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RESUME

La recherche de nouveaux matériaux est en constante évolution, parfois dans le but
d'augmenter la diversité des emballages biodégradables offerts, de lutter contre la
pollution par les matiéres plastiques, de réduire la quantité de matériaux utilisés ou
simplement de minimiser le gaspillage des aliments. Les nanocristaux de cellulose
(CNCs) représentent un matériau innovant extrait de plantes, d'animaux marins,
constitué majoritairement de cellulose, I'un des polyméres d’origine naturelle les plus
abondants au monde. En raison de leurs caractéristiques exceptionnelles telles que leur
rigidité, leur dispersibilité dans les systémes aqueux, leurs propriétés de
renforcement/barriére et leur large surface spécifique pouvant offrir une multitude de
fonctionnalités, les CNCs ont démontrés un grand potentiel en tant que nanoparticule de

renforcement dans des matériaux nhanocomposites.

Le but de ce projet était d’étudier la contribution et les performances des CNCs lorsqu’ils
sont intégrés dans des polymeéres utilisés dans des systemes alimentaires afin de
préserver la qualité des aliments. Les deux premiers chapitres représentent la revue de
littérature. Afin d’atteindre les objectifs et de répondre aux hypothéses du projet, des
méthodologies ont été proposées et considérées dans le troisieme chapitre. Dans le
quatrieme chapitre, nous avons examiné la possibilité de modifier chimiquement les
CNCs a l'aide de la technologie d’irradiation gamma, avec comme objectif de leur
conférer des propriétés antiradicalaires. L’irradiation gamma et le couple rédox initiateur
(peroxyde d’hydrogéne et acide ascorbique) ont tous deux conduit a la formation de
sites actifs et facilité l'insertion d’acide gallique (GA), un composé phénolique aux
propriétés antioxydantes. Un test a base de N,N-diéthyl-p-phenylénediamine (DPPD) a
été utilisé pour analyser les propriétés antiradicalaires des CNCs. Dans une phase
préliminaire, les suspensions de CNCs irradiées ont montré des propriétés
antiradicalaires élevées de 1.92 (pour CNC-y) a 8.20 mM eq Trolox/mg (pour CNC-
H,0,-AA-y-GA) comparé a 0 mM eq Troloxmg pour les CNCs non-modifiés. En
caractérisant les modifications chimiques des CNCs modifiées (CNC-y et CNC-H,0,-AA-
y-GA), il a été observé qu’une concentration élevée en groupements acide carboxylique
(environ 132-134 mmol COOH/kg de CNC) était formée par rapport aux CNCs non-
modifiés (49 mmol COOH/KQ).
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Avec l'objectif de vérifier les modifications induites par l'irradiation gamma, les CNCs ont
été dispersés et irradiés a des doses croissantes (0 & 80 kGy). Ces travaux font I'objet
du cinquieme chapitre ou nous avons demontré la formation de nouveaux groupes
fonctionnels tels que des groupements carboxyliques et que leur concentration
augmentait proportionnellement avec la dose d'irradiation. Par exemple, les CNCs
irradiés de 0 a 80 kGy indiquaient des concentrations en groupes carboxyliques allant
de 43 jusqu'a 631 mmol COOH/kg de CNCs, respectivement. Les groupes aldéhydes
ont également été quantifiés et leur concentration accrue a été attribuée a une rupture
des liaisons glycosidiques des chaines de cellulose pendant l'irradiation. Les propriétés
antiradicalaires des CNCs irradiés ont ensuite été analysées, montrant ainsi une
concentration de 40 uM eq acide ascorbique (AA) a 80 kGy par rapport a une
concentration de 3 pM eq AA & 0 kGy. Les différences au niveau des résultats des
propriétés antiradicalaires observées dans cette section par rapport a la section
précédente se basent sur le principe de deux tests. Le test de DPPH a comme finalité de
stabiliser le radical DPPH comparé aux nombreuses espéces réactives de I'oxygéne
(ROS) (e.g., anion superoxyde (+O,), oxygéne singulet (*O,), radicaux hydroxyles (*OH),
peroxyde d'hydrogéne (H,O,) et ion hypochlorite (OCI")) issues de I'électrolyse ayant lieu
dans le test de DPPD. Une réponse similaire a été rapportée dans les tests de capacité
antioxydante totale (TOC) qui montrent pour les CNCs irradiées (80 kGy) une réponse

de 800 uM AA eq comparée a 200 uM AA eq pour les CNCs natifs.

La capacité réductrice des fonctions aldéhydes a été suggérée comme étant
responsable des nouvelles propriétés antiradicalaires des CNCs. Des tests physico-
chimiques tels que les mesures d’angle de contact et I'analyse FTIR ont été utilisés pour
confirmer les changements de propriétés hydrophobes (mouillabilité) de la surface des
films et les modifications chimiques des CNCs irradiés, respectivement. De plus, les
images de microscopie €lectronique par transmission (TEM) ont permis d’évaluer la
morphologie des cristaux pour lesquels aucune altération de morphologie n’a été
révélée.

Le sixieme chapitre examine la capacité d’encapsulation et le profil de libération
contrélée que les CNCs peuvent générer dans un systéeme de billes d’alginate réticulé
au calcium. Lors de précédentes études sur l'efficacité connue de I'huile essentielle (EO)
de thym en tant qu'agent antimicrobien, des billes d’alginate ont été chargées avec

différentes concentrations de CNCs, puis la capacité d'encapsulation ainsi que le taux



de libération I’EO ont été analysés dans un milieu simulant la viande. Le modele de
Korsmeyer-Peppas a été appliqué pour étudier la cinétique de libération de I'EO dans le
solvant de simulation. L'ajout de 30% de CNCs dans des billes contenant 3% d’EO a eu
pour effet de retarder de 10% la libération cumulative d'EO et de réduire de 30% la
constante cinétique par rapport aux échantillons témoins. Les images de la coupe
transversale des billes ont affiché une morphologie a plus faible porosité en présence de
CNCs par rapport aux billes témoins. Cette observation pourrait expliquer le délai de
libération observé pour 'EO dans le milieu simulé. La formulation optimale des billes a
été testée contre Listeria sur du porc haché, ou une activité synergique avec l'irradiation

gamma a été observée pendant la période d’entreposage.

Enfin, dans un septieme chapitre, I'influence de la présence de CNCs dans des films
d’enrobage a base d’alginate a été évaluée sur le degré d’oxydation des lipides dans la
poitrine de poulet. La transmittance de la lumiére et I'effet barriere a I'oxygéne a 0, 50 et
70% d'humidité relative (RH) ont été évalués afin de caractériser les films d’enrobage.
Les films les plus performants ont été testés sur la surface du poulet et les mesures de
valeurs de peroxyde, de TBARS et de colorimétrie ont été réalisées pour évaluer I'effet
des enrobages sur la qualité du poulet en cours d’entreposage. Les résultats ont montré
gu’une concentration de 30% de CNCs permettait une réduction de la perméabilité a
l'oxygéne dans les films d'enrobage. Egalement, dans la poitrine de poulet enrobée, une
réduction des lipides peroxydés et des TBARS a été observée au fil du temps sans

aucun indice d'oxydation mesuré par colorimétrie.



SUMMARY

New materials are constantly developed, some of them with the aim of increasing the
offer in biodegradable packaging with the ultimate goal to combat plastic pollution, to
reduce the amount of materials used or to simply reduce food spoilage.

CNCs are an innovative material extracted from plants and marine animals and
composed of cellulose, one of the most abundant polymers on earth. Because of their
outstanding characteristics such as stiffness, dispersibility in aqueous systems,
reinforcing ability, barrier properties and surface area, that offer a large number of sites
for further chemical derivatization, CNCs have demonstrated their potential as filler in

nanocomposite materials.

The purpose of this project was to understand the contribution that CNCs can bring in
the performance of polymers applied in food systems to protect food quality. This
purpose will be reviewed in the literature review presented in the first two chapters. In
order to achieve the established objectives and answer the hypothesis related to this
project, methodologies have been proposed and were considered in the third chapter. In
the fourth chapter, the feasibility of altering the CNCs surface chemistry by means of
gamma irradiation for antioxidant molecule insertion purposes was studied. Both, the use
of gamma irradiation and the presence of a redox pair (e.g., hydrogen peroxide and
ascorbic acid) served to induce the formation of active sites and facilitate the insertion of
gallic acid (GA), a phenolic compound with antioxidant properties, on CNCs surface. The
N,N-diethyl-p-phenylenediamine (DPPD) test was used to analyze the antiradical
properties of pristine (non-modified) and modified CNCs. The modified CNCs showed
high antiradical properties from 1.92 (for CNC-y) to 8.20 mM Trolox eq/mg (for CNC-
H,0,-AA-y-GA) compared to 0 mM Trolox eqg/mg reported for pristihne CNCs. By
monitoring the chemical changes of both CNC-y and CNC-H,O,-AA-y-GA, it was
observed that the concentration of carboxylic acid groups was slightly increased to
approximately 132-134 mmol COOH/kg compared to 49 mmol COOH/kg for pristine
CNCs.

In order to verify and study the changes induced by gamma irradiation, CNCs were
dispersed in water and irradiated at doses ranging from 0 to 80 kGy, which study is
covered in the fifth chapter. It was observed that the increase in carboxylic acid groups

Xi



formed during irradiation was directly proportional to the irradiating dose. For instance, 0
and 80 kGy-irradiated CNCs showed 43 and 631 mmol COOH/kg CNCs, respectively.
Aldehyde groups were also quantified and results showed that their concentration also
increased which was ascribed to a cleavage of glycosidic bonds of the cellulose chains
during irradiation. The antiradical properties of irradiated CNCs were then analyzed
showing a concentration of 40 uM ascorbic acid (AA) at 80 kGy compared to 3 M AA at
0 kGy. Differences with regard to the results observed in the fourth chapter were based
on the capability of irradiated CNCs to stabilise the DPPH radical compared to the
numerous reactive oxygen species (e.g., superoxide anions (+0), singlet oxygen (*O,),
hydroxyl radicals (*OH), hydrogen peroxide (H,O,) and hypochlorite ion (OCI’)) produced
during electrolysis carried out in the DPPD test. Similar increased values of antiradical
properties were observed in the total antioxidant capacity (TAC) with reported values of
200 uM AA eq and 800 uM AA eq for CNCs irradiated at 0 and 80 kGy, respectively. The
reducing properties of aldehyde groups were suggested to be responsible for the new
antiradical properties of CNCs. Physico-chemical tests were carried out using contact
angle for determining hydrophobic changes (wettability) of CNCs film surface, FTIR was
used to confirm the chemical changes of irradiated CNCs and TEM images of dried

crystals studied the morphology of CNCs, revealing no changes.

The sixth chapter reviewed the encapsulation capacity and controlled release properties
that CNCs can bring to a calcium cross-linked alginate bead system. With previous
studies conducted on the efficiency of thyme essential oil (EO) as an antimicrobial agent,
the beads were loaded with different concentrations of CNCs and then encapsulation
efficiency and release of EO were analyzed in a meat simulating solvent. The
Korsmeyer-Peppas model was applied in order to study the release kinetics of the EO in
the solvent. The presence of CNCs in the bead system proved their efficiency by
delaying by 10% the cumulative release of EO and decreasing by 30% the kinetic
constant value when 3% thyme EO and 30% CNCs were used with respect to the control
sample with 0% CNCs. Images of the bead cross-section exhibited the presence of
smaller pores when CNCs were added to the beads compared to control. This
phenomenon could explain the delay observed in the release of EO in simulated solvent.
Optimal formulation of beads was tested in ground pork against Listeria and when used

in combination with gamma irradiation, synergistic activity was observed during storage.
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Finally, in the seventh chapter, the influence of CNCs incorporated in alginate-based
edible coatings was evaluated against the degree of lipid oxidation in chicken breast.
Light transmittance and oxygen barrier properties of edible films at 0, 50, and 70% RH
were measured. Films showing the highest performance were tested on chicken breast
surface and peroxide values, TBARS, and colorimetry tests were used to determine the
effect of the coating on the meat quality during storage. Results showed that a
concentration of 30% CNCs reduced the oxygen permeability of the coating and resulted
in a reduction of lipid peroxide and TBARS in the coated chicken breast over the storage
period. Non-oxidative response was suggested by colorimetric measurements of the
chicken breasts.

xiii



LIST OF TABLES

Table 1 Sampling plan divided into two classes for qualification of food quality .............cccccceenee. 22
Table 2 Length (L) and width (w) of CNCs extracted from different sources. ..........ccccccevviiiinnennn. 38
Table 3 Oxygen permeability (OP) of polymers with dispersed and coated CNCs....................... 43
Table 4 Concentration of carboxylic acid groups introduced onto CNC surface............ccccvvvneeen. 68
Table 5 Radical scavenging properties (mM Trolox eg/mg CNC) of CNCs derivatives................ 70
Table 6 Physicochemical characteristics of native and irradiated CNCs suspensions................. 93

Table 7 Radical scavenging properties of irradiated CNC expressed as ascorbic acid and Trolox
eqUIVAIENES (£0) TN UM ..ot 102

Table 8 Principal components of Thymus vulgaris (thyme) EO analyzed by the provider via gas
CRIOMALOGIAPRNY ...ttt e s et e e et e e e et e e s e bt et e e enbe e e e enneas 118

Table 9 Encapsulation efficiency (%) and loading capacity (%) of different concentrations of
thyme EO (prepared from 1 and 3% emulsion) in alginate beads containing 0-40% CNCs....... 125

Table 10 Release parameters of beads prepared from 1-3% thyme EO emulsion in simulating
solvent (10% (v/v) ethanol). Parameters n and k represent exponent coefficient and release
CONSLANT FESPECTIVEIY. ..uuviiiiiiiiiiiiii s 128

Table 11 Agar diffusion assay of thyme oil loaded alginate beads inoculated with Listeria innocua
on an initial well diameter Of 8 MM, .......uiii e 129

Table 12 Listeria innocua growth on ground meat mixed with alginate beads prepared from 3%
thyme EO emulsion at 0% (Thyme) and 30% CNCs (Thyme+CNC) treated with gamma irradiation
JOSES frOM 0 10 3 KGY . ..eeeieiiiiiitie ittt ettt ettt e e e ekt e e s e bt e e e e abe e e e e naeas 135

Table 13 Oxygen permeability (OP) (cm3-pm/m2-day) of pure CNCs-based and alginate-based
films containing 0 and 30% CNCs at characterized at different relative humidity (%) and
comparison with the calculated OP values according to EQ. 23. .......coooiiiiiiiiieiiiiieeeieee e, 160

Xiv



LIST OF FIGURES

Fig. 1 Examples of lipids: a) phospholipid and b) triglyceride. Phospholipid image was taken from

"cell membrane structure" website retrieved from https://aecbioll.fandom.com/ .............c.......... 23
Fig. 2 Schematic representation of the alginate macromolecule ............ccccovveveeiiiiiciiine e, 28
Fig. 3 Schematic representation of chitin (a) and deacetylated chitosan (b) ...........ccccccveveeriinnns 29
Fig. 4 Schematic representation of low acyl gellan gum ..o 30
Fig. 5 Schematic representation of the hierarchical structure of wood ...........ccccccoeviiiiieereeeiiinns 35

Fig. 6 Number of publications (such as articles, conference papers, reviews, book chapters)
related to cellulose nanocrystals. Data from Scopus database from 2007 to 2017. ..........ccceeeene. 36

Fig. 7 AFM and TEM images of CNCs extracted from wood by sulfuric acid hydrolysis. AFM and
TEM images are taken from Sacui €t al. (2014) .......uuevieeeiiiiiiiieieee e 39

Fig. 8 Representation of hydrogen bonding (Favier et al. 1995; Hamad, 2017; Lizundia et al.,
2016) and percolation phenomenon of cellulose nanocrystals embedded in a polymer matrix ... 41

Fig. 9 Polystyrene molecule (left) and poly(vinyl alcohol) (right)..........cccoooo 42

Fig. 10 Proposed reaction pathway of gamma-rays on C; and C, of cellulose adapted from
(Ponomarev and Ershov, 2014, Sanchez Orozco et al., 2012, Sokhey and Hanna, 1993, Sultanov

= L o T WU T Lo A 0 1o ) 47
Fig. 11 Schema of proposed mechanism of reaction of gallic acid with CNC by means of a redox
pair followed by gamma-irradiation..............eeviiiiieiiiiiiiiieiieeeeeeeee e eeeeeaaeararaae 60
Fig. 12 Schema of treatments performed onto CNC ...........oooiiiiiiiiiiiie e 61
Fig. 13 Example of conductometric titration curve of protonated CNC containing weak acid groups
....................................................................................................................................................... 63
Fig. 14 FTIR spectra of CNC (Black), CNC-H,0,-AA (Green), CNC-y (Yellow), CNC-H,0,-AA-y
(Blue) and CNC-H02-AA-Y-GA (RE)....ccoitiiieiitiiee ittt e s sbbee e aaes 66
Fig. 15 Thermogravimetric analysis (TGA) of native CNC and its derivatives ..............cccccceeeenen. 69

Fig. 16 Radical scavenging capacity (RS in mM Trolox eg/100 mg of film) of 1% (w/v) gellan-
based films with native CNC or CNC- H,0,-AA-y-GA at different concentrations. The asterisk
indicates the difference with respect to the CONtrol ..............ovvviiiiiiiiiiiiiieeeeeeeee s 71

Fig. 17 Tensile strength (MPa) for gellan gum films containing CNC or CNC-H,0,-AA-y-GA...... 72
Fig. 18 Tensile modulus (MPa) for gellan gum films containing CNC or CNC-H,0,-AA-y-GA..... 73
Fig. 19 Elongation at break (%) of gellan gum films containing CNC or CNC-H,0,-AA-y-GA...... 74

Fig. 20 Water vapor permeability (WVP in g-mm/mz-day-pKa) of gellan films containing CNCs or
CINC-Ho02-AA-Y-GA .ttt b e e et e e e ot e e e st et e e e aabbe e e e aabbeeeeanbbeeeeaae 75

Fig. 21 Proposed reaction pathway of gamma-rays on C; and C, of CNCs adapted from (Sokhey
and Hanna 1993; Sultanov and Turaev 1996; Sanchez Orozco et al. 2012; Ponomarev and

EPSNOV 2014). ...ttt e e et e e e e e e e anbe e e e e naeas 94
Fig. 22 FTIR spectra of acid freeze-dried CNCs irradiated at 0 kGy (Black), 10 kGy (Blue), 20 kGy
(Red), 40 KGY (PiNk), 80 KGY (GIEEIN) ...ccieiiiiieieiit ettt a et e e e e e e s ababeeeeaaeaeas 96
Fig. 23 Fluorescence spectroscopy of irradiated CNCS .........cocuuiiiiiiiiiiiiiiiieee e 97
Fig. 24 Molar mass distribution of CNCs irradiated at different doses...........ccccccviiiiiiiiiiieinnnnnns 98
Fig. 25 Chain scission number (CSN) as a function of y-irradiation dose............ccoeccviiiiiieiiinnnns 98



Fig. 26 Thermogravimetric curves of freeze-dried irradiated CNCS..........ccccvveveeeiiiiiiiieeee e 99

Fig. 27 Contact angle measurements of films of irradiated CNCS ...........cccccceeeeiiiiiiiiiiineee e, 100
Fig. 28 TEM images (11,000x) of re-suspended native and irradiated CNCs neutralized with
NaOH. The scale bar represents 500 NIM ........cc.uiiiiiiiiieiiiie e e e srreeeeaaes 101
Fig. 29 Total antioxidant capacity and DPPH radical scavenging tests comparison performed in
15 = Lo [T= 1= To I O N[ 03 SRR 103
Fig. 30 Effect of CNCs concentration (0-40 % wt. polymer dry weight) on homogenization (0 and
3 cycles at 15,000 psi) of 1 and 3% thyme EO emulSioNn. ..........coocoiiiiiiiieiiiiie e, 123
Fig. 31 In vitro thyme oil release profile of alginate beads prepared from 1% thyme EO emulsion
=TT L0 7 O N T PP 126
Fig. 32 In vitro thyme EO release profile of alginate beads prepared from 3% thyme oil emulsion
=TT 0 O N T PP 127
Fig. 33 Calculated volume of beads containing 0-40% CNCs prepared from 0 and 3% of thyme
BEO BMUISIONS. ..ottt e e e e b et e e e e e e s bbb e e e e e e e s e snnbrreeeeeeeaaannnes 130
Fig. 34 TEM images (2,000x) of the cross section of alginate beads prepared from 3% thyme EO-
loaded emulsion with 0% (A) and 30% CNCS (B). ...cocuuiiiiiiiiiieiiiee e 131
Fig. 35 Fourier Transform Infrared spectra of alginate beads containing 0-3% thyme EO - 0-30%
L0 VSRS 133
Fig. 36 Mesophilic Total Flora (MTF) growth on ground meat without beads as a function of
gamma irradiation dOSES (0-3 KGY). .eeeiuriiiiiiiiiieiiiiit ettt 138

Fig. 37 Mesophilic Total Flora (MTF) growth on ground meat mixed with alginate beads (prepared
from 3% thyme EO emulsion and 0% CNCs) as a function of gamma irradiation doses (0-3 kGy).
..................................................................................................................................................... 139

Fig. 38 Mesophilic Total Flora (MTF) growth on ground meat mixed with alginate beads (prepared
from 3% thyme EO emulsion and 30% CNCs) as a function of gamma irradiation doses (0-3
1Y) SRR 140

Fig. 39 Optical transmittance of alginate-based films loaded with cellulose nanocrystals (CNCs)
..................................................................................................................................................... 157

Fig. 40 DIC microphotographs of CNCs films (A) and alginate films loaded with 0% CNCs (B),
10% CNCs (C), 20% CNCs (D), and 30% CNCS (E) ....ccvcvveeeeiirieeeiiiieeesiieee e sitveeessireee e srneea e 158

Fig. 41 Birefringence of CNC suspension at 0.6% w/w (A), alginate solution (B) and alginate
solution with dispersed CNCs at 10% (C), 20% (D), and 30% w/w (E) as observed through cross-
polarizers under MAagNELIC SHITING .....vvviiiiiiiiieieieiiie e et e eeeeeeeseeeeeesasesaeerereeseesarereseesnenanes 159

Fig. 42 Peroxide values (mEg/kg) of chicken coated with alginate-based films loaded at different
concentrations of CNCs (control, 0, 30% CNCS) .....uuuuuuuiiuiiiiii s 161

Fig. 43 Chicken meat water loss (%) without coating (control) and coated with alginate-based film
(0% CNCs) and alginate based film loaded with CNCs (30% CNCs) (A). Water retention (%) of
the system (meat and film) during storage of control and coated with film loaded with 0% and
1010z T O [ @ (= PSS 162

Fig. 44 Thiobarbituric Acid Reagent Substances (TBARS) content of chicken breast coated with
alginate-based film containing 0% and 30% CNCs during storage for 8 days at 4°C, compared to
the coNtrol WItNOUL COALING .......veiieiiiiie e e et sbeeee e 164

Fig. 45 Lightness (L*) and redness (a*) of chicken breast samples with and without alginate
based coating loaded with O @and 30% CNCS ......cciiiiiiiiiiiiiie e e e 165

Xvi



ABBREVIATIONS

AA: Ascorbic acid

AFM: Atomic force microscopy
Aw: Water activity

CFU: Colony forming unit
CNCs: Cellulose nanocrystals
CTC: Cellulose tricarbanilate
DMSO: Dimethyl sulfoxide
DP: Degree of polymerization

DPPD: N,N-diethyl-p-phenylenediamine

sulfate salt

DPPH: 2,2-diphenyl-1-picrylhydrazyl
Eb: Elongation at break

EE: Encapsulation efficiency

EO: Essential oil

FTIR: Fourier Transform Infrared
GA: Gallic acid

HDPE: High density polyethylene
LC: Loading capacity

LDPE: Low density polyethylene

MAPAQ: Ministere de I'Agriculture, des
Pécheries et de [IAlimentation du

Québec
MDA: Malondialdehyde
MMT: Montmorillonite

MTF: Mesophilic total flora

OP: Oxygen permeability
OTR: Oxygen transmission rate
PCL: Polycaprolactone

PHB: Polyhydroxybutyrate
PLA: Polylactic acid

PV: Peroxide values

PVA: Polyvinyl alcohol

PPA: Phenyl acetic acid

RH: Relative humidity

ROS: Radical oxygen species
RS: Radical scavenging

STEM: Scanning transmission electronic

microscopy

TBARS: Thiobarbituric reactive

substances

TEM: Transmission electronic

microscopy

TGA: Thermogravimetric analysis
THF: Tetrahydrofuran

TM: Tensile modulus

TS: Tensile strength

TSB: Tryptic soy broth

WVP: Water vapor permeability

XVii



LITERATURE REVIEW

1. FOOD SPOILAGE

Food is considered a biological product coming from living organisms. It is mainly
constituted of water, proteins, carbohydrates and fats, which make food a valuable
product and a source of energy for the biochemical transformations occuring during
metabolism processes. In addition, food represents a source of essential minerals for
daily intake where sodium, potassium, calcium, magnesium, and phosphorous are
recommended at concentrations of 0.5-2.3, 1.2-2.3 (United States Department of
Agriculture, 2010), 1 (Health Canada, 2008), 0.3 and 0.5-1 (Health Canada, 2005) g/day
for adults, respectively. In addition to minerals and vitamins, amino acids coming from
vegetal and animal proteins are also essential elements for a balanced nutritional diet
without discriminating the energetic role given by lipids such as common
polyunsaturated fatty acids.

Because of its content on carbon and energy source, food represents a suitable niche
for the development of microorganisms or physicochemical changes which without
adequate control it can lead to degradation and loss of its nutrional value. Environmental
conditions such as temperature, humidity, oxygen, and light are influential agents on the
acceleration of food degradation (Rahman, 2007). For instance, Ciftci and Ozilgen
(2019) observed a direct effect of increased temperatures on the lipid oxidation process
in almond pastes. In sprayed dried spinach juice, the authors Syamila et al. (2019),
showed a decreasing concentration of B-carotene under the effect of light, oxygen, and

temperature during storage period.

Previous exemples are related to the influence of environmental parameters on food
shelf-life, but also microbial spoilage can be presented in food. Soil, water, air, and
animals are some of the sources of microorganisms (Rahman, 2007). These
microorganims can be transfered to food and while treating other non-contaminated
products cross-contamination can be then produced. Constituting 25% of food-borne
outbreaks (Tirado and Schmidt, 2001), cross-contamination takes place in equipment, or
surfaces where products are transformed and treated. For example, it was studied that
chicken filets and cucumber were contaminated with the transfer of pathogenic bacteria
such Salmonella, Staphylococcus aureus, and Campylobacter jejuni from stainless steel

surface (Kusumaningrum et al., 2003).
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Either by ingestion or direct contact, pathogenic bacteria can cause diseases and
infections in humans. It has been reported that millions of food-borne diseases (Public
Health Agency of Canada, 2015) highlight how food insecurity is impacting health and
human development. With the purpose of mitigating these existing problems and
preventing ingestion of contaminated food, associations such as World Health
Organization, Food, and Agricultural Organization and Health Canada among others
regularly issue recalls and safety alerts (Government of Canada, 2012). Even though,
international associations are in vigilance of the food spoilage consequences, it is
necessary to continously find solutions from different points of view (e.g., industrial
and/or academic) in order to prevent the contamination to reach the consumer. This
chapter will introduce the different types of pathogenic bacteria in microbial
contamination, the reactions during lipid oxidation, and the available tests. Finally, this
chapter will end with a description of the principal encapsulating matrices, the efficiency
of essential oils and their combined effect with a non-thermal treatment of gamma-

irradiation.

1.1 Presence of Pathogenic Bacteria

According to Health Canada (2004), a food-borne disease (also known as food-borne
illness or food-borne poisoning) is attributed when a person has been contaminated with
a harmful micro-organism (e.g., bacteria, virus or parasite). It is then considered an
outbreak when two or more people sharing a common exposure suffer similar symptoms

with one of them being sick.

Food contamination can either come from an exogenous or endogenous origin. An
exogenous origin represents contamination transferred from the external environment.
Mostly, food is contaminated when it comes in contact with contaminated surfaces or
external sources such as handling, chopping or any other processing technologies. On
the other hand, endogenous contamination is considered when microorganisms come
from the animal itself from whose digestive tract, anus, and oropharyngeal sphere
represent appropriate sites for the development of millions of microorganisms, among
them pathogenic bacteria. One of the best known reported cases of endogenous
contamination was due to Salmonella infection in eggs (Louis et al., 1988). The source

of this infection was linked to either the transmission of the bacteria from the animal to
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the egg during egg formation and/or the transfer of the bacteria on the surface of the
eggshell during handling/processing (Whiley and Ross, 2015). Even though an
exogenous source of contamination is more often observed than endogenous, one

should be aware of the existence of both of them.

Pathogenic bacteria not only affect human health and food but also the total viable count
(TVC) or microbiological organisms that co-exist in food and are responsible for textural
changes, loss of color, apparition of visible colonies on surface without mentioning their
influence on organoleptic aspects. Defined by the number of colonies forming units per
m? or g of food, TVC in food establishes the limit tolerable in food. For this reason, its
measurement remains as one parameter that inclues all aerobic bacteria present in the

product.

In the following section it will be described the most important pathogenic bacteria, their
associated symptoms, as well as mesophilic total flora (MTF) growth in food as a

regulation criterion for the evaluation of good manufacturing practices.

1.1.1 Escherichia coli

Escherichia coli is a gram-negative bacterium that can be found in the lower portion of
the intestine of both animals and humans. Because of its capacity to grow under
precarious environmental conditions such as those found in manure, water troughs, and
other places in the farming environment (Mead and Griffin, 1998) E. coli can be
transferred to food, water or through direct contact with infected animals and people
(Hancock et al., 1998). In a human infection caused by E. coli, after 3 to 9 days of
incubation, the symptoms observed can vary from diarrhoea, haemorrhagic colitis,

abdominal pain to in some cases haemolytic uremic syndrome (Jeantet et al., 2006a).

1.1.2 Listeria monocytogenes

Listeria is an aerobic, facultative anaerobic and gram-positive bacterium first discovered
in 1926 due to an outbreak in rabbits and guinea pigs (Murray et al., 1926). The
bacterium shows propensity to grow under adverse conditions such as low temperature
(2-4°C) or a wide range of pH (3.9-9.6) but it can also be found on soil where it is then
transmitted to animals or people. As a consequence Listeria has been found in several

food matrices such as unpasteurized milk, meat, soft cheeses, and ready-to-eat food
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where the water activity (a,) is sufficient to allow its development (Asahata et al., 2015).
In addition, because of its ability to form bacterial biofilms on surfaces, areas such as
slaughtering, cutting, packing, and processing represent a proper environment where
Listeria can grow (Health Canada, 2011; Little et al., 2009).

Its ingestion leads to gastroenteritis and the probability of mortality ranges between 20 to
30% on average for population contaminated with the bacterium and incubation time can
vary from three to 70 days (Linnan et al., 1988; Riedo et al., 1994). lliness related to
Listeria infection can severely affect pregnant women, elderly, and immuno-depressed

people, as well as unborn babies and neonates.

