration to remove impurities. The resultant 2%LCh FFS was mixed
with aqueous acetic acid (1%, v/v) at a 1:1 ratio to get the 1%L Ch FFSGe®itend was obtained
by mixing equal amounts @ solution of LCh and Ge. To prepare FFS with sunflower oil (10%,
w/w polymer), a mixture of oil and Tweet0 (30%, w/w of oil) was added to the LCh or -Gl
blend solutions as required and stirred for 15 mins. All the apoegared FFS were homogenized
and degassed via ultrasonication using a probe sonicator (VCX 750;CG&H1iaVl, Sonics and
Materials, USA) for 10 mins at 40% amplitude ands&gond pulse.

Approximately 0.25 g/ciof each sonicated FFS was poured into polystyrene Petri dishes
(100x15mm, FisherbrandTM, USA) and dried at either 37 °C for three days in ajaeketed
incubator (Forma Scientific 3250, USA), 60 °C for 12 hours in aaltobven (Hermatherm,
Thermo Scientific, USA) or 80 °C for 6 hours in the same oven. The dried filmes caefully
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peeled off from the dishes amereconditioned aRT (21 + 2 °Q in a desiccator with a saturated

magnesium nitrate solution (554% RH) for at least three days prior to any analysis.

Film Forming Dispersion
(2% w/v polymer)

Homogenization via
probe sonication

I
+| - » || » —
U D Casting
Chitosan solution Gelatin solution ——
(2% w/vin 1% AA) (2% w/v in water) t ‘
T T o O O
/ \
/N / N\ =
[ ) ) Drying

Sunflower Qil +
Tween 20
(30% w/w oil)

Glycerol

\((E“—E

Peeling
b

Figure4.1: Pictorial representation dhe procedure fodevelopingchitosan composite films.

4.2.3 Structural and Thermal Characterization of the Films

4.2.3.1 FT-IR spectroscopy

Analysis of molecular interactions between different components ofpldsticized
chitosan and composiféms prepared at different drying temperatures was performderbR
spectroscopy (Spectrum Two, PerkinElmer, USA) using an attenuated totalioefle&TR)
accessory (MIRacleTM Single Reflection ATR, PIKE Technologies, USA) with a diamond ATR
crystal.The analysis was performed usiagnethod described Ifizeceta et al., 2015¥ith slight
modifications.Prior to theanalysis, the samples werenditioned at 554% RH for at least three
days. Measurements were taken for the lower surface of the films (the surface that was in contact

with the Petri dish) to avoid any variations in spectral intensities due to surface imperfdtiens.
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final specta for each sample was an aggregate of 32 scans recorded at a resolutionof 4 cm

between 4000 crhto 500 cm'. At least three replicates were run for each sample type

4.2.3.2 X-ray diffraction spectroscopy

The arrangement of polymer chains and the occurrehagrdered structures in the
chitosanbased films were analyzed using array diffractometer (D8 Advance, Bruker AXS
Germany) equipped with a CliKradiation sourceg= 1.54A) operating at an applied voltage
and current of 40 kV and 40 mAhe XRD pattars were recordeith ambient conditionbetween
5 and 40 (2d) with a step size of 0?land a scanning rate of 5 secadisttp.The film samples
were conditioned for at least three days prior to recording their diffractograms. The relative
crystallinity of he samples was estimated from the diffractograms as per the following equation
described byhouri (2019)

5
81 Gf 0 &is VAVAR—5 p TR (Eq. 4.1)

Here, Ac and Aa represent the area under the crystalline and amorphous regions of the

diffractograms, respectively.

4.2.3.3 Thermogravimetric analysis

The thermal stability and degradation behaviour of chit@sah compositdilms were
determined by thermogravimetramalysis(TGA) using a simultaneous thermal analyzer (STA
8000, PerkinElmer, USA). The films were dried at°@for 48 h prior to the analysis, and their
thermograms were recorded from 30 to 800(10°C/min) under a constant nitrogen gas purge
(20 mL/min). The waght of the samples taken for analysis ranged between 10 and 20 mg, and at

least duplicate runs were performed from each film type.
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4.2.4 Physicochemical Characterization of  the Films

In order to evaluate the effect of FFS composition and drying temperatureeion t
physicochemical parameters, all prepared films were characterized bastb@irophysical
(thickness, moisture content, wasalubility, surface hydrophobicity), optical (UV and visible
opacity), mechanical (tensile strength, elongation at breaklastic modulus), and barrier (water
vapour permeability) properties by following the methods and using the equipment previously
described in Chapter 3 (refer to Section 3.2.5).

4.2.5 Statistical Analysis

Data collectedrom each physicochemical test were statistically analyzed using single
factor analysis of variance (ANOVA) in Minitab 19 Statistical Software. Comparison of the means
was performed by employing posthoc Tukey's HSD test, andadup ofless than0.05 was

considered statistically significant. All results are reported as metandard deviation.
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4.3 RESULTS AND DISCUSSION

4.3.1 Qualitative Observations

The prepared fisigelatin solution (2% w/v) was highly transparent and significantly less
viscous tlan the chitosan solution at the same concentration. Additionally, both solutions were
fairly miscible in each other and provided clear homogeneous FFS by simple stirring. Oll
incorporated FFS were bright white, homogeneous and opaque in appearansen{paton),
suggesting a high degree of emulsification. These FFS emulsions remained stable without any
indication of separation for more than six months (visual observations). Although chitosan in itself
is considered an effective emulsifier due to itsligbito bind lipids through hydrophobic
interactions, an additional emulsifier (Twe2d) was utilized in this study as per previously
reported procedurd€ordoba & Sobral, 2017; Gutiérrez, 2017; Valenzuela et al., 20 83)sure
high emulsion stability during evaporation and drying of the solvent (water).

Figure 4.2 presents the photograph of the chitosan and composite films prepared at
different drying temperatures. The films obtained attemperature drying (37C) were visually
more homogeneous and smooth in comparison to the films obtained at 600ynvath a few air
bubbles appearing in some films (1%LCh and t@&d#dried at 80C), which may be attributed to
the rapid evaporation of the solvent. All films presented good structural integrity and were easy to
handle and process during their characterization. However, 1%LCh ands&Qiims were
significantly thinner (discussed later$ection 4.3.3.1) than the other films and were particularly
hard to peel off from the Petri dishes. On the contrary, oil incorporated films@.ad LCh

Ge0O) separated from the Petri dishes by themselves, indicating a slightly lubricated film surface.
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Figure 4.2: Chitosan and composite films prepared at low (&) and high (60 and 8%C) drying
temperatures. LCh: lobstshell chitosan; Ge: fish gelatin; O: sunflower oil.

4.3.2 Structural and Thermal Properties of  Lobster -Shell Chitosan -based films

4.3.2.1 FT-IR spectroscopy

FT-IR spectroscopy was performed to characterize the intermolecular interactions between
different components of the composite films and the effect of drying tetaperan those
interactions. Figure 4.3 presents thelRTspectra of all five tested film formulations prepared at
37 °C. As reported by previous authors, stahohe plasticized chitosan films (1% and 2%LCh)
showed characteristic absorption bands at apmately 1633 crit (amide | band due to C=0
stretching), 1548 crh(amide 1l band superimposed with RiHabsorption band), and 1335/1254
cmt (amide 11l band due to C=N stretching andN\bending)FernandesSaiz et al., 2009; Pereda
et al., 2011; Talon et al., 2017he broad absorption band between 3200 and 3500néth a
peak at 3259 crhwas attributed to the hydrogdaonded NH and GH stretching vibrationgCui
et al., 2018; Haghighi, Biard, et al., 2019; Hordera et al., 2018; Martingzamacho et al., 2010;
Talén et al., 2017)Two small peaks at 2927/2874 ¢mvere assigned to asymmetric and
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symmetric CH/CHz stretching vibrationgCordoba & Sobral, 2017; Haghighi, Biard, et al., 2019;
Mehdizadeh et al2020) The absorption peak at 1406 tmas associated with the carboxylate
groups (linked with the antimicrobial activity of chitosan filn{§ernandefaiz et al., 2009;
Leceta, Guerrero, Ibarburu, et al., 201B)yrthermore, absorption peaks between 850 and 1200
cml, i.e. 898, 926, 1024, 1061 and 1152%man be associated with th&é @, O Oi C, and C=C
stretching vibrations fon the saccharide structure of chitog@ui et al., 2018; Haghighi, Biard,
et al., 2019; Homeadara et al., 2018; Liu et al., 2019; Pereda et al., 2011; Yao et al., 201&t; Yin
al., 2005) Some of these peaks (926 and 1661}) have also been attributed to the absorption
bands of glycerol (plasticizefl.eceta, Guerrero, Ibarburu, et al., 201B)lymer concentration of
the FFS did not significdly affect the position of the absorption bafidemezJara et al., 2018)
however, the intensity of the overall R absorption spectra was significantly lower for 1%LCh
film, which could be due to the significty lower thickness of these films (discussed later in

Section 4.3.3.1) resulting in less pressure on the ATR crystal.

The obtained spectra of L&ke composite films were very similar to that of LCh films
but had distinct variations in the position angkmsities of some of the absorption bands. 1Ggh
films showed a significant increase in the intensity of the amide | band (1659which can be
partially explained by the presenceietheet secondary structure of gelatin in the film matrix
(Haghighi, De Leo, et al., 201%ut may also indicate electrostatiteractions between the
carboxyl groups and amino groups of Ge and LCh forming polyelectrolytic complexes (PECs) as
suggested byPereda et al., 2012The shif of the amide | peak from 1633 &nfLCh film) to
1639 cm' can be attributed to the conformational changes in the secondary structure of Ge, further
demonstrating its interactions with LGHaghighi, De Leo, et al., 2019; J. Xu et al., 2020)e
absorption peak attributed to the amide llratibns also shifted in the composite films but to a
lower waveumber (from 1548 to 1537 cm. Generally, a shift of IR bands to a lower
wavenumberis indicative of increased interactions due to hydrogen bon(dinget al., 2012)
Therefore the shift of the amide Il band further suggests strong hydrophilic interactions between
the two polymers. Other subtle changes in the spectra ofG&£;Isuch as increased intensity and
shift of broad NH and GH stretching vibrational bands (between 3200 and 350%),cand minor
spectral differences in the wavelengths between 1110 and 730cam be attributed to the
superimposed characteristic bands of Ge.
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The inorporation of sunflower oil in both LCh and L&e films resulted in the
appearance of two new peaks at 2854 or 285¥amd 1741 cmin the spectra of composite films
(LCh-O and LChGe-O). While the peak at 2854 chmay be attributed to the asymmetric
stretching of aliphatic groups (GHcontributed by sunflower oil, the peak at 141! represents
C=0 stretching vibrations from the carbonyl radicals of the ester group of triglycerides, confirming
the presence of oil in the film matr{Cerqueira et al., 2012a; Liang et al., 2DISimilar results
have been reported byalenzuela et al(2013) for quinoa proteirchitosan composite films
incorporated with sunfloer oil. Furthermore, the broad absorption band eff Mnd OH
stretching vibrations decreased in intensity and shifted to a higher frequency by a small degree for
both composite films (from 3258 to 3269 ¢ifor LCh-O and 3275 to 3278 chfor LCh-Ge-O).

This may indicate a decrease in hydrogen bonding interactions and the presence of electrostatic
and/or hydrophobic interactions of chitosan's amino groups with fatty acid carboxylates
(electrostatic interactions) or chitosan's acetyl groups with the atiptiaains of fatty acids
(hydrophobic interactiong)Valenzuela et al., 20135imultaneous occurrence of both types of
interactions between chitosan and oils have been previously reported in the li{@gmznen et

al., 2013; LozandNavarro et al., 2020; Wydro et al., 200&)small but significant shift of amide

Il and amide Il vibration bands from 1548 to 155@* and 1254 to 1251 cfand a reduction in

their intensities in the spectra of L&hfilms may further imply the existence of such interactions.
However, no suclshifts in amide bands were observed for LG&O films, which may be
correlated with the lower concentration of chitosan in these films (50% ofQ.@lims).

Figure 4.4 shows the comparative-F spectra of chitosan and composite films prepared
at 37, 60or 80°C (except for the spectra of 1%L Ch films as they were similar to 2%LCh films).
While comparing films prepared at different drying temperatures, no significant differences were
observed in the spectra of LCh or L-Chfilms except for some subtle geshifts and intensity
differences that may be associated with minor changes in the intermolecular interactions between
film components and Maillard reaction between carbonyl and amine groups of chitosan during
high-temperature dryingLeceta, Guerrero, lbarburu, et al., 2013; Singh et al., 20163 could
also be the reason behind a noticeable increase (visual observation) in the yellowness of these films
(Figure 4.2).
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On the other hand, along with these subtle shifts,-Geéhand LChGe-O films showed a
significant decrease in the relative intensities (ratio) of amide | arahtl$(1639 and 1537 tm
1y at high drying temperatures. Amide | band of proteins is particularly sensitive to the changes in
their secondary structufdahit et al., 2016)Therefore, these variations in band intensities may
suggest considerable changes in the hydrogen bonding and electrostatic interactions between
gelatin,chitosan and glycerol when dried at higher temperatures. However, no literature references

could be found to support this line of reasoning.

4.3.2.2 X-ray diffraction spectroscopy

The ordered arrangement or packing of polymer chains (chitosan/gelatin) in the
microstructure of edible films is one of the primary factors affecting most of their physicochemical
and thermal propertieKhouri, 2019; Nunthanid et al., 2001; Prateepchanachai et al.,.2019)
Therefore, Xray diffraction spectroscopy was performed to determine the crystalline structures of
chitosan films and understand the effect of different additives and drying temperatures on the
overall crystallinity of the films. The diffractograms for chitosan and compabiie &re shown
in Figure 4.5, and the crystallinity index (Crl) of the films indicating a relative change in their
crystallinity with a change in film composition or drying temperature is presented in Table 4.2. All
film samples showed a broad diffractiband between 15 and 2%associated with the amorphous
structure of the films suggesting the semicrystalline nature of chitussad filmgPereda et al.,
2011)

For plasticizecthitosan films (2% LCI@ 37 °Q, three distinct crystalline diffraction peaks
were observed at 8,711.6 and 18.8%long with a narrowing of the amghous band at around
20.7°, which are characteristic of chitosonitmonocarboxylate salt crystafgumirska et al.,
2010;Pereda et al., 201L1However, these crystalline peatwere not observed for 1%LCh films
(reflected in their Crl), and the overall intensity of their diffractograms was approximately half,
compared to 2%LCh films. Although the reason behind these observations is unclear, the low
polymer concentration in theFS (affecting the molecular arrangement during the evaporation)
and significantly lower thickness of these films (affecting the XRD analysis itself) may have

contributed to these changes. Two small XRD peaks at around 24 afdv@85halso observed
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for every tested filmwithout exception; however, no literature reference could be found to identify

these peaks.

