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Abstract

Bacterial food contaminations are a major challenge to the food industry due to their impact
both on the health and economic sectors, causing millions of illnesses and billions of dollars in
losses each year. Thus, in an attempt to mitigate and fight against these contaminations, multiple
techniques have been developed, including food packaging. Indeed, traditional food packaging
using fossil-based polymers is widely used as a physical barrier between the food and the
external environment, limiting to some extent microbial contaminations. However, using
traditional food packaging materials raises two concerns. First, they are not sufficient to limit
bacterial contaminations and second, they use non-biodegradable plastics. In this thesis, we aim
to develop new antibacterial nanobiocomposite materials based on biodegradable polymers for

potential applications in antibacterial active food packaging.

The first nanocomposites developed are PCL-CTAB-modified bentonite using a grafting from
ring opening polymerization by exploiting the hydroxyl groups of bentonite. The second
nanocomposites are PLA-Fluorphlogopite-Silver nanoparticles (AgNPs) films prepared using
melt extrusion, and the third and last nanocomposites are Chitosan-AgNPs films. All these
nanocomposites were characterized using multiple characterization techniques with a special
focus on their thermal, mechanical, barrier, and antibacterial properties. The nanocomposites
showed excellent properties and exerted important antibacterial activity against both Gram-
positive and Gram-negative bacteria. These results demonstrate the potential use of these
nanocomposites as antibacterial food packaging materials.

Finally, the excellent potential of AgNPs as nanofillers led us to dedicate a chapter to the
optimization and stability of biogenic AgNPs. AgNPs synthesis using rosemary extract as a
reducing and a stabilizing agent (R-AgNPs) was optimized in terms of size and production.
These R-AgNPs were characterized using multiple techniques, and their stability was
monitored and enhanced using three surfactants, CTAB, SDS, and Tween 80. Moreover, these
R-AgNPs showed an excellent antibacterial activity against Gram-positive and Gram-negative
bacteria at concentrations that are non-cytotoxic to mammalian cells. Finally, the surfactant
capping of R-AgNPs enhanced their antibacterial activity without inducing any cytotoxic effect

on mammalian fibroblasts.



Résumé

Les contaminations alimentaires constituent 1’un des problémes majeurs de I’industrie
alimentaire a cause des pertes énormes qu’elles posent, que ce soit sur le plan sanitaire que sur
le plan économique, causant des millions de maladies et des milliards de dollars de pertes chaque
année. Ainsi, afin d'atténuer et de lutter contre ces contaminations, de multiples techniques sont
développées dont I'emballage alimentaire. En effet, les emballages alimentaires classiques utilisent
des polymeéres d'origine fossile qui sont largement utilisés comme des barriéres physiques entre
I'aliment et le milieu extérieur. Cependant, ces matériaux soulévent deux problémes. Premiérement,
ils ne limitent pas les contaminations bactériennes, et deuxiemement, ils sont non biodégradables.
Ainsi, dans cette thése, nous tentons de développer de nouveaux matériaux nanobiocomposites
antibactériens a base de polymeéres biodégradables pour des applications potentielles dans les

emballages alimentaires actifs antibactériens.

Les premiers matériaux développés sont des nanocomposites de PCL-Bentonite modifiée par le
CTAB préparées via une polymérisation par ouverture de cycle en utilisant une approche « Grafting
from » qui exploitent les groupements hydroxyles de la bentonite qui comportent comme co-
initiateurs de la polymérisation. Les deuxiemes nanocomposites sont des films de PLA-
Fluorphlogopite-Nanoparticules d’argent (AgNPs) préparés par une simple méthode d’extrusion a
I'état fondu, et les troisiemes nanocomposites sont des films de Chitosan-AgNPs. Ces
nanocomposites ont été caractérisés en utilisant plusieurs techniques et en focalisant sur leur
propriétés thermiques, mécaniques, barriéres et antibactériennes. Tous ces systémes ont montré des
propriétés améliorées et ont montré une activité antibactérienne importante contre les bactéries a
Gram-positif et a Gram-négatif. Ces résultats montrent le potentiel important de ces matériaux pour

des applications en emballage alimentaire actif.

L'excellent potentiel des AgNPs en tant que nanocharges nous a conduit & consacrer un chapitre sur
'optimisation et I’étude de la stabilit¢ des AgNPs préparées biologiquement. A cet égard, la
synthese des AgNPs a été optimisée en termes de taille et de production en utilisant I’extrait du
romarin comme agent réducteur et stabilisateur (R-AgNPs). Ces AgNPs ont également été
caractérisees par plusieurs techniques et leur stabilité a été suivie et améliorée en utilisant trois
tensioactifs, CTAB, SDS et Tween 80. R-AgNPs ont montré une activité antibactérienne importante
a des concentrations qui ne sont pas cytotoxiques contre des fibroblastes mammaliens. Finalement,
les R-AgNPs stabilisées par les tensioactifs ont montré une activité antibactérienne améliorée sans

induire un effet cytotoxique.
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General Introduction



General introduction

Bacterial food contaminations are one of the main problems facing the food industry due to the
economical and human health risks it poses. Health risk-wise, foodborne pathogens are
responsible for an approximation of 600 million illnesses annually with about 420.000 death
casualties according to the World Health Organization (WHO) [1]. The economical loss of such
ilinesses amounts to about 152 billion dollars in the US alone each year [1]. Moreover, the food
loss due to spoilage is estimated to be around 1.3 billion tons each year, attributed mainly to
microbial contamination [2]. Techniques to prevent food spoilage due to microbial
contamination are numerous including freezing, thermal processing, refrigeration, and the use
of additives [3]. However, the use of food packaging is still essential to extend the shelf-life of
food by acting as a barrier between the food and the external environment, offering thus,

protection against external factors such as dust, gases, and moisture [4].

Traditional food packaging materials are usually petroleum-based plastics such as polyethylene
(PE), polyamide (PA), and polystyrene (PS), although with excellent mechanical and barrier
properties, are extracted from non-renewable sources and are not biodegradable, posing thus,
an environmental problem [5]. Moreover, these traditional food packaging materials are not
sufficient to provide active protection against foodborne microorganisms [6]. Therefore, it is
necessary to develop new alternatives. Indeed, according to the European Union Guidance to
the Commission Regulation No 450/2009, active food packaging is defined as packaging that
provides functions beyond the inert barrier protection against the external environment [7]. This
includes antimicrobial packaging which is a form of active food packaging where the packaging
reduces, inhibits, or delays the growth of microorganisms either on the packaged food or the

packaging material itself [8].

The need to use ecofriendly antimicrobial food packaging materials is, therefore, a necessity in
the pursuit of sustainable development with ecological, economical, and health benefits. In that
regard, polymers with inherent antimicrobial activity such as chitosan could be used [9],
however, a more common approach is the incorporation of antibacterial agents directly into the
packaging material. Antibacterial agents such as organic acids [10], enzymes [11], plant
extracts (e.g., essential oils) [12], and metal nanoparticles [13] were used as additives to provide
antibacterial activity to polymers for food packaging purposes. Among the additives used in
antimicrobial packaging, silver nanoparticles (AgNPs) are considered promising candidates due

(1]



to their excellent antibacterial activity against a wide range of foodborne pathogens including
Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus [14], Listeria
monocytogenes, and Salmonella spp. [15]. Moreover, AgNPs have a low effect on the
organoleptic properties of food compared to plant extracts for instance (e.g., essential oils) [16].
Moreover, the migration of silver nanoparticles from the polymer into the food is usually found
to be within the authorized legislative limit (0.01 mg/Kg of food) by the commission regulation
(EC) No. 450/2009 for “non-authorized substances” [17].

In addition to the antimicrobial activity, an active food packaging has to have good mechanical
and barrier properties to oxygen and moisture [3]. Contrary to conventional food packaging,
these properties are lacking in most biodegradable polymers such as Poly-caprolactone (PCL),
and polysaccharides such as Chitosan (Cs) and therefore, need to be improved. In that regard,
multiple approaches are used such as copolymerization [18], and the preparation of
microcomposites or nanocomposites through the incorporation of micro or nanofillers such as
nanoclay [19,20].

The preparation of nanocomposites remains the preferred choice as they offer a better
improvement in the physical properties of polymers using a lower amount of fillers compared
to microcomposites [21]. Moreover, they allow better control over the final properties of

materials than copolymerization.

In this context, this work is divided into five chapters that explore the preparation of
nanocomposites based on different biodegradable polymers and different natural nanofillers in

the pursuit of the elaboration of antimicrobial food packaging materials.

The first chapter is a literature overview divided into two parts. The first part deals with
polymeric nanocomposites with a special focus on nanocomposites based on PCL, PLA, and
Chitosan. We discussed their preparation techniques as well as their potential use in
antibacterial food packaging. Afterward, different nanofillers are discussed while focusing on
their role in the enhancement of biodegradable polymers' physical properties (Bentonite and
Fluorphlogopite) and/or providing an antibacterial activity to the end nanocomposites (Silver
nanoparticles). The second part is dedicated to silver nanoparticles, particularly, i) on their
preparation techniques; especially via an eco-friendly biological pathway, ii) on the relationship
between their properties (Size, charge, and stability) and their antibacterial activity, and iii) on

their antibacterial mechanism.
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The second chapter deals with the preparation of PCL/Organo-modified Bentonite (OBnt)
nanocomposites through a Grafting from ring-opening polymerization approach under solvent-
free conditions. Bentonite was chosen due to its lamellar structure and its high surface area
susceptible to enhancing the physical properties of PCL. The mechanical and thermal properties
of nanocomposites were assessed. Finally, due to the CTAB organo-modification, we studied
the antibacterial activity by the diffusion test and in solution against Staphylococcus aureus and
Staphylococcus epidermidis.

The third chapter is dedicated to the preparation of PLA/Fluorphlogopite/AgNPs using melt
extrusion. We used Fluorphlogopite to enhance PLA physical properties while AgNPs were
used to provide the antibacterial activity to the nanocomposites. The thermal, mechanical, and
barrier properties of the nanocomposites were assessed and compared to neat PLA. Finally, the

inhibition of bacterial adhesion was tested against E. coli, E. faecalis, and S. aureus.

A fourth chapter is dedicated to the optimization of AgNPs synthesis via a simple green
biological pathway using rosemary leaves extract as a reducing and capping agent. AQNPs were
characterized using multiple techniques and their properties were determined (Size, shape, and
charge). We assessed their stability over 6 months and we studied the potential of three
surfactants (CTAB, SDS, and Tween 80) in the enhancement of the long-term stability of
AgNPs. Finally, we evaluated the antibacterial activity of R-AgNPs and surfactant-capped-
AgNPs and we determined their cytotoxicity.

The fifth chapter is concerned with the preparation of Chitosan/AgNPs nanobiocomposites
using the optimized AgNPs discussed in the previous chapter. Chitosan was chosen due to its
inherent antibacterial activity and polysaccharidic nature. The antibacterial activity of
CS/AgNPs nanobiocomposites was assessed against E. coli and S. aureus. Finally, nitroarenes
are common water pollutants, their reduction to non-toxic aminoarenes is usually performed
via a catalytic pathway using metal nanoparticles. In that regard, we tested CS/AgNPs
nanobiocomposites as heterogeneous catalysts for the catalysis of 4-nitroaniline to p-
Phenylenediamine. The antibacterial activity combined with the hydrogenation catalytic

activity could be exploited in water treatment applications.
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Chapter I:

Bibliographic overview on antimicrobial food
packaging materials based on Polycaprolactone,
Poly-lactic acid, Chitosan, Clay, and Silver
nanoparticle
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[.1)  Antibacterial food packaging nanocomposites

I.1.1) General context on polymeric hanocomposites
Polymers are widely used as materials owing to their lightweight, flexibility, and simple
manufacturing process [22,23]. However, they are rarely used in their native form as they have
inherent limitations such as low mechanical properties and thermal stability [24]. To bypass
these limitations, multiple methods are used to improve these properties such as
copolymerization [25], preparation of microcomposites [26], and preparation of

nanocomposites [27].

Nanocomposites can be defined as materials composed of multiple phases, in which at least one
of them is on a nanometric scale [28]. A filler, at a nanometric size, is incorporated as a
reinforcing material into a matrix phase, a polymer, for example, to design Polymer Matrix
Nanocomposites (PMCs) [29]. Compared to the other methods, the preparation of
nanocomposites is more advantageous. Indeed, compared to microcomposites, nanocomposites
could achieve the desired properties at lower filler loadings due to the high surface area of
nanofillers [21] while in the case of copolymerization, the preparation is relatively more

complicated than that of nanocomposites [30].

Nanofillers used for the preparation of nanocomposites can be classified into three types
according to their dimensions: one-dimensional (nanotubes), two-dimensional (clay layers), or
zero-dimensional nanofillers (spherical nanoparticles) [31]. The introduction of these
nanofillers into polymers results in an enhancement of polymer properties such as mechanical,
ionic, and chemical properties [29] or the acquisition of new properties such as antimicrobial
activity [32]. This requires a good dispersion and distribution of the filler into the polymer
matrix because the agglomeration of nanofillers leads to low improvements or even to the

deterioration of materials properties [31,33,34].

Here, we will focus on PLA, PCL, and chitosan nanocomposites as examples of both
biodegradable polyesters and polysaccharides. The first section presents an overview of the
structure and properties of pristine PLA, PCL, and chitosan, their preparation methods, and a
special emphasis on their use in antimicrobial food packaging. The reinforcing agents of
nanocomposites will be discussed in the second section of this chapter, with a special focus on

the fillers that are used in the research works of this thesis: Mica, Clay, and silver nanoparticles.
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Finally, the polymer matrix nanocomposites preparation methods will be presented with a

comparison of their advantages and drawbacks.

1.1.2) An overview of the structure, properties, and synthesis of PLA,

PCL, and chitosan

1.1.2.1) Polycaprolactone (PCL)
Polycaprolactone (PCL) is a commonly used biodegradable semicrystalline aliphatic polyester
with physical, thermal, and mechanical properties proportional to its molecular weight (ranging
from 530 to 630.000 g.mol™). The main advantages of this polymer are, (i) its miscibility with
other polymers such as polycarbonates, (ii) its good solubility in common organic solvents such
as chloroform and dichloromethane, (iii) its low melting point (58-65°C), and (iv) its blend
compatibility with other polymers such as PLA and Polymethylmethacrylate (PMMA),
enabling it to have many applications in packaging, medical implants, and drug delivery
[35,36].

PCL is usually synthesized by the polymerization of caprolactone (¢-CL), a petroleum-based
molecule that is usually prepared using the Baeyer-Villiger oxidation of cyclohexanone (Fig.
1.1) [37].

OH 0 0 a

@ hydrogenation dehydrogenase )-L o-%H @
e o
Baeyer-Villiger Oxidation

Figure I.1: Preparation of e-Caprolactone via Baeyer-Villiger oxidation [37].

PCL can be synthetized using two approaches, either by polycondensation or ring-opening
polymerization. The polycondensation of 6-hydroxyhexanoic acid produces PCL with low
molecular weight and broad dispersity [38], whereas high molecular weight PCL can be
produced using ROP of &-CL. ROP can be anionic, cationic, or by coordination-insertion in
which metals with empty p, d, or f orbitals can be used as coordination catalysts.

The mechanism of the coordination-insertion method is depicted in Fig 1.2. The monomer is
coordinated to the metal catalyst through the exocyclic oxygen forming an alkoxide bond which
makes the carbonyl group of caprolactone susceptible to nucleophilic attacks (pseudo-anionic
ROP). This leads to the opening of the caprolactone ring and the growth of the PCL chain
following the same mechanism. This method limits side reactions, which occur in the anionic

ROP. The coordination-insertion ROP used multiple metal catalysts such as Sn, Al, and Ti.
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However, tin(ll)2-ethylhexanoate and tin(Il) octanoate remain the most commonly used

catalyst for both industrial and academic purposes due to their high performance [37,39].

o
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Figure 1.2: The Coordination-Insertion mechanism using metal alkoxide species (M-OR) [39].

1.1.2.2)  Polylactic acid (PLA)
Polylactic acid is a biodegradable polyester, which has gained a lot of attention in the last two
decades. Compared to other aliphatic polyesters, PLA has high mechanical properties, good
biocompatibility, and easy processability [40]. In fact, its properties are comparable to that of
petrochemical polymers such as polyethylene (PE), polypropylene (PP), and polystyrene (PS),
which are the most used polymers for packaging [41]. Indeed, PLA shows higher strength and
toughness and lower water vapor and methane permeability than PS [41], but it has a slow
degradation rate and lacks reactive side-chain groups [42]. These drawbacks limit its use in

some specific applications.

PLA is prepared through the polymerization of lactic acid (LA), which is produced either by
fermentation or by the chemical hydrolysis of lactonitrile. The microbial fermentation approach
IS more advantageous as it is eco-friendly and generates optically pure LA, either .-LA or p-
LA, whereas the chemical hydrolysis produces a racemic mixture of p_-LA [43]. Moreover, the
LA might be produced by bacterial fermentation of simple sugar such as glucose, but for

economical purposes, cheaper alternatives such as sugarcane, corn, and cassava are used [44].
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Figure 1.3: Lactic acid enantiomers [45].

As mentioned above, lactic acid has a chiral carbon, thus it exists under two enantiomers form,
L-LA and p-LA (Fig. 1.3). Their polymerization produces PLLA and PDLA, respectively while
the polymerization of their racemic mixture produces “PDLLA” which has different properties
[46]. Recently, the stereocomplex PLA has attracted increasing attention due to its thermal
stability [43]. Indeed, PDLLA shows a higher melting point (50°C) than the Tm of the
homopolymers, and a more stable crystal structure [43]. However, it generally has lower

mechanical properties than the PLLA homopolymer [30].

PLA can be synthesized through the condensation of lactic acid (Fig. 1.4). However, this
approach produces low molecular weight PLA with poor mechanical properties (Fig. 1.4A).
Alternatively, industrialized PLA is prepared using the ring-opening polymerization of lactide
(Fig. 1.4B). Lactide itself is prepared by the unzipping depolymerization through a back-biting
mechanism involving OH terminals of Oligo-LA or low molecular weight PLA. This reaction
is catalyzed by metal compounds of Sn, Zn, Al, etc [47,48].

Another technique was reported in 1994 by Mitsui Toatsu Chemicals to produce high molecular
weight PLA via the azeotropic dehydrative condensation of lactide using metal oxides and
metal salts of groups I, 11, 1V, and V as catalysts (Fig. 1.4C). The reaction occurs under

reduced pressure in refluxing, high boiling conditions using an aprotic solvent [49].
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Figure 1.4: Synthetic routes of high molecular weight PLA [47].

1.1.2.3) Chitosan

Chitosan is one of the most used polysaccharides as biomaterials. It is widely used in various
biomedical and pharmaceutical applications such as tissue engineering, drug delivery, and
wound-dressing [50]. It is also used in other fields such as food packaging [25]. The broad
applications of chitosan are due to its biocompatibility, biodegradability, and non-toxic
character [51]. Furthermore, it exhibits antimicrobial, antifungal, and mucoadhesion properties
that are attributed to its unique cationic character, which is due to the presence of primary amino
groups [52,53].

Chitosan cannot be extracted directly from natural resources and it is prepared through the
deacetylation of chitin, which is the second most abundant polysaccharide in the world. The
deacetylation of N-acetyl glucosamine chitin unit is generally carried out by hydrolysis at high
temperatures under alkali conditions. As this reaction is incomplete, chitosan is defined by its
degree of deacetylation, on which many chitosan properties are dependent such as solubility or

antibacterial activity [51,54,55]. Accordingly, chitosan is composed of -1,4-linked 2-amino-
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2-deoxy-p-d-glucose or deacetylated d-glucosamine and N-acetyl-d-glucosamine repeating
units (Fig. 1.5)

Figure 1.5:Structure of Chitosan [55].

The PCL, PLA, and chitosan properties, especially their biodegradability and biocompatibility,
make them great candidates for active food packaging, particularly after the enhancement of
their limitations. In the next section, the potential use of these polymers in antimicrobial food

packaging is discussed.

1.1.3) Antimicrobial Polymers in active food packaging: Emphasis on
PLA, PCL, and Chitosan-based materials

.1.3.1) General context

Food spoilage constitutes a major concern in the food industry due to its impact on human
health as well as its economic burden. In fact, foodborne pathogens such as Bacillus cereus,
Staphylococcus, E. coli, and Listeria monocytogenes cause about 600 million illnesses each
year [1] costing about 152 billion dollars in the US alone. Moreover, around 1.3 billion tons of
food are wasted every year [2]. In that regard, conventional food packaging has been used to
isolate food from the external environment in order to protect it from spoilage, thus preserving
its constituents and quality, and extending its shelf life [56]. The requirements for a good
traditional food packaging material include good mechanical property, flexibility, and barrier
properties to oxygen and moisture [3]. Additionally, active food packaging materials can
provide additional features such as oxygen and ethylene scavenging, flavor emission, and
antimicrobial activities [57].

Indeed, antimicrobial food packaging is a promising solution to actively preserve food from
spoilage and limit its contamination by foodborne pathogens. In that regard, multiple
antimicrobial active food packaging materials are developed, either by using polymers with
inherent antimicrobial activity such as chitosan or by adding antimicrobial agents into the

packaging material such as natural extracts, lysozymes, or silver nanoparticles [58,59].
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1.1.3.2) PCL as antimicrobial food packaging material
PCL is mostly used in medical and pharmaceutical packaging due to its high price. Indeed, for
food packaging applications, PCL is mostly blended with other polymers such as PLA [60],
Polyethylene [61], and starch [62].

PCL does not have any inherent antibacterial activity, thus, developing antimicrobial active
food packaging based on PCL requires formulations with other antimicrobial agents or
polymers. For that purpose, Wang et al., (2019) [63] developed PCL/Chitosan films loaded
with grapefruit seed extract (GFSE) using extrusion and the antibacterial activity against E. coli
was assessed compared to polyethylene (PE) as classical packaging material. Although a
bacterial growth was observed in all tested films, compared to PE films, PCL/Cs films have
shown a slower bacterial growth rate after 7 days (7.77 logio CFU/g Vs 7.4 logio CFU/g), while
the addition of 2.5 mL of GFSE per 1 g of Cs slowed E. coli growth even more (5.04 logio
CFU/qg). In another work, PCL/PLA films were loaded with cinnamaldehyde at different
concentrations (0, 3, and 9 wt%) (CNMA) [64] and were tested as packaging materials for
button mushrooms. Compared to Low-density PE (LDPE), PCL/PLA/9%CNMA significantly

slowed down the total psychotropic bacteria growth.

1.1.3.3) PLA as antimicrobial food packaging material
As discussed above, PLA presents several advantages that are a must for food packaging
applications such as biocompatibility, biodegradability, and processability. However, neat PLA
does not exhibit any antibacterial activity. Therefore, the design of PLA-based antibacterial
active packaging requires the development of PLA-based formulations with antibacterial
compounds. Jin and Gurtler (2011) [65] have used allyl isothiocyanate (AIT) as an additive to
provide an antibacterial activity to PLA. The resulting PLA-AIT material was used to coat the
inside of glass jars that were used for liquid egg white containers. They reported an effective
growth inhibition of three strains of Salmonella (10%to 10° CFU. mL™) in liquid egg albumin
samples with PLA containing only 500ul of AIT. However, as the use of essential oils (i.e.,
AIT) is known to affect the organoleptic properties of food, it is necessary to develop more
appropriate systems. Indeed, PLA-based nanocomposites were developed by Yang et al.,
(2016) [66] through the incorporation of cellulose nanocrystals (CNC) and lignin nanoparticles.
These prepared PLA nanocomposites inhibited the growth of Pseudomonas syringae pv.
Tomato after only 3 hours of its application. Likewise, PLA films embedded with TiO2 and
silver nanoparticles showed good antibacterial activity against L. monocytogenes and E. coli

compared to PLA films [67]. In fact, neat PLA increased bacterial concentrations from 5 logio
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to 8.94 logo (E. coli) and from 5logio to 9.12 logio (L. monocytogenes) after 24h, whereas in
the presence of 5% TiO2 and 0.5% Ag nanoparticles, the bacterial concentrations decreased
significantly from 5log10 to 3.06 log10 for E. coli and from 5log10 to 3.42 log10 for L.
monocytogenes. Finally, the migration of TiO2 and Ag nanoparticles was found within the

allowed standard limit (1mg.kg™) according to the commission regulation (EU) No 10/2011.

1.1.3.4) Chitosan as antimicrobial food packaging material
Compared to PCL and PLA, chitosan is an excellent candidate for antimicrobial food packaging
due to its film-forming ability, antimicrobial activities, and good barrier to gases [68].
Moreover, chitosan could also be used as an edible coating material due to its polysaccharidic
nature [69].

As an antimicrobial food packaging material, chitosan can either be solely used or in blends to
increase and broaden its antimicrobial activity. For example, the application of chitosan as an
edible coating to fresh-cut Broccoli shows inhibition of the growth of mesophilic aerobic
bacteria with a reduction of 1.5-2.5 log CFU/g compared to uncoated Broccoli after 20 days
[9]. Similarly, Kanatt et al., (2013) [70] successfully extended the shelf life of meat products
using neat chitosan coating. Indeed, the total viable count of uncoated chicken products at day
0 was 4-5 log CFU/g and was reduced to 3.2-3.3 log CFU/g with Cs coating. After 3 days, the
uncoated samples had a total viable count in the range of 5-6 log CFU/g compared to 3-4 log

CFU/g when Cs coating was applied. Cs coating has improved the shelf-life by 10 days.

In some antimicrobial food packaging, the antimicrobial activity of chitosan has been improved
with several antibacterial agents, such as natural extracts and metal nanoparticles. In that sense,
chitosan films loaded with cinnamon essential oils (CEO) were tested against L.
monocytogenes, Lactobacillus planatum, Lactobacillus sakei, Pseudomonas fluorescens, and
E. coli. Compared to neat Cs films, Cs-CEO films have shown an increasing antibacterial
activity with the increase of CEO content against all tested bacteria. Indeed, the addition of 2%
(v/v) CEO has demonstrated an inhibition zone of 52.31+2.65 mm? against L.monocytogenes,
53.64 + 3.07 mm? against L.planatum, 57.23 £ 1.5 mm? against L.sakei, 43.6 = 1.21 against
P.fluorescens, and 51.04 £+ 2.12 mm2 against E.coli while Neat Cs have not demonstrated any
inhibition zone at all [71]. Other natural extracts, such as apricot kernel essential oils [12],
grapefruit seed extract [72], and rosemary essential oils [73] have also been used to enhance

the antimicrobial activity of chitosan for food packaging applications.
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Metal nanoparticles are considered a better antimicrobial alternative to natural extracts due to

their low effect on the organoleptic properties of food (See General introduction). Indeed, ZnO

nanoparticles (ZnONPs) [74] were added to chitosan using an ex-situ approach and were used

for polyethylene (PE) coating. PE is widely used for conventional food packaging but it lacks

the antibacterial activity. Although neat Cs coating has shown excellent antibacterial activity

against E. coli, S. aureus, and S. enterica, the addition of ZnONPs eradicated the growth of

these bacteria altogether.

Table 1.1 summarizes the works regarding the use of PCL, PLA, and Chitosan in antimicrobial

food packaging. Other interesting examples from the literature were also reported by specifying

the formulation, the method used for incorporating the antimicrobial agent, and the tested

microorganisms.

Table I.1: Examples of antimicrobial food packaging based on PCL, PLA, and Chitosan

Antimicrobial Incorporation

packaging material technique

Microorganisms

PCL-Chitosan-GFSE  Solution  mixing E. coli

then extrusion
PCL-PLA-CNMA Solution mixing

PCL-organoclay- Solution mixing
Chitosan

PCL

PLC-ZnO Solution mixing
nanoparticles

PCL-Starch- Melt mixing
Pomegranate rind

hybrids

PCL-Grapefruit seed Melt mixing

extract

[13]

P. aeruginosa

Various mesophilic and

psychrophilic
microorganisms
mushroom

E. coli

P. aeruginosa,
albicans

S. aureus

E. coli, S. aureus

L. monocytogenes

of

Candida

Reference

Wang et al.,
(2019) [63]
Qin et al,
(2015) [64]

Cesur et al.,
(2017) [75]

Pina et al.,
(2020) [76]
Khalid et al.,
(2018) [77]

Lyu et al.,
(2019) [78]



PLA

uesoNyD

PLA-allyl Solution mixing Salmonella enteritidis Jin and

Isothiocyanate (AIT) Salmonella oranienburg Gutler
PLA-AIT-Nisin (2011) [65]
PLA-CNC-LNP Melt mixing Pseudomonas syringae pv. Yang et al.,
Tomato (2016) [66]
PLA-Pectin-Nisin Diffusion coating  Listeria monocytogenes Jin et al,
(2008) [79]
PLA-nanoTiO2- Solution mixing Listeria monocytogenes Li et al,
nanoAg E. coli (2017) [67]
PLA-Chitosan Melt mixing Total aerobic mesophilicand Bonilla et al.
particles coliform microorganisms of (2013) [80]
pork meat
PLA-Cinnamaldehyde Melt mixing E. coli Villegas et
(w/ or w/o clay) Staphylococcus aureus al., (2019)
PLA-Thymol (w/ or [81]
w/o clay)
PLA-Ag-Vitamine E  Solution mixing E. coli Munteanu et
L. monocytogenes al., (2014)
S. typhymurium [82]
Chitosan N/A E.coli Moreira et
Coliform microorganims al., (2011)
[9]
Chitosan N/A Coliform microorganims Kanatt et al.,
(2013) [70]
Chitosan-  cinnamon = Solution mixing L. monocytogenes, Ojagh et al.,
essential oils Lactobacillus sakei, (2010) [71]

Pseudomonas fluorescens

E. coli
Chitosan-Apricot Solution mixing E. coli, B. subtilis Priyadarshi
kernel EO et al., (2018)
[12]
Chitosan-Grapefruit Solution mixing Fungi Tan et al,
seed extract (2015) [72]
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Chitosan-Rosemary Solution mixing

essential oils

Chitosan-ZnO Solution mixing

nanoparticles

Chitosan-Gelatin- Solution mixing

Silver nanoparticles

[15]

S. agalactiae, E. coli, L.
Monocytogenes

E. coli, S. enterica and S.

aureus

E. coli, S.aureus, S. mutans,

P. aeroginosa, C. albicans

Abdollahi et
al., (2012)
[73]
Al-Naamani
et al., (2016)
[74]
Ediyilyam et
al., (2021)
[83]



1.1.4) Fillers: clay MMT/BNT, Mica, and silver nanoparticles
1.1.4.1) General context
As discussed above, polymers have many limitations. Thus, it is necessary to enhance their
properties in order to use them on a larger scale. Indeed, the preparation of polymer-based
composites is one of the most commonly used methods for such purposes. The nature of the
filler is dependent on the polymer matrix and the type of the sought-after properties. For
instance, silver nanoparticles are widely used to provide antibacterial activity [84], while sheet-

like nanoclay are usually used to enhance thermal, mechanical, and barrier properties [85,86].

As discussed in the introduction, nanofillers are divided into three types depending on their
dimensions (Fig. 1.6): one-dimensional (nanotubes and nanofibers), two-dimensional
(nanosheets such as layered silicates), and zero-dimensional nanofillers (nanoparticles) [87].
This section is an overview of multiple nanofillers: Montmorillonite (MMT), a known and a
well-studied model of nanoclay fillers, Bentonite and Mica (2D nanofillers), which are
nanofillers with a similar structure to MMT, and finally, silver nanoparticles (3D nanofiller),
which are widely used for their antibacterial properties. Finally, we discuss their structure and
their mechanism in the enhancement of polymer properties in the case of nanoclays, or their

role in providing the antibacterial activity in the case of silver nanoparticles.

Fiber or tube filler

Sheet-like filler

Thickness ~1 nm _'

Diameter < 100 nm

j// Spherical filler

Diameter < 100 nm

Figure 1.6: Types of nanofillers based on their dimensions in the nanoscale [87].

1.1.4.2)  Montmorillonite and bentonite
Both montmorillonite (MMT) and bentonite (BNT) are layered silicates belonging to the
smectite group of the 2:1 phyllosilicate family. As shown in Fig. 1.7, they are composed of one
octahedral magnesia or alumina sheet situated between two silica tetrahedral sheets while the
oxygen atoms of the octahedral sheet are also shared with the tetrahedral sheets. The 2:1

Phyllosilicates have a layer thickness of 1 nm, while their lateral dimension is ranging from

[16]



tens of nanometers to several micrometers [87,88] which provides an extremely high surface
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Figure 1.7: Crystallographic structure of 2:1 phyllosilicate [87].