1.1.3 Salmonella

Salmonella is a mesophilic and gram-negative bacterium. This pathogenic bacterium is
divided into two groups —typhoid and non-typhoid— depending on its consequences on
human health. The typhoid and paratyphoid A and B species are responsible for fevers
and non-typhoid species cause food-borne diseases (Collins et al., 2004). Salmonella
species can grow in a wide range of temperatures from 10°C to 50°C and have the
ability not only to survive in food for prolonged periods of time but also in the
environment, vegetables, and animal faeces. In most cases, Salmonella is incubated in
the digestive tube of humans or animals like chicken. When Salmonella resides in
chicken, contamination is transmitted through the egg, as the yolk represents the most
favourable conditions for growth. Incubation time ranges from 12 to 24 h and the
symptoms associated with the illness are diarrhoea and vomiting but abdominal pain,

fever, and vertigo can also be observed (Jeantet et al., 2006b).

1.2 Mesophilic Total Flora (MTF) and Food Shelf Life

Aerobic mesophilic bacteria or mesophilic total flora (MTF) represents microorganisms
that grow at temperatures between 25°C to 45°C, with a maximum growth rate at 37°C.
MTF belongs to one of the groups of the total viable count of microoganisms found in
food in addition to psychrotopic flora growing at 15°C, yeasts and moulds. Because of
the appropriate growing conditions, it can be suggested that MTF allows the
determination of sanitary aspects at which a product is submitted during processing
(e.g., chain preservation, use of transport, equipment, and ustensils) (Jeantet et al.,
2006a).
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According to the Ministére de I'’Agriculture, des Pécheries et de I'Alimentation du Québec
(MAPAQ), the content of mesophilic bacteria associated with good manufacture
procedures can be divided into two classes (Table 1): m* which corresponds to the
group of food with good manufacturing procedures and acceptable for consumption and
M* which encloses the group of food where no control was taken and verifications
followed by corrective actions are required. Table 1 shows the MTF concentration
tolerated for the group of foods of ham, pastrami, pasta, raw fish or meat according to
MAPAQ.

Table 1 Sampling plan divided into two classes for qualification of food quality

m* M*
Acceptable and good manufacture No-control and required corrective actions
procedures. Ex. 1*10° CFU/g on procedures. Ex. 1*10’ CFU/g

Even if there is no specific relationship between MTF growth and pathogenic bacteria, a
high number of MTF represents an appropriate condition to favour their development. In
addition, it is important to highlight that a high concentration of MTF leads to noticeable
physical changes in the product. For instance, Balamatsia et al. (2006) reported that
sensorial analysis of chicken breast samples stored in air at 4°C passed from having an
acceptable slight off-odour/off-flavour to an unacceptable quality and recognizable off-
odour when MTF concentration increased from 7.2 and 7.9 log CFU/g, respectively.

Therefore, MTF becomes an important parameter to consider.

1.3 Lipid Oxidation and Food Quality

In food, lipids add to the product flavour, texture, and nutritional value. They are present
in more than 50% of products that are consumed by humans such as milk, nuts, eggs or
meat (Jeantet et al., 2006a). Being responsible for energy supply in living
microorganisms, lipids also provide fat-soluble vitamins such as A, D, E, and K, and
essential fatty acids. These molecules are known for being non-soluble in water and are
composed of esters of long fatty acid chains, triacylglycerol, phospholipids, steroids, and

carotenoids (St Angelo, 1996; Willey et al., 2016). In Fig. 1 two of the most common
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lipids are depicted, phospholipids, and triglycerides. Phospholipids contain two
hydrophobic tails of fatty acids with a hydrophilic head composed of a phosphate and
choline groups with quaternary ammonium functionality. Triglycerides are made of a

glycerol molecule esterified with three fatty acid chains (R group).
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Fig. 1 Examples of lipids: a) phospholipid and b) triglyceride. Phospholipid image was
taken from "cell membrane structure” website retrieved from
https://faecbioll.fandom.com/

Because of the natural presence of unsaturated bonds, especially in polyunsaturated
fatty acids, oxidative reactions can easily be initiated by factors such as light,

temperature, metals, enzymes, and microorganisms.

Depending on the product, lipid oxidative phenomenon can be either desirable or
undesirable. For instance, at a low level, oxidation reactions are responsible for the
production of the pleasant flavour of fried food, cooked meats, roasted nuts or some
cheeses such as cheddar and Roquefort (Gallois and Langlois, 1990). Auto-oxidation in
chicken and fish might lead to the formation of 2-methylpropanal responsible for sweet
and floral odours like caramel and cocoa (Frérot, 2017). However, exposing food to high
oxidation levels leads to some undesirable off-flavours development (also called
rancidity), production of toxic compounds, loss of colour and nutritional value
deterioration, all causing the loss of food quality (Greene, 1969; Labuza and Dugan Jr,
1971). In meat, lipid oxidation is susceptible of two principal mechanisms: auto-oxidation
(radical mechanism) and photo-oxidation (singlet oxygen-mediated mechanism). These
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two mechanisms differ in their initiators: the presence of double bonds and the exposure
to high temperatures are the precursors of auto-oxidation reactions, while light exposure
and the presence of photosensitizers -chlorophyll, pheophytin, metalloporphyrin or
riboflavin- are the initiators of photo-oxidation (Choe and Min, 2005; Min and Boff, 2002).

Lipid Oxidation Reactions

During oxidation three reactions occur simultaneously. The first reaction called initiation
is based on the formation of two radicals (R- and H-) formed from an unsaturated fatty
molecule (R) by the action of an initiator such as light, heat or metal-proteins as shown in
Eq. 1. In the propagation phase, a high number of radicals are formed, one example of
these reactions is the formation of peroxy radical (ROO-) issued from the reaction of a
lipid radical (R-) with oxygen (O,) (Eg. 2), and the termination phase which is reached

when two radicals react with each other, examples are given in Eq.3.

Lipid hydroperoxides (ROOH) are considered the primary oxidation products as they are
the first compounds issued from the oxidative process. The decomposition of these
compounds yields to the formation of aldehydes, ketones, alcohols, polymers or other

compounds, known as secondary derivative compounds.

Initiation (2)
R-H—-> R +-H
Propagation 2)
R- + O, —» ROO-

RH + ROO- — ROOH + R
ROOH — RO- + -OH
Termination (©))
R-+R-—- RR

R- + ROO- — ROOR
2RO0- — ROOR + O,

1.4 Available Tests for the Determination of Lipid Oxidation

In order to control and understand the reactions occurring during lipid oxidation, tests are
performed based on the quantification of the formation of primary and secondary

products (da Silva et al., 2018; Lee et al., 2003; Serrano-Leon et al., 2018). For primary
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compounds, the determination of hydroperoxides content is prioritized but their instability
should be taken into account. Hence, complementary tests are recommended and the
guantification of aldehydes, ketones, alcohol, hydrocarbons, and epoxides can correlate
the coexisting phenomena. Methods based on the identification of the type of compound

formed are discussed and evaluated in the next sections.

Primary Reactive Compounds
Analysis of Total Hydroperoxides

The peroxide value is a common method used for evaluating the extent of oxidation in
fats, oils and food lipids based on iodometric, spectrophotometric or chromatographic
techniques (Dobarganes and Velasco, 2002). The following section will review the
principle of the redox techniques that allow the quantification of lipid peroxides.

lodometric Titration Method

The iodometric titration method is a test used to determine the hydroperoxide content in
fats and oils through the oxidation of iodide ion (I') to iodine (I,) as it is shown in Eq. 4
(Dobarganes and Velasco, 2002). The |, formed during the reaction is titrated against a

standardized solution of sodium thiosulfate (Na,S,03) using starch as indicator (Eq. 5).
ROOH + 2H" + 2KI — I, + ROH + H,0 + 2K" (4)
I, + 2Na28203 - Nazs406 + 2Nal (5)

Because of the labour intensity (Ruiz et al., 2001), the significant amount of fat samples
required (Dobarganes and Velasco, 2002) and waste generated (Eymard and Genot,

2003), other methods such as ferric ion complexes are often used.
Ferric lon Complexes

The ferric ion complex technique is based on the oxidation of ferrous ion (Fe*") to ferric
ion (Fe*") by lipid hydroperoxides contained in fats, oils (Nourooz-Zadeh et al., 1995),
and food lipids (Burat and Borzkut, 1996; Grau et al., 2000). In the presence of acidic
thiocyanate solution, the sample forms a complex with the ferric ion that can be detected
at a wavelength of 510 nm. The chemical reactions are expressed by the following

equations (Eq. 6 and 7):
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Fe* — Fe* + e (6)

Fe* + SCN — [FeSCNJ** (7)

Secondary Reactive Compounds
Thiobarbituric Reactive Substances (TBARS) Determination

The Thiobarbituric Acid Reactive Substances (TBARS) test is one of the most common
tests used to detect malondialdehyde (MDA), a secondary component of oxidation of
fatty acid which represents the best known marker (Barriuso et al., 2013). During the
colorimetric assay performed in the presence of thiobarbituric acid (TBA), MDA forms a
pink colored complex with TBA which is detectable in the range of wavelength of 530-
535 nm.

1.5 Active Biopolymeric Matrices in Food Industry

In order to overcome the numerous diseases and waste occasioned by food spoilage,
the food industry is constantly looking for innovating solutions to reduce bacterial
contamination, delay food deterioration or prevent the formation of undesirable off-

odours or off-flavours.

With the growing demand for natural ingredients, biopolymers represent an alternative
solution to help prevent spoilage problems due to their compatibility with food matrices.
The use of active biopolymeric matrices or edible coating placed on surfaces has
demonstrated its potential for preventing the formation of fatty acid oxidation byproducts
in food containing unsaturated fats like chicken (Hassanzadeh et al., 2017), salmon
(Gennadios et al., 1997), and beef (Vital et al., 2016). Biopolymeric matrices have also
been used for protecting the viability of lactic acid bacteria (Bekhit et al., 2018) and
essential oils (Serrano-Ledn et al., 2018). Their low toxicity, as well as the acceptance to
be labelled as a food additive by governmental institution such as Health Canada
(Government of Canada, 2013) demonstrate the capacity of biopolymers to be used for
food matrices. Applications of edible films include coatings (Gennadios et al., 1997;
Hassanzadeh et al., 2017; Vital et al., 2016), edible beads (Huq et al., 2014) or bioactive
packaging films loaded with antioxidant and antimicrobial compounds (Grujic et al.,
2017).
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With regard to edible coatings, authors reported noticeable changes in the appearance
of food such as improvement of water retention, firmness, and glow during storage of
fruits and vegetables. Indeed, the use of the first coating for fruit preservation was
implemented in China during the 12™ and 13" century and was based on the application
of wax (Vuki¢ et al., 2017). Nowadays, not only wax but also biopolysaccharides or
proteins have been used to improve the surface of fruits, vegetables, and meat products.
For instance, carrageenan coated cherries showed 30% water loss reduction and higher
brightness compared to the control (Larotonda, 2007). In meat, edible films made of
polysaccharides or proteins provide gas barrier properties, bringing the advantage of
adding bioactive compounds that can be diffused from the film to the product (Dehghani
et al., 2018). In addition, edible coating on meat shows improvement of appearance,
reduction of juice drippings, rancidity, discoloration, and bacterial load (Gennadios et al.,
1997). With respect to loaded bioactive films, Vital et al. (2016) demonstrated the
efficiency of loading oregano essential oil in alginate films during the storage of beef.
The authors demonstrated not only the antioxidant capacity brought by the addition of
the essential oil with 47% TBARS reduction, but also the ability of the alginate control
film to maintain low concentration of TBARS, weight and colour of poultry samples
during 14 days. The protective effect of active compounds contained in a matrix was
proven by Serrano-Léon et al. (2018) with the study of chitosan based films loaded with
pink pepper extract and peanut skin extract compared to the non-encapsulated

antimicrobials against psychrotrophic counts in chicken.

In general, edible biopolymers play an important role against the formation of oxidation
compounds, improve sensorial quality of samples, enhance colour, prevent water loss
and protect active ingredients from pH changes, light degradation and volatilization,
while maintaining the activity of major compounds against bacteria growth and reducing
quality deterioration. Examples of some of the most common biopolymers used in food
system are alginate, chitosan, and gellan gum which will be described in the following

sections.

Alginate
Alginate is a polysaccharide extracted from brown algae or secreted by various bacteria
such as Azotobacter vineladii, Pseudomonas aeruginosa (Pedersen et al., 1990), and P.

syringae (Yu et al., 1999). It has demonstrated a large applicability in fields such as for
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biomedical cell microencapsulation, drug delivery systems (Skaugrud et al., 1999),
dental impressions (Ertesvag and Valla, 1998), wound dressings (Lee and Mooney,
2012), tissue engineering (Lee and Mooney, 2012), as well as industrial processes such
as dye production (Jensen, 1993; Yamamoto et al., 1991), and paper industry (Ham-
Pichavant et al., 2005; Rhim et al., 2006). Some of the reported properties of alginate in
food matrices are the ability to stabilize encapsulated compounds, to enhance viscosity
or to add gelling effect in food products such as jam, jellies or fruit filling (Toft et al.,
1986). The alginate structure (Fig. 2) is composed of two types of units conforming the
polymer, (67%) guluronic acid (G) and (33%) mannuronic acid (M) linked by glycosidic
bonds. They can be found as blockwise homopolymers but also as alternating structure

between G and M blocks as it is shown in the Fig. 2.
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Fig. 2 Schematic representation of the alginate macromolecule

The worldwide commercial production of alginate is 30,000 metric tons per year from
processed macroalgae (Rehm, 2009). Chemical extraction of alginate is performed in
acidic media followed by addition of sodium carbonate to convert the alginic acid into its
sodium salt form which allows solubilisation in water. Also called the egg-box model,
alginate has shown the ability to form a gel structure by networking interactions between
the acid groups present in alginate with divalent cationic ions. Among the most
commonly used cations, non-toxic calcium ions are widely used in food applications
(Ching et al., 2017). So far, the cross-linking reaction of alginate with calcium ions has
been highly studied in food-grade applications, for example in delivery systems for
encapsulation of lipophilic compounds (Hosseini et al., 2013; Huq et al., 2014; Soliman
et al., 2013; Zeeb et al., 2015), hydrosoluble compounds (Hug et al., 2014; Le-Tien et
al., 2004) or living microorganisms (Bekhit et al., 2018; Huq et al., 2017).
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Chitosan

Chitosan, a compound derived from chitin, has been categorized as a promising
polysaccharide due to its active properties (Aider, 2010; Aziz and Karboune, 2018).
Chitin (Fig. 3a) was first discovered by Braconnot (1811) in mushrooms, but a decade
later Odier (1821) found it in the walls of insects giving the Greek name of "khiton"
referring to envelop. Nowadays, chitin is extracted from crustaceans shells such as crab,
crawfish and shrimp (Younes and Rinaudo, 2005), and a subsequent alkaline treatment
of chitin converts it into a partial (No and Meyers, 1997) or complete (Domard and
Cartier, 1989; Mima et al., 1983) deacetylated form composed of B-(1-4)-linked b-
glucosamine or chitosan (Fig. 3b).
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Fig. 3 Schematic representation of chitin (a) and deacetylated chitosan (b)

The principal characteristic of chitosan relies on the facility to be dissolved in acidic
media under pH 6 due to the available amino group (Aziz and Karboune, 2018; Ravindra
et al., 1998). This amino group has demonstrated to contribute to the antimicrobial
activities of chitosan against gram-positive and gram-negative bacteria (Jeon et al.,
2001; Rhoades and Roller, 2000). Despite the fact that the antimicrobial mechanism has
not been completely understood, it is suggested that protonated amino groups react with
negatively charged cellular membranes leading to leakage of intracellular parts of
microorganisms, DNA fragmentation followed by apoptosis (Hasegawa et al., 2001).
Chitosan also demonstrated abilities to form films with increased oxygen barrier
properties for prevention of oxidation in food matrices such as nuts. Compared to gelatin,
chitosan coated nuts showed reduced peroxide values during 120 days of storage
(Bonilla et al., 2018). Chitosan also showed improvement of >35 days of shelf life of
Halloumi cheese treated with 5 and 10% brine compared to 10 and 25 days in non-

coated samples, respectively (Mehyar et al., 2018).
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Gellan Gum

Gellan gum is a polysaccharide composed of four repeating units: two glucose, one
rhamnose and one glucuronic acid (Fig. 4). Gellan gum is a polysaccharide extracted by
microbial fermentation of Sphingomonas elodea or Pseudomonas elodea (Warren and in
het Panhuis, 2015) and in low yield, it can also be excreted by Sphigomonas
paucimobilis ATCC 31461 (Morris et al., 2012; Salunke and Patil, 2016; Wang et al.,
2016). The main characteristics of gellan gum are its non-toxicity (Warren and in het
Panhuis, 2015), biodegradability (Karthika and Vishalakshi, 2015; Pacelli et al., 2016,
2015), thermal response (Prezotti et al., 2014; Sonje and Mahajan, 2016), and stability
at low pH. Commercially, two types of gellan gum are found: the high acyl and low acyl
gellan gum which both differ in their final properties. Flexible and soft hydrogels are
obtained with the high acyl gellan gum and more rigid hydrogels are obtained with the
low acyl gellan gum. Jellifying procedures also differ as cooling temperatures of high acyl
gellan gum is about 65°C and about 40°C for low acyl gellan gum (Danalache et al.,
2015; Kirchmajer et al., 2014). With the interest on rigid properties, the structure of the
low acyl gellan gum is depicted in Fig. 4.
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Glucose D-Glucuronic acid Glucose L-Rhamnose

Fig. 4 Schematic representation of low acyl gellan gum

In the presence of divalent cations, the negative charges also allow gellan gum to form
clear gels or polyelectrolyte complexes with oppositely charged polymers like chitosan.
During the process of gelation, gellan gum chains pass from a coiled organization to a
double helix structure forming a 3D complex. Applications of gellan gum range from
water-based jellies (Moritaka et al., 1999) to bakery filling and fluid gels for beverage

dispersions (Sworn et al., 1995).
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1.6 Existing Natural Antimicrobial Compounds from Plant Origin for Food
Preservation

The use of synthetic antimicrobial and antioxidant compounds has been reported to
induce carcinogen effects. Antioxidants such as butylated hydroxyanisole and butylated
hydroxytoluene or antimicrobial additives such as nitrites have been either abolished or
their content reduced in food. Therefore, with the aim to ensure food quality by providing
natural compounds the use of essential oils represents an alternative (Aziz and
Karboune, 2018). In this section, the main characteristics and mechanism of action of
essential oils are being described.

Essential Oils

As defined by the 7™ edition of European Pharmacopoeia, essential oils are "odorant
products, generally of a complex composition, obtained from a botanically defined plant
raw material”. In fact, essential oils (EO) are principally composed of terpenes,
aldehydes, ketones, carboxylic acids, sulphides, disulphides and trisulphides substances
(Voda et al., 2003). Via steam distillation, essential oils are easily separated from the

agueous phase without affecting their chemical composition.

Among the well-known essential oils, Thymus vulgaris —common name Thyme- has
demonstrated effective antimicrobial and antioxidant capacity. Thyme is a flowering plant
belonging to the mint family Lamiaceae species native of Spain and Hungary. Its main
components are thymol (35%), p-cymene (19%), y-terpinene (20%), carvacrol (3%)
among others terpene compounds. By evaluating the mechanism of antioxidant action of
both thymol and carvacrol molecules, it was demonstrated by Yanishlieva et al. (1999)
that the major compound of the essential oil, thymol, has a higher antioxidant activity

compared to carvacrol.

As explained by Oussalah et al. (2006), the mechanism of action of thyme essential oil
on bacteria induces pore formation on cell membrane leading to cytoplasmic leakage,
intracellular ATP decrease and degradation and modification of muropeptides present in
bacteria (Caillet and Lacroix, 2006).
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1.7 Encapsulation of Essential Oils by Biopolymers and Combination of
Treatment

Even though essentials oils possess antimicrobial or antioxidant properties, their
efficiency needs to be protected from external factors. It is known that EOs can suffer
oxidation, isomerization, cyclization, or dehydrogenation led by either enzymatic or
chemical reactions. As a consequence, these reactions can cause off-flavours (Sinki et
al., 1997), changes in colours (Preuss, 1964), and loss of product quality (Fincke and
Maurer, 1974; Kubeczka, 1993).

In order to protect the essential oil quality, encapsulation is a technique that has been
proposed to prevent damage or alteration of essential oil efficiency. Because of its
capacity to enclose the bioactive compounds from external interactions such as food
ingredients, encapsulated essential oil can increase its physical stability (volatility) and
be delivered where bacteria is located (Weiss et al., 2009).

Biopolymers have demonstrated as being good candidates for the encapsulation of
compounds. Because of their flexibility, mobility in chain length, and permeability,
biopolymers allow the diffusion of compounds, especially essential oils and drugs
(Wischke and Schwendeman, 2008). For instance, biopolymers such as chitosan used in
beads or zein used in films showed protecting ability of Citrus aurantium oil (Karimirad et
al., 2018) and thymol (Mastromatteo et al. 2009) over time, respectively. To illustrate this
phenomenon Karimirad et al. (2018) showed that when C. aurantium oil was
encapsulated into the chitosan nanoparticles, the lighthess of mushrooms was
preserved for 15 days more than when the essential oil was in its non-encapsulated
form. These values were also confirmed by the low polyphenyloxidase activity,
responsible for the enzymatic browning of mushrooms observed in encapsulated

systems.
Encapsulated Essential Oil and Combination of Treatment

In order to improve the protection against pathogenic bacteria, non-thermal treatments
have been used on food samples. These non-thermal treatments are known for
inactivating bacteria while being processed at ambient temperatures, avoiding extreme
changes in flavour, colour or quality of food. Among the existing non-thermal treatments,
gamma irradiation is a cold process currently used in different countries. For example, to

delay the ripening of fruits and vegetables and deterioration of meat, United States of
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America (USA) and Canada apply gamma-irradiation to fruits (Eustice, 2011) or
potatoes, onions, wheat, spices, and ground beef (Government of Canada and

Canadian Food Inspection Agency, 2012).

Measured in Gray (Gy) units, referring to 1 unit of energy (joules) per kg of product, the
mechanism of action involved in bactericidal purposes of gamma irradiation is based on
the radical-compound formation issued from water radiolysis. From the water radiolysis,

reactive oxygen species are produced, among them, the radical hydroxyl groups (-OH)
(Eq. 8).
H,O — H,, H,0,, €49, H', "OH, H* (8)
€49+ N2O + H,O — "OH + N, + OH" (9)

It has been stated that hydroxyl radicals are the influent compounds in the bactericidal
mechanism of gamma irradiation that are capable of breaking DNA and bacteria
membrane. Besides the water hydrolysis, the solvated electrons (e’y,), when reacting
with nitrous oxide, are also able to produce 90% of hydroxyl radicals and 10% of
hydrogen radicals (Eq. 9) (Von Sonntag, 1980).

Interest of gamma irradiation has increased over the years because of its ability to
control food-borne diseases (Pujato et al.,, 2019), to avoid food loss from infestation
(Hossain et al., 2019; Ricardo Machi et al., 2019), and to delay food ripening (Zhao et
al., 1996). Gamma irradiation has been proposed in a large range of applications among

one of them the conservation of food matrices.

However, due to its high energy, increasing gamma irradiation doses might result in
nutrient and vitamins loss (Khattak and Klopfenstein, 1989; Horticulture and Forestry
Science, 2012). Thus, in order to decrease side-effects of gamma-irradiation, the
combination with other treatments such as addition of antimicrobial compounds (e.g.,
essential oil) has been proposed in literature (Caillet et al., 2006a, 2006b; Ouattara et
al., 2001; Vu et al., 2012, Severino et al., 2014). For instance, Severino et al. (2014)
observed that the required dose to eliminate one log CFU (Dje-value) of L.
monocytogenes present in broccoli florets was decreased from 0.32 in irradiated control
samples to 0.24 when samples were irradiated with mandarin EO-based coating. Similar
synergy was obtained by Ouattara et al. (2001) who observed a complete inhibition (O
log CFU/g) of Pseudomonas putida in coated shrimp with essential oil (EQ18) after seven

day storage compared to 2 log CFU/g growth observed in irradiated control samples.
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Both authors, Quattara et al. (2001) and Severino et al. (2014), agreed with the fact that
combining gamma irradiation with active films improve the antimicrobial efficiency
caused by their additive effect. In this thesis the incorporation of essential oils and the

combined treatment with gamma irradiation will be studied.
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2. APPLICATIONS OF CELLULOSE NANOCRYSTALS IN FOOD
PACKAGING

2.1 Cellulose Nanocrystals

Cellulose is one of the most abundant natural polymers, being distributed in plants,
algae, marine animals, fungi, bacteria, and protozoa (Habibi et al., 2010). It consists of
B-1, 4-glucopyranose units linked together with a degree of polymerization (DP) ranging
from 2,900-11,000 in wood pulp, fibre, and ramie (Gralén and The Svedberg, 1943;
Pettersen, 1984; Zografi and Kontny, 1986), close to 10,000-18,000 in Valonia (Marx-
Figini, 1969), and 4,000-10,000 in bacterial cellulose (Kuga et al., 1989; Tahara et al.,
1997; Watanabe et al., 1998). Cellulose is found in a pure state in cotton but can also be
extracted from wood, plant leaves, and stalks (Dufresne, 2017) where it co-exists with
other natural compounds such as hemicellulose, lignin, and extractives like wax and fats.
It constitutes the primary compound (65-75%) of the elementary fibres (Gorshkova et al.,
1996; McDougall, 1993) following a hierarchical structure from fibres to microfibrils as it
is depicted in Fig. 5. These microfibrils, with a diameter of approximately 4 to 20 nm
(Klemm et al., 2011; Naslund et al., 1988), are held together by a network of hydrogen
bonds forming crystalline and amorphous regions.
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Fig. 5 Schematic representation of the hierarchical structure of wood
Cellulose nanocrystals (CNCs), also called cellulose whiskers, nanowhiskers or
nanocrystalline cellulose (NCC), have gained particular attention and growing interest

because of their light weight, nanometric dimensions and high mechanical strength
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properties. Scopus database (Fig. 6) shows that the number of publications per year
considering "CNCs" as a keyword has risen from 107 to 721 between 2010 and 2017. In
different fields, attention is focused on the value added to materials such as stiffness,
barrier properties, and dispersibility in agueous media (Oksman et al., 2008; Rampazzo
et al., 2017; Shoseyov et al., 2015; Zhou and Wu, 2012).
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Fig. 6 Number of publications (such as articles, conference papers, reviews, book
chapters) related to cellulose nanocrystals. Data from Scopus database from 2007 to 2017.

In the field of biopolymers applied for foods, the interest of adding nanoparticles in
packaging materials has also been increasing (Azeredo, 2009; Bumbudsanpharoke et
al., 2015; Bumbudsanpharoke and Ko, 2015; Huang et al., 2018). Food matrices such as
fruit juices, carbonated beverages, and dairy products are examples of matrices that
require appropriate oxygen control. Thus, the use of nanocomposite packaging materials
can represent a potential direction where nanomaterials could offer the required quality

parameters (Brody, 2007).

Due to the fact that high performing materials (i.e., that allow protection to food from
external conditions bringing also activity against microorganism's growth and extension
of shelf-life) are highly desired and because the use of CNCs can potentially bring some
advantages, the next sections will shed some light as to how this nanomaterial could
potentially be helpful. In the first section, the main characteristics of CNCs will be
highlighted, followed by a brief description of the major types and morphological features

of existing cellulosic derivatives.
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2.2 Extraction of Cellulose Nanocrystals (CNCs)

The procedure to extract cellulose nanocrystals was first reported by Ranby (1949) who,
by treating cellulosic material with sulfuric acid at boiling temperature, allowed the
formation of colloidal particles with a crystalline character. This procedure called acid
hydrolysis still represents the principal treatment to produce cellulose nanocrystals
(CNCs). Strong mineral acids like sulfuric (Dong et al., 1998), hydrochloric, but also
phosphoric (Espinosa et al., 2013; Lemke et al., 2012), and hydrobromic acid (Filpponen
and Argyropoulos, 2010; Sadeghifar et al., 2011), have been applied for such purposes.
However, dispersibility of CNCs in aqueous systems can be achieved using sulfuric acid
(Revol et al., 1992) and recent studies showed a slight dispersion of CNCs using
phosphoric acid hydrolysis (Camarero-Espinosa et al. 2013; Vanderfleet et al. 2018)
resulting with sulfate (-OSO3zH) and phosphate (-OPOsH) half-ester groups grafted onto
their surface. Due to the fact that CNCs obtained for this study are derived from sulfuric

acid method, the following sections will mainly focus on this grade of CNCs.

Optimal hydrolysis conditions with a sulfuric acid concentration of 64% and a
temperature of 45°C were reported by Hamad and Hu (2010) for wood derived CNCs.
The authors obtained a degree of polymerization below 100, a crystallinity of
approximately 80%, a crystallite size of 5 - 10 nm and a half-ester group content of 261
mmol per kg CNCs.

Literature shows that both morphology and dimensions of CNCs obtained after acid
hydrolysis depend on the cellulosic source (Araki et al., 2001; De Souza Lima et al.,
2003; Helbert et al., 1996; Miller and Donald, 2003). Table 2 reports different ranges of
particle length (L) and width (w) for animal and plant-derived CNCs measured by
microscopy techniques. Tunicate sea animal-derived CNCs showed dimensions of 15 -
30 nm in width and 1,000 - 3,000 nm in length which represent the longest known length
of CNCs in comparison to wood derived CNCs with reported sizes of 3 - 4 nm and 100 -

200 nm for width and length, respectively.
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Table 2 Length (L) and width (w) of CNCs extracted from different sources.

Cellulosic source L (nm) w (nm)
Bacterial cellulose 100-1000 10-50
Ramie 150-250 6-8
Sisal 100-500 3-5
150-280 3.5-6.5
Tunicate 1000-3000 15-30
Valonia 1000-2000 10-20
Softwood 100-200 3-4
Hardwood 140-150 4-5

Adapted from Habibi et al. (2010)

In regard to CNCs morphology, the aspect ratio, defined as the length-to-width ratio, has
some influence on the mechanical behavior of the materials into which CNCs are
embedded. Thus, in order to confirm the relation between the stiffness and the size of
CNCs, the authors Bras et al. (2011), evaluated the Young modulus of casted CNCs
films extracted from different sources. The authors showed that films made from palm
tree and sugar cane bagasse derived CNCs (aspect ratio of 47 and 13) exhibited Young
modulus of 8 and 1 GPa, respectively. Therefore, it was suggested by Bras et al. (2011)
that the improved films' mechanical properties had been affected by the large

dimensions of the nanoparticles of the individual crystals.

It was also found that stiffness is a characteristic parameter of the nanoparticles. With
the aim to evaluate the stiffness of a single particle Sturcové et al. (2005) and Rusli and
Eichhorn (2008) reported estimated values of tensile modulus based on single tunicate-
(aspect ratio 77) and cotton-derived (unspecified aspect ratio) CNCs tested by Raman
spectroscopy. Results of these studies estimated elastic modulus values of 143 and 105
GPa for single tunicate- and cotton-derived CNCs, respectively. With these results, it
was confirmed that individual CNCs, regardless of the source, possess a stiffness

comparable with others nanofillers such as glass (69 GPa) and steel (200 GPa).
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2.3 Microscopic Features and Morphology

Due to the importance of morphological features to understand the relationship between
particle-particle and particle-matrix interactions, several imaging studies have been
carried out on CNCs. Different techniques such as transmission electron microscopy
(TEM) (El Achaby et al., 2018; Shin et al., 2018) and atomic force microscopy (AFM)
(Salajkovéa et al., 2012) were used with the purpose to either analyze the crystal's

morphology or determine their size distribution (Kaushik et al., 2015).