LCh-Ge films showed similar diffraction peaks to that of LCh films but had changes in
their relative intensities. While the crystalline peak of Zlfilm (@37 °C)at 8.7 shifted to 8.5°
for LCh-Ge and showed a significant increase in its intensity, peaks at 11.6° and 18.8° decreased
in intensities. The former change can be explained by the superimposition of the characteristic
crystalline peak of glatin chains arranged in a triple helix colladie structurgLiu et al., 2012;
Pereda et al., 2011; Qiao et al., 201@n the other hand, the latter is a clear indication of
interactions between chitosan and gelatin polymer chains which do not allow for a high degree of
ordered packing, as suggestedRBreda et al(2011)and Prateepchanachai et §2019) The
electrostatic interactions between amino groups of LCh and carlgpeups of Ge (PEC
formation) led to the breakage of intermolecular hydrogen bonds between amino and hydroxyl
groups of chitosa(Prateepchanachai et al., 201Biis results in a more amorphous film structure
evident from the decrease in its Crl from 25.8% (2%LCh @37 °C) to 18.4%@s0@37 °C.

Films with sunflower oil also had a reduced Crl compared to films without oil (Table 4.2).
Both LChO and LChGeO films (@37 °C) showed an apparent decrease in the intensity of
crystalline peak at 11.6° while no peaks could be observ8drand 18.8° Valenzuela et al.
(2013)andSugumar et al2015)also reported a similar decrease in filmstallinity for chitosan
films incorporated with sunflower oil and eucalyptus oil, respectively. These results may again
indicate the interactions between chitosan and sunflower oil which led to the limited movement of
polymer chains, preventing them frarranging in an ordered structure. Alternatively, this could
also be an indication of the presence of triglycerides between polymer chains acting as a plasticizer
by increasing the intermolecular spacing and reducing the ordered arrangement of the polymer
(Yao etal., 2017)
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Table4.2: Values for the crystallinity index (Crl) of the prepared chitosan and composite films.

Filmstype Drying temperature Crystallinity index (%)
1%LCh 37 °C 9.3
60 °C 9.2
80 °C 9.5
2%LCh 37°C 25.8
60 °C 22.3
80 °C 21.8
LChO 37 °C 215
60 °C 19.8
80 °C 18.1
LChGe 37 °C 18.4
60 °C 17.6
80 °C 17.1
LChGeO 37°C 15.2
60 °C 14.8
80 °C 14.9

LCh: lobsteshell chitosan; Ge: fish gelatin; O: sunflower oil

The drying temperature had a significant effect on the crystallinity of the films. As shown
in Figure 4.5B, the crystalline peaks disappeared for films dried at 60 or 80 °C, causing a reduction
in their Crl. However, LCHGe-O films did not show much changes they were already highly
amorphous at 37 °C. This decrease in the crystallinity of the films is more associated with drying
time rather than drying temperatuidu, 2016) The solvent (water) evaporates rapidly during
high-temperature drying, giving lsgime for polymer chains to arrange in an ordered packing
before gelation occurs, leading to a low degree of crystallization in the rftatnezJara et al.,

2018; Mu, 2016)Leceta, Guerrero, & de la Cak2013)andMayachiew & Devahastii2008)

have also reported similar findings while evaluating films dried at different drying temperatures.
As evident from their diffractograms and Crl, films dried at 80 °C did not show much change from
the films dried at 60 °C, which is a recurring theme acral$sstructural, thermal and
physicochemical assays. This is due to the relatively short drying times at both 60 and 80 °C, i.e.
12 and 6 hours, with a small difference compared to the three days of drying needed at 37 °C.
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4.3.2.3 Thermogravimetric analysis (TGA)

TGA was performed to analyze the thermal stability of the films as affected by film
composition and drying temperature. Figure 4.6 shows the TGA and its first derivative curves
(DTGA,) for all five films prepared at three different drying temperatures. iépg on the film
type, these thermograms can be characterized by three or four distinct thermal stages of mass loss.
The peak degradation temperatureg) @nd % loss in weightggv) for the films during each
thermal stage are presented in Table 4.3. Feedbserved weight loss event from the initial run
temperature to around 12Q is generally associated with the evaporation of the residual solvent
(water and acetic acidMaria et al., 2016; Shen & Kamiate 2015) Although prior to the analysis,
all films were dried at 60C for 48 hours to avoid this peak as it interferes with the other thermal
events that can be detected in this region, a significant loss in weight was still obgrved. (7
- 5.8%9, indicating the reabsorption of moisture by the films from the surroundings during the pre
analysis steps. This is supported by the fact that the peak degradation tempegajuee @l
films with qw: > 3% was below 100C (except for 2% LCh, LGI® and LCh-Ge-O films dried
at 37°C, as they did not show a clear DTGA peak and thus hadindhiis region), which suggests
that the observed weight loss was primarily due to the evaporation of free moistisiecikdt

have been removed during prolongeging of the films at 60C.

Anot her key point to not ewiththedyingeempeatsre t i v e
indicating a higher moisture content for the films dried at 60 of@0These observations
contradict the equilibrated moisture contefi®C) of these films (negative correlation of EMC
with drying temperaturé Section 4.3.3.1). Therefore, it can be inferred that the films dried at
higher temperatures are perhaps more sensitive to the environmental humidity, i.e. they rapidly
gain or losemoisture depending on the surrounding RH. This phenomenon was also confirmed in
a different preliminary experiment (data not shown), where-tegtperature dried films took less
time to attain EMC at a constant RH. Moreover, the observation from thairegpealso showed
high sensitivity to environmental humidity for films prepared from FFS with low polymer

concentrations (due to lower film thickness), which was evident from these TGA results as well.
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Figure4.6: TGA and DTG thermograms of all tested chitosan and composite films. LCh:-dludikter
chitosan; Ge: Fish gelatin; O: Sunflower oil.
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6.

Table4.3: Thermaldegradation data for all tested chitosan and composite films.

Thermal degadation region 1 Thermal degadation region 2 Thermal degadation region 3 Thermal degadation region 4
Film type tem%gig?ure T T T T
enperature o 500 emgerature ° . ., emperature ° s ., emperature o 3 .
range (°C) a0 n &%) range (°C) T(C) ns o range (°C) Ta(’C) neo o range (°C) T(°C) nog o
1%LCh 37 °C 30.8120 79 2.77 120-230 157 16.14 230500 279 48.33 NA NA -
60 °C 30.8120 70 5.42 120230 158 15.09 230-500 276 49.83 NA NA -
80 °C 30.8120 76 5.56 120230 158 14.73 230-500 278 50.77 NA NA -
2%LCh 37°C 30.8120 NA 2.01 120-230 166 16.04 230500 279 48.28 NA NA -
60 °C 30.8120 102 3.9 120-230 161 16.53 230500 276 49.03 NA NA -
80 °C 30.8120 96 4.24 120-230 158 16.64 230500 276 48.88 NA NA -
LChO 37°C 30.8120 NA 181 120-230 173 15.11 230420 281 43.05 420500 433 24.58
60 °C 30.8120 88 4.97 120-230 162 15.26 230420 278 44.92 420500 433 24.99
80 °C 30.8120 90 5.19 120-230 164 15.27 230420 278 45.07 420500 434 2411
LChGe 37°C 30.8120 102 2.48 120230 NA 15.9 230500 294 48.6 NA NA -
60 °C 30.8120 83 4.43 120230 181 15.89 230500 286 49.45 NA NA -
80 °C 30.8120 79 5.32 120230 179 15.94 230500 288 49.1 NA NA -
LChGeO 37°C 30.8120 NA 1.59 120-230 NA 15.11 230420 289 44.85 420500 438 23.25
60 °C 30.8120 90 3.83 120-230 175 15.73 230420 286 47.31 420500 433 24.59
80 °C 30.8120 84 4.59 120-230 177 15.74 230420 288 46.14 420500 428 24.35

LCh: lobsteshell chitosan; Ge: fish gelatin; O: sunflower qil;peak degradation temperaturgiw: weight lossNA: Notavailable (No DTGA peaks identified in the thermal
degradationregion)



Thesecond her mal .=i8.4-16.6%] npavked by a distinct weight loss peadeXT
corresponding to the removal of bound water and degradation of low molecular weight film
components such as glycerol, acetic acid derivatives and side groups of polymersemasdobs
till about 230°C (Khouri, 2019; Pereda et al., 2008hermal degradation of pugdycerol occurs
between 140 and 260 °C with the maximum degradation temperatisg) (@t around 250 °C,
yet we witnessed gz for the films between 154 and 188 (Almazrouei et al., 2019)Various
other authors have reported similar trends of thermal degradation for plasticized chitosan films
(Boy et al., 2016; HomeZara et al., 2018; Pereda et al., 2008; Zhang et al., . 20b®) et al.
(2017)attributed this trend to the dehydroxylation of glycerol and biopolymers occurring in this
temperature range. They suggestet the removal of bound water from the film matrix promotes
the approximation of organic compounds, which may induce a dehydroxylation process at low
temperatures leading to the observed DTGA peaks. Gelatin incorporated fim&@.&id LCh
GeO) showeda broadening of this peak and an increaseqsif) Whereas no distinct peaks were
observed for these films prepared at 37ridicating the superior ability of gelatin to bind glycerol
through hydrophilic interactions compared to chitosan due to thengeesé more hydrophilic
functional groups in its structure. Similar observations were reportdgladgvic et al(2019)
while comparing TGA thermograms of chitosan, gelatin and chitgekatin (50:50) composite

films.

Furthermore, 2%LCh and LGB films dried at higher temperatures showed a slight shift
of Tq2 towards lower temperatures, while a clear peak and distinction event between the second
and third thermal stages for L&e and LChGe-O films were discernable onlyféilms dried at
60 or 80°C. These observations may indicate decreased hydrogen bonding interactions between
glycerol and biopolymers (LCh and Ge) with increasing drying temperatures. As suggested by the
XRD observations, a decrease in film crystallinityth decreasing drying times may have
contributed to this shift since a film with higher crystallinity would have a higher thermal
resistance in this regigiifomezJara et al., 2018)he correlation between pedkifs and drying
temperature for 1%L Ch films was not observed and could be due to the lowtsigiogése ratio
and high variability between replicate TGA/DTGA thermograms. The absence of change in Crl

for these films at different drying temperatures mayp &xplain a lack of peak shift trend.
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The third ther mal e Vv ents=43A+4D.59@ asgociateel witha d a t i

the depolymerization and degradation of chitosan and gelatin started at aroufi@ 280
continued until the end of the rg8hen & Kamdem, 2015When comparing this stage of thermal
degradation for chitosabased films with LCh powder (refer to ChapteS&ction 3.3.1.4), there

was a significant reduction ingkhax from 303 °C to 278295 °C, which may confirm the
dehydroxylation process occurring in the filiftsomezJara et al., 2018)Gelatin incorporated

films (LCh-Ge and LChGe-O) presented significantly higheg daxvalues than the chitosan films
(1%,2%LCh and LCHD). This can be explained by the strong interactions between LCh and Ge
(PEC formation), producing composites with increased thermal stabilitypr€sent observations
agreed with the literature and were supported by théRFand XRD analysis findingdRadovic

et al.,, 2019; Wang et al., 2021)iao et al.(2017)reported a similar increase in themkx for
chitosangelatin composite films. However, they also observed a shoulder in the mass loss
thermograms of the composite films with higher proportions of gelatin during the maximum
degradation stage, indicating two different biopolymer components ifiliiee In the present
study, no shoulders or double DTGA peaks were observed in this region, which would imply an
optimum blend of LCh and Ge with a high degree of intermolecular interactions. The highgst T
(294 °C) was reported for LCKse films prepred at 37 °C and the values significantly reduced
with increasing drying temperatures or the incorporation of oil, suggesting a drastic reduction in
chitosan gelatin complexion with both factors. However, such variations were not significant for

other film types.

Lastly, a fourth thermal event between 420 and 300was witnessed only for oil
i ncorporated f i | mpofamurd B4%assecatedgiiinithe egradstiorf ofgugh
thermal stability components of the films, i.e. sunflower oil anekw20, along with the gradual
advanced degradation of chitosan and gel(&alau et al., 2004; Cerqueira et al., 2012a; Shen &
Kamdem, 2015)No observable trends in theslwere found between the two composite films
(LCh-O and LChGe-O) prepared at different dryingrperatures. However, a small peak at
around 405°C was observed for LCBe-O films prepared at high temperaturédthough the
reason behind these observations is uncléarould be linked with the degradation of some
thermally stable complexes betwegelatin and Twee0 that could have formed during high

temperature drying as Twe&0 offers a lower degradation peak temperature (around33%C)
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compared to sunflower o{Kishore et al., 2011)However, no such interactions were observed
through the FIIR spectra of these films. The observed phenomenon could also be associated with
the degradation of free unbound &ewn20 that came out of complexion with chitosan/gelatin/oil
during hightemperature drying. This argument would be supported by the slight broadening of
the DTGA peak observed in this region for l-OHfilm prepared at 60 or 8.

4.3.3 Physicochemical Properti es of Chitosan -based films

4.3.3.1 Film thickness, moisture content, degree of swelling and water solubility

Table 4.4 lists values for films thickness (FT), equilibrated moisture content (EMC), degree
of swelling (DS) and water solubility (WS) of chitosan and posite films prepared at different
drying temperatures. Film thickness ranged from 33 topd02nd was affected by all variables,

i.e. chitosan concentration, incorporation of gelatin, incorporation of oil and drying temperatures.
As expected, 1%L Ch filmpresented significantly lower thickness (p < 0.05) compared to other
films due to the low polymer concentration (50% less) in their FFS. The incorporation of oil in the
films significantly increased their thickness (p < 0.05), whereas the presencediofigdea slight

but inverse effect. The former trend can be explained by thevalatile nature of sunflower oil

and Tweer20, essentially increasing the overall dry matter in the films by around 13%. Moreover,
this increase in thickness also suggesedaction in film compactness and increased free volume
in the films due to intermolecular interactions between oil and biopoly(highighi, Biard, et

al., 2019; Valenzuela et al., 2013imilar reports have been made by Yao et al. (2017) and
Haghighi, Biard, et al.(2019) while testing chitosagelatin composite films incorporated with

different essential oils.
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Table4.4: The values of film thicknedsT{,equilibrated moisture content (EMC), degree of swelling (DS), water solubility (WS) and film opacity in

the UV (OR) and visible (GR spectrum obtained for all tested chitosan and composite films.