MMT was the first clay to be used as a nanofiller by the Toyota group. Indeed, in 1993, they
reported the synthesis of Nylon 6/MMT nanocomposites using solution intercalation in an
aqueous hydrochloric acid solution (36% HCI). compared to Nylon-6, the nanocomposites have
shown an improvement of the physico-mechanical properties such as strength, modulus, and
heat-distortion temperature using very low filler content (4.7 — 5.3 wt%) [89,90]. Ever since,
MMT is the most used sheet-like nanoclay to improve the mechanical, thermal, and barrier
properties of polymers [91]. Similarly, the enhancement potential of BNT is well established in
the literature [92—-95]. For example, it was reported that the incorporation of BNT enhances the
mechanical and barrier properties of polyethylene acrylate (PEA) [92], and the thermal stability
of polyvinyl alcohol (PVA) [93]. The mechanism by which sheet-like nanoclays enhance
polymer properties is also very known in literature due to the extensive study of these smectite
nanoclays, especially MMT. For example, the enhancement of barrier properties of the
permeable phase (polymer matrix) originates from the increase of tortuosity that resulted from
the introduction of clay nanosheets. Indeed, the degree of improvement is dependent on the
ratio of the nanofiller, its shape, and its dispersion. Moreover, the degree of dispersion itself
depends on the degree of delamination (exfoliation) of the filler. In that regard, fully
delaminated (exfoliated) nanocomposites show a high tortuosity factor, thus, better barrier
properties than partially delaminated nanocomposites (Intercalated) (Fig. 1.8) [96,97].
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Figure 1.8: The effect of the degree of delamination on the tortuosity factor of nanocomposites (w:
thickness of the stack) [96].

In the same manner, as the barrier properties, the enhancement of thermal properties, which is
another important property of packaging materials, is linked to the increase of the tortuosity
factor, which hinders the diffusion of volatile decomposition products. Layered silicates could
also act as a char formation promoter by forming a protective char layer on the surface of the

polymer phase, and delaying the combustion process [98,99].

The mechanical properties of polymers are another important feature where an enhancement is
observed when layered silicates are introduced as nanofillers. Sheet-like clays were used to
enhance the tensile strength, Young’s modulus, and the storage modulus among other
mechanical properties of polymers [100]. These improvements are dependent on the interfacial
interaction between the polymer matrix and the nanofiller. As this interaction increases
proportionally to the degree of delamination, a better stress transfer from the matrix to the filler
occurs [87]. Another factor influencing the degree of improvement by clay is its content.
Indeed, the improvement is usually observed in a specific range of clay content, which depends
on the interaction between the clay and the polymer. Indeed, Ma et al., (2001) [101] have
reported an enhancement of tensile strength and elongation at break of polyurethane in the range
of 0 to 8 wt% of clay, but beyond 8%, the enhancement was reduced because of particles

aggregation.

As discussed above, the improvement of polymer inherent properties is highly dependent on
the interaction between the filler phase and the polymer matrix. Indeed, as the degree of
exfoliation is increased, the interaction between clay and polymers increases which results in a
better enhancement of the polymer properties. The degree of exfoliation itself is dependent on
the nanocomposite preparation method and the compatibility between the clay and the polymer
matrix. Phyllosilicates are hydrophilic due to the presence of hydrated ions (Na* and Ca?* ions)
in their interlayer space. In that sense, phyllosilicates are not very compatible with hydrophobic

organic polymers [102,103]. However, due to their high cation exchange capacity (CEC),
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phyllosilicates can be organo-modified using a multitude of organic molecules such as
quaternary ammonium [104] and organo-silanes [105]. The organo-modification of
phyllosilicates enhances both the dispersion of nanoclay in the polymer matrix and the
interaction between these two phases. Interestingly, the organomodification of clay could also
provide an antibacterial activity to the resulting nanocomposites. Indeed, Mondal et al., (2013)
[106] used CTAB to organo-modify MMT for the preparation of poly(butylene adipate-co-
terephthalate)/MMT nanocomposites resulting in an antibacterial activity against Bacillus
subtilis and Staphylococcus aureus, which was attributed to the inherent antibacterial activity
of CTAB

1.1.4.3) Mica

Mica is another 2:1 phyllosilicate clay mineral used as a nanofiller in the preparation of polymer
nanocomposites. It is composed of two tetrahedral sheets and one octahedral sheet [107].
Compared to the smectite family (MMT, BNT), the tetrahedral sheets contain one-third of AI**
ions instead of Si** ions, rendering mica more negatively charged compared to smectites which
influence its CEC. Similar to smectites, the octahedral sheet contains either AI** or Mg?* ions,
which can be also replaced by Fe?* or Fe** ions depending on the type of mica [108]. Fig. 1.9
depicts the structure of muscovite, a type of Mica composed of AI** ions in the octahedral sheet
[107].
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Figure 1.9: Crystallographic structure of Muscovite [107].

Mica is not as commonly used as nanofillers such as MMT or BNT. However, its potential for

improving polymers’ properties is well established. For example, mica was used for the
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preparation of PLA-mica nanocomposites through melt extrusion by Maiti et al., (2002) [109].
The nanocomposites enhance the storage modulus by 41.2% and reduce the gas oxygen
permeability by 28% using only 3.8 wt% of mica compared to neat PLA. Additionally, mica
showed similar enhancement potential as MMT but lower than other smectite nanoclay due to
their large size. Likewise, Ojijo et al., (2014) [110] compared mica and MMT in
PLA/Poly[(butylenesuccinate)-co-adipate (PBSA)] blends and have shown that both mica and
MMT enhanced the thermal, mechanical, and permeability to oxygen and water vapor.
Additionally, Mica showed a better enhancement of the oxygen and water vapor barrier
properties than MMT, whereas MMT showed a better potential to enhance the toughness of
PLA/PBSA blends [96].

Similar to smectites, the organo-modification of mica by replacing the cations in the interlayer
enhances the compatibility of mica with the polymer matrix [111,112]. Furthermore, the
substitution of hydroxyl groups (OH) in mica by fluorine ions has shown an enormous
enhancement in their properties. Indeed, Yano et al., (1997) [113] have reported a substantial
reduction in water vapor permeability (about 90%) using fluorine-modified mica compared to
MMT (about 55%). Moreover, the introduction of fluorine-modified Mica (Fluorphlogopite) in
Polycarbonate enhanced i) the barrier properties to water, N2, Oz, and CO> with increasing
fluorphlogopite content (0.7-7.5 wt%) and ii) the E modulus with only 0.7 wt%. An optimal

enhancement was obtained at 5 wt% of fluorphlogopite [114].

1.1.4.4)  Silver nanoparticles
Various nanofillers are introduced in the polymer matrix in low content for two main reasons:
i) the enhancement of polymer properties or ii) the introduction of completely novel properties
in order to broaden their domains of application. In the former, classic nanofillers are used such
as nanoclay while in the latter, nanofillers with intrinsic properties of interest are used such as
metal nanoparticles. Indeed, silver nanoparticles (AgNPs) are among the most used metal
nanoparticles in the preparation of polymer nanocomposites due to their excellent properties,
particularly the antimicrobial ones [115,116]. Indeed, AgNPs provided an excellent
antibacterial activity against a wide range of bacteria when incorporated into a variety of
polymers such as LDPE [117] and PLA [67]. A more detailed overview of silver nanoparticles

is discussed in part “I.2.silver nanoparticles as antibacterial filler”
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1.1.5) Preparation methods of polymer nanocomposites
As discussed above, the dispersion of nanofillers into the polymer matrix and their degree of
interaction (Intercalation/Exfoliation) is critical to achieving the desired properties. This
dispersion is highly dependent on the used preparation method. Indeed, various methods are
employed to prepare polymer nanocomposites including solution mixing, melt mixing, and in-

situ polymerization.

1.1.5.1)  Solution mixing — Intercalation of polymers
Solution mixing is also called intercalation of polymers in the case of layered silicate. It is the
simplest method to prepare polymer nanocomposites (Fig. 1.10): a polymer is dissolved in a
suitable solvent and mixed with a nanofiller. In this process, the dispersion is usually enhanced
by ultrasonication for example. In the case of layered silicates, the nanoclays are firstly swollen
in a suitable solvent and added to a solution of the polymer, which is prepared in the same
solvent or a miscible solvent. Then the solvent is evaporated under controlled conditions to
produce the nanocomposite materials using techniques such as solvent casting, spin casting,
and electrospinning [87,118]. The major concern about these techniques is the use of organic

solvents in the case of non-water-soluble polymers.

Polymer intercalation in the Solvent evaporation and
galleries of dispersed clay nanocomposite recovery

Polymer solution

Figure 1.10: schematic representation of intercalation of polymer into the clay nanofiller [119].

1.1.5.2) Melt mixing — Melt intercalation
Melt mixing or melt intercalation in the case of layered nanofillers, is a method in which the
polymer is melted at high temperatures (Above Tr) and mixed with the nanofiller under shear
force. This method is widely used in the preparation of commercial nanocomposites due to its
simplicity and the green nature of the process as it does not require the use of toxic solvents.

However, the use of high temperatures can lead to the degradation of organic modifiers of
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nanofillers or polymeric chains [120]. This method usually produces nanocomposites with
intercalated structures. Nevertheless, exfoliation could be achieved by increasing the
compatibility of the nanofiller with the polymer. Indeed, Chen et al., (2005) [121] achieved
exfoliations using a twice functionalized cloisite 25A (C25A) as a nanofiller. The C25A was
modified using an amine compound and was further functionalized using

(glycidoxypropyl)trimethoxy silane.

1.1.5.3)  In-situ polymerization
In this method, a nanofiller is dispersed in a solution of the monomer prior to the polymerization
to ensure post-synthesis dispersion. Then the polymerization is induced under suitable
conditions, which depend on the nature of the monomer. This method is more advantageous
than the other ones because it can be carried out under bulk conditions without the use of
solvents and can produce high molecular weight polymers. However, its main advantage is its
ability to produce nanocomposites with an exfoliated structure [122,123]. Among the in-situ
polymerization methods, the grafting from coordination insertion polymerization is of great
interest as it allows the preparation of nanocomposites with good dispersion between the
polymer and the nanofiller. In this method, the catalyst reacts covalently with the hydroxyl

group of the nanofiller, thus activating these groups to co-initiate the polymerization [124].

1.2)  Silver nanoparticles as antibacterial nanofiller

1.2.1) General context
As it was introduced briefly previously (See 1.1.4.4), silver nanoparticles are one of the most
used nanofillers for the preparation of antimicrobial food packaging nanocomposites due to
their excellent antimicrobial activity compared to other metal nanoparticles [125]. Furthermore,
AgNPs offer other advantages compared to organic antimicrobial agents as these organic
molecules have major drawbacks such as their instability at high temperatures, moisture

sensitivity, and the possible modification of the organoleptic properties of food [126].

The unique properties of AgNPs originate from their high surface area and the quantum
confinement effect due to their nanoscale. Indeed, AgNPs are widely used in food packaging,
medicine, and cosmetics, due to their antibacterial activity and in other domains as catalysts
and sensors, etc [127,128]. Nevertheless, AgNPs' activities are highly dependent on their size,
shape, surface charge, and stability. The latter is of primordial importance as AgNPs
aggregation results in the loss of their advantageous properties. In that regard, in this sub-
chapter, the preparation methods of AgNPs are discussed with emphasis on plant-mediated
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biosynthesis. Moreover, parameters affecting the characteristics of AgNPs are discussed.
Finally, the antibacterial activity of AgQNPs is reviewed with regard to the mechanism, bacterial

resistance, and methods for its enhancement.

1.2.2) Synthesis methods of silver nanoparticles

Multiple methods are used for the synthesis of silver nanoparticles (AgNPs), each one has its
own advantages and drawbacks in terms of the procedure simplicity, control of the physico-
chemical characteristics, eco-friendliness, etc. These methods can be divided into two main
categories: top-down and bottom-up approaches [129]. The difference between these two
approaches, as their names suggest, is that the top-down method starts with a bulk material
which is then broken down into nanoparticles using techniques such as grinding, milling,
thermal, or laser ablation, etc. [130], whereas the bottom-up approach uses the self-assembly
of silver atoms that grow into nanoparticles [131].

A more distinctive and precise way to categorize silver nanoparticles synthesis is to divide them
into physical, chemical, or biological methods based on the principle of the method rather than
the starting precursors of AgNPs. The physical methods are discussed briefly in this section.
More emphasis will be on the chemical methods as they are more commonly employed and the
biological methods as they are more eco-friendly. All advantages and drawbacks of each
method are gathered in table 1.2.
1.2.2.1) Physical methods
Physical methods include a multitude of techniques such as laser ablation, mechanical ball

milling, and inert gas condensation [127].

Laser ablation uses a laser as an extremely high energy source to remove silver species from a
solid target, then the growth and nucleation of these species produce the nanoparticles [132].
Depending on the purity of the starting material and the surrounding medium, this method can
produce nanoparticles with high purity. Moreover, this technique is more advantageous as it
produces “Naked NPs” which would be easier to functionalize if required [133]. However, in
addition to the necessity of a laser device, the control of the size distribution is limited and
potential agglomeration of nanoparticles is possible as NPs are prepared through random

Brownian motion [132].

Concerning mechanical ball milling, it uses high-energy mills to reduce bulk powder to the
nanometric size [134]. These high-energy mills are produced using attrition, planetary, or

vibrating ball mills. The main advantage of this technique is the large-scale production of
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nanoparticles with high purity. Nevertheless, it requires high energy input and presents the risk

of contamination caused by steel balls [135].

The inert gas condensation (IGC) uses fast heating at constant inert gas pressure (e.g., He or
Ar) to evaporate the solid precursor which generates ultrafine particles that are condensed using
a surface cooled by water or liquid nitrogen [136,137]. Although this technique offers good
control over the size distribution by varying the procedure parameters (temperature and

pressure) [136], it requires high energy input and complex equipment.
The main advantage of these methods is their occurrence in a solvent-free environment.

1.2.2.2) Chemical methods
a. Wet chemical reduction

Wet chemical reduction is widely used for preparing silver nanoparticles [138]. The principle
of this technique is very straightforward. A reducing agent is used to reduce silver salt to its
neutral form (Ag®), which grows into nanoparticles by nucleation through Ostwald ripening
followed by coalescence. Subsequently, capping agents (e.g., Sodium citrate, Polyethylene
glycol, etc) are used to stabilize the nanoparticles and protect them from agglomeration (Fig.
1.11) [139,140]. The advantages of wet chemical reduction over other techniques are its
simplicity because it does not require complicated equipment or high energy input.
Nevertheless, the toxicity of the reducing and capping reagents is the main concern of this
technique [141,142].
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Figure 1.11: Wet chemical reduction of AgNO; to prepare AgNPs [143].

Thermodynamically, the preparation of metal nanoparticles is only possible when the difference
of Gibbs energy (AG) is negative. Interchangeably, the difference between values of standard
redox potential in the hydrogen scale (E°) of the metal ions redox system and the reducing
molecule redox system must be positive [141,144]. A more detailed explanation of the effect
of redox potential on the synthesis of metal nanoparticles can be found in Kvitek et al., (2016)
[141]. In the case of silver, the redox system Ag*/Ag° has a relatively large standard redox
potential (E® = +0.799 V), thus it can be reduced by a variety of molecules such as hydrazine
(E° =—-0.230 V), sodium citrate (E® = —0.180 V), sodium borohydride (E° = —0.481 V) [145—
147].

b. Photochemical method

The photo-assisted synthesis of silver nanoparticles uses irradiation from a light source (a laser
or a lamp) to prepare silver nanoparticles in the presence of a photo-reducing agent such as
graphitic carbon nitride with or without the presence of a stabilizing agent [148,149]. The main
advantage of this method is the possibility to prepare nanoparticles directly in matrices such as
zeolite crystals, Chitosan/Montmorillonite nanocomposites, and PVA. However, this technique
has also drawbacks such as the use of non-ecofriendly photo-reducing agents and the

requirement of multiple steps during AgNPs synthesis [150-152].
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Table I.2: Advantages and drawbacks of silver nanoparticles preparation techniques

SAOHL13AN TVIIINIHD SAOHL13IN TVOISAHd

spoylaw [eaibojorg

Technique

Laser ablation

Mechanical ball

milling

Inert Gas
Condensation
Chemical
reduction
Photochemical

method

Electrochemical

method

Microemulsion
technique
Bacteria &

fungi synthesis

Plant-mediated

synthesis

Advantages
-High purity
-Naked NPs for further

functionalization

-High purity
-Large production
-Absence of the solvent
-Size and size distribution
control

-Simplicity

- Low energy requirements

- Simplicity

- In situ synthesis of AgNPs

in matrices
- High purity
- Size and homogeneity
control by varying the
current density
- Ecofriendly
-Control of size and shape
-Homogeneity

-Ecofriendly

-Ecofriendly

- Low cost
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Drawbacks

-Necessity of a Laser
-Size distribution and agglomeration limited

control

- High energy input
-Risk of contamination

-High energy input
-The necessity of a complex equipment

- Non-eco-friendly

- Non-eco-friendly

- Multiple steps synthesis

-Deposition of silver on the cathode

-Non-eco-friendly

-Require specific conditions (incubation
conditions)
-Cost of culture media
-Require purification using special conditions
in case of intracellular synthesis
-Reproducibility
-Reproducibility



c. Electrochemical synthesis

In the electrochemical synthesis of silver nanoparticles, the reduction of silver ions occurs at
the cathode, usually in platinum, followed by the formation of nanoclusters, which are then
stabilized by polymers or surfactants to prevent their aggregation. The use of “Sacrificial” silver
anodes (Fig. 1.12) is very interesting because as shown in the reaction below, the silver anode
will be dissolved by electrolysis to give silver ions (Equation 1), which are then transferred to

the cathode where they get reduced to form neutral Ag® (Equation 2) [127,153,154]:

Anode: Met— Met™ + ne (Equation 1)
Cathode: Met™ + ne + stabilizer — Metcon/stabilizer (Equation 2)
¢ ~©
[ Ag Anode f 1| cathode  []

(Sacrificial) (B]l H)

T [] --';

_ Apmanoparticles —

Figure 1.12: Electrochemical synthesis of silver nanoparticles using a sacrificial silver anode in water
[155].

The advantage of the “Sacrificial technique” is the elimination of the use of expensive metal

salts. However, the deposition of silver on the cathode limits its use [153,155].

d. Microemulsion synthesis

Microemulsion synthesis of nanoparticles is another chemical method. The metal precursor and
the reducing agent are separated spatially in two immiscible phases, an aqueous and an organic

phase such as dodecane. The preparation of AgNPs occurs at the interface between the two
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phases and depends on the inter-phase transport intensity mediated by emulsifiers such as
quaternary alkylammonium salts. The formed nanoclusters are then stabilized to prevent their
agglomeration and are transferred to the organic phase [127]. This technique allows the control
over nanoparticles' size and shape by varying the nature and content of the organic phase [156].

However, the main drawback of this technique is the use of organic solvents.

1.2.2.3)  Biological “green” methods
As described above and summarized in table 1.2, the majority of chemical and physical
techniques are non-environmentally friendly and energetically expensive. Thus, the necessity
of alternative methods is of primordial importance. In recent years, biological pathways for the
synthesis of metal nanoparticles in general, and silver nanoparticles in particular, have gained
a lot of attention as promising alternatives. Here, the synthesis of the silver nanoparticles via

biological approaches is discussed with a particular emphasis on the plants mediated synthesis.

AgNPs are produced using different biological species or systems such as i) microorganisms
(Bacteria and Fungi) ii) plants and plant extracts and, iii) templates such as membranes, viruses,
DNA, and diatoms [142]. The AgNPs synthesis mediated either by microorganisms, plants, and
their extracts is further discussed due to their versatility, simplicity, and cost.

a. Silver nanoparticle synthesis using bacteria or fungi

In 1999, Klaus et al., [157], demonstrated the AgNPs accumulation inside the bacterium
Pseudomonas stutzeri AG259, which was isolated from silver mines. These bacteria grow in
this highly concentrated silver environment by converting toxic silver ions into a less toxic form
(AgNPs). Ever since many researchers have reported the synthesis of AgNPs using extracellular
and intracellular approaches.

In the intracellular synthesis, silver nanoparticles are synthesized inside the bacterial cell as
mentioned for Pseudomonas stutzeri AG259. In vitro, the intracellular reduction of Ag* can be
accomplished by bacteria using a culture medium containing silver salt under the appropriate
incubation conditions [158]. The synthesized AgNPs should then be extracted using special
treatments such as sonication and/or detergents [159]. This approach requires tolerant bacteria

to silver.

The extracellular synthesis is more advantageous and more common compared to its
intracellular counterpart. In this method, AgNPs are produced in the culture medium using

bacterial excreted molecules as reducing and stabilizing agents. Even though this method does
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not require the separation of the cells from the culture medium [160], the more common
approach is to use the culture medium supernatant for the reduction of silver ions and the
stabilization of AgNPs [161-163].

The use of fungi for AgNPs synthesis is very similar to the bacteriogenic synthesis with similar
intracellular and extracellular methods. In addition, fungi can produce more proteins, which
could act as reducing and capping agents therefore, fungi are more advantageous than bacteria
in the synthesis of AgNPs [164].

In summary, the advantages of microbial synthesis of silver nanoparticles are related to their
green nature and simplicity, and to the dual role of their excreted molecules as reducing and
capping agents making it possible to synthesize AgNPs in a one-pot reaction. Nevertheless, this
method presents some drawbacks such as reproducibility which is mainly due to qualitative and
quantitative variations in the composition of microbial excreted molecules. Furthermore, the
use of costly culture media and specific incubation conditions are also considered disadvantages
of this technique. Finally, in case of the intracellular synthesis, more complicated purification

processes are required compared to the chemical methods.
b. Silver nanoparticle synthesis using plants or plants extracts

The first study on the synthesis of silver nanoparticles using plants goes back to 2003 by
Gardea-Torresdey et al. [165], who have reported the use of Alfalfa sprouts (Medicago sativa)
to prepare AgNPs internally. However, the applicability of this finding, except from an
academic point of view is very limited due to the complexity of the approach, the potential cost,
the limited control over AgNPs parameters, and the purification process. Ever since the number
of papers reporting the synthesis of AgNPs using plant extracts (and not directly plants) has

increased dramatically over the years.

Compared to the microbial-mediated synthesis, the plant-mediated approach does not require
the use of expensive culture media nor does it require special treatment for the extraction of
AgNPs. Moreover, parameters such as pH and temperature could be controlled as easily as in
wet chemical reduction, thus giving more flexibility to control the AgNPs parameters (size, size
distribution...). The plants mediated synthesis is based on the same principle as the wet
chemical reduction. Indeed, silver ions are reduced to their neutral form Ag®, which grows into

nanoparticles that would eventually be stabilized by plant biomolecules.
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The earliest reports have used extracts from Azadirachta indica [166], Embilica officinalis
[167], Capsicum annuum [168], Cinnamomum camphora [169], and a variety of other plants.
The common denominator between most of these plants is that they are medicinal and aromatic
plants (MAPs). Indeed, MAPs are rich in secondary metabolites such as terpenoids and
alkaloids, but especially polyphenols, which have excellent reducing properties [170].
Moreover, the phytochemicals of the MAP extracts could synergistically enhance the
antimicrobial activity of metallic nanoparticles [171]. Other molecules such as primary
metabolites like proteins, amino acids, saccharides, and vitamins are also involved in the

reduction of silver ions and the stabilizations of NPs [14].

In summary, the phytogenic synthesis of AgNPs (Fig. 1.13) involves the collection of the
desired part of the plant, usually leaves, and then the extraction is carried out using the dried
material in water. Other studies involving the use of essential oils or organic extracts are also
reported in the literature [172,173]. The extract is then used to reduce silver salt and stabilize
the nanoparticles. Parameters such as temperature, pH, the plant extract, and the silver salt

concentrations can be varied to control the production and characteristics of AgNPs.

ol o> i

'

! - . 3 + Solution of
! } metal ions
' = > >
' o= < >n e

.
P

W PEs S A Plant extract

-

™

N v
T b3 Capped and stabilized Newty formed nanoparticles and
. A nanoparticles phytochemicals
.t
3 A
Sk W g
W aa AL
ad,  SIEe ’ A
9 A D
1 J o ®

TR e,

- 4 A
A

A® A Capping agents Nanoparticle

Figure 1.13: The general protocol for the preparation of plant-mediated metal nanoparticles [174].

The plant-mediated synthesis of silver nanoparticles has many advantages over classical
“chemical” approaches. The approach is eco-friendly, simple, and economically more efficient.

But, is it a viable commercial alternative to classical chemical and physical approaches?
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1.2.2.4) Comparison of the chemical and biological methods
The silver nanoparticles market is expanding rapidly with its current uses in a variety of
consumer products such as antimicrobial coating, textiles, cosmetics, and packaging. The
market is in constant growth and even the most skeptical estimates predict a global market of
300 000 tons by 2022 [175]. Syafiuddin et al., (2017) [176] reported a summary of the world's
top suppliers of AgNPs. In a search on these suppliers’ official websites, a lot of them do not
mention the preparation method, but among those who do, none of them uses plant-mediated
AgNPs synthesis. The reasons behind the limited commercial use of biogenic AgNPs could be

due to the drawbacks of the biological method such as its low reproducibility.

The main advantage of using the chemical synthesis of silver nanoparticles is the reproducibility
of the process. In fact, many developed processes give reliable results under a set of fixed
parameters such as the Tollens process [177]. AgNPs of various controlled size from 5 to 100
nm were prepared by Agnihotri et al., (2014) [178] by varying the concentrations of sodium
borohydride and trisodium citrate in a co-reduction approach.

The plant-mediated synthesis of metal nanoparticles gives different results using the same plant
species under the same reaction conditions. For example, Rosmarinus officinalis was used by
both Farghaly and Nafady (2015) [179] and Fierascu et al., (2014) [180], but they obtained
different results. In these reports, the extraction and the synthesis were performed under similar
conditions. However, the obtained SPR bands are very different (427 vs 440 nm), which
indicates AgNPs with different sizes. In the same context, using the same plant (Rosemary), El-
Aziz et al., (2018) [181] and Mohamed et al., (2017) [182] have also obtained AgNPs with
different sizes:10-31.7 Vs 7.55-16.5 nm as shown by TEM. Moreover, using Azadirachta
indica, the same procedure was used by Shakeel Ahmed et al., (2015) [183] and Roy et al.,
(2017) [184], but the SPR bands were found to be 436 vs 420 nm, respectively, indicating
variability in size. These data variations may be explained mainly by differences in the chemical
composition of plant extracts. The methodology and parameters of plant extraction are different
for all studies, such as the extraction solvent, temperature, and time. Indeed, these parameters
could affect greatly the chemical composition of the extract, and thus, the synthesis of AgNPs.
Moreover, the chemical composition of aromatic and non-aromatic plants varies greatly not
only between different plant species but within the same species (intraspecific variability). The
chemical composition of the same plant species is known to contain different chemotypes and
its variation is due to many parameters such as seasonality, humidity, altitude, drying methods,

etc [185,186]. For all the reasons discussed above, obtaining reproducible results via the plant-
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AgNPs synthesis is very difficult as one cannot control the chemical composition of the extract.
Moreover, when the effect of the concentration of the extract is discussed in the literature, either
the volume or the percentage of the extract is used, which is not a standardized unit and is only
useful in comparing the results within the same study. Therefore, a standardized
measurement(s) of the plant extract is necessary to control the reproducibility of metal
nanoparticles biosynthesis. This standard measurement(s) is needed to characterize the plant
extract, but it has to be completely independent of the species, the chemotype, or the seasonal

variability.

From a thermodynamic point of view, the wet chemical reduction of Ag* is determined by the
difference between the metal ions redox system and the reducing molecule redox system which
should be positive [141], and the more positive it is, the more spontaneous the reaction is. And
as discussed above, the biological pathway (using plants and microorganisms) is technically, a
chemical reduction technique that was considered a new approach for the sake of its eco-
friendliness and cost-effectiveness. Thus, the use of the “redox potential” of plant extracts
instead of the concentration may achieve the required standardization of measurable

parameters.

1.2.3) Important Silver nanoparticles parameters
1.2.3.1) Size distribution

The unique properties of silver nanoparticles come mainly from their nanometric size and
guantum confinement effect, which enable them to have different properties in comparison to
the bulk form, and therefore, allow them to have multiple applications in various domains [187].
Indeed, All AgNPs properties are size-dependent, making size and size distribution the most
important factors regarding AgNPs. For example, higher antimicrobial activity has been found
for smaller AgNPs nanoparticles [187-189]. Also, the catalytic activity of AgNPs was found to
be size-dependent as was reported for the reduction of 4-nitrophenol [190] and methylene Blue
[191]. Indeed, Priya and Asharani, (2017) [190] have studied the effect of AgNPs size (20, 35,
and 60 nm) in the reduction of 4-nitrophenol and have found that the constant rate is inversely
proportional to the size of AgNPs. The size-dependent activity of AgNPs is explained by the
larger surface area of small nanoparticles compared to bigger ones, leading to more or better
interactions between AgNPs and microorganisms (antibacterial activity) or substrates (catalytic
activity). Moreover, in the case of antibacterial activity, there are also more Ag ions released as
NPs get smaller [191].
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1.2.3.2) Shape

The shape is another important parameter for silver nanoparticles' properties as many of their
properties are also shape-dependent. For example, Cheon et al., (2019) [192] have reported the
greatest antibacterial activity for spherical AgNPs followed by disk AgNPs and then triangular
plate AgNPs. The authors explained this trend by the difference in surface area between the
different shapes. Other studies have also demonstrated the shape-dependence for the catalytic
activity of AgNPs [193,194]. Interestingly, the effect of the shape can be different not only
between catalytic and antibacterial properties but also within different catalytic systems.
Indeed, the results found for the catalytic oxidation of hydrazine [194] showed that shapes rich
in {111} crystallographic planes (e.g., nanospheres) showed higher catalytic activity than those
rich in {100} planes (e.g., nanocubes), which was explained by the presence of the hcp lamellar
defects on the {111} crystallographic planes. However, the opposite was found for the catalytic
oxidation of styrene [193] and it was explained by the higher surface energy of the different
crystallographic planes (i.e., y{110}>vy{100}>y{111}), suggesting that the effect of shape may
also be dependent on the catalytic system.

1.2.3.3) Surface charge
The surface charge of AgNPs is determined by measuring the Zeta Potential, which is the
difference in potential between the inner Helmholtz layer near the nanoparticle surface and the
liquid surrounding nanoparticles [195]. AgNPs with values far from zero (negative or positive)
tend to repel each other, thus, preventing their aggregation. Besides its important role in AgNPs'
stability, it was also proven that the functional properties of AgNPs are dependent on their
surface charges. Abbaszadegan et al., (2015) demonstrated the impact of the surface charge on
the antibacterial activity of AgNPs [196]. Indeed, positively charged AgNPs have shown higher
antibacterial activity against both gram-positive (S. aureus, Streptococcus mutans, and
Streptococcus pyogenes) and gram-negative (E. coli and Proteus vulgaris) bacteria, followed
by the neutral AgNPs, and finally the negatively charged AgNPs [196]. This is explained by
the electrostatic interaction between AgNPs and the negatively-charged bacteria, which
decreases as the AgNPs surface charge gets more negative due to repulsions between similar

charges.
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1.2.4) Stability of silver nanoparticles

AgNPs stability is another important parameter that should be taken into consideration for final
AgNPs properties. Stability can be defined as the preservation of nanoparticles' size and
dispersion. As the surface area increases in nanoparticles compared to the bulk structure, their
surface energy also increases which makes nanostructures, thermodynamically unfavored.
Therefore, the stability of nanostructures can only exist for a finite period of time [197]. The
instability of silver nanoparticles originates either from aggregation or dissolution. The
aggregation of AgNPs is favored by Zeta potential values close to zero [198]. On the other
hand, the AgNPs dissolution by oxidizing agents (molecular oxygen or H205) results in the

release of silver ions and the disintegration of AgNPs over time [198].

The preservation of AgNPs dispersion is essential for maintaining the AgNPs' size and shape,
and therefore AgNPs’ properties such as the antibacterial and catalytic activities. Aggregation
can be avoided or limited over a finite period by using electrostatic, steric, or electrosteric
stabilization (Fig. 1.14) [199]. In that sense, polymers and surfactants were used mainly to
increase AgNPs stability over time [199,200]. Indeed, Kvitek et al., (2008) [199] have tested
multiple surface stabilizers on the stability of AgNPs such as sodium dodecyl sulfate (SDS),
polysorbate 80, and PVP. The anionic surfactant SDS was found to be the most effective
stabilizer via both electrostatic (Doubled Zeta potential value) and steric repulsion, whereas the
polymer PVP and the non-ionic surfactant (Polysorbate 80) have shown a lesser effect on
AgNPs stability. Bae et al., (2011) [200] have also tested multiple surfactants (SDS, sodium
dodecylbenzenesulfonate “NaDDBS”, Tween 80, and CTAB) and polymers (PVP,
Polyacrylamide “PAA”, polyalkylamine hydrochlorid “PAH” and Carboxymethyl cellulose
“CMC”) differing in their charge and molecular weight on the colloidal stability of AgNPs, and
have also confirmed that anionic surfactants (SDS and NaDDBS) were more effective
compared to other cationic, non-ionic surfactants. Moreover, polymers (ionic and non-ionic)
showed the lowest enhancement potential compared to surfactants. This was explained by the

viscosity of polymers compared to surfactants.
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Figure 1.14: Schematic representation of the steric, electrostatic, and electrosteric stabilization of
silver nanoparticles [201,202].

1.2.5) Factors influencing plant-mediated AgNPs synthesis
Plant-mediated AgNPs synthesis follows the same principle as the wet chemical reduction
method, therefore, it is influenced by the same factors such as pH, temperature, and silver salt
concentration. Additionally, these syntheses are influenced by specific factors such as the plant

nature, the plant part used for the extraction, and the concentration of the plant extract.