Taking into account that each of these techniques possess their own advantages and
disadvantages such as overestimation of dimensions by AFM (Kvien et al., 2005),
damage of samples caused by voltage exposition by TEM (Bengio et al., 2014; Sacui et
al., 2014), precise images can still be obtained, succesfully presenting surface and

structure of cellulose nanocrystals.

AFM TEM

Fig. 7 AFM and TEM images of CNCs extracted from wood by sulfuric acid hydrolysis. AFM
and TEM images are taken from Sacui et al. (2014)

Fig. 7 shows the rod-like morphology of wood-extracted CNCs obtained by AFM and
TEM reported by Sacui et al. (2014). A rounded morphology of the crystals was
observed in the AFM images which could have been ascribed to the irregular-shaped
images issued from the technique whereas TEM images of CNCs were more thin-
shaped particles. Some particle aggregation is noticeable in the TEM images. However,
the authors Araki et al. (1998) suggested that the phenomenon could be the result of an
aggregated state within the original suspension or occurred during the drying procedure

of the sample on the grid.
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2.4 Applications of CNCs in Food Biopolymers

The following sections will highlight how the addition of CNCs has contributed to the
improvement of the mechanical resistance, the oxygen barrier properties, and the
controlled release of bioactive compounds in biopolymers as well as the chemical
functionalization that can be carried out on CNCs. The final section of this chapter will
generally describe the reported studies that evaluate the wholesomeness/toxicity of the
CNCs via in vitro tests and the performed tests on the overall migration of nanopatrticles

in simulated foods.

2.4.1 CNCs' Role in Mechanical Properties of Biopolymers

When it comes to the properties of CNCs in materials, first glance is given to the inherent
stiffness of cellulose nanocrystals. However, preparing a film of pure CNCs results in a
mechanically brittle material that might limit its application for film or coating purposes
(Guidetti et al., 2016; Liu et al., 2017). On the other hand, the addition of CNCs to a
material can result in an increase of the mechanical performance of the matrix into which

they are embedded.

The characteristic stiffness of single crystals is a result of the hydrogen bonding network
and their inherent crystallinity, and when CNCs are added to materials, the
reinforcement effect can be explained by a percolation mechanism of the nanocrystals.
The first study evaluating the effect of CNCs into polymeric materials was carried out by
Favier et al. (1995) who showed an improvement of the mechanical properties by
measuring the storage modulus (G) of poly(styrene-co-butyl acrylate) films with 0, 1, 3,
and 6% tunicate derived CNCs. The authors observed a maximum G value of 8 when
tunicate-derived CNCs at 6% (w/w) were added to the polymer matrix compared to the

pure polymer. Lower incorporations of CNCs in films exhibited lower storage modulus.

The improvement of the mechanical performance of poly(styrene-co-butyl acrylate) was
explained by the authors as attributed to the network formed by the crystals driven by
hydrogen bonding as it is depicted in Fig. 8. Other examples of improvements of
mechanical properties due to CNCs incorporation in biodegradable polymers include
blends with polyhydroxybutyrate (PHB)/polycaprolactone (PCL) (Garcia-Garcia et al.,
2018), alginate (Huq et al., 2012), chitosan (Khan et al., 2012), and gellan gum (Criado
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et al.,, 2016). In alginate matrices, Huqg et al. (2012) showed that it was necessary to
incorporate 5% CNCs to exhibit a maximum tensile modulus of 3.2 GPa compared to 1.8
GPa in the absence of CNCs. In chitosan films, the same concentration of CNCs showed
an increase of tensile modulus from 1.6 GPa to 2.9 GPa when the same concentration

was added to the films.

Cellulose Nanocrystals

Fig. 8 Representation of hydrogen bonding (Favier et al. 1995; Hamad, 2017; Lizundia et
al., 2016) and percolation phenomenon of cellulose nanocrystals embedded in a polymer
matrix

2.4.2 CNCs' Role in Oxygen Barrier Capacity

Oxygen is considered a critical factor affecting foods' longevity. In the packaging field,
oxygen barrier properties were initially sought by the use of materials such as glass or
metal (Akkapeddi and Gervasi, 1989). However, due to their high transportation cost and
the arduous recycling procedures, developing plastic materials that are light and

transparent became then highly desirable.

According to Catala and Gavara (1996), the permeability of a gas through a polymeric
matrix includes two phases: i) the adsorption of the permeant in the polymer and ii) its

diffusion through the polymer matrix (Wang et al., 2018).
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This phenomenon expressed as the volume of gas going through the film per unit of film
thickness, exposed area, time and driving force (partial pressure within the film) can be
represented by the following equation (Eq. 10):

P=ml/t-A-Ap (10)

where m is the quantity of gas, | is film thickness of the film, t is the time, A is the

exposed surface area and Ap is the driving force in units of pressure.

Inherent properties and characteristics of the film are important to understand the
diffusion of the permeant through the film. Parameters such as cohesive energy density
(i.e., the measure of the polarity of a polymer free spaces and crystallinity of the
material) play an important role in the definition of oxygen barrier properties (Miller and
Krochta, 1997). To illustrate the phenomenon, films of poly(ethylene terephthalate), for
example, show at 30% crystallinity an oxygen permeability (OP expressed in
mL-pm/m?-d-kPa) of 0.0024 compared to 0.0014 at 45% crystallinity. Thus, the higher
the crystallinity is, the lower is the permeability of the material. Regarding the cohesive
energy density, it is believed that increasing the polarity of the functional groups of the
polymer backbone decreases the oxygen passage due to the dissimilarity of the polar
groups with the non-polar oxygen molecule (Lagaron et al., 2004). A good example is
polystyrene (Fig. 9 left) possessing an OP of 0.168 mL-um/m?d-kPa compared to
poly(vinyl alcohol) (PVA) (Fig. 9 right) with an OP of 0.0000016 mL-pm/m?-d-kPa.

R
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H H-n H OH"n

Fig. 9 Polystyrene molecule (left) and poly(vinyl alcohol) (right)

The use of nanofillers in polymers also affects the response of oxygen permeability.
Examples of enhancement are observed in polymers like PVA (Sapalidis et al., 2012)
and polylactic acid (PLA) (Sengul and Dilsiz, 2014; Valapa et al., 2015) where the

presence of fillers results in a more crystalline and compact material.
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Because the presence of nandfillers allows the creation of a tortuous pathway for the
diffusing gas as described by Garcia et al. (2004), the appropriate dispersion of CNCs in
the polymer matrix might, in the same way, permit the creation of such tortuosity and
lead to a decreased diffusion of the gas through the material (Dufresne, 2012).
Examples of the oxygen permeability (OP) of polymers with dispersed or coated CNCs
are reported in Table 3 where it can be observed that OP decreases in presence of
CNCs at the different tested conditions of relative humidity. According to Lagaron et al.
(2004), the outstanding oxygen barrier capacities observed with the nanosized particles
are explained by the loss of chain mobility and the lower free volume, thus resulting in
less space available for the passage of oxygen through the matrix. Because of CNCs
dimensions and the large hydrogen bonding (Favier et al. 1995; Hamad, 2017; Lizundia
et al., 2016) ability with compatible matrices, introduction of the nanoparticles result in an

improvement of oxygen barrier properties in materials.

It is important to highlight that oxygen barrier properties are linked to experimental
testing conditions such as the relative humidity (%RH). For instance, at high relative
humidity, oxygen barrier properties tend to decrease due to the diffusion of moisture into
the polymer. Therefore, for appropriate oxygen permeability measurements, it is critical
to take into account parameters such as the water activity of the product as well as the

storage conditions that will be used.

Table 3 Oxygen permeability (OP) of polymers with dispersed and coated CNCs

CNCs op
(coated/ Polymer 2 1 Ref.
dispersed) (cc-um/m? d'kPa)
CNCs for Oxygen Sanchez-
Barrier Properties 0-5% Polylactic Acid 2:"2(300;02‘1};'2RH Garcia and
(dispersed) (pLA) (24°C- ! Lagaron
(2010)
0- 2% PLA 1.4-0.4 Karkhanis
(dispersed) (23°C-0% RH) etal (2018)
0; l Hzol
0-4% Collagen- 4-3 Long
oH on (dispersed) glutaraldehyde (23°C-0% RH) etal (2018)
e o %y\ HO™
S H -, Polypropylene )
oH 1 i
Cq [ oh o 0-0.7% Carbonate- 70-3 ane
O\W\o (dispersed) Polyethylene (23°C—45% RH) .
OH on Hi s Glycol (2017)
Hydrogen
bond
0—8% CNCs Poly (ethylene 20-0.012 Rampazzo
(coated) terephthalate) (30°C - 0% RH) etal (2017)
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2.4.3 CNCs' Role in Controlled Release

A food additive, according to Health Canada, represents any substance that when added
to food becomes part of it. Food additives such as preservatives (i.e., antibacterial,
antifungal and antioxidants), can become unstable or see their biological activity reduced
by the presence of external factors, e.g., light (Conrad et al., 2005; Yuan and Chen,
1998) or enzymes (Schneider et al., 2011).

Similarly essential oils are prone to be oxidized due to exposure to temperature, oxygen,
light, and irradiation (Turek and Stintzing, 2013; Velasco et al., 2003).

In order to protect these active compounds from external conditions, their encapsulation
and controlled release became an interest of study reported in literature by several
authors (Del Toro-Sanchez et al.,, 2010; Hsieh et al.,, 2006). In food packaging, the
controlled release is used to ensure a continuous provision of the active molecule for
long periods of time, at minimal concentration while offering a protective role to the

active compound from the external conditions (Appendini and Hotchkiss, 2002).

Because of their nanometric dimensions, the tortuosity brought by the presence of
cellulose nanocrystals can prevent the leakage and rapid liberation of the active
compounds. The use of CNCs for controlled release has been applied for the delivery of
encapsulated drugs in matrices such as glutaraldehyde-gelatin hydrogels (Ooi et al.,

2016), polyvinyl alcohol (PVA) and poly(p,L-lactide-co-glycolide) (Jackson et al., 2011).

In the food packaging field, recent research on the controlled release of essential oils
trapped in polymeric matrices loaded with CNCs has demonstrated promising results
(Alvarado et al.,, 2018; Hossain et al., 2018). For example, Alvarado et al. (2018)
demonstrated that diffusion of thymol was reduced from 2.5*10™" to 5.5*10™"* m?%s when
pure PLA and PLA containing PVA nanofibers/CNCs films were used, respectively.
Besides, Hossain et al. (2018) demonstrated that methylcellulose films loaded with 7.5%
CNCs allowed a 10% decrease of the release of oregano: thyme EOs over 12 weeks.
Both research groups described that the reduction of release was the result of the
changes in the diffusion pathway or "increased tortuosity" created by addition of CNCs

into the film.

In agricultural applications, the controlled release concept has also been studied by Li et

al. (2016) who demonstrated that the release in water of phenylacetic acid (PAA)
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encapsulated in cross-linked alginate-kaolin beads was decreased by approximately 5%
in the presence of CNCs, after 48h. The authors confirmed that the presence of CNCs
improved interactions with polyethylenimine, a cationic polyelectrolyte polymer, forming a

denser structure of the bead and reducing liberation of PAA.

2.4.4 Modification of CNCs

Due to the large number of hydroxyl groups on their surface, CNCs are considered
hydrophilic. However, in order not to limit their application to aqueous solutions,
appropriate surface modification can improve their dispersion into hydrophobic matrices.
Some of the major chemical modifications that occur with CNCs are acylation, polymer
grafting, oxidation, layer-by-layer organization, cationic surface modification or radiation-
induced graft polymerization reactions. In this section, only the reactions of CNCs with
gamma irradiation, as well as the radical grafting mechanism of various compounds, will

be reviewed.

Physical Methods for Cellulose Functionalization

In comparison to chemical modification of CNCs, physical methods are procedures that
are considered less rigorous and where lower amounts of reagents are required to
facilitate reactions. In cellulose, treatments such as plasma (Brioude et al., 2015; Zhang
et al., 2018), electron beam, UV (Buesch et al., 2016; Furtak-Wrona et al., 2018; Hai and
Bum Seo, 2017) and gamma irradiation (Henniges et al., 2012) have been proposed for
modification of cellulose. In this study, the use of gamma irradiation will be evaluated as

a tool for oxidizing CNCs.
Gamma irradiation

Gamma irradiation is a process that uses the isotope cobalt® (Co®) as a high energy
source. Other sources of gamma-rays is the isotope of cesium™’ (Cs™"), however due to
its limited capacity of being extracted, cobalt remains the main source of this type of
irradiation (Satin, 1993). Gamma irradiation is characterized for its powerful penetration

capability in materials, allowing the control of microorganism growth in food and also the
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sterilization of medical devices (Nguyen et al., 2007), pharmaceutical ingredients,

excipients, and drugs (Hasanain et al., 2014).

When applied to polymers, the use of gamma irradiation favours the formation of
radicals, allowing cross-linking reactions such as vulcanization in rubber,
polyethylene/ethylene-vinyl acetate blends (Martinez-Pardo and Vera-Graziano, 1995) or
grafting of molecules on fibers (Le Moigne et al., 2017; Roy et al., 2009), and
polysaccharides (Irimia et al.,, 2017). Generally, grafting reactions using gamma
irradiation occur at low doses (< 20 kGy) and two different methods exist (Roy et al.,
2009). The first method is called pre-irradiation which consists in irradiating a cellulose
substrate followed by the introduction of monomers or reagents to the solution (Takacs
et al., 2005). In the second method, called mutual irradiation, both a cellulose substrate
and a monomer solution are irradiated simultaneously (Sonnier et al., 2015). Both types
of grafting reactions have been applied to cellulosic materials using either monomers
such as acrylamide, acrylic acid or 2-hydroxypropylacrylate (HPA) through the pre-
irradiation approach at irradiation doses of 5 - 40 kGy (Takécs et al., 2005) or phosphoric
flame retardant molecule on flax fabric via mutual irradiation treatment at 50 kGy
(Sonnier et al., 2015).

In the paper industry, irradiation was first proposed for two purposes: as a treatment to
prevent the microbiological attack by fungi and mold in confined paper (Butterfield, 1987;
Sinco, 2000), and as a prevention of diseases for people in contact with the fungal issue
(Gambale et al., 1993). Results demonstrated that elimination of microbial charge was
effective (Urban et al. 1978), but the irradiated paper showed a decrease in tear and fold
resistance (Butterfield, 1987; Flores, 1976; Horakova and Martinek, 1984; Kubat et al.,
1968).

Since then, in order to understand the effect of gamma irradiation on cellulose itself and
lignocellulosic material (jute), further studies have been performed (Glegg and Kertesz,
1957; Sultanov and Turaev, 1996; Takacs et al., 1999). At high doses, results show a
decrease in the degree of polymerization of cellulose and the formation of carbonyl
groups (Lee, 1987). As explained by Takacs et al. (1999) the radiation causes the
formation of radicals on the main backbone chain (Fig. 10), resulting in anhydroglucose
rings opening and rupture of glycosidic bonds. Henniges et al. (2012) were in agreement

with the conclusions reported by Takacs et al. (1999) who found that doses of 10 kGy
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increased by 60% the carbonyl groups content in bleached sulphite pulp and showed a

decrease of molecular weight.

Gamma-radiatio

3O+

OH OH
%OH "2
HO . s (o) e RCHO, RCOOH, CO,, CO
OH
OH

Fig. 10 Proposed reaction pathway of gamma-rays on C; and C, of cellulose adapted from
(Ponomarev and Ershov, 2014, Sanchez Orozco et al., 2012, Sokhey and Hanna, 1993,

Sultanov and Turaev, 1996).

Like Henniges et al. (2012) and Takacs et al. (1999), it was claimed that irradiation on
cotton leads to the formation of carboxylic acid groups (Bouchard et al. 2006) close to
313 mmol COOH/kg at irradiating dose of 4.5 MeV and 140 kGy. Similar to gamma
irradiation, chemical approaches reported changes on CNCs by using 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) in TEMPO-mediated oxidation (de Nooy et al,
1994; Habibi et al., 2006) leading to a concentration of 599 mmol COOH/kg CNCs after
a reaction time of 4h without significant formation of aldehyde groups (Carlsson et al.,
2014). In agreement with these studies, Fraschini et al. (2017) studied the formation of
total acid groups on CNCs through TEMPO-oxidation, observing approximately 1200
mmol of total acid groups per kg CNC, without significant changes on the half-ester

sulfate content or the crystalline structure of the crystals.

On the other hand, research studies performed on gamma irradiation of polysaccharides
such as carrageenan (Abad et al., 2013) or chitosan (Feng et al., 2008) showed that the
molecular weight of the polymer backbone decreases when irradiation increased. By
testing the radical scavenging capacity, the authors observed that increasing irradiation
doses led to high antioxidant properties. For example, irradiated chitosan at 2, 10, and
20 kGy showed radical scavenging (RS%) of 41, 47 and 64% compared to 20 % RS in
pure chitosan (Feng et al., 2008). This phenomenon was suggested by Feng et al.
(2008) as a decrease of the intermolecular interactions and further availability of the

functional amine group in chitosan polymers. Similar conclusions were made by Abad et
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al. (2013) from whom the increased antioxidant capacity was ascribed to increased

reducing capacity in the irradiated carragenan.

To the best of our knowledge, no study has been done before on gamma irradiation of
CNCs with the aim to create new functional groups and by its functionalization the
addition of new antioxidant properties to the nanoparticles. Based on published studies
of irradiated cellulose and polysaccharides such as carrageenan and chitosan, one of
the purposes of this thesis was to understand the changes in functionalities and
properties of CNCs when gamma irradiation was applied.

2.5 Wholesomeness/toxicity of CNCs for Food Applications

As discussed in the previous sections, the presence of CNCs can bring many benefits in
terms of performance in food packaging such as enhancement of mechanical properties,
increased oxygen barrier, and contribution to antimicrobial and antioxidant activities.
However, when nanometric particles (NPs) are embedded in a material, migration can
occur, becoming a potential problem that should not be dismissed. Simon et al. (2008)
stated that small particles are prone to migrate when they are embedded in matrices of

low viscosity with no interaction with the polymeric matrix.

In order to resolve any doubts related to particle migration, studies have been performed
to understand the release of monomers from polymeric PLA material in food-simulating
solvents (Conn et al., 1995), and recent studies have been done on CNC migration from
PHB and PLA matrices as examples (Dhar et al., 2015; Dhar et al., 2017). In CNCs-
reported studies, the authors (Dhar et al., 2015; Dhar et al., 2017) were in agreement
that the overall migrated amount of the films did not exceed the 10 mg/dm?® or the 60
mg/kg of simulant, as it was the limit established by the European Commission Directive
2002/72/EC (2002).

Despite the fact that migration might or might not occur through the food packaging,
guidelines and regulations have been created based on the use of NPs in contact with
food with the aim of guaranteeing the safety of the consumer. Being aware of the use of
nanoparticles in food, agencies such as Food and Drug Administrations, in the United
States, has published documents in order to guide manufacturers or end-users of food
ingredients to assess the regulatory status of a food substance. Without declaring or
categorically judging the technology as harmful or benign, these guidelines were stated

to assess the safeness of the product by:
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1) Declaring the identity of the substance (i.e., hame, chemical formula (e), source,

gquantitive composition, impurities and contaminants, and its physical properties
2) Determining the technical effect or functionality of the substance in the food matrix

3) Stablishing the self-limiting levels of use and the safety assessment of the food
substance. For instance, if altering the size of the particle affects the palability

perspective or other parameters for self-limiting acceptance.

4) Evaluating the effect of the size on the bioavailability of the product through the
absorption, distribution, metabolism, and excretion of the substance in the body. Thus, if
higher rates of absorption due to changes of size are obtained, new required ammounts
of the final product should be reconsidered.

5) Declare the impurities/contaminants of the product that can affect its purity.

Even though, the evaluation of nanoparticles is a case-by-case situation, there have
been advances in the scientific field that evaluate their toxicity. For example, in living
organisms and cells, the effect of CNCs contact with dermal, oral system and human
cells has been studied in literature (Cretu et al., 2017; Du et al., 2015; Harper et al.,
2016; Kovacs et al., 2010; Menas et al., 2017; Shvedova et al., 2016; Weiss et al.,
2006). Dermal studies carried out by O’Connor et al. (2014) demonstrated that no effect
was observed in mice treated with 25 pL of CNCs at different concentrations from 2.5 to
10.7% applied on the ear dorsum. In the oral system, Roman (2015) suggested that the
transfer of CNCs bearing negatively charged sulfate half-ester groups are less prone to
pass through the gastrointestinal tract due to the slow diffusion in the negatively charged
mucus. In the same system, acute oral toxicity tests were done to determine the
maximum concentration of CNCs for the oral gavage of Cr1:CD(SD)BR rats. During the
test period at feeding the rats with daily concentrations of 500; 1,000; and 2,000 mg/kg
of CNCs, no adverse effects or toxicity were observed (O’Connor et al., 2014).

Other authors have reported that at low concentration of CNCs no significant cytotoxicity
in different cell types: human brain microvascular endothelial (Roman et al., 2009),
gingival fibroblast (Villanova et al., 2011) L929 human brain microvascular endothelial
(Dong et al., 1998) and NIH 313 fibroblast (Yang et al., 2013).

Even if previous studies demonstrated non-toxicity to human cells or the environment,

parameters such as dispersibility, exposure time, sources, preparation, and surface
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chemistry of the nanoparticles with the surrounding environment might be evaluated on
a case-by-case basis in order to assess a complete safe evaluation of the CNCs when
migrated from food. So far, new regulations and adequate techniques for evaluation of
migration and safety remain under development.
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3. GENERAL OBJECTIVE, HYPOTHESIS, SPECIFIC OBJECTIVES
AND METHODOLOGIES

3.1 General Objective

The general objective of this research was to evaluate the potential use of cellulose

nanocrystals as:
- an active surface to be functionalized by means of gamma irradiation,

- a reinforcing agent in biopolymeric networks to assure a controlled release of natural

antimicrobial molecules over time,
- a potential antioxidant to insure food innocuity and stability during storage.

- To evaluate the combined treatments: active biopolymers and gamma irradiation to

assure food safety.

3.2 Hypothesis

3.2.1) Gamma irradiation promotes the modification of cellulose nanocrystals which
allows the improvement or permits the grafting of bioactive compounds to bring

antioxidant properties.
3.2.2) The addition of CNCs enhances the mechanical properties of biopolymers.

3.2.3) The introduction of CNCs in biopolymer containing antimicrobial properties insures
the controlled release and extends the bioactivity of active compounds during food

processing and storage periods.

3.2.4) The addition of CNCs in biopolymer films improves their barrier properties and

prevents oxidation of food components.

3.3 Specific Objectives

3.3.1) Determine the ability of gamma irradiation in combination with redox chemistry to

introduce antioxidant functionality onto CNCs' surface.

3.3.2) Assess and quantify the functional groups grafted at the surface of CNCs.
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3.3.3) Introduce CNCs in polymeric matrices and evaluate their reinforcing properties by

standard techniques.

3.3.4) Develop a method to encapsulate essential oil in biopolymers using CNCs and
evaluate the presence of these CNCs on the release of the bioactive compound (from

the EO) in an in vitro simulated meat condition.

3.3.5) Determine the antimicrobial activity of encapsulated active molecules in
nanocomposite biopolymers against pathogenic bacteria in meat and the possible
synergistic effect with gamma irradiation.

3.3.6) Evaluate the oxygen permeability and UV light barrier of the biopolymer
nanocomposite films loaded with CNCs and their capacity to limit the lipid oxidation of
food matrices.

3.4 Methodologies

3.4.1) Functionalization of gamma irradiated CNCs was monitored by Purpald® test and
conductometric titration (Metrohm, Canada) for quantification of aldehyde and carboxylic
acid groups, respectively according to Quenseberry and Lee (1996) and Katz et al.,
(1984).

3.4.2) Functionalization of modified CNCs by irradiation was determined by FTIR
spectroscopy (Perkin-Elmer, Canada).

3.4.3) The determination of antioxidant properties of CNCs was performed by the
antiradical tests DPPD (Han et al. 2011), DPPH assay, and the total antioxidant capacity

was assessed according to Dasgupta and De (2004).

3.4.4) Mechanical properties (tensile strength, elongation at break, and Young modulus)
of reinforced polymeric matrices loaded with CNCs were measured with a Universal
Testing Machine Model H5KT (Tinius Olsen, USA) according to Huq et al. (2012).

3.4.5) Alginate polymer cross-linked with calcium chloride in a bead-shaped formulation
and reinforced with CNCs was used for the encapsulation of bioactive compounds.
Different concentrations of CNCs (0-30%) were added to this formulation. Analysis of the
bioactive compound release was performed in 10% aqueous-ethanol as a simulating
solvent for meat where the alginate beads were immersed in the ethanol solution

according to Jamshidian et al. (2012). The cumulative release (%) of active compounds
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over storage time was evaluated by UV spectroscopy (Scinco, ON, Canada) using an

empirical model from Korsmeyer-Peppas (1983).

3.4.6) The antimicrobial properties against Listeria of active beads were evaluated as
function of storage time in meat. The growth of total mesophilic flora (MTF) was
calculated according to Dussault et al. (2012). The synergistic effect of the active beads

with gamma irradiation on bacteria was also determined according to Huq et al. (2015).

3.4.7) Alginate films loaded with different concentrations of CNCs were prepared by
casting and oxygen barrier properties testing and UV transmission were performed using
an OX-TRAN Model 1/50 (Mocon, USA) at 0, 50 and 70% RH according to Fortunati et
al. (2016) and a Cary 100 Bio UV-Visible spectrophotometer (Agilent technologies,
Canada) according to Dai et al. (2016).

3.4.8) In situ antioxidant properties of the edible coating formulation based on alginate
based films loaded with CNCs were evaluated using peroxide values (Bakota, 2014).
The antioxidant properties were also evaluated by the analysis of the TBARS values on
chicken (Oussalah et al., 2004).
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RESUME

Des propriétés antiradicalaires ont été conférées a des nanocristaux de cellulose
(CNCs) par lintermédiaire d’'un couple redox initiateur et d’'un traitement par irradiation
gamma. Différentes procédures ont été testées sur des suspensions de CNCs, une
réaction de 2 h avec le couple peroxyde d’hydrogéne (H,O,)/acide ascorbique (AA) a été
choisie comme étape préliminaire. Les CNCs ont ensuite été traités par irradiation
gamma a une dose de 20 kGy puis l'acide gallique (GA) a été ajouté a la suspension.
Apres 24 h de réaction, le produit CNC-H,0,-AA-y-GA a été généré. La formation de
nouveaux groupements carboxyliques et carbonyles a été caractérisée par analyse FTIR
grace a la présence de bandes a respectivement 1650 et 1730 cm™. Ces groupes ont
été également quantifiés par titrage conductimétrique ot une augmentation de 49 a 134
mmol COOH/kg a été observée pour les CNCs natifs et irradiés, respectivement. Une
augmentation similaire du nombre de groupements carboxyliques (132 mmol/kg) a
également été observée dans les échantillons CNC-H,0,-AA-y-GA qui ont démontré des
propriétés antiradicalaires significatives (8 mM Eq Trolox/mg de CNCs). Une analyse
thermogravimétrique a confirmé les changements structuraux des CNCs. Un film
d'emballage a base de gomme gellane contenant 20% de CNC-H,O,-AA-y-GA a été
préparé afin d'évaluer ses propriétés mécaniques. Une amélioration significative (p <
0.05) de la résistance a la traction (TS), du module de traction (TM), de l'allongement a
la rupture (Eb) et la perméabilité a la vapeur d'eau (WVP) a été observée lorsque les
CNC-H,0,-AA-y-GA ont été ajoutés au film d'emballage.

ABSTRACT

Antiradical properties were introduced on cellulose nanocrystals (CNCs) by redox pair
(RP) initiator and y-radiation treatments. Different procedures were tested on CNCs, first
a 2 h reaction of hydrogen peroxide (H,0O,)/ascorbic acid (AA) was performed on CNCs
solution. y-radiation treatment at 20 kGy dose was then applied and immediately after
GA was reacted during 24 h with the pretreated CNCs, giving CNC-H,0,-AA-y-GA. The
formation of new carboxylic acids and carbonyl groups were characterized by FTIR at
1650 and 1730 cm™ respectively. Carboxylic acid functionalities were also analysed by
conductometric titration where an increase from 49 to 134 mmol COOH/kg was found
from native to irradiated CNCs. A similar increase of carboxylic acids (132 mmol/kg) was
observed in CNC-H,0,-AA-y-GA, showing the highest radical scavenging properties (8
mM Trolox eq/mg CNC). Thermogravimetric analysis confirmed the structural changes
onto CNCs are presented in the molecule. Film packaging containing 20% of CNC-H,0,-
AA-y-GA was then added to a gellan based film packaging. A significant improvement (p
< 0.05) of the tensile strength (TS), the tensile modulus (TM), and the elongation at
break (Eb) and a water vapor permeability (WVP) reduction was observed when CNC-
H,0,-AA-y-GA was added to the film packaging formulation.
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4.1 Introduction

Currently, scientists challenge lies on the use of active biopolymers, which have the
potential to preserve food and protect it from antimicrobial attack in food packaging
(Bautista-Barios et al., 2006). However, the use of a biodegradable film has some
limitations such as poor vapor barrier, weak mechanical properties (Khan et al., 2014)
and weak antimicrobial effects (Zivanovic et al., 2005). In order to improve the
functionality of bio-polysaccharide based films, addition of active reinforcements has
been proposed. Several composites have been developed by adding reinforcement
agents such as clays, silica or silver to polymers in order to enhance their thermal,
mechanical, and barrier properties (Azeredo, 2009). A uniform dispersion of these
reinforcement particles in polymer matrices can lead to a better molecular mobility,
relaxation behavior and the consequent thermal and mechanical properties of the
material. According to Suyatma et al. (2005) a reinforcing agent increases the physico-
chemical properties, acting as a lubricant in a polymer network. Taking into account that
polymer-polymer interactions within polymer chains are made of hydrogen bonding and
van der Waals forces, a reinforcing agent role is to break down these bonds and
increase the flexibility of the polymer network. Luduefia et al. (2007) have demonstrated
that the smaller the filler particles loaded in polymer matrices, the better the interaction in
the polymer network and the higher the cost-price efficiency. In this context several
nanoreinforcements have been interesting due to their high surface that provides better
reinforcement effects (Ray et al., 2006; Sun et al., 2007; Azeredo et al., 2009; Klemm et
al., 2009; Rhim et al., 2013).

Interest has been found in using cellulose nanoreinforcements as the main components
in the manufacture of biodegradable packaging materials (Erdohan and Turhan, 2005;
Ye and Farriol, 2006; Shih et al., 2009), in addition to the stimulating search for non-
petroleum-based structural materials (Dufresne, 2012). Cellulose is an organic polymer
known to occur in a wide variety of living species from the world of plants, bacteria and
animals. Cellulose structure consists of a linear homopolymer of -1, 4 linked units of
glycopyranose (Ray et al., 2006). It is important to underline that cellulose has the
advantage of having an abundance of hydroxyl groups at its surface, thus, chemical
modifications of these functional sites can be performed and other functionalities,
besides mechanical, can be added to the polymer. Bioactive materials in polymer

matrices can provide both high mechanical and biological potential. The attachment of
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antioxidant and antimicrobial molecules to polymers has been applied by several authors
(Curcio et al., 2009; Spizzirri et al., 2009, 2010; Cho et al., 2011; Liu et al., 2014). Based
on the beneficial effect for human health and food conservation, the use of antioxidants
has been suggested as promising treatment for diseases (Seifried et al., 2007).
Polyphenols are usually referred to have numerous biological activities, in particular as
antimicrobials and antioxidants (Cho et al., 2011). Gallic acid (GA) is a natural phenolic
compound providing antioxidant properties. This compound is widely present in many
plants and fruits as a secondary polyphenolic metabolite (Lu et al., 2006). As an
antioxidant, this compound can play an important role in nutraceutical, pharmacological
and food applications for scavenging free radicals (Kanai and Okano, 1998; Dwibedy et
al., 1999).