Eilm tvoe Drying FT EMC DS WS ORw ORuis
yp temperature (um) (%) (%) (%) (Anm/mm) (Anm/mm)

1%LCh 37°C 354+18 24.15 + 0.4% 26.6 + 2.2 35.8 +0.FF 944 + 348C 366 + 8.BC
60 °C 33.8+258 20.76 + 0.3%C 334+282 28.7+0.9 965 + 10 410 + 48CD
80 °C 334+ 2.7 19.84 + 0.34P 335+2.8 265+1.0 963 + 45 390 + 1PCD

2%LCh 37°C 87.0+1.6E 24.66 + 0.46 429+12 34.5+0.8E 842 + 388C 286 + 23
60 °C 84.4 +£4%P 21.2+0.36¢ 65.9+1.38 31.8+0.7 764 £ 168 336 + 2B
80 °C 82.6 + 6.€P 21.83+0.47 65.1+ 1.2 325+0.50 820 + 10BC 369 + 33BC

LChO 37°C 102.8+2.6 22.19+0.52 37.6+1.8¢ 31.2+0.6 2052 + 79 432+ %
60 °C 97.2+6.6¢ 19.81 + 0.26P 53.6+2.7 29.0+0.9 1316 + 118 681+ 1%
80 °C 94.4 + 5.5FG 18.68 + 0.5PEF 56.6 £ 2.8 28.7+0.7 1504 + 118E 725+ 28

LChGe 37°C 82.2+1.6P 19.11 + 0.7BE 58.6 £+ 2.8 35.5+0.4F 825 + @-BC 322+ 228
60 °C 772 +4.8C 17.13 + 0.65GH 727+18 37.2+0.4 808 + 28B.C 372+ 268BC
80 °C 722+4.8 16.64 + 0.93H! 75.1+1.9 40.3+0.5 751 + 34 382 + 22BC

LChGeO 37°C 97.6 + 2.£¢ 17.71 + 0.68F¢ 54.9+0.2 28.9+0.8 2020 £ 56 418 + 44D
60 °C 91.2 + 4 DEF 15.69 + 0.42! 75.3 £1.7F 31.9+0.¢ 1572 + 68 1290 + 1%
80 °C 90.8 + 6.9.EF 15.13 + 0.46 725+25 32.7+£0.50P 1441 + 148E 1185+ 79

The difference between the two mean values followed by the same letter in the same column is statissagtlificant (p>0.05) as determined by Tukey's HSD test.



The effect of gelatin on film thickness could be associated with the low molecular weight
of Ge compared to LCh, therefore providing a much denser film matrix with the same dry matter.
Jridi et & (2014)reported an opposite effect of cuttlefish gelatin on the thickness of chitosan
composite films; however, they mixed a 4% wi/v gelatin solution with 2% w/v chitosan solution
to obtain composite films, increasing their total dry matter and heaesgng an increase in their
thickness. A slight decrease in film thickness was also witnessed for films dried at higher
temperatures (60 or 8C), while the observed effect was significant (p < 0.05) for4dCand
LCh-Ge-O films. This could be attribudeto the collapse of the gakt structure of chitosan films
when dried rapidly at high temperaturg®rnamnlezPan et al., 2010; Homelara et al., 2018;
Singh et al., 2015)Another important observation made was the high variability (standard
deviation) in thickness measurements for Higimperature dried films because of increased
surface imperfections drheterogeneity of these films, as previously discussed (refer to Section
4.3.1).

Neat LCh films prepared at 3T had the highest equilibrated moisture content (EMC)
among different film typesa(24%), and the incorporation of gelatin and oil both shoaed
statistically significant negative effect on the film's EMC. Although gelatin is considered more
hydrophilic than chitosafHosseini et al., 2013Yhe electrostatic interactions between the two
polymers may have reduced the amount of free hydrophilic functional groups that can bind water,
causing a reduction in the film's moisture cothtétoreover, increased film density and low free
volume in these films may have contributed to a lower HM€reda et al., 2011%uch an effect
of gelatin incorporation in chitosan films has been previously reported by Pereda et al. (2011) and
Patel et al(2018) On the other hand, the effect of oil incorporation on the EMC of f§rdsectly
associated with their increased hydrophobicity, which prevents films from absorbing more
moisture, as suggested Wglenzuela et al2013) A significant decrease (p < 0.05) in EMC was
also observed with increasing drying temperatures, which can again be attributed to the increased
compactness (reduced thicknessthefse films and was in accordance with the observations made
by HomezJara et al(2018)

The evaluation of the degree of swelling (DS) for chitosan and compositeifiticated
a significant increase in their water uptake when dried at higher temperatures. Likewise, the

presence of gelatin in the films also caused a significant increase in the DS. These observations
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could be linked with the decreased crystallinity IJ@f these films as hydrophilic functional
groups present in amorphous regions of the films are more accessible to the water, which leads to
increased watebinding (Trung et al., 2006)Similar observations regarding the effect of drying
temperature on the DS of chitosan films were madéltmezJara et al(2018) However, in

another article byMayachiew et al.(2010) an opposite trend in the fiim DS with drying
temperature was observed, which may be associated with their use of significantly higher MW
chitosan (900 kDa) with high %D[®0.2%). The presence of oil in the film matrix significantly
reduced their swelling ability even with reduced crystallinity, confirming the increased

hydrophobic nature of these filn(galenzuela et al., 2013)

Polymer concentration also had a significant effect (p < 0.05) on the DS of the films as 1%
LCh showed a lower water uptake compared to any other film. Although the reason is unclear, it
is perhaps associated with the increased interactions between gyaidhitosan in these films
as the low concentration of chitosan leads to significantly lower viscosity of the initial FFS, which
would have allowed higher chain mobility and thus more intermolecular interactions. This
argument could be supported by thet that the presence of glycerol in all prepared films in this
study showed a significantly lower DS compared to the unplasticized LCh films, which showed a
DS of around 250% (refer to Chapter 3, Section 3.3.2.1). While these observations may seem
counteintuitive at first due to the hydrophilic nature of glycerol, which should increase the ability
of the films to bind water, similar negative effects of its presence on the swelling ability of chitosan

films have been reported RodriguezNufiez et al(2014)in the past.

The water solubility (WS) of chitosamsed films decreased with the presence of oil as
expected (incresed hydrophobicity). Similar findings were reported by Cerqueira et al. (2012a),
Valenzuela et al. (2013) and Yao et al. (2017) while evaluating chitzessed films incorporated
with oils. A decrease in WS of the chitosan films was also seen withdrigierature drying in
accordance with some previous repdfsrnandefaiz et al., 2009; Homelara ¢ al., 2018;
Leceta, Guerrero, Ibarburu, et al., 2018pwever, this trend was reversed for chitegefatin
composites. While the former can be associated with the intermolecular crosslinking and formation
of insoluble compounds at high temperaturesch as Maillard reaction producfseceta,
Guerrero, lbarburu, et al., 2013he latter may indicate decreased electrostatic interactions
between chitosan and gelatin when prepared at higher temperatures, therefore alpwaigra
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extent of gelatin in the films to solubilize in water. An unexpected decrease in the relative
intensities of amide bands seen in thelRTspectra of these films dried at 60 or’@may support

this argument. In general, a higher solubility hasnbeported in the literature for chitosgelatin
composite films compared to pure chitosan filfHaghighi, De Leo, et al., 2019; Perestaal.,

2011; Rui et al., 2017However, some authors have also reported decreased solubility at certain
proportions of chitosan to gelatin, suggesting that optimum interactions between these two
polymers can significantly reduce the WS of the filidssseini et al., 2013; Jridi et al., 2014)

this study as well, a significant change in WS of L@ films dried at 37C was not observed,
indicating good interactions between the two polymers and complementing the TGA-#Rd FT

reailts.

4.3.3.2 Light barrier properties and opacity value

All films without oil were fairly transparent (Figure 4.4) and presented no significant
changes in their opacity in the visible spectra (@P400-800 nm) due to different polymer
concentrations or the inclusion of gelatin (Table 4.3). Pereda et al. (2011) observed a significant
decrease in the opacity for chitosgeglatin composite films compared to the staf@he chitosan
film, which contrass the results of this study. However, a higher concentration of glycerol (28%
w/w polymer) and a different type of chitosan (no MW mentioned) and gelatin (bovine) utilized
in this study may explain these contradictions. For LCh andGEfilms dried at 6 or 80°C, a
slight but statistically insignificant (p > 0.05) increase in/@®as observed, which, as mentioned
earlier, could be due to the formation of coloured Maillard reaction products at these temperatures
(Fernandefaiz et al., 2009; Leceta, Guerrero, Ibarburu, et al., 2013)

On the other hand, oil incorporated films showed a slight but statistically significant (p <
0.05) ncrease in their QR associated with the homogeneous dispersion of oil in the film matrix,
causing increased light scattering because of their different refractive (ifdgkighi, Biard, et
al., 2019; Pereda et al., 201R)oreover, in this case, the effect of temperature on increased OP
was highly significant (p < 0.05), suggesting degradatioroibfemulsion and hydrophobic
interactions between chitosan and oil, causing aggregation of oil droplets detmigérature
drying. For LChGe-O films, this effect was much more pronounced, with almost a four times

increase in ORs values and a very noticeable increase in the translucency of these films (Figure
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4.4). This is supported by a double peaiservedn the fourth therral degradation region of the
DTGA curves for these films (Figure 4.6), which was attributed to the availability of free unbound

Tween20.

Similarly, the polymer concentration and presence of gelatin did not significantly change
the barrier properties of ¢hprepared films against UV light (QF? 230400 nm), while the
incorporation of oil showed a significant increase inu@Mowever, unlike the increase in @
of oil incorporated films with drying temperatugesignificant reduction in QR (p < 0.05)was
observed for LCHO and LCRGe-O films dried at 60 or 80C. This may perhaps indicate a
reduction in U\sensitive interactions and functional groups of oil in the teghperature dried
films, although no literature reference could be found to supipisrargument.

4.3.3.3 Mechanical properties

The mechanical or tensile properties of chitosan and composite filnssir@rearizedn
Table 4.5. The highest tensile strength (TS: 67 MPa) and elastic modulus (EM: 1956 MPa) were
recorded for neat 1%LCh films preparad37°C, while the highest elongation at break (EAB)
was obtained for LGIGe-O films prepared at 8€C. In general, the EAB and EM of the films
showed a good negative correlation which was expected as both parameters represent opposite
film properties (aliity to deform and stretch vs resistance towards deformation); however, such a
correlation could not be established with their TS. A decrease in polymer concentration of the FFS
(comparing 1%LCh with 2%LCh films) significantly reduced the EAB and incce&$é of the
films (p < 0.05) but had no significant effect on their TS, suggesting an increased rigidity of these
films. Although several factors could have affected the flexibility of 1% LCh films, the high
moisture sensitivity of these films is believiedbe the primary reason behind these observations.
Due to the low thickness of 1% LCh films, moisture absorption and desorption in these films occur
at a significantly higher rate than in other films. As there was a time lag between removal of films
from the conditioning chamber and testing them for their tensile properties (sample preparation),
the films could have lost a significant amount of moisture in the low RH testing environment
(around 2530% RH). Because moisture in the films acts as a plasti@mni et al., 2008)a loss

of moisture likely made 1% LCh films more rigid, which was reflected in their EM and EAB.
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Table4.5: The values ahe tensile strengti{TS), elongation at breaKEAB), elastic modulugEM), water vapour permeabilithVWB andsurface

contact anglgCA)obtained for all tested chitosan and composite films.

Film tvpe Drying TS EAB EM WVP CA
yp temperature (MPa) (%) (MPa) (g.mm/kPah.m?) ®)
1%LCh 37°C 66.9+7.3 23.8+5.3 1956 + 155 1.66 + 0.08 60.1+1.6
60 °C 51.8 + 4.4D 345+7.6 1768 + 1018 1.45 + 0.08FC 58.5 + 3.2
80 °C 47.7 £5.8DE 32.6+9.% 1680 + 128¢ 1.48 + 0.08EFG 63.3+1.9
2%LCh 37°C 62.1+6.58 64.8+ 8.8 1665 + 10%.cD 1.82+0.08 612+ 1.4
60 °C 38.9 £ 6.5FC 56.8 + 10.% 1475 + 3PE 1.6 + 0.06:D 63.6 + 1.1
80 °C 41.6 £ 3.PEF 59.3 £+ 10.7 1495 + 74PE 1.5+ 0.03EF 62.8+1.9
LChO 37°C 55.1 + 2.BC 70.3 £ 7.BC 1437 £ 56 1.52 + 0.02D.EF 74.2+0.7
60 °C 34.8 + 4.8GH 57.8+7.9 1179 £ 58 1.41 + 0.08F¢ 75.7+1.8
80 °C 33.7 £+ 3.4GH 59.1+10.9 944 + 651 1.39 + 0.08¢ 759+ 1.6
LChGe 37°C 37.3+2.86 61.6+2.9 1212 + 125 1.64 + 0.08¢ 59.9+ 1.7
60 °C 29.8+2.5H 78.3+ 12.8C 862 + 53 H 1.53 + 0.080E 61.2 +2.2
80 °C 32.7 £ 3.6GH 76.7 £ 9.8¢ 929 + 66+ 1.51 + 0.03PE 63.1+2.6
LChGeO 37°C 34.8 + 1.6GH 68.3 +5.6C 1039 + 686 1.46 + 0.0EFC 73.2+1.6
60 °C 26.6+ 3.0 87.2+11.8P 829 + 60 1.35+0.08 722+158
80 °C 27.0+3.8 100.4 + 16.8 601 + 39 1.2 +£0.04 71.1+35

The difference between the two mean values followed by the same letter in the same column is statissagtlificant (p>0.05) as determined by Tukey's HSD test.



Chitosangelatin composite films showed a significant reduction in the TS of the films
compared to standlone LCh films. This behaviour was expected and is in accordance with the
previous studies as generally neat chitosan films offer very high TS compared to-pasth
films (Jridi et al., 2014; Li et al., 201¥alenzuela et al., 2013However, a simultaneous increase
in EAB along with a decrease in the TS of the chitosan films with the incorporation of fish gelatin
was not observed in this study, which contrasts the observations mattesssini et al(2013)

The use of high MW chitosan (LCh) apmwith an additional ultrasonication treatment may have
caused increased interactions between chitosan and gelatin in this study and could explain the
contradicting results. Moreover, the maximum TS and EAB for chitgséatin composite films

(40:60) repated by Hosseini et al. (2013) were 16.6 MPa and 25.3% which are significantly lower
than the values reported in this study and may support this premise. A significant decrease in TS
with no effect on EAB with the incorporation of gelatin in chitegafliic acid composite films

was previously reported Bui et al.(2017)

For films prepared at low tempéuae, the addition of oil significantly reduced the EM of
the films (p < 0.05) and a slight but insignificant increase in EAB and decrease in TS was also
observed. These observations indicate a plasticizing effect of oil on the films as triglyceride chains
can penetrate into the chitosan or composite film matrix and increase the free volume and thus
chain mobility in the films, which also caused an increased thickness of these films as explained
earlier(Yao et al., 2017)However, the results of this study didt follow the observations made
by Cerqueira eal. (2012a) who observed a significant decrease in TS as well as EAB of the films
with the incorporation of corn oil in chitosan films. The authors attributed these observations to
the incompatibility and inability of the chitosan matrix to hold Gih the other hand, the present
study has demonstrated good interactions between oil and chitosan/gelatin, which could have been

linked with the use of an emulsifier (Twe2f) compared to the previous report.