1.25.1) Temperature

Several studies have assessed the effect of temperature on the plant-mediated synthesis of silver
nanoparticles. Kaviya et al., (2011) [203] have reported the synthesis of smaller AgNPs when
the temperature was increased from 25°C to 60°C (10 nm vs 35 nm) as indicated by a blue shift
of the SPR band. Similarly, Asimuddin et al., (2020) [204] prepared Persimmon-AgNPs at
different temperatures in the range of 25°C to 95°C and found that the size decreased from 50
nm (25°C) to 16 nm (95°C). This effect of temperature is explained by an increase in the
reaction rate because, generating thus a high number of nuclei, therefore producing smaller NPs
[203-205].
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The effect of reaction temperature on the stability of silver nanoparticles is reported only in a
few studies. Mishra et al., (2015) [206] have reported the instability of AgNPs synthesized
using Averrhoa carambola extract and reaction temperature above 60°C. This was explained
by the degradation of A. carambola biomolecules at high temperatures. Other studies have used
the Zeta potential values to predict the potential stability of AgQNPs. Anbu et al., (2019) [207]
noticed an increase in Zeta Potential from -5.23 to 11.25mV when they varied the temperature
from 37°C to 50°C, respectively. The authors concluded that the NPs with more negative Zeta
potential values are more stable. Nevertheless, this conclusion is erroneous as they ought to
compare the absolute values rather than the negativity of Zeta Potential. Moreover, the use of
Zeta potential measurement to predict the stability of AgNPs, predict only their aggregation
behavior and not the dissolution process.

1.25.2) pH

The pH of the AgNPs synthesis reaction influences the charge of biomolecules, which modify
their reducing and capping behavior [208]. Yang and Li (2013) [209] have tested the effect of
a wide range of pH values on the Mango peel extract mediated AgNPs synthesis. They have
shown a decrease in size (from 27 to 15 nm), when pH values were increased (from pH 3 to
11). These data were explained by the possibility of deprotonation of mango peel extract
molecules. Similar results were found using Rudanti fruit extract [210] where AgNPs prepared
at higher pH values showed a smaller and narrower size distribution. On the other hand,
different observations were also reported in the literature [211,212]. Indeed, Krishnaraj et al.,
(2012) [211] showed the synthesis of smaller AgNPs using Acalypha indica extract occurred
optimally at neutral pH. At acidic pH, no synthesis was observed due to the protonation of
biomolecules, which decreases the interactions between reducing agents and silver ions. On the
contrary, at alkaline pH 13, agglomeration was observed immediately due to partial hydrolysis
of silver ions forming Bioorganic—Ag(OH)x or Bioorganic—Ag(NHz)> complex on the surface
of the nanoparticles and AgOH/Ag-0 colloid [213,214].

The reports on the effect of pH on the stability of biosynthesized AgNPs are scarce. Saware and
Venkataraman (2004) [215] have prepared AgNPs using Ficus religiosa extract and they
obtained smaller AgNPs as pH was increased. However, their agglomeration for the higher pH
values was observed within 24 hours. The opposite data was found in Nalawde et al., (2014)
study [216], where the stability has increased in reactions at pH values above 9.5. The Zeta
potential values demonstrated that the stability is due to a more negative surface charge, which

probably is the result of the deprotonation of Acacia auriculiformis molecules at higher pH
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values. In summary, the contribution of alkaline pH values to the stability of silver nanoparticles
may be due to the deprotonation of biomolecules that are involved in the capping of AgNPs, as
indicated by the more negative Zeta Potential values [217].

1.2.5.3) Silver salt concentration
The silver salt concentration has an important role in the characteristics of silver nanoparticles.
Yang and Li (2013) [209] have studied the AgNPs synthesis using Mangifera indica peel extract
at different concentrations of AgNOs in the range of 0.5 to 4 mM. They showed an increase in
AgNPs size with the increase in silver salt concentration. The authors suggested that at a higher
Ag salt concentration, Ag* could be adsorbed on the first formed AgNPs where a second
reduction would occur leading to an increase in the size of these AgNPs. Although this
conclusion was confirmed in other studies [218,219], some other works have reported opposite
observations [220,221]. For example, Seifipour et al., (2020) [221] have tested concentrations
ranging from 1 to 20 mM and found that AgNPs size decreases when Ag" concentration is
increased up to 2.5 mM. But above this concentration, they observed an increase in AgNPs size

due to the continuous growth of AgNPs in excess of silver ions.

1.2.5.4) Plant extract concentration
The effect of plant extract concentration on the synthesis of AgNPs was widely studied, but
opposite results were reported. Jain and Mehata (2017) [208] have reported an increase in
AgNPs size when the ratio of AgQNO3: Tulsi extract (mL: mL) was increased from 5:0.1t0 5:0.5
This trend was also found in other studies using A. indica extract [183] and Ziziphus jujuba
extract [222]. This could be explained by the extract promoting secondary reduction reactions
on the silver ions adsorbed on the already formed nuclei or NPs. On the other hand, other studies
have reported a decrease in size with the increase in extract concentration [223-225]. Indeed,
Aminetal., (2012) [223] have tested different concentrations of Solanum xanthocarpum extract
by varying the volume of the extract and reported a decrease in size when 10 mL of the extract
was used instead of 2 mL. This could be due to the increase in reducing molecules in the reaction

medium.

1.2.5.5) Summary of parameters affecting AgNPs synthesis
The effect of the most important parameters such as temperature, pH, extract concentration, and
silver salt concentration has been discussed above. These studies have shown contradictory data
for each parameter, therefore making it difficult to draw clear conclusions about the effect of
these parameters on AgNPs synthesis, activities, and stability. For instance, alkaline pH was
reported to enhance the synthesis of silver nanoparticles in most reports. However, other studies
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have observed agglomeration when alkaline pH was tested. Similarly, the effect of the
concentration of the extract is obscure as the literature reports contradicting findings. The
ambiguity of the effect of silver salt concentration was less apparent, but reported. The main
reason is that most studies test these parameters individually (while everything else is being
fixed) rather than the interaction between them. For instance, in a study by Liu et al., (2020)
[226], the effect of temperature on the Cinnamomum camphora mediated AgNPs was studied
under both sufficient and insufficient Ag* concentrations. The results indicated that under
sufficient Ag™ concentrations, the size increased with temperature due to the increase of growth
rate constant Kz (Fig. I.15A). Under insufficient Ag*, the size increased in the range of 70-80°C
due to a higher increase in the growth rate constant K> compared to the nucleation rate constant.
While above 80°C, the size decreased sharply due to the sharp decrease in K1 between 80 and
90°C (Fig. 1.15B).

[38]



Low temperature

A
l\ l - o ? - » l\: - - - . °
. b ' - ® - % b4 - ¢
—’ . .‘ - » . . ..' ® .
el Sok::
o..: 0o, o..: o,
TesetSt TeeetS
High temperature
l\l .. ....O. k: ‘ ...
—_— e , — ‘ ' ’.
gt L%
o > £l : o"' .:
focin fo b .06
Tesets o T
Under sufficient Ag+ precursors
Low temperature
B kx " kx l“ o
‘ =, ‘ g - - .‘/ ~
—_— W —_— f
.0‘,{ ’ v
High temperature
K, ‘ A\ K, O -
- J / — @ /
—— o [ B —— = [ B
e > a
& \e \®\e
. Under insufficient Ag+ precursors
.. &2 : : . . ) . L\ 1 k\
2 = Ry b r —
Free Ag atoms Nucleus AgNPs Biomolecule Nucleation Growth

Figure 1.15: illustration of the effect of temperature on the biosynthesis of AgNPs under A)
sufficient Ag+ precursors, B) insufficient Ag+ precursors [226].

Similarly, Elemike et al., (2017) [227] studied the interaction between the pH and the ratio
concentration of leaf extract from Lasienthra africanum to AgNOs. They found that for a ratio
of 1.5, smaller nanoparticles were favored at alkaline pH, but for the ratio of 1:10, the neutral
pH was more favorable for the synthesis of smaller AgNPs. The authors explained these
observations by the effect of pH on the partial hydrolysis of Ag™ (In excess) to form bioorganic-

Ag(OH)x on the surface of the particles.
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1.2.6) Antibacterial activity of silver nanoparticles
One of the most exploited properties of AgNPs is their antibacterial activity. Indeed, AgNPs'
applications in medical products, medical devices, textiles, and water treatment are primarily
owed to their excellent antibacterial activity [143]. AgNPs were found effective against a wide
range of bacteria including Multidrug-resistant bacteria (MRBSs); such as methicillin-resistant
Staphylococcus aureus (MRSA), methicillin-resistant Staphylococcus epidermidis (MRSE)
[228], multidrug-resistant Pseudomonas aeruginosa [229], Klebsiella pneumoniae, and
Acinetobacter baumannii at concentrations that are non-toxic to human cells [230]. Thus, these
nanoparticles are considered an interesting alternative to antibiotics due to the development of

bacterial resistance to antibiotics [143].

1.2.6.1) Mechanism

Even though the exact mechanism of AgNPs antibacterial activity is not entirely elucidated,
there are three ways by which AgNPs exert an antibacterial activity (Fig 1.16), (i) by liberating
silver ions (Ag"), (ii) by acting directly on the bacterial cell, and (iii) by generating Reactive
oxygen species (ROS). AgNPs undergo oxidative dissolution, releasing electronegative Ag ions
with high affinity to electrons donating groups that exist on the bacterial membrane and proteins
like phosphate, carbonyl, sulfhydryl, and amine groups [231] which leads to the disruption of
the bacterial membrane permeability and the deactivation of proteins. Moreover, Ag* ions
adhere also to other biomolecules such as DNA and RNA, thus disrupting the transcription,
protein synthesis, and cell functioning overall [232].

Silver nanoparticles also act directly on bacteria as they can attach and accumulate directly on
the cell wall and the bacterial membrane causing several morphological changes. Indeed,
AgNPs can attach to membrane proteins, fatty acids, and carbohydrates, thus, interfering with
the membrane permeability, the respiratory chain, cell division, and ions transport. Due to the
importance of the impact of AgNPs on the bacterial membrane and cell wall, Gram-positive
bacteria are less susceptible to AgNPs compared to Gram-negative bacteria because of their
thicker cell wall and the presence of more peptidoglycan [232].

AgNPs can also interfere with bacterial survival by generating ROS either directly or via Ag*
release causing oxidative stress. ROS are generated under normal circumstances but eliminated
by natural antioxidant mechanisms of the cell. However, AgNPs and Ag™ can interfere with the
bacterial respiratory chain dehydrogenase leading to an excessive generation of ROS. AgNPs

can also interfere with the antioxidant system of the bacteria (catalase, superoxide dismutase,
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and Glutathione), thus inhibiting the elimination of ROS. ROS are highly reactive and cause
cell lipid peroxidation, DNA damage, and apoptosis [233,234].

. Silver Nanomaterial o Silverion @» Protein

Figure 1.16: The potential antibacterial mechanisms of AgNPs: 1) release of silver 2) AgNPs binding
directly to the membrane and membrane protein, 3) Generation of ROS [232].

1.2.6.2) Bacterial resistance against AgNPs
The use of AgNPs as antibacterial agents to replace antibiotics is of increasing importance.
Even though their antibacterial activity is well established against a wide range of bacteria
including MRBs, bacterial resistance to AgNPs is not well studied. As previously shown,
AgNPs exhibit a very diverse mechanism of action against multiple components of bacteria,
which decreases the bacterial ability to develop resistance [234]. However, few studies reported
that bacteria can develop resistance against AgNPs [235,236]. Indeed, Panacek et al., (2018)
[235] have tested subinhibitory concentrations of AgQNPs against Gram-negative bacteria E. coli
CCM3954, E.coli 013, and P.aeruginosa CCM3955 and found a gradual increase of the
minimal inhibitory concentration (MIC) by each culture step. All the tested bacteria developed
phenotypic resistance at the 13" step at most. This resistance was attributed to the production

of flagellin, an adhesive flagellum protein that causes the aggregation of AgNPs.

1.2.6.3) Enhancement of antibacterial activity of AgNPs through
functionalization.

The antibacterial activity of silver nanoparticles is dependent on multiple parameters such as

AgNPs size and surface charge. Consequently, this antibacterial activity can be enhanced by
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decreasing the AgNPs size or increasing their zeta Potential values toward more positive ones
(See 1.2.3.1. and 1.2.3.3.). Furthermore, the enhancement of antibacterial activity can be
attained by using other methods such as functionalization.

Indeed, several molecules have been used to functionalize AgNPs to enhance their antibacterial
activity. For example, Ahmed et al., (2017) [237] modified the surface of AgNPs using chitosan
which increased their antibacterial activity against E. coli. In another study, Bhargava et al.,
(2018) [238], functionalized AgNPS using L-fucose, a molecule that binds to LecB lectin on
the bacterial cell. L-fucose functionalized AgNPs showed higher antibacterial activity against

P. aeruginosa compared to citrate-capped AgNPs.

Antibiotics are also used to enhance the antibacterial activity of AgNPs via functionalization.
For instance, tetracycline improved the antibacterial activity of AgNPs against P. aeruginosa,
E. coli, Klebsiella pneumoniae, S. aureus, and S. epidermidis [239]. Finally, surfactants are
another class of molecules known for their antibacterial activity, that were used to enhance the
antibacterial activity of AgNPs. Indeed, Sodium dodecyl sulfate-capped AgNPs showed a much

higher antibacterial activity against P. aeruginosa compared to other AgNPs [240].

1.2.7) conclusion
Conventional food packaging materials such as PE, PS, and PA are widely used to protect food
by acting as a passive barrier between the external environment and food. However, these
petroleum-based polymers are non-biodegradable, thus they raise a huge environmental
concern. Moreover, they do not provide antimicrobial protection to packaged food, which is a
feature in high demand due to the rising threat that microbial food contaminations pose. For
these reasons, finding alternatives is of utmost importance. Such alternatives need to i) be
biodegradable and ecofriendly, ii) have comparable thermal, mechanical, and barrier properties

to conventional plastics, and iii) exhibit antibacterial activity.

Biodegradable polymers, either petroleum-based (PCL) or natural (PLA, or Chitosan) are
excellent alternatives to conventional plastics due to their biodegradability and
biocompatibility. However, they usually lack other important features such as thermal, barrier,
and mechanical properties. Thus, as a first step, it is necessary to enhance these properties. In
that regard, multiple techniques have been used. Among these, the preparation of
nanocomposites is an overall more advantageous approach as it allows the enhancement of

properties using small content of fillers. Fillers such as MMT, BNT, and mica have, thus, been
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widely used to enhance the thermal, mechanical, and barrier properties of biodegradable

polymers.

A second step toward the development of antibacterial biodegradable materials is the
incorporation of antibacterial agents. Usually, organic extracts with known antibacterial activity
are used (e.g., Essential oils). However, these extracts affect the organoleptic properties of
packaged food. Thus, wide attention has been paid recently to metal nanoparticles as an
alternative to organic extracts. Particularly, silver nanoparticles are excellent antibacterial
agents with low migration behavior, thus they are less likely to affect the organoleptic properties
of food.

Silver nanoparticles can be prepared through chemical, physical, or biological pathways.
However, the chemical and physical methods are usually non-ecofriendly, expensive, and
require high energy consumption. Biological methods, especially using plant extracts, are an
excellent alternative because they are cheaper, greener, and usually simpler. Moreover, AgNPs'
antibacterial activity depends greatly on their size and stability among other parameters. Thus,
the optimization of AgNPs synthesis in terms of size and stability is primordial to their use as

antibacterial nanofillers.

In this thesis, we aimed to develop biodegradable polymer-based nanocomposites with
enhanced properties and antibacterial activity for the potential use in active antibacterial food
packaging. In chapter Il, petroleum-based PCL was used as a polymeric matrix to prepare PCL-
BNT nanocomposites using a “grafting from” ring-opening polymerization approach. CTAB-
modified BNT was used as a nanofiller to enhance PCL properties and to provide antibacterial
activity via the CTAB modification. In chapter 111, PLA-Mica-AgNPs were prepared using melt
extrusion exploiting thus, the potential of mica to enhance PLA properties and commercial
AgNPs to provide the antibacterial activity to the resulting nanocomposites. In chapter 1V, we
aimed to optimize the green synthesis of silver nanoparticles using rosemary extract and to
further enhance their stability using surfactants such as CTAB, SDS, and Tween 80. And
finally, in chapter V, the optimized AgNPs were used as an additive for the preparation of

chitosan nanocomposites for potential applications in antibacterial food packaging.
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Chapter overview

As discussed in the bibliographic overview, polycaprolactone (PCL) is a biodegradable and
biocompatible polyester that could be used in a lot of domains, including food packaging.
However, it presents many drawbacks including poor thermal and mechanical properties and
the lack of antibacterial activity. In that regard, in this chapter, we aimed to prepare PCL

nanocomposites with improved properties and antibacterial activity.

Various types of nanofillers are used for that aim, but phyllosilicates present many advantages
such as their higher surface area and their sheet-like structure. Accordingly, we choose
Bentonite (Bnt), a natural nanoclay of Moroccan origin, as a nanofiller. Moreover, the OH-
groups could be exploited to co-initiate the “grafting from” ring-opening polymerization of -
CL. However, due to the incompatibility between the hydrophilic clay and hydrophobic
polymer, the potential of enhancing PCL properties is limited. Consequently, it is necessary to
increase the compatibility between these two phases. For that reason, Bnt was organo-modified
using CTAB to increase its hydrophobicity, thus increasing its compatibility with PCL. We
choose CTAB as an organic modifier due to i) its potential in increasing the hydrophobicity and
the interlamellar spacing of Bnt thanks to its long alkyl chain and ii) its inherent antibacterial
activity susceptible to providing the end nanocomposites with the antibacterial activity

necessary for applications in food packaging.

In this chapter, we report the synthesis of antibacterial bio-composite materials based on Poly(e-
Caprolactone) and bentonite (Bnt) via a “grafting from” ring-opening polymerization of -
Caprolactone (g-CL) using a tin-based catalyst for final potential applications in active food

packaging.

The results of this chapter are presented in the form of a published paper: A. Nabgui, T. El
Assimi, A. El Meziane, G.A. Luinstra, M. Raihane, G. Gouhier, P. Thébault, K. Draoui, M.
Lahcini, Synthesis and antibacterial behavior of bio-composite materials-based on poly(e-
caprolactone)/bentonite,  European  Polymer  Journal. 156  (2021)  110602.
https://doi.org/10.1016/j.eurpolymj.2021.110602.
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Abstract

Several clay minerals as inorganic fillers were incorporated into aliphatic polyester by various
procedures. The target of enhancing the physicochemical properties of the resulting composite
material leads thereby to overcoming the limitations of neat polyesters. Still, bentonite (Bnt) as
a clay mineral has been relatively unexplored as a reinforcing agent of the poly(e-caprolactone)
(PCL). In this study, a bio-nanocomposite based on poly(e-caprolactone) & bentonite nanofiller
was prepared by in-situ ring-opening polymerization (ROP) of g-caprolactone (s-CL) under
open air using a tin-based catalyst. The obtained bio-composites (PCL-OBnt) were fully
characterized to examine their structural interactions, thermal stability, mechanical, and
morphological properties. Finally, the antimicrobial activity against S. epidermidis and S.

aureus of the prepared bio-composites materials was evaluated.
Keywords

Polycaprolactone, Ring-opening polymerization, In-situ polymerization, Bentonite,
Antimicrobial activity
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11.1) Introduction

The ongoing attraction for the application of biodegradable polymers may among several
arguments, principally be related to the belief in more eco-friendly products for a more
sustainable society. In fact, the market for biopolymers continues its exponential growth to
exceed 7.8 million tons by 2020 [1]. The biopolymers are widely classified into four categories:
(i) agro-polymers which are extracted from biomass such as polysaccharides; (ii) polymers
obtained by microbial products such as the polyhydroxyalkanoates (PHAS); (iii) polymers that
are chemically synthesized from agro-resources monomers such as polylactic acid (PLA); (iv)
and biodegradable polymers synthesized from fossil resources monomers such as poly(e-
caprolactone) (PCL) [2].

Poly(e-caprolactone) is a semi-crystalline polymer widely used in the biomedical field on
account of its hydrophobic character, high miscibility with other polymers, and biodegradability
[3], [4], [5]. Two main methods to synthesize poly(e-caprolactone) in form of the
polycondensation of hydroxycarboxylic acid (6-hydroxyhexanoic acid) and the ring-opening
polymerization (ROP) of e-caprolactone(e-CL) have been massively reported upon in the
literature. The first route leads to polymers with low molecular weights with a broad dispersity.
The second approach can provide high molecular weight in a controlled manner which is useful

for the preparation of block and multiblock PCL copolymers [6]. In the ROP of &-CL, a
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coordination insertion mechanism is operative when an organometallic catalyst is used. The
propagation step is based on the coordination of the carbonyl function of the monomer to the
catalyst, followed by the ring-opening of the cyclic monomer by an internal nucleophilic attack
of an alkoxide chain end, also bonded to the catalyst [7]. The metal catalyst complexes mostly
used in the ring-opening polymerization are tin(I1) and tin(IV) alkoxide or salt precursors [8],
[9], [10], [11]. These tin ROP initiators have a high reactivity towards moisture. Consequently,
the ring-opening polymerization is best performed under an inert-gas medium to have control
over the polymerization rate and to avoid the dramatic decline of the molecular weight build-
up [12], [13]. In the perspective of the ROP accomplishment in open air with high efficiency,
our previous findings were that the tetra(phenylethylenyl) tin catalyst could ensure the ring-
opening polymerization of e-CL at a higher [monomer]/[initiator] ratio without the need for
inert atmosphere, thus considerably reducing the efforts for preparing high molecular weight
PCL [14-16]. Moreover, the hydrolysis of tetra(phenylethynyl)tin catalyst at the end of the ROP
generates tin oxide, which is a non-toxic compound and has been approved by FDA for internal
use in biomedical applications [17].

The major limitation of PCL applications was associated with the hydrophobic character of the
polymer (relative to water) and the low mechanical properties and melting point. The last two
decades have seen improvements in the properties profile of biopolymers by blending with clay
minerals as natural fillers [18]. Indeed, the combination of PCL and inorganic/organic fillers
leads to the upgrade of its thermal and mechanical properties, which has increased the
applicability of such biopolymers. Despite the fact that the physical blending of biopolymer
with fillers produces nanocomposite materials with improved properties [19-20], the weak
adhesion between the two components on account of their diverting hydrophobic/hydrophilic
characters negatively affects the dispersion, and thus, the targeted property enhancement. Thus,
the in-situ polymerization through grafting approach is considered a good strategy to associate
covalently biopolymer and filler in order to produce new hybrid materials with original
characteristics [21]. In that regard, our team has successfully prepared PCL-based
nanocomposites by the in-situ polymerization of e-caprolactone grafted from cellulose and guar
gum polysaccharides as organic fillers and Halloysites clay nanotubes and Beidellite clay as
inorganic fillers [22-25].

Bentonite is an abundant natural clay mineral. It has a large surface area, which is highly useful
when combined with biopolymers in bio-nanocomposites. It has a 2:1 layered structure

consisting of two silicon-oxygen tetrahedral sheets and one aluminum-oxygen-hydroxyl
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octahedral sheet [26]. This clay is also interesting for its environmental remediation properties
as an absorbent of heavy metals, dyes, and organic pollutants [27-29]. In terms of filled
polymers, an antimicrobial film based on starch and bentonite was prepared with enhanced
mechanical properties for applications in food packaging [30]. Similar properties were reported
for Nano-cellulose (NFC) and Bentonite clay nanocomposites obtained by mixing the NFC with
exfoliated bentonite [31]. However, the preparation of bentonite/PCL nanocomposites has been
reported in two articles, in both the materials were obtained by physical mixing [32-33].

As mentioned earlier, the low compatibility between PCL and bentonite tends to lead to filler
aggregates in the prepared composites, and consequently restricts the improvement of its
properties. Therefore, this study was undertaken to evaluate the covalent bonding between PCL
and bentonite clay with avoidance of the limitations. The bio-composites material was prepared
by in-situ ring-opening polymerization of ¢-CL by generation and thus immobilizing PCL at
the surface of bentonite using tetra(phenylethynyl)tin as a catalyst. After the synthesis step, the
bio-composite (PCL-OBnt) obtained was fully characterized before carrying out its

antimicrobial activity against S. epidermidis and S. aureus bacteria.

[1.2)  Material and methods
11.2.1) Materials

g-Caprolactone (liquid), ethanol, chloroform, dichloromethane, hexadecyltrimethylammonium
bromide (CTAB), and tetrahydrofuran were purchased from Sigma Aldrich and were used as
received. Sodium-bentonite (Na-Bentonite) was collected from Segangane-Nador (Morocco)
(57.4%, 24.7%, and 12.3% of clay, silt, and sand, respectively) [34] and its raw characteristics

were summarized in Table 11.1S1/11.2SI.

11.2.2) Organo-modification of bentonite
The clay mineral used in this study was organo-modified using CTAB as a surfactant. 1 g of
bentonite was dispersed into 400 mL of distilled water to which an amount of CTAB equivalent
to 0.5 and 1 cation exchange capacity (CEC) of the neat bentonite clay was added. The blending
was stirred for 2 h at 25 °C, then the resulted product was filtrated, and washed with distilled
water to remove bromine ions. The organo-modified bentonite (OBnt) obtained was dried at 50
°C for 24 h and stored at room temperature [29].
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11.2.3) Synthesis of tetra(phenylethynyl) tin as a catalyst for the
ring-opening polymerization

The synthesis of tin-based catalyst was carried out following a previously published procedure.

Under argon, a three-necked flask was charged with 9 g of phenylacetylene. Toluene (20 mL)

at 78 °C was gradually added to 32 mL of a solution of butyllithium in hexane. 5 Grams of

Sn(IV)chloride in dry toluene were added to the solution under stirring at 70 °C for 16 h. The

obtained solution was filtered and the solvent was evaporated in a vacuum oven to obtain a

yellow solid residue, which was recrystallized from toluene [35].

11.2.4) Synthesis of the PCL bio-composites (in-situ

polymerization of ¢-CL)
The organo-modified clay (OBnt) was then used as nanofillers in the preparation of poly(e-
caprolactone) based bio-composites. For this, e-CL was weighed into 50 mL Erlenmeyer flasks.
1 wt%, 5 wt%, and 10 wt% of modified Bentonite (OBnt) were added and the suspension was
dispersed using ultrasound equipment for 10 min. The catalyst (tetra(phenylethynyl)tin) with a
ratio of (e-CL/(Sn(C=CPh)4 = 500 was then injected and stirred at room temperature for 2 h.
The closed reaction vessel was placed into an oil bath preheated at 120 °C and then stirred for

over 15 min in which the total conversion was achieved (see Fig. 11.1).
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Figure 11.11: Proposal of the bio-composites synthesis (PCL-g-OBnt).

[67]



11.2.5) Films preparation
PCL and PCL-g-OBnt bio-composites film with different concentrations of modified Bentonite
(1, 5, and 10%) were prepared using a solution casting method. Briefly, the nanocomposites of
PCL-g-OBnt were dispersed in 2 mL of dichloromethane and stirred for an hour until complete
dissolution. The films were cast and allowed to dry for about 24 h at room temperature. The
dried films were peeled off from the casting plates (Teflon mold) and pressed using a hot
hydraulic press. The tablets obtained (Fig. 11.2) were conditioned in a constant temperature

humidity chamber. A reference film of neat PCL was also prepared using the same method.

Figure 11.12: Digital pictures of the tablets prepared.

11.3) Characterization techniques
11.3.1) Size exclusion chromatography (SEC)

The distribution of the polymer molecular weight (Mn) was carried out by the SEC analysis.
The measurements were carried out in a PL-GPC (Polymer laboratory) chromatography
equipped with an RI sensor (A = 264 nm) and two serially connected columns PLgel Mixed-B
(styrene-co-divinylbenzene copolymer gel with 3—-100 um of particle size). THF was used as
solvent and eluent wherein the flow rate was 1 mL min—1. The calibration of molecular weight

was performed by poly(styrene) (certified reference material EasiCal-PS1B).

PCL extraction was carried out following a published procedure [22]. In order to liberate the
chains from the bentonite, the bio-composites prepared were dispersed in
chloroform/tetrahydrofuran mixture (20:80) and kept under stirring for 24 h at room
temperature. LiCl in THF (2%) was added and the stirring was maintained for an additional 24
h. The last step was the separation of the filler using centrifugation (4000 rpm) of the obtained
colloidal aggregates. The polymer (PCL) containing residue was subsequently precipitated in

methanol, filtered, and dried in vacuum at 60 °C.
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11.3.2) Suspension stability
The success of the grafting was investigated by suspending the physical blending of PCL/OBnt
(95:5 wt%) and the prepared bio-composites PCL-g-OBnt in dichloromethane, then the stability
of the resulting suspension was compared. The technique involves comparing the dispersity of
the PCL-OBnNt prepared by in-situ ring-opening polymerization and the physical blending of
PCL and the organomodified bentonite (OBnt) [23].

11.3.3) X-ray diffraction (XRD)

The X-ray diffraction of the bentonite (Bnt) and organomodified bentonite (OBnt) powders
were analyzed on a D8 Advanced Briiker diffractometer with CuKa radiation (A = 1.5418 A).
The XRD analysis indicated a degree of layer intercalation of Bnt after the organo-modification.

11.3.4) Fourier transform-infrared spectroscopy (FTIR)
Infrared spectroscopy was carried out using a PERKIN-ELMER spectrum 1000 Fourier

Transform Spectrometer, 32 acquisitions at room temperature at a resolution of 4 cm—1.

11.3.5) Dynamical scanning calorimetry (DSC)
The tests were carried out using a Perkin EImer Jade DSC under a stream of nitrogen and argon
to be able to work under an inert atmosphere. 15 mg of samples were analyzed in a temperature
range of 0-100 °C at a rate of 10 °C min—1. The crystallization temperatures Tc were
determined from the first cooling scan and the melting temperature Tm from the second heating

scan.

11.3.6) Thermogravimetric analysis (TGA)
TGA was used to compare the thermal stability of PCL-g-OBnt bio-composites with neat PCL;

it was performed using a TGA 55 Discovery instrument at a rate of 10 °C min—1 under nitrogen

(60 cm3 min—1) from 25 °C to 600 °C.

11.3.7) Contact angle measurement

Contact angle was measured by a droplet of water on the surface of the bio-composites (tablets)

at room temperature using EASY DROP equipment.

11.3.8) Mechanical properties
The tensile strength of the prepared tablets (PCL-OBnt) was measured and compared to that of
neat PCL tablet using an Instron Universal Testing Machine (Model 3369, Instron).

Experiments were performed at room temperature, with a crosshead speed of 5 mm/min. The
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sample dimensions were 100 x 20 x 0.6 mm3 and the results were averaged on three
measurements. The tensile strength and the elongation at break of the prepared film were
calculated and compared.

11.3.9) Scanning electron microscopy (SEM)
The morphology of neat PCL and PCL-g-OBnt bio-composite film was examined using Vega
3 TESCAN with conventional tungsten, heated cathode intended both for high vacuum and low
vacuum operations. All the samples were previously coated with Au-Pd in argon plasma to
enhance their conductivity.

11.3.10) Antimicrobial tests on PCL-g-OBnt bio-composite films
11.3.10.1) Bacterial strains and cultural conditions
The following bacteria were used: S. epidermidis (ATCC 35984) and S. aureus (ATCC 29213).
All materials were previously autoclaved at 121 °C for 15 min. Bacteria were maintained at
—20 °C in 30% glycerol. Staphylococcus species were precultured under aerobic conditions in
BHI (Brain Heart Infusion) broth (From Difco) for 24 h at 37 °C on a shaker. Cells were
harvested by centrifugation (5000 rpm for 15 min at 20-25 °C) and finally resuspended in
sterilized PBS solution. The Optical Density (O.D) of the suspension was then measured at 595
nm. If necessary, additional PBS solution was added to the suspension to adjust the O.D to 1
corresponding to 107-8Colony Forming Units (CFU)/mL. Colonies of bacteria were counted

on BHI agar plates, after incubation for 24 h at 37 °C.

11.3.10.2) Agar diffusion assay
Bio-composites films (PCL-g-OBnt) and neat PCL films of around 2.6 cm in diameter were
placed on the top of BHI agar plates previously inoculated with 106 CFU/mL of either S.
epidermidis or S. aureus. The plates were incubated at 5 °C for 2 h to allow pre-diffusion of
active molecules, then at 37 °C for 24 h. The inhibition diameter (mm) was then measured for

each film. Each test was performed in triplicate.

11.3.10.3) Antibacterial activity of bio-composites films in solution
Bio-composites films (PCL-g-OBnt) and neat PCL films were introduced in test tubes
containing 15 mL of PBS solution. Each tube was inoculated by 1 mL of a bacterial culture
containing approximately 10”8 CFU/mL to obtain 106 CFU/mL as the final concentration of
bacteria. All tubes were incubated on a shaker (140 rpm) at 37 °C for 24 h. Then, they were
sonicated for 3 min and decimal dilutions of the bacterial culture were spread on BHI agar

plates. After incubation for 24 h at 37 °C, the colonies were counted and their concentrations
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(CFU/mL) were calculated considering the dilutions. These experiments were repeated 3 times

for each film. The percentage of inhibition was determined using the following formula:
iy iy A-B
% Inhibition = (T) x 100 (1)

where A is the CFU/mL of the control test (neat PCL film) and B is the CFU/mL in experiments

using each Bio-composites film.