Grafting antioxidant molecules to biopolymer backbone has been presented in literature
by the authors Spizzirri et al. (2009), Curcio et al. (2009), and Liu et al. (2013). The
suggested mechanism of reaction includes the formation of hydroxyl radicals created
from a reduction-oxidation pair composed of peroxide hydrogen and ascorbic acid. The
role of the redox pair (peroxide hydrogen and ascorbic acid) is based on the formation of
hydroxyl radicals, generated by the oxidation of ascorbic acid into the formation of an
intermediate molecule or called ascorbyl radical (Kitagawa and Tokiwa, 2006). It is then
suggested that the produced hydroxyl radical interact with the polysaccharide backbone,
allowing the grafting of macroradical polysaccharide with antioxidant molecules.
However, a stronger grafting procedure can be carried out when gamma-irradiation is
applied. Radiation technology has been considered as a tool for surface grafting and
reactive improvement (Singh and Silverman, 1992; Woods and Pikaev, 1994; Zaharescu
et al., 1999). One of the advantages of using this method is the formation of strong
bridges between molecules (Ratham et al., 2006).

The aim of this study was to evaluate the effect of the redox pair (hydrogen peroxide and
ascorbic acid) and the gamma irradiation in order to enhance the antiradical properties of
adding gallic acid to cellulose nanocrystals (CNCs). Thus, the modified CNCs were then
used to prepare antioxidant based gellan film packaging and the radical scavenging,

mechanical, and barrier properties were evaluated.
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4.2 Experimental Section

4.2.1 Materials

3,4,5 trihydroxybenzoic acid anhydrate (gallic acid (GA)), L-ascorbic acid (AA), hydrogen
peroxide (H,O,) (8M), sodium chloride, Dowex® Marathon C™ cation-exchange resin,
sodium hydroxide, N,N-diethyl-p-phenylenediamine sulfate salt (DPPD), 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox®) were purchased from Sigma
Aldrich chemie GmbH (Oakville, ON, Canada). Freeze-dried CNCs were kindly provided
by FPInnovations (Pointe-Claire, QC, Canada) from where CNCs was produced
according to the modified procedure described in literature (Dong et al. 1998).

For the preparation of the films, gellan gum Kelcogel® F was kindly given by CPKelco
(San Diego, California, USA), calcium chloride and glycerol were purchased from MAT

laboratory (Quebec, QC, Canada).

Methods

4.2.2 Modification of CNCs

CNCs were treated by different procedures in order to produce a new nanomaterial with
antioxidant properties. CNCs derivatives were studied after treatments such as gamma
irradiation, chemical reaction with the redox pair peroxide hydrogen and ascorbic acid,
and the antioxidant gallic acid (GA). Thus, CNCs were irradiated at 20 kGy (CNC-y) or
reacted with the redox pair (RP) for 2 h (CNC-H,0,-AA) under magnetic stirring. By
combining these methods, RP was firstly added to CNCs and after 2 h of reaction the
solution was irradiated at 20 kGy (CNC-H,0,-AA-y).

A 100 mL solution of CNCs at 0.5% (w/w) was prepared in deionized water. Vacuum and
oxygen-free nitrogen gases were passed through the solution for a minimum of 5
minutes before irradiation. The irradiation treatment was immediately followed at the
Canadian Irradiation Center in a gamma ray Underwater Calibrator-15A irradiator
equipped with a ®®Co source and having a dose rate of 16.536 kGy/h (0.2756 kGy/min)
(Nordion Inc., Kanata, ON, Canada). The sample of CNC-H,O,-AA was reacted with 135
mg of ascorbic acid and 567 uL of hydrogen peroxide (8 M) at 25 °C for 2 h under

magnetic stirring. The addition of 0.75 g of gallic acid was done immediately after
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irradiation and the solution was then stirred for 24 h (CNC-H,0,-AA-y-GA). The
proposed mechanisms of reaction and treatment procedures are shown in Figures 11
and 12. The grafted CNCs were dialyzed against distilled water for 48 h in 12-14 kDa

membranes in order to eliminate unreacted products, and then freeze-dried.
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Fig. 11 Schema of proposed mechanism of reaction of gallic acid with CNC by means of a
redox pair followed by gamma-irradiation
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Fig. 12 Schema of treatments performed onto CNC

4.2.3 lon Exchange (protonation) Treatment

CNC suspensions were treated to convert sodium carboxylate and sulfate ester groups
into their protonated acid form. Aqueous suspensions were placed over Dowex®
Marathon C™ cation-exchange resin and gently stirred for at least 2 h at room
temperature. Resin beads were then removed by filtration with a Whatman GF/F glass

microfibre filter (pore size 0.7 pm).

4.2.4 Characterization of CNCs by Fourier Transform Infrared (FTIR)

Characterization of native and CNCs derivatives were done by FTIR. A Spectrum One
spectrophotometer (Perkin-Elmer, Woodbridge, ON, Canada) equipped with an
attenuated total reflectance (ATR) device for solids analysis and a high linearity lithium
tantalate (HLLT) detector was used for testing the freeze-dried samples. Spectra were
analyzed using the Spectrum software within the spectral region of 4000 to 650 cm™ with
64 scans recorded at a 4 cm™ resolution. After attenuation of total reflectance and
baseline correction, spectra were normalized at 1200 cm™ with a limit ordinate of 1.5
absorbance units. The resulted FTIR spectra of CNCs, CNC-y, CNC-H,0,-AA CNC-
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H,0,-AA-y. CNC-H,0,-AA-y-GA, were compared to evaluate the functional groups
freshly introduced on CNCs.

4.2.5 Carboxylic Acid Content Determination by Conductometric Titration

The carboxyl content of the CNC samples was determined using conductometric titration
according to a method derived for the titration of cellulosic fibres (Katz et al., 1984).
Suspensions of protonated CNCs containing 0.053 g of solid content were titrated with
0.01 M NaOH using a 809 Titrando automatic titrator (Metrohm, Canada) in the presence
of 1.0 mM NacCl. Typical titration curves (Fig. 13) exhibit two discontinuities assigned to
the presence of a strong acid (i.e., sulfate ester groups introduced during the CNCs
production process) and a weak acid (i.e., carboxylic acid groups introduced during the
irradiation/grafting process). Therefore, the carboxyl content of the sample is given by
the following equation:

[COOH] = ((Vz'vl)*CNaOH)/mCNC in mmOI/kg (ll)

Where V; is the volume of NaOH (in mL), Cnaon is the exact NaOH concentration (in

mol/L) and mcyc is the dry weight of the sample (in kg).

4.2.6 Thermo Gravimetric Analysis (TGA)

The dried CNCs (15 mg) were pressed by hand in a home-made mold to generate
cylinder-shape pellets fitting into the TGA platinum pans. The pellet dimensions were 6.6
mm in diameter and ~4 mm in height. Experiments were conducted in the
thermogravimetric analyzer Q5000IR (TA Instruments, New Castle, DE, USA). An air
vector gas flow rate of 20 mL/min was used. Runs were performed from 50°C to 600°C
at a heating rate of 10°C/min. Data processing was performed using Universal

Analysis™ software.

62



350 4

300 4

250 o

Strong Acid
(0S03H) Excess Base

(NaDH)

200 4

Conductivity (uS/cm)

150 4

Weak Acid
(coOH)

100 4

Vi vz

50

0 5 10 15
V NaOH (mL)

Fig. 13 Example of conductometric titration curve of protonated CNC containing weak acid
groups

4.2.7 Free Radical Scavenger Properties

Radical scavenger properties of CNC solutions were evaluated in accordance with the
procedure described by Han et al. (2011) using N,N-diethyl-p-phenylenediamine sulfate
salt (DPPD) reagent. A volume of 200 pL of each CNCs derivative was placed in an
electrolytic cell (platinum electrodes) containing 3 mL of NaCl (0.15 M), then submitted to
electrolysis for 1 min (10 mA DC, 400 V). After electrolysis, a 200 uL aliquot of the
electrolyte was added to 2 mL of DPPD (2.5% w/v) solution. The generated reactive
oxygen species (ROS) such as superoxide anions (-O,), singlet oxygen (*O,), hydroxyl
radicals (‘OH) and their by-products (H,O, and OCI) instantly react with DPPD to
generate a red coloration measured at 515 nm with a Cary 1 UV-visible
spectrophotometer (Varian Canada Inc., Mississauga, ON, Canada). The colorimetric
reaction is calibrated in a percentage scale using i) a negative control of the non-
electrolyzed NaCl solution with 200 pL of ethanol solution 30% (v/v) ascribed to 100%
radical scavenging (absence of ROS) and ii) a positive control ascribed to 0%
scavenging i.e. the electrolyzed NaCl with 200 pL of ethanol 30% (v/v) solution
(maximum concentration of ROS). From these considerations, the DPPD scavenging

percentage is calculated using the following equation:

DPPD Scavenging (%) = [1 - [(Asample — Ap) / (A — A)]] x 100% (12)
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in which A, is the absorbance of negative control and A, the absorbance of positive
control. The antiradical activity of either CNCs derivative or antioxidant film was
estimated from a standard curve by plotting DPPD scavenging vs. 1-4 mM of 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox®). DPPD scavenging capacity was

expressed in mM Trolox eg/mg of solution (RS/mg CNC).

A mass of 100 mg of each dried packaging film was used to evaluate the effect of
antioxidant CNCs that were embedded into the gellan-based film.

Packaging films preparation

A gellan gum solution of 1% (w/w) containing 1% (w/w) of glycerol was prepared in
distilled water. Different concentrations of antioxidant CNCs ((0-20%) w/w gellan gum in
dry basis) were mixed with this polymer solution. A volume of 20 mL of the film
formulation was spread onto Petri dishes and after 3 days drying at 25°C (x 1°C), 2 mL
of calcium chloride solution at 1.5 % (w/v) was spread over the pre-dried films and let to
air dry for 24 h. Afterwards, the dried films were stored at room temperature (25 + 1°C)
for at least 24 h in a desiccator containing satured NaBr solution to ensure a stabilized
atmosphere of 56% RH.

4.2.8 Mechanical Properties of Films

Film Thickness and Width

Thickness of gellan based-film containing CNCs or CNC-H,0,-AA-y-GA was measured
by using Mitutoyo digimatic indicator (Mitutoyo MFG Co. Ltd, Tokyo, Japan) with a

resolution of 0.001 mm, at five random positions around the film.
Tensile Strength, Tensile Modulus and Elongation at break

The tensile strength (TS), tensile modulus (TM), and elongation at break (Eb) of gellan-
based films were evaluated. Films were cut in a rectangular shape with a width of
approximately 12 mm. The width was then measured using a Traceable® Carbon Fiber
Digital Caliper (resolution of 0.1 mm; Fisher Scientific, ON, Canada), at three random
positions. Mechanical properties were carried out measured according to the ASTM
D638-99 method (1999) using a Universal Testing Machine (model H5KT; Tinius Olsen
Testing Machine Co., Inc., Horsham, PA, USA), equipped with a 100 N-load cell (type
FBB) and 1.5 kN-specimen grips. TS (MPa), TM (MPa), and Eb (%) values were
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automatically collected after the film break due to elongation, using Test Navigator® 7

software.

4.2.9 Water Vapor Permeability (WVP) of Films

The WVP tests were conducted gravimetrically using the ASTM (1983) procedure. CNCs
and CNC-H,0,-AA-y-GA loaded gellan films were mechanically sealed onto vapometer
cells (No. 68-1, Thwing-Albert Instrument Company, West Berlin, NJ) containing 30 g of
anhydrous calcium chloride (0% RH). The cells were initially weighed and placed in a
Shellab 9010 L controlled humidity chamber (Sheldon Manufacturing, Cornelius, OR,
USA) maintained at 25°C and 60% RH for 24 h, corresponding to a vapor pressure of
3.282 kPa. The cells were weighed before and after 24 h and the WVP was calculated

as shown in equation (13)
WVP (g:-mm/m?-day-kPa) = Aw-x/A-AP (13)

Where AP corresponds to differential vapor pressure of the water through the film (3.282
kPa at 25 °C and 60% RH) and Aw refers to the difference between final and initial
weight. A is the area of exposed surface of the film (31.67 x 10 m?) and x the film

thickness expressed in mm.

4.3 Statistical Analysis

Analysis of variance ANOVA and Duncan's multiple-range test were used to perform
statistical analysis for each experiment, using PASW Statistics Base 16 software (SPSS
Inc., Chicago, IL, USA). Differences between means were considered to be significant
when p < 0.05.

4.4 Results

4.4.1 FTIR analysis

The formation of novel functional groups on CNCs were studied by analyzing the FTIR
spectra of CNCs, CNC-y, CNC-AA-H,0,, CNC-H,0,-AA-y CNC-H,0,-AA-y-GA freeze-
dried at pH 7.0 (Fig. 14). The absorption peaks of native CNCs are mainly assignable to
the stretching vibrations of hydroxyl groups at 3600-3200 cm™ and the C-H stretching
vibration of aliphatic chains at 2930 cm™ as it was described by Huq et al. (2012). In

addition, an increased intensity of the peak at 1650 cm™ corresponds to the carbonyl
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vibration of carboxylate anions (overlapped with adsorbed water) introduced onto
cellulose nanocrystals. It is important to highlight that this band was able to be detected
due to the CNCs' pH (7) which allowed the observation of carboxylate moeities (Oomens
and Steill, 2008) of CNCs compared to the carboxylic acid groupes (COOH) observed at
lower pH (Landgraf et al., 1998) and observed at 1750 cm™. It was also noticed that
peaks from 1382-1375 cm™ correspond to C-H bending, while 1300-1100 cm™ are due
to the C-O-C stretch vibration of the ether linkage of the pyranose ring. After treatment of
CNCs either with irradiation or RP a new stretching band appears at 1730 cm™ related to
the introduction of C=0 groups onto native CNCs.

Fig. 14 FTIR spectra of CNC (Black), CNC-H,0,-AA (Green), CNC-y (Yellow), CNC-H,0,-AA-
y (Blue) and CNC-H,0,-AA-y-GA (Red)

The presence of these carbonyl groups can be explained by the introduction of
aldehyde, ketone or ester functionalities mostly due to irradiation and/or chemical
treatment with RP. Compared to irradiated CNCs (CNC-y) at dose rate of 20 kGy
followed by the CNC-H,0,-AA-y, native CNCs showed a low intensity absorbance
detected by FTIR analysis. At the same wavelength high intensities were observed when
redox pair, gamma-irradiation and gallic acid were used. Therefore, modifications of
CNC were supported by the formation of new bonds related to carbonyl new linkages
which will be supported by further analysis.
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4.4.2 Conductometric Titration of CNCs

Concentration of carboxylic acid groups of CNCs was determined by conductometric
titration and the results are shown in Table 4. Native CNC exhibits a concentration of
carboxylic acid groups on its surface of 49 mmol/kg. A 173% concentration increase was
observed following the gamma-irradiation treatment. It is important to highlight that
CNCs treated with the redox group presented as well a higher concentration of COOH
groups (128 mmol COOH/kg CNC) compared to native CNCs. Concentration of COOH
groups in CNC-H,0,-AA (128 mmol COOH/kg CNC) was close to the value observed in
CNC-H,0,-AA-y (121 mmol COOH/kg CNC), showing that irradiation treatment
performed after reaction with RP did not introduce additional acidic groups. It can be
suggested that formation of new carboxylic groups on modified CNCs observed in Table
4 was related to different types of oxidation. Oxidation of cellulose by gamma-irradiation
has been already discussed in literature (Bouchard et al., 2006; Henniges et al., 2012;
Baccaro et al.,, 2013) suggesting that high irradiation doses induces the formation of
carbonyl groups and scission of cellulose chains. Similar to gamma-irradiation, it was
also observed by Li et al. (2019) that cellulosic fibers were oxidized by a mechanism
called Fenton reaction where ferrous ions are oxidized by hydrogen peroxide and
reaction result in a production of hydroxyl radicals. It is suggested by Li et al. (2019) that
this reaction carried in fibers lead to a decrease of degree of polymerization (DP from
800 to 200) of the fibers and the formation of carboxyl groups. Oxidation of ascorbic
acid (AA) by hydrogen peroxide (H,0,) (Deutsch, 1998) has also reported the formation
hydroxyl radicals (Kitagawa and Tokiwa, 2006; Spizzirri et al., 2009) which might explain
the increase of carboxyl groups found in CNCs treated with the reagents. When the
sample was subsequently treated with gallic acid (CNC-H,0,-AA-y-GA), a slight increase
in the amount of carboxylic groups was also observed (from 121 up to 132 mmol
COOH/kg CNC). This observation supports the grafting of a small amount of gallic acid
onto the surface of the crystals. However, even if this amount is below the FTIR
detection limit and could not be seen, the antioxidant properties of the grafted CNCs

were significantly improved.

67



Table 4 Concentration of carboxylic acid groups introduced onto CNC surface

-COOH
Sample
(mmol/kg CNC)

CNC 49
CNC-H,0-AA 128
CNC-y 134
CNC'HzOz-AA-Y 121
CNC-H,0,-AA-y-GA 132

4.4.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) of CNCs and their derivatives is presented in Fig. 15.
They exhibit a small weight loss of 3% due the water evaporation at temperatures from
50 °C to 100 °C. Native CNCs starts to degrade above 250 °C. CNCs derivatives are
less thermally stable as they start to degrade at lower temperatures. For example at 240
°C, CNC-y showed a 17 % mass loss compared to 2% for native CNCs. The influence of
the reaction of CNCs with the RP on the thermal properties is less marked than that of
gamma-irradiation procedure. As it was shown in Table 4, the gamma-irradiation of
CNCs leads to a higher content in carboxylic acid groups compared to the CNCs treated
with the RP. Carboxylic groups are known to be detrimental to CNCs and speed-up the
degradation process of CNCs with increasing temperature. Sharma and Varma (2014)
were in agreement with these results suggesting that cellulose derivatives containing
carboxylic acid functionalities exhibited lower temperature of decomposition (Tonset)
compared to the non-modified cellulose. For instance, 2, 3 dicarboxycellulose had a
Tonset Of 184°C compared to 254°C observed for cellulose. This phenomenon was
explained by the capacity of the carboxyl groups to be released at heating, causing

acceleration on cellulose degradation.

It can be suggested that gamma-irradiation leads to changes on CNCs surface. Again, it
can be shown that reaction of CNCs with RP followed by irradiation (CNC-H,0,-AA-y)
give similar thermal properties to CNC-H,0,-AA, confirming the results found by
conductometric titration. When GA reacts with CNC after treatment of RP and irradiation,

an intermediate thermal behavior is observed.
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Fig. 15 Thermogravimetric analysis (TGA) of native CNC and its derivatives

Because its mass loss is lower than the one observed on irradiated CNCs, it can be
suggested that the gallic acid present on CNCs acts as a protector, on its surface, when
CNCs are under the effect of higher temperatures. Hence, it can be suggested that the
higher thermal degradation observed at lower temperatures might be due to the
introduction of new functional groups when ascorbic acid/peroxide oxygen, gamma-

irradiation and gallic acid are used in treated CNCs.

4.4.4 Radical Scavenging (RS) Capacity of CNCs

Antiradical properties of CNCs derivatives (results expressed in mM Trolox eg/mg CNC)
are shown in Table 5. Gallic acid has been shown to add some antiradical
characteristics to native particles. Indeed, Table 5, shows that once CNCs were reacted
with AA and H,O,, a significant increase from 0.024 mM Trolox eg/mg CNC with native
CNCs to 0.317 mM Trolox eg/mg CNC for CNC-H,0,-AA. When gamma-irradiation
treatment is performed, this value increased up to 1.920 mM Trolox eg/mg CNC for
CNC-y. In literature, it has been investigated that gamma-irradiation exhibits scission of
cellulose chains (Henniges et al., 2012). As it is known, cellulose is linked by 8 (1-4) p-
glucose units. However, contrary to the rest of the chain this polysaccharide has at its

right extremity a free reducing aldehyde group (Lapointe, 2000).
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Table 5 Radical scavenging properties (mM Trolox eq/mg CNC) of CNCs derivatives

Sample mM Trolox eq/mg CNC %St Dev
CNC 0.024 0.001
CNC-H,0,-AA 0.317 0.050
CNC-H,0,-AA-y 0.934 0.058
CNC-y 1.920 0.065
CNC-H,0,-AA-y-GA 8.212 0.130

It is then suggested that the gamma-irradiation exposure on CNCs decreases CNCs
molar mass distribution, thus having a high exposure on aldehyde groups. Depending on
the molecular structures, aldehyde functionalities are found to have an antiradical
activity, which can be similar or lower than their acid counterparts. This phenomenon
was studied by Bountagkidou et al. (2010) that found syringaldehyde and vallinin are
required at 0.16 and 0 mol/mol DPPH to inhibit 50% of the radical level, respectively.
Counterparts of syringic and vanillic acid showed both 0.28 mol/mol DPPH. When O-H
bond dissociation energy are tested in phenolic compounds, low values are found due to
the easy H-atom transfer (Borgohain et al., 2015), however when CHO groups are
present in these compounds the withdrawing effect can be reduced, thus showing a
lower degree of antiradical activity compared to phenolic acids (Di Majo et al., 2011). It
has to be noted that phenolics acids such as gallic acid are known for their capacity to
preserve food due to their antioxidant and antimicrobial properties (Gutiérrez-Larrainzar
et al., 2012). Exposure of the pretreated CNC-H,0,-AA-y to gallic acid led to an
important increase of RS properties with 0.934 mM Trolox egq/mg CNC found in CNC-
H,0,-AA-y. However, by comparing this value with 8.212 mM Trolox eq/mg CNC
obtained for CNC-H,0,-AA-y-GA, it can be concluded the GA has an important effect.
Similar results were observed by Curcio et al. (2009) in relation with the grafting of gallic
acid on chitosan. Results obtained by the group led to conclude that chitosan RS
properties increased from 14% to 92% when GA was grafted to the polysaccharide.
Other research groups have shown the antioxidant character of gallic acid (Yilmaz and
Toledo, 2004; Pasanphan and Chirachanchai, 2008; Cho et al., 2011), which

mechanism was explained by Ji et al. (2006) as an easy deprotonation of GA to form GA
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anion and thus a radical scavenger. In conclusion, it can be noted that the contribution of
gallic acid, even if present in small amount, has a strong impact on the antiradical

properties of CNCs.

4.4.5 Radical Scavenging (RS) Properties of Gellan-based Films

Results of radical scavenging capacity of gellan-based films containing native CNCs or
CNC-H,0,-AA-y-GA are shown in Fig. 16. Results show a significant (p < 0.05) increase
of the RS capacity when CNC-H,0,-AA-y-GA is added at a concentration of 20% (w/w
polymer dry basis) as compared to samples containing native CNCs. Adding 20% (w/w
polymer dry basis) of CNC-H,0,-AA-y-GA to the gellan films can increase the RS value
from 2.51 to 3.75 (p < 0.05). Values of RS of 2.81 and 3.31 mM Trolox were respectively
observed at a CNCs concentration of 5% and 10% of CNC-H,0,-AA-y-GA in gellan-
based films, which is in accordance with the increase of antiradical CNCs. In addition, no
significance (p > 0.05) was observed with the control and concentrations of 5%.
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Fig. 16 Radical scavenging capacity (RS in mM Trolox eq/100 mg of film) of 1% (w/v)
gellan-based films with native CNC or CNC- H,0,-AA-y-GA at different concentrations. The
asterisk indicates the difference with respect to the control

4.4.6 Effect of Modified CNC on Mechanical Properties of Gellan Films

The effect of CNCs addition on the tensile strength (TS) of gellan based film is shown in
Fig. 17. Gellan films were tested with native and modified CNCs. Results show no
significant differences between both types of formulations (p > 0.05). However, the TS of
gellan film increased by increasing the concentration of CNCs or CNC-H,0,-AA-y-GA.
TS values increased from 37 MPa to 49 MPa by adding 20% of either native or modified

71



CNCs (p = 0.05). This gain in strength corresponds to an increase of the film stiffness by
31%. No significant difference (p > 0.05) was found between films containing 10% and
20% CNCs, indicating that 10% of CNC is the optimal concentration for TS.
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Fig. 17 Tensile strength (MPa) for gellan gum films containing CNC or CNC-H,0,-AA-y-GA

For tensile modulus (TM) a significant increase of the TM was observed when the
concentration of CNC or CNC-H,O,-AA-y-GA was higher than 10% (Fig. 18). A
maximum value of 990 MPa was obtained when 20% of CNC or CNC-H,0,-AA-y-GA
was added showing an increase of 51% of the TM compared to the films in absence of
the particle. Khan et al. (2012) also observed a significant increase of the TM by adding
5% of CNC in chitosan-based films. The authors observed an increase from 1590 MPa
to 2971 MPa when concentrations of CNC increased from 0 to 5% respectively. Urefia-
Benavides et al. (2010) also studied the effect of the nanocomposites CNCs in alginate
fibers and they observed an increase of 123 MPa in the TM by adding 10% CNCs in the
films. In agreement with the loading of CNCs in the polymer matrix, it can be explained
that increasing the CNC concentration led to a better interaction with the polymer matrix.
It can be suggested, that a decrease of the mobility of polymer segments is induced and

thus a higher value of tensile strength and tensile modulus can be observed.
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Fig. 18 Tensile modulus (MPa) for gellan gum films containing CNC or CNC-H,0,-AA-y-GA

Results of elongation at break (Eb) of gellan-based films are shown in Fig. 19. A
decrease of the elongation at break by increasing the concentration of CNCs was
observed at concentrations higher than 5% (p = 0.05). A decrease of the elongation at
break of 27% and 40% was noticed at concentrations of 10% and 20% of CNCs,
showing respective values of 9.32% and 6.82% compared to 11.4% for the control
without CNCs, respectively. Similar to TM and TS results, no influence on the elongation
at break of the films was found when gallic acid was attached to CNCs. Similar results
were obtained by Khan et al. (2012) who found that adding CNCs into chitosan-based
films decreases the elongation at break by 8.5% until achieving stable value of 3.9% at
concentrations of CNCs at 10% w/w of chitosan on a dry basis. This behavior might be
correlated with the fact that CNC particles interact with the gellan matrix, thus creating a
resistance to molecule arrangements when external strength is applied to the material.
According to Azizi Samir et al. (2005) and Azeredo et al. (2010), the increase of the
CNCs loading in polymer matrices, allows the CNC to create interactions with their
surrounding molecules. Thus, gellan-based films containing CNCs contribute to the
reinforcement in the mechanical properties due to the presence of CNC. Hence, an
enhancement of TM and TS values can be observed with a decrease of Eb, indicating

higher film stiffness with addition of CNCs.
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Fig. 19 Elongation at break (%) of gellan gum films containing CNC or CNC-H,0,-AA-y-GA

4.4.7 Water Vapor Permeability (WVP)

The WVP results of the gellan films with native CNCs and modified CNCs are presented
in Fig. 20. Results show no significant difference (p > 0.05) between films containing
native and modified CNCs when added at the same concentrations. A significant
reduction of WVP was noticed when 20% of CNCs or CNC-H,0,-AA-y-GA was added
into gellan films as compared to films containing from 0 to 10% CNCs or CNC-H,0,-AA-
y-GA (p < 0.05). Azeredo et al. (2009) found similar correlation in their mango puree
edible films containing cellulose nanofiber (CNF) loadings. A decrease of 0.99 g-mm/m?
-day-pKa of the WVP in films was observed by the group at 36 g of CNF/100g of mango
puree, dry basis. In this study, a decrease of 1.51 g-mm/m*day-pKa was observed in

presence of 20% CNCs in gellan-based films.
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Fig. 20 Water vapor permeability (WVP in g-mm/mz-day-pKa) of gellan films containing
CNCs or CNC-H,0,-AA-y-GA

Thus, CNCs reinforcement on gellan-based films water vapor permeability is decreased
and no effect was noticed for native or modified particles. It can be suggested that,
adding CNC in polymer matrices creates tortuosities between the film components and

this phenomenon can enhance significantly the barrier properties (Azeredo et al., 2010).

4.5 Conclusions

This study has permitted to demonstrate the synergistic effect between gamma-
irradiation and a hydrogen peroxide-ascorbic acid redox pairing as radical initiators to
interact with the antioxidant gallic acid for functionalizing CNCs. Thus, modification of the
CNC structure is presented by FTIR and confirmed by TGA. In addition, a significant
increase of loaded carboxylic acid groups onto CNCs was analyzed by conductometric
titration confirming changes on CNCs. Modified CNCs were then added to a gellan-
based matrix and its antiradical properties were enhanced compared to gellan-based
films loaded with native CNCs. Adding CNC or CNC-H,0,-AA-y-GA improved
significantly the mechanical and barriers properties of gellan-based films and a

concentration of 20% showed antioxidant films.

The development of antioxidant-based films represents an important potential to stabilize
food color and taste by the prevention of oxidation of food components like polyphenols

or polyunsaturated fatty acids.
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RESUME

L'irradiation gamma est un procédé communément utilisé, principalement pour la
stérilisation contre la croissance bactérienne. Cependant, lorsque le procédé est
appligué sur un matériau, des changements physiques et chimiques peuvent en altérer
l'intégrité et le comportement. Le but de cette étude était d'observer I'effet de l'irradiation
gamma sur la chimie de surface des nanocristaux de cellulose (CNCs). La concentration
en groupements carbonyles (fonctions acides carboxyliques et aldéhydes) a été
mesurée afin d'étudier l'influence de la dose d'irradiation. La stabilité thermique, la
mouillabilité et les propriétés antioxydantes ont également été mesurées. Un titrage
conductimétrigue a démontré que la concentration en acides carboxyliques (COOH) est
passée de 43 mmol COOH/kg pour les CNCs natifs (0 kGy) a 631 mmol COOH/kg aprés
application d’'une dose d’irradiation de 80 kGy. Ces changements ont été confirmés par
analyse FTIR et spectroscopie de fluorescence. A une dose d'irradiation élevée, une
diminution significative du degré de polymérisation des chaines de cellulose d’environ
30% a été observée, tandis que la concentration en groupements aldéhydes a été
augmentée jusqu'a 379 mmol CHO/kg du a la rupture des liaisons glycosidiques. Ces
changements physicochimiques ont conduit a une amélioration des propriétés
antioxydantes des CNCs.

ABSTRACT

Gamma irradiation is a common process mostly used for sterilization against bacteria
growth. However, when the process is applied to a material, physical and chemical
changes may alter its integrity and behaviour. The aim of this study was to observe the
effect of y-irradiation on the surface chemistry of CNCs. The carbonyl content (both
carboxylic acid and aldehyde functionalities) was followed to investigate the influence of
the irradiation dose. Thermal stability, wettability and antioxidant properties were also
measured. Conductometric titration showed that the carboxylic acid groups content
(COOH) was increased from 43 mmol COOH/kg CNCs for native CNCs to 631 mmol
COOH/kg CNCs when a dose of 80 kGy was applied. These changes were confirmed by
FTIR and fluorescence spectroscopy. At high irradiation doses, a significant decrease of
approximately 30 % was observed in the cellulose degree of polymerization while the
aldehyde groups content was increased to 379 mmol CHO/kg CNCs due to the cleavage
of glycosidic linkages. These physicochemical changes led to enhanced antioxidant
properties of CNCs.
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5.1 Introduction

y-irradiation, also called ionizing radiation, is a source of energy that leads to a collision
between the radiation beam and the atoms that compose the material to be irradiated. In
living organisms, this transfer of energy mostly results in a disruption of microorganism
cells, and this fact is one of the reasons why y-irradiation has been considered as a non-
thermal process for sterilization (Sintzel et al. 1997). Nevertheless, when a polymeric
material is subjected to irradiation, degradation can occur, resulting in a change of its
chemical, physical, and mechanical properties.