Lastly, the drying temperature played a sigwfit role in defining the mechanical
properties of the films. LCh and L& films experienced a significant drop in TS (p < 0.05) and
EM (p < 0.05 only in the case of L&D films) when prepared at high temperatures. Moreover, a
drop in EAB was also obsemddut was not significant. This could be explained by the loss of
crystallinity in the films dried at 60 or 8@, which led to a decrease in hydrogen bonding and
intermolecular interactions resulting in a weaker and less stretchabl@~gimande®an et al.,
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2010) Similar observations regarding the effect of drying temperature on mechanical properties
of chitosan films have been previously reported by FernaRdezet al. (2010) and Liu et al.
(2019).

However, LChGe and LCHGeO films behaved differently with increased drying
temperature. Although a decrease in TS was observed for these films dried at high temperatures,
the effect was not significant (p > 0.05). In addition, a significant decreaséwek still observed
(p < 0.05) but in conjugation with a significant increase in EAB (p < 0.05), suggesting increased
flexibility and stretchability of these films. This behaviour of composite films could be associated
with the reduced PEC formation be®vechitosan and gelatin when dried at higher temperatures,
allowing enhanced chain mobility reflected in a higher EAB for these films. A similar increase in
EAB of chitosanrgelatin composite films prepared at 8D compared to the films prepared at 25
°C was previously reported bArvanitoyannis et al(1998) In the case of LCIeO films, this
effect was more pronounced, suggesting a more intense plasticizing effect of oil, perhaps due to
the inability of chitosan to form hydrophobic lswith oil in the presence of gelatin at higher

temperature drying.

4.3.3.4 Water vapour barrier properties and surface hydrophobicity

The water vapour permeability (WVRgorrected forstagnant air gap effect, refer to
Chapter 3, Section 3.3.2.dj) the testedilms (Table 4.5) was found to be directly associated with
their moisture content (EMC) and hydrophobicity (Table 4.4), as previously reported by several
authors(Cerqueira et al., 2012a; Homéara et al., 2018; Pereda et al., 2012; Valenzuela et al.,
2013; Yao et al., 2017While an increased EMC of the films allows for better diffusion of water
vapours through the filrmatrix due to increased intermolecular spacing and chain mobility, the
presence of oil in the films can form a hydrophobic lipid network preventing adsorption of water
molecules, thus lowering the vapour permeatiGerqueira et al., 2012b; Hamdi et al., 2019;
HomezJara et al., 2018; Valenzuela et al., 2013)pwever, incorporatig and increasing the
content of lipids in the films does not guarantee a reduced WVP as vapour permeation is also
highly dependent on dispersion and particle size of emulsion droplets in the film matrix along with
the continuous microstructure integrititbe films(Cheng et al., 2008; McHugh & Krochta, 1994;
Wong et al., 1992)
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2%LCh films prepared at 3T showed the highest EMC (24.6%) and also presented the
highest WVP (1.8 g.mm/kPa.ndnamong all tested films. At the same time, LGBO films
prepared at 80C (lowest EMC: 15.13%) presented the lowest WVP (1.2 g.mm/kP3.h.m
However, despite showing no significant differences in their EMC, 1%LCh filmsesha lower
WVP (p <0.05) than 2%LCh films. This inconsistency may be explained by the significantly lower
thickness of 1%LCh films (Table 4.4), which is associated with the 'thickness effect' of the
hydrophilic films on their vapour permeation, as diseasin Chapter 3 (refer to Section 3.3.2.4).
A similar effect of chitosan concentration in the FFS on the WVP of the resultant films was
observed byGarcia et al(2015)and was attributed to the difarces in the film thickness.

As previously described, the high degree of intermolecular interactions between gelatin
and chitosan in the LGBe or LChGeO films decreased the availability of fre@H and-NH:
groups that can interact with water molecyesventing a high vapour permeability through their
matrix (Cheng et al., 2008Moreover, a significatly low WVP obtained for oil incorporated films
(p < 0.05) indicates a highly homogeneous oil dispersion and a small emulsion parti€éeing
et al., 2008; McHugh & Krochta, 1994; Wong et al., 199Zhese results also suggest that
ultrasonication was an efficient way to produce chitesbamulsions. A significant drop in WVP
observed for the films prepared at 60 or°8was associated with thellapse of their gehet
structure at higltemperature drying, which led to a low intermolecular spacing in these films and
prevented efficient migration of water vapours through the film méfetnande®an et al.,
2010) These observations followed the previous reports made by FerrF@adez al. (2010) and
HomezJara et al. (2018).

The surface hydrophobicity of the chitosan and composite films, as measnaghtkine
contact angle (CA) formed by ethylene glycol on their surface, was between 58.5 a@ a5®
4.5). No significant effects on CA were observed with a change in polymer concentration, presence
of gelatin or the drying temperatureeceta, Guerrero, Ibarburu, et £013)also reported no
significant changes in water contact angle of chitosan films dried at room temperature or at 105
°C. Generally, neat gatin films are more hydrophilic and show a smaller CA compared to neat
chitosan filmgCérdoba & Sobral, 2017; Rodrigyéertoloet al, 2020) However, in the present
study, the complexion between gelatin and chitosan may have prevented the hydrophilic groups of
gelatin from contributing towards a more hydrophilic surface, explaining these observations. On
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the other hand, a signifinaincrease (p < 0.05) in CA by around 24% was observed for oll
incorporated films, indicating an increased surface hydrophobicity. These observations are similar
to the ones reported by Pereda et al. (2012) (incorporation of olive oil in chitosan fitngaa

et al. (2017) (incorporation of-monene in chitosafish gelatin composite films).

4.4 SUMMARY AND CONCLUDING REMARKS

The observations from the present study demonstrated excellent compatibility of lobster
sheltderived chitosan with fish gelatin asdnflower oil in the production of composite edible
films. The FFIR, XRD and TGA analysis confirmed the high degree of intermolecular interactions
between the film components, which ultimately resulted in the improved functionality of the
composite filmsThe films obtained from low polymer concentration FFS showed high variability
in their properties, primarily due to their low thickness and high sensitivity to environmental
humidity. The presence of fish gelatin reduced the rigidity and increasedIdmbility and
stretchability (after higltemperature drying) without significantly impacting the hydrophilic
nature of LCh films. On the other hand, the incorporation of sunflower oil enhanced the
hydrophobicity and resistance towards water solubility ametlling of the films without
deteriorating their mechanical properties. When dried 4C30il incorporated films also did not
significantly impact the transparency of the films while providing very high UV resistance.
Moreover, both fish gelatin andisflower oil significantly reduced the water vapour permeation

through the composite films.

In order to commercialize chitosdnased edible films, a fast production process is
paramount, and this calls for rapid evaporation of solvent by either usingehigierature or low
RH conditions during the drying process. The present study demonstrates that drying time or
temperature can significantly affect most physicochemical properties of chitosan and composite
films by influencing the molecular arrangementlanteractions between polymer chains in the
film matrix. LCh-Ge-O composite films dried at 60 or 8€C showed poor surface homogeneity
and transparency and an increase in their swelling capacity. However, a significant improvement

in their stretchabilityand water vapour permeability without a drastic effect on their tensile
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strength and water solubility is highly desirable, makimgm a prospective candidate for future

commercial applications with some further improvements.

Overall, this study has showine potential of LCh composite films in providing improved
applicability as an edible food packaging system. However, a comprehensive study on the effect
of different proportions of film components can help further expand the ability to tailor chitosan
film properties according to their needed applications, which is explored in the next chapter.
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CHAPTER 5

OPTIMIZATION OF FORMULATIONS FOR LOBSTER-SHELL
CHITOSAN 1 FISH GELATIN COMPOSITE FILMS INCORPORATED
WITH SUNFLOWER OIL AND GLYCEROL

5.1 INTRODUCTION

As observed from the results of Chapter 4, most of the physicochemical properties of
lobstershellderivedchitosan films can be significantly influenced and enhanced by incomgfrati
blendingfish gelatin, sunflower oil and plasticizers (girol) with chitosan. While gelatin and
glycerol can provide significant structural and mechanical enhancements to chitosan films, oil can
increase hydrophobicity and influence film properties such as solubility in water and water vapour
permeability(Pereda et al., 2011, 2012; Rodrigidxiez et al., 2014)The desired properties of
edible films are primarily dictated by their intended applications, functionality, and the nature of
the product to be packagélarkmen & Barazi, 2018; Pavlath & Orts, 2008pr instance, some
food packaging ggications may call for hydrophobic edible films with high resistance towards
water vapour permeability to prevent or minimize moisture gain or loss by the product, while
others may require films that can instantly solubilize in water and release theintsgBlanco
Pascual & GomeEstaca, 2017)Further, theantimicrobial activity that is exhibited by many
chitosanbased films is a highly attractive property for food packaging matgiNdsarajah,

2005)

In order totailor the properties of edible film®wardstheir enduse, optimization studies
and the development of prediction models based on various significant independent factors are
important. These studies can provide a more detailed understanding regarding the individual and
interaction effects of those factors on the properties of films, which may further help devise new
strategies to improve and expand the functionality of thesfi Thus, the main objective ofeth
study presented in this chaptevas to develop optimization modeis formulate plasticized
lobstershell chitosani fish gelatini sunflower oil composite films based on their desired

properties and functionality uginresponse surface methodology (RSM). In addition, the
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dependency of film properties on the molecular weight of chitosan was explored by replacing
lobstershell chitosan in optimized composite film formulations with its enzymatically hydrolyzed
product. Maeover, the antimicrobial potential of lobstdrell chitosan and compos(tetimized)

films was also evaluated.

5.2 MATERIALS AND METHODS

5.2.1 Materials and Reagents

Viscozymé L waspurchased from Sigmaldrich (ON, Canada). Tryptic soy broth (BD
Bactd™) and bacteriological grade agar were purchased from Fisher Scientific (ON, Canada).
Luria-Bertini broth was purchased from BBH/WR Chemicals (USA), and Escherichia coli
(ATCC 8739)was provided by Verschuren centre (NS, Canada). The origin of all other materials
and reagents utilized in this study is described in Chapter 4 (refer to section 4.2.1).

5.2.2 Development of Optimization Models for Lobster Chitosan Composite Flims

5.2.2.1 Experimental dsign

In order to develop an optimization model for the physicochemical properties of {obster
shell chitosan (LChj fish gelatin (Ge) sunflower oil (O) composite films, various formulations
of film-forming solutions (FFS) were analyzed using respondacgimethodology (RSM) with
a threefactor thredevel BoxBehnken design. The three chosen factors for optimization were the
proportions of LCh to Ge, the content of sunflower oil (O) and the content of plasticizer, i.e.
glycerol (Gly) in the FFS. For eluating different proportions of LCh to Ge, the amount of both
polymers in the FFS were changed to maintain a constant polymer concerftr@ton Ge)of
2% w/w FFS. However, only the content of Ge was considered a factor in the model (independent
varialdle) as the LCh content is dependent on Gewigh increasingcontent of Ge in the FFS,
LCh content should decrease to provide a final concentration of 2% polymer in the FFS. The
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concentration levels of the tested factors are presented in Table 5.&@ndetermined based on

the observations from the previous experiments (Chapter 4) and literature review.

Table5.1: Factors and levels used in the optimization experiment.

Lobstershell chitosan* Fish gelatin Sunflower oil Glycerol
(% whv polymel) (%ow/w polyme) (% w/w polymer) (% w/w polymer)
X1 X X3
75 25(-1) 0(-1) 0(-1)
Levels 50 50(0) 10(0) 20(0)
25 75(+1) 20(+1) 40(+1)

*Not an independent variablg:1): lowlevel concentrations; (0): midvel concetrations; (+1) higlevel concentrations

In total, 17 FFS formulations were prepared according tBtheBehnken design (Table
5.2), including five replicates at the cenp@nt (run 13 to 17), which were used to determine the
deviation and reproducibility of data. The sequence of experimental runs and their analysis for
physicochemical properties were randomized to minimize the effects of uncontrolled factors on
the optimkation model. The obtained data from all response parameters (physicochemical
properties) were analyzed using multiple linear regression and were fitted into a-est®nd
polynomial equation (Eqg. 5.1) as a function of the independent var{@aesmdoni et al., 2019)

& A F ek 1 e - (Eq. 5.1)

Here Yn represents predicted responBgjs the regression constaifi,represents linear
coefficients, bj represents coefficients for the interaction effelt, represents quadratic
coefficients, Xi represents the independent variables, Bht the associad error with the

predicted response.
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Table5.2: BoxBehnken experimental design matrix.

Experimental Fish gelatin Sunflower oil Glycerol
runs (Yow/w polyme) (% wiw polymer) (% w/w polymer)

X1 X X3
1 25 0 20
2 75 0 20
3 25 20 20
4 75 20 20
5 25 10 0
6 75 10 0
7 25 10 40
8 75 10 40
9 50 0 0
10 50 20 0
11 50 0 40
12 50 20 40
13 50 10 20
14 50 10 20
15 50 10 20
16 50 10 20
17 50 10 20

5.2.2.2 Preparation of films

The required LCh-G&LCh-GeO FFS were prepared using the methqueviously
described in Chapter 4 (refer to Section 4.2.2.2), with changes icotitent of the film
components (LCh, Ge, O and Gly) as per the optimization design matrix (TablEe 2ptained
FFS were poureihto polystyrene Petri dish€8.25 g/cm) and dried at 37C for three days in a
waterjacketed incubator (Forma Scientific 32RA). The drieccompositdilms werecarefully
peeled off from the dishes and conditioned at RT (21 + 2 °C) in a desiccator with a saturated

magnesium nitrate solution (554% RH) for at least three days prior to any analysis.
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5.2.2.3 Physicochemical charactemation of films

All prepared composite films were characterized based on their physical (thickness,
moisture content, wateolubility, surface hydrophobicity), optical (UV and visible opacity),
mechanical (tensile strength, elongation at break and etasticlus), and barrier (water vapour
permeability) properties to obtain the response data for optimization by following the methods and

using the equipment previously described in Chapter 3 (refer to Section 3.2.5).