11.4) Results and discussion
11.4.1) PCL-OBnNt synthesis

The acquired Na-Bentonite used as a filler precursor in this study was initially organo-modified
through the exchange of the sodium cations localized into the interlayer space for the cationic
surfactant hexadecyl trimethyl ammonium bromide (CTAB). To characterize the intercalation
of the cationic surfactant in the organo-modified bentonite (OBnt), X-ray diffraction
characterization was carried out. Fig. 11.3A gives the XRD diffractograms of the Na-Bentonite
before and after the organo-modification of the 001 basal reflection. A significant shift to lower
angles value (20) was assigned to the interlayer space intercalating effect of the surfactant
(CTAB). The expansion of the organo-modified bentonite (OBnt) interlayer spaces occurs by
the intercalation of CTAB. Similar results were reported in a previous study [36]. On the other
hand, the diffractogram of OBnt was compared to those of the prepared bio-composites (PCL-
OBnt). As revealed in Fig. 11.3B, the shifting of the basal diffraction peak (0 0 1) from 4° to
lower 20 values (around 1°) suggests the insertion/intercalation of the PCL chains between the
clay layers. Indeed, the hydroxyl groups as co-initiators were more accessible for the catalyst
after the organomodification of bentonite whereas the in-situ ring-opening polymerization
occur following the grafting from approach leading to the expansion of the interplanar distance
(d). In fact, the polymer/clay good adhesion may lead to phyisco-chemical improvement of the

biocomposites prepared compared to the neat PCL.
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Figure 11.13: XRD patterns of bentonite (A), bentonite organomodified (A), and prepared
biocomposite (B).

After the organo-modification of the bentonite using CTAB as a surfactant, the poly(e-
caprolactone (PCL) was grafted from the organo-modified Bnt (OBnt) by in-situ ring-opening
polymerization (ROP). The polymerization was conducted at 120 °C under solvent-free
conditions using tetra(phenylethynyl) tin (Sn(C=CPh)4 as a catalyst. Bio-composites with
various weight percentages of the organomodified bentonite (OBnt) were prepared (1%, 5%,
and 10%) to investigate the effect of such a filler on the resulting material properties. The
synthesis method involved the dispersion of OBnt in the liquid monomer (e-CL) using an
ultrasonic impact for 30 min at 0 °C. The tin initiator (Sn(C=CPh)4 was subsequently added to
the dispersion after reaching room temperature under stirring. It is envisioned that the hydroxyl
groups inside the lamellar galleries of the OBnt react with the tetra(phenylethynyl)tin. As
illustrated in suggestion (Fig. I1.1), the first step of reaching an active polymerization catalyst
consists of generating -Sn-O-Bnt centers inside the organomodified bentonite (OBnt) [37]. The
polymerization (ROP) process starts after heating the reaction mixture (to 120 °C), where the
mechanism implies the coordination of the monomer (¢-CL) next to the alkoxide groups (Bnt-
0O-Sn) by the carbonyl function followed by an arrangement leading to the cleavage of the O-
acyl bond and the insertion of the monomer into the Bnt-O-Sn bond. It is worth noting that the
presence of water traces induces the formation of HO-Sn which leads to some free PCL
synthesis (HO-PCL-OH). For that, the free polymer (HO-PCL-OH) was extracted by
solubilizing the obtained product (PCL-OBnt and HO-PCL-OH) in THF, and by using

centrifugation at 6000 rpm the supernatant phase was removed (around 10% of free PCL was
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recovered after evaporation of solvent) and only the bio-composites (PCL-OBnt) were

characterized.

11.4.2) Characterization of the prepared bio-composites (PCL-
OBnt)

The Mn of the free PCL extracted from the prepared PCL biocomposites is summarized in
Table 11.1. It is found that the Mn of grafted PCL is significantly lower in preparations with a
high OBnt (filler) content. In that respect, the lowest value of Mn was obtained with 10% of
clay filler (OBnt), while PCL molar mass of 65,973 g.moL—1 was reached when only 1% of
OBnt was introduced. The remarkable decrease of the Mn by the increase of the filler amount
was the major finding of previous grafting experiments of PCL from organic and inorganic
substrates [22], [23], [25]. The main explanation of such results is that the increase of
polymerization sites (hydroxyl co-initiator) was related to the increase of the filler (containing
OH groups) which leads to more active centers of the polymerization leading to shorter polymer
chains [6], [14]. Furthermore, the dispersity of the PCL chains synthesized was as low as 1.91
in all prepared bio-composites (PCL-OBnt) suggesting that the polymerization occurs at least
partly by a controlled mechanism with limited contributions of trans-esterification reactions.

Table I1.1: Molecular mass values, DSC results, and contact angle results of neat PCL and PCL-OBnt
nanocomposites.

SEC results DSC results Contact
Mw (gmol™) Mn (gmol®) B Tn(°C)  Tc(°C)  ye(dH% = angle
134,6 J/g) values
)
Neat PCL 97416 45100 2.16 55.3 27.40 32.0% 91°
PCL-OBnt 136572 65973 2.07 67.6 33.34 37.1% 87°
1%
PCL-OBnt 64314 33665 1.91 66.6 33.45 38.8 % 84°
5%
PCL-OBnt 39297 20092 1.95 65.8 32.03 34.2 % 69°
10%

The superposition of FTIR spectra of the neat PCL (a) and PCL-OBnt 1%, 5%, and 10% (Fig.
I1.4, resp. b, c, d) give evidence of the successful grafting through in-situ polymerization.
Characteristic signals of the carbonyl groups were clearly identified at 1720 cm—1 with two
other vibration signals at around 2850-2940 cm—1 assigned to C-H stretching vibrations [23],
[25]. The PCL-OBnNt biocomposites spectra show, contrary to those of neat PCL, a broad
vibration mode around 3400 cm—1 which is related to the free OH groups in the organomodified

bentonite clay.
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Figure 11.14: Infrared spectrum of neat PCL (a), PCL-OBnt biocomposites 1% (b), 5% (c) and 10% (d).

Evidence for grafting of PCL to the OBnt (grafting success) was found in a comparative study
of the stability of dichloromethane suspensions of the neat bentonite (Bnt), the synthesized bio-
composite (PCL-g-OBnt 5%), and the physical mixture of PCL and bentonite (PCL/OBnt). As
shown in Fig. 11.5, OBnt and the physically blended PCL/OBnt readily precipitate. A sediment
deposition was clearly observed after 24 h in those cases. In contrast, mixtures of
dichloromethane and the PCL grafted from bentonite (PCL-g-OBnt) remain stable and appear
homogeneous even after 24 h. Apparently, the PCL chains are able to keep the hydrophilic
bentonite clay particles in suspension. The PCL does not diffuse out of the bentonite within the
time frame of the experiment. The low dynamic of the process is in accordance with a tight

binding (chemical bond) between the polymer and the filler.
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Figure 11.15: Suspension in dichloromethane before and after 24 h of OBnt, PCL/OBnt (95:5 wt%)
physically mixed, and bio-composite (PCL-OBnt 5%).

The thermal characterization using DSC analysis had a focus on the melting temperature (Tm),
crystallization temperature (Tc), and associated degree of crystallinity (yc) (Table 11.1). The
melting point (Tm) and the peak temperature of crystallization (Tc) of the PCL-OBnt bio-
composites were considerably higher than neat PCL. These changes might indicate an alteration
in the structure of the grafted PCL chains in which a crystalline brush structure could be formed
from the filler (OBnt) (substrate). The latter supposition was in concordance with the reported
values of the degree of crystallinity (yc), where the brush structures could generate an additional
small crystalline zone in the biocomposites (PCL-OBnt). Furthermore, the increase in Tc could
also be attributed to the difference in molecular weight between native PCL and PCL-OBnt
composites. Indeed, Jana et Cho, found that the Tc and the crystallinity of PCL grafted onto
multi-walled nanotube (MWNTS) increased with the content of MWNTSs [38]. However, the
difference in molecular weight cannot be the sole explanation for such phenomena, as we also
observed, no significant change in Tc values when the content of OBnt beyond 1% induces a
decline in Mn but not in Tc. For the melting point (Tm), the values increased from 55.3 °C for
the neat PCL to 67.6 °C for the PCL-based bio-composites (PCL-OBnNt). This was also recently
observed for PCL/graphene composites [39].
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A thermographic analysis was carried out to investigate the effect of the organo-modified
bentonite (OBnt) on the bio-composites thermal stability. Fig. 1.6 depicts representative
thermograms of neat PCL and the prepared PCL-OBnt bio-composites with various amounts of
OBnt. The thermal degradation of neat PCL starts at 315 °C, while the thermal degradation of
the PCL bio-composites (PCL-OBnNt) occurs at a slightly higher temperature (320 °C). In the
second stage (up to 330 °C), the shift to higher temperatures of thermal degradation was more
significant for the bio-composites material (PCL-OBnt) compared to the neat polymer (PCL).
Indeed, the presence of clay as a filler (PCL-OBnt) must be the cause of such thermal stability
improvement. Moreover, the good dispersion of the filler (clay mineral) in the polymeric matrix

enhances the composite stability by the formation of protecting layers and char [23], [25], [40].

100 f— PCL
| : ——PCL-Bnt 1%
g0 b ——PCL-Bnt 5%
2 —— PCL-Bnt 10%
2 =
p— 60 |-
u -
K
z 4}
2 ; 315°C
20 :
0

250 300 350 400 450 500
Temperature (°C)

Figure 11.16: TGA curves of the neat PCL and PCL-OBnt nanocomposites.

As is well known, the neat PCL is rather hydrophobic in character, which restricts its uses in
specific applications such as surface-engineered, antifouling, or repelling material. The OBnt
content influences the hydrophobic property of the PCL. As expected, the bio-composites
prepared revealed a low contact angle values compared to the homopolymer (Fig. 11.7; neat
PCL/91°, PCL-OBnt 1%/87°, 5%/84°, and 10%/69°). In fact, when PCL was grafted from a
high amount of hydrophilic filler, the hydrophobic character decreases considerably. The main
explication of such behavior could be related to the polar nature of clay mineral used as a
substrate of the polymer “grafting from”. Furthermore, the hydroxyl groups situated in the filler
could decrease the hydrophobic character of such bio-composite. Similar changes in the contact

angle values were reported previously in PCL grafted from Halloysites clay nanotube [41].
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Figure 11.17: Contact angle measurement of water drop on the prepared bio-nanocomposites (PCL-
OBnt).

The mechanical properties of the prepared bio-composites (PCL-OBnNt) were assessed by
comparing their tensile at break and the elongation at break with those of neat PCL. As exposed
in Fig. 11.8, the neat PCL shows the highest value of elongation at break (18%) instead of around
only 5% related to the PCL bio-composite based (PCL-OBnt 5%). The usual decrease of the
elongation at break by introducing the filler is understandable by the reduced mobility of the
chains, leading to higher local tensions, resulting in bond breaking. Consequently, higher filler
content leads to lower elongation at break. The differences in the maximum tension between
the composites with different filler contents may be related to the concomitant lower molecular
weights. This also explains the difference between the neat matrix polymer. The resistance of
such biofilms under mechanical stress highlights the great utility of such material in packaging

applications.
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Figure 11.18: Representative compressive stress-strain curves of neat PCL and PCL bio-composites.

The morphology and the structure of the surface and cross-section of cryo-broken films of the
neat PCL and PCL-OBnNt 5% films were explored (Fig. 11.9). The neat PCL as a reference shows
a smooth surface (Fig. 11.9A) with some voids related to the solvent evaporation, which is quite
similar to the bio-composite surface (Fig. 9D). Furthermore, a uniform structure was revealed
from the cross-section in Fig. 11.9B and 11.9C while clay particles of organo-modified bentonite
could be seen surrounded by polymer from the composite cross-section image represented in
Fig. I1.9F. From Fig. 11.9E, the good dispersion of clay particles in the polymeric matrix could
be observed, also the absence of cavity and phase separation confirm the substantial interaction
between PCL and OBnt.
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Figure 11.19: SEM images surfaces and cross-sections of the films prepared, the neat PCL (A, B, C)
and PCL-OBnt 5% (D, E, F).

11.4.3) Antimicrobial tests on PCL-OBnNt bio-composite films
Antibacterial activity of bio-composite films was evaluated against S. epidermis and S. aureus
by diffusion experiments. The neat PCL film has not shown any inhibition zone (Fig. 11.10),
demonstrating that no antimicrobial activity was displayed by the PCL films. On the other hand,
the PCL-OBnNt bio-composite films clearly inhibited the growth of both species. Moreover, the
inhibition zone increased proportionally with the amount of modified bentonite introduced in
bio-composite. For S. epidermidis, the inhibition zone increased from 2.8 cm for the PCL-OBnt
1% film to 3.25 cm for the PCL-OBnt 10% film. The inhibition zones were slightly lower
against S. aureus compared to S. epidermidis, showing a higher sensitivity of S. epidermidis
toward the composite films based on PCL grafted from the organo-modified bentonite (PCL-
OBnt).
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Figure 11.20: Images of diffusion assay of PCL and its bio-composites PCL-OBnt, against S.
epidermidis and S. aureus.

In order to evaluate quantitatively the antibacterial effect of the prepared bio-composite films,
antibacterial activity experiments were carried out in solution and the bacterial concentrations

(CFU/mL) and the inhibition percentages were calculated by counting method (Table 11.2).

Table 11.2: Growth of S. epidermidis and S. aureus in the presence of PCL and bio-composites films.

. S. epidermidis S. aureus
Tested Material CFUMI % of inhibition CFUMmI % of inhibition
PCL - :
PCL-OBnt 1% 4.0x10° 96.3% 2.1X10° 97.9%
PCL-OBNt 5% 1.3x10° 99.8% 8.5x10° 99.2%
PCL-OBNt 10% 4.9x10° 99.9% 1.6x10° 99.8%

However, the organo-modified bentonite decreased significantly the bacterial growth with a
concentration of OBnt as little as 1% (96.3% and 97.9% against S. epidermidis and S. aureus,
respectively). Furthermore, the inhibition of bacterial growth increased with the content of
OBnt against both species and reached up to 99.9% against S. epidermidis for bio-composite
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film with 10% of OBnt. This trend was also observed in the diffusion assay and can be explained
by the higher amount of CTAB in the clay. It is worth mentioning that the antimicrobial activity
of bio-composite films is higher against S. epidermidis than S. aureus. This difference in
activity against staphylococci species could be due to a higher sensitivity of S. epidermidis
towards CTAB than S. aureus. Furthermore, a total inhibition of bacteria could occur with a

slightly higher percentage of modified bentonite in the bio-composites (PCL-OBnt 10%).

11.5) Conclusion

The Bentonite as clay mineral was successfully organo-modified by exchanging the sodium
cations localized into the interlayer space with hexadecyltrimethylammonium bromide (CTAB)
as cationic surfactant as proved by the XRD pattern. Moreover, the grafting of PCL on the
organo-modified bentonite clay (OBnt) as a filler was achieved for the first time, following the
in-situ ring-opening polymerization of e-CL using a nontoxic tin catalyst. Indeed, the grafting
from success was validated by comparing the FTIR spectra of neat PCL with those of the
prepared biocomposites (PCL-OBnt) where hydroxyl vibrations were slightly visible, the
grafting from was also approved by comparing the stability of the physical blending of
PCL/OBnt and the prepared bio-composites material in dichloromethane after 24 h. Thus, the
prepared bio-composites (PCL-OBnNt) presented better thermal stability regardless of the
content of OBnt as a reinforcing filler. In fact, the melting point and the PCL-OBnt degree of
crystallinity determined by TGA and DSC analysis, increased by increasing the amount of the
filler (OBnt). In addition, a significant decrease of the hydrophobicity, from the neat PCL to
the PCL grafted from OBnt was perceived. Furthermore, the fractured surfaces of the neat
polymer (PCL) and the bio-composites (PCL-OBnNt) were compared using scanning electron
microscopy (SEM) in which the adhesion between clay particles and the polymer was clearly
exposed as well as the dispersion of the OBnt filler in the polymeric matrix. Additionally, the
bio-composites with 5% of OBnt (PCL-OBnNt 5%) display the highest resistance under stress
with 66 MPa instead of 46 MPa only for the neat PCL. Finally, the bio-composites PCL-OBnt
have shown excellent antibacterial activity against two bacteria species with an inhibition

percentage of more than 96% with only 1% of OBnt content.
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11.6)

Supporting information

Table 11.1SI: Texture and cation exchange capacity of bentonite

CEC Sandy
(o) o) 0] (0]
pH CO % MO % eq/100g | % Loam % | Clay %
7.4 0.71 1.22 84.7 12.3 24.7 57.4

Table 11.2SI : Chemical composition

Elemental oxides wt.%

SiO2 57.32
Al203 24.87
Fe203 3.90
MnO 0.00
MgO 2.42
CaO 1.10
Na2O 1.90
K20 0.65
TiO2 0.27
P20s5 0.04
SOs3 0.12
SrO 0.02
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Chapter overview

In the previous chapter, PCL-OBnt nanocomposites showed enhanced thermal and mechanical
properties as well as excellent antibacterial activity through diffusion. These results prove the
potential of these nanocomposites as food packaging materials. However, PCL is prepared
through the polymerization of &-CL, a fossil-based monomer, thus raising environmental
concerns. Additionally, the antibacterial activity exhibited by these nanocomposites is due to
the diffusion of CTAB from PCL-OBnt nanocomposites which could contaminate the packaged
food as well as impact its organoleptic properties.

As a solution, in this chapter, PCL was replaced by PLA, which is another biodegradable and
biocompatible but is more advantageous as it’s prepared through the polymerization of lactide,
a monomer prepared from lactic acid. Moreover, PLA presents higher mechanical properties

compared to PCL.

As for the diffusion of the antibacterial agent which is usually the case with organic antibacterial
molecules (e.g., CTAB). In these new composites, silver nanoparticles, known to have a low
migration, were used to provide antibacterial activity. Therefore, the organomodification to
enhance the compatibility between Bnt and the polymer was no longer an option. To bypass
this problem, Bnt was replaced by fluorphlogopite, a synthetic mica with a sheet-like structure
in which -OH groups were replaced by fluorine ions, thus making it more hydrophobic and
potentially more compatible with PLA. This also means that the “grafting from” in-situ ring-
opening polymerization using -OH groups as co-initiators is no longer possible. Thus, in this
chapter, melt extrusion was used to prepare PLA-fluorphlogopite-AgNPs nanocomposites
instead of ROP. This technique also offers the advantage of being simpler and easily scaled up

making it the technique of choice in industrial processes.

The results of this chapter are presented in the form of a published paper entitled “Preparation
and study of the thermal, barrier and antibacterial properties of Polylactic acid-Fluorphlogopite-
Silver nanoparticles nanocomposite films” in “Progress in organic coating”, DOI is yet to be

available.
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Abstract

Nowadays, there is an increasing need to develop new green biodegradable materials for active
antimicrobial food packaging applications. In this work, polylactic acid-2% Fluorphlogopite-
1.5%silver nanoparticles (AgNPs) composites were prepared using melt extrusion. Films were
characterized using Scanning Electron Microscopy, Transmission Electron Microscopy, X-Ray
Diffraction, Differential Scanning Calorimetry, and Water Contact Angle measurements.
Results showed a good dispersion of both fluorphlogopite and AgNPs in PLA which increased
the surface roughness and hydrophobicity of PLA. Subsequently, the thermal, mechanical, and
barrier properties of PLA nanocomposites were assessed. PLA-2%Fluorphlogopite-
1.5%AgNPs showed higher thermal stability than neat PLA while the mechanical properties
remained unchanged. Furthermore, the excellent barrier properties of PLA were also unaffected
by the introduction of fluorphlogopite and AgNPs. Finally, the antibacterial activity of the
nanocomposites was assessed against three bacteria, S. aureus, E. faecalis, and E. coli and PLA-
2%FIluorphlogopite-1.5%AgNPs inhibited almost completely the bacterial adhesion on the

surface of the films.

Keywords: Antimicrobial food packaging, Polylactic acid, Fluorphlogopite, Silver

nanoparticles, Antibacterial activity, Barrier properties, Thermal properties
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I11.1) Introduction

Food contamination due to foodborne pathogens constitutes a major health concern leading,
according to the World Health Organization, to about 600 million sick and 420.000 dead each
year. Furthermore, these contaminations have also an economic impact with, for example, an
annual cost of about 152 billion dollars in the US [1]. Additionally, the food loss due to spoilage
by microorganisms is estimated to be ~ 1.3 billion tons annually [2]. In that regard, multiple
techniques are used to prevent food spoilage and contamination such as freezing, thermal
processing, and refrigeration [3]. However, the need for fresh and minimally-processed food
requires other alternatives. Food packaging is one such alternative used to extend the shelf-life

of food by acting as a physical barrier to the external environment [4].

In that regard, petroleum-based plastics such as polyethylene (PE), polystyrene (PS),
polyvinylchloride (PVC) and polyethylene terephthalate (PET) are usually used owing to their
excellent mechanical and barrier properties, abundance, and cost-effectiveness [5]. However,
from an ecological standpoint, fossil-based plastics constitute a major environmental concern
due to their non-biodegradability [6]. To address this issue, special attention is given to
biodegradable polymers prepared from renewable resources. Polylactic acid (PLA) is one such
polymer and has been widely used in numerous applications, e.g., medicine and textiles due to
their mechanical properties, visual transparency, simple processability, availability,
biocompatibility, and biodegradability [7]. Moreover, PLA shows inherent good water vapor
and humidity barrier properties, comparable even to petroleum-based polymers such as PET or
PS [8], commonly used as food packaging [9]. Additionally, PLA shows even lower CO2 and
02 permeability coefficients compared to PS [10]. For food packaging applications, good
barrier properties to water and gases are crucial for maintaining the food quality and extending
its shelf-life [9].

In an attempt to further increase PLA properties, inorganic fillers such as sheet-like nanoclays
are widely used as potential fillers due to their high aspect ratio and abundance [11]. For
example, Sinha Ray et al.,[11] have prepared PLA/MMT nanocomposites and have
demonstrated a decrease of permeability by about 14% and 50% to gases and water respectively
at very low MMT content (i.e., 4 wt%) compared to neat PLA. Similar results were obtained
by other groups [12—-14]. Mica is another phyllosilicate clay with a structure very similar to

MMT. However, only a few works studied the effect of Mica as a filler. In regard to PLA, Maiti
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et al., [15] have reported the enhancement of both PLA barrier properties to oxygen gas using
Mica, at only 3.8 wt%, by 28% (144 x103 mL pm m-2 day-1 MPa-1 compared to 200 x103
mL pm m-2 day-1 MPa-1) and storage modulus (2.33 GPa compared to 1.65 GPa of neat PLA).
These results were explained by the increase of tortuosity when Mica was added. However, due
to the difference in hydrophobicity between the hydrophilic PLA and hydrophobic Mica, the
chemical modification of Mica, using, for example, n-hexadecyl tri-n-butyl phosphonium
bromide, was necessary to increase the compatibility between the polymeric matrix and the
filler. However, besides their toxicity [16], which may highly limit its applications in food
packaging, organic modifiers are prone to degradation at high temperature during melt
extrusion [17] which is necessary for material processing. An alternative is to substitute the
hydroxyl groups of native Mica with fluorine ions (F-) (i.e., fluorphlogopite) which increase

the hydrophobicity of Mica; thus, eliminate the necessity to use toxic organic modifiers.

Furthermore, the passive protection offered by conventional food packaging materials is often
not sufficient to limit bacterial growth; thus, preventing food contamination. In that sense,
antimicrobial food packaging has been developed either by using polymers with inherent
antimicrobial activity like pristine Chitosan [18], diisocyanate-modified chitosan [19], or by
adding antimicrobial agents into polymer matrices. One interesting approach that is used to
combine the benefits of clay to improve polymers properties as well as to provide antibacterial
activity to the resulting composites is the modification of clay using organic modifiers with
inherent antibacterial activity. Indeed, using such an approach, Wang et al., [20] modified
saponite using quaternary fulvic acid (QFA) in order to increase the compatibility between the
hydrophilic saponite and the hydrophobic PLA. The resulting nanocomposites showed
improved thermal and mechanical properties at 1% loading of QFA-saponite. Moreover, the
organomodification of saponite using QFA provided the resulting nanocomposites with
important antibacterial activity. Lei et al., [21] modified layered double hydroxides (LDH)
using phytic acid-Cu(ll) (PA-Cu(ll)) which enhanced the tensile strength, the elongation at
break of PLA by 18.9% and 53%, respectively, and reduced the oxygen relative permeability
by 28% using only 1wt% of the filler. Furthermore, 1 wt% LDHs@PA-Cu(ll)/PLA
nanocomposites showed an antibacterial rate of 99.9% against Escherichia coli which is
attributed mainly due to PA-Cu(ll) modification. Similarly, Nabgui et al., [22] used CTAB-
modified bentonite (Bnt) to improve the thermal and mechanical properties of polycaprolactone
at loadings as low as 1 wt% of Bnt. The organomodification using CTAB provided the resulting

nanocomposites with high antibacterial activity against Staphylococcus aureus and
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Staphylococcus epidermidis. Works on the preparation of PLA nanocomposites with improved
properties and antibacterial activity using 2D and metallic nanoparticles fillers are summarized
in table 111.S1-1.

Alternatively, antibacterial agents can be added directly to provide/enhance the antibacterial
bacterial activity of biodegradable polymers. However, using organic antibacterial agents raises
concerns over their migration from the polymers to the external environment. Indeed, in all the
above-mentioned works, the antibacterial activity was the result of the diffusion of the

antibacterial agent.

In that regard, other antibacterial agents have gained wide attention such as metal nanoparticles
due to their important activity and low migration rates such as Zinc oxide nanoparticles [23]
and Copper nanoparticles [24]. Particularly silver nanoparticles (AgNPs) are of great interest
due to their antibacterial activity against a wide range of food-borne pathogens compared to
other metal nanoparticles [25-27] and their low effect on the organoleptic properties of food
compared to organic antimicrobial agents (e.g., essential oils and other plant extracts) [28,29].
Indeed, in a study [30] the antibacterial activity of PLA films with only 1wt% AgNPs prepared
using solution mixing has been evaluated in solution. The nanocomposites showed excellent
antibacterial activity against Escherichia coli (inhibition of 95.85% compared to 4.91% for the
neat PLA) and Staphylococcus aureus (inhibition of 97.04% compared to 4.26% for the neat
PLA). Moreover, inorganic fillers, including phyllosilicates are known to modify the surface
characteristics of the resulting polymers (i.e., hydrophobicity, roughness) [31,32], which may
influence the bacterial adhesion to the surface of the resulting nanocomposites [33].

Additionally, PLA is one of the most suitable polymers for biomedical applications such as the
preparation of scaffolds and drug delivery. Such applications are highly related to PLA
thermomechanical and barrier properties (prolonging drug release) [34]. As such, PLA
nanocomposites with enhanced properties could be of high interest for biomedical applications.
Furthermore, the antibacterial activity of materials used for biomedical applications is of
primordial interest due to the risk associated with bacterial infections [35]. Indeed, Liu et al.,
[36] prepared PLA nanocomposites mats using Graphene oxide and AgNPs as fillers. These
nanocomposites showed enhanced thermomechanical properties as well as excellent
antibacterial activity. The authors concluded that such nanocomposites are promising

antibacterial materials for biomedical applications.
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In our study, we report, for the first time, the combination of PLA as the matrix, Fluorine-
modified mica (fluorphlogopite) as the fillers, and the antibacterial AgNPs via a simple process
of melt extrusion. The effect of fluorphlogopite and AgNPs contents on the thermal,
mechanical, and barrier properties of PLA nanocomposites (Water vapor permeability, Water
sorption behavior, and Gas permeability) were investigated and compared to native PLA.
Finally, the antibacterial activity of PLA nanocomposites was assessed against three model
bacteria, Escherichia coli (Gram-negative bacteria) and Staphylococcus aureus, and

Enterococcus faecalis (Gram-positive bacteria) and compared to neat PLA.

I11.2) Materials and Methods

111.2.1) Materials
PLA Ingeo 4043D characterized (D-isomer content = 4.3%; melting point (Tm)=145-160 °C,
and glass transition temperature Tq= 55-60 °C was purchased from NatureWorks (United
States)) and was used as a polymeric matrix in the preparation of nanocomposites. Two fillers
were used, silver nanoparticles (size= 30-50 nm) were purchased from US Research
Nanomaterials Inc (United States) and Fluorphlogopite (KMg3(AISiO3010)F2) was obtained
from Continental Trade (Poland). All chemicals were used as received without further

modification.

111.2.2) PLA composites preparation
PLA composites with different percentages of fluorphlogopite (2, 5, and, 10 wt%) and 1.5 wt%
silver nanoparticles were prepared by melt mixing using a Brabender at 200 °C at a constant
rotation speed of 60 rpm for 5 min. The ratio of AgNPs was chosen based on percentages
reported in the literature [37,38]. Initially, a 3g masterbatch was prepared using the solvent
casting method. Briefly, PLA was dissolved in dichloromethane (DCM), then the amount of
AgNPs and/or fluorphlogopite particles corresponding to the target percentage with respect to
40g was added and the mixture was stirred for 2 h (e.g., for PLA/2%Mica films, 2.2 g of PLA
was dissolved in DCM then 0.8 g of Mica was added). The solution was ultrasonicated for 15
min and poured into Teflon molds and dried at 100 °C overnight to ensure the complete
evaporation of the solvent. The masterbatch films were then cut and mixed with the remained

quantity of PLA pellets (Total quantity = 40 g) in the Brabender.

The obtained materials were preheated to 200 °C and then pressed for 4 min followed by
quenching for 2 min, in order to produce films with a fixed thickness of 200 um using a

hydraulic press. Films used for barrier properties were prepared by dissolving the melt-extruded
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materials in chloroform. The solution was poured onto Petri dishes and evaporated at ambient
temperature overnight. The films were then peeled off and dried at 90 °C to remove the residual

solvent.

111.2.3) Characterization
Thermogravimetric analysis (TGA) was carried ou to evaluate the thermal stability of neat PLA
and PLA composites using a TGA 55 Discovery device in a range of 25 °C to 500 °C at 20
°C/min in N2 atmosphere. 5 wt% loss temperature was determined (Tse), peak temperature (Tq)
and onset temperature (Tons) were determined from TGA graphs.

Differential scanning calorimetry (DSC) analysis was performed using a Mettler Toledo DSC
823e device. Samples were heated from 0 to 200 °C with a scanning rate of 10 °C/min with two

heating and cooling cycles. DSC thermal parameters of neat PLA and PLA composites in terms

of crystallization temperature (Tc), melting point (Tm), the enthalpy of crystallization (AH¢) and
the enthalpy of melting (AHny) were determined from the first heating scan. The degree of
crystallinity yc was determined following the formula:

_ AHm- AHc
A~ 00 (1- a)

(1)

Where AHS,is the melt enthalpy of 100% crystalline PLA (93.7 J/g) [39] and o is the mass
fraction of fillers within the nanocomposites.

X-ray diffraction measurements were performed using a D8 Advanced Briiker Diffractometer
using Cu Ka radiation (AL = 1.5418 A) operating at 20 Kv and 10 mA. The measurements were
collected at 26 in the range of 5-80° at 5°/min with a resolution of 0.02°.

Films surface morphology was studied using Scanning Electron Microscopy (SEM) using a
Vega3 Tescan device. To determine the morphology and the dispersion of AgNPs nanofillers
in PLA, Transmission Electron Microscopy (TEM) images were obtained using a Hitachi

HT7800 operating at an accelerating voltage of 100Kv.

The hydrophobic/hydrophilic surface characterization was investigated by means of Water
Contact angle measurements using DGD Fast/60 contact angle meter and Windrop++ software
(Digidrop, DGD, Fast/60, GBX). The measurements were performed after 60 seconds, at the
equilibrium state of the deposited drop.

111.2.4) Mechanical properties
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The mechanical properties of PLA and the different PLA composites measurements were
performed on a Zwick Roell apparatus following DIN 53455 standard. The specimen gauge
length was 50 mm and the crosshead speed was 10 mm/min. Samples were 10x120 mm with a
thickness of about 200 um. Results were presented as the mean of 5 measurements + standard

deviation.

111.2.5) Barrier properties
111.2.5.1) Water permeation measurement
Water permeation measurements at 25°C were conducted on a lab-built device constituted by a
temperature-regulated measurement cell containing two compartments separated by the film
sample [40]. A sweep of the permeation cell with dry nitrogen was initially carried out until
reaching a low constant dew point (indicating a very low water content < 2.5 ppmV) measured
by a chilled mirror hygrometer (Elcowa®, France, General Eastern Instruments). Then, the
upstream compartment was filled with liquid water (Milli-Q water system with a resistivity of
18 MQ-cm™). The water permeation flux J, leading by the water transfer through the film
thickness, was recorded at downstream compartment by the monitoring of the increase of the
dew point temperature as a function of time. The permeability coefficient P, with the unity in
Barrer (1 Barrer = 101° cm3stp) cm cm st cmHg™Y), was calculated from the steady-state of

the water flux Jst by:

JgxL
Aa,,

P

()

with /st is the stationary flux, L is the film thickness and Aa,, is the difference in water activity

between the two faces of the tested film. In this study, the water permeability is the mean value

of two measurements on different specimens per film.