In order to understand the interaction of y-irradiation on materials some authors stated
that y-rays are able to produce free radicals issued from water hydrolysis (O’Neill 1987;
LaVerne 2000; Hug et al. 2012). In fact, radical active species such as hydroxyl radicals
have the capacity to create macroradicals on polymer units, resulting on either chain
scission (Hugq et al, 2012) or cross-linking. Studies indicate that at low irradiation doses,
cross-linking occurs in polymers when free radicals are formed, but when the doses are
increased, y-irradiation has an effect on the degradation of the material (Takacs et al.
1999; Henniges et al. 2012).

Despite the negative effect observed in polymer structure at high doses, industry has
shown a great interest in producing oligomers by y-irradiation. One advantage of this
procedure relies on the production of low molecular weight molecules that bring higher
biodegradability capacity with applications such as growth-promoting in plants (Hien et
al. 2000; Xuan Tham et al, 2001). Irradiated polymers also exhibit other properties such
as antioxidant, giving them the ability to scavenge radicals and to catalyze a radical
chain reactions (Huang et al, 2005), reactions that are responsible for rancidity and
consequent food spoilage. For example, studies reported that irradiated carrageenan or
chitosan show antioxidant properties (Feng et al. 2008; Abad et al. 2013) with increasing
irradiation doses. Many authors (Xie et al. 2001; Lin and Chou 2004; Xing et al. 2005)
have established the interest of using chitosan due to its biological activities, including
antioxidant properties. Scavenging properties of native chitosan are due to the active
hydrogen offered by the free amino and hydroxyl groups of the polysaccharide.
However, Feng et al. (2008) have demonstrated that those scavenging properties can be
improved from 16.6 to 63.8 % by irradiating 1 % chitosan solution at doses ranging from
0 to 20 kGy.
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This study focused on cellulose nanocrystals (CNCs) which are a nanomaterial
constituted of linear homopolymer chains of 3-(1—4) linked D-glucose units. CNCs are
extracted from naturally occurring cellulose sources such as wood pulp, cotton, bacteria,
and tunicates (sea animals). The wide variety of sources leads to CNCs of different
dimmensions for instance, with lengths from 100 to 1000 nm and cross sectional
dimensions from 3 to 15 nm for softwood plants and tunicate, respectively (Habibi et al.
2010). Within the wood nanofibrils, native cellulose consists of alternating amorphous
and crystalline regions. CNCs are obtained by well-defined strong acid hydrolysis
conditions, which preferentially dissolve the amorphous cellulosic parts present along the
cellulosic fibers, thus, releasing the unaffected crystalline parts in the aqueous medium.
The use of sulfuric acid imparts negatively charged acidic sulfate ester groups located at
the surface of the crystals (sulfated CNCs).

The effects of y-irradiation have been already studied on cellulosic materials (Takacs et
al., 1999; Bouchard et al., 2006; Khan et al., 2006; Henniges et al., 2012; Baccaro et al.,
2013). All the authors have stated that irradiation induces to a decrease of the degree of
polymerization and increase of carbonyl content and other changes in the physical and
chemical composition of cellulose, especially at high irradiation doses. Khan et al. (2006)
mentioned that an increase in the irradiation dose led to a decrease in the molecular
weight of lignocellulosic material when irradiated at high dose. Breakage of glycosidic
bonds and formation of carbonyl groups can also occur (Bouchard et al. 2006; Baccaro
et al. 2013). In addition, Baccaro et al. (2013) revealed an existing relationship between
the dose absorbed by the cellulose bulk and the formation of carbonyl groups as well as

the oxidative degradation of cellulose.

So far, no study has been reported on the effects of y-irradiation on CNCs. In this work,
the main objective was to evaluate the effect of increasing doses on the physicochemical
structure of native and y-irradiated CNCs in terms of formation of new functional groups,
thermal stability, and hydrophilic character. Antioxidant properties of irradiated CNCs
were also analyzed using the DPPH and total antioxidant capacity methods comparing

CNCs with two reference compounds such as ascorbic acid (AA) and Trolox.
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5.2 Materials

Aqueous CNC suspensions were prepared in the FPInnovations’ pilot plant from a dry
commercial bleached softwood kraft pulp according to a procedure modified from the
literature (Dong et al., 1998). Milled dried pulp (2 kg o0.d.) was added to 64 wt.% sulfuric
acid (17.5 L) heated to 45°C with mixing at 200 rpm for 25 min. The reaction was
quenched with deionized water (200 L) at room temperature, centrifuged and subjected
to multiple passes through a hollow fibre membrane to remove acid and soluble
carbohydrates and increase the solid content of the CNC suspension which was then
homogenized and filtered (1 um) to ensure a good dispersion. The acidic suspension
was then neutralized using sodium hydroxide and spray-dried. This extraction confers to
the surface of CNCs anionic half-sulfate ester groups which allow CNCs to have better

stability within aqueous suspensions.

Sodium hydroxide solution (0.02 N), methanol, tetrahydrofuran (THF) and dimethyl
sulfoxide (DMSO) were obtained from Anachemia (Montreal, QC, Canada). Dialysis
membrane tubes having a molecular weight cut-off of 12-14 kDa were purchased from
Spectrum Labs (Ottawa, ON, Canada). Dowex® Marathon C™ cation-exchange resin,
phenyl isocyanate (PIC), Purpald® reagent, 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox), ascorbic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), sulfuric
acid, sodium phosphate and ammonium molybdate were obtained from Sigma Aldrich

(Oakville, ON, Canada). All chemicals were used as received.

5.3 Methods

5.3.1 Preparation of CNCs Suspensions

A 125 mL solution of 0.5 % (w/w) CNCs in deionized water was magnetically stirred and
sonicated (Fisher Scientific, Ottawa, ON, Canada). The solution was then flushed with
nitrogen gas for 1 min to eliminate oxygen, followed by y-irradiation treatment at different
doses (0, 10, 20, 40, 80 kGy) with a dose rate of 16.536 kGy/h. Samples were irradiated
at the Canadian Irradiation Center (CIC) using an underwater irradiator 15A equipped
with a ®°Co source (Nordion Inc., Kanata, ON, Canada). Irradiated CNCs suspensions
were then dialyzed using membrane tubes of MWCO of 12-14 kDa against running

deionized water for three days.
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5.3.2 Carboxylic Acid Content Determination by Conductometric Titration

Samples were protonated with a cation-exchange resin before conductometric titration.
Aqueous suspensions of irradiated CNCs were placed over Dowex® Marathon C™
cation-exchange resin (12 g resin/g CNCs) followed by a gentle stirring for at least 2 h at
room temperature. The quantification of the total carboxylic acid content was determined
using conductometric titration. Suspensions of protonated CNCs (0.15 g o.d.) were
titrated against 0.01 M NaOH using a 809-Titrando automatic titrator (Metrohm,

Mississauga, ON, Canada) in the presence of 1 mM NaCl.

Typical titration curves (Fig. 13) exhibit two discontinuities assigned to the presence of a
strong acid (i.e. half-sulfate ester groups introduced during the CNCs production
process) and a weak acid (i.e. carboxylic acid groups introduced during the y-irradiation
process). Therefore, the carboxyl content of the sample in mmol/kg CNC can usually be

calculated using Eq. 11:
[COOH] = ((V2-V1)*Cnaon)/Mene (11)

Where V; is the volume of NaOH (mL), Cnaon is the exact NaOH concentration (mol/L)
and mcyc is the dry weight of CNC (kg).

However, it has been found that a high content in weak acid groups usually leads to an
overestimation of the strong acid content. In light of this artifact, a more accurate value of
the half-sulfate ester content, expressed in mmol S/kg CNCs,was obtained using
inductively coupled plasma atomic emission spectroscopy (ICP-AES). The total content
of carboxylic acid groups can now be calculated using Eq. 14:

[COOH] = ((V2*Cnaon)/Mene) - [OSOsH]icp-aes) (14)

Where V, is the total volume of NaOH (mL), Cna.on IS the exact NaOH concentration
(mol/L), mene is the dry weight of CNC (kg) and [OSOsH]icp.aes is the total content of half-
sulfate ester groups obtained by ICP-AES (mmol/kg CNCs).

5.3.3 Aldehyde Content Determination by Purpald® Reagent

Determination of the aldehyde content was performed with a colorimetric method based
on the oxidation of the aldehyde-purpald adduct which turns purple in the presence of an
oxidant (Quesenberry and Lee 1996). A volume of 200 pL of a Purpald® reagent solution

1 % (w/v) in NaOH 1M was mixed in a 96-well microplate with 20 pL of irradiated CNCs
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suspensions at 0.28 % at pH 7. The microplate containing the samples was kept under
shaking for 1h to complete the reaction. Measurement of absorbance was done
immediately at 550 nm using a microplate reader (EL800UV, BioTek, Winooski, VT,
USA). The standard calibration curve was prepared with formaldehyde as the aldehyde-

containing reference.

5.3.4 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra of dried protonated native and irradiated CNCs were recorded by a
Spectrum One spectrophotometer (Perkin-Elmer, Woodbridge, ON, Canada). Acidic
samples were preferred to neutral samples to avoid the overlap of the carbonyl and
adsorbed water bands (~1642 cm™). Attenuated total reflectance (ATR) accessory
equipped with a diamond crystal was used to analyze the samples. Spectra wavelength
was chosen from region of 4000 to 650 cm™ with 64 scans recorded at a 4 cm™
resolution and all spectra were analyzed using the Spectrum software. After
measurement, the attenuation of total reflectance (ATR) correction was applied and

spectra were normalized at 1160 cm™.

5.3.5 Fluorescence Spectroscopy

The fluorescence emission of irradiated CNCs at concentration of 0.35% was recorded
using a spectrofluorometer Infinite M10000 Pro (Tecan US Inc, Morrisville, NC, USA). A
volume of 250 yL of each sample was introduced into a 96-well microplate and the
samples were firstly excited from a wavelength range from 200 to 800 nm. Intensity of
the emission spectra was recorded at 280 nm where irradiated CNCs showed a

fluorescent behavior. Fluorescence intensity was expressed as arbitrary units (a.u.).

5.3.6 Cellulose Degree of Polymerization Determination

Cellulose Carbanilation Procedure

The used procedure is based on the conditions proposed to achieve a complete
carbanilation reaction (three phenyl isocyanate groups per anhydroglucose unit) while
minimizing cellulose depolymerization (Schroeder and Haigh 1979; Evans et al. 1989;

Lapierre and Bouchard 1999). 25 mg of dried cellulosic sample were weighed into a vial
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to which 10 mL of DMSO were added, followed by 1 mL of PIC. Samples were manually
stirred for a few minutes and then kept at 70°C for 40h under intermittent agitation. The
reaction was stopped by adding 2 mL of methanol to react with the excess PIC.

Methanol was then evaporated out from the DMSO solution.
Gel Permeation Chromatography (GPC)

After appropriate dilution (0.05 wt.%) of the soluble cellulose tricarbanilate (CTC) sample
in THF, 50 pL of the diluted CTC was injected and eluted using THF (0.7 mL/min)
through three columns connected in series and kept at 55°C (Shodex KF-806L, KF-805L
and KF-804L (polystyrene exclusion limits from 4 x 10° to 2 x 10’ Da)). Detection was
done using a concentration-sensitive UV detector (Shimadzu, SPD-20A) working at a
wavelength of 254 nm. The weight-average degree of polymerization (DP,) was
calculated from the DP distribution using polystyrene standards (Scientific Polymer
Products, USA) calibration curve.

Mathematical deconvolutions of bimodal DP distribution curves were done using Peak
Fit v4 software. The curves were fitted to two Gaussian distributions which were
reprocessed as new independent chromatograms, and their respective DP distributions

and averages were calculated (Lapierre and Bouchard 1999).

5.3.7 Chain Scission Number (CSN)

The chain scission number (CSN) represents the average number of glycosidic bonds
broken per cellulose chain and is calculated using the degree of polymerization (DP,),
as follows (Bouchard et al. 2006):

1 1
CSN = = - D—Po] DP, (15)
Where, DP, and DP are the initial degree of polymerization before and after y-irradiation

treatment, respectively.

5.3.8 Thermogravimetric Analysis (TGA)

Freeze-dried neutral sample pellets (about 15 mg) were analyzed with a Q5000IR

thermogravimetric analyzer (TA Instruments, New Castle, USA). Pellets of dimensions of
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6.6 mm in diameter and around 4 mm in height were set in platinum pans. Experiments
were carried out under an air flow with a constant heating rate of 10°C/min and 25
mL/min. TG curves were recorded between 50°C and 600°C and data processing was

done using the Universal Analysis™ software.

5.3.9 Contact Angle

Pure CNC films were prepared by casting a dispersed suspension of irradiated CNCs at
pH 7 (550 mg 0.d.) on a Petri dish at room temperature. The films were then placed in an
oven at 100°C until a stable weight was reached. Finally, films were conditioned in a
controlled humidity room (50% RH and 23°C) before testing. A water droplet of
approximately 0.25 L was deposited at the surface of the film and analyzed by the T100
Theta Lite Optical Contact Angle Meter (Biolin Scientific, Inc. Linthium Heights, MD,
USA) with a water droplet. A number of 10 measurements per film were averaged to
approximate the contact angle value.

5.3.10 Transmission Electron Microscopy (TEM)

After freeze-drying, CNCs neutralized with sodium hydroxide were re-suspended in
deionized water (~0.005 % wt.). A drop of the CNC suspension was deposited on a
carbon coated copper grid and stained with uranyl acetate. Morphology and dispersion
state of CNCs was then assessed using a transmission electron microscope (Phillips FEI
Tecnai 12 BioTwin) equipped with an AMT XR80C CCD camera system at accelerating
voltage of 120 kV.

5.3.11 Antiradical Properties

DPPH Scavenging Test

A solution of the stable radical DPPH was prepared at a concentration of 40 uM in pure
methanol and kept in the dark. For standard calibration curves, ascorbic acid, and Trolox
were used as reference antioxidants. To measure the radical scavenging properties,
irradiated CNCs (0-80 kGy) suspensions were prepared at the same concentration and
pH (0.28 % w/w and pH 7). Then, a volume of 250 uL of the sample was mixed with 1

mL of DPPH solution and let to react for 1 h. A 1 mL aliquot of the suspension was
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sampled and absorbance was measured in a UV spectrometer at a wavelength of 517

nm.

Standard calibration curves were done with known concentrations of ascorbic acid and
Trolox scavenging inhibition power (SP) was calculated using the following equation (Eq.
16)

b —Ab
Sp (%) — Abscontrol—AbSsample % 100 (16)

AbScontrol

Total Antioxidant Capacity (TAC)

Total Antioxidant Capacity or Global Antioxidant Activity assay is based on the reduction
of phosphomolybdenum from Mo (VI) to Mo (V) by an antioxidant under acidic pH
conditions. The subsequent complex of green-blue phosphate/Mo (V) formed is
determined by spectrophotometric analysis at A Of 695 nm. Measurement was done
using the procedure described by Dasgupta and De (2004). 100 uL of irradiated CNCs
and 1 mL of reagent solution of phosphomolybdate (0.6 M sulphuric acid, 28 mM sodium
phosphate and 4 mM of ammonium molybdate) were mixed and kept in the dark to
preserve the activity of the solution.

The sample and reagent solutions were mixed in tubes hermetically closed with Parafilm
and then immersed in a water bath at 95°C for 90 min. Then the solutions were cooled
down before the absorbance was read at 695 nm. Standard calibration curve was done

with ascorbic acid solution.

5.4 Statistical Analysis

Radical scavenging properties differences were analyzed by using statistical analysis.
Analysis of variance (ANOVA) and Tamhane's multiple range tests were employed for
the antioxidant results at each irradiation dose. PASW statistics base 16 software (SPSS
Inc. Chicago, IL, USA) was used for data processing. Differences between means were

considered to be significant at p < 0.05.
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5.5 Results

5.5.1 Determination of Carboxyl Groups Content by Conductometric
Titration

The content of carboxylic acid after y-irradiation of CNCs is presented in Table 6. A
direct relationship was found between the content of carboxylic acid groups and the
irradiation dose applied. The surface of native CNCs exhibits a carboxylic acid group (-
COOH) content of approximately 43 mmol per kg of CNCs, while the concentration is
raised up to 631 mmol per kg of CNCs when irradiation dose is increased to 80 kGy
according to Eq. 14.

Table 6 Physicochemical characteristics of native and irradiated CNCs suspensions

kGy 0 10 20 40 80

Conductometric titration
Total carboxylic content in mmol COOH/kg CNC using Eq.14 43 156 229 312 631
Purpald® reaction
Total Aldehyde determination in mmol CHO/kg CNC 20+4 109+2 173+10 262+21 37919
Elemental analysis (ICP-AES)

Total S content in mmol S/kg CNC 254 225 201 202 155

These results were in accordance with Baccaro et al. (2013) who found a proportional
relationship between the formation of carbonyl groups and the dose of y-irradiation
applied for paper samples. It has been reported in numerous studies (Henniges et al.
2012; Ponomarev and Ershov 2014), that ionizing radiation causes water radiolysis in
agueous dispersed solutions (Eq.17). This reaction induces the formation of cellulose
macroradicals which leads to glycosidic bond cleavage and further formation of new

functional groups.

y-ray B +
H20 e OH,' H, eaq, Hzoz, Hz, H30 (17)

Some of the carbonyl groups formed in cellulose, might include either aldehyde or

carboxylic groups. Henniges et al. (2012) reported the effect of y-irradiation on
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carbonylgroup (CO) formation on bleached beech sulfite (BSP) cellulose pulp. An
augmentation in carbonyl groups of BSP from 25 to 35 mmol CO per kg pulp was
observed at applied irradiation doses of 1-10 kGy, respectively, associated with a
decrease of 25% of the average molar mass (M,,) with regard to the starting material.
The authors also reported that the formation of carbonyl groups was expected on the low

molar mass chains of cellulose where new reducing end groups can be formed.

5.5.2 Determination of Aldehyde Content by the Purpald® Method

Table 6 shows the effect of irradiation on the aldehyde content of irradiated CNCs. The
formation of aldehyde groups seems to follow the same trend observed for carboxylic
acid groups.

It has been confirmed that increasing y-irradiation doses leads to a cleavage of
glycosidic bonds in dispersed cellulose solutions (Fig. 21) (Henniges et al. 2012;
Ponomarev and Ershov 2014). In fact, water radiolysis leads to the formation of reactive
species (-OH; -H) and intermediate products as previously shown in Eg. 17. Such
radicals react rapidly on anhydroglucose units leading to cleavage of C-H bonds and
formation of cellulose radicals (von Sonntag 1980; Sultanov and Turaev 1996;
Ponomarev and Ershov 2014) (Fig. 21). Subsequent reaction such as propagation of

radicals can be one of the main causes of cleavage of glycosidic bonds and polymer

breakdown.
OH OH Gamma-radiation OH OH
A o~ —» HO e
o) “GH -y o] o
o™ OH oH g on L0
CNC € aq H.02H, H;0* HO OH
H
o OH RCHO,
HO _~ — 3 RCOOH,
- OH oL 1O co,,Co
HO OH OH

Fig. 21 Proposed reaction pathway of gamma-rays on C; and C, of CNCs adapted from
(Sokhey and Hanna 1993; Sultanov and Turaev 1996; Sanchez Orozco et al. 2012;
Ponomarev and Ershov 2014).

According to literature (Ershov and Klimentov 1984; Khan et al. 2006; Sanchez Orozco

et al. 2012; Henniges et al. 2012; Ponomarev and Ershov 2014), ultimate radiolysis
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compounds of cellulose released by y-irradiation might include aldehydes, carboxylic
acids, carbon dioxide, and carbon monoxide. Other studies performed on carbohydrates
also confirmed the aldehyde formation which corroborates our results (Feng et al. 2008;
Abad et al. 2009, 2013). For instance, Abad et al. (2009) found that a 1% aqueous
solution of k-carrageenan showed an increase of 14% of its reducing units when an

irradiation dose of 50 kGy is applied.

5.5.3 Determination of Total Sulphur Content by ICP-AES

Table 6 shows that gamma irradiation has a negative impact on the half-sulfate ester
content of CNCs. Native CNCs show an initial total S concentration of 254 mmol/kg CNC
which is in accordance with the values found in the literature. Depending on the
experimental conditions of acid hydrolysis, the initial concentration of half-sulfate ester
content in bleached kraft pulp can vary from 210 to 270 mmol/kg CNC (Hamad and Hu
2010). Table 6 shows that irradiation treatment leads to a decrease of half-sulfate ester
content to 155 mmol/kg CNC when the irradiation dose is increased to 80 kGy. Other
studies on irradiation of polymers reported a similar desulfation phenomenon. For
instance, Relleve and Abad (2015), Relleve et al. (2005) and Abad et al. (2009)
demonstrated that radiation induced to desulfation of carrageenan with the proposed

following reaction:

ROSO3 + H- — ROH + HS03 (18)

5.5.4 Fourier Transform Infrared (FTIR) Spectroscopy of Irradiated CNCs

FTIR spectra of structural changes of irradiated CNCs are presented in Fig. 22. The
intensity of 1733 cm™ peak corresponding to C=0 streching mode (Takacs et al., 1999;
tojewska et al., 2005, 2006), increased with increasing irradiation dose which confirms

the presence of carboxylic acid and aldehydes groups.

Alongside with carbonyl group formation, changes in the adsorbed water peak at 1642
cm™ is also observed (Baccaro, 2013; Maréchal and Chanzy, 2000; Hatakeyama et al.,
2000; Hofstetter et al., 2006). Fig. 22 exhibits an increase in the amount of absorbed
water when doses of 40 to 80 kGy were applied. This phenomenon was correlated with
the formation of new hydrophilic groups (Baccaro, 2013) such as carboxylic acid groups.

Henniges et al. (2012) and Baccaro et al. (2013) observed that at low irradiation doses,
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a crosslinking reaction occurs between cellulose chains, reducing their water retention
capacity. Baccaro et al. (2013) also mentioned that irradiation at high dose (>128 kGy)
led to an increase in the amount of absorbed water caused by a progressive degradation
of cellulose chains. The glycosidic bond cleavage led to the formation of new hydrophilic
groups, thus facilitating the adsorption of water molecules on cellulose chains (Kovalev
and Bugaenko, 2003).

1733 cm™

T 1642 cm™

0.35,
032

1848 1800 1750 1700 1650 1600 1550 1538
cm-1

Fig. 22 FTIR spectra of acid freeze-dried CNCs irradiated at 0 kGy (Black), 10 kGy (Blue), 20
kGy (Red), 40 kGy (Pink), 80 kGy (Green)

5.5.5 Fluorescence Spectroscopy of Irradiated CNCs

Fig. 23 shows a fluorescent emission peak for CNCs at 307 nm on excitation at
wavelength 208 nm. It was observed that increasing irradiation decreases the
fluorescence intensity of irradiated CNCs. Thus, native (0 kGy) and sample irradiated at
a dose of 80 kGy exhibit a decreasing behavior of fluorescence light intensity from 7x10*
a.u. to 3x10°a.u. respectively. Khan et al. (2006) found a significant reduction (i.e., 56%)
of the peak intensity when a sample of lignocellulose was irradiated at 50 kGy. In
addition, Castellan et al. (2007) observed a decrease of the fluorescence intensity either
in solid and dissolved acetylated microcrystalline cellulose. In order to understand the
effect of irradiation on the fluorescence intensity, many authors agree that the reduction
of fluorescence indicates the presence of carbonyl and carboxyl groups (Takéacs et al.,

1999, 2000; Khan et al., 2006) which is in a good agreement with our findings.
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Fig. 23 Fluorescence spectroscopy of irradiated CNCs

5.5.6 Degree of Polymerization of Cellulose Chains

The effect of irradiation dose on degree of polymerization of cellulose chains is illustrated
in Fig. 24. As expected, high energy levels led to a decrease of the degree of
polymerization (DP,), from 137 for native CNCs, down to 109 and 95 for CNCs irradiated
at doses of 40 and 80 kGy, respectively.

Henniges et al. (2012) reported that an irradiation dose of 10 kGy caused a relative
decrease of the molar mass (M,,) between 25 to 63% for plant pulps. Similar results were
also reported by Bouchard et al. (2006) who demonstrated a decrease of DP from 3162
to 200 in cotton chromatographic paper when electron beam was applied from 0 to 240
kGy at 10 MeV. These results confirm the degradation action of y-irradiation on CNCs

via a chain scission mechanism.
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Fig. 24 Molar mass distribution of CNCs irradiated at different doses

5.5.7 Effect of Irradiation on the Chain Scission Number (CSN)

Fig. 25 shows the linear relationship between the irradiation dose and the chain scission
number. These results strongly suggest that y-irradiation treatment of CNCs samples led
to a cleavage of the glycosidic bonds of the cellulose chains, thus exposing CNC
reducing end units, which is in good agreement with the observed increased
concentration of aldehydes. Similar observations were found by Bouchard et al. (2006)
after electron beam irradiation of paper sheets (20-240 kGy). y-rays are so energetic that
they can ionize atoms throughout the irradiated material, resulting sometimes in a

disruption of molecular bonds.
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Fig. 25 Chain scission number (CSN) as a function of y-irradiation dose
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5.5.8 Thermogravimetric Analysis (TGA)

The introduction of new functional groups can sometimes be detrimental to the thermal
stability of the material. For example, the presence of carboxyl groups can lead to
decarbonation (Fukuzumi et al. 2010). Even a low level of protonated sulfate ester
groups can catalyze the cellulose depolymerization further followed by dehydration to
volatile levoglucosan (Roman and Winter 2004). Fig. 26 shows the weight loss of

irradiated CNCs as a function of the temperature.

Four distinctive regions can be observed on the thermal profiles of irradiated cellulose: 1)
an initial region corresponding to water loss (100 °C), 2) the region of de-polymerization
(around 250 °C), 3) the region of cellulose thermal decomposition (350 °C), and 4) the
region of char residual (= 400°C). The weight loss starting below 100°C corresponds to
the evaporation of adsorbed (bulk) water, as already reported by Baccaro et al. (2013). It
is clearly seen that an increase in the irradiation dose caused a gradual decrease in the
thermal stability of the irradiated samples from 265°C down to 180°C. The mass loss
shift towards lower temperatures is typical of oxidized cellulose (Varma and Chavan
1995). For example, the mass loss at 250°C is found to be 6.2, 8.4, 11.7, and 19.5% for
irradiation doses of 10, 20, 40, and 80 kGy, respectively. Distinct thermal patterns were
also observed by other authors (Baccaro et al. 2013; Moise et al. 2013), for samples
irradiated at low irradiation doses (< 30kGy) compared to native polymer but high
irradiation doses (500 kGy) led to a significant decrease of cellulose weight.
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Fig. 26 Thermogravimetric curves of freeze-dried irradiated CNCs
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Higher temperatures (> 300°C) led to the formation of intermediate products such as
levoglucosan, which participates in two competitive reactions: decomposition to form
volatile compounds and dehydration to form char (Soares et al. 1995). Char residuals

remained at high temperatures (about 400 °C) (Moise et al. 2013).

5.5.9 Hydrophilic Character of Irradiated CNCs by Contact Angle

Contact angle measurements of CNC film could provide reliable understanding about the
wettability of the CNC surface. Fig. 27 shows the morphology of the water droplet at the
surface of irradiated CNC films and the resulting contact angle measured. A significant
decrease of the contact angle of CNC film surface was observed when increasing the
dose of irradiation. Native CNC films have a contact angle of 61° + 3 which decreases to
around 45° £ 7 and 34° £ 6 for CNC films treated at 40 and 80 kGy, respectively. The
greater hydrophilic behavior of irradiated CNCs can be directly related to the carboxylic
acid group content. It can be suggested that wettability was supported by the
intermolecular interaction of the water droplet with the presence of a higher number of

carboxylic acid groups.

0 kGy 10 kGy 20 kGy 40 kGy 80 kGy

Fig. 27 Contact angle measurements of films of irradiated CNCs

Surface chemistry of the material plays an important role in the determination of the
contact angle (Bee et al. 1992). Rodionova et al. (2012) found that the contact angle of
TEMPO-oxidized cellulose nanofibers-coated PET sheets decreased by 15-20° for
carboxylate contents of 700-800 mmol/kg. In summary, as demonstrated by Kovalev and
Bugaenko (2003), the hydrophilic character found in irradiated CNCs showed an

improvement of the water-adsorbing capacity with high y-irradiation doses.
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5.5.10 Transmission Electron Microscopy (TEM)

The morphology of native and irradiated CNCs was recorded by TEM after re-
suspension of the crystals in deionized water and all images show agglomeration of a
few particles (Fig. 28).

This phenomenon was also reported by Jiang et al. (2010) when imaging of desulfated
CNCs was performed by AFM. However, this agglomeration could also be an artifact due
to the possible interaction between the CNCs and the supporting material of the grid as
well as the sample preparation procedure used (Kaushik et al. 2015). Dispersibility of
never-dried vs. dried CNCs samples has been a subject of study for many authors over
the years, all suggesting that the freeze-drying procedure might lead to a poor dispersion
of CNCs in water due to the formation of intermolecular hydrogen bonds during the
drying process (Liang and Marchessault 1959). In order to overcome this drawback, it
has been found that neutralization of CNCs with different counterions prior to drying can
significantly improve the state and homogeneity of the dispersion (Dong and Gray 1997,
Shimizu et al. 2014).

0 kGy 80 kGy

Fig. 28 TEM images (11,000x) of re-suspended native and irradiated CNCs neutralized with
NaOH. The scale bar represents 500 nm

101



5.5.11 Radical Scavenging Properties of Irradiated CNCs

As Determined by DPPH Method

The radical scavenging properties of irradiated CNCs were evaluated by the action of the
(1,1-diphenyl-2-picrylhydrazyl) DPPH radical. Two reference antioxidants (i.e. ascorbic
acid and Trolox) were used for comparison purposes as shown in Table 7. Irradiated
CNCs exhibit enhanced radical scavenging properties by showing 49 Trolox equivalent
(eq) (uM) when a 80 kGy dose was applied compared to 4 Trolox eq (uM) for native

CNCs. Similar antiradical activity trend was also observed for ascorbic acid (AA).

Table 7 Radical scavenging properties of irradiated CNC expressed as ascorbic acid and
Trolox equivalents (eq) in uM

kGy MM Trolox £ St Dev MM AA £ St Dev
0 416 +153a 340+125a
10 10.55+0.66 b 8.62+0.53b
20 13.46+£2.23 b 11.00+£1.82b
40 2596 +2.47c 21.21+201c
80 49.05+4.24d 40.08 + 3.46 d

Lower case letters in each column means significant difference at the 0.05 level

It is generally considered that antioxidant properties of biopolymers are enhanced by
irradiation. Abad et al. (2013) found an augmentation of k-carrageenan scavenging
capacity of 80% with respect to the control when an irradiation dose of 20 kGy was
applied to the polymer with a concentration of 2000 ug/mL. In order to explain the
phenomenon, they compared the antioxidant activity observed after irradiation on a solid
and aqueous solution of k-carrageenan. They found that an irradiation dose of 20 kGy in
the liquid state gives better antioxidant properties than a dose of 100 kGy in the solid
state. It was explained that the lower antioxidant capacities found in solid irradiated k-
carrageenan are due to the low amount of reducing end units formed during irradiation.
Thus, the reported new reducing units in biopolymers were showed to improve

scavenging activities.