5.2.2.4 Simultaneous optimizatiasf physicochemsal properties

Simultaneous optimizatioof predicted responsdevaluated physicochemical properties)
based on their provided target ranges was carriedi@aMinitab 19 Statistical Softwanesing the
desirability functionapproachdescribed byDerringer & Suich(1980) Each response parameter
(Yn) was first converted into a desirability functiai)(with values ranging from O to 1, whede
= 0 represents an unacceptable value for the parameterdwhilé represents a highly desirable
value. During the simultaneous optimization of FFStifi@requiredparametersthdr individual
desirability functions were combined into an overall dedlitabunction (D), also ranging from O
to 1, by taking their geometric average. The contents of Ge, O and Gly that maximizse
then selected as the optimized formulati(f®snivasa et al., 2007; Tomadoni et al., 2019)

5.2.2.5 Development of optimized films arejression model validation

Three optimized LChG&LCh-Ge O composite films were prepared (using the same
procedure as befareSection 5.2.2) targeting different food packaging applications. The
formulations for these composite films were obtained from the simultaneous optimization of their
desired physicochemical properties. The experimental data for the response parameters observed
for thes films and th@redctedvaluesobtainedrom theregressiorquationsvere then compared

to determine the validity and reliabilibf thedevelopedegressiormodels
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5.2.3 Development of Low MW Lobster -Shell Chitosan Composite Films

5.2.3.1 Preparation oflow MW lobger chitosan

Enzymatic hydrolysis of LCh was performed to obtain low MW lobster chitosan (LLCh)
using Viscozym@L (SigmaAldrich, US), a norspecific cellulolytic enzyme. LCh was dissolved
in 0.1 M sodium acetate buffer (pH 4.4) at a concentration ahd®nL by continuous stirring
(300 rpm) at 60°C for three hours. The obtained chitosan solution was cooled down to room
temperature followed by ultrasonication for 30 mins using a probe sonicator (VCX 750, Vibra
Cell™, Sonics and Materials, USA) at 40% alitude and Ssecond pulse. Viscozyrfavith an
activity of 100 Fungal Bet&lucanase Units (FBGU) per mL was added into chitosan solution at
an enzyme to substrate ratio of 1:100 (w/w) and incubated for 24 hours@twith continuous
stirring (280 rpm)Post incubation, the chitosan hydrolysate was boiled for 10 mins to inactivate
the enzyme, cooled down to room temperature using an ice bath and then filtered using vacuum
filtration with Whatman filter paper (grade 1). The filtrate was neutralized mjudicn of 1N
NaOH to a final pH of 6.4 6.8 to precipitate high molecular weight chains, followed by
centrifugation at 16,000 g for 20 mins. The supernatant was collected and purified using a dialysis
tube (MWCO: 106600 Da, Spectra/P®r Cellulose EsterDialysis Membrane, Spectrum
Laboratories, USA) to remove salts. Finally, LLCh powder was obtained using lyophilization
(FreeZone 6, Labconco, USA), and the % yield was calculated using the following equation:
OQM@ME OME GO OODHGRE 0 QQI (Eq. 5.2)

p T

0 €0 0wlo & LML O — e sy T 0 G @E U 0Ol

5.2.3.2 Characterization of low MW lobster chitosan

The prepared LLCh powder was charactedi based on its proximate composition (only
moisture content and ash content were determined) and molecular weight as per the procedures
described in Chapter 3 (refer to Section 3.2.3).
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5.2.3.3 Preparation of LLCkbasedfilms

The LLCh composite films were pregar by replacing LCh in the optimized composite
film formulations obtained from the regression models while using the same procedeireo(
Section 5.2.2.2 In addition, neat LLCh and LCh films without plasticizers were also prepared for
comparison. Allobtained films were conditioned at 21 + 2 °C in a desiccator with a saturated

magnesium nitrate solution (554% RH) for at least three days prior to any analysis.

5.2.3.4 Physicochemical characterization of LLCh films

In order to evaluate the effect of ctgtm molecular weight on the physicochemical
properties of neat and composite films, LLCh films were also characterized based on their physical,
optical, mechanical and barrier properties by following the methods and using the equipment
previously descriletin Chapter 3 (refer to Section 3.2.5).

5.2.4 Antimicrobial Testing of Chitosan and Composite Films

The antimicrobial activity of previously obtained neat and optimized LCh and LLCh films
was evaluated againgt. coli ATCC 8739 using a combination of methodssaéed by
Fernandefaiz et al(2009 andPark et al.(2004) with several modifications. The tests were
conducted by adding about 50 mg of UV sterilized film samples inftasks (25 cr
CORNINGR USA) containing 10 mL of TSB media (Tryptic Soy Broth, BD B&¥oUSA).
Three control samples were also run faymparison, i.e. a negative control (laensity
polyethylene film), a positive control (Ampicillin @, SensiDisc™ Susceptibility Test Disc,
BD BBL™, USA) and an acetic acid control (l@/10 mL of TSB). Each sample and control
flask was inoculated wh a midlog phase culture oE. coli at an initial inoculation size of
approximately 18colony-forming units (CFU)/mL and incubated in a shaker incubator (150 rpm)
at 37°C for 24 h. The bacterial growth in the TSB suspensions was evaluated by chieking t
optical density (OD @600 nm) at 0, 6, 12 and’ M4of incubation. In addition, to check the
inhibition effect of flms on CFUs, 2QL of these TSB suspensions taken at 0 and 24 h of
incubation were diluted in saline (0.85% w/w) and-suliivated onLB (Luria-Bertini broth,

VWR Chemicals, USA) agar plates. Finally, the colonies were counted on toaltuated plates
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after 24 h of incubation at 3T, and the OD results were presented as percentage inhibiton of
coli with negative control as afexence. All tests were performed in duplicates to ensure the

reproducibility of data.

5.2.5 Statistical Analysis

Minitab 19 Statistical Software was used for all data analysis, experimental design, model
fitting, simultaneous optimization of responses and dgcaphrepresentation of models using
contour and main effect plots. Analysis of variance (ANOVA) was performed to determine the
effects and regression coefficients of linear, interaction and quadratic terms. Statistical significance
of models and individuakrms were evaluated at a significance level of 1 or 5%. The fit quality
and robustness of the prediction models were expressiei(bgefficient of determination), adj
R? and preeR? values. While comparing means using ANOVA, -ggtue of less than 0.0Bas
considered statistically significant.

5.3 RESULTS AND DISCUSSION

5.3.1 Optimization of Chitosan (Lobster -Shell) 17 Gelatin i Oil Composite Films

5.3.1.1 Fitting of response surface models

Response surface methodology (RSM) is a powerful statistical tool that helps in evaluating
the effects of several factors and their interactions on the response parameters while significantly
reducing the required number of experimental rimnadoni et al., 2019)n the present study,
the effect of fishgelatin X1), sunflower oil 2) and glycerol X3) concentrations in the FFS on the
physical, mechanical, optical and barrier properties of the resultant chitosan films were evaluated
using RSM. Moreover, prediction models for these properties based on FFS composition were
built by employing multiple linear regression. Table 5.3 summarlz£xperimental response

data (physicochemical properties) obtained for all tested combinations.
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Table5.3: Experimental data for each response parameter.

Experimental FT EMC DS WS ORyw ORus TS EAB EM WVP CA
runs (um) (%) (%) (%) (Anm/mm) (Anm/mm) (MPa) (%) (MPa) (g.mm/kPah.m?) ®)
1 64.0 18.2 71.7 17.0 350.1 962.7 44.2 65.0 1031.1 1.28 49.27
2 46.4 15.8 97.9 23.6 364.4 548.9 27.5 40.0 644.3 0.90 38.27
3 89.2 13.6 52.6 16.3 427.2 2876.0 41.5 63.8 659.8 1.06 54.70
4 79.4 11.3 83.9 16.0 813.2 2361.4 13.5 38.0 303.9 0.86 37.22
5 66.3 10.9 145.0 18.1 400.3 2499.9 79.3 20.6 2097.7 0.84 69.89
6 58.4 5.7 187.7 25.8 600.9 1919.1 30.9 6.0 1676.9 0.61 63.00
7 77.7 31.4 63.3 14.1 393.3 2677.4 29.3 78.5 241.0 2.44 61.23
8 57.1 27.6 81.9 16.1 567.0 1940.1 15.1 99.7 11.2 2.25 40.87
9 51.8 9.7 230.0 32.1 361.7 557.5 79.1 7.4 1888.5 0.73 55.94
10 82.6 4.0 101.5 23.8 440.2 2620.3 62.9 10.9 1631.5 0.61 58.35
11 65.5 25.2 75.5 21.8 291.7 1084.6 34.5 96.3 20.4 2.27 43.02
12 84.3 23.3 64.0 21.1 453.1 2568.4 26.0 83.0 28.4 1.67 55.26
13 67.8 15.1 59.1 22.0 422.8 1967.0 33.8 57.5 633.7 1.45 61.7
14 67.4 13.8 70.3 22.3 394.4 2234.6 31.2 48.6 797.7 1.19 59.66
15 64.2 12.0 50.9 23.3 446.3 2327.1 34.1 55.4 711.5 1.41 64.73
16 65.0 12.2 76.0 22.1 430.2 2464.5 38.9 45.2 919.3 1.29 60.88
17 69.9 12.9 64.8 24.2 513.6 2291.1 36.7 48.1 830.0 1.22 66.55

FTfilm thickness; EM@quilibrated moisture content; D8egree of swelling; W®ater solubility; ORsand ORv: film opacity in the visible and UV spectrum; fE&sile strength;
EAB elongation at break; EMelastic modulus; W\Rvater vapour permeability; CAurface contact angl



Data from each investigated response parameter were fitted into a full sedend
polynomial equation (Eq. 5.1) using regression analysis, and ANOVA was performed to identify
the significance of thenodels and individual terms (linear, square and interaction terms).-The F
statistics for each regression model and its associated terms are shown in Table 5.4, which shows
that all quadratic models were significant at either 99 or 95% confitgadicarce levels with
a nonsignificant lack of fit (p > 0.05). In order to obtain the final fitted models and reduced
regression equations, all insignificant terms (p > 0.05) were eliminated from the models (Table
5.4), and the adequacy of the reduced modelgietesmined by their coefficient of determination
(Y), adjusteeR? (Y ) and predicted®? (Y ) values. WhileY tells about the overall fit of a
model with a value closer to 1 (or 100) being an indication of a good fit, it can ofteslbadimng
as it increases with just an increase in the number of terms or predictors in a model, which can lead
to overfitting of the modefJim, 2013) Therefore, consideriny  (R? values adjusted for the
number of predictors in the model) aivd (indication of model's lality to predict responses
for a new set of observations) values along Withvalues is a much better way to evaluate the
adequacy and robustness of regression mddiets 2013; Ratner, 2009; Robert Wall, 2020)

The following equations (Eq. 5813) provide the fitted and reduced prediction models
and their associateéf-statistics for the physicochemical properties of the films, i.e., film thickness
(FT), equilibrated moisture content (EMC), degree of swelling (DS), water solubility (WS),
opacity in the visible and UV spectrum (Pand ORyv), tensile strength (TS), elongatiat
break (EAB), elastic modulus (EM), water vapour permeability (WVP) and surface contact angle
(CA).

@ VP X TP LG T Q@ THCYP TBHITO TN

Eqg. 5.3
T8I P @ QD (Eq )
Y opfnyY wa& 6 Y WP w
W CAC ML TMNTDG LD TBITd TBindg (Eq. 5.4)
Y oY W@ @ Y WarT
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Table5.4: Significance of regression models and individual terms (F values) for each response parameter.

Source  DF FT EMC DS WS ORw ORuis TS EAB EM WVP CA
Full model 9  4826% 4119  16.11*  48.94% 9.15* 40.79%  37.01*  18.65%  68.88% 2075  16.61*
Linear 3 132.04% 112.43* 3023  73.06* 19.09 102.41%*  89.61%  5422%  197.50%  78.90%  22.55*
1 8051%  10.01* 6.79%  43.47% 28.74* 26.56*  88.63* 3.19 2222 656+  37.14%
1 208.81%  14.77*  14.45¢  52.40% 28.08* 278.28%  13.24* 0.27 10.56* 6.30 6.33%
1 16.81%  31249%  69.44%  123.32% 0.46 2.39 166.96*  159.18%  550.00%  223.82%  26.19%
Square 3 6.49* 1058*  13.49*  57.65 3.69 18.67* 17.18* 0.05 8.23* 9.20%  24.74%
1 233 10.54* 08 166,97+ 9.20 0.01 15.06% 0.09 0.01 029  15.07*
1 17.75* 1.46 0.45 37 1.28 55.68** 4.9 0.02 5.24 13.93%  55.34%
1 01 19.00*  37.84%  7.36* 1.14 0.02 33.31* 0.06 2046  14.83* 1.88
sy 6.26* 0.56 4.60* 16.09* 4.66* 13 6.95* 1.69 0.82 1.16 255
Interaction
1 3.12 0.02 0.02 16.48* 13.24 0.11 2.01 0.01 0.02 0.43 1.01
1 8.31* 02 0.56 11.38* 0.07 0.26 17.04% 416 0.84 0.02 4.34
1 7.35* 1.49 1321% 2042+ 0.66 3.53 0.91 0.92 1.61 3.02 231
Lack of fit 3 0.83 1.93 5.04 0.68 1.74 0.32 3.04 523 078 2.05 1.67

#degrees of freedom; *stattically significant at p < 0.05; **statistically significant at p < 0.BUfilm thickness; EM@quilibrated moisture content; D8egree of swelling; WS
water solubility; ORsand ORy: film opacity in the visible and UV spectrum; EE8sile strength; EARlongation at break; EMelastic modulus; W\Rvater vapour permeability;
CA surface contacangle
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All reduced regression models showed a hyglranging from 87.97 to 97.61, indicating
that only 3 to 12% of the total variations in the response data was not explained by the present
models, which could be due to experimental variations or some otlegeindent factors that were
not included in this study (such as storage duration and ageing). Moreovely higl83.951
96.87) andY (70.017 95.21) values also suggest a high significance and adequacy of the
present models along with theibility to efficiently predict physicochemical properties of the
LCh-GeLCh-Ge-O composite films based on the composition of their F=arifar et al., 2019;
Singh et al., 2015)

5.3.1.2 Effectof independent variables ¢T, EMC, DS and WS of the composite films

Film thickness (FT) was found to have a linear relationship with the content of gelatin and
glycerol and a quadratic relationship with the content of oil in the films (Table 5.4, Eq. 5.3). Figure
5.1 shows the contour plots (the effect of two variables on the response when the third is set to the
mid-level) and the main effect plot (consolidateffect of the individual variables) for film
thickness. It is evident from these plots that film thickness was positively correlated with the oil
and glycerol content of the films, while an increase in gelatin proportions of the films reduced their
thickness. As explained earlier in Chapter 4 (refer to Section 4.3.3.1), the increase in film thickness
with increasing contents of oil and glycerol is partially associated with the increase in the overall
dry matter of the films. In addition, the presence ofamt glycerol molecules increases the
intermolecular spacing between chitosan chains, which reduces the compactness and density of
the film matrix resulting in thicker film@Varia et al., 2016; lanzuela et al., 2013Dn the other
hand, the low molecular weight of gelatin compared to chitosan allows it to arrange in a much
denser packing, which results in reduced film thickness with increasing proportions of gelatin in

the films.
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Figureb.1: Contour plots for A) the effect of gelatin and oil levels on FT; B) the effect of gelatin and
glycerol levels on FT; and C) the effect of oil and glycerol levels on FT. D) Main effect plot for FT.