The diffusion coefficient D was calculated from the transient regime of the water flux curves,
i.e. from the plot of the dimensionless flux J/Js as a function of the reduced time 7 (= D x#/L?).
By assuming a Fickian mechanism of diffusion, two diffusion coefficients can be determined
at two specific times of the permeation process that corresponds to the inflexion point I (ji =
JJst = 0.24, 7y = 0.091) and the time-lag point L (ju = J/Jst = 0.6167, 7z = 1/6) [41]. The first
diffusion coefficient, noted Dy (D; = L?x0.091/t)), is calculated at the time t, of the theoretical
flux curve [42] where the flux J is at 24% of the stationary flux Js. and the second diffusion
coefficient, noted D. (Di = L?/6.tL), is calculated at the time t. (named the time-lag point L) of

the theoretical flux curve [43] where the flux J is at 62% of the stationary flux Js. When D; is
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practically equal to Dy, the diffusion coefficient D is assumed to be constant. However, the D,
coefficient is generally found to be smaller than the Dp coefficient, which highlights a
dependence of the diffusion coefficient with the water concentration owing to the water

plasticization effect [44]. This dependence is usually expressed under the exponential law:
D=D,xe”* (3)

where Do (cm?-s?) is the limit diffusion coefficient, y (cm®-mmol™) is the plasticization

coefficient and C is the local concentration of sorbed water.

111.2.5.2) Water vapour sorption measurement
Water vapor sorption measurements were performed at 25 °C using a regulated dynamic
sorption Cahn D200 microbalance (Dynamic Vapour Sorption from Surface
Measurement Systems Ltd., U.K.) with a mass resolution of 0.1 pg. Kinetic data were
recorded by following the mass evolution versus time as a function of water activity.
The initial mass of film samples (films with a thickness of 200 um and diameter of 8
mm) was ~12 mg. The film sample was also taken as a plane sheet in which water vapour
transfer was considered as one-dimensional flux in the axial direction. Initially, a dry
nitrogen flux was flushed until a constant sample mass was reached indicating that the
dry mass was obtained. Then, water vapour was flushed at controlled pressure and the
mass uptake was measured as a function of time. The sorption kinetic at each relative
humidity was followed step by step until reaching sorption equilibrium as the change in
mass with time was below a predefined threshold value. Water activity aw ranging from
0 to 0.95 was adjusted by mixing dry and saturated nitrogen gases using electronic mass
flow controllers. At pressures close to saturation point, a special attention is paid to avoid

vapour condensation.

The water mass gain at sorption equilibrium (AM,, expressed in % or g of water per 100

g of sample) was calculated for each water activity by:

meq m,
am,, =M 100 @
md

where m, andm,, are the dry mass and the mass at equilibrium state of sample,

respectively.
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Water vapour sorption isotherms representing the equilibrium water mass gain versus
water activity were plotted. Sorption behaviour of samples was analysed from a
thermodynamic and Kkinetic point of view by means of methodologies described
hereafter. The accuracy of mass gain values at sorption equilibrium was estimated to be
better than 3%.

111.2.5.3) Sorption isotherm modelling.
Usually, sorption isotherm curves are fitted with the help of well-known mechanistic
models to describe solvent-solvent and solvent-polymer interactions occurring during
the sorption process. In the literature, it is commonly reported several phenomenological
models suitable for sigmoidal sorption features and classified according to theoretical
isotherm types referenced in the IUPAC recommendations. Among them, the BET 11
model describes water vapor sorption isotherm in hydrophilic polymers and also in
polymeric matrices having polar groups. The BET Il isotherm represents unrestricted
monolayer-multilayer adsorption highlighting as a combination of Langmuir (first part
of the curve, i.e., concave to the activity axis) and Flory-Huggins isotherms (the second
part, i.e., convex to the activity axis). In particular, the GAB (Guggenheim-Anderson-
De Boer) model which comes from the BET theory is often used to fit water sorption
isotherms (concave and convex curve), more especially in the field of food products
[45]. However, the Park model allows better fitting for water sorption in polymer more
or less hydrophilic and such as PLA [46]. This model combines the dual-mode (Henry
and Langmuir sorption modes) and the clustering formation and the equation is as

follows:

CLby.
C =1LTZ_Z+kD.a+n.KakB.a” (5)

where C. and b are the mean concentration and affinity constant of Langmuir sites (microvoids
and polar groups), ko (Henry’s constant) is the constant related to dissolution of solvent in the
polymer matrix, Ka is the equilibrium constant associated with the water aggregation reaction

and n is the mean number of water molecules constituting the aggregates.

The widely-adopted mean relative deviation modulus [47], noted MRD (in %), is used
to evaluate the quality of the fitting and so the relevance of the mathematical description
of sorption isotherms and is calculated by the root sum square method (RSS method):

MRD =120 3~ o (6)

N

=1 m
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where m; is the experimental mass at sorption equilibrium, mp; the theoretical mass
resulting from isotherm modelling and N is the number of experimental points. A value
below 10% is an indication of a good fitting [48]. A non-linear regression analysis of

model parameters by Table Curve 2D software was carried out.

111.2.5.4) Water vapor diffusion coefficient determination.
From Kinetic data, the two diffusion coefficients D; and D2 were determined at short and long
times from the mass gain versus time curve in order to highlight the variation of the water
diffusivity and its dependence with the water concentration (i.e. water activity). By applying
the Fick’s diffusion law, the first diffusion coefficient, noted D1, was calculated for a short time
of sorption (Eq. (7)) (that is when mass gain lower than 50%, referred to as the first-half
sorption). The second diffusion coefficient, noted D, was determined for a longer time (Eqg.

(8)) (that is when mass gain higher than 50%, referred to as the second-half sorption).

M) _ 4 [Dt
Meq _\/; Lz (7)

In{l—M_(t)} gt Dty In(%) (8)
M L

eq T

where M(t) is the mass gain of the sample at time t of the experiment and Meq the mass gain at

equilibrium state. L corresponds to the thickness of the film.

111.2.5.5) Gas permeation measurement
Gas permeation measurements were conducted at 25 °C by using a barometric method based
on the time-lag method with the help of a lab-built apparatus. This peculiar apparatus was
previously detailed [49]. A high vacuum desorption step for 15 h was initially applied to the
permeation cell in which the film sample is placed. The monitoring of the increase of pressure
in the downstream side of the film was followed with a pressure sensor as soon as a 3 bars-
pressure of gas (Messer, France) was sent into the upstream of the permeation cell. Reaching a
constant value has indicated the setting of the stationary state of the permeation process. The
permeability coefficient P (usually expressed in Barrer unit, 1 Barrer = 101° cm3ste) cm cm
st cmHg™) was determined from the steady state of the experimental permeation process by
the equation:
XL
P =5 ©)
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where [, is the stationary flux, L is the film thickness and Ap is the difference of pressure

between the two sides of the sample. The reproducibility of measurements was checked from

at least two specimens per film.

111.2.6) Antibacterial activity of PLA composites
111.2.6.1) Bacterial strains

Three bacterial strains, Staphylococcus aureus (ATCC 29213), Enterococcus faecalis
(ATCC29212), and Escherichia coli (K12 MG1655) were used to assess the antibacterial
activity of neat PLA and filled PLA films. All materials were previously autoclaved at 121°C
for 15 min. Bacteria were maintained at -20 °C in 30% glycerol. Bacterial strains were
precultured under aerobic conditions in “Brain Heart Infusion” nutritive medium (BHI,
BactoTM) at 37 °C and 140 rpm for 16 h then the optical density was then adjusted to 0.05
at 600 nm corresponding to a bacterial concentration around 5.10° Colony Forming Units
(CFU)- mL™.

111.2.6.2) Bacterial growth on the surface of the films assay
In order to quantify the bacterial growth on the surface of the films, 100 pl of the prepared
bacterial preculture was added to 2.9 mL of BHI broth. 1 cm?ethanol-sterilized squared film
was then put in the medium and incubated for 16 h at 37 °C and 140 rpm. The films were
gently washed with sterile MilliQ water and then put in 3 mL of a sterile PBS solution
followed by sonication for 3 min to remove adhered bacteria from the surface of the films.
Bacteria in solution were diluted with serial 10-fold dilutions, spread on BHI agar plates,
and enumerated after incubation for 16 h at 37 °C. Each sample was tested in triplicate and

the percentage of inhibition was determined compared to neat PLA films.

111.2.6.3) Film diffusion method assay
The antibacterial activity of the film was evaluated qualitatively using the diffusion method
assay. Sterile plates of BHI agar were prepared and inoculated with 1% (v/v) of the prepared
bacterial preculture. Then, 1 cm? squared films were put on the surface of the plate and kept
at 4 °C for 1 hour, and incubated at 37 °C for 24 h. Diffusion of the antibacterial compounds
was characterized by a zone of bacterial growth inhibition around the film. Each sample was

tested in triplicate.

111.2.7) Statistical analysis

Statistical significance was evaluated using a one-way ANOVA test in IBM SPSS statistics

20. Differences between groups were considered statistically significant at P < 0.05.
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111.3) Results and Discussion
111.3.1) Optimization of fluorphlogopite content

One of the problems of nanocomposites preparation with several fillers (i.e., fluorphlogopite
and AgNPs in our case), each with different contents, is the high number of combinations which
limits the feasibility to study multiple parameters. In our work, we firstly optimized the content
of fluorphlogopite before adding AgNPs. PLA composites containing 2, 5, or 10 wt% of
fluorphlogopite were prepared and their thermal stability and degradation behavior compared
to neat PLA were studied. Fig. I11.SI-1 and Table 111.S1-2 show the TGA mass loss curves and
TGA parameters of PLA and PLA-Fluorphlogopite composites respectively. All films exhibited
a single mass loss that takes place around 300 °C corresponding to polyester chains degradation.
The lower fluorphlogopite ratio of 2% showed the best enhancement in thermal stability.
Fluorphlogopite is a modified Mica belonging to the phyllosilicate family with enhanced
thermal resistance and insulation properties compared to natural Mica. Fluorphlogopite is a
filler with a lamellar structure [50], which can explain the enhancement of the thermal
properties of PLA. This improvement in thermal stability as evidenced by the increase of Tso,
Tsow, and Tonset iS generally attributed to the barrier effect induced by the dispersed
fluorphlogopite layers in the PLA matrix. This provides heat insulation by reducing the transfer
of volatile degradation products. Surprisingly, as fluorphlogopite ratio increased to 5%, no
improvement in TGA results was observed compared to neat PLA. On the contrary, a slight
decrease in Tsy Was noticed. Moreover, a huge decrease in TGA calculated values was observed
when compared to PLA-2% fluorphlogopite. This behavior was reported in the case of
organoclay and was explained by the flocculation of filler at higher content [51]. However, for
10% of fluorphlogopite, an improvement in PLA thermal stability appeared, even though, still
less than the improvement provided by 2% of Fluorphlogopite. This can be explained by the
higher probability of limitation of diffusion of volatile degradation products and reduction of
polymeric chains movement that limits the effect of flocculation. Similar results were obtained
by Diawara et al., [50] using fluorphlogopite as a filler in the preparation of Polycarbonate
nanocomposites, in which they reported a substantial and non-linear enhancement of thermal
stability of PC when fluorphlogopite was added with an optimum ratio of 2.5% of

fluorphlogopite.

As 2% of fluorphlogopite gave the best result for the enhancement of thermal properties of
PLA, which may be indicative of a better dispersion of the filler within the PLA matrix, this

ratio was used for the preparation of PLA-Fluorphlogopite-AgNPs nanocomposites.
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Finally, as the experiments to study the barrier properties were performed on films prepared by
solvent casting method of the extruded PLA and PLA nanocomposites for convenience, the
thermal degradation profile of PLA-2% Fluorphlogopite prepared by both methods were
compared to ensure that the same results were obtained. From Fig. 111.S1-2, identical TGA
curves of PLA-2% Fluorphlogopite were obtained confirming the possibility to use both

methods for the preparation of PLA films.

111.3.2) Characterization of PLA-Fluorphlogopite-AgNPs

nanocomposites

111.3.2.1) Morphology analysis
The effect of fluorphlogopite and AgNPs on the morphological properties of PLA was assessed
using multiple techniques. The SEM micrographs performed on cross-sections of PLA and
PLA-2%Fluorphlogopite shown in Fig. I11.1A and I11.1B respectively, demonstrates a good
dispersion of the fluorphlogopite filler with an apparent increase in the roughness of PLA. The
apparent roughness is similar along the cross section evidencing a uniform disribution of
flurophlogopite on the nanocomposites films and not only on the surface. This behavior is a

common result in the case well distributed inorganic filler in PLA [52,53].

Figure I1.1: SEM micrographs on a cross-section of A) Pristine PLA, B) PLA-2% Fluorphlogopite
blend
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Furthermore, in order to verify the distribution and agglomeration states of both fluorphlogopite
and AgNPs, TEM analysis was performed. TEM images of PLA-Fluorphlogopite-AgNPs
nanocomposites are presented in Fig. 111.2A-C. Fig. 111.2A-B show the dispersion of 2%
fluorphlogopite and 1.5% AgNPs in the PLA matrix, respectively while figure 111.2C shows
TEM micrographs of PLA-2%Fluorphlogopite-1.5%AgNPs tertiary nanocomposites. As can
be seen, a good and random dispersion of 2% fluorphlogopite (green circles) in the PLA matrix
with very few aggregates were obtained. These results are consistent with the SEM results. The
micrographs showed also aggregates of AgNPs (red circles) leading to an increase in AgNPs
size, however, at the scale of the micrograph, only AgNPs aggregates can be detected. The
results were similar to those found by Demchenko et al., [54] for silver nanoparticles and

Diawara et al., [50] for fluorphlogopite.

-

’ . @./\‘______— Fluorphlogopite

particles

Figure 111.2: TEM micrographs of A) PLA-2%Fluorphlogopite, B) PLA-1.5%AgNPs, and C) PLA-
2%Fluorphlogopite-1.5%AgNPs

Furthermore, the effect of blending PLA with fluorphlogopite particles was studied using XRD.
Fig. 111.3 shows the XRD patterns focusing on the region that shows the 001 crystallographic
plane of fluorphlogopite. From Fig. 111.3, a shift of the 001 plane to lower angles was observed
indicating an increase of the doo1 spacing as calculated by Bragg’s law (d=\/(2sin 0)) from 9.91
for fluorphlogopite sheets to 10.18 A in PLA nanocomposites. The results indicate the
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successful intercalation of the PLA chains in the fluorphlogopite sheets. The further addition of
AgNPs did not induce any changes to the d spacing of fluorphlogopite. This could be due to the
much larger size of AgNPs (30-50 nm) compared to the interlayer spacing of fluorphlogopite

which could prevent their intercalation. Similar results were found by Rhim and Wang [55]

Fluorphlogopite| -

7 8

9 10 " 12

—PLA-Z%FIuorphIogopiteI '

—— PLA-2%Fluorphlogopitei1.5%AgNPs
= I .

26

Figure 11.3: XRD patterns of fluorphlogopite, PLA-2%Fluorphlogopite and PLA-2%Fluorhplgopite-
1.5%AgNPs composites

111.3.2.2) Water contact angle measurements
Water contact angle values were determined in order to evaluate the hydrophilic/ hydrophobic
character of PLA and PLA nanocomposites films. Hydrophobicity is a desired property in
materials with food packaging applications [56] as it limits the transfer of moisture by limiting
the water vapor permeability which may create a favorable environment for microorganisms

development [57]. As shown in Fig. 1l1.4, the addition of flurophlogopite particles caused a
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shift towards higher angle values (from 48°+2° for neat PLA to 73°t2° for PLA-2%
Fluorphlogopite), thus making PLA more hydrophobic. This increase was expected as
fluorphlogopite is hydrophobic. The addition of silver nanoparticles to neat PLA has also
caused, to a much lesser extent, a slight increase in hydrophobicity (55°+1°). This behavior
could probably be due to the increase of roughness of the PLA surface as found by Armentano
etal., [58] in the case of Polylactide-co-Glycolide/AgNPs nanocomposites. Finally, the addition
of both 2% fluorphlogopite and 1.5% AgNPs have similarly induced, as expected, an increase
in PLA hydrophobicity due to the effect of the fillers.

Neat PLA l l PLA-2%Fluorphlogopite

PLA-2%Fluorphlogopite
1.5% AgNPs

PLA-1.5% AgNPs l

55”1 1"

Figure 11.4: Water contact angle measurements of neat PLA and PLA-Fluorphlogopite-AgNPs
composites

111.3.2.3) Differential scanning calorimetry analysis
The crystallization and melting behavior of PLA and PLA nanocomposites were studied using
DSC. Usually, DSC parameters are obtained from the second heating curve after erasing the
thermal history of the materials. However, in our study, the thermal events were calculated from
the first heating curve as materials are assumed to be in the same thermal and structural states

as for the experiments of the evaluation of the barrier and antibacterial properties. Fig. 111.5
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shows the DSC thermograms of the first heating and Table 111.1 summarizes the DSC values

deduced from these curves.

DSC thermograms show an endothermic relaxation peak at about 65°C for all the tested
materials superposed on the glass transition temperature (Tg), thus, preventing its determination.
This peak corresponds to the structural relaxation caused by the physical aging effect of the
polymer processing [10,46]. Erasing the thermal history of the materials enables us to determine

the Tg values to be around 60 °C for all the tested materials.

Moreover, an exothermic crystallization peak was observed at 112 °C associated with two
endothermic melting peaks for neat PLA at 146 °C and 152 °C corresponding to the melting of
different crystal forms with different lamellae thicknesses or perfections. This phenomenon was
already observed in the case of PLA 4043D [59]. The addition of fillers, either 2% of
fluorphlogopite or 1.5% of AgNPs, induced a slight shift in the crystallization peak to higher
temperatures indicating that the fillers acted as nucleating agents [60]. The addition of both
fluorphlogopite and AgNPs further increases the Tc. To determine the degree of crystallinity
(xc), equation (1), described in 2.3 section, was used. Interestingly, a decrease of yc was observed
(Table 111.1) when the fillers were added, either alone, or in combination. Both phenomena
together (i.e., fillers acting both as a nucleation agent and decreasing the degree of crystallinity)
have rarely been reported in the literature as its usually expected that nucleating agents promote
crystallization. Lai et al., [61] also reported similar findings with PLA-Organomodifieid
Montmorillonite and it was explained by the existence of some possible exfoliated filler
particles. Moreover, Vidovi¢ et al., [62] reported similar findings where the PLA degree of
crystallinity decreased in PLA/Mica nanocomposites prepared via melting processing and it
was explained by the possibility of filler creating free volume between the polymer chains in

order to accommodate.

Interestingly, the bimodal endotherm corresponding to the melting process of PLA appeared to
be less pronounced when either of the fillers was added and disappeared completely for the
tertiary film. This could be explained by a higher level of perfections of PLA crystals induced
by the nucleating role of fillers. This was also found by Rezaei et al., [63] with PLA 4043D and

Titanium dioxide nanoparticles as fillers.
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Figure I11.5: First heating curves of DSC thermograms of neat PLA and PLA-Fluorphlogopite-Silver
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Table I1l.1: DSC data of neat PLA and PLA-Fluorphlogopite-Silver nanoparticles composites

Sample Te Tm (°C)
(°C)

Neat PLA 112 146 152

PLA-2% Fluorphlogopite 114 148 -

PLA-1.5%AgNPs 115 148 -

PLA-2% Fluorphlogopite-1.5% 116 151
AgNPs

111.3.2.4) Thermal stability

The effect of fluorphlogopite and silver nanoparticles on the thermal properties of PLA was
assessed. The results were depicted in Fig. I11.6 and summarized in Table I11.2. In the
optimization process discussed above, we reported a substantial increase in the thermal stability
of PLA when 2% of fluorphlogopite was added. On the contrary, the addition of AgNPs alone
in the PLA matrix resulted in a slight decrease in the thermal stability of PLA which was also
found by Ramos et al., [64]. A plausible explanation for this result could be the thermal
conductivity of AgNPs which can speed up the degradation process of the polymer.
Furthermore, the PLA-2%Fluorphlogopite-1.5%AgNPs showed a lower thermal stability
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compared to PLA-2%Fluorphlogopite, but still slightly higher than neat PLA, which could also

be due to the thermal conductivity of AgNPs.
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Figure 111.6: Weight loss curves and differential

weight loss curves of neat PLA and PLA-

Fluorphlogopite-AgNPs nanocomposites.

Table 111.2: Tsy%, Tsox, and Tonset result of PLA and PLA-Fluorphlogopite composites.

Ts% Ts0% Tonset
PLA 300 342 315
PLA-1.5% AgNPs 303 339 314
PLA-2% Fluorphlogopite 326 360 338
PLA-2%Fluorphlogopite- 307 342 319

1.5%AgNPs
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111.3.3) Mechanical properties
Young Modulus (or elastic modulus) and Elongation at break are two parameters widely used
to assess the effect of fillers on the mechanical performances of materials. As shown in Fig.
I11.7, the incorporation of fluorphlogopite particles and AgNPs did not affect neither the
stiffness (Young modulus) nor the elongation at break, taking into account measurement errors.
To the best of our knowledge, there was no previous study on the effect of fluorphlogopite on
the mechanical properties of PLA. However, a study on the effect of natural Mica on PVC has

found a similar result for the same mica content [65].
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Figure 11.7: Young’s modulus (MPa) and Elongation at break (%) results of neat PLA and PLA-
Fluorphlogopite-AgNPs composites
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111.3.4) Barrier properties of PLA composites
111.3.4.1) Water vapor sorption
Water vapor sorption measurements were performed on the neat PLA film, the as-received
fillers, and the resulting composite films. First, one can indicate that the size and the thickness
of the tested films are unchanged after sorption measurements. The water vapor sorption
isotherms were deduced from the equilibrium state of the kinetic curves and are plotted in the

following Figs. 111.8-10.

Water sorption isotherms of the neat PLA film and the as-received fillers are presented in Fig.
[11.8. As shown, it can be stated that the fluorphlogopite sorbs a larger water content than the
neat PLA film within the whole water activity range due to the presence of water-sensitive
groups, such as magnesium aluminum silicate groups. The shape of the isotherm curve is thus
sigmoidal, as usually obtained for lamellar fillers such as montmorillonite [66] presenting water
sensitivity. This isotherm shape means that three main contributions to sorption coexist
successively with an upswing of water mass gain concave to the activity axis followed by a
linear and then sharp rise (convex curve) of mass gain as water activity increases. For the silver
nanoparticles, the water uptake is very low for the whole range of water activities, meaning that
AgNPs did not display a water affinity due to the absence of polar functions. PLA polymer can
be seen as a polymer of low affinity for water in the light of its very low water uptake. This was
already reported in the literature [45]. This low water sorption capacity (<1% at the highest
water activity), similar to hydrophobic glassy polymer such as PET [67], can be surprising

because of the hydrophilic character of the PLA surface.
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Figure 111.8: Water vapor sorption isotherms of the as-received fillers and the neat PLA

In Fig. 111.9 are reported the water vapor sorption isotherms of the composite films. Obviously,
the water vapor sorption isotherms of the composite films show a shift towards lower water
mass gain at given water activities, especially at high water activities (aw > 0.7), which seems
not to be in relation with the water capacity of the fluorphlogopite. The composite films
followed the same behavior than the PLA matrix showing a linear increase of mass gain with
the water activity. It is however not surprising considering that PLA is the main component of
the composites and hence, the water sorption capacity of the composite films is governed by

the major phase of the film.

Regarding the impact of the fillers within the films, one can indicate that the incorporation of
fluorphlogopite presenting a certain water affinity induced a little decrease in water mass gain.
In fact, the sorption curve profiles indicate a slight reduction in water clustering, especially at
high water activities (0.6 < aw < 0.9) and to a lesser extent from aw = 0.2. We can infer that the
filler acts as obstacles to water diffusion by tortuosity effects, even at 2 wt% which can be
estimated as a very low loading. It is likely that only 2 wt% of filler in PLA is sufficient to
ensure the setup of tortuosity effects within the polymeric matrix in terms of water uptake.

fluorphlogopite is also sufficiently embedded into PLA to hinder its inherent water affinity. In
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addition, the incorporation of the fluorphlogopite + AgNPs has further contributed to this
decrease due to the addition of a non-polar filler to fluorphlogopite. Nevertheless, at water
activity higher than 0.9, the trend is reversed: the films containing the fluorphlogopite present
a larger water mas gain. It seems that at this high level of hydration the water affinity of

fluorphlogopite counterbalanced the small effect induced by the setup of tortuosity effects.

Nevertheless, in a general point of view, and taking into account the uncertainty of
measurements, it can be concluded that the presence of AgNPs and fluorphlogopite did not

drastically modify the water sorption capacity of the PLA polymer matrix.
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Figure 111.9: Water vapor sorption isotherms of the neat PLA and the composite films
To describe the water sorption mechanisms involved in PLA and PLA composite films, the

isotherm curves are modeled by the Park model (eq. 5) [68] which refers to the combination of

dual-mode and aggregation sorption modes, as shown by the fitted curves reported in Fig. 111.9.

The fitted values (C., br, Kp, Ka and n) and the accuracy of the fit, based on the average
deviation modulus MDM lower than 10% as reviewed [48], are gathered in Table 111.3. Note

that a nonlinear regression was carried out using Table Curve 2D software. It should be noted
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that the lack of experimental points for water activity below 0.1 prevents the parameter b, being

appropriately determined

Table I11.3: Parameters of the Park model for the neat PLA film and the composite films.

CL bL ko n Kal
g-g* g-g*
Neat PLA 15.1 10° 200 0.0080 6 2.1.108
PLA - 2% Fluorphlogopite 3.310° 96 0.0078 8  8.8.10%
PLA - 1.5% AgNPs 4510° 100 0.0080 12 3.0.10%
PLA - 2% Fluorphlogopite - 14.9 10° 90 0.0085 25 3.5.10%

1.5% AgNPs

The analysis of the Park model parameters points out some differences existing between the
composite films in comparison with the neat PLA film. At a low water activity range (aw < 0.2),
the Langmuir-concentrations C. are very low, which agrees with the very low water affinity of
PLA matrix. In addition, at these very low sorbed water concentration, an “antiplasticization”
effect of water is regularly noted, as a result of a strong cohesion through water-polyester
hydrogen bondings [46] reducing free volumes, and hence the water mobility, as thereafter
highlighted from the evaluation of the kinetic behavior. The fact that the C. values remains low
with filled PLA films is not surprising insofar as one can imagine that the amount of
fluorphlogopite or AgNPs of relatively low sorption capacity is not sufficient to change the
water uptake in PLA, especially when the water vapor pressure is low. At the intermediate water
activity range (0.2 < aw < 0.6), the kp term for the composite films is found similar to that of
the neat PLA film. This Henry coefficient is an indication that the dissolution of the water as a
solvent in the polymer matrix occurs identically. This can be related to the similarity in the
degree of crystallinity of PLA in composite films. In fact, an increase in crystallinity of PLA
could limit the access of microvoids in matrix, and hence a decrease of the kp term is obtained,
whereas additional microvoids or changes in free volume could induce an increase in the kp
term. In the present case, it seems that the PLA matrix is not impacted by the incorporation of
fillers in terms of sorption properties. At a high water activity range (aw > 0.7), a change in the
access of water molecules is noted since the Ka and n parameters are affected with the
incorporation of fillers. As the Ka increases, the water cluster formation would be favored and
this by the presence of fillers which can enhance water interactions because of better affinity
for fluorphlogopite particles and probably because of an increase of free volumes at the vicinity
of AgNPs. This can be related to the increase in n parameter, showing that the mean size of

water clusters is increased with the addition of fillers. It seems that a certain disruption in
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conformational structure of polyester chains can explain such result, with the presence of some

filler aggregation as shown by microscopic observation.
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Figure 111.10: Water vapor diffusion coefficients D, (a) and D (b) for the neat PLA and the

composite films

The kinetic behavior of water sorption in the neat PLA and composite films was evaluated

through diffusivity coefficients D1 and D in a semi-logarithmic scale (log D as a function of

water activity), as presented in Fig. 111.10. The water diffusion coefficients for the first-half
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sorption, D1, and for the second-half sorption, D>, are plotted as a function of water activity.
The diffusion profiles are rather similar for all the films, indicating that the water diffusivity is
not really impacted by the filler incorporation. The general trend of diffusivity can be
highlighted as follows: a short decrease in diffusion is observed at low water activity due to the
antiplasticization effect of sorbed water molecules followed by a constant diffusivity as water
activity increases and then a decrease in diffusion is observed at high water activities due to the
water clustering phenomenon initiated by the accumulated sorbed water molecules. This last
trend is clearly shown by the variation of D> coefficient values as a function of water activity.
In a way, it is likely that the diffusion in the core of films, associated to the D, coefficient since
referred to as the coefficient of the second-half sorption, leads in the present case to a better
observation of the diffusivity phenomenon owing to a larger water sorption capacity since the
second-half sorption is calculated when the mass gain is higher than 50% (i.e. at longer extent

of water sorption, higher water concentration).

It is surprising to observe that, whatever the film, the D, values remains lower than the D1 ones
in the whole water activity range since the inverse trend is commonly reported due to water
plasticization effects. However, such a behavior has been recently mentioned in the literature
for PLA-based and PBSA-based composites [45]. Two antagonist effects occurred for longer
time balancing each effect to give similar coefficients ultimately. The first effect increases water
diffusion due to plasticization effects of water molecules while the second effect decrease the
water diffusion due to the formation of water aggregates restricting their mobility and as a result
their diffusivity within the films. The general curve profile depicts a majority linear portion and
a reduction of diffusion at higher water activities. This profile evidences thus that diffusion
coefficient is rather constant and is then reduced by water aggregation phenomenon related to
the increase in water cluster size which makes water molecules less mobile [69]. It is interesting
to see that there is no predominant effect, except at high water activity for clustering
phenomenon. The more or less hydrophobic character of PLA clearly explain a such behavior.

111.3.4.2) Water permeation
The water permeation flux J through the film (of thickness noted L), was measured in function
of time t. The water barrier performance of a polymeric film depends both on the water
solubility and the water diffusivity in the film. Water permeation parameters (Permeability and
diffusivity coefficients) of the neat PLA film and the composite films are gathered in Table
11.4.
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Considering the same driving force (Aa=1) for all tested films, the water permeation flux curves
were compared by plotted the product J-L as function of the reduced time (t/L?) to overcome
the film thickness effect (Fig. I11.11A). The permeation curve is usually divided in three steps.
When starting measurement, no water molecule has diffused through the entire film and J-L is
found to be equal to 0. Then, with the water diffusion through the film, a strong increase of the
water flux is measured showing the transient regime of the permeation process from which the
diffusion coefficient D is determined. When the water flux is obtained practically constant,
indicating that the steady state of permeation is reached, in that case J becomes Jst and the water

permeability P can be then calculated (Eq. 2).

The incorporation of fillers affects differently the water barrier properties of the neat PLA film,
but a general trend can be observed: a low increase in permeability is measured with the fillers.
This finding seems to be in contradiction with the sorption measurement results where a
reduction of water sorption capacity is found. From permeation measurement, the tortuosity
effects can be highlighted more finely, whereas from sorption measurement the change in water
affinity of a substrate is evidenced. From the present results, one can infer that the tortuosity
effects expected by the incorporation of fillers did not occur. This testifies to an inhomogeneous
dispersion and distribution of filler with filler aggregates into the matrix, which favors the water
permeation in the unfilled domains of the composite films, resulting in the rise in the
permeability. Probably the lack of compatibility between fillers and the polyester chains leads
to weak filler-PLA interface, inducing an increase of free volume at this interface and thus
favoring as a consequence the water permeation. The incorporation of non-polar and non-
crystalline filler such AgNPs, initially used for obtaining antibacterial activity, did not have an
impact on the water barrier properties of the composite films. Again, this result evidences the
absence of a strong interface between these particles and the polymer matrix. In a way, the
tortuosity effects what can be expected is counterbalanced by the weak interfaces and the

microstructure.

In terms of diffusivity, the water diffusion coefficient is determined from the slope of the
permeation curve by plotting the normalized water flux (J/Jst) as a function of the reduced time
(t/L?), as presented in Fig. 111.11B. For all the composite films, the curves are superimposed on
the neat PLA film one, reflecting any clear delay time in diffusion. Only, a small shift can be
detected indicating the presence of fillers within the films, and hence to setup of low filler

tortuosity effects.
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Table I1l.4: Water permeation parameters of the neat PLA film and the composite films

P Do Diand D yCeq Y Ceq
Barrer x 10°cm?  x 108 cm?? cm? mmol cm™
! mmol*!