Literature also tends to show that low molecular weight can have a direct influence on

the radical scavenging properties. Like carrageenan (Abad et al. 2009), other irradiated
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polymers such as laminarin (Choi et al. 2011), polysaccharides extracted from seaweed
(Choi et al. 2009), chitosan (Feng et al. 2008), and hyaluronic acid (Kim et al. 2008)

have also exhibited irradiation dose dependence on increased antioxidant properties.

In the case of irradiated CNCs, the improvement of antioxidant properties can be
explained either by the increased amount of aldehyde groups, or a lower molecular

weight or a combination of the two.
As Determined by Total Antioxidant Capacity Assay

Since similar results were found by comparing irradiated CNCs in terms of ascorbic acid
eq and Trolox eq, comparison of two antiradical tests (total antioxidant capacity and
DPPH scavenging) was performed with ascorbic acid as the standard compound as
shown in Fig. 29.
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Fig. 29 Total antioxidant capacity and DPPH radical scavenging tests comparison
performed in irradiated CNCs

It was observed that antioxidant properties were significantly higher when total
antioxidant capacity tests were performed. For example, at a dose of 80 kGy, irradiated
CNCs exhibited an antioxidant activity equivalence of 800 uM AA eq. by the total
antioxidant capacity test compared to 40 uM by DPPH.

The total antioxidant capacity test is based on an electron transfer reaction that occurs
between the probe (oxidant) and the tested molecule (Huang et al. 2005). It is assumed

that this electron transfer to the molybdenum complex can be easily reduced, showing
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the overall antioxidant capacity. The study carried by Megdiche-Ksouri et al. (2015) was
in concordance with the ability of reduction observed in total antioxidant capacity assay.
The authors analyzed the antioxidant effect of Artemisia essential oil, corroborating that
total antioxidant capacity was twice than that obtained via DPPH test. DPPH, on the
other hand, is a stable and commercially available radical that has a maximum
absorption at 515 nm (Sharma and Bhat 2009). The chemical reaction involves the
transfer of a hydrogen atom to the DPPH, giving the reduced form of the compound
DPPHH. It can be suggested that irradiated CNCs might have a hydrogen donating
effect. It has been reported in literature that compounds conjugated with hydroxyl and
aldehyde (reducing compound) groups exhibit antioxidant properties (Abad et al. 2013;
Motsa et al. 2015). As it was cited by Xue et al. (1998), the hydroxyl groups in
carrageenan might enhance hydrogen transfer to DPPH radical, thus showing
antioxidant activities. Foti et al. (2004) also reported that residual acids or bases present
in the solvent may have an influence on the performance of antioxidant phenolic

compounds and DPPHH.

Despite the differences found in both methods, it seems clear that the antioxidant

properties of irradiated CNCs depend directly on the irradiation doses applied.

5.6 Conclusions

Antioxidant capacity of irradiated CNCs was confirmed upon y-irradiation of dispersed
suspensions of CNCs. Increase of y-irradiation doses has a positive effect on the
formation of new chemical functionalities (e.g., carboxylic and aldehyde groups)
combined with a decrease in the molecular weight of cellulose chains leading to
improved antioxidant properties. Scavenging properties of CNCs were analyzed by
DPPH and total antioxidant capacity tests demonstrating equivalent concentration of 80
and 700 uM of ascorbic acid, respectively. The presence of additional carboxylic acid

groups also enhances the CNCs affinity for moisture.

Introduction of irradiated CNCs in active biodegradable polymeric materials might be
interesting for potential applications in the packaging area. Due to their wettability and
scavenging properties, irradiated CNCs could bring easy interaction with aqueous
biopolymer matrices (e.g. alginate) for increasing stability in foods, especially for
preventing lipids from oxidation. Further in situ studies must be done in order to evaluate

the efficiency to inhibit thiobarbituric acid and other reactive substances considered as
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by-products of lipid peroxidation.
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RESUME

Des billes d'alginate contenant de l'huile essentielle (EO) de thym (1-3%) et des
nanocristaux de cellulose (CNCs) (0-40%, base séche) ont été préparées afin d'étudier
le profil de relargage d'EO dans un milieu simulé ainsi que I'effet antimicrobien des billes
contre Listeria innocua par des tests in vitro et in situ. L'introduction de CNCs de 0 a
30% dans des billes d'alginate a permis une augmentation de l'efficacité d’encapsulation
d'EO de 62% a 82% et une diminution de la constante cinétique de relargage (k) de 9.85
a 6.77 lorsque les billes ont été préparées avec 3% d’EO de thym. Ces concentrations
optimales ont été sélectionnées dans le but d'examiner ['efficacité antimicrobienne des
billes a éliminer Listeria innocua et a réduire la flore totale mésophile (MTF) dans la
viande hachée durant I'entreposage. Les résultats ont montré une réduction de 2 log
UFC/g de L. innocua pendant plus de 10 jours dans la viande hachée contenant les
billes d'alginate bioactives par rapport aux échantillons témoins. L'influence du
traitement d'irradiation gamma a été étudiée sur la MTF de la viande. Les résultats ont
montré une réduction de 4 log UFC/g pendant 14 jours dans la viande traitée avec les
billes d’alginate contenant 3% d’EO de thym. Une synergie entre la présence d'EO de
thym et lirradiation a été observée en termes d'élimination de Listeria innocua et
d’extension de la durée de conservation de la viande.

ABSTRACT

Thyme essential oil (EO) loaded alginate beads (1-3%) containing cellulose nanocrystals
(CNCs) (0-40% polymer dry basis) were prepared in order to study EO release profile in
simulating solvent and the antimicrobial effect against Listeria innocua via in vitro and in
situ tests. Introduction of CNCs from 0 to 30% in alginate beads exhibited an increase of
EO encapsulation efficiency from 62 to 82% and a kinetic release constant (k) decrease
from 9.85 to 6.77 when beads were prepared with 3% thyme EO, respectively. These
optimal concentrations were selected in order to assess the antimicrobial efficiency to
eliminate Listeria innocua and to reduce the mesophilic total flora (MTF) on ground meat
during storage. Results showed that ground meat containing active alginate beads
showed a 2 log reduction CFU/g of L. innocua during more than 10 days as compared to
the control. The influence of gamma-irradiation treatment was studied on MTF of ground
meat, allowing a 4 log reduction during 14 days when alginate beads containing 3%
thyme EO were added. A synergy between thyme EO and irradiation was observed in
terms of Listeria innocua elimination and shelf-life extension.
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6.1 Introduction

Food safety is an important issue that agri-food industry faces when food needs to be
treated and stored. Factors such as appearance, colour, sense perception,
microbiological quality, and safety are critical to determine product shelf-life (Labuza
1996) as well as its quality criteria for commercialization. Animal-origin foods are highly
favourable towards bacteria growth due to their high water activity, high content in
nutrients and suitable pH value. In food, for instance, pathogenic bacteria such as
Salmonella,  Escherichia  coli, Campylobacter  jejuni, Listeria  monocytogenes,
and Staphylococcus aureus, represent the main causes of food-borne illnesses (Adams
and Moss 2000). The total number of Canadians affected by food poisoning rises up to 4
million per year (Public Health Agency of Canada 2015) causing, thus, a reinforcement
from the Canadian Food Inspection Agency on its food policies and standards.
Therefore, in order to prevent food from any bacterial growth, antimicrobial and
antioxidant agents are nearly always the most frequent adopted strategy by food
manufacturers. However, with the increased demand from consumers to eliminate
synthetic antimicrobial agents, research has developed methods and formulations based

on natural compounds.

Thus, essential oils which are aromatic compounds with antimicrobial potential, mainly
extracted from plants (leaves, bark or fruits), have been commonly proposed as natural
food additives (Oussalah et al. 2007). They are principally constituted of hydrocarbons
(terpenes, sesquiterpenes) and oxygenated compounds such as alcohols, esters,
ethers, aldehydes, ketones, lactones, phenols, and phenol ethers. Studies showed that
individual compounds found in essential oils exhibit repellent (Nerio et al. 2010),
antifungal (Hossain et al. 2016) and antibacterial properties (Donsi et al. 2011). Briefly,
essential oils are characterized for their particular activity. Their mechanism of action on
bacteria is based on the production of pores on cell membrane, inducing cytoplasmic
leakage and a decrease of ATP activity (Oussalah et al. 2006). In addition, Caillet et al.
(2006) have demonstrated the effect of oregano essential oil and gamma irradiation on
Listeria monocytogenes exoskeleton, or also called murein sacculus or peptidoglycan. It
was reported that concentrations of essential oil of 0.02 and 0.025% led to degradation
and modification of muropeptides as well as a decrease of intracellular ATP. The high
efficiency of thyme essential oil on Listeria strains and its potential utilisation in food

preservation has been discussed by many authors. Rasooli et al. (2006), for instance,
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have reported that thyme essential oil had similar or higher effects on Listeria cell walls

compared to those treated with nisin or with electric field intensity above 40 kV/cm.

Other procedures can be jointly applied to reinforce their properties against food-borne
bacteria. Gamma irradiation is a non-thermal pasteurization process when applied to
spoiled food that causes DNA-bacteria damage and cell death. It can be highlighted that
gamma irradiation has proven a synergistic action when applied in combination with
essential oils (Caillet et al. 2005). Caillet et al. (2005) have concluded that intracellular
ATP decrease of bacteria count was even more important when oregano oil was

combined to irradiation.

Even though gamma irradiation does not affect the integrity of essential oil (Kim et al.
2005), some drawbacks might be overcome. When exposed to external factors (e.g.,
oxygen, temperature and light), essential oils lack stability, resulting in volatilization or
unpleasant transformations caused by oxidation, isomerisation, cyclization or
dehydrogenation reactions. This is the reason why many authors have explored the
possibility to encapsulate essential oils in polymeric matrices via emulsions (Salvia-
Trujillo et al. 2013), films (Tun¢ and Duman 2011) or beads (Huq et al. 2015) to protect
their bioactivity as well as to control their release during food processing and the storage
time required during commercialization periods. The antimicrobial performance of
essential oils or other types of antimicrobial compounds relies on their rate of release. A
slow release rate might not be enough to prevent microbial growth while a high release
rate might not have a sustained bacterial inhibition over time (Li et al. 2006). Thus, in
order to avoid "dose dumping" of compound delivery, a study of the polymer
physicochemical properties (Campos-Requena et al. 2015) and interactions between

polymeric and antimicrobial materials must be considered (Cha et al. 2003).

Alginate is a polysaccharide extracted from brown algae and composed of guluronic and
mannuronic acid residues. Due to their biodegradability, alginate polymers have been
applied to different fields such as tissue engineering, food, drug delivery, and wound-
dressing materials (Sussman 2006). The hydrophilic character and easy gelation
properties with alkaline metals such as Mg?*, Ca®*, Sr**, and Ba®" allows alginate to
produce different types of gels with different shapes (capsules, films, and wound-
dressing). There are some limitations of native alginate such as its hydrophilic behaviour

and the introduction of long alkyl ester groups has been proposed to overcome this
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problematic. However, in this study dispersion of thyme essential oil by an emulsification

process has been proposed.

CNCs have been defined by Health Canada (Government of Canada National Research
Council Canada 2014) as bhiodegradable and practically nontoxic nanomaterials which
have demonstrated outstanding mechanical properties (Huq et al. 2012), for stabilization
of emulsions (Zhu et al. 2015), gel formation (Yang et al. 2014), and promoting the
viability of probiotic bacteria (L. rhamnosus) during storage periods. Because of their
nanometric size, CNCs have the ability to create tortuous pathways in polymer matrices.
Thus, they can be potentially used to delay the diffusion of chemical compounds in
which they have been dispersed (Kaboorani et al. 2016).

The main objective of this study was to evaluate the antimicrobial effect of thyme oll
encapsulated in alginate beads and study their release rate in food matrices when
different concentrations of CNCs were added to alginate beads. The effect of parameters
such as concentrations of thyme EO and CNCs were studied. Further testing was
performed in order to characterize their antimicrobial properties via in vitro test against
Listeria innocua. Finally, optimized beads were chosen for in situ testing on ground meat

packed under vacuum in combination with gamma irradiation.

6.2 Materials and Methods

6.2.1 Materials

Alginic acid sodium salt from brown algae with mannuric and guluronic contents of ~5-
35% and ~65-70% respectively, tween 80, calcium chloride (CaCl,), and potassium
bromide (KBr) were purchased from Sigma Aldrich Canada Ltd (Oakville, ON, Canada).
Cellulose nanocrystals extracted from softwood were kindly supplied by FPInnovations
(Pointe Claire, QC, Canada). Glycerol and phosphate buffer saline (PBS) solution
(sodium chloride, potassium chloride, potassium dihydrogen phosphate, and sodium
hydrogen phosphate) were all purchased from Laboratory Mat (Quebec city, QC,
Canada). PALCAM agar, peptone water, trypto soy broth (TSB), and trypto soy agar
were obtained from Alpha Bioscience Inc. (Baltimore, MD, USA). Thymus vulgaris EO
also known as common thyme was purchased from Aliksir (Grondines, QC, Canada) and
ground lean pork (~15% fat content) was bought in a local IGA grocery store (Montreal,
QC, Canada).

116



6.2.2 Bacteria Strain

Listeria innocua ATCC 51742 (Cederlane, ON, Canada) was stored at -80°C in TSB with
10-15% (w/w) of glycerol. Before use, two propagations of 24 h at 37°C were carried in 9
mL of TSB under aerobic conditions. The bacterium was diluted in peptone water from
an initial concentration of 10° CFU/mL to a final concentration of 10" or 10° CFU/mL

according to the required concentrations either for in vitro and in situ testing.

6.2.3 Preparation of Alginate Emulsion Loaded with Different
Concentrations of Thyme EO and CNCs

Firstly, an alginate solution with concentration of 2.7% w/w was prepared in distilled
water at room temperature, followed by overnight stirring. In order to prepare oil-in-water
stock emulsion, thyme EO was introduced at 1 and 3% w/w and an equal mass ratio
(1:1) with respect to tween 80 was added to the final emulsion. Then previously
dispersed CNCs solution was mixed with alginate-based emulsion in order to obtain 0,
10, 20, 30, and 40% CNCs with respect to polymer dry basis. Final concentrations were
2% for alginate, and 1 and 3% for thyme EO emulsion. The mixture of compounds was
then followed by homogenization of the solutions using a homogenizer Ultra-Turrax (IKA,
Ottawa, ON, Canada) at 15,000 rpm and then microfluidized using 3 cycles at 15,000 psi
in a Microfluidizer M-110P (Microfluidics Inc., Newton, MA, USA). Principal components
of thyme EO represented in Table 8 were analyzed by the company with a gas
chromatograph equipped with FID detector and with column HP INNOWAX length 60 m,
internal diameter 0.5 mm, film thickness 0.25 ym. The temperature in the system was
set at 250°C, starting from 50°C with a gradient of 2°C/min for 6 min, and heating until

set temperature was reached. The vector gas used for the analysis was Helium at 22

pSi.
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Table 8 Principal components of Thymus vulgaris (thyme) EO analyzed by the provider via
gas chromatography

Compound

Compound
. . Structure P . .
(concentration, %) (concentration, %)

thymol /\“/‘\/\\T/ myrcene
(35%) (2%)

y-terpinene i linalol
? (20%) M (2%)
HO
@Erw

Structure

p-cymene a-terpinene
(19%) (2%)

carvacrol

(3%) others (17%)

6.2.4 Preparation of Thyme Oil Loaded Beads

Beads were prepared by pouring 10 mL of the specific emulsion dropwise into a 100 mL
calcium chloride solution (5% w/w). The suspension was magnetically stirred at 300 rpm
for 20 min at room temperature, to allow complete gelation of beads. Finally, the beads

were filtered, rinsed with distilled water and then gently dried on a wipe paper.

6.2.5 Particle Size of Alginate Emulsions

Particle size measurement of alginate emulsions was determined by Dynamic Light
Scattering using a Malvern Zetasizer Nano-ZS (Model ZEN3600) from Malvern
Instruments Inc. (West Borough, MA, USA). Measurements were performed from 100-

fold dilution and each solution was analyzed in triplicate.

6.2.6 Encapsulation Efficiency and Loading Capacity of Thyme EO in
Alginate Beads

Concentration of loaded thyme oil in alginate beads was determined by dissolving 0.1 g
of beads in 20 g of phosphate buffer saline solution (pH 7.4). After 24 h, the beads were
completely dissolved and the suspension was vigorously stirred until homogenization.
The supernatant was then filtered (0.45 um) and the thyme oil concentration was
quantified by UV-spectrophotometry (S-3100 UV-vis Spectrophotometer, Scinco co,

Seoul, Korea) at 1,4, = 274 nm.
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To characterize the yield of the procedure, encapsulation efficiency (EE%) (Eq. 19) was
calculated. EE% represents the total quantity of EO recovered from the encapsulation
procedure with respect to the initial quantity loaded to the emulsion. Additionally, loading
capacity (LC%) (Eq. 20) was calculated and expressed in terms of the percentage of EO

that was encapsulated in the beads.

Total weight of loaded thyme EO
Initial weight of thyme oil

Encapsulation Efficiency (EE%) = * 100 (19)

Total weight of loaded thyme EO
Weight of alginate beads

Loading capacity (LC%) = * 100 (20)

6.2.7 In vitro Release Study of Thyme EO in Food Simulating Solvent for
Ground Meat (Ethanol 10% v/v)

To study the migration of thyme EO in contact with food, different simulating conditions
have been proposed by European Commission (2007) or Food and Drug Administration
(Center for Food Safety and Applied Nutrition 2009).Various simulating liquids are
available depending on food type, which is divided in 3 main categories: aqueous and
acidic food (ethanol 10% v/v), alcohol beverages (ethanol 50% v/v), and fatty food
(edible or synthetic oil). Thus, ethanol 10% v/v was chosen as a simulating solvent to
evaluate the in vitro release of thyme EO into ground meat. Following the procedure
established by Jamshidian et al. (2012), a quantity of 0.1 g of thyme EO loaded alginate
beads with different concentrations of CNCs was introduced into tubes containing 10 g
of ethanol 10% v/v. The tubes were sealed and placed at 4°C for a period of 7 days.
Measurements were taken at least twice a day with prior homogenization of the
supernatant by pipetting up and down the suspensions 5-6 times. To quantify the
amount of thyme oil released, absorbance of the supernatant was taken at A,,,, = 274
nm by using a Photodiode Array (PDA) UV-Vis spectrophotometer (Scinco, S-3100,
Toronto, ON, Canada).

Profile results were fitted to the suitable empirical model Korsmeyer-Peppas described in

Eq. 21. Results were expressed in terms of cumulative release vs. time:
M pon
o=kt (21)

Where M, and M., are the absolute cumulative amount of thyme EO released at time t

and infinite time, respectively, n and k values represent the release exponent indicative
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of the mechanism and the release constant, respectively. As explained by Peppas and
Sahlin (1989) this equation can be used to analyze the first 60% release curve,
regardless of the geometric shape of the analyzed object. The kinetics constants were
calculated by linear regression of log release (%) vs. log time (h) and results showing a

correlation coefficient (R?) higher than 0.9 were analyzed.

6.2.8 In vitro "Agar Diffusion Assay"

Thyme EO diffusion was evaluated according to the protocol described by Soliman et al.
(2013). Tryptic Soy Agar Media was prepared and poured in Petri dishes. Once the agar
has cooled down, 100 pL of Listeria innocua (10" CFU/mL) was spread on its surface.
An 8 mm-well was then cut out from the center of each agar where the prepared beads
containing thyme oil emulsion (0-3 %) were placed. The inhibition and the ring diameter
were reported after 24 h incubation at 37°C. The diameter was measured by using a
carbon fiber digital caliper (resolution 0.1 mm; accuracy+0.2 mm; Fisher Scientific,
Ottawa, ON, Canada).

6.2.9 Volume of Alginate Beads

In order to determine the final volume of the beads, 50 beads prepared from a 3% thyme
oil emulsion (with and without CNCs) were randomly picked. The volume of each bead

was approximated to a spheroid and calculated as shown in Eq. 22:
4 2
V= omEw x [ (22)

Where w is the equatorial radius and | is the polar radius, both measured with a carbon

fiber digital caliper (resolution 0.1 mm; accuracy+0.2 mm; Fisher Scientific).

6.2.10 Transmission Electron Microscopy (TEM) of Alginate Beads

The cross-section of alginate beads prepared from 3% thyme oil emulsion in presence
(30% CNCs) and absence of CNCs (0% CNCs) was observed by TEM (Hitachi H-7100,
Hitachi Ltd.) at 2,000x magnification. The beads were dehydrated with serial
concentrations of acetone (25, 50, 75 and 95%) for 15-30 mins in each solution.
Dehydrated beads were embedded first in a mixed Spurr resin: acetone (1:1, v/v)
solution for 16-18 h then immersed in the SPURR resin for a total of 4 h. Polymerization

of the resin was allowed by letting the samples at 60-65°C for 20-30 h. Samples were
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then cut in thin sections and placed on Formvar-copper-grids (200 mesh). Staining
procedure was done with uranyl acetate at 5% (w/v) dissolved in ethanol 50% for 20-25

min and then in lead citrate solution for 5-7 min. Prepared samples were then analyzed.

6.2.11 Fourier Transform Infrared Spectroscopy Analysis of Alginate Beads

Air-dried alginate beads containing 0-30% CNCs and 0-3% of thyme EO were milled with
KBr powder (spectrophotometric grade) in a ratio of 1:10. Pellets were prepared and
spectra were recorded using a Spectrum One spectrometer (Perkin-Elmer, Woodbridge,
ON, Canada). The samples were analyzed using the Spectrum software within the
spectral region of 4000 to 650 cm™ and for each spectrum, 64 scans were recorded at a

4 cm resolution.

6.2.12 In situ Test of Optimized Beads Introduced in Ground Meat

Activity of 3% thyme EO emulsion encapsulated in alginate beads was tested in situ
against Listeria innocua growth. The optimized beads showing the highest antimicrobial
effect and the best controlled released were chosen for observation in situ. Thus, 15 g of
beads were introduced in 25 g previously treated at 45 kGy sterilized ground meat
samples. Once the beads were completely spread on meat, a volume of 500 uL of L.
innocua (10° CFU/mL) diluted working culture was mixed with meat in order to reach a
final concentration of 10° CFU/mL. Samples were sealed under vacuum atmosphere and
stored for 14 days at 4°C. Serial dilutions were done in peptone water and meat samples
were homogenized with a mechanical homogenizer for 2 min at 230 rpm before

inoculation into PALCAM agar.

6.2.13 Gamma Irradiation and Thyme EO Combined Treatment

To observe the synergistic effect of thyme EO with gamma irradiation on ground meat,
the samples were prepared, as described in the previous section, followed by gamma
irradiation treatment (0.5-3 kGy). The irradiation procedure was done at the Canadian
Irradiation Centre (CIC) in an underwater UC-15A SS canister (Nordion Int. Inc.) at a
dose rate of 12.52 kGy/hr. Samples were then analyzed during the following 14 day

storage period for microbial growth analysis.
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6.2.14 Mesophilic Total Flora (MTF) of Ground Meat

Evaluation of shelf-life of irradiated (0-3 kGy) ground meat loaded with alginate beads
was determined based on the concentration of Mesophilic Total Flora (MTF) bacteria for
a period of 14 days. The samples (25 g) were previously weighed in sterile filter bags
(Whirl-Pak, Nasco, Fort Atkinson, WI, USA) and mixed with 15 g of 3% thyme EO
emulsion prepared beads (0-30% CNCs). Samples were sealed under vacuum
conditions and stored at 4°C. On each day of analysis, the samples were diluted 4-fold in
peptone water and then homogenized. Then, a 10-fold serial dilution of the homogenized
samples was performed prior to adding 1 mL of the diluted sample to tryptic soy agar
into Petri dishes. To enumerate the MTF, the samples were incubated for 48 h at 37°C

under aerobic conditions.

6.3 Statistical Analysis

In order to evaluate the emulsion size, in vitro release tests, and in situ tests two
replicates were prepared and for each replicate, three samples were analyzed. Analysis
of variance (ANOVA) and Duncan's multiple-range test for equal variances and
Tamhane's test for unequal variances were performed for statistical analysis using the
SPSS 16.0 software (SPSS Inc. Chicago, IL, USA). Differences between means were
considered to be significant at a 5% level.

6.4 Results and Discussion

6.4.1 Effect of Microfluidization on Thyme Emulsion Particle Size

The effect of CNC concentration upon microfluidization on the particle size of emulsion is
shown in Fig. 30. Microfluidization of oil-in-water emulsions containing 1% or 3% of
thyme EO demonstrated that emulsion droplet size decreased for all tested CNCs
concentrations when 3 cycles at a pressure of 15,000 psi were applied. The preparation
of nanoemulsions has already been studied by several authors showing the positive
effect of microfluidization compared to hand blender and ultrasonic techniques. For
instance, Salvia-Trujillo et al. (2013) demonstrated the effect of the pressure (50 to 150
MPa) and the number of cycles (1-10) on the reduction of particle size of emulsion based
on lemongrass-alginate. The authors found that particle size was drastically reduced

after microfluidization (>2 cycles) compared to the initial size. Similar to our results,
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Salvia-Truijillo et al. (2013) found that the application of high pressure such as 150 MPa
(21,000 psi) in emulsions always exhibited the lowest particle size in their overall study.
Indeed, it is suggested that emulsification process at high pressure promotes droplet
disruption by applying either shear stress or turbulent flow (Schultz et al. 2004). Our
results showed that particle sizes smaller than 200 nm were achieved by

microfluidization process after 3 cycles and 15,000 psi.

300 -

—8—1% Thyme - 0 Cycles
= 1% Thyme - 3 cycles
—8—3% Thyme - 0 cycles
—8—3% Thyme - 3 cycles

Diameter (nm)

0 10 20 30 40
CNCs (%)

Fig. 30 Effect of CNCs concentration (0-40 % wt. polymer dry weight) on homogenization (0
and 3 cycles at 15,000 psi) of 1 and 3% thyme EO emulsion.

In addition, the effect of two thyme oil concentrations was evaluated (1-3%) before and
after 3 cycles of microfluidization, showing that 1% thyme oil emulsions had higher
particle sizes compared to 3% loading (Fig. 30). As it is described in the preparation
procedure, a ratio 1:1 of tween 80 and thyme oil was used to stabilize oil-in-water
emulsions. Thus, the increase of thyme oil content in the emulsion led to an increase of
the amount of surfactant (tween 80). Since a surfactant has the capability to be
absorbed at interfaces, its role was to reduce the superficial tension between the oily
and aqueous phase. Previous studies (Qian and McClements 2011) have reported that
increasing the amount of surfactants in emulsions had an advantageous influence on
parameters such as lower light scattering and decreased turbidity as a response of small
droplet formation. This trend was explained by the authors as the facility of surfactant to

cover and to be absorbed onto the oil droplet, then producing small particles. As
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compared to other research studies, our results suggest that the increase of surfactant

enhances a decrease of the oil droplet size.

Another fact that was noticed in both 1 and 3% thyme essential oil EO was that an
increase of CNCs concentrations led to formation of larger droplet size. For instance,
after microfluidization of 1% thyme EO emulsion containing 0% CNCs showed a 77 nm
droplet size which was significantly different from 145 nm observed in 40% CNCs loaded
solutions. It is known that CNCs have the ability to be adsorbed at the interface of
immiscible liquids, forming the so-called Pickering emulsions (Kalashnikova et al. 2012).
The advantage of using CNCs besides other surfactants relies on the fact that low
concentrations are required in order to stabilize emulsions. However, when CNC
concentration is increased, it has been observed that nanoparticles tend to aggregate
into clusters and in homogeneous dispersion (Kalashnikova et al. 2012) which is in

accordance with our results.

6.4.2 Encapsulation Efficiency and Loading Capacity

The results of encapsulation efficiency and loading capacity are shown in Table 9.
Results show that when no CNCs were used, 64% of thyme EO was encapsulated from
the emulsion formulation containing 1% thyme EO in the alginate beads. However, when
CNCs were introduced in beads formulations, encapsulation efficiency increased from 64
to 83% in the presence of 40% CNCs. Similar trend was found in alginate beads loaded
with emulsion formulation containing 3% thyme oil where maximal encapsulation
efficiency was attributed to the sample containing 30 and 40% CNC:s. It is suggested that
the presence of CNCs enhances intermolecular bonding in alginate network in
combination with the calcium cations. This can be explained by the negative charges of
CNCs generating ionic interaction with positive calcium ions and improving hydrogen
bonding within alginate matrices (Kevadiya et al. 2010). It was established by
Mohammed et al. (2015) that CNC-alginate beads improve the absorption of cationic
methylene blue ink because of its attraction to positive charges present in the ink.
Indeed, in our study, positive charges from calcium cations improve interactions either
with alginate carboxylate groups and CNCs negative charges, thus encountering a better
encapsulation. Like in CNCs, other authors have observed direct relationship between
the added content of organic clays and encapsulation efficiency of drugs or bio-

compounds in alginate beads (Zhang et al. 2010). Most of the beads studied in literature
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in which clays were used (e.g., hydroxyapathite (Zhang et al. 2010) or montmorillonite
(MMT) (Abou Taleb et al. 2012)) showed that the matrices were prone to be more

compact compared to the beads without clays.

Table 9 Encapsulation efficiency (%) and loading capacity (%) of different concentrations
of thyme EO (prepared from 1 and 3% emulsion) in alginate beads containing 0-40% CNCs.

Encapsulation Efficiency (%)

% CNCs

% Thyme 0 10 20 30 40

1 64.35+1.67*" 64.23 +8.64*" 62.76+6.54*" 74.34+2.72°" 83.32+3.02°"

3 61.91+7.42*" 68.80+6.59*" 71.76+6.71*" 82.19+10.00°" 83.03+11.81°"

Loading Capacity (%)

% Thyme % CNCs
0 10 20 30 40
1 0.04+0.00**  0.04+0.00®" 0.04+0.00** 0.05+0.00*  0.05+0.00°"
3 0.12+0.02*®  0.14+0.01™° 0.14#0.01°®  0.17+0.02°®  0.16+0.02°®

'Means followed by the same uppercase letter in each column are not significantly different at the
5% level. Means followed by the same lowercase letter in each row for each property are not
significantly different at the 5% level.

The concentration of thyme EO in alginate beads was expressed in terms of loading
capacity (LC%) as shown in Table 9. As expected, alginate beads prepared from 3%
thyme EO emulsion showed higher loadings of thyme oil compared to 1% thyme EO
emulsion. For instance, at 20% CNCs, the loading of the EO in the alginate beads
increased from 0.04 % to 0.14% by increasing from 1 to 3% the thyme oil concentration
in the prepared emulsion, respectively. The increase of the LC% is directly related to the
thyme concentration used in the emulsion. In addition, it was found that in presence of
40% and 30% of CNCs, high LC% was found respectively in 1 and 3% thyme EO
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formulation for the prepared beads. According to Lertsutthiwong et al. (2008) the
concentration of EO incorporated in alginate nanopatrticles is directly proportional to their
loading capacity. The authors have observed an increase of LC% from 0.78% to 1.62%

(dry mass) by increasing turmeric oil from 0.1 to 0.25% in alginate nhanocapsules.