As can beobserved from Figures 5.1 B and C, the effect of glycerol on film thickness
became less intense at higher levels of oil and gelatin in the films, which was also reflected in the
regression model (Eq. 5.3) as interaction parameters of glycerol with gelatin(X:Xs, X2X3).

The interaction effect of gelatin and glycer®iXs) may indicate a low degree of intermolecular
interactions and migration of glycerol molecules between chitosan chains with high proportions of
gelatin in the films. At the same timte interaction effect of oil and glyceroXAXs) could be
explained by the small size of glycerol molecules that do not affect the intermolecular spacing
when large triglyceride molecules are already present in between the chitosan chains. This

difference in molecular size may also explain the higher significance of oil (p < 0.001) on film

thickness than glycerol (p < 0.05).

The equilibrated moisture content (EMC) of the films presented a quadratic relationship
with gelatin and glycerol contenhd a linear relationship with oil content (Eq. 5.4); however, no
significant effect (p > 0.05) on the EMC was observed due to interaction parameters (Table 5.4).
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The contour and main effect plots for EMC (Figure 5.2) along with te&atftstics (Table 5.4)
show that glycerol was the most significant factor (p < 0.001) influencing the moisture content of
the composite films. Due to the hydrophilic nature of glycerol, its increasing content significantly
increases the ability of the film matrix to bind watesulting in a high EMC for these filni§laria

et al., 2016; Ziani et alR008) Similar results were reported Birakur et al(2017)while studying

the effect of glycerol on pea starchitosan composite films. Conversely, the observed negative
effect of oil content on EMC is directly associated with theaased hydrophobicity of the film

matrix (Valenzuela et al., 2013)
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Figure5.2: Contour plots for A) the effect of gelatin and oil levels on EMC; B) the effect of gelatin and
glycerol levels on EMC; and C) the effect of oil and glycerol levels on EMC. D) Main effect plot for EMC.

The increasing proportions of gelatin in thlens first caused a significant reduction in
their EMC, followed by a slight increase at its maximum level (Figure 5.2A, B). This behaviour
of composite films could be associated with the interactions between chitosan and gelatin and the
availability of free -OH and-NH: functional groups in the film matrix contributed by these

polymers. Ata 1:1 ratio of Ge to LCh in the FFS, the interactions and polyelectrolyte complex
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(PEC) formation between the two polymers were optimum, which reduced the numbelablava

free hydrophilic groups that can bind water. However, at a lower or higher proportion of Ge to
LCh, either one of these polymers seemed to be in excess compared to the other, which may have
resulted in the availability of those hydrophilic groupsited excess water and increase the EMC

of the films.

The effects of linear terms of gelatiXif, oil (X2) and glycerol X3) on the degree of
swelling (DS) for composite films (Eq. 5.5) were as expected and followed the observations made
in Chapter 4 (refer to Section 4.3.3.1). As shown in Figure 5.3, the increasing content of gelatin
increased the swelling ability of the fifrdue to a reduction in their crystallinity and increased
hydrophilicity (Pereda et al., 2011; Trung et al., 2006)contrast, increasing oil content hxe t
opposite effect, which was associated with the ability of the oil to impart hydrophobicity to the
films (Azarifar et al., 2019)The significant reduction in the DS of the plasticized films, i.e. films
incorporaed with glycerol, is associated with the strong hydrophilic interactions and hydrogen
bonding between glycerol molecules and chitosan or gelatin chains. These interactions favour the
dimensional stability of the film matrix and do not allow it tgpard ad swell extensivelyvhen
submerged in watéMaria et al., 2016)Similar reports on the redtion in the swelling ability of
plasticized films have been previously madeMyria et al.(2016 andRodriguezNufiez et al.

(2014. Moreover, in accordance with the observations made by Maria et al. (2016), a slight
increase in the D@as also observed with doubling the glycerol content of the films (Figure 5.3B,
C), which is associated with the hydrophilic nature of glycerol and indicates its excess (presence
of free and unbound glycerol molecules) in the film matrix. A significantipesffect (p < 0.05)

on the DS of the films due to the interaction terms of oil and glyc¥s¥#k) can also be observed

from EqQ. 5.4 and Figure 5.3C. This effect is perhaps associated with the hydrophilic nature of
glycerol counteracting the hydrophotty and resistance towards water absorption provided by olil

incorporation in the films.
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Figure5.3: Contour plots for A) the effect of gelatin and oil levels on DS; B) the effect of gelagiy@erdl
levels on DS; and C) the effect of oil and glycerol levels on DS. D) Main effect plot for DS.

Finally, the water solubility (WS) of the composite films was found to be significantly
dependent (p < 0.05) on all linear, square and interaction td@rthe independent variables (Eg.
5.6, Table 5.4) except for the square term ofXytX2). The reduction in the WS of the films with
the increasing content of oil and glycerol (Figure 5.4) can be again attributed to the increased
hydrophobicity of the fms and strong hydrogen bonding between glycerol and polymers,
respectively(Cerqueira et al., 2012a; Rodrigueafiez et al., 2014; Tomadoni et al., 2019; Yao et
al., 2017) Moreover, as observed for the DS of the films, the interaction term between oil and
glycerol (X2X3) positively affected their WS, confirming the wuderaction of glycerol's
hydrophilicity against the hydrophobic nature imparted by the oil.

On the other hand, the WS of the films first increased and then slightly decreased with the
increasing proportions of gelatin in the films (Figure 5.4A, B). Wihigeinitial increase in the WS
can be explained by the high solubility of gelatin in water compared to chitBsasd et al.,

2011) the latter decrease could perhaps be associated with the high degree of intermolecular

110



interactions between gelatin molecules, which allowed for a denser packing (also reflected in film
thickness) and therefore made films a bit morestast to solubilize. In addition, the interaction
terms of gelatin and oilXgX2) and gelatin and glyceroK(Xs) both had a negative effect on the
film's solubility, suggesting that the presence of oil or glycerol reduced the water solubility of
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Figureb.4: Contour plots for A) the effect of gelatin and oil levels on WS; B) the effect of gelatin and glycerol
levels on WS; and C) the effect of oil and glycerol levels on WS. D) Main effect plot for WS.

5.3.1.3 Effect of independent variables on optical propertiehefdomposite films

The opacity of the composite films in both visible (@2Pand UV spectrum (QR) was
independent of their glycerol content, as shown in Eqg. 5.7 and 5.8. Similar observations regarding
the effect of glycerol on the opacity of the filnmsthe visible spectrum were made ymadoni
et al.(2019) The contour and main effect plotsr fOR/s and ORyv are presented in Figure 5.5.

At a low proportion of gelatin in the film2%% w/w), the incorporation of oil and its increasing

content in the composite films did not show much impact on theis@Hgure 5.5A). However,
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at higher propuions of gelatin © 50% wi/w), a significant and almost linear increase in film
opacity was observed with increasing oil content. This behaviour of the composite films could
have resulted from a reduction in the hydrophobic interactions between oil toghatdue to the
reduced chitosan content in the films with higher proportions of gelatin, which may have caused a

partial breaking of emulsion and aggregation of oil droplets resulting in an increased opacity with

increasing content of oil in the films.
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Figure5.5: A) Contour and B) main effect plots for/9&s affected by glycerol and oil levels. C) Contour
and D) main effect plots for @QFas affected by glycerol and oil levels.

OPRuv of the composite films had a negative linear correlation with the proportions of
gelatin in the FFS (Eg. 5.8), which was in accordance with the reports madiesbgini et al.
(2013) On the other hand, a quadratic relationship was observed betweear@Rhe oil content
of the films. As shown in Figure 5.5C, films presented a significant increase in thein@R
the incorporation of oil (10% w/w, mitkvel). However, doubling the oil concentration in the films

(20% wi/w, highlevel) did not show durther significant improvement in their UV resistance.
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These observations suggest that the film's barrier properties against UV light became independent
of their oil content after reaching a maximum value. Moreover, these effeatd wfere

independentfogelatin proportions in the films (no significant interaction effect).

5.3.1.4 Effect of independent variables on mechanical properties of the composite films

Tensile strength (TS) of the composite films decreased with an increase in the content of
all three indpendent variables (Figure 5.6D, Eq. 5.9). Previous reporitsolgeini et al(2013,
Yao et al.(2017) andZiani et al.(2008)have also made similar observations regarding the effect
of gelatin, oil and glycerol on the TS of chitosan composite films, respectiVietydetrimental
effect of increasing oil content on the TS of the films was less intense (p < 0.05) and can be
attributed to its interactions with the chitosan which led to an increase in intermolecular spacing
between the chitosan chains (also refledtethcreased film thickness) and a decrease in their
intermolecular hydrogen bonding, resulting in a decrease@Haghighi, Biard, eal., 2019; Yao
et al., 2017) This argument is supported by the fact that the effect of oil content on TS became
more intense with higher gelatin content in the films (Figure 5.6A), which could be due to the

increased proportions of oil to LCh in théfs.

The influence of gelatin and glycerol content on the TS of the films was highly significant
(p <0.001), as also evident from their main effect plot (Figure 5.6D). Moreover, they also showed
a complex positive interaction effect1z) on film strengh (Eq. 5.9). The effect of gelatin is
associated with the inherently low TS and rigidity offered by its neat films, whereas glycerol's
effect can be attributed to its plasticizing actjpiosseini et al., 203 3Fereda et al., 2011At low
proportions of gelatin, the hydrophilic interactions between LCh and Ge are more substantial, and
therefore the detrimental effect of gelatin on the TS of the films is small (Figure 5.6A, B).
However, at higher proportionghe LCh content decreases, and so do the interactions between the

two polymers leading to a rapid decline in the film TS.

On the other hand, increasing glycerol content first showed a steep decline in the TS of the
films at the midlevel concentration (B6 w/w), following which the effect became less intense
(Figure 5.6 B, C). This behaviour can be explained by the previously discussed dimensional

stability and excessive hydrogen bonding provided by glycerol in the films, in addition to their
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plasticizingeffect. At high glycerol concentrations, the hydrogen bonding and-tnégsy of
polymer chains through glycerol could be much stronger, which may have provided additional
strength to the film matrix, countering the detrimental effect of glycerol onTi. The observed
positive interaction effect of glycerol and gelatin can probably support this argument, as the
presence of glycerol may have induced a high degree of-lonkssy between LCh and Ge,

lowering the negative effect of gelatin on film TS.
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Figure5.6: Contour plots for A) the effect of gelatin and oil levels on TS; B) the effect of gelatin and glycerol
levels on TS; and C) the effect of oil and glycerol levels on TS. D) Main effecfljdot for

The % elongation of the composite films (EAB) was found to be significantly dependent
(p < 0.001) on only their glycerol content with a linear correlation (Table 5.4, Eq. 5.10) and
therefore, no contour or main effect plots were obtained for EAB. &ladiig or oil proportions in
the films did not show any significant effect (p > 0.05) on the EAB of the films, which was in
accordance with the previous observations made in Chapter 4 (refer to Section 4.3.3.3). The linear

relationship between the stretblilay of the film and its glycerol content is directly associated
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with the plasticizing effect of the glycerol, resulting in reduced intermolecular interactions between

polymer chains and increased chain mob{lRpdriguezNufiez et al., 2014)

Similar to the TS, the elastic modulus (EM) of the composite films also decreased with the
increasing content of all three variables; however, gelatin and oil had a less sigeifieetntp <
0.05) and a linear relationship with the EM compared to the quadratic and highly significant effect
(p < 0.001) of glycerol (Table 5.4, Eq. 5.11). As previously described, the effect of gelatin was
associated with the inherently low TS anddityi of fish gelatin films(Hosseini et al., 2013)
while the effect of oil and glycelwas due to their plasticizing actiphrvanitoyannis et al., 1998;
Yao et al., 2017)Moreover, as observed for film TS, the effect of glycerol on the EM of the films
was less intense at higher concentrations which could be due to the excessive hydrogen bonding

and crosdinking caused by glyael.
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Figure5.7: Contour plots for A) the effect of gelatin and oil levels on EM; B) the effect of gelatin and glycerol
levels on EM; and C) the effect of oil and glycerol levels on EM. D) Main efféat gt
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5.3.1.5 Effect of independent variables on vapour permeability and surface hydrophobicity

The water vapour permeability (WVP) of chitosgelatin composite films showed a linear
relationship with gelatin and a quadratic relationship with oil and glycetiebut any interaction
parameters (Table. 5.4, Eqg. 5.12). Glycerol was the most significant factor (p < 0.001) affecting
and enhancing the WVP of the films (Figure 5.8). As previously reported by other authors, the
addition of glycerol in chitosan films @neases their hydrophilicity, moisture content and
intermolecular spacing, which leads to an improvement in water vapour diffusion and permeation
through the film matriXCerqueira et al., 2012a; Maria et al., @0RodriguezNufiez et al., 2014)
Similarly, the addition of oil reduces the hydrophilicity of the films, thus decreasing their WVP
(Pereda et al., 2012Hlowever, oil incorporation also increases the intermolecular spacing between
the polymer chains that could counteract the lowering effect of oil on the WVP and may explain
the observed slight increase in the permeation at lower oil concentrations in thesiterfiipaos
(Figure 5.8A, C). The decrease in WVP with increasing gelatin content of the films can again be
associated with the higher density and low free volume of these films, which did not allow for a
high degree of water vapour diffusion through thm finatrix.

Similar to the WVP, the surface contact angle (CA) of the composite films also did not
show any significant effect (p > 0.05) due to the interaction terms but had a linear relationship with
glycerol and a quadratic relationship with gelatin aih@Table. 5.4, Eq. 5.13). As per Figure 5.9,
the decrease in CA with increasing glycerol concentrations in the films indicates the ability of
glycerol to enhance their surface hydrophilicity, which is consistent with the WVP and EMC
results. However, theffect of gelatin and oil proportions on the CA of the films was a bit more
complex. With increasing gelatin proportions, the CA of the films remained unaffected up till the
mid-level (50% w/w polymer). However, at its hidgrvel concentration (75% w/w paner), a
significant reduction in the CA was observed (Figure 5.9A, B). Gelatin being more hydrophilic
than chitosan can explain the low CA of composite films with high gelatin cof@éndoba &

Sobral, 2017; RodrigueBertoloetal., 2020; J. Xu et al., 2020pn the other hand, as discussed
earlier in Chapter 4 (refer to Section 4.3.3.4), the interactions between chitosan and gelatin and the
unavailability of free hydrophilic functional groups at similar proportions of bolynpers could

be the reason that no changes in the CA of the films were observed at low gelatin concentrations.
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Figure5.8: Contour plots for A) the effect of gelatin and oil levels on WVP; B) the effgetatin and
glycerol levels on WVP; and C) the effect of oil and glycerol levels on WVP. D) Main effect plot for WVP.