Neat PLA 833 9.9 14/1.7 1.7 4.7 0.35
PLA - 2% 910 8.7 14/1.7 2.0 6.0 0.34
Fluorphlogopite
PLA - 1.5% AgNPs 1064 9.5 14/14 1.7 3.9 0.43
PLA - 2% 1026 10.3 14/1.6 15 3.4 0.43
Fluorphlogopite -
1.5% AgNPs

Thus, from water permeation results, the calculated diffusion coefficients Do, Dy and D (Table
5) indicate that the low presence of fillers has practically no effect on the water diffusion
through PLA, and that agrees well with the water vapor sorption results for which the diffusion
coefficient values were close (~ 1.7 10® cm2-s%) and not really changed by the presence of

fillers.

111.3.4.3) Water plasticization effect

Using Fick’s diffusion law equations, for which D coefficient is assumed to be a constant
parameter, the diffusion coefficient can be calculated at two specific times of the extent of water
permeation process, as already described [43]. Briefly, the coefficient D, is determined at J/Jst
= 0.24, while the coefficient Dy is calculated at J/Jst = 0.62. The values are presented in Table
5. The D coefficients are found lower than the D coefficients, meaning that the water diffusion
mechanism increases during permeation process, i.e., when the water concentration increases.
Such water concentration-dependence of the diffusion coefficient indicates a water
plasticization effect which can be expressed by the well-known exponential law of diffusivity
D with the local water concentration C (eq. (3)), (from the free volume theory). According to
the procedure described in [44], the diffusion coefficient at nil concentration Do, the
plasticization factor yCeq and the water concentration at steady state Ceq Were determined.

The low increase of Do values in presence of fillers suggests a low increased water diffusion
during permeation process, mainly rather in the numerous areas free of fillers. This observation
agrees with XRD results and TEM observations. In contrast, a low decrease of Do value with
the incorporation of fluorphlogopite confirms low tortuosity effects, which is not maintained
when adding AgNPs. The positive values of yCeq, reported in Table 5, testify to the
plasticization effect of water [44] in PLA, which is maintained despite the presence of fillers.

From the calculated values of water concentration Ceq, it Seems that the presence of Ag
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nanoparticles increases slightly the water solubility in PLA while fluorphlogopite particles have
no effect. This result would be consistent with water sorption results obtained at high water
activity showing that the water mass at equilibrium state is increased especially with the

presence of AgNPs.

111.3.4.4) Gas permeation
In addition to water, the transfer of gas molecules across the neat PLA and the composite films
was investigated through gas permeation measurements to evaluate how the barrier properties
of the PLA film can be affected by the presence of fillers. Three diffusing gas molecules,
nitrogen N2, dioxygen Oz and carbon dioxide CO,, differing in van der Waals molar volume
[70], were selected because they are known not to interact (or only very weakly) with organic
materials. The permeation behaviour for the neat PLA and the composite films conforms to a
linear Henry’s sorption law, which involves a constant diffusion coefficient. The diffusion
coefficient is usually determined from the time-lag t. given by the intercept of the steady-state
asymptote on the time axis via the time-lag method. Permeability and diffusion coefficients
(Fig. 111.12) are calculated from permeation kinetic curves and thus reflect the film resistance

towards small molecules.

In the present study, all the films globally showed the same tendency: P(N2) < P(O2) < P(COy),
as reported by Van Krevelen [71]. In most cases, small gas molecules diffuse more easily than
larger molecules, as the permeability increases, even though, with their low critical temperature,
the solubility of these diffusing molecules is reduced. The higher critical temperature of CO>
(31.15 °C) led to a greater permeability to carbon dioxide. In contrast, the low critical
temperature (-146.94 °C) associated to the higher dynamic diameter of N2 (3.64 A), in

comparison with the two other gases, explains the lower permeability of nitrogen.

Because of the small gap for permeability values and for diffusion coefficient values, and
considering the measurement errors, very few changes are obtained with the addition of fillers
compared to coefficients of the neat PLA film. This result reveals that there is very few
tortuosity induced by fluorphlogopite and silver nanoparticles within the PLA matrix. Besides,
the small reduction of diffusion coefficients measured with the incorporation of fluorphlogopite
tends to show that fluorphlogopite particles act as obstacles to gas diffusion, as highlighted with
the water sorption behavior. This finding reflects thus a moderate tortuosity effect initiated by
the filler and which seems to be maintained with the co-incorporation of silver nanoparticles.
One can conclude that the gas barrier properties of the PLA film are thus maintained even in
presence of fillers.
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Figure 111.12. Permeability and diffusion coefficients for the neat PLA film and the composite films.
The values are calculated with a standard deviation of about 30% due to the very low obtained

Overall, from all these sorption and permeation results, it can be stated that the incorporation
of fluorphlogopite and AgNPs has very little effect on the water and gas transport properties of
PLA. In other words, the gas and water barrier properties of PLA are kept with the presence of
both fillers.

111.3.5)
The antibacterial activity was firstly assessed by evaluating the percentage of inhibition of
bacterial adhesion on the surface of the modified PLA films compared to neat PLA film (Fig.

111.13). Three bacterial strains were used, 2 Gram-positive bacteria, S. aureus, and E. faecalis
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and one Gram-negative bacteria, E. coli. These bacteria are usually connected to food poisoning
but are also widely used in microbiology tests as model bacteria. All the films have
demonstrated an inhibition of bacterial adhesion for the three bacteria. However, PLA-2%
Fluorphlogopite films exhibited the lowest inhibition. On the other hand, PLA-1.5% AgNPs
and PLA-2% Fluorphlogopite-1.5% AgNPs have shown a substantial significant inhibition of
bacterial adhesion of 84% and 89% against S. aureus; 89% and 92% against E. faecalis and,
74% and 76% against E. coli, respectively.

The slight inhibition exhibited by the PLA films modified only by fluorphlogopite is probably
due to a limitation of adhesion by an antiadhesive property and not a bacteriostatic/bactericidal
activity as fluorphlogopite does not have this type of activity. The limitation of adhesion could
be due to the change of physico-chemical characteristics of PLA when fluorphlogopite was
added. Indeed Mica is known to increase the polymer roughness which was confirmed by the
SEM micrographs in Fig. 111.1 and was also found by Wang et al., [72]. However, the surface
roughness is generally associated with an increase in bacterial adhesion with few reports
demonstrating otherwise [73]. Another possibility is the increase in the hydrophobicity of PLA
as was evidenced by water contact angle result. Indeed, Kyun Oh et al., [74] have found that
bacterial adhesion is more favored on hydrophilic surfaces than on hydrophobic surfaces [73].
In the case of silver nanoparticles, the inhibition was expected due to the potent antibacterial
activity of silver nanoparticles as demonstrated by the measurement of MIC values of AgNPs
in solution (i.e., 150 pug. mL* against S. aureus and E. coli and 75 pg. mL against E. faecalis).
AgNPs inhibit the growth of bacteria by interacting directly, or indirectly via the release of Ag",
with vital bacterial components such as DNA, proteins, and cell membrane, compromising,
thus, bacterial survival [75]. Finally, tertiary films containing fluorphlogopite and AgNPs
showed the best inhibition of bacterial adhesion which is expected due to the combined effect
of these fillers. In a similar work, Cai et al., [76] found a similar combined effect of a nanoclay
and AgNPs against the growth of E.coli and S.aureus at PLA interface. Similarly, the effect of
nanoclay on the bacterial adhesion was explained by the possible effect of the filler on the
physical interaction between the bacterial and the material surface Other works on the
preparation of antibacterial PLA nanocomposites using antibacterial fillers such as AgNPs are

summarized in Table SI-1.
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Figure 13: Percentages of inhibition of growth on the surface of PLA-Fluorphlogopite-AgNPs
composites against S. aureus, E. faecalis, and, E. coli compared to neat PLA

In order to assess if PLA nanocomposites exhibit an antibacterial activity by diffusion of AgNPs
or by contact of bacteria with the film, a disc diffusion method was performed. Square discs of
neat PLA and different PLA blends with 2% fluorphlogopite or/and 1.5% AgNPs content were
tested against E. coli and S. aureus and the inhibition zone around the films was observed. As
seen in Figs. 111.S1-3 and 111.S1-4 no film has shown any antibacterial activity against either
bacteria through diffusion characterized by an absence of inhibition halo around the films. This
result for PLA films that contain AgNPs is therefore probably due to the non or very low
diffusion of AgNPs in the agar leading to a bactericidal activity only by contact. This mode of
action makes this film suitable for applications in antimicrobial food packaging as well as in
biomedical applications by avoiding (i) the loss of activity over time with the decrease of the
AgNPs concentration and (ii) the contact of active agents with the packaged food. Indeed,
biomedical device-related infections are a huge concern in the medical field. To limit such
infections, using antibacterial coatings with antibacterial activity through contact is preferable
due to their long-term effectiveness and the avoidance of concerns over the release and

accumulation of antibacterial agents in the body [77].
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I11.4) Conclusion

PLA-based nanocomposites were prepared using melt mixing for potential antimicrobial food
packaging applications. For this purpose, fluorphlogopite and silver nanoparticles were used as
fillers, and the nanocomposites morphological, thermal, mechanical, barrier, and antibacterial
properties were determined. A substantial enhancement of thermal stability of PLA was
observed when 2wt% of fluorphlogopite was added while the mechanical properties of PLA
remained unchanged. The barrier properties (i.e., water permeation, water sorption, and gas
permeation to Oz, CO», and N2) are important properties of food packaging materials. PLA
barrier properties, which are already excellent, comparable even to conventional food

packaging plastics, were not affected by the introduction of fluorphlogopite and AgNPs.

Finally, the antibacterial activity of the nanocomposites was assessed against three bacteria, S.
aureus, E. faecalis, and E. coli. The introduction of fluorphlogopite caused a slight inhibition
of bacterial adhesion on the surface of the films, probably through changes in the surface
morphology rather than through surface killing. However, the introduction of 1.5 wt% AgNPs
alone has exhibited a bacterial adhesion inhibition of 84% S. aureus; 89% against E. faecalis,
and, 74% against E. coli. PLA tertiary films containing 1.5% AgNPs and 2% fluorphlogopite

have further increased the antibacterial potency of the nanocomposites.

Furthermore, as discussed in the introduction section, PLA is considered a suitable material for
potential biomedical applications such as the preparation of scaffolds and drug delivery. Thus,
the enhancement of PLA thermal properties and maintaining its mechanical and barrier
properties as well as the excellent antibacterial activity through contact rather than diffusion
could make of PLA-Fluorphlogopite-AgNPs nanocomposites a promising candidate for the
preparation of biomedical scaffolds or the coating of biomedical implants in order to limit

implant-associated infections.

The results presented in this paper showed, to the best of our knowledge, the very first report
on the successful preparation of antibacterial PLA-Fluorphlogopite-AgNPs films with an
enhancement of the PLA thermal properties while maintaining the intrinsic barrier properties
of PLA. All these properties make this material a promising candidate for food packaging and

biomedical applications.

Acknowledgment
This project was financially supported by French-Morocco bilateral programs by CAMPUS
FRANCE: PHC TOUBKAL/18/71 and APUR 2019.

[123]



This work was also performed with the support of the Erasmus+ program of the European
Union (Mobility at the University of Zagreb (HRZAGREBO1)

CRediT authorship contribution statement

A. Nabgui: Conceptualization, Methodology, Validation, Investigation, Writing — original
draft, N. Follain: Resources, Investigation, Writing - Review & Editing, E. Vidovi¢: Resources,
J. El Haskouri: Resources, Investigation, S. Marais: Resources, Investigation, Writing -
Review & Editing, A. El Meziane: Conceptualization, Resources, Writing - Review & Editing,
Supervision, Funding acquisition M. Lahcini: Conceptualization, Resources, Writing - Review
& Editing, Supervision, Funding acquisition, P. Thébault: Conceptualization, Resources,

Writing - Review & Editing, Supervision, Funding acquisition.
Data availability

All raw and processed data are available upon request to the authors

[124]



111.5) Supporting information

Table 111.S1-1: Comparative table of works on binary of PLA/2D particles composites and
antibacterial tertiary PLA/2D/metallic nanoparticles composites.

Materials Processing methods | 2D fillers Materials Key results Referenc
modification morphology e
PLA/Cloisite 30 Melt extrusion/ MT2EtOH Films -Reduction in Oxygen permeability | [SI-1]
Flat film extrusion -Reduction in Water Vapor
permeability
PLA/OMt Melt extrusion Gemini Films -Enhanced tensile strength and [SI-2]
surfactants Young’s modulus but a lower
elongation at break
-Reduced water vapor permeability
by 38 to 49.6% depending on the
loadings (1 or 3%) and the
hydrophobic chain length of the
surfactants
PLA/Mica -Melt None Films -Enhanced thermal properties [62]
extrusion/Pressing
-Solution
mixing/Solvent
casting
PLA/GO/AgNPs Solution mixing/ None Electrospun | -Substantial enhancement of the [36]
Electrospinning mats elastic modulus and tensile
strength
-Enhancement of thermal stability
- Excellent antibacterial activity
against E. coliand S. aureus
PLA/PA-Cu(ll)-LDH Solution mixing/ PA-Cu(ll) Films -Enhancement of elongation at [21]
Solvent casting break and tensile strength increase
by 53.0% and 18.9%
-Reducing oxygen relative
permeability by 28%
-Antibacterial rate against E. coli
>99.9%
PLA/Saponite Solution mixing/ Quaternary Films - Enhancement of elongation at [20]
Solvent casting fulvic acid break and tensile strength
-Enhancement of thermal stability
- Excellent antimicrobial activity
against E. coli, Bacillus subtilis,
Aspergillus, and Penicillium
PLA/GO/ZnONps Solution mixing/ None Films -Enhanced tensile strength and [SI-3]
Solvent casting storage modulus
-Antibacterial rate of 99.2% against
E. coli and 97.6% against S. aureus
under light and 83% against E. coli
and 52.3% against S. aureus in dark
conditions
PLA/Nanoclay/ Melt extrusion None Fibrous - Lower affinity for bacterial [76]
AgNPs meshes adhesion

- Antibacterial activity at the
materials surface
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PCL/PLA/Ag-MMT Melt extrusion/ Ag Films - Enhanced thermal stability [SI-4]
compression molding - Enhanced tensile strength,
elongation at break, and E modulus
- Total inhibition of the growth of
E. coli, S. aureus, Salmonella, and
Pseudomonas aeruginosa
PLA/Fluorphlogopite/ | Melt None Films -Enhanced thermal stability Our study
AgNPs extrusion/Pressing/ -Maintained mechanical and
Solvent casting barrier properties
-Extensive study of barrier
properties

-Excellent antibacterial activity
against E.coli, S. aureus, and
E.faecalis through contact

IV) OMt: Organomodified montmorillonite; GO : Graphene oxide; AgNPs: Silver nanoparticles; PA : Phytic acid;
LDH: Layered double hydroxides; ZnONPs: Zinc oxide nanoparticles;
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Fluorphlogopite (2, 5, and 10%)
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Table lIL.SI-2: Tsy, Tsox, and Tonset result of PLA and PLA-Fluorphlogopite composites

Ts% Ts0% Tonset
PLA 300 334 306
PLA-2% Fluorphlogopite 335 365 337
PLA-5% Fluorphlogopite 290 334 303
PLA-10% Fluorphlogopite 326 359 329
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Figure I11.SI-2: Weight loss curves of melt-extruded PLA and PLA-2% Fluorphlogopite films prepared
by the hot press or solvent casting method
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composites
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Chapter overview

The result of the previous chapter highlights the potential use of PLA-fluorphlogopite-AgNPs
nanocomposites in active food packaging. Indeed, the targeted objectives were attained by
enhancing PLA properties as well as providing an important antibacterial activity through
contact by using AgNPs as nanofillers. The AgNPs used in that work are commercial and were
prepared using a chemical approach. Such approaches involve the use of chemical reducing and

stabilizing agents that are harmful to the environment.

Indeed, AgNPs are prepared using 3 pathways: physical, chemical, or biological. However, the
first two pathways present many drawbacks such as the use of toxic chemicals as discussed
above, the necessity of specific equipment, or the excessive use of energy in the case of physical
methods (laser ablation, mechanical milling). Consequently, biological methods using
biological entities such as bacteria, fungi, and plants are considered an alternative and

promising route to circumvent these issues.

AgNPs properties, including the antibacterial activity are size-dependent. Thus, their size and
stability (which affect their size), are important parameters that need to be finely optimized.
Indeed, the first choice that need to be made is the plant. Aromatic and medicinal plants are
considered an ideal choice due to their high content in secondary metabolites, which are known
for their excellent reducing and stabilizing potential. For that reason, rosemary (Salvia
rosmarinus Spenn) was chosen. Other parameters such as reaction time, temperature,
concentration, and post-synthesis stabilization are also need to be optimized in order to obtain
a viable alternative to chemical AgNPs.

This chapter is thus, dedicated to the synthesis of silver nanoparticles (AgNPs) via a biological

pathway using an aqueous rosemary extract and to the study of their stability.

The results of this chapter are presented in form of a paper entitled « Long term impact of
surfactants on colloidal stability and antibacterial properties of biogenic silver nanoparticle »

submitted on 10" of October, 2021 on “Surfaces and Interfaces”.

Moreover, the experiments that were not shown on this paper are presented and briefly

discussed on the “supplementary information” section below.
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Abstract

Green synthesis of silver nanoparticles (AgNPs) using diverse plant species has gained a lot
of attention in nanotechnology due to its simplicity, low cost, and eco-friendliness compared
to the chemical and physical approaches. Plant extracts act both as reducing and capping
agents making a one-pot synthesis possible. However, one of the main drawbacks of Plant-
mediated AgNPs synthesis is nanoparticles aggregation and agglomeration during storage.
Additional capping of AgNPs with stable surfactants will be probably required for their long-
term stability. In this study, biogenic AgNPs were capped with surfactants and tested for
long-term stability. R-AgNPs were synthesized using Salvia rosmarinus leaf extract at first,
then their physico-chemical properties were determined using UV-Vis spectroscopy, X-ray
diffraction (XRD), Dynamic light scattering (DLS), Transmission electron microscopy
(TEM), Fourier transform infrared spectroscopy (FTIR) and Thermogravimetric analysis
(TGA). TEM images of R-AgNPs display a quasi-spherical shape with an average size of 31
nm (TEM), whereas the hydrodynamic size (DLS) is only equivalent to 9 nm. The FTIR and
TGA analysis showed the binding of rosemary biomolecules to R-AgNPs. Indeed, these
biomolecules represent approximately 50% of the R-AgNPs weight. As the R-AgNPs
stability decreases significantly after only one month of storage, the R-AgNPs were further
stabilized by three surfactants differing in charge: CTAB (Cationic surfactant), SDS (anionic
surfactant), and Tween 80 (non-ionic surfactant). All surfactants were effective in stabilizing
R-AgNPs. The R-AgNPs capping with as low as 3 uM CTAB showed higher stability and
smaller size compared to R-AgNPs without surfactant, SDS-R-AgNPs, and Tween 80-R-
AgNPs. As the addition of surfactants to R-AgNPs might reduce their antibacterial activities
and cause toxicity to mammalian cells, surfactant-stabilized R-AgNPs were tested against
pathogenic bacteria and mouse cell line. The R-AgNPs showed significant antibacterial
activities against E. coli, P. aeruginosa, S. aureus, and E. faecalis with Minimum Inhibitory
Concentration (MIC) values of 37.5, 37.5, 75, and 18.74 ug/mL respectively. Moreover, an
8-fold enhancement in the bacterial activity against S. aureus was achieved using only 3uM
of CTAB. Finally, both the surfactant-capped and pristine R-AgNPs have shown no
cytotoxic effect against L929 mouse fibroblast at concentrations effective against all the

tested above-mentioned bacteria.

Keywords: Silver nanoparticles, Antibacterial activity, Surfactant stabilization.
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V.1) Introduction

Metal nanoparticles (MeNPs) have gained considerable attention among scientists in recent
years, owing to their broad range of applications in medical and pharmaceutical fields,
agriculture, food processing, cosmetics, environmental, and renewable energy technologies
[1-3]. The MeNPs are used mainly in antimicrobial coatings, catalysis, water filtration, and
sensors [4]. The beneficial activities of MeNPs depend on their physicochemical properties,
therefore the preparation of stabilized MeNPs with the desired size and shape are needed to
reach and retain their valuable activities. The synthesis of MeNPs has been carried out for
several decades using physical or chemical methods [4—7]. However, physical methods such
as laser ablation or mechanical milling require expensive equipment, whereas chemical
methods such as chemical reduction and photochemical methods are cost-effective but
cannot avoid the use of toxic chemicals [8,9]. In response to these drawbacks, the biological
method has been developed for MeNPs preparation. This alternative approach uses
microorganisms, plant extracts, and purified cellular constituents (polysaccharides, proteins,
and enzymes) as eco-friendly bioreactors and capping compounds for the synthesis and
stabilization of MeNPs [10-17]. The use of such natural resources aims to reduce energy

consumption, production costs, and adverse environmental impacts of toxic chemicals. In
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this eco-friendly method, molecules with reactive functional groups such as reducing sugars
or heterocyclic compounds, and proteins of the biological systems play a key role in the
reduction of metals and the capping and functionalization of synthesized nanoparticles
[16,18-21]. Furthermore, plant extracts are shown to be more efficient in metal reduction than fungi

and bacteria [22]. Therefore, plants are considered the most cost-effective alternative material for
synthesizing small-sized MeNPs.

In view of the prospects and promises of plant-mediated nanoparticle synthesis, extracts of
diverse plant species have been used for MeNPs synthesis, with a special emphasis on
aromatic and medicinal plant species [23-26]. These plants are rich in several secondary
metabolites, including polyphenols and alkaloids, which can act as electron donors in the
reduction reaction of the metal ions [27,28]. At the present moment, Rosemary is among the
most exploited medicinal plants for MeNPs synthesis. Indeed, Rosemary extract has been
used for the synthesis of several MeNPs: Ag, AgS, Au, Co, Cu, Fe, Mg, Ni, NiFe, Pb, Pd, S,
Zn, Zr. Among these metals, silver is well-known for its high antimicrobial activities [29].

Comparison studies on the plant-mediated synthesis of silver nanoparticles (AgNPs) have
shown that Rosemary extracts display highly significant antioxidant potential, which is
significantly correlated with its reducing capacity, and therefore its capacity in AgNPs
synthesis [30]. Rosemary (Salvia rosmarinus Spenn., syn. Rosmarinus officinalis L.), is a
well-known Mediterranean woody herb with valuable therapeutic effects and preservative
properties. It possesses antioxidant, antibacterial, antifungal, antidiabetic, anticarcinogenic,
anticancer, and anti-inflammatory activities [31-35]. Its beneficial properties are probably
due to its richness in phenolic compounds (30 + 1 mg/g), which include mainly Rosmarinic
acid (6.9 £ 0.2 mg/g), Yunnaneic acid (5.6 £ 0.2 mg/g), and Luteolin-O-glucuronide (3.9 +
0.1 mg/g) [36].

AgNPs showed higher antibacterial activities compared to bulk silver and are also proved
to possess antifungal, anti-plasmodial, and anti-larvicidal [37—40]. Due to these properties;
AgNPs find many applications in medicine, cosmetics, agriculture, and different industries.
Many studies have reported Rosemary mediated AgNPs synthesis (R-AgNPs). The
optimized protocols generally produce small-sized quasi-spherical R-AgNPs, with a fairly
narrow size distribution. Exceptionally rod-like shapes were observed when Rosemary
essential oil was used to reduce silver acetate instead of silver nitrate [12]. The R-AgNPs
have shown significant antimicrobial activities and antioxidant properties [19,30,41-46].

The R-AgNPs antibacterial activity was reported to be higher than the commercialized

[142]



antibiotics such as Gentamicin [19] and efficient against many pathogenic species, even the
multi-resistant strains [45,46]. Since R-AgNPs act in synergy with several antibiotics and
extracts from other plants [41,47], the R-AgNPs combination with other compounds and
antibiotics will reduce the prescribed antibiotics doses and the emergence of multi-resistant
strains. As shown above, R-AgNPs contain remarkable activities but more importantly, the
beneficial properties of R-AgNPs need to be repeatable and preserved during scale-up and

storage, respectively.

Physicochemical characteristics of AgNPs are known to affect their chemical and biological
activities. In practice, nanoparticles size, shape, dispersion, and stability depend on the
preparation protocols. Therefore, most of the R-AgNPs studies have focused on
standardizing synthesis parameters (Temperature, Incubation time, AgNO3z concentration,
and extract amounts) in order to increase the production of small-sized nanoparticles
Although the optimized protocols produce a high yield of uniformly small-sized R-AgNPs,
the plant-mediated AgNPs synthesis has two main drawbacks: variability in AgNPs
synthesis between plant batches and AgNPs aggregation during storage. Hadi Soltanabad et
al., (2018) [43] have carried out R-AgNPs synthesis using extracts from Rosemary leaves,
which are sampled every month for a whole year. Even though the R-AgNPs yield fluctuates
slightly over the whole year, R-AgNPs yield is significantly correlated to protein contents
and total reducing capacity of rosemary extracts, on the one hand, and to total tannin and
flavonoid contents, on the other [43,48]. Accordingly, the output of the reduction reaction
may be predicted from the extract parameters. Nevertheless, the stability of Plant-mediated
nanoparticles has not been well studied. The Plant-mediated synthesis of AgNPs produces
monodispersed nanoparticles but also fast aggregating nanoparticles that accumulate during
storage [49-51]. The AgNPs aggregations could be extensive as shown in Dillenia indica-
mediated AgNPs synthesis [52]. It was reported that reaction parameters such as high
concentrations of plant extract increase the aggregation of plant-mediated AgNPs [53,54].
Therefore, the AgNPs aggregations could be controlled by fine-tuning the bioprocess
parameters. Optimal quantities of plant compounds create electrostatic interactions and form
a negative layer on the surface of nanoparticles. These negatively charged capping molecules
produce electrostatic repulsion forces providing more stable AgNPs. However, the
aggregation phenomenon of AgNPs also occurs during storage reducing significantly the
concentration and properties of AgNPs over time. Tripathy et al., (2010) [54] have observed

an increase of both aggregation and shape anisotropy (ellipsoidal, polyhedral, and capsular)
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of Neem-AgNPs after 2 months in colloidal solution as evidenced by a red shift in UV-Vis
result from 440 to 462 nm and TEM result. Vanaja & Annadurai (2013) [49] suggested that
the secondary metabolites of plant extracts may contribute to AgNPs aggregation. Therefore,
stabilizers such as surfactants are required to prevent nanoparticles instability and

aggregation during long-term storage.

The stability of silver nanoparticles can be increased using two mechanisms, (i) steric
repulsion using polymers and non-ionic surfactants such as Tween 80 and (ii) electrostatic
repulsion wusing ionic surfactants such as Sodium dodecyl sulfate (SDS) and
cetyltrimethylammonium chloride or bromide (CTAC, CTAB) [55]. However, only a few
papers have reported the potential use of ionic surfactants as stabilizers of biogenic AgNPs.
Therefore, it will be essential to further assess the role of both ionic and non-ionic surfactants

on the stability of green-prepared silver nanoparticles.

This study aims to analyze the stability of R-AgNPs during storage and the effect of
surfactants as additional capping agents on R-AgNPs long-term stability. As the addition of
surfactants may reduce the antibacterial properties of R-AgNPs and even cause toxicity to
mammalian cells, the new stabilized R-AgNPs were evaluated for their antimicrobial activity
against pathogenic bacteria and their biocompatibility using mouse cell lines. To the best of
our knowledge, this is the first comparative report on the impact of non-ionic and ionic
surfactants on plant-mediated AgNPs long-term stability. The results of this study will

improve the stabilization of nanoparticles and their potential use in different applications.

V.2) Materials and Methods
V.2.1) Materials

Fresh Rosemary (Salvia rosmarinus Spenn., syn. Rosmarinus officinalis L.) leaves were
collected from the region of Marrakech (Morocco). Silver nitrate (AgNO3) was purchased
from Fluka Chemika (Switzerland). Cetrimonium bromide, sodium dodecyl sulfate, and
Tween 80 were purchased from Amresco chemicals Co. (USA). EDTA, alpha MEM
medium, PBS buffer, and Penicillin-Streptomycin were purchased from Sigma Aldrich
(USA) Foetal bovine serum was purchased from Invitrogen (USA). All the chemicals were

used as received.
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V.2.2) Rosemary extract preparation
Rosemary leaves were washed with tap water and milliQ water, respectively, and then dried
in darkness at room temperature until no variation of the leaf weight was observed. The
extraction of 10 g dried cut leaves was carried out in 100 mL of milliQ water at 80°C for 30
min. The Rosemary leaves extract was then filtered using Whatman paper No. 1 and stored

at 4°C until further use.

V.2.3) Silver nanoparticles preparation and purification
In order to prepare silver nanoparticles, 10 mL of AgNO3z aqueous solution (10 mM) was
added to 80 mL of milliQ water and heated to reach different temperatures: 25°C, 40°C,
60°C, and 80°C. Then, 10 mL of a 2-fold diluted solution of the rosemary extract was added
dropwise and samples were collected regularly for the UV-Vis spectroscopy measurement.

Silver nanoparticles (R-AgNPs) were then purified by centrifugation at 9300 g for 15 min
and were washed thrice with milliQ water to remove all unreacted silver ions and plant

extract.

V.2.4) Silver nanoparticles characterization
UV-vis absorption spectroscopy was performed in the range of 200-800 nm using MilliQ
water as blank using a Shimadzu UV-2600 spectrophotometer in order to confirm R-AgNPs
synthesis and determine their theoretical Size using the Mie theory. The Mie calculations of
R-AgNPs diameter were performed using the computer simulation program “MiePlot v.
3.4”. The hydrodynamic size and Zeta potential were investigated by dynamic light
scattering using a Malvern ZetaSizer NanoZS instrument. Biofunctionalization of R-AgNPs
was studied by Fourier Transformed InfraRed spectroscopy (FTIR) using a Thermo
Scientific™ Nicolet™ iS™ 50 in attenuated total reflection (ATR) mode on a dried sample
and spectra were recorded in the range of 400-4000 cm™ with a spectral resolution of 4 cm™.
TGA analysis was performed using a TA analysis TGA 55 instrument in the range of 30-
1000 °C. X-Ray diffraction was performed using a Rigaku smartlab device at 260 in the range
of 5-90° with a 0.02° resolution. To determine theie morphology and their size, R-AgNPs
were examined by transmission electron microscopy (TEM) using a Hitachi HT7800

operating at an accelerating voltage of 100Kv.

V.2.5) Stabilization of Silver nanoparticles using surfactants
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The surface stabilization of silver nanoparticles was assessed using three surfactants: R-
AgNPs solution was uniformly mixed with CTAB, SDS or Tween 80 (1:1, v/v), to reach a
final surfactant concentration of 0.001, 0.003, 0.005, 0.007, 0.01, 0.05 and 0.1 mM. The
mixture was stirred in an agitator (200 rpm) for 12 h at room temperature. UV-Vis

spectroscopy was performed to assess the stability of silver nanoparticles.

V.2.6) Assessment of silver nanoparticles antibacterial activity
V.2.6.1) Bacterial strains

Four bacterial strains, Two Gram+, Staphylococcus aureus (ATCC 29213) and
Enterococcus faecalis (ATCC 29212), and two Gram-, Escherichia coli (K12 MG1655) and
Pseudomonas aeruginosa (PA14) were used to evaluate the antibacterial activity of silver
nanoparticles. All materials were previously autoclaved at 121°C for 15 min. Bacteria were
maintained at -20°C in 30% glycerol. All strains were precultured under aerobic conditions
in “Brain Heart Infusion” nutritive medium (BHI, BactoTM) at 37°C and 140 rpm for 16 h.
Optical density was then adjusted to 0.05, using BHI solution, at 600 nm corresponding to a

bacterial concentration around 5.10° Colony Forming Units CFU. mL™*

V.2.6.2) Minimum Inhibitory Concentrations (MICs) and Minimum

Bactericidal Concentrations (MBCs) assay
MICs and MBCs of rosemary extract and R-AgNPs were determined using the standard
broth dilution method. Two-fold serial dilutions of the prepared rosemary extracts and silver
nanoparticles in the range from 300 to 0.58 pg.mL™* were performed in a 96-wells
microplate. Two controls were used, a negative control without the inoculum and a positive
control without silver nanoparticles or rosemary extract. MIC is defined as the lowest
concentration which inhibits visible bacterial growth after 24 h (no turbidity). Then 50 pl of
each well without visible bacterial growth was spread onto BHI agar plates in order to
determine MBC. MBC is defined as the lowest concentration that eradicates bacteria after
24-48h.

V.2.7) Assessment of silver nanoparticles cytotoxicity
V.2.7.1) Cell culture
1.929 mouse fibroblast cells (ATCC® CCL-1) were used to assess the cytotoxicity of R-
AgNPs. The cells were collected and washed using PBS buffer (Sigma) and detached using
trypsin 0.25%-EDTA (Sigma), then centrifuged at 300 g for 3 min and resuspended in an

alpha-MEM medium (Sigma) supplemented with 10% of foetal bovine serum (Invitrogen),
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1% of antibiotics Penicillin-Streptomycin (Sigma) and, 1% of L-Glutamine (Sigma). They

were routinely maintained at 37°C in a 5% CO humidified atmosphere.