6.4.3 In vitro Release Study

The profiles of EO released from alginate beads containing different concentrations of
CNCs are depicted in Figs. 31 and 32. Graphs can be divided into an initial increasing
release phase (Hosseini et al. 2013) -also called burst phase- attributed to the release of
EO adsorbed at the surface of the alginate beads. In general, this release is associated
to a linear diffusion of the EO during the early period of release. Besides, a second
phase takes place when alginate beads achieve a time independent diffusion. This final
stage was attributed to EO release from inner to outer part of the beads.
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Fig. 31 In vitro thyme oil release profile of alginate beads prepared from 1% thyme EO
emulsion and 0-40% CNCs.

Fig. 31 shows the release profile of beads prepared from 1% thyme EO emulsion at
different concentrations of CNCs. Results showed that a reduction of thyme oil release
can be achieved from alginate beads loaded with CNCs. After 80 h, alginate beads
loaded with 10% CNCs showed a reduction on cumulative release of 6% with respect to

beads without CNCs. This reduction was increased to 8 and 10% when concentrations
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of CNCs were at 20 and 30%, respectively. According to Kevadiya et al. (2010) and
Tunc and Duman (2011) the use of clays such as MMT can also delay bio-compounds
release. Kevadiya et al. (2010) have also compared the release of diclofenac in loaded
alginate beads containing MMT. Authors found that time independent phase of drug
release profile in intestinal fluid was delayed by increasing the amount of MMT from 1.0
to 2.5% (w/w). It was suggested by Tun¢ and Duman (2011) that, as in this study, the
addition of 60% MMT increases the diffusion path of carvacrol by releasing 50% of the
compound from methylcellulose films after 15 days exposure at 15°C compared to 80%
in films without MMT.
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Fig. 32 In vitro thyme EO release profile of alginate beads prepared from 3% thyme oil
emulsion and 0-40% CNCs.

Results of thyme release from beads prepared with higher concentrations (3%) of thyme
EO emulsion are shown in Fig. 32. Firstly, an initial burst release during the first 100
hours was observed and by increasing the time of the test, it was observed that alginate
beads loaded with 30% and 40% CNC showed a sustained release of 51% after 172 h
(day 7). These results can corroborate the observations made in the loaded capacity

(LC%) of alginate beads (Table 9), where it was noticed that increasing the thyme oil
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concentration to 3% (LC 0.12%) leads to longer continuous release period compared to
1% (LC 0.04%). These results were in accordance with the observations made in Fig. 31
in which the release of EO in simulating solvent was decreased due to the presence of
CNCs in alginate beads prepared from 1% thyme EO emulsions.

Table 10 Release parameters of beads prepared from 1-3% thyme EO emulsion in

simulating solvent (10% (v/v) ethanol). Parameters n and k represent exponent coefficient
and release constant respectively.

Release parameters

n k
1% Thyme - 0% CNCs 0.43 14.30
1% Thyme - 30% CNCs 0.44 11.61
3% Thyme - 0% CNCs 0.37 9.85
3% Thyme - 30% CNCs 0.43 6.77

With the aim to compare the release kinetics of both EO concentrations (1-3%) at the
observed optimal conditions of CNCs (30%), the results were fitted to the Korsmeyer-
Peppas semi-empirical model (Hosseini et al. 2013). Results given by the model are
presented in Table 10. It was observed that all evaluated systems exhibit exponent
coefficients (n) lower than 0.50, indicating that all beads followed a Fickian controlled
diffusion. In addition, it was found that the release constant (k) obtained was indirectly
proportional to the concentration of EO. For instance, for beads without CNCs, the
release constant value decreased from 14.30 to 9.85 when the thyme EO in the
emulsion increased from 1 (LC% 0.04) to 3% (LC% 0.12), respectively. Thus, the
cumulative release decreased and extended to longer periods of time at higher
concentration of EO. Hosseini et al. (2013) also observed a decrease of k from 28 to 17
while using 1 to 3% of EO in alginate microparticules. With respect to CNC
concentrations and its effect on the release coefficient (k), it was observed that k
decreased for all thyme oil loaded beads when CNCs were introduced. Similar
observations were reported by Soppirnath and Aminabhavi (2002) who confirmed that
the increase of time exposure to glutaraldehyde, a cross-linking agent, reduced the k

values in guar gum and acrylamide hydrogels.
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6.4.4 In vitro Test in "Agar Diffusion Assay" of Alginate Beads

Table 11 shows the in vitro antimicrobial evaluation of the beads prepared from 1 and
3% thyme EO emulsions with 0 and 30% CNCs. Neither pure alginate nor alginate +
CNC control beads (without thyme oil) exhibited any antimicrobial effect against Listeria
innocua (data not shown). Beads prepared from 1% thyme EO emulsions did not exhibit
any inhibition diameter against the tested bacteria. However, higher concentration of EO
(3%) showed a pronounced effect on the agar, showing a 13.19 mm inhibition diameter.
Among all the principal constituents, thyme EO used in this study was composed mainly
of 35% thymol, 20% y-terpinene, and 19% p-cymene all components with demonstrated
antioxidant and antimicrobial effectiveness. Several authors (Cosentino et al. 1999; Rota
et al. 2008) have demonstrated that phenolic compounds play an important role on the
antimicrobial activity in thyme EO. Indeed, the reaction mechanism of the phenol
compound such as thymol was explained as an attack to the lipid membrane of bacteria
when in contact with the EO (Marchese et al. 2016). These findings are in agreement
with our in vitro tests results at 3% EO concentration.

Table 11 Agar diffusion assay of thyme oil loaded alginate beads inoculated with Listeria
innocua on an initial well diameter of 8 mm.

Inhibition diameter

Sample (mm)
1% Thyme 0% CNCs -
1% Thyme 30% CNCs -
3% Thyme 0% CNCs 13.19+1.07
3% Thyme 30% CNCs 10.83+0.10

6.4.5 Volume of Alginate Beads

Volume of beads prepared from 3% thyme oil emulsion is illustrated in Fig. 33. Results
show a direct correlation of the presence of CNCs on the increase of alginate beads
volume. This behaviour was related to the increase of viscosity of the formulation by
addition of CNCs (0.46 Pa's at 0% CNCs and 1.11 Pa's at 30% CNCs). Thus,
introducing CNCs in the emulsion based on thyme EO (3%) led to a larger gelified bead
volume (100 mm®) at 30% CNCs compared to bead without CNCs (81 mm?®). Indeed,
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Gershuny et al. (2016) explained that, in a stationary-state, the alginate beads dropping
velocity and distance between beads decreased at high viscosities, resulting in a larger

bead diameter.
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Fig. 33 Calculated volume of beads containing 0-40% CNCs prepared from 0 and 3% of
thyme EO emulsions.

6.4.6 Transmission Electron Microscopy (TEM)

Beads with the highest antimicrobial and controlled release properties were chosen for
studying their morphological properties. Thus, cross-section of alginate beads prepared
from 3% thyme oil emulsion at 0% CNCs was compared to beads with 30% CNCs as
illustrated in Fig. 34. A heterogeneous and porous matrix was observed in the absence
of CNCs (A), while in the presence of CNCs (B), a homogenous matrix with drastically
reduced pores was observed. In fact, these results were correlated with the findings in
EE% and release studies from which an enhanced interconnection between alginate and
nanocomposite were discussed (Yang et al. 2014). Even though the presence of
submicron CNC particles were not visible within the alginate network, it can be
suggested that the role of CNCs was to help forming a more compact inner bead due to
the multiple binding sites with calcium ions and alginate carboxylate groups (Mohammed
et al. 2015).
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Fig. 34 TEM images (2,000x) of the cross section of alginate beads prepared from 3%
thyme EO-loaded emulsion with 0% (A) and 30% CNCs (B).

6.4.7 Fourier Transform Infrared Spectroscopy

Fig. 35 shows the FTIR spectra of beads containing 0-30% CNCs and 0-3% thyme EO.
All spectra exhibited six principal peaks at wavenumbers of 3374, 2925, 1616, 1433,
1291, and 1081 cm™. The strong broad absorption from 3600-3000 cm™ bands
represented stretching hydroxyl groups (O-H) belonging to the mannuronate and
guluronate residues of alginate copolymer in the beads. Close to these hydroxyl groups,
a "shoulder" appeared at wavelength of 2925 cm™, ascribed to the stretching band of C-
H (Fujisawa et al. 2011). In the middle section of the spectrum, wavenumbers of 1615
and 1433 cm™ demonstrated the presence of the asymmetrical and symmetrical stretch
of carboxylate groups of alginate cross-linked by Ca*™. As observed by Sartori et al.
(1997) and Angadi et al. (2012), the presence of calcium ions in the beads shifts the
symmetric stretching peak resulted from the bonding between the calcium ion and the
oxygen atom of the carboxylate group from 1412 to 1431 cm™. As for the glycosidic bond
(C-0O-C) linking mannuronate and guluronate residues in alginate, the band remained at
1080 cm™ as also observed by Lawrie et al. (2007).

Even though CNCs were included in alginate bead formulation, characteristic peaks of
CNCs could not be distinguished in FTIR spectra, suggesting that these peaks were
overlapped with those of alginate at the same region. Huq et al. (2012) who worked with
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alginate based films containing CNCs observed similar findings where both materials

were overlapped in the FTIR spectra.

FTIR spectra of alginate beads containing thyme EO are recognizable by the fingerprint
region. Characteristic peaks of the used Thymus vulgaris EO showed a peak at 806 cm™
corresponding to the C-H bond of the major aromatic groups of thymol. The peak
observed at a wavenumber of 947 cm™ was assigned to the CH, groups of the
hydrocarbon chains in the isomeric cyclic y-terpinenes contained in the EO (Schulz et al.
2005).
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Fig. 35 Fourier Transform Infrared spectra of alginate beads containing 0-3% thyme EO - 0-30% CNCs.
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6.4.8 Effect of Thyme EO loaded Alginate Beads and Gamma irradiation on
Listeriainnocua Inoculated Ground Meat

Table 12 presents the effect of thyme EO-loaded beads and gamma irradiation on the
elimination of Listeria innocua in ground meat during storage. It was observed that meat
samples (without beads) with an initial concentration of Listeria innocua of 3.81 log
CFU/g showed a rapid increase to 6.86 log CFU/g at day 14. This increase was
sustained from the first two days with a bacteria growth rate of 0.69 Ln CFU/g-day. When
meat was mixed with thyme oil-loaded alginate beads, Listeria showed a significant
reduction of 1 log CFU/g at day 6 and 2 log CFU/g reduction at day 10 and 14 compared
to the control (without beads), respectively. After 6 days, inoculated meat mixed with
thyme oil-loaded alginate beads showed higher antibacterial activity with a final
concentration of 4.17 log CFU/g at day 14. The determined growth rate of samples
containing alginate beads (0% CNCs) was found to be 0.14 Ln CFU/g-day, lower
compared to meat samples without any beads. Additionally, results showed that when
CNCs were included in alginate beads a sustained controlled growth of Listeria was
observed during storage. However, it was noticed that samples containing CNCs
showed a slower decrease of bacteria from day 6 to day 14 compared to the control
beads without CNCs (0.17 and 0.14 Ln CFU/g.day, respectively). In fact, this behaviour
was correlated with the results found in both diffusion assay and in vitro release tests in
ethanol 10% v/v where CNCs contributed to a slow release of EO. It is suggested that
beneficial effects of CNCs can be detected at even longer storage periods depending on
the targeted food application. Related to literature, Tun¢ and Duman (2011) also noticed
that the presence of 60% of MMT in methylcellulose films applied on sausage decreased

the carvacrol release rate during storage time (21 days).
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Table 12 Listeria innocua growth on ground meat mixed with alginate beads prepared from
3% thyme EO emulsion at 0% (Thyme) and 30% CNCs (Thyme+CNC) treated with gamma
irradiation doses from 0 to 3 kGy.

Day
Dose
0 2 6 10 14
Control 3.81+0.05*" 3.89+0.05*® 4.85+0.07°° 6.27+0.11°° 6.86+0.11%C
0 kGy Thyme 3.74+0.06*" 3.62+0.09°" 3.57+0.2*" 4.08+0.2°* 4.17+0.12°*
Thyme+CNC 3.76£0.10** 3.67+0.03** 4.13+0.23"® 4.25+0.11°* 4.71+0.09°®
Control 3.00+0.34*¢ 2.58+0.09*® 3.54+0.11°C 4.21+0.40°® 5.17+0.43"®
0.5 kGy Thyme 2.37+0.19°% 1.98+0.05°" 1.57+0.09*" 1.42+0.12*" 2.32+0.56""
Thyme+CNC  2.25+0.29°" 2.07+0.29"* 2.34+0.05"® 1.59+0.27** 2.08+0.41%"*
Control 2.20+0.20°® 1.95+0.13%C 1.94+0.06°*® 3.05+0.67°°"® 4.10+0.55 **®
1 kGy Thyme 1.3240.25"" 1.68+0.18"% 0.96+0.23"°* 0.66+0.20" 0.58+0.00°""
Thyme+CNC 1.27+0.16"" 0.88+0.00*" 0.92+0.23** 0.70+0.16*" ND
Control 0.81+0.31*® 0.58+0.00>" 0.00+0.00>* 0.58+0.00*  0.58+0.00
1.5 kGy Thyme 0.58+0.00** ND ND ND ND
Thyme+CNC  0.58+0.00** ND ND ND ND
Control  0.88+0.42* 0.58+0.00° ND ND ND
3 kGy Thyme ND ND ND ND ND
Thyme+CNC ND ND ND ND ND

'Means followed by the same uppercase letter in each column are not significantly different at the
5% level. Means followed by the same lowercase letter in each row for each property are not
significantly different at the 5% level.

’ND means not detected (<0.6 log CFU/q)
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Synergistic response is demonstrated when combined effects of several methods induce
a higher performance than the use of single methods separately (Bjergager et al. 2012).
In this study, gamma irradiation was applied on ground meat mixed with thyme oil loaded
alginate beads in order to study its effect on Listeria growth (Table 12). Results showed
that gamma irradiation of meat samples enhanced the reduction of bacteria content at all
applied doses. For instance, by treating meat with thyme EO-loaded beads and gamma
irradiation at 0.5 kGy, Listeria concentration was reduced from 3.54 log CFU/g (no
beads) to 1.57 log CFU/g after 6 days of storage. In addition, higher reduction of 3 log
CFU/g was noticed in samples loaded with beads at day 6 with respect to control
samples without any treatment (0 kGy). These results suggest a synergistic effect
between thyme EO and gamma irradiation at low doses. Similar findings were discussed
by other authors (Ouattara et al. 2002; Huq et al. 2015) who also observed a synergistic
effect of EOs such as oregano, mustard, cinnamon, thyme oil with gamma irradiation.
Huqg et al. (2015) demonstrated that in order to reduce 1 log CFU/g of Listeria
monocytogenes the required irradiation dose decreases from 0.54 to 0.45 when oregano

EO encapsulated in beads was spread onto ham samples.

Considering alginate beads prepared with thyme EO and CNCs, it was observed that the
combined treatment at 0.5 kGy at day 6 exhibited a 1 log CFU/g reduction with respect
to meat without beads at the same irradiation dose. Results also demonstrated a 2 log

CFU/g reduction with respect to the controls at 0 kGy.

In addition, it was observed that the 0.5 kGy treatment with alginate beads in presence
of CNCs allows a sustained growth of bacteria from day 6 to day 14 compared to a
bacteria increase (0.75 log CFU/g) observed in the system with beads without CNCs.
Even though the influence of doses up to sterilizing conditions (25 kGy) on the alteration
of composition of Thymus vulgaris EO (Haddad et al. 2007) is discarded, it can be
hypothesized that the presence of the CNCs could have avoided a rapid release of the
EO and preventing dump release.

By increasing the irradiation doses to 1 kGy, control samples (without any beads)
showed an important reduction of 1.6 log CFU/g at day O compared to their control at O
kGy. This reduction was even more important within storage period of 10 days where
reduction was of 3 log CFU/g compared to the control without any treatment at day 10.
This phenomenon can be explained by the fact that gamma irradiation is a cold process

that induces DNA double strand to break and lead to bacterial death (Hussain et al.
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2014). In addition, at 1 kGy, samples with beads loaded with thyme EO showed a
reduction of Listeria of 2.6 and 3.2 log CFU/g when beads were prepared without and

with CNCs, respectively.

Although, when meat without any beads was treated at 1.5 kGy, Listeria was still
detected at day 14. On the contrary, when treated at 3 kGy a complete elimination of
Listeria was observed after 2 days of storage. It is important to highlight that treatments
with thyme EO loaded beads and y-irradiation at 1.5 kGy and 3 kGy allowed a decrease
of Listeria innocua of 3.2 log CFU/g and 3.7 log CFU/g with respect to their control
(without beads and without irradiation) at day O (Table 12). By applying gamma-
irradiation at a dose of 1.5 kGy in presence of active alginate beads, no detectable
Listeria was observed from day 2 until the end of the experiment (Table 12). Treatment

at 3 kGy with alginate beads did not reveal any Listeria formation from day O.

In comparison with other studies done at similar doses, a reduction of 4 log CFU/g in
meat inoculated with Listeria monocytogenes was observed when irradiation doses of
2.5 kGy were applied (Monk et al. 1994).

6.4.9 Effect of Combined Treatment in Mesophilic Total Flora (MTF) on
Ground Meat

The results of the shelf-life of meat samples are shown on Figs. 36-38. According to
Ministére de I'Agriculture, des Pécheries et de I'Alimentation du Québec (MAPAQ 2009)
limited concentration of MTF is an important criteria for the determination of a product's
shelf-life. In meat, this concentration should be lower than 6 log CFU/g before the

product loses its freshness and risk affects the consumer.

In this study, results depicted in Fig. 36 for control meat samples (without beads at 0 and
0.5 kGy) exhibited an MTF level of 5.6 log CFU/g, exceeding, thus, its acceptable limit of
MTF after only O days of storage. At doses of 1 and 1.5 kGy, MTF level in meat
demonstrated a reduction of ~2 log CFU/g compared to control samples (0 kGy) at day 0.
It was observed in these samples that meat shelf-life was about 10 days at which point
MTF achieved 6.4 and 6 log CFU/g for 1 and 1.5 kGy, respectively. At 3 kGy dose, MTF
level exhibited a reduction of 4 log CFU/g with respect to the control (no beads and 0
kGy) during the whole storage. Therefore, high dose of 3 kGy was the only dose that

allows an increase of shelf-life for meat longer than 14 days.
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Fig. 36 Mesophilic Total Flora (MTF) growth on ground meat without beads as a function of
gamma irradiation doses (0-3 kGy).

Results of the effect of active beads (without CNCs) and y-irradiation on meat shelf-life
are represented in Fig. 37. Similar to the behaviour observed in meat without beads,
meat samples with active beads irradiated at 0 and 0.5 kGy showed a rapid end of shelf-
life (>0 days). Remarkable synergistic effects were observed at doses 21 kGy where
MTF level in meat samples with the active beads showed lower values than meat without
beads or y-treatment. For instance, meat irradiated at 1 kGy with active beads, showed
an MTF concentration of 6 log CFU/g rather than 6.8 log CFU/g found in samples without
beads tested at day 14. Compared to the increasing MTF level observed from day 2 (1.9
log CFU/g) to 14 (4.1 log CFU/g) in samples without any bead, 3 kGy treatment in
presence of active beads allowed a long meat shelf-life of 14 days with MTF of 2 log
CFU/g.

138



—o—0 kGy
18 0.5 kGy
I
g 8 /\ —&—1kGy
o ! T ~
35 6 e —— 1.5 kGy
L —— =
o 5 - _x
o 4 i —#— 3 kGy
3 3 .
TR — Shelf life
E 1 acceptance
o] Detection limit
0O 2 4 6 8 10 12 14
Day

Fig. 37 Mesophilic Total Flora (MTF) growth on ground meat mixed with alginate beads
(prepared from 3% thyme EO emulsion and 0% CNCs) as a function of gamma irradiation
doses (0-3 kGy).

Synergistic effects were also found by Dussault et al. (2012) who showed that a dose of
1.5 kGy extended the shelf-life of fresh pork sausages to 14 days compared to 7 days in
the untreated control. In this study, a dose of 1.5 kGy showed a stable level of MTF at a
4 log CFU/g during the whole storage period (13 days) of sausages. This extension of
sausage shelf-life is probably due to the addition of preservatives such as salt and
spices which have already demonstrated an effect on bacteria growth rate and an

influence with gamma irradiation (Sommers and Fan 2003).
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Fig. 38 Mesophilic Total Flora (MTF) growth on ground meat mixed with alginate beads
(prepared from 3% thyme EO emulsion and 30% CNCs) as a function of gamma irradiation
doses (0-3 kGy).

Mesophilic Total Flora (MTF) growth showed different behaviour when samples were
treated with thyme EO beads containing CNCs and gamma irradiation (Fig. 38). It was
observed that meat samples treated at irradiation doses range of 0-1 kGy and alginate
beads exceed MTF limits from day 2. Also, from day O it was observed that samples
treated at 3 kGy exhibited a 4 log CFU/g reduction and bacteria stability until 10 days. In
addition, samples irradiated at 3 kGy with active beads and CNCs maintained a lower
concentration from 2 log CFU/g until 3.2 log CFU/g observed at day 14.

Even though this study was mainly focused on the effect of gamma irradiation and active
beads on MTF, it has been shown by Molins et al. (1987), Thayer et al. (1993), and Ye et
al. (2017) that predominately gram-positive Lactobacillus spp, Micrococcus spp or gram-
negative Pseudomonas spp, and Enterobacteriaceae spp are flora related to pork meat
spoilage. Based on the species and the environmental conditions, these bacteria can

create off-flavours, off-odours and slime production during storage time of meat product.
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6.5 Conclusions

Alginate beads were prepared by ionic gelation procedure with various concentrations of
thyme essential oil and CNCs. It was found that preparation of alginate beads containing
high concentrations of CNCs (10-40%) led to increased EE% and LC% at two tested
concentrations of essential oil. Moreover, in vitro test studies in simulated solvent
demonstrated a reduced cumulative release of thyme essential oil when CNCs
concentrations higher than 30% w/w (polymer dry weight) were used. Antimicrobial
activity of thyme loaded alginate beads and gamma irradiation showed an existing
synergistic effect against Listeria innocua and MTF. In situ results demonstrated a
complete inhibition of Listeria from day O when doses of 3 kGy were applied on the
samples loaded with the active alginate beads. In addition, synergistic effect was also
observed to sustain the shelf-life of ground meat irradiated at 1 kGy with alginate beads
prepared with thyme essential oil, which was extended to 14 days compared to 2 days

when meat was treated without either gamma-irradiation or antimicrobial beads.
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RESUME

Comparé a la viande de boeuf ou de porc, la poitrine de poulet est un produit qui se
distingue par sa teneur élevée en acides gras polyinsaturés (PUFA). Cependant, lorsque
ces acides gras présents dans les aliments entrent en contact avec l'oxygene ou les
rayons UV, ils ont tendance a s’oxyder, et il en résulte l'apparition d’odeurs
désagréables et de changements de couleur. Grace a leur transparence et propriétés
comestibles, les enrobages représentent une solution alternative pour protéger la viande
contre des facteurs dommageables externes tels que I'humidité et I'oxygéene.

Les nanocristaux de cellulose (CNCs) sont un produit dérivé de la cellulose possédant
comme caractéristiques principales des dimensions hanométriques et un haut degré de
cristallinité. Grace a leur capacité a étre dispersés en milieu aqueux, les CNCs ont été
utilisés pour renforcer des matrices polymériques a base de polysaccharides. Dans cette
étude, les CNCs ont été introduits a différentes concentrations (0-30%, base seche)
dans des films d'alginate avec pour objectif d'évaluer leur réle d’agent de renforcement
et leur capacité a prévenir 'oxydation des lipides dans la poitrine de poulet. L'effet
barriere a la lumiere UV et la perméabilité a l'oxygene (OP) des films d'alginate
contenant 0-30% de CNCs ont été évalués dans des conditions d’humidité relative de 0,
50 et 70% RH. La concentration plus performante de CNCs a été déterminée et le film
d’enrobage a été appliqué sur des poitrines de poulet. Le degré d’oxydation des lipides a
été déterminé en utilisant les tests permettant de quantifier les valeurs d’hydroperoxydes
(PV) et les substances réactives a l'acide thiobarbiturique (TBARS). Les résultats ont
démontré un effet barriére notable a la lumiére UV et une réduction d'OP de 25% a 70%
RH lorsque 30% CNCs étaient ajoutés dans les films d'alginate. Les tests de PV et de
TBARS ont également indiqué une diminution du degré d’oxydation des gras dans le
poulet traité par les films d’alginate contenant 30% de CNCs aux jours 1 et 3
d’entreposage, sans indication d'oxydation démontrée par la couleur.

ABSTRACT

Compared to other types of meats such as beef or pork, chicken breast constitutes one
of the foods with valuable amount of polyunsaturated fatty acid (PUFA). However, when
these fatty acids present in food come into contact with oxygen or UV light they are
prone to oxidation resulting in off-odours and off-colour. Because of their transparency
and edible properties, coatings have been an alternative solution to meat for bringing
protection against external damaging factors such as humidity and oxygen.

Cellulose nanocrystals (CNCs) are a product derived from lignocellulosic material with
nanometric dimensions and high crystallinity as main characteristics. Because of their
ability to be dispersed in aqueous solutions, CNCs have been used to reinforce
polysaccharidic matrices. In this study, CNCs at different concentrations were introduced
in alginate-based films with the aim to evaluate their reinforcing properties and their role
against oxidation of fatty acids in chicken breast samples. For this purpose, UV barrier
properties and the oxygen permeability (OP) of alginate-based films loaded from 0-30%
CNCs (w/w polymer, dry basis) were evaluated at 0, 50, and 70% RH. The best
performing film was used to coat chicken breasts and lipid oxidation was assessed
during storage through lipid peroxide value (PV), thiobarbituric acid reagent substances
(TBARS) quantification and color variability measurements. Results showed promising
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UV barrier effects and 25% decrease of OP at 70% RH when 30% CNCs were loaded in
alginate films. Edible coating on chicken breasts also demonstrated a decrease of PV
and TBARS at day 1 and 3 when 30% CNCs were used and no oxidative changes were
indicated by color.
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7.1 Introduction

Chicken is one of the most consumed and one of the healthier lean protein sources in
North America, along with beef and pork. It constitutes an important nutritional source of
conjugated linoleic acid (CLA) and bioactive peptides (Cavani et al., 2009; Gibbs et al.,
2010; Ryan et al., 2011). However, because of the presence of a large amount of
unsaturated fatty acids, oxidative reactions can easily take place resulting in off-colour

and off-flavour side-reactions.

In matrices such as cheese (Nawar, 1996), oxidation might be desirable whereas in
meat it can lead to a dissatisfied consumer. In meat, the main reactions taking place
during lipid oxidation are autoxidation due to atmospheric triplet oxygen (*0,) through a
free radical reaction mechanism attacking polyunsaturated fatty acids. In the presence of
UV light, metals contained in meat can also induce a photosensitized oxidation reaction
caused by the action of singlet oxygen. These two types of oxidation reactions will end
up in the formation of lipid peroxides compounds that are rapidly decomposed to several
by-products including aldehydes, ketones, alcohols, and hydrocarbons.

In order to reduce the impact of lipid oxidation in meat, the application of an edible
coating has demonstrated promising antioxidant properties due to its protective role
against oxygen transmission through the food matrix. According to Ustunol (2009),
edible coatings are not intended for replacing synthetic packaging materials but for
bringing a secondary protection to food once the primary packaging has been opened.
The interest of using polysaccharides (gellan, alginate, pectin) is based on their
acceptance as food additives, biodegradability and easy manufacturing processes.
Examples found in literature revealed that biopolymers such as methylcellulose and
whey protein exhibited lower oxygen permeability at room temperature and 50% RH
compared to that of low density polyethylene (LDPE) and high density polyethylene
(HDPE) (Miller and Krochta, 1997).

Even though biopolymers show good barrier properties, nanofillers can also be added to
contribute or improve their properties without affecting their nature. First discovered by
Ranby (1949), cellulose nanocrystals (CNCs) have been characterized for their non-
toxicity, large surface area and nanometric dimensions (Lima and Borsali, 2004; Terech
et al., 1999) making them of significant big interest for applications for multiple fields

including food packaging.
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In biopolymers, CNCs have demonstrated a valuable contribution to the enhancement of
oxygen barrier properties in matrices such as polylactic acid (PLA), collagen and whey
protein (Karkhanis et al., 2018; Long et al., 2018; Sukyai et al., 2018).

The aim of this study was to evaluate i) the reinforcing effect of CNCs on alginate based
films and ii) their protective effect against lipid oxidation of chicken breast when added to
the edible formulation. Light transmittance and oxygen permeability of films were studied
and best performing films were chosen to serve as edible coating of chicken breast.
Oxidative by-products such as thiobarbituric acid reagent substances (TBARS) and lipid
hydroperoxides were quantified through TBARS and peroxide values tests, while color
changes were determined by CIE LAB measurements during a storage period of 8 days.

7.2 Materials and Methods

7.2.1 Chemicals

Barium chloride dihydrate, ferrous sulfate heptahydrate, ammonium thiocyanate, and
Whatman No. 1 filter paper were obtained from Fisher Scientific (Whitby, ON, Canada).
Isopropanol, hexane, butanol, acetic acid, and synthetic glycerol were purchased from
Laboratory MAT (Québec, QC, Canada). Methanol was bought from Greenfield Global -
Les Alcools de Commerce (Boucherville, QC, Canada). Thiobarbituric acid,
tricholoroacetic acid, hydrochloric acid and alginic acid sodium salt from brown algae
were purchased from Sigma Aldrich (Oakville, ON, Canada) and used without further
purification. Finally, cellulose nanocrystals were kindly provided by FPInnovations
(Pointe Claire, QC, Canada).

7.2.2 Preparation of Alginate-based Films Loaded with Cellulose
Nanocrystals (CNCs)

A 3.4% w/w sodium alginate solution was prepared in distilled water under overnight
stirring. Meanwhile, a suspension of 1.5% w/w CNCs was then prepared dispersing a
pre-weighed amount of CNCs in distilled water under constant stirring. A sonication
procedure was then applied to a 200 mL suspension of CNCs using a 500 W and 20 kHz
Qsonica sonicator (Fisher Scientific, ON, Canada). The suspensions were sonicated at
1000 J/g CNCs with 60% amplitude. The CNC suspension was then added to alginate
solution at different concentrations (0, 10, 20, 30, and 40 % w/w CNCs based on
polymer dry weight or corresponding to 0, 7, 14, and 19 % w/w in dry basis). Glycerol
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was then added at a final concentration of 0.5% w/w and distilled water was added to
adjust alginate solution final concentration to 2% w/w. All the suspensions were
degassed overnight under vacuum and suspensions were casted in petri dishes and let

to air dry.

7.2.3 Characterization of Alginate-based Films

Optical Transmittance of Alginate-based Films

The optical transmittance of alginate based films was measured using a Cary 100 Bio
UV-visible spectrophotometer (Agilent Technologies Canada Inc.). The transmission
spectra of films were recorded in the 200-800 nm wavelength range and background
was recorded in air as proposed by Dai et al. (2016).