Incorporation of oil in the films at 10% (w/w polymer) concentration significantly
increased their CA, which can be explained by theivelaubstitution of hydrophilic groups of
gelatin and glycerol with the hydrophobic groups of oil on the film suifazarifar et al., 2019;

Yao et al., 2017)However, an increase in the oil content showed a negative effé¢ae surface
hydrophobicity of the films. Although an apparent reason behind this reduction in CA is unclear,
it could be linked with the high concentration of Twehin films with high oil content (20 %

w/w polymer) that might have contributed to thereased hydrophilicity of the film surface.
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Figure5.9: Contour plots for A) the effect of gelatin and oil levels on CA; B) the effect of gelatin and glycerol
levels on CA; and C) the effect of oil and glycerol levels on CA. D) Main effect plot for CA.

5.3.1.6 Simultaneous optimization and validation of regressioneisod

Based on the intended potential applications of chitosan composite films, three optimized
FFS formulations were obtained using simultaneous optimization of response parameters. Table
5.5 shows the provided target values for the responses and obtpimadzed formulations along
with their desirability function, while Table &.summarizes the intended applicability and
functionality of the resultant optimized films in different food product categories. Film thickness
and their moisture content (EMC) weenot optimized in this study as these properties do not
directly influence the applicability of the edible films. On the other hand, set target ranges were
provided for mechanical properties of composite films to ensure a reasonable balance between
their strength, rigidity and stretchability. Moreover, water vapour permeability (WVP) was
targeted to be minimum in all optimized formulations as a low WVP of the packaging material is

generally critical for most food packaging applications.
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Table5.5: Target responses and optimized composite film formulations based on desirability function.

Response parameters

Formulation 1

Formulation 2

Formulation 3

Target Target Target
Film thickness NO NO NO
(um)
Equilibrated moisture content NO NO NO
(%)
Degree of swelling Minimize NO Maximize
(%)
Water solubility Minimize NO Maximize
(%)
Opacity VIS Minimize Minimize NO
(Anm/mm)
Opacity UV Maximize Maximize NO
(Anm/mm)
Tensile strength Range Range Range
(MPa) (35- 45) (35- 45) (35- 45)
Elongation at break Range Range Range
(%) (35-45) (45-55) (35- 45)
Elastic modulus Range Range Range
(MPa) (800-1000) (800-1000) (800-1000)
Water vapour permeability N o o
(g.mm/kPah.m?) Minimize Minimize Minimize
((?,;mtaCt angle Maximize NO NO
Gelatin () 59.34 43.76 59.69
Oil (%) 11.31 15.42 0
Glycerol &) 14.94 17.41 11.55
Desirability O) 0.81 0.84 0.77

NO: Not optimized.
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Table5.6: Potential applicability and functionality optimizedcomposite edible films

Optimized FFS Food product category Applicability Functionality of edible film

Formulation 1  Medium-moisture processed food product: Edible films used in direct w t NE@SyGaAiazy FNBY Yi

contact with the moist wPrevention from dehydration
Examples Cheese, tofu angrocessed surface of the food w t NB@Sy A2y degradBtion LIk
meat products like sausages etc.
Formulation 2  Fresh and cut fruits and vegetables Edible fims usedindirector «w ! f f 2gAy 3 NBALANI G4
indirect contact with theood w t NEB@SyGA2y FTNBY Yi
Examples Strawberries, apples, surface (comparativelylow © t NB@Sy A2y FTNRBY R
mushrooms, leafy vegetables etc. moisture on product surface) w t NE @Sy G A2y FNBY LI
@ . FAAO O2yilAYYSYH
w wS RadiGidgledse plastic packaging
Formulation 3  Dry or lowmoisture food products Edible fimsusedtocontain  w { 2f dzoAf AGe Ay 61 ¢
the product and can be w 9RAGES ylddNNB 27F (
Examples Instant noodles, spice mixes,  cooked or consumed along ~ w FaA0 O2yidlAyYSyl
instant coffee powder etc. with the product w wS Rdz0 G Asgplagti® packagiid

Composite films intended for wrapping or coating food products with moist surfaces
(formulation 1) were optimized for high resistance towards water swelling (DS) and solubility
(WS) and high surface hydrophobicity (high CA) in order to ensure their structural integrity after
coming in direct contact with product's surface moisture. Adtievely, films intended for
packaging fresh or cut fruits and vegetables with relatively dry surfaces (formulation 2) were not
required to have high resistance towards surface water to maintain their integrity and thus were
not optimized for their DS, W&nd CA. However, both formulations (1 and 2) were targeted for
high UV resistance to prevent photolytic degradation of products and high transparency to ensure
product visibility to the consumer. The target range of EAB for formulation 2 was kept ahgit hig
to provide extra flexibility and prevention against puncturing from the sharp edges or stalks of
fruits and vegetables. Films obtained from the third formulation were intended to contain dry
products that can be further packed into outer pbpsed pekaging to prevent films from
contamination and maintain their edibility. Therefore, these films were not optimized for their
optical properties but were targeted for maximum DS and WS to ensure product release in water

during preparation.
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Table5.7: Predicted and experimental response data for optimized formulations.

Formulation 1

Formulation 2

Formulation 3

Response parameters

Predicted value and

Experimental

Predicted value and

Experimental

Predicted value and

Experimental

range at 95% CI* value range at 95% CI* value range at 95% CI* value

(F;ilm)thmkness (62.76;'-.76%.84) 66.87+4.61 (74.172-'(;17.87) 7453 £5.37 (48.855-.1525.34) 51.12+7.69
('iz;“”brate" moisture content (8.712'1011_25) 12,25+ 1.36 (9.62'53 48) 1312 +0.92 o 4121_'1121_79) 11.40 + 1.45
(Eij;’ree of sweling (75;2_'2?;_83) 83.51£5.47 (46.:&?-'174:;..71) 61.06x2.04 (121.%)338'1155.34) 157.21+4.89
\(/(YASter solubility (22_53_'721_61) 23.02 +1.81 (20_211_'212_62) 19.98 +1.27 (27.55_'22.95) 30.87 £3.35
o) 635 1058 98802389 Gobazarrar) 43859949 erosrsarsy AT
(Anmimm) Quzazss) 27614392 @siaoorens 20839536 G0a6 ouaz) 5989283
pay o (30.35- 38,86 3308241 oo anay 41013312 @odsaore 1795
(F;Lo)ngation at break (36.3(1)-.24\%.88) 41.39 + 10.05 (41.3?—22.48) 48.71 +13.74 (28.8:33;-.3:)3%3.76) 27.12+6.34
(Ehl/lasg)c modulus - 504 0 863.5 451.2 (722?5_19120. " 798.6 + 43.5 (10621_17?715’12_ yy 12596+69.1
Gmmieanmy 0.94-1.18) 1.0520.03 ©0.95-121) 1.110.04 oo 1oy 079008

g;)mad angle (58,21_'35_2) 58.9+25 (60.2?.26.9) 61819 (43.?':3.4) 456x16

*Cl: Confidence interval



Table 5.7 compares the experimental response data for all three optimized films with their
predicted valuesbtained from the regression models. Minitab 19 Statistical Software was used to
obtain the predicted ranges at a confidence interval of 95%. As can be observed from the results,
the experimental values for each optimized formulation appeared in theictpdethnges with
slight variations. This validates the present optimization study and demonstrates the adequacy and
reliability of the regression equations in predicting the response parameters for epélzdam

oil composite films.

5.3.2 Low MW Lobster -Shell Chitosan Composite Films

5.3.2.1 Characterization of low MW lobster chitosan

The low MW lobster chitosan (LLCh) obtained from the enzymatic hydrolysis of LCh was
bright white in appearance in contrast to the pink colour of its substrate (LCh pawdiegting
a loss of pigments either during the hydrolysis step or during the removal of minerals from the
hydrolysate using membrane dialysis. The utilized procedure for preparing LLCh powder was
highly efficient, with a production yield of 8482.7% and provided a reasonably pure product
with no available mineralsi(0% ash content) and a final moisture content of 2.007% (w/w
db). The observed product logs15.7%) can be attributed to the removal of LLCh chains with a
molecular weight of leshiin 108500 Da (MWCO of dialysis membrane) from the hydrolysate
during the purification step. The protein and lipid content of LLCh was not determined in this
study as no proteins or lipids were available in the substrate, i.e. LCh powder (refer to @hapter
Section 3.3.1.1), and the utilized procedure does not add any lipids or proteins in the hydrolysate

except for a small amount of added enzyme.

Table 58 lists the average molecular weights and polydispersity index (PDI) of LLCh and
LCh (data taken fronChapter 3 for reference) samples. It can be observed from the results that
the average MWs of LLCh were approximately half compared to LCh, indicating the efficacy of
Viscozymé L as a norspecific hydrolyzing enzyme for chitosan. Moreover, the PDI of hLC
was significantly higher than LCh, suggesting a broader MW distribution in the hydrolyzed

product.
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Table5.8: Average molecular weight®/W) and polydispersity index ftmbstershell chitosanl(Ch and
hydmolyzed low MW lobsteshellchitosan (LCh

Peak MW  Weight average Number average Viscosity average Polydispersity

(Mp) MW (Mw) MW (M) MW (My) Index (PDI)
LCh  389+22kDA 34147 kDA 308 + 25 kDA 363 + 23 kDA 1.10 £ 0.06
LLCh 181 +21kD& 154 + 7 kD& 106 + 9.0 kD& 159 + 17 kD& 1.45+0.08

The difference between the two mean values followed by the same letter in the same column is statistigificant (p>
0.05) as determined by Tukey's HSD test.

5.3.2.2 Physicochemical characterization of LL®hased films

The values of all physicochemical gperties obtained from LLCh based neat and
composite films (developed from the three previously optimized formulations) and their LCh
based counterparts (for comparison) are shown in Tadlé-fom a qualitative perspective, LCh
and LLCh films were quitsimilar in appearance and flexibility; however, significant differences
(p < 0.05) were found in some of their physicochemical properties due to a difference in the
molecular weights (MW) of chitosan. LLCh films showed a slight but insignificant redugtisn
0.05) in their thickness compared to LCh films which can be attributed to a denser packing and
low entanglement of LLCh chains owing to their low MWves et al., 2019)A similar slight
reduction in film thickness for low MW chitosan composite films can be observed from the data
reported byLiu et al.(2012) but the authors did not provide any explanation behind these changes.

The equilibrated moisture content (EMC) of neat LLCh films was significantly lower (p <
0.05) than neat LCh films and could agb&associated with the denser packing of LLCh chains,
leaving less free volume in the film matrix resulting in a lower absorbed and bound moisture
(Pereda et al., 2011y hese results were in agreement with the previous reports madedsyet
al. (2019 andGarcia et al(2015) On the other hand, such a decrease in EMC was not observed
for composite films, which could benked with the low concentrations of chitosan in these films
and interactions between chitosan and gelatin molecules. No change in the degree of swelling (DS)
was observed between neat LCh and LLCh films; however, LLCh composite films showed a

significantly lower (p < 0.05) DS compared to LCh composite films. These observations suggest
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that the degree of intermolecular interactions between chitosan, gelatin and glycerol were
significantly higher when the MW of chitosan was lower, thus preventing the exessslling

of the film matrix when submerged in water. In contrast, the water solubility (WS) for all LLCh
films was significantly higher (p < 0.05) than the LCh films, which can be explained by the
increased solubility of chitosan with a reduction iflMité/ (Alves et al., 2019)Alves et al(2019)

and Leceta, Guerrero, & de la Calf2013) have reported similar results when comparing the

solubility of low and high MW chitosabased films.

The opacity of the neat and composite films in the visible spectrumg)ditreased with
a reduction in the MW of chitosan, which followed fireviousreports made by several authors
(Alves et al., 2019; Garcia et al., 2015; Leceta, Guerrero, & de la Caba, 28d&g, Guerrero,
& de la Cabg2013)reasoned that low MW chitosan was prone to a higher degree of Maillard
reaction and oxidation due to their higher content of reducing ends which may have caused an
increased yellowness and thus a reduction in time fiknsparency. A similar increase in the
opacity of the LLCh composite films in the ultraviolet spectrum y@Rvas also observed.
However, this trend was reversed in the case of neat films, although no suitable explanation could

be found to justify thi®ehaviour.

A decrease in the MW of chitosan had a detrimental effect on all mechanical properties of
neat and composite films, but the effect was significant (p < 0.05) only in the case of the tensile
strength (TS) of neat LLCh films. This dependency diostan film's tensile properties on the MW
of chitosan has been previously observed by various authors and is generally explained by a
reduction in the entanglement network of chitosan chains with low MW, which results in lower
strength and flexibility fothese films(Alves et al., 2019; Fernand®an et al., 2010; Liu et al.,
2012; Nunthanid et al., 2001; Park et al., 2008 water vapour permeability (WVP) of the films
also reducedvith the MW of chitosan (p < 0.05 only for neat films), which may have been
associated with their low EMC and high film density. On the contrary, no significant effect (p >
0.05) of MW was observed on the surface hydrophobicity of the neat or compos#d éteta,
Guerrero, & de la Cab@013)have reported similar observations regarding the surface contact

angle (CA) of low and high MW chitosan films.
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1A )

Tableb.9: Physicochemical properties of lobsgdrell chitosan (LCh) and hydrolyzed low MW lobsttetl chitosan (LLCh) based neat and optimized

composite films.