V.2.7.2) Cytotoxicity assay

Alamar Blue® (AB® - Biorad) assay was used to assess the viability of L929 cells in contact
with R-AgNPs. AB® is an oxidation-reduction indicator of the mitochondrial activity of
viable cells. Cells were seeded at a density of 10 x 10° cells.cm into 48 well-plates, and
then R-AgNPs (pristine R-AgNPs or stabilized with surfactant) were added at a final
concentration of 18.75, 37.5, or 75 pg. mL™. Untreated cells were used as a negative control
while 10 % DMSO (Sigma) was used as a positive control. The plates were incubated at
37°C for 24 hours. Then, the R-AgNPs-containing culture medium was discarded and
replaced by 10% (v/v) AB®-containing culture medium for each well and let in contact time
for 2.5 hours. The plates were then read at 570 and 600 nm and the percentage of reduction
of AB® was calculated in accordance with the manufacturer’s instructions. Each experiment
was performed in triplicate. Optical images of cells were also taken 24 hours after being in
contact with R-AgNPs.

V.2.7.3) Statistical analysis
Statistical analysis was carried out using SPSS version 25.0 software (IBM SPSS Statistics
for Windows, Armonk, NY). The statistical significance of the antibacterial activity of
different R-AgNPs was evaluated using the analysis of variance (ANOVA). The data of the
cytotoxicity test were compared using the Mann-Whitney Wilcoxon test. Statistical
differences were considered significant at p < 0.05.

V.3) Results and discussion

V.3.1) Silver nanoparticles preparation using Rosemary extracts.
Silver nanoparticles were prepared in a one-pot biosynthesis using biomolecules present in
rosemary leaves extract as reducing and capping agents. Fig. 1V.1 represents a schematic
illustration of the experimental setup followed in this study. The addition of Rosemary
extract to silver nitrate solution at 80°C turned out gradually the colourless solution to yellow
and then to reddish or reddish-brown (Figure 1V.SI-1), indicative of the formation of R-
AgNPs. The change of colour was due to the combined oscillations of electrons in silver
nanoparticles that were stimulated by incident light [56]. This phenomenon, known as
surface plasmon resonance (SPR), causes strong light scattering only when the frequency of

incident light photons matches the natural frequency of nanoparticles surface electrons [57].
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Figure 1V.21: Schematic representation outlining the experimental setup used in this study

The prepared R-AgNPs were further studied using UV-Vis spectroscopy. The extinction
spectra of the synthesized R-AgNPs (yellowish and reddish solutions) display an SPR band
in the range between 350 nm and 550 nm with Amax at 430-460nm (Figure 1V.SI-2). The
SPR band shape, range, and Amax values are in concordance with typical spectra of spherical
silver nanoparticles [58].

Interestingly, a minor resonance band of R-AgNPs was induced at 350 nm, beside the main
SPR at 430 nm (Figure 1V.SI-3) appeared as a weak shoulder of the main SPR band. The
weak SPR might be misinterpreted as a very low small-sized AgNPs, but the 350 nm
extinction band is not red-shifted enough to account for the smallest silver nanoparticles as
experimentally, AgNPs as small as 5nm exhibited the main extinction band at 393 nm
wavelength [59]. Moreover, the weak SPR bands are also noticed when using simulation by
the Mie Theory of 35 nm spherical AgNPs (Figure 1V.S1-4). Earlier studies have explained
the main and weak SPR bands of AgNPs by dipole and quadrupole resonance, respectively
[60]. The dipole resonance band appears as a consequence of sign reversion between the
opposite sides of the spherical nanoparticles. More precisely, the dipole moment reverses
signs at the same frequency as the incident light and induces the main AgNPs SPR. The
weak quadrupole resonance band at 350-370 nm is characterized by two parallel dipoles of
opposite sign charges, which result from energy losses that make the incident light non-

uniform across the spherical nanoparticles [60]. Accordingly, the minor and main SPR bands
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in R-AgNPs extinction spectra are produced in R-AgNPs extinction spectra from the same

spherical nanoparticles.

V.3.2) Effect of temperature on R-AgNPs production and sizes.
The optimization of silver nanoparticles (R-AgNPs) biosynthesis using rosemary extract was
performed by studying the kinetics of the synthesis at different temperatures (25°C, 40°C,
60°C, and 80°C). The R-AgNPs formation increased with time, at all tested temperatures
except at 25°C. Indeed, the intensity of the SPR band increased up to 60 min at 25°C, and
then it decreased with time only to increase again to about the same level at 24h analysis
(Figure IV.SI-2A). As these experiments were repeated at least 3 times at different periods
during the last 3 years, this discrepancy in reaction proceeding could not be the result of an

experimental artefact. Similar results were found by Elemike et al., (2017) [61].

In order to understand the effect of the reaction temperature on the size of R-AgNPs, UV-
Vis results at a reaction time of 15 min were compared (Figure IV.2A). The SPR intensity
at a reaction time of 15 min reaches an absorbance value of 0.31, 0.48, and 0.61 at 40°C,
60°C, and 80°C, respectively, whereas the R-AgNPs synthesis reaction produces only an
intensity of 0.27 at 25°C after 30 min. Although the R-AgNPs formation was faster at 80°C
with a maximum reached in less than 8 min, the R-AgNPs synthesis at 60°C produced

slightly the highest yield (after 120 min).
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Figure IV.2: UV-Vis Extinction spectra of biosynthesized silver nanoparticles R-AgNPs and simulated
35 nm AgNPs A) UV-vis spectra of biosynthesized silver nanoparticles at different temperatures
depicting blue shift in Amax as the temperature is increased and B) UV-Vis spectrum of R-AgNPs

prepared at 80°C and theoretical extinction curve calculated using the Mie Theory of AgNPs of 35
nm
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Figure IV.2A depicts clearly the effect of temperature on R-AgNPs sizes and dispersity.
Indeed, all the extinction spectra revealed a major SPR band with a different position from
468 nm at 25°C to 433 nm at 80°C. This blue shift in Amax corresponds to a decrease in the
size of R-AgNPs. Indeed, from the UV-Vis spectrum of R-AgNPs, we can estimate the size
of nanoparticles by comparing the experimental curve with the theoretical ones using Mie
theory. Based on the Mie theory, the following size values were obtained: 47 nm at 25°C,
44 nm at 40°C, 39 nm at 60°C, and 35 nm at 80°C. Several works have studied the effect of
temperature on the size of silver nanoparticles and reported a decrease in size as the
temperature is increased as evidenced by a blueshift in UV-Vis spectra. This result is
explained by the generation of a higher number of nuclei when the temperature is higher,
and subsequently, their growth produces a large number of small-sized nanoparticles [62—
64].

Furthermore, with the increase in temperature a narrower band was observed which indicates
a lower R-AgNPs polydispersity. The broadening and redshift are attributed to

agglomeration or an increase in the size of the particles.

The fastest R-AgNPs preparation that produced the less broad SPR band used the following
conditions: reaction temperature of 80°C, reaction time of 15 min, and 20-fold dilution of
Rosemary extract. These optimized conditions were therefore chosen for all subsequent

experiments.

V.3.3) Determination of R-AgNPs size using direct measures and

approximations

Table IV.1: The size of R-AgNPs prepared at 80°C for 15 min determined using different techniques.

Technique Size (nm)
UV-Vis spectroscopy ‘ 35

TEM analysis 31.1+6.5
DLS ‘ 9

XRD 9.5

The R-AgNPs size synthesized at 80°C was determined directly from TEM images and DLS
analysis or using either Mie scattering theory or Scherrer formula, results are summarized in
Table IV.1. Figure 1V.2B shows the best fit between the UV-Vis curve and the theoretical

extinction curve based on Mie calculations of nanoparticles with an approximate size of 35
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nm using a 20% standard deviation. The slight difference between the predicted and the
experimental data could be explained by the difference in polydispersity of the real sample
and the polydispersity of the approximation fixed at 20%.

From TEM images of nanoparticles (Figure 1VV.3A) the average size of the synthesized R-
AgNPs at 80°C was 31.1+6.5 nm as calculated using the size distribution histogram (Figure
IV.3B). The calculation of the R-AgNPs average size from TEM images ignored the large
population of small-sized nanoparticles. The R-AgNPs size from TEM images correlates
with those calculated using Mie Theory. Although TEM images provide a direct estimation
of the projected area diameter of the nanoparticles, the size measurement does not take into
account the organic coating layer due to its poor contrast [65]. Therefore, the R-AgNPs

average size is underestimated because the coating layer is generally missing in TEM

images.
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Figure IV.3: A) TEM Image of R-AgNPs and B) The size distribution (nm) of R-AgNPs prepared at
80°C determined using TEM

Then DLS analysis was carried out to measure the hydrodynamic diameter of the spherical
AgNPs, including the silver core and the molecules tightly adsorbed to the surface such as
capping agents and solvent layers [65,66]. The DLS analysis of R-AgNPs has shown a large

population of small-sized nanoparticles (>99%) with a size of 9 nm.

Furthermore, R-AgNPs size was also determined using the XRD spectrum and applying the

following Scherrer’s formula:

kA
b= BcosB €q (1)

Where D is the crystallite size, K is the Scherrer constant, A is the X-ray wavelength, B is the

full width at half maximum of each diffraction peak and 6 is the Bragg diffraction angle. The
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K factor depends on the crystallite shape, crystallite size distribution, and the definition of
the FWHM [67]. The R-AgNPs size is calculated on the basis of the (111) peak in the XRD
pattern, and K value of 0.94 for FWHM of spherical crystals with cubic symmetry [68,69].
From XRD pattern of R-AgNPs (Figure 1V.4), the crystallite size was approximately equal
to 9.5 nm, which is in agreement with the hydrodynamic values obtained by DLS.
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Figure IV.4: XRD spectrum of biosynthesized silver nanoparticles at 80°C for 15min

X-ray diffraction was also used in the range of 5-90° at 26 in order to assess the crystallinity
nature of the prepared R-AgNPs. The XRD pattern of lyophilized AgNPs depicts 5 peaks at
38.19°, 44.37°, 64.56°,77.47°, and 81.46° corresponding to the (111), (200), (220), (311),
and (222) crystallographic planes, respectively. These data indicate a face-centered cubic
(fce) structure of metallic silver confirming the crystalline nature of the prepared R-AgNPs
[70,71].

The size of R-AgNPs was determined using different techniques that gave different values.
These differences could be due to multiple factors, The Mie calculations of R-AgNPs
diameter and the hydrodynamic approximation assume that the nanoparticles are spherical.
Additionally, these calculated sizes will be approximate to the theoretical ones if only the
nanoparticles were fully crystalline (crystalline size) and monodisperse in an ideal viscous
medium (hydrodynamic size and Mie calculations). Therefore, any deviation from such
assumptions will lead to discrepancies in the calculated sizes, as determined in this study.

Since TEM reproduced only the core R-AgNPs, the real size of R-AgNPs had to be higher
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than the average size of 31.1+6.5 nm as determined from R-AgNPs TEM images. Only the
Mie calculations of silver nanoparticles with 35 nm achieved the best fit to the expected R-
AgNPs size. One may ask why the Nanoparticles with hydrodynamic or crystalline size were
missing in TEM images. Firstly, nanoparticles with hydrodynamic of 9 nm will appear
smaller than 9 nm in TEM images because the capping molecules will be missing in TEM
images. If we suppose that two spherical nanoparticles with sizes of 9.5 and 31.1 nm have
proportionally the same composition, the 9.5 nm nanoparticles will come out 11 times less
dense than the 31.1 nm ones. Consequently, these small-sized nanoparticles might not appear
in TEM images if the apparatus is not sensitive enough to detect them. Secondly, if
nanoparticles with hydrodynamic of 9 nm may contain mainly organic components or may
not be silver ones, they will not be revealed in TEM images. But, the crystalline size revealed
the presence of 9 nm silver nanoparticles. This latter data could be explained by partly
crystalline R-AgNPs samples. It is known that Scherrer’s formula calculates a crystal size
different from the primary particle size in the partly crystalline samples due to the amorphous
fraction [72]. Interestingly, the R-AgNPs contain some dense spots or lines, as indicated by
arrows in TEM images (Figure IV.3A). These observations might be explained by the
capping of nanoparticles at the same time as silver reduction (one-pot nanoparticles
synthesis), therefore the growth of nanoparticles will be mainly limited to small nuclei and
mixed with organic extracts. We suppose that the spherical R-AgNPs contain mainly a
homogenous blend of organic compounds from Rosemary extract and silver nuclei, with

limited small-sized silver nanoparticles in some heterogeneous R-AgNPs.

V.3.4) Silver nanoparticles-Rosemary extract interaction and

characterization

In order to identify the nature of rosemary molecules involved in the silver nanoparticles
capping, FTIR analysis was carried out. Figure 1V.5 shows the FTIR spectra of freeze-dried
rosemary leaf extract and the prepared R-AgNPs at 80°C. The FTIR spectrum of purified R-
AgNPs showed similar bands to the rosemary leaf extract spectrum which are associated
with functional groups such as esters C-O stretching (1165 cm-1), Alkane C-H bending
(1381& 1453 cm-1), and Alkane C-H stretching (2839, 2914 & 2949 cm-1) respectively [73]
suggesting that only molecules with those groups were implicated in the capping of silver
nanoparticles. It is worth mentioning that other functional groups that are absent in the
spectrum of lyophilized R-AgNPs but present in the leaf extract spectrum (O-H and N-H)
could be responsible only for the reduction of Ag* to Ag° [43,74].
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Figure IV.5: FTIR spectra of Rosemary leaf Extract and Biosynthesized silver nanoparticles at 80°C
for 15 min.

To determine the weight proportion of biomolecules stabilizing the prepared R-AgNPs,
thermogravimetric analysis was carried out in the range of 30-1000°C. The TGA results
(Figure IV.SI-5) show 3 phases of weight loss. The first loss before 100°C corresponds to
water residue, and a second of around 40% before 400°C. The weight loss continued at a
slowlier rate to reach approximately 50% at 1000°C. This weight loss profile is also found
by other studies on the plant-mediated AgNPs synthesis which was attributed to the
multitude of bioorganic molecules coating AgNPs [75]. Indeed, this result is also supported

by FTIR results discussed above.

V.3.5) Stabilization of silver nanoparticles using surfactants
As discussed in the introduction, the stability of AgNPs is of primordial importance in order
to maintain the expected properties. First, the stability of R-AgNPs was tested in deionized
water at 25°C for 78 days as depicted with the black line (i.e., Control) in Figure 1V.6. After
7 days, a slight decrease of their absorbance was observed with a slight red-shift of the SPR
position, which indicates an increase in R-AgNPs size or aggregation. But after 28 days, a
high decrease in their absorbance by about 40% was observed. These variations in the
intensity of the SPR band at Amax Show decreases in the quantity of silver nanoparticles,
which clearly implies R-AgNPs instability during storage at room temperature suggesting

that even in the presence of rosemary extract, the R-AgNPs are not stable over time.
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Figure IV.6: The absorbance difference at Amax (%) of non-stabilized and surfactant stabilized silver
nanoparticles in function of days. A: SDS stabilized R-AgNPs, B: Tween 80 stabilized R-AgNPs, and
C: CTAB stabilized R-AgNPs. The non-stabilized group is depicted in all figures as control (Black line)

In this study, three surfactants differing in their charge were used to assess their potential
role in enhancing the stability of silver nanoparticles: Tween 80, a non-ionic surfactant,
Sodium dodecyl sulfate (SDS), an anionic surfactant, and cetyltrimethylammonium chloride
(CTAB) a cationic surfactant. The evolution of R-AgNPs stability over time was monitored
using UV-Vis spectroscopy (Figure IVV.6A, B, and C). Figure IV.6 showed the results of the
difference in absorbance at Amax compared to day O in function of time at different
concentrations of surfactants.

In the presence of surfactant, for the first 7 days, the absorbance level was not only
maintained but also increased which could be due to an immediate effect of surfactant on the
dispersion of R-AgNPs. Another possibility is a continuous AgNPs synthesis in the presence
of surfactants. Indeed, Liz-Marazan et Lado Tourino (1996) [76] have reported the
preparation of AgNPs using surfactants. Interestingly, a mixture of silver nitrate and Tween
80, SDS, or CTAB with the same ratios as in our stabilization experiment, did not induce

AgNPs synthesis (data not shown), suggesting a complementary role of rosemary extract
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and surfactants in the synthesis and stabilization of R-AgNPs respectively. In the case of
SDS, an anionic surfactant, the absorbance peaks increased to day 7 and then decreased
continuously and slightly over time for all tested concentrations. However, at a concentration
of 7 uM, after 78 days, the absorbance peak decreased only by 4.4% showing much higher
stability than the control (-45.13%).

Similarly, Tween 80 at the various tested concentration have induced a substantial increase
in stability over time, especially for very low concentration such as 5 and 7 uM for which
the absorbance difference has increased to 8% and decreased to only 2.6% respectively
compared to the drop of 45.13% for the control after 78 days. Moreover, at a concentration
as low as 7 uM, the Zeta potential dropped from -34.45 to -26.26 mV confirming the

adsorption of non-ionic Tween 80 molecules onto the surface of silver nanoparticles.

On the other hand, using CTAB, a cationic surfactant, a higher increase in absorbance
difference was noticed on day 7 and maintained until day 14. Then a slight decrease over
time was observed. However, even after 78 days, all tested concentrations remained
significantly more stable than the control. Moreover, a blue shift of Amax was also noticed
(423 to 414 nm after 78 days), suggesting a substantial decrease in R-AgNPs mean size. The
Same as SDS and Tween 80, the best enhancement in stability was obtained with very low
concentration (3 to 7 uM). Moreover, an increase of Zeta potential from -34.45 to -9.15 mV

was noticed evidencing partial CTAB adsorption onto the surface of AgNPs.

Interestingly, testing higher concentrations for all the surfactants (data not shown) resulted
in an apparent aggregation of R-AgNPs which could be due to the increase of the interaction
between surfactant-capped R-AgNPs when the surfactant concentration used is high. Indeed,
in a study by Kurrey et al., (2019) [77], silver nanoparticles were used as a colorimetric
probe for the detection of quaternary ammonium surfactants, including CTAB. The result
showed that quaternary ammonium surfactants induced AgNPs aggregation, which was
attributed to the increase of hydrophobic and electrostatic interactions between the
surfactants and the molecules capping AgNPs. This could explain the aggregation behavior
of R-AgNPs at higher surfactant concentrations and also the decrease in stabilization

efficiency above a certain concentration.

The measurements of stability were continued up until 198 days. As shown in Figure 1V.7,
the stability of non-stabilized R-AgNPs as well as their surfactant-stabilized counterparts

continued to drop over time at different rates. After 198 days, the absorbance of the control
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(non-stabilized R-AgNPs) dropped by 84.07% while the stabilized R-AgNPs showed a
relatively greater stability as 3uM CTAB R-AgNPs dropped by 41.05%, 5uM Tween 80 R-
AgNPs dropped by 41.34% and 7uM SDS R-AgNPs dropped by 37.55%.
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Figure IV.7: UV-Vis spectra of A: pristine R-AgNPs (Control), B: 3 uM CTAB R-AgNPs, C: 7 uM SDS R-
AgNPs and, D: 5 puM Tween 80 R-AgNPs over time

The three tested surfactants showed similar results with a slightly better stabilization using
SDS. The stabilization of silver nanoparticles could be achieved either sterically,
electrostatically or both (Electrosterically) [78]. In the case of ionic surfactants (SDS and
CTAB), both mechanisms could be involved especially for molecules with relatively higher
molecular weight. However, for CTAB, it is more likely that the enhancement of
stabilization was rather the result of a steric repulsion because Zeta potential values were
decreased. While in the case of non-ionic surfactants (Tween 80), the stabilization could
only be achieved by steric repulsion. The fact that the best enhancement results were
obtained by SDS, the anionic surfactant, emphasizes the role of surface charge on the

stability of AgNPs given that SDS has the lowest molecular weight among the three tested
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surfactants. Thus, in this study, we shed the light on the instability of biosynthesized AgNPs
and proved that a post-synthesis, long-term stabilization of silver nanoparticles could be
achieved with very low concentrations of surfactants (=3-7uM) and that negatively-charged

and relatively bigger molecules favor a high stabilization of negatively-charged AgNPs.

The effect of 7 uM surfactant capping on the crystalline structure of R-AgNPs was studied
using XRD. As shown in Figure 1V.SI-6, All R-AgNPs, whether surfactants-capped or not
showed 5 peaks corresponding to the (111), (200), (220), (311), and (222) crystallographic
planes indicating a face-centered cubic (fcc) structure of metallic silver [70]. Moreover, the
crystallite size (Dw-+) and microstrain € were calculated using the Williamson-Hall (W-H)
method using the following equation [79].

B cosO =%+4£sin9 eq. (2)

Where D is the crystallite size, K is the Scherrer constant, A is the X-ray wavelength, B is the
full width at half maximum of each diffraction peak, 0 is the Bragg diffraction angle, and ¢
is the microstrain. Thus, by plotting B cos 6 against 4 sin 6 we could calculate the crystallite
size Dw-+ from the intercept of the linear fit of W-H plot and the microstrain & from its slope.
Results are shown in Figure IV.SI-7 in table 1VV.SI-1. Moreover, the lattice constant (a)
values were found to be 4.089, 4,089, 4.080, and 4.069 A for R-AgNPs, CTAB-capped R-
AgNPs, Tween 80-capped R-AgNPs, and SDS-capped R-AgNPs, respectively, which is
consistent with the value reported in the JCPDS Card No. 04-0783 [80]. These results
indicate that none of the 3 surfactants used in this study has induced changes in the crystalline

structure of pristine R-AgNPs.

V.3.6) Evaluation of the antibacterial activity of silver

nanoparticles
The biosynthesized R-AgNPs antibacterial activity was studied against four pathogenic
bacterial species, two Gram-negative (E. coli and P. aeruginosa) and two Gram-positive (S.
aureus and E. faecalis). These bacteria are of great interest in the medical and food
packaging fields due to their pathogenicity and ability to cause food spoilage and food
poisoning [81,82]. First, the antibacterial activity of biosynthesized R-AgNPs without
surfactant capping was evaluated by MIC and MBC measurements through the microdilution

method and compared to commercial silver nanoparticles (size = 50-60 nm) (Table 1V.2).
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Table IV.2: MICs and MBCs results of biosynthesized silver nanoparticles at 80°C for 15 min (size
using TEM = 31nm) and commercial nanoparticles (size = 50-60nm)

Bacterial species MICs (ug.mL™?) MBCs (ug.mL™?) MICs (ug.mL™?)
R-AgNPs R-AgNPs Commercial
AgNPs
S. aureus 75 150 150
E. faecalis 18.75 75 75
E. coli 375 150 150
P. aeruginosa 375 150 300

Biosynthesized R-AgNPs exhibited good antibacterial activity against all tested bacteria
(CMI<75ug.mL™?) and a much higher activity compared to the commercial AgNPs (Table
IV.1). This difference could be mainly attributed to the much smaller size of the prepared
nanoparticles (31 nm) compared to the commercial ones (50-60nm). Indeed, many studies
have reported a size-dependent antibacterial activity of AgNPs, owing to the higher surface

area of small nanoparticles compared to bigger ones [83,84].

The obtained results show no correlation between the antibacterial activity of R-AgNPs and
the Gram classification. Other studies have observed higher antibacterial activity of silver
nanoparticles against Gram-negative bacteria than Gram-positive, but many of them have
realized their study against only two bacteria: E. coli and S. aureus [85-87]. The antibacterial
activity of R-AgNPs may be due to either the release of silver ions or the direct interaction
between silver nanoparticles and bacteria which cause cell membrane disruption, DNA
damage and sulphur and phosphorous-containing compounds damages via free radical
generations [88,89]. Furthermore, in our case, biomolecules on the surface of silver
nanoparticles could enhance AgNPs antibacterial activity. Indeed, many studies have used

biofunctionalization to increase the antibacterial activity of AgNPs [55].

Figure 1V.8 shows the effect of surfactant stabilization of silver nanoparticles on their
antibacterial activity against two bacteria, E. coli and S. aureus. Three surfactant
concentrations were chosen, 3, 5, and 7 uM based on their stabilization potency, and the
experiment was performed using a concentration of 37.5 mg. L of either surfactant capped
or pristine R-AgNPs which corresponds to MIC value in the case of E. coli for pristine R-
AgNPs. Compared to the pristine R-AgNPs, none of the surfactants-capped R-AgNPs
showed any significant improvement in the antibacterial activity against E. coli. On the
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contrary, in the case of SDS, a slight decrease in the antibacterial activity was noticed that
could be due to the delayed release of silver ions from silver nanoparticles as evidenced by
the increase of R-AgNPs stability. The non-improvement of antibacterial activity by CTAB
and Tween 80 could be due to the very low concentrations used for R-AgNPs stabilization.
Indeed, the reported MIC of CTAB, while it varies significantly, it is much higher than the
used concentration. Sun et al., (2019) [90] have evaluated the MIC of CTAB on 510 isolates
of E. coli. The smallest reported MIC value is 87 nM of CTAB against one E.coli isolate,
while for most isolates (405 isolates), the MIC of CTAB was 256 mg. L™ (702 uM). Similar
results were reported by Kvitek et al., (2008) [55] where Tween 80 and SDS stabilized silver

nanoparticles were tested against E. coli and no enhancement of bacterial activity was
observed.

E.coli S.aureus E.coli S.aureus E.coli S.aureus E.coli S.aureus E.coli S.aureus E.coli S.aureus E.coli S.aureus E.coli S.aureus E.coli S.aureus E.coli S.aureus
R-AgNPs 3uM C-AgNPs  5uM C-AgNPs  7uM C-AgNPs  3uM S-AgNPs  5uM S-AgNPs  TuM S-AgNPs ~ 3uM T-AgNPs  5uM T-AgNPs  7uM T-AgNPs

- - N ]
o o =] (2]

Bacterial concetration (UFC/mL) x 10°

Figure 1V.8: The effect of surfactant capping on the antibacterial activity of R-AgNPs against E.coli
(dark grey) and S.aureus (light grey). C-AgNPs: CTAB-capped R-AgNPs, S-AgNPs: SDS-capped R-
AgNPs, and T-AgNPs: Tween 80- capped R-AgNPs.

As for S. aureus, CTAB-stabilized AgNPs have shown a remarkable increase in the
antibacterial activity with all the tested concentrations (an 8-fold increase in antibacterial
activity using only 3uM CTAB-capped AgNPs), while SDS-capped silver nanoparticles
haven’t shown any effect. Similar results were found by Jang et al., (2015) [91] against
multiple strains of S.aureus where the MIC of AgNPs passed from (>125 mg. mL™1) to 32mg.
mL* while the MIC of SDS-capped AgNPs remained unchanged compared to the pristine
AgNPs. However, they have used much higher concentrations of surfactants in order to
stabilize their AgNPs (0.125 and 0.25 mM for CTAB and SDS, respectively). The
enhancement of the antibacterial activity using CTAB could be due to numerous factors. As
proven by Zeta potential results, the surface charge of CTAB-capped R-AgNPs shifted to
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more positive values which could increase their interaction with the negatively charged
bacteria. Also, the decrease in size of CTAB-capped R-AgNPs as evidenced by the blue shift
in UV-Vis spectroscopy could be a contributor to the enhanced activity. However, the
magnitude of the enhancement is more likely to be induced synergistically by the intrinsic
antibacterial activity of the CTAB and R-AgNPs. The difference between E. coli and S.
aureus is probably due to the higher antibacterial activity of quaternary ammonium
compounds such as CTAB against Gram-positive bacteria (S. aureus) compared to Gram-
negative bacteria (E. coli) [92]. To the best of our knowledge, this is the first study reporting
the enhancement of the antibacterial activity of silver nanoparticles using such low amounts
of stabilizing CTAB (=3-7uM).

V.3.7) Cytotoxicity of pristine and surfactants-capped R-AgNPs

Figure 1V.9 shows the Alamar Blue® assay for L929 cells in contact with three
concentrations of either surfactant-capped or pristine silver nanoparticles, corresponding to
the MIC values of the tested bacteria reported above i.e., 18.75, 27.5, or 75 pug. mL?. Based
on the direct contact cytotoxicity test of the standard ISO 10993-5:2009 [93], the results
show that none of the tested samples exhibited any cytotoxic effect upon L929 cells for each
tested concentration as cell viability was >70%. Interestingly, the pristine R-AgNPs rather
showed a proliferative activity while the chemically-prepared AgNPs exerted a dose-
dependent slight cytotoxicity even though their size is higher. Moreover, none of the
surfactant-capped AgNPs showed any cytotoxic effect even with the higher concentration
(75 pg. mLY). Figure 1V.SI-8 shows L929 cells under an optical microscope after contacting
AgNPs for 24 hours. These results indicate that the prepared R-AgNPs are safe for usage in
applications where they could be exposed to human cells at concentrations that were
demonstrated to be effective against bacteria.
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Figure 1V.9: The effect of surfactant capping on the cytotoxic of AgNPs in contact with L929
fibroblasts for 24 hours. The horizontal red line corresponds to the threshold of cell viability set at
70%. Results are presented as mean 1 SD. * correspond to p <0.05 compared to cytotoxicity
positive control.

V.4)  Conclusion

In conclusion, around 32 nm sized silver nanoparticles were successfully prepared using
rosemary leaves extract as a green approach, these R-AgNPs were characterized using
various techniques such as UV-Vis spectroscopy, DLS, FTIR, XRD, TEM, and TGA. The
prepared R-AgNPs were tested and found effective against four pathogenic bacterial strains,
two Gram-negative (E.coli and P.aeruginosa) and two Gram-positive(S.aureus and
E.faecalis). The stability of AgNPs was assessed over time and improved substantially by
the use of three surfactants, the anionic surfactant SDS, the cationic surfactant CTAB and
the non-ionic surfactant Tween 80 at very low concentrations ~3-7UM. The use of CTAB to
stabilize R-AgNPs has also enhanced remarkably the bacterial activity against S. aureus.
The cytotoxicity against L929 mouse fibroblast was also assessed and none of the prepared
R-AgNPs, either surfactant-capped or not have shown any significant cytotoxic effect

against mammalian cells.
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V.5)  Supporting information

Figure IV.SI-1 : a) Rosemary leaves extract, b) 2 mM Silver nitrate , c-h) R-AgNPs prepared at 80°C
at different reaction time c: 0.5 min, d: 1 min, e: 3 min, f: 5 min, g: 7 min, h: 9 min.
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Figure 1V.SI-2: UV-vis spectra of biosynthesized silver nanoparticles at, A: 25°C, B: 40°C, C: 60°C and
D: 80°C.
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Figure IV.SI-3: UV-Vis spectra of R-AgNPs prepared at 80°C for different times.
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Figure IV.SI-4: Theorical calculation of absorption spectrum of spherical AgNPs of theorical size of
35 nm using the Mie theory.
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Figure IV.SI-5: Thermogravimetric analysis (TGA) profile of R-AgNPs prepared at 80°C.
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Figure IV.SI-6: XRD Spectra of biosynthesized silver nanoparticles at 80°C for 15min before (R-
AgNPs) and after surfactants capping
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Figure IV.SI-7: Williamson-Hall plot of A) Pristine R-AgNPs, B: 7 uM CTAB R-AgNPs, C: 7 uM SDS R-
AgNPs and, D: 7 pM Tween 80 R-AgNPs

Table IV.SI-1: Crystallite size (D), Microstrain (€) obtained from Williamson-Hall plot, and Lattice
constant (a) of Pristine and capped R-AgNPs

Crystallite size

Microstrain ¢ Lattice constant a

D (nm) (10®) (A)
Pristine R-AgNPs 13.8 0.93 4.0890
CTAB-capped AgNPs 12.1 0.65 4.0891
SDS-capped AgNPs 13.5 1.13 4.0690
Tween 80-capped AgNPs 15.3 14 4.0805
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Figure IV.SI-8: Optical images of L929 cells at magnification X20. A) Cells treated with pristine R-
AgNPs and, B) cells treated with 7 uM CTAB-AgNPs. Scale bar: 50 um.

V.6) Supplementary information

Before choosing Salvia rosmarinus (Rosemary) extract as the reducing and capping agent for
the synthesis of AgNPs. Two plants were subject to preliminary testing, Rosemary and Thymus
vulgaris (Thyme). These two aromatic and medicinal plants were chosen due to their
composition rich in secondary metabolites which are highly implicated in the synthesis and
stabilization of silver nanoparticles as previously discussed. The same protocols as described
in sections 1V.2.2 and 1V.2.3 were followed and the UV-Vis spectroscopy and DLS results are
depicted in Fig IV.S1 and IV.S2 and summarized in Table IV.S1.
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Figure IV.S1: UV-Vis spectra of synthesized AgNPs at different temperatures and times using A:
Rosemary extract and B: Thyme extract
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Figure IV.S2: Size distribution by volume measured using DLS of A: R-AgNPs prepared at 80°C, B: R-
AgNPs prepared at 60°C, C: T-AgNPs prepared at 80°C, and D: T-AgNPs prepared at 60°C.