Differential Interference Contrast (DIC) Microscopy of Alginate-based Films

Alginate-, CNCs-based films and alginate-based films containing CNCs were cut and
mounted on glass slides and sealed each of it with cover slips. Images of the films were
recorded wiht a Zeiss LSM780 microscope equipped with an EC Plan-Neofluar 40x/1.30

Oil M27 objective and final images were analyzed with Zen 2011 software (Zeiss).
Birefringence of Alginate-based Solutions

Prepared solutions of alginate films in absence (0% CNCs) and in presence of 10 to 30%
CNCs (w/w, equivalent to a suspension at 0.6% w/w) were observed through cross-
polarizers under magnetic stirring in order to observe CNCs dispersibility in alginate

solutions.
Oxygen Permeability of Alginate-based Films

An OX-TRAN Model 1/50 (Minneapolis, MN, USA) was used to measure the oxygen
transmission rate of alginate films loaded with CNCs at 0 and 30% (w/w polymer, dry
basis). Tests were performed by setting relative humidity to 0, 50, and 70% at
temperature of 23°C under atmospheric conditions. The oxygen transmission rate (OTR)
of films was expressed in cm®m?day. The film area was adjusted to 5 cm? with an
aluminum foil mask. In order to determine oxygen permeability (OP) OTR results were
multiplied by the average thickness of each film measured at 5 random positions with a
type ID-S112TX Mitutoyo micrometer (BDI Canada Inc., Laval, QC, Canada). For
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consideration of repeatability of samples, at least two films per formulation were

analyzed.

The oxygen permeability of alginate films loaded with CNCs was calculated according to
Eq. 23:

OP;09, cnes = OP2y; alg — (Concentration of CNCs in dry basis * OPygg, cnes) (23)

7.2.4 Lipid Oxidation Tests of Food Matrices

Preparation of Coated Chicken Samples

Entire chicken breasts were freshly bought from a nearby IGA grocery store (Laval, QC,
Canada). The samples were cut in pieces of approximately 10 g each and then stored in
a plastic bag. The samples were coated on their upper surface with the edible coating
film (0 and 30% w/w CNCs, polymer dry basis) and then placed on an aluminum foil to
create a barrier underneath the sample. For comparison purposes, control samples were

placed under the same storage conditions (8 days) without any edible coating films.
Extraction of Lipids

A given quantity of chicken breast (10 g) was ground until complete homogenization in
10 mL of isopropanol and 20 mL of hexane using an Ultraturrax tissue blender (IKA,
Ottawa, ON, Canada). The mixture was then filtered through a Whatman No. 1 filter
paper and then dried by flushing nitrogen gas. The fatty residue was dried until constant

weight was achieved. The samples were kept for analysis of peroxide values.
Peroxide Value Determination

Peroxide formation in meat samples was determined according to the original
international dairy federation standard method. The method is based on the oxidation of
ferrous (Fe®") to ferric (Fe**) ions by peroxides and the peroxide value was measured
through a colorimetric test using ammonium thiocyanate (7.5 g in 25 mL water) and iron
solutions (0.8 % w/v of barium chloride solution added to 1% w/v iron sulfate solution and
1 mL of HCI (10N)). Thus, fat extracted from samples (approx. 5 mg) was re-suspended
in 1.5 mL of methanol: butanol working solution (2:1 v/v) and vortexed until complete
homogenization. Detection of lipid peroxides was performed by reacting 7 pL of
ammonium thiocyanate followed by addition of 7 pL of iron solution. Samples were

incubated for 20 min at room temperature and absorbance was read at 510 nm
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wavelength using a S-3100 UV spectrometer (Scinco co, Toronto, ON, Canada). The

peroxide value (PV) (mEg/kg) was determined according to Eq. 24.

_ Asample_Ablank
PV = m, (g)*2+55.84 * slope (24)

Where Apank IS the absorbance of the working solvent with the respective reagents and
the m, is the weight of the lipid extract used for peroxide value determination. The
standard curve was prepared using different concentrations of iron (0 - 1.9 pg) and the
slope was calculated using a linear regression protocol, resulting in a value of 0.035 (R?
= 0.99).

Water Retention of Alginate based Film Loaded with CNCs

Water loss of meat was evaluated during storage period. The given weight of meat (g)
with and without coating taken at day x (1, 3, 6, and 8) was compared to the initial weight
at day 0 as shown in Eq. 25:

Weight meatqay o—Weight meatgay x

Meat water loss (%) = * 100 (25)

Weight meatqay o

Coated samples were selected with the aim to measure the water retention capacity of
the film. Thus, the water retention percentage was defined as the capacity of the system
(meat + film) to retain weight from day 0 compared to weight at day X, as it is shown in
Eq. 26 :

Weight (meat+film)gay x

Water retention percentage (%) = * 100 (26)

Weight (meat+film)gay o

Thiobarbituric Acid Reagent Substances (TBARS)

Lipid oxidation of control and coated chicken samples was determined according to the
method described by Oussalah et al. (2004). Briefly, an amount of approx. 5 g chicken
breast was blended with 25 mL of distilled water and 5 mL trichloroacetic acid solution
(15% wi/w). The mixture was then centrifuged and the supernatant (2 mL) was mixed
with 0.5 mL of the thiobarbituric acid solution for 90 min at 95°C. After incubation, the

absorbance was measured at 520 nm in a S-3100 UV spectrometer (Scinco co, Toronto,
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ON, Canada). Because the interaction of malondialdehyde (MDA) with protein (Igene et
al., 1980) might lead to TBARS value underestimation, a third-derivative calculation was
applied to the spectrum in order to eliminate muscle interactions with protein and
baseline tilts (Botsoglou et al., 1994). The third derivative spectra were calculated using
an online derivative application tool (https://www.nwlifescience.com/sg) with three as

value parameter for both polynomial and derivative order.

Color of Chicken Breast

Color of chicken breast is considered as one of the primary attribute for consumer
selection in its uncooked state (Fletcher, 2002). In raw poultry breast, a pale pink color is
expected and desirable while in raw thigh and leg meat a dark red color is expected. It
has been studied by Miller (1994) that the presence of myoglobin is the main reason for
the color of meat, and it can differ depending on the animal species, muscle types, and
age. For instance, it was demonstrated that old poultry meat had the lowest myoglobin
content (0.01 mg myoglobin/g meat), followed by 26-week male poultry chicken breast
(0.10 mg/g) and 26-week male poultry dark meat (1.50 mg/g) (Fletcher, 2002). These
values are lower compared to young lamb (2.50 mg/g), dark meat fish species (5.3-24.4
mg/g) or old beef (16-20 mg/q).

Chicken breast meat color for coated and uncoated samples was examined using a
standard CIE LAB color system with a Colormet colorimeter (Instrumar limited, St John’s,
NF, Canada). As explained in previous sections, cut pieces of chicken breast samples
were coated with the respective alginate film on the top surface. In order to evaluate the
colour, both lightness (L) and redness (a*) were measured at day 0 and 8 and a number
of 10 samples were analyzed for each group.

7.3 Statistical Analysis

The tests peroxide value and TBARS were done in duplicate and for each replicate at
least three samples were analyzed and for color tests the number of replicates analyzed
was ten. In order to evaluate the differences between groups at identical storage period,
the variance (ANOVA) test was performed. The software PASW statistics base 16
(SPSS Inc. Chicago, IL, USA) was used for processing the data and differences within

samples were identified at p < 0.05.
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7.4 Results

7.4.1 Light Transmittance, Morphology of Films, and Birefringence of
Alginate Solutions Loaded with CNCs

The optical transmittance of alginate-based films loaded with 0-30% CNCs in wavelength
range of 200-800 nm is illustrated in Fig. 39. For all UV regions, UVC (100 - 280 nm),
UVB (280 - 320 nm), and UVA (320 - 400 nm) showed that increasing the concentration
of CNCs in the film leads to a decrease of the optical transmittance. It is known that at
wavelength range of 315 to 400 nm 98% of the UV radiation reaches earth (Padera,
2013). Thus, at 400 nm, it was observed that the formulation with no CNCs shows a light
transmission value of 83% compared to 72% when 30% CNCs were added to the films.
At 320 nm wavelength (UVB range) a similar trend was observed with a 70% of
transmittance when film with 0% CNCs was used compared to 55% when film was
loaded with 30% CNCs.

The difference in the optical properties of films is related to the presence of CNCs and
their inherent properties for scattering light. Similar decreasing effect was obtained when
other nanoparticles such as TiO, (Ren et al., 2015) were used. CNCs can play the role of
UV filters which would find potential applications in food packaging (Mestdagh et al.,
2005; Van et al., 2001) but also in photographic lenses (Lindfors and Ylianttila, 2016) or
sunscreen creams (Dondi et al., 2006).
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Fig. 39 Optical transmittance of alginate-based films loaded with cellulose nanocrystals
(CNCs)

DIC microscopy images demonstrated a rough surface when pure CNCs films were

observed in DIC microscopy (Fig. 40A). On the contrary, alginate-based films showed a
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flat and smooth surface (Fig. 40B) that was changing from translucent to a more dense
appearance as the CNCs loading was gradually increased (Fig. 40C-E). In order to
confirm the nanoscale dispersion of CNCs in alginate film, birefringence of the initial
solutions containing CNCs was assessed and results are presented in Fig. 41.
Dispersibility of CNCs has been the focus of numerous studies to confirm CNCs
homogeneous dispersion in various media (Fleming et al., 2000, 2001; Viet et al., 2007).
The nanoparticles have the ability to self-assembly into chiral nematic structures in a
certain range of concentrations under shear. When the pitch of the chiral nematic
structure is similar to the wavelength of the visible light, the particles are able to reflect

light giving an iridescent appearance to the solution that can be observed through cross-
polarizers (de Vries, 1951; Pan et al., 2010; Revol et al., 1992).

Fig. 40 DIC microphotographs of CNCs films (A) and alginate films loaded with 0% CNCs
(B), 10% CNCs (C), 20% CNCs (D), and 30% CNCs (E)

As observed in Fig. 41, CNCs suspension (Fig. 41A) demonstrated an iridescent
appearance characteristic of CNCs liquid crystalline order. When alginate solutions were
observed through cross-polarizers no birefringence was detected (Fig. 41B). However,
when CNCs were added to the polymer solution from 10% to 30% CNCs (Figs. 41C-E)
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the suspension recovered its birefringence due to the addition of CNCs and high visual
effects were obtained at 10% and 20% of the nanomaterial. On the other hand, no clear
effect was observed at 30% loaded CNCs and rather an opaque suspension was
obtained at this concentration which can be ascribed to the high viscosity (770 mPa-s).
Although in our study glycerol was added to the solutions for plasticizing purposes,
similar results were observed by Urefia-Benavides et al. (2010) in 1% sodium alginate
solution loaded with CNCs. The authors Urefia-Benavides et al. (2010) described the
effect of birefringence of CNCs in the suspensions as a representation of the particles

remaining in order within the suspension.

Fig. 41 Birefringence of CNC suspension at 0.6% w/w (A), alginate solution (B) and alginate
solution with dispersed CNCs at 10% (C), 20% (D), and 30% w/w (E) as observed through
cross-polarizers under magnetic stirring

7.4.2 Oxygen Permeability of Alginate-based Films Loaded with Cellulose
Nanocrystals (CNCs)

Oxygen permeability results of alginate based-films loaded with 0, 30, and 100% CNCs-
based films are shown in Table 13. Results show that oxygen permeability is
proportional to relative humidity. Alginate-based films without CNCs at 0% RH exhibited
an OP of 125 cm®um/m?day, lower compared to the homologue film tested at 70% RH

for which OP was approximately 1748 cm*®pm/m?*day.

Other studies also confirmed the exponential increase of oxygen permeability with %RH
in materials like ethylene vinyl alcohol (Gontard et al., 1996) or in cellulosic materials
(Aulin et al., 2010; Cozzolino et al., 2016; Miettinen et al., 2014; Zhang et al., 2015). In
fact, it has been suggested that the presence of water in films creates a plasticizing

effect, softening the polymer chains and improving the gas diffusion through the matrix.
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Table 13 Oxygen permeability (OP) (cm3-|.|m/m2-day) of pure CNCs-based and alginate-
based films containing 0 and 30% CNCs at characterized at different relative humidity (%)
and comparison with the calculated OP values according to Eq. 23.

Oxygen Permeability (cm®-um/m?*day)

. Relative Humidity (%)
Films
0% 50% 70%
Alginate 2% - 0% CNCs 125+ 16 361+ 10 1748 + 53
CNCs 100% 111+ 16 373+ 26 1071 + 63
Alginate 2% - 30% CNCseyp 105+8 229+ 7 1300 + 126
Alginate 2% - 30% CNCs_y 92 250 1427

In food, as water activity (a,) relates to the free content of water but also to the relative
humidity surrounding the product, taking into consideration this key parameter will be
important. For example, a,, of tomato and lettuce is 0.95, raw poultry 0.70, white bread
0.35, and salami 0.30.

With respect to the effect of CNCs in alginate-based films, it was shown in Table 13 that
the oxygen permeability evaluated at 70% RH loaded with 30% CNCs was lower (1300
cm®pm/m?-day) as compared to the control film without CNCs (1748 cm*-pum/m?-day) (p
< 0.05). A similar trend was observed at 50% RH where the oxygen permeability of films
exhibited a decrease from 361 to 229 cm*-pm/m?-day with addition of 0% to 30% CNCs,
respectively (p < 0.05). In addition, when the oxygen permeability of films loaded with
CNCs was predicted (Eq. 23) from known OP of alginate and pure CNCs, it was

perceived that calculated values were close to those calculated.

At 0% RH no difference in OP was noticed for both types of films, according to Wang et
al. (2018), under these conditions (0% RH) the films become rigid and vitreous, reason
why the effect of CNCs is no longer noticeable in alginate-based films. On the contrary,
when water activity increases, with increased high relative humidity, it can be suggested
that the films became viscous or soft, reason why a high oxygen permeability was
obtained. Even though the relative humid conditions could have increased the oxygen
permeability of the films, it can be suggested that the presence of CNCs could have
brought more rigidity to the material and then improved the barrier properties (Fortunati
et al.,, 2012; Xing and Matuana, 2016). Sanchez-Garcia and Lagaron (2010) reported a
similar trend of oxygen permeability of PLA films when measured at 80% RH. The

authors mentioned that PLA films had an oxygen permeability of 1.37*10™"
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m>-m/s-m?-Pa which was decreased to 0.15*10™"" m* m/s-m?Pa by the addition of 3 % wt
of CNCs.

According to Huqg et al. (2012) the addition of CNCs contributes to the crystallinity of
alginate films as observed by X-Ray diffraction. This phenomenon was also reported by
other authors as the reason for the improved oxygen barrier effects in starch-based films
(Liu et al., 2018) and poly(lactic acid)-based films (Karkhanis et al., 2018).

7.4.3 Lipid Peroxide Values of Chicken Coated Samples

Fig. 42 shows the amount of lipid hydroperoxides formed in chicken breast during
storage at 4°C. Starting from day 1, differences between samples coated with films
loaded with 0% CNCs and with 30% CNCs can be noticed. The peroxide values (PV)
demonstrated that samples coated with alginate films loaded with 0% CNCs had a
significantly (p < 0.05) higher concentration of fat PV (0.01 mEg/kg) compared to the
samples coated with alginate films loaded with 30% CNCs (0.001 mEg/kg). On the same
day, no significant difference (p>0.05) was noticed for the control (no coating) and
samples coated with alginate-based film loaded with 0% CNCs samples. At day 3,
similar effect was obtained where samples coated with alginate-based films loaded with
0% CNCs exhibited higher PVs (0.007 mEqg/kg) compared to 30% CNCs loaded alginate
films (0.002 mEqg/kg). Finally, at day 8 it was observed that control samples exhibited the
highest value of 0.003 mEqg/kg compared to the coated samples where it was found
absence of peroxide formation. During the 8 days of storage it was observed that control
samples (without coating) showed increased values of PV compared to those loaded
with CNCs.
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Fig. 42 Peroxide values (mEq/kg) of chicken coated with alginate-based films loaded at
different concentrations of CNCs (control, 0, 30% CNCs)
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Many studies have demonstrated the protecting role of film coatings against lipid
oxidation of food matrices (Debeaufort et al.,, 1998; Rodriguez-Turienzo et al., 2012).
Hence, some authors (Bolin, 1980; Labuza and Dugan, 1971) have studied the effect of
moisture on food matrices oxidation. For instance, Labuza et al. (1969) reviewed the
kinetics of oxidation of food and showed that lipid oxidation rate decreases with
increasing the water activity. Other studies also showed that PV values in samples with
low a,, such as nuts (a,, 0.6) exhibited lower PV concentrations (0.26 mEqg/kg) compared
to those exhibited in food with high a,, such as chicken (a,, 1.0) observed as 0.08 mEg/kg
found in chicken breast samples (da Silva et al., 2018).

Therefore, with the aim to evaluate the effect of water and understand the behavior
observed in peroxide value results, the displacement of water in the studied samples
(e.g., meat water loss and water retention of the meat+film system) was analyzed (Fig.
43). It was observed that meat coated with edible films lost approximately 20% of water
compared to 3% water loss in control samples (without coating) (Fig. 43A).
Nevertheless, the presence of the coating provides a physical barrier for retaining water
in the system (meat and film) as observed in Fig. 43B.
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Fig. 43 Chicken meat water loss (%) without coating (control) and coated with alginate-
based film (0% CNCs) and alginate based film loaded with CNCs (30% CNCs) (A). Water
retention (%) of the system (meat and film) during storage of control and coated with film
loaded with 0% and 30% CNCs (B)

It was then observed that samples coated with films with CNCs were capable of retaining
close to 96% of water during the first 3 days (Fig. 43B). Lower water retention value was

obtained in alginate-based films in absence of CNCs. Despite the fact that the
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crystallinity of CNCs can prevent the permeation of water (Matuana-Malanda et al.,
1996; Stark, 2016), CNCs possess a hydrophilic character due to the numerous hydroxyl
groups located on the surface of the crystals (Verlhac et al., 1990, Mihranyan et al.,
2004, Habibi et al., 2010). This could have allowed alginate-based films with CNCs to
improve retention of water within the film and cause a delay in meat oxidation. Similar
research results suggesting an increase of water affinity due to CNCs were mentioned
by other authors (Rafieian et al., 2014; Sukyai et al., 2018; Wei et al., 2018).

Increased water activity has been related to the decreasing behavior of fat oxidation
(Salwin, 1960). Thus, it has been found that the water mechanism in the delay of the
product oxidation is described by its i) interaction with the metallic compounds,
decreasing their catalytic function and its ii) hydrogen bonding with hydroperoxides with
no longer availability for further initiation oxidative reactions (Shafiur Rahman and
Labuza, 2007). In our results, it can be suggested that water retention caused by edible
films loaded with CNCs play a role on the delay of lipid peroxide formation of chicken

breasts.

7.4.4 TBAR Substances of Chicken Breast Coated with Alginate Films

Malondialdehyde is one of the molecules produced during oxidation of polyunsaturated
fatty acids and is considered the secondary product issued from lipid oxidation after lipid
hydroperoxides. Thiobarbituric acid reactive substances (TBARS) test is commonly used
for the quantification of malondialdehyde produced (Igene et al., 1985). Concentration of
TBARS formed during storage of chicken breast covered with alginate-based films is
depicted in Fig. 44.
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Fig. 44 Thiobarbituric Acid Reagent Substances (TBARS) content of chicken breast coated
with alginate-based film containing 0% and 30% CNCs during storage for 8 days at 4°C,
compared to the control without coating

Results showed that at day 1, concentration of TBARS demonstrated higher values for
control compared to samples coated with film with 0% and 30% CNCs. At day 3,
significant (p < 0.05) differences were observed in films with 30% loaded CNCs with
respect to control and 0% CNCs. Thus, for instance, samples containing 30% CNCs
showed 0.0043 pug TBARS/g meat compared to 0.0072 pg TBARS/g meat observed in
control at day 3. Similar responses were obtained when the authors Abdollahi et al.
(2014) added chitosan/clay films on the surface of silver carp fish and in accordance with
our findings, it was stated that the reduction of TBARS formation was related to the
protective and tortuous path created by the nanoparticle in the film. At day 6 and 9, no
difference (p > 0.05) was obtained in control and samples coated with alginate-based
films containing 30% CNCs. Contrary 30%, samples coated with film containing 0%
CNCs showed increased TBARS response. As other authors have revealed, edible
coating without presence of any clay or antioxidant result on high results of MDA. For
instance, Vilarinho et al. (2018) evidenced that PLA packaging of salami compared to
PLA-5%MMT packed samples had higher MDA concentration at days 15, 30, and 90.
Also, Bermudez-Oria et al. (2019) demonstrated that commercial or pectin-gelatin-based
film showed increased MDA values in packed fresh beef samples compared to samples
packed with phenol-derived antioxidant loaded films. Correlating these latter results with
the reduced oxygen permeability values when films were loaded with CNCs, it can be
suggested that presence of nanoparticles could have delayed production of oxidative
products in chicken breast during storage. It is established that one of the conditions that

influence lipid oxidation is the number of unsaturated fatty acids in the food matrix (Ahn
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et al., 1992; Stoick et al., 1991; Buckley et al., 1995; Lee et al., 1996). For instance,
phospholipids, a class of lipids that constitute cell membranes are very prone to
oxidation due to their composition based on unsaturated fatty acids. It was also
observed by the authors Igene et al. (1980) and Pikul et al. (1984) that phospholipids are
the main responsible compounds on the development of rancidity in model meat system
during frozen storage. In meat, these effects might vary depending on the concentrations
of unsaturated fatty acids found in the food matrix. Thus, chicken containing higher
amount of polyunsaturated fatty acid is more prone to oxidize than pork, and similar
tendency is observed for pork which tends to oxidize more easily than beef (Kadim and
Mahgoub, 2007).

7.4.5 Color of Coated Chicken Breast

Figure 45 shows lightness (L*) and redness (a*) of chicken breast coated samples.
Lightness (L*) of all samples at day 1 demonstrated no significant (p > 0.05) difference
within the values observed in all samples (control, coated with alginate-based films
containing 0% and 30% CNCs), showing a value of approximately 81. At day 8, samples
coated with alginate based-films containing 30% CNCs showed slight differences as

compared to day 1 where it was noticed that L* values decreased from 83 to 78.

mDay 1 ®mDay 8 mDay 1 Day 8

86 14

84 R I .
x

< 82 & 10 n
§80 I I § 8
S 78 I c 6
576 8 4
- 74 2

72 0

Control 0% CNCs 30% CNCs Control 0% CNCs 30% CNCs

Fig. 45 Lightness (L*) and redness (a*) of chicken breast samples with and without alginate
based coating loaded with 0 and 30% CNCs

Regarding the redness (a*), all samples showed a* values from 9-11 at day 1 which was
in agreement with reported values in literature (Petrou et al., 2012; Radha krishnan et

al., 2014). From day 1 to 8, redness increases by 27% in samples coated with alginate-
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based films loaded with CNCs and by 22% in samples without CNCs. Contrary to coated

chicken breast samples, the redness of the control showed a 15% decrease.

According to Jung et al. (2003), the decrease in redness in beef samples has been
associated with the rate of myoglobin oxidation. In chicken, redness has also shown a
direct correlation with myoglobin content as suggested by Le Bihan-Duval et al. (1999).
In our study, it was observed that redness was increased in chicken breast coated with
alginate films. This increase of redness was also observed by Holownia et al. (2003) who
revealed that a* values increased from 9 to 12 when antioxidant sodium nitrites was
applied to chicken at a concentration of 1 ppm. The authors suggested that the presence
of nitrite prevented the formation of oxidized metmyoglobin molecules, forming instead
nitric oxide myoglobin. Nitrite, which is a well-known agent of preservation of meat and
poultry products (Sindelar and Milkowski, 2011), is not the only compound that has
demonstrated such effects of increasing results of a* in chicken, but antioxidants such as
chitosan films containing oregano were also effective to maintain and even increase the
redness (Petrou et al., 2012). Grape seed extracts with high content of phenolic
compounds also showed an effect on the redness of cooked chicken hamburger during
storage demonstrating thus an increase of approximately 90% with respect to control

samples (Sayago-Ayerdi et al., 2009).

7.5 Conclusions

This study demonstrated the effect of CNCs in alginate based-films for the prevention of
chicken breast oxidation during storage period. It was confirmed by this study that 30%
CNCs loaded in alginate-based edible film allowed the prevention of UV light
transmission and decreased the oxygen permeability of films at relative humidity of 50
and 70%. A prediction of oxygen permeability of the films was done for 30% CNCs
loaded in alginate films, and the authors encourage the evaluation of different
concentrations of CNCs in order to adjust the prediction to a variety of films. It was also
observed that the presence of CNCs prevents the oxidation of lipids of chicken during
the first 3 days of storage as shown by the peroxide values content of chicken fat. These

results were in agreement with TBARS values that showed similar trend. With regard to
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chicken breast color, no remarkable evidence due to oxidation was proven during

storage from day 1 and 8.
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GENERAL DISCUSSION AND CONCLUSIONS

A large number of research studies in literature are focusing on the improvement of
polymeric matrices performance such as the reinforcement of mechanical properties and
the barrier properties induced by the presence of CNCs (Sanchez-Garcia et al., 2010;
Huq et al.,, 2012; Khan et al. 2012; Karkanis et al., 2018). However, these research
studies have mainly concentrated on the characterization of the material itself and only a
few of them have studied direct applications in food packaging (Long et al., 2018; Fotie
et al. 2018).

Studies carried out on chemical modification of CNCs have been performed with the
main purpose of improving its affinity with hydrophobic matrices or to introduce new
properties such as antimicrobial or antioxidant properties. However, these chemical
reactions can sometimes lead to long reactions times combined to complex and time-
consuming purification procedures. Physical treatments on the other hand, such as
gamma irradiation, require shorter reaction times and purification is made easier to
achieve similar behaviours. The purpose of the first part of this thesis was to use gamma
irradiation as a physical treatment for CNCs modification.

Gamma irradiation has been applied for multiple purposes from bactericidal, grafting,
and cross-linking at low doses to sterilization and oxidation at higher doses (Takacs et
al., 1999; Henniges et al., 2012; Baccaro et al., 2013). At low irradiation doses, gamma
irradiation of cellulosic derivatives have demonstrated the creation of active sites for
further polymerization, grafting reactions or cross-linking (Kobayashi, 1961; Nasef and
Hegazy, 2004) whereas at high doses, oxidative reactions are observed. With the aim to
graft antioxidant molecules on CNCs surface, the first step of this project started with the
use of a combination of gamma irradiation in the presence of a redox pair as a pre-
treatment for the creation of active sites on CNCs surface, followed by the introduction of
gallic acid, a molecule well-known for its antioxidant properties. It was observed that both
pre-treatment and addition of gallic acid led to enhanced antiradical properties (Criado et
al., 2016).
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However, when evaluating the changes in the concentration of carbonyl groups present
at the surface of CNCs, we noticed that gamma irradiation alone also had a significant
effect on the surface chemistry of CNCs. Results showed that an increase of gamma
irradiation doses led to an increase of functional groups such as carboxylic acid and
aldehyde groups. These results were in agreement with research studies done on
cellulose backbone and because aldehyde groups have demonstrated reducing
capacities, antiradical tests were performed and showed a significant improvement of
bioactivity of CNCs irradiated at 80 kGy compared to non-modified CNCs.

The second part of this thesis deals with the controlled release of encapsulated active
compounds in polymers reinforced with CNCs, a topic that has been introduced many
times for implementation of long-lasting delivery of drugs for biomedical applications
(Siegel and Rathbone, 2012). By introducing CNCs, this concept was applied to control
the release of ionic antibiotics from cationic treated CNCs (Jackson et al., 2011) or for
encapsulation purposes (Akhlaghi et al., 2015; Ooi et al., 2016).

Similar research studies have been carried out on the use of nanofillers to bring
protection to food additives (Almasi et al., 2014; Shahmohammadi Jebel and Almasi
2016; Alizadeh Sani et al., 2017; Campos-Requena et al., 2017). Controlled release
being an important concept for the delivery of bioactive compounds and the tortuosity a
characteristic brought by CNCs in polymeric materials, the objective of the sixth chapter
was to introduce CNCs in a cross-linked alginate bead system to observe their effect on

the controlled release of essential oils.

In this study, it was observed in a calcium cross-linked alginate beads loaded with 3%
thyme essential oil (EO) that the kinetic constant of EO release in a simulated solvent
can be reduced by approximately 30%, when 30% CNCs were introduced. This
formulation was tested in ground meat, where however, results showed that initial
release of EOs was delayed which consequently led to unwanted bacterial growth. A
sustained release and absence of pathogenic bacteria was then observed at day 14
when the beads loaded with EO were combined to gamma irradiation treatment (1 kGy)
revealing a protecting behaviour of CNCs on EO. In addition, gamma irradiation and

beads containing EO demonstrate a synergistic effect on decontamination. By imaging
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the cross-section of the beads loaded with EO, it was demonstrated that CNCs lead to a
homogenous and less porous morphological structure (Criado et al.,, 2019). These
results confirmed the fact that the nanoparticles formed a dense 3D network which was
in agreement with the reinforced Young modulus capacity of beads with CNCs (291
MPa) compared to beads in their absence (173 MPa). In conclusion, these results aim to
confirm the mechanical reinforcing contribution of CNCs in polymeric matrices as well as

the protective role that CNCs brings to active compounds.

Finally, because of the easy ability of food to be oxidized when they are exposed to
oxygen or light, the purpose of the seventh chapter was to study the capacity of the
cellulose nanocrystals to decrease lipid oxidation in food by taking advantage of their
ability to fill free spaces in polymeric systems. Alginate based films loaded at different
concentrations of CNCs (0 to 30% CNCs) were prepared and barrier properties were
evaluated under different relative humidity conditions (%RH). It was observed that the
presence of 30% CNCs decreases the oxygen permeability (OP) by 36% at 50% RH. In
addition, CNCs also showed a capability to scatter light, reducing the transmission of
light through films in all the UV ranges. This latter property can result of potential
applicability especially for UV sensitive food (Conrad et al., 2005; Van et al., 2001).
Therefore, alginate films loaded with CNCs were tested on chicken breast, chosen as a
food model, and results demonstrated a significant decrease of lipid oxidation byproduct
formation during the first three days of storage. Color of coated chicken demonstrated, in
addition, that redness was maintained in samples where CNCs were loaded compared

to the non coated samples.

Perspectives

Considering that this study showed that gamma irradiation of CNCs can be used as a
novel technology for modification of cellulose derivatives, it will be interesting to explore
the advantages of adding other active compounds to CNCs or to favor grafting reactions
or in situ polymerization of monomers such as acrylic acid, as exemple of a monomer

used for several applications (El Salmawi et al. 2018) in presence of CNCs.

In the packaging field and with the aim to enhance sustainable release of bioactive
compounds in presence of CNCs, the evaluation of other food matrices that achieve
longer shelf-lives -such as ham, pastrami, sausages and others RTE food- are

176



recommended. Finally, since our studies brought a significant contribution of CNCs to
the reduction of the lipid oxidation of food matrices, it should be interesting to evaluate
the contribution of oxygen barrier of CNCs in different types of food matrices (different a,,
and/or storage time). Since CNCs have demonstrated a barrier effect to oxygen in the
coatings and with the lack of studies made on CO,, the study of the effect that CNCs has
on this latter gas could add more value of CNCs as gas barrier agent. With the valuable
contribution that modifed atmosphere conditions have on food storage, it should be
interesting to consider the effect of CNCs for this type of packaging. Finally, because it
has been claimed the value of reusable, recyclable and biodegradable packaging, it
should be of great interest to evaluate the contribution of CNCs to this field.
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