. . Neat films Formulation 1 Formulation 2 Formulation 3
Physcicochemical
properties
LCh LLCh LCh LLCh LCh LLCh LCh LLCh

(T—m) 54.1+3.2 509+ 3.7 66.9 £ 4.6 61.0+5.2 74.5+5.4 725+4.6 51.1+7.% 47.7+3.3
ECM
(%) 23.3+x1.3 19.0+158 123+1.4 125+0.5 13.1+0.9 12.7 £ 1.7 114+15 109+1.6
(l?)/“:’) 280.4+17.8 288.2+115 83.5+5.6 73.0+2.8 61.0+2.0 49.3+3.6 157.2+4.9 119.7 £ 10.%7
\(/(:;OS) 242+ 1% 29.5+0.8 23.0 £1.8* 30915 200+1.3 27.6 £0.7 30.9+3.4 406+ 2.8
aR/nlr?/mm) 402.8+16.8 487.6+158 498.8 + 23.9 550.3+15.8 438.59+9.49 531.0+34.8 297.00+7.78 376.5+239
&Rjn\rlmmm) 817.3+16%F 738.8+26.7 2176.1 £ 392 2338.2+5.7 2683.9£5368 2909.5+43F% 593.9 £ 28.83 744.2+7.9
-(rl\iPa) 80.1+3.6 71.8+4.8 33.01+2.4 314158 41.0+ 3.2 38.4+4.6 48.8+5.6 46.7+1.9
(EQ)B 546+29 499+22 41.4+10.2 39.1 #4.5¢ 48.71 £ 13.8 443 +11.2 27.1+£6.3 24.3+3.6
(EMMPa) 2254 + 178 2197 + 136 864 + 5% 843 + 39 799 + 44 784 £ 76 1260 + 69 1110+ 102
WVP

0.89 £ 0.04 0.81 £0.0% 1.05+£0.03 1.01 £0.02 1.11 £ 0.04 1.08 +0.06* 0.79 £ 0.06 0.70 £ 0.04
(g.mm/kPah.m?)
CA 705+1.2 71+ 1.7 589+28 56.6+ 0.7 61.8+1.9 61.7 1.7 456+1.6 441+20

©)

FT: film thicknes€MC,; equilibrated moisture content; DS: degreswélling; WSwater solubility; ORlsand ORv: film opacity in the visible and UV spectrufi: tensile strength;
EAB: elongation at break; EM: elastic modulus; WVP: water vapour permeability; CA: surface contadthaendiference between the mean vals of a film typgNeat or
optimized formulationsjollowed by the same letter in the same rowsisitisticallyinsignificant (p > 0.05) as determined by Tukey's HSD test.



5.3.3 Antimicrobial Properties of Lobster -shell Chitosan and Composite Films

In order to estimate the antimicrobial activity of LCh and LEgztsed neat and composite
(optimized) films,E. coliinoculated growth media suspensions were incubated with film samples
(&5 mg/mL) for 24 h and the optical density (OD) of the suspensiossegarded at the"s 12"
and 24" h of incubation. The OD results are presented in Figure 5.10 in terms of % inhibition of
E. coliwith the values obtained for the ledensity polyethylene (LDPE) film samples taken as a
reference (0% inhibition). Ampicillin (ug/mL) and acetic acid (iL/mL) were used as positive
controls for comparison. The tested concentration of acetic acid aserc based on the
estimations of free acetic acid present in the chittseed films. As evident from the results, neat
LCh and LLCh films offered the highest inhibition agaiistcoli (777 83%) over the 24 h
incubation period, which was statisticadliynilar (p > 0.001) to the"dh reading and significantly
higher (p > 0.001) than the ®#2and 24" h reading of both positive controls. The significantly
higher activity of neat films compared to acetic acid control suggests that while the free &tetic ac
in the chitosan films may have contributed to their inhibitory potential, the primary antimicrobial

activity of the films was due to their chitosan content.

The biocidal activity of chitosan is often associated with its cationic amino groups that
interact with the negatively charged microbial cell membrane components and alter their structure
and permeability, leading to the leakage of cytoplasmic contents and the death of njf&iddres
2010; Elsabee, 2015; Kingkaew et al., 2014; Rajpal, 200Brefore, theailability of free-NH>
groups in the films that can interact with the microbes dictates the antimicrobial potential of
chitosanbased films. As composite films have low chitosan content and most of their-altive
groups are bound in strong hydrophiiteractions between chitosan, gelatin and glycerol, their
antimicrobial activity is significantly lower than the neat films. Similar observations have been
previously made byiridi et al.(2014) while comparing the antimicrobial activity of chitosan,
gelatin and chitosagelatin composite films against several gyaositive and grarmegative

bacteria.
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Fgure5.10: Antimicrobial activity (optical density data) of LCh and LLCh based films in terms of %
inhibition of E. coli with LDPE control films as a reference (0% inhibition). Columns with different letters
indicate significantly different mearfp < 0.001yetermired by Tukey's HSD test.

The MW of chitosan (LCh vs LLCh) did not significantly affect (p > 0.001) the inhibitory
activity of neat and composite films. However, these observations contradict the widely reported
increase in the antimicrobial activity of absian with a reduction in their molecular weight due to
the enhanced mobility of small chitosan chains and their effective binding with the microbial
membraneqGoy et al., 2009; Ke et al.,, 2021; Shin et al., 200b)is contadiction can be
explained by the difference in the MW of LCh and LLCh, which might not be sufficient to present
a significant difference in their antimicrobial activitié®ceta, Guerrero, Ibarburu, et €013)
also reported similar observations while comparing the biocidal activity of low and high MW

chitosan films againgt. coli0517H.

Among the optimized composites, films obtained from formulation 3 (F3) shtveed
highest inhibitory activity, followed by the films obtained from formulations 2 (F2) and 1 (F1).
This could be explained by the high solubility (WS) of F3 films and their low glycerol content
compared to other formulations, which may have alloweda foigher concentration of chitosan
to be dissolved in the growth media, thus providing a higher degteecoli growth inhibition.

On the other hand, the higher activity of F2 films compared to F1 films can be associated with
their higher content of clasan (56% w/w in F2 vs 40% w/w in F1). F1 and F2 films also showed
a very low or even negative % inhibition at thd"2dreading, which may have been the result of
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dissolved gelatin in the growth media being used as a nutrient source (protein soutee) by t

bacteria.

In order to validate the antimicrobial activity results based on the OD data, the CFUs in the
bacterial suspensions post 24 h incubation were enumerated using subcultivation, the data for
which is shown in Table 5.11 in terms of log (CFU/mA3.can be seen, neat LCh and LLCh films
had the lowest surviving. coliCFUs (p < 0.05), while all other films and positive controls showed
no significant difference (p > 0.05) in their CFUs, thus supporting thé 2bservations from the
OD data (Figue 5.10).

Table5.10: Colonyforming units (CFUSs) of E. coli remaining after 24 hours of incubation witlCthend
LLCh based films (neat and optimizedyontrol samples.

Samples Log (CFU/mL)
LDPE 10.11+0.18
LChNeat 6.20 £ 0.19
LLCKH\Neat 6.39 £ 0.09
LChF1 10.03 £ 0.14®
LLCH-1 10.14 + 0.16B¢
LChF2 9.97 £ 0.158°¢
LLCH-2 9.94 £ 0.15
LCRhF3 9.66 + 0.078°¢
LLCH3 9.51 +0.18¢
Ampicillin (1 pg/mL) 9.53 + 0.08¢

Acetic acid (1 pL/mL) 9.81 £ 0.028°¢

LDPE: lovdensity polethylene;LCh: lobsteshell chitosanLLCh: low MW lobsteshell chitosanF: formulation The difference
between the two mean values followed by the same letter in the same column is statistisalyificant (p>0.05) as determined
by Tukey's HSD test.
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5.4 SUMMARY AND CONCLUDING REMARKS

This chapter describes the developmentasponse surface models that successfully
predicted the physicochemical properties of plasticized lossit chitosari fish gelatini
sunflower oil composite films based on their FFS formulations. Further, these formulations were
simultaneously optinzied to produce films suitable for particular applications with specific
functionalities. While theeoptimization models are limited to lobst&hnell chitosari fish gelatin
composites, they cover a wide range of response values for several critical tpegame
(physicochemical properties) that can help in tailoring edible films with specific properties for

various food packaging applications.

The observations from the enzymatic hydrolysis of lobster chitosan showed the potential
of ViscozymeL (a commerciahon-specific cellulolytic enzyme) as a relatively cheap alternative
to costly chitosarspecific hydrolyzing enzymes such as chitosandbkksned et al.,, 2016)
Replacing lobster chitosan with its hydrolyzed product in the optimized FFS formulations showed
an increased water solubility and opacity (visible and UV) and reduced swelling potential for the
resultant composite lfns without significantly influencing their mechanical and water vapour
barrier properties. Nedbbstershell chitosanfilms, irrespective of the molecular weight of
chitosan, were highly efficient in inhibiting. coli growth while optimized compositélms
showed relatively lower inhibition. However,ander toregard these edible films as antimicrobial,
evaluation of their activities against several other species of bacteria-jgsative and gram

negative) and fungi is necessary.

Overall, this studyprovided a comprehensive understanding of the effects of chitosan
molecular weight and incorporation of fish gelatin, sunflower oil and glycerol on the properties of
lobstershell derived chitosan films, which can help devise future strategies to funffreve and

expand their applicability as a food packaging material.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY AND CONCLUSIONS

This thesis presented a methodical approacteteelopng applicationspecific blends
incorporaing chitosan extracted from the shelaste of Atlantic lobsters as a fiffarming
biopolymer. The thesis explored the compatibilityaiistershell chitosan with fish gelatin and
sunflower oil to produce antimicrobial edible films for potential food packpgimd preservation
applications. The present section summarizes the major findings from all experimental Chapters
and provides concluding remarks pertaining to the original research objectives of this thesis.

In Chapter 3, neat solvent cast films obtainfdm the lobster shellvastederived crude
chitosan (LCh) and commercially available chitosan products were characterized and compared
based on their physical, optical, mechanical and barrier properties. The procedure implemented
for the extraction of chitsan from lobster shells was highly efficient with an extraction yield of
18.4% (w/w dry lobster shells) and provided a reasonably pure high molecular weight product
(weight average MW of 341 kDa) with a light pink appearance due to the residual pigivieites.
preparing chitosan filaflorming solutions, ultrasonication treatment was highly effective and
superior to vacuum application and magnetic stirring forgakesing and homogenization,
respectively. The prepared solvent cast films of LCh and commehdiasan showed very similar
physicochemical properties, i.e. a high degree of swelling (DS: 228 %), low water solubility
(WS: 177 27 %), high tensile strength (TS: 680 MPa), low % elongation (EAB: 4758 %),
poor resistance to water vapourmpeability (WVP: 0.8 0.9 g.mm/kPa.h.R), high resistance to
UV (OPyv: 7421 834 A.nm/mm) and high surface hydrophobicity (ethylene glycol CA: BE),
which are comparable to the values previously reported in the literature. Moreover, the residual
pigments in the LCh did not affect its film properties, thereby eliminating the need for a de
pigmentation step and thus potentially reducing the cost of chitosan extraction for edible film

applications.
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In Chapter 4, a comprehensive evaluation of the effedtgrying temperature, polymer
concentration and incorporation of fish gelatin (Ge) and sunflower oil (O) on the properties of LCh
films was performed. Observations from this study indicated a high degree of interaction between
chitosan, gelatin, oil and gdticizer (glycerol) on a molecular level; however, an increase in the
drying temperature adversely affected these interactions. In general, films dried at 6€Cor 80
showed poor mechanical properties and enhanced DS and WVP compared to the fiimS8dried at
°C. Moreover, higitemperature dried films also showed poor homogeneity and high variability in
their properties. Films obtained from low polymer concentration solutions (1% LCh) had lower
DS, EAB and WVP than higholymer concentration films (2% LChJhe presence of gelatin
significantly reduced the rigidity and WVP of the composite films while increasing their DS and
thermal stability. On the other hand, oil in the films significantly increased their hydrophobicity
and ORyv and decreased their DS, W/VP and transparency. Overall, this study demonstrated
the ability of Ge and O in altering and modifying the physicochemical properties of LCh films to
a great extent and thus established their suitability as blending materials for developing LCh

composie films with desired functionality.

In Chapter 5, optimization models for the formulations of plasticized LG&O film-
forming solutions were developed using response surface methodology in order to prepare
composite films with customized physicochemigaloperties suitable for their intended
applications. Additionally, the effect of chitosan molecular weight on the physicochemical and
antimicrobial properties of neat and optimized LCh films was also studied. The regression
equations obtained from thisusly were highly efficient (R> 0.87) and reliable (validated
optimizations models) in predicting the physicochemical properties of the composite films.
Simultaneous optimization was employed for developing three optimized film formulations with
different functionalities specific to their niche packaging applications. Reducing the molecular
weight of LCh (weight average MW of 154 kDa) increased the WS ang @rl decreased the
DS and transparency of the optimized composite films without affecting theltamieal, water
vapour barrier or antimicrobial properties. Neat LCh films showed a very high inhibitircofi
growth (777 83% inhibition); however, the incorporation of gelatin, oil or glycerol in the films
significantly reduced their activity. Althugh based on these observations, the prospects of LCh

GeO composite films tailored for specific food packaging applications seem quite promising, a
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further improvement in the properties of these films, especially in their RH sensitivity and water
vapour larrier properties, is still needed in order to expand their commercial applicability and

compete with conventional plastic packaging.

6.2 CONTRIBUTIONS TO THE RESEARCH FIELD

To the best of the authordéds knowl ewbgiee, c hi
has been utilized for the first time in the development of edible films. Moreover, while some
previous reports have explored blends of chitosan and gelatin to produce solvent cast films, this is
the first time the structural, thermal and physicochehpcaperties of the composite films of
lobstershell chitosan (LCh), fish gelatin (Ge) and sunflower oil (O), and the effects of drying
temperature on the properties of these films have been investigated. The insights provided by this
work into the feasillity of Atlantic lobster shellaste as a sustainable source of-tmst crude
chitosan for edible film applications and the applicability of fish gelatin and sunflower oil as
blending material to enhance and modify the properties of these films canaliytadtress some

of the issues pertaining to the commercialization of chitdsesed packaging solutions.

Another contribution of this work are thabtainedoptimization models for LCiGe-O
composite films that allow for the customization of a wide rasfgém properties based on their
composition. But more importantly, the associated regression equations provide a comprehensive
understanding regarding the complex interaction mechanisms between LCh, Ge, O and glycerol
in the films. This can assist reselaers in predicting and controlling the behaviour of these
composite films and help devise future strategies to overcome their limitations asfearetip

and functional food packaging alternative to conventional plastic films.

6.3 RECOMMENDATIONS FOR FUTURE WORK

1 The present work indicated the potential of neat and composite LCh films in inhibiting
coli growth; however, a comprehensive evaluation of their activity against fungi and other

grampositive and grarmegative bacteria is essential in order $tablish these films as
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antimicrobial. Additionally, the ability of these films in preventing microbial spoilage in

contained food products should also be explored.

Although this study targeted several key physicochemical properties of edible filmg critica
to food packaging applications, investigation of other important properties such as
permeability to @, CO; and ethylene gas, resistance to the migration of lipids and oils,
sensory and organoleptic characteristics, stability during storage/ageing and heat

sealability of LChcomposite films is critical for their eventual commercialization.

Due to the marine ain of film constituents (chitosan and fish gelatin) and the intended
edibility of the films, the allergenicity and safety (for human consumption) of these films

should be examined.

Finally, other significant factors like the type and concentration ofesblacids or
modification approaches like neutralization, crbsking and grafting, along with
different drying methods such as vacuum drying, should also be explored as potential
strategies to further improve the properties and address the commeodattpn and

scalability issues of LChased films.
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