The results show a high similarity between AgNPs prepared using rosemary and thyme.
However, it is apparent that rosemary induced a higher SPR intensity at all tested temperatures,
while the hydrodynamic size obtained from DLS measurements remained almost identical. As
rosemary extract showed a higher AgNPs synthesis rate at all tested temperatures with no
significant change in the hydrodynamic size for AgNPs prepared at 80°C, it was chosen for the
remainder of this work and R-AgNPs prepared at 80°C were fully characterized as shown in

chapter 1V.

Table IV.S1: The approximative hydrodynamic size obtained using DLS of AgNPs prepared using
rosemary extract (R-AgNPs) and thyme extract (T-AgNPs) at different temperatures

Hydrodynamic size (nm)

R-AgNPs 80°C 9
R-AgNPs 60°C 11
T-AgNPs 80°C 8
T-AgNPs 60°C 13

As AgNPs stability is primordial for their properties, R-AgNPs prepared at 80°C were found to
aggregate after months. In the literature, multiple approaches are used to increase AgNPs
stability. In this study, 3 surfactants were chosen and the results are discussed in length in
IV.3.5. The Choice of the nature of the surfactants was based on their surface charge, but before

choosing the range of concentrations of each surfactant, a preliminary test was performed using

[169]



0.1, 1, and 5mM of surfactants. Fig IV.SI-S3 shows results of the effect of surfactants at 0.1
mM and 1 mM on the AgNPs stability after 24 h.
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Figure IV.S3: The effect of CTAB, SDS, and Tween 80 on the stability of R-AgNPs after 24 h at A: 0.1
mM and B: 1 mM.

Results have shown that using a concentration of 1mM or higher (Fig. 1V.S3-B) induced a rapid
decline in R-AgNPs SPR band, especially using CTAB where the aggregation was also apparent
visually while for SDS and Tween 80 the effect was much lower. The same thing was found
using a concentration of 5 mM. When surfactants concentration was decreased to 0.1 mM, a
slight decline of the SPR band was observed in the case of Tween while a higher absorbance
than non-stabilized AgNPs was obtained for AQNPs with SDS. In the case of CTAB, always an
apparent and rapid aggregation was observed, although to a much lesser extent than for 1 or 5

mM. In light of these results, concentrations between 1 uM and 100 uM were chosen for the

study of the effect of surfactants on the stability of R-AgNPs.
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Chapter V:

Chitosan/Green Silver nanoparticles
nanobiocomposites: an efficient dual functionality
as antibacterial materials and 4-Nitroaniline
reduction catalysts
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Chapter overview

In the previous chapter, we optimized the biosynthesis of R-AgNPs via an eco-friendly pathway
in terms of size and production. These R-AgNPs showed a much higher antibacterial activity
against Gram-positive and Gram-negative bacteria compared to commercial AgNPs used in

chapter I1I.

In this chapter, we aimed to evaluate the antibacterial potential of these R-AgNPs when
incorporated into a polymeric matrix. In that regard, chitosan (CS) was used as a matrix for the
preparation of CS-AgNPs nanocomposites. CS differs from PCL and PLA in its polysaccharidic
nature as well as its inherent bacteriostatic activity. These properties make CS an ideal
candidate for applications in food packaging. However, unlike PCL and PLA, polysaccharides
such as CS cannot be melted as they degrade before melting, therefore techniques like melt
extrusion cannot be used for these types of polymers. As an alternative, the solution
mixing/solvent casting method is a simple and eco-friendly approach in the case of hydro-

soluble polymers-based nanocomposites.

Using solution mixing, CS-Metallic nanoparticles (MeNPs) nanocomposites are usually
prepared using an in-situ approach in which MeNPs are prepared inside the CS matrix via the
reduction of Me* using CS itself. Alternatively, an ex-situ approach could be used in which
AgNPs are prepared beforehand, and then dispersed in the CS matrix. This technique allows
more control over NPs characteristics (size, surface charge, and stability). For these reasons,

we adopted the ex-situ approach using R-AgNPs as nanofillers.

The results of this chapter are presented in the form of a paper ready for submission under the
title «Chitosan/Green Silver nanoparticles nanobiocomposites: an efficient dual functionality

as antibacterial materials and 4-Nitroaniline reduction catalysts».
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Abstract

Chitosan (CS) is a natural biocompatible, biodegradable, and non-toxic polysaccharide with a
high potential in various applications in medicine, food packaging, and catalysis. Similarly,
Silver nanoparticles (AgNPs) are known for their excellent antimicrobial properties, catalytic
activity, and their high compatibility with Cs. These AgNPs are usually prepared through
expensive and non-ecofriendly chemical or physical approaches. Alternatively, plant-mediated
synthesis of AgNPs is regarded as the ecofriendly, low-cost, and simplest approach for AgNPs
preparation. In this work, we aimed to combine CS with Rosemary-mediated AgNPs to prepare
CS/R-AgNPs films through a simple ex-situ solution mixing approach for potential applications
in antimicrobial food packaging due to the antibacterial activity of both CS and AgNPs, and in
heterogeneous catalysis of reduction of aromatic nitro-compounds to their corresponding
anilines using CS as a support and R-AgNPs as metal catalysts for the hydrogenation of 4-
Nitroaniline (4-NA). CS/R-AgNPs films were characterized using UV-Vis spectroscopy, X-ray
diffraction (XRD), Transmission electron microscopy (TEM), Fourier transform infrared
spectroscopy (FTIR), and Thermogravimetric analysis (TGA). TEM images showed well-
distributed R-AgNPs in the CS matrix and FTIR proved the existence of electrostatic
interactions between R-AgNPs and CS. Finally, their antibacterial and catalytic activities were
tested. CS/R-AgNPs showed excellent antibacterial activity against both Gram-positive
bacterium Staphylococcus aureus and Gram-negative bacterium Escherichia coli at very low
R-AgNPs loading i.e., 0.5%. Furthermore, we reported the successful use of CS/R-AgNPs as
a heterogenous catalysis system for the dehydrogenation of 4-Nitroaniline in the presence of
Sodium Borohydride (NaBHa). The reaction followed a pseudo-first order kinetic with an R-
AgNPs dose-dependent rate constant K as follow: 0.09 min for CS/1% R-AgNPs, 0.11 min™
for CS/2% R-AgNPs, and 0.20 min for CS/3% R-AgNPs. The catalyst recyclability showed
that even after 10 consecutive cycles, CS/R-AgNPs retained a 96% conversion. Thus, CS/R-
AgNPs films could find potential applications in active food packaging as well as water

treatment.

Keywords: Chitosan nanocomposites, Silver nanoparticles, Antibacterial activity,

Heterogenous catalysis, Water treatment.
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VI1.1) Introduction

Chitosan (CS), a cationic polysaccharide prepared by deacetylation of chitin, is a byproduct of
the fishing industry and the second most abundant polysaccharide in nature after cellulose [1].
In addition to its low cost, biocompatibility, biodegradability, and nontoxicity, CS is rich in -
OH and -NH: functional groups allowing its functionalization [2,3]. Furthermore, the CS amino
groups are also known to be responsible for its antibacterial behavior [4]. Consequently, CS has
been used in a variety of applications such as medicine [5], active food packaging [6], and
catalysis [7]. Indeed, CS has gained a lot of attention as an antimicrobial food packaging
material. Thus, the use of CS in food coating inhibits for example the bacterial growth of
Broccoli [8] and increased significantly the shelf life of meat products [9]. However, as CS
films tend to disintegrate in contact with water due to their primary ammonium groups, the
deprotonation of these groups is an essential step to limit this degradation. Nevertheless, this
step results in the reduction of the CS antibacterial efficacy due to the decrease of the
electrostatic interactions between CS and microorganisms [10]. Moreover, the qualitative and
quantitative antibacterial activity of CS are very limited mainly at neutral pH. Indeed, CS is
rather considered bacteriostatic than bactericidal [11]. Therefore, to maintain, enhance, and/or
enlarge the antibacterial activity of CS-based food packaging, additives such as essential oils
have been added [12,13]. But, as the diffusion of these additives may compromise the
organoleptic properties of the packaged food [14], it is necessary to find an alternative. For this
purpose, silver nanoparticles (AgNPs) appear as good candidates due to their high antibacterial
activity against a wide range of bacteria [15], their non-interference with organoleptic
properties of food [16], and also due to the good affinity between silver nanoparticles and CS
[17]. The synthesis of AgNPs is usually carried out by chemical or physical methods, which
require the use of environmentally hazardous substances and excessive use of energy,
respectively [18,19]. Alternatively, AgNPs can be prepared via a more friendly pathway, for
example using biological extracts. Indeed, plant extracts are rich in biological molecules such
as polyphenols, polysaccharides, proteins which can be exploited for the reduction of silver

ions, and the subsequent capping of the produced AgNPs [20].

Thus, we prepared AgNPs by this green process and incorporate them into chitosan films to
prepare CS/AgNPs bio nanocomposites. Then, we studied their innovative properties for two

applications such as antimicrobial food packaging and water remediation.

Indeed, water pollution is one of the biggest worldwide challenges in this century. Among the

groundwater contaminants, nitro-aromatic compounds are known as the most intractable
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organic pollutants in industrial and agricultural wastewaters [21]. These are highly toxic to
humans, animals, and plants, and they may pose a serious threat to human life and the
environment, even at low concentrations [22]. Over the last few years, several methods have
been reported for degradation, transformation, or removal of nitro-aromatics compounds from
wastewater, including for example, electrochemical and photochemical degradation, ozonation,
and adsorption [23]. Among all these methods, catalytic hydrogenation has been proved to be
an impressive and environmentally benign approach. Indeed, this available and efficient
technology reduces harmful pollutants and can simultaneously generate high value-added
products. In this context, the CS/AgNPs nanocomposites could also be considered an excellent
candidate as heterogeneous catalysts for the controlled and selective hydrogenation of
nitroarenes. Indeed, the CS chemical functionalities are known to have a high affinity with
transition metals, and CS has been used as support in a wide variety of heterogeneous catalytic
systems [24,25]. Indeed, the use of CS as solid support for metal nanoparticles (MNPS) increases
their stability, reactivity, selectivity, and reusability. Such nano-composites [MNPs-CS] have
been widely employed in various catalytic protocols [26] and were obtained using either an in-
situ or an ex-situ approach. In the in-situ approach, MNPs were prepared inside the CS matrix
either by exploiting the reducing and capping power of CS [27] or by adding other toxic
reducing agents to produce small MNPs [28]. On the other hand, in the ex-situ approach, the
already prepared MNPs are only mixed with CS allowing the formation of MNPs with tuned
characteristics before their incorporation into CS and, better control of important features such

as the size [29]. Moreover, the ex-situ approach is more scaled-up [30].

In the present study, we prepared Rosemary extract mediated AgNPs (R-AgNPs) via a simple
biological pathway. These AgNPs were embedded into CS to form CS/R-AgNPs
nanocomposites via a simple solution mixing technique. The prepared CS/R-AgNPs were
characterized using Thermogravimetric Analysis (TGA), Fourier Transform InfraRed
spectroscopy (FTIR), and Transmission Electron microscopy (TEM). Afterward, the
nanocomposites were tested for the two potential applications i) as antimicrobial food
packaging by assessing their antibacterial activity against a Gram-negative bacterium,
Escherichia coli, and a Gram-positive bacterium, Staphylococcus aureus, two bacteria highly
associated with food contaminations and widely used as model bacteria and ii) in water
treatment by the evaluation of their heterogeneous catalytic activity in the reduction of 4

nitroaniline (4-NA) as a model of industrial contaminant.
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V1.2) Material and methods

VI1.2.1) Materials
Chitosan powder (Molecular weight = 310000 - 375000 Da, Degree of deacetylation > 75%)

was obtained from Sigma Aldrich (USA). Silver nitrate was purchased from Fluka Chemika
(France). BHI and BHI agar were purchased from Fischer Chemical (France) and PBS was
purchased from Sigma Aldrich (France). All chemicals were used as received.

V1.2.2) Silver nanoparticles preparation
Green silver nanoparticles (R-AgNPs) were prepared following an optimized protocol using
rosemary leaves extract as a reducing and stabilizing agent (Nabgui et al., submitted). Briefly,
rosemary leaves extract was prepared using 10 g of dried leaves in 100 mL of milliQ water. 10
mL of the prepared extract was then added to 90 mL of an aqueous solution of silver nitrate
(AgNO:s) with a final concentration of 1 mM. and the mixture was stirred at 80°C for 15 min.
The prepared R-AgNPs were washed and purified three times using centrifugation at 9300 g

for 15 min.

V1.2.3) Chitosan-AgNPs films preparation
Four grams of Chitosan (CS) were dissolved in 100 mL of 1% (v/v) acetic acid at room
temperature. Afterwards, 1 g of CS/R-AgNPs films were prepared by mixing the appropriate
amount of the previous CS solution and the green AgNPs to have 0.5 wt%, 1 wt%, 1.5 wt%, 2
wt%, and 3 wt% of R-AgNPs with regard to CS (the films were noted respectively CS/0.5% R-
AgNPs, CS/1% R-AgNPs, CS/1.5% R-AgNPs, CS/2% R-AgNPs, and CS/3% R-AgNPs). The
solution was kept under stirring for 2 h and then was ultrasonicated for 15 min. The solution
was then cast onto Petri dishes (78.5 cm?) and allowed to dry at room temperature. Films were

peeled off and immersed in a 2 M NaOH solution.

Finally, the antibacterial activity of CS, CS/0.5% R-AgNPs, CS/1%R-AgNPs, and CS/1.5% R-
AgNPs was tested. As preliminary results showed that a higher R-AgNPs content might be
needed for the catalytic activity, CS, CS/1% R-AgNPs, CS/2% R-AgNPs, and CS/3% R-AgNPs
films were chosen to assess the heterogeneous catalytic activity of CS/R-AgNPs

nanocomposites.

V1.2.4) Characterization of Silver nanoparticles

UV-vis spectroscopy was used to confirm the synthesis of silver nanoparticles using a

Shimadzu UV-2600 spectrophotometer. The Zeta Potential was determined using a Malvern
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ZetaSizer NanoZS device. Transmission electronic microscopy (TEM) was used to determine
the size and distribution of silver nanoparticles using a Hitachi HT7800 device operating at an
accelerating voltage of 100 Kv.

V1.2.5) Characterization of CS/R-AgNPs films

The prepared CS/AgNPs were characterized using multiple techniques. Thermogravimetric
analysis (TGA) was performed using a TGA 55 Discovery device at a rate of 20°C min under
nitrogen in the range of 25°C to 800°C. FTIR analysis was performed using a Thermo
Scientific™ Nicolet™ iS™ 50 instrument in attenuated total reflection (ATR) mode. Spectra
were recorded in the range of 400-4000 cm™ with a spectral resolution of 4 cm™. The
distribution and aggregation state of R-AgNPs in the CS matrix was assessed with TEM using

a Hitachi HT7800 device operating at an accelerating voltage of 100 Kv.

V1.2.6) Assessment of antibacterial activity of CS and CS/R-

AgNPs films

V1.2.6.1) Bacterial strains
Two bacterial strains, a Gram-positive strain, Staphylococcus aureus (ATCC 29213), and a
Gram-negative strain, Escherichia coli (K12 MG1655) were used to evaluate the antibacterial
activity of neat CS and CS/R-AgNPs films. Bacterial strains were maintained at -20°C in 30%
glycerol. All strains were precultured in Brain Heart Infusion nutritive medium (BHI, Bacto™)
at 37°C and 140 rpm for 16 h under aerobic conditions. The bacterial suspension was diluted in
a BHI medium to obtain an approximated bacterial concentration of either 4.10° Colony
Forming Units (CFU). mL"' or 5.10° CFU. mL"! estimated through the optical density
measurement at 595 nm. The exact bacterial concentration was determined by counting on BHI-
agar (Difco™).

V1.2.6.2) Antibacterial activity of CS and CS/R-AgNPs films
Native CS and CS/R-AgNPs films antibacterial activity was assessed by counting the
adhered S. aureus and E. coli on the surface of nanocomposites discs (d=0.8mm). The discs
were immersed in 3 mL of the previously prepared bacterial suspensions and were incubated
at 37°C for 18 h at 140 rpm. The films were then gently washed using sterile PBS and
allowed to dry under sterile conditions. Then they were immersed in a 3 mL sterile PBS
solution and were sonicated for 3 min to remove the adhered bacteria from the surface.
Decimal dilutions, i.e., 10, 10, 10" and 10 of the bacterial suspension were spread onto

BHI agar plates. After incubation for 24 h at 37°C, the colonies were enumerated and
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expressed as CFU.cm™. Three independent enumerations were carried out for each assay.
The inhibition values were expressed as percentages compared to the number of adhered
bacteria on native CS film as a control.

V1.2.6.3) Catalytic reduction of 4-NA

The catalytic reduction of 4-NA using CS/R-AgNPs films was assessed using NaBH4 as a
reducing agent. Briefly, 0.5 mL of NaBH4 (1 M) was mixed with 2.5 mL of an aqueous solution
of 4-NA (1 mM) at room temperature under constant stirring. 7.2 mg of CS/R-AgNPs films
with different percentages of R-AgNPs (1, 2, or 3 wt%) were introduced into the reaction
medium, and samples were taken at regular times for UV-Vis spectroscopy measurements. The
reaction was performed without catalyst as a negative control and with 3 ul of a 2.5 wt% R-
AgNPs solution as a positive control. In order to test the recyclability of the catalytic system,
after each experiment, the CS/R-AgNPs film was removed from the reaction medium, washed
with distilled water for 10 min under gentle mixing, then dried at room temperature, and reused
for another 4-NA reduction reaction following the same procedure.

VI1.3) Results and discussion

V1.3.1) Synthesis and Characterization of silver nanoparticles
Silver nanoparticles used for the preparation of Chitosan (CS)/Silver nanoparticles (R-AgNPs)
blends were prepared using an ex-situ biosynthesis approach. As described in the introduction
section, this approach allows more control over nanoparticles characteristics such as the size
and it is easily scaled up compared to the in-situ approach [29,30].

R-AgNPs were prepared using Rosemary extract as a reducing and capping agent at 80°C for
15 min. The UV-vis spectrum confirmed the synthesis of narrowly distributed R-AgNPs as
depicted in Fig. V.1. TEM analysis (Fig. V.2) showed also a narrow distribution of spherical
R-AgNPs with an average size of 31.11+£6.49 nm. Finally, the stability of the R-AgNPs was
evaluated using Zeta potential measurement. Indeed, AgNPs are considered stable when the
absolute value of their Zeta potential is higher than 30 mV [32]. For the prepared R-AgNPs,
Zeta potential measurements revealed a value of -34.45mV indicating a stable dispersion due
to the negatively charged rosemary extract molecules adsorbed onto the surface of

nanoparticles.
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Figure V.2: TEM result of R-AgNPs prepared at 80°C.

V1.3.2) Preparation and Characterization of CS/AgNPs films
The effect of R-AgNPs loading ratio in CS/R-AgNPs films was studied using different AgQNPs
percentages, 0.5%, 1%, 1.5%, 2%, and 3% (w/w). Solvent casting method by mixing a 2.5%
(w/v) CS solution in 1% acetic acid with the corresponding quantity of AgNPs was used as
illustrated in Fig. V.3. After being peeled off, the films were immersed in a 2 M NaOH solution

to prevent their disintegration as discussed in the introduction section.
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Figure V.3: Protocol of the preparation of CS and CS/AgNPs nanocomposites at different AgNPs
loadings.

FTIR analysis is an effective tool to study the interaction between multiple-component
materials via the identification of changes in the binding of the functional groups. Fig. V.4
shows FTIR spectra of native CS film and CS/AgNPs nanocomposites for the highest AgNPs
concentration (i.e., 3%) in order to better visualize the effect of the incorporation of AgNPs into
CS on the signals of the different functions of CS especially acetamide (NHCOCHs3) and amine
(NH2). Moreover, expected the intensity of some bands, whatever the AgNPs amounts the

spectra were similar (data not shown)

The slight shift observed in the resonance of the acetamide NHCOCH; at 1641 cm™ to 1635
cm! demonstrates a significant interplay of these functional groups with the metal nanoparticles
and its surrounding outer-sphere by acid-base donation (mainly by -C=0-AgNPs) highlighting
the stabilization of AgNPs by CS as reported by Affes et al., (2021) [26,31].

[188]



90

80

70 4

60 +

(9%) duenrusueay]

50 4 |

3444

Neat CS

40 — CS/3%AgNPs

30 . . . . v r
4000 3000 2000 1000
Wavelength (cm™)

Figure V.4: FTIR spectra of native CS and CS/3% R-AgNPs films.

TGA analysis was used to measure the thermal stability of CS and CS/AgNPs films (Fig. V.5).
All materials had a similar degradation profile with only a slight difference at 150°C, probably
due to the residual water molecules in the films entrapped in the CS chains. Above 150°C, all
films followed a classic CS thermal degradation curve corresponding to the dehydration,
depolymerization, and pyrolytic decomposition of the chitosan backbone [31]. However, the
presence of R-AgNPs in the CS matrix increased slightly the thermal stability of CS, which
could probably be explained by the restriction of CS chains mobility [32]. Other studies have

reported a similar slight increase in thermal stability using similar AgNPs loadings prepared
using an in-situ approach [27,33].
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Figure V.5: TGA curves of native CS and CS/R-AgNPs films.

The morphological study using TEM analysis was carried out to measure the distribution of
AgNPs in the CS matrix as well as its aggregation state. The TEM images of neat CS (Fig.
V.6A) and CS/1.5% AgNPs (Fig. V.6B) showed good distribution of AgNPs within the CS
matrix. However, as demonstrated by TEM size calculations, R-AgNPs in the CS matrix have
aggregated as evidenced by an increase of AgNPs size from 31.11+6.49 nm to 169+70nm for
free R-AgNPs and R-AgNPs in CS, respectively. Very few studies have compared the size of
AgNPs before and after their introduction in a CS matrix and the majority of reported works
have used an in-situ approach for the synthesis of CS/AgNPs nanocomposites. In a study using
an ex-situ approach, You et al., (2017) [34] described similar results with about a 4-fold increase
of AgNPs size in Collagen/Chitosan scaffolds compared to the free AgNPs.
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Figure V.6: TEM images of A) Neat CS and B) CS/1.5%R-AgNPs nanocomposites.

V1.3.3) Antibacterial activity of CS and CS/R-AgNPs films

Antibacterial activity of CS and CS nanocomposites was assessed against both Gram-positive
bacteria S. aureus and Gram-negative bacteria E. coli by counting the number of adhered

bacteria on the surface of the films after 18 hours.

First, an initial concentration of around 4 x 10° CFU.mL ™ of bacteria was used (Table V.1. Neat
CS films showed a bacterial concentration on their surface of 4.2 x 10* CFU. cm2 and 1.7 x 10*
CFU. cm for E. coli and S. aureus, respectively. The introduction of R-AgNPs for all tested
loadings (i.e., 0.5%, 1, and 1.5%) exhibited a total inhibition of the bacterial adhesion on the
surface of the films. Even if an initial bacterial concentration of 10° CFU.mL? is already higher
than the concentrations found in real life, in order to test the effect of R-AgNPs concentration,
the initial concentration of bacteria was increased to about 5 x 10° CFU. mL? and the
experiment was repeated following the same procedure as used previously. At this bacterial
concentration, a higher number of adhered bacteria on the neat CS films was observed (i.e.,
1.45 x 10 CFU. cm for E.coli and 2.17 x 10 CFU. cm for S. aureus) compared to the lower
initial bacterial concentration. As shown in Table V.1, CS/R-AgNPs films exhibited a
significant inhibition in the bacterial adhesion on their surface compared to native CS films for
all tested R-AgNPs concentrations. The inhibition reached about 82% and 85% against E. coli
and S. aureus respectively, with only 0.5% R-AgNPs loaded films. We noticed that the
inhibition increased with the percentage of R-AgNPs to about 95% against both tested bacteria
for 1.5% of R-AgNPs.
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Table V.1: The inhibition percentage of E. coli (Light grey) and S. aureus (Dark grey) adhesion on
CS/R-AgNPs nanocomposites compared to native CS films (n=3).

Sample Adhesion inhibition percentage Adhesion inhibition percentage
Bacterial initial concentration Bacterial initial concentration
4 x 10° CFU.mL™? 5x 10°CFU.mL™*
E. coli S. aureus E. coli S. aureus
CS/0.5% R-AgNPs >99.99 >99.99 82.45+2.38 85.04+8.89
CS/1% R-AgNPs >99.99 >99.99 89.80+5.24 93.14+1.32
CS/1.5% R-AgNPs >099.99 >99.99 94.70+1.65 95.97+1.93

These results showed that CS films loaded with a very low concentration of R-AgNPs could
exhibit high antibacterial activity against both Gram-positive and Gram-negative bacteria even
when these films were deprotonated. To study if the modified CS films have antiadhesive or
antibacterial properties, R-AgNPs used for the preparation of CS/AgNPs films were tested in
solution in a previous work against both E. coli and S. aureus and showed minimal inhibitory
concentration (MIC) of 37.5 and 75 pg. mL™, respectively, and a minimal bactericidal
concentration (MBC) of 150 pg. mL against both bacteria (Nabgui et al., submitted). Indeed,
AgNPs are considered excellent antibacterial agents against both Gram-positive and Gram-
negative bacteria by affecting the bacterial cells directly or through the release of silver ions.
Both AgNPs and silver ions interact with membranes, proteins, and nucleic acids leading to the
disruption of their functioning [35]. Moreover, AgNPs produce bacterial death through the
generation of Reactive Oxygen Species (ROS), which generate cell lipid peroxidation and DNA
damage leading to the apoptosis of the cells [35,36].

1.1. Catalytic activity of CS/R-AgNPs

As mentioned above, AgNPs present, in addition to their antibacterial activity, a catalytic effect
on different chemical reactions. The catalytic property of the prepared CS/R-AgNPs catalysts
in the reduction of nitro-aromatics compounds to their corresponding anilines was performed
in an aqueous medium at room temperature by using NaBHs as a hydrogen generator. The
reaction was monitored by using UV-Vis spectroscopy at 380 nm (Fig. V.7). As can be seen in
Fig. V.7A, in the absence of R-AgNPs and the presence of NaBHj, there is no change in the 4-
NA absorbance peak, however, when only 3 pl of 2.5% (w/v) R-AgNPs are added (Fig. V.7B),
a total conversion of 4-NA to 4-phenylenediamine (4-PD) was achieved within 40 seconds as
evidenced by the disappearance of the 380 nm peak (Amax of 4-NA) and the appearance of 240
nm absorbance peak corresponding to 4-PD. Fig. V.7C shows the conversion result of CS/3%
R-AgNPs over time. We observed the decrease of the absorbance peak of 4-NA with time to
reach a complete conversion within 15 min. In another experiment (Fig. V.7D), the films were
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removed after 7 min and the reaction was stopped almost immediately proving the absence of

R-AgNPs residue released in medium.
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Figure V.7: UV-Vis result for the reduction of 4-NA to 4-PD: A) Without catalysts, B) Free 3ul of
2.5% R-AgNPs as catalysts, C) CS/3% R-AgNPs film as catalysts, D) The elimination of the catalyst
after 7 min.

To compare the effect of R-AgNPs concentration on the 4-NA reduction reaction, films with

different loading of R-AgNPs were tested containing 1%, 2%, or 3% of R-AgNPs (w/w). As

the NaBH4 concentration used in the experiment was in excess, the reaction is probably a

pseudo first-order reaction with a rate law equation corresponding to:

—K.t=In(%t/ 4.)

Where At is the absorbance at a giving time t and Ao is the initial absorbance.

The rate reaction K was calculated from the slope of plotting In(At/Ao) versus time. As shown

in Fig. V.8. the linear fit confirms a pseudo first-order kinetic. Moreover, it is apparent that the
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catalytic reaction rate increases with the increase of R-AgNPs loading: 0.09 min for CS/1%
R-AgNPs, 0.11 min for CS/2% R-AgNPs, and 0.20 min for CS/3% R-AgNPs, respectively.

NaBHjs, even though a powerful reducing agent, requires the presence of a metal catalyst to
achieve the successful hydrogenation of 4-NA. The reduction of 4-NA to 4-PD by NaBHa in
the presence of R-AgNPs is based on the Langmuir-Hinshelwood mechanism in which R-
AgNPs facilitate electrons transfer from BHs4 to 4-NA. BH4 molecules adsorbed onto the
surface of R-AgNPs provide electrons useful to reduce 4-NA, also adsorbed on the surface. The
product of the reaction 4-PD is then desorbed from the surface of R-AgNPs [37,38]. CS films
act as a supporting material allowing the easy recovery of the catalyst and its immobilization,

thus preventing its aggregation.
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Figure V.8: The plot of In(At/A0) vs time for 4-NA reduction using CS nanocomposites with different
R-AgNPs loadings.

V1.3.4) Recyclability of the CS/R-AgNPs catalyst
The stability and the reusability of the catalyst are the main factors that defined its efficiency
and are essential for industrial and large scales applications. To evaluate this recyclability, the
CS/R-AgNPs catalyst was reused in several consecutive reaction cycles (Fig. V.9). The graph
shows the conversion (%) obtained with CS/3% R-AgNPs film plotted against the number of
cycles, after each cycle, the film was washed once with distilled water. After 10 consecutive

cycles, the film kept a very high conversion of 96%. The slight decrease after the 10" cycle was
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probably due to the physical loss of a small portion of the catalyst during the washing steps
[39]. The result proves that the CS/3% R-AgNPs films can be used as excellent catalysts for the
hydrogenation of 4-NA. Similar systems were tested in the literature and found similar results
[40,41]. Indeed, Alshehri et al., (2016) prepared CS-AgNPs-multiwalled carbon nanotubes
nanocomposites using an in-situ approach which were applied in the reduction of 4-nitrophenol.
In this work, the author used a much higher AgNPs loading (6.4 wt%) obtaining a significantly

smaller rate constant (0.13 x 107 min't) [41].

100+

Conversion (%)

Number of runs

Figure V.9: The recyclability of CS/3% R-AgNPs film for the 4-NA reduction.

V1.4) Conclusion

In this work, small-sized silver nanoparticles (R-AgNPs) were prepared using rosemary extract
as a reducing and stabilizing agent. These R-AgNPs were used in a simple ex-situ preparation
with Chitosan (CS) to form CS/R-AgNPs nanocomposites films with different loadings of R-
AgNPs. CS/R-AgNPs were characterized using multiple techniques such as FTIR, TGA, and
TEM demonstrating a well distributed R-AgNPs inside the CS matrix and also evidencing the
interaction between AR-AgNPs and CS.
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CS/R-AgNPs films showed an excellent antibacterial activity against both bacteria inhibiting
their growth on the surface of films at all tested R-AgNPs loadings (i.e., 0.5%, 1%, and 1.5%).
Indeed, even at the lowest R-AgNPs loading (i.e., 0.5%), complete inhibition of bacterial
growth on the films surfaces was observed at an initial bacterial concentration of 4. 10°
CFU.mLL. The deprotonation of CS films is necessary to maintain the stability and integrity
of CS films in contact with water. However, it also compromises the antibacterial activity of
CS. Therefore, the use of R-AgNPs is an effective strategy to obtain CS-based films with

excellent antibacterial activity, even when deprotonated.

CS/R-AgNPs nanocomposites have also proven to be an efficient heterogeneous catalytic
system for the dehydrogenation of toxic 4-Nitroaniline in presence of NaBH4. The reaction
followed a pseudo-first order kinetics with a R-AgNPs dose-dependent rate constant K as
follow: 0.09 min for CS/1% R-AgNPs, 0.11 min* for CS/2% R-AgNPs, and 0.20 min™ for
CS/3% R-AgNPs. Moreover, the recyclability study showed that even after 10 consecutive
cycles, the film kept a very high conversion of 96%.

This work demonstrated that CS/R-AgNPs films are good candidates for applications in active
food packaging as well as water treatment.
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General conclusion and future works

Conventional food packaging systems using petroleum-based plastics are widely used to extend
the shelf life of food. However, these polymers are non-biodegradable, thus, they constitute an
environmental problem. Moreover, they do not provide active antimicrobial protection. Thus,
the need to develop new sustainable eco-friendly, and antimicrobial active materials is of utmost
importance. In that regard, my thesis entitled “Development of composites based on
biodegradable polymers and natural fillers for potential applications in food packaging” is
carried out in a collaboration between Cadi Ayyad University in Marrakesh, Morocco, and the

University of Rouen Normandie in Rouen, France.

At first, PCL-OBnt nanocomposites (Chapter I1) were prepared using a “Grafted from” ROP
approach in open air and under solvent-free conditions. The used bentonite (Bnt) is a Moroccan
natural clay of the smectite group was chosen due to its sheet-like structure and its high surface
area. However, its hydrophilicity raises a compatibility problem between Bnt and the
hydrophobic PCL. In order to solve this problem, Bnt was organo-modified using CTAB, a
quaternary ammonium with a long alkyl chain (16-Carbon chain). The organomodification
using CTAB increases both the hydrophobicity of Bnt and its interlamellar spacing (d); thus,
allowing Bnt to enhance the physical properties of PCL (Mechanical and thermal properties).
Moreover, CTAB is a surfactant with an inherent antibacterial activity, therefore it can render
the resulting nanocomposites bioactive. Indeed, the incorporation of OBnt (1wt%, 5wt%, and
10wt%) enhanced the thermal stability of PCL and increased its hydrophobicity, a parameter
that is highly sought-after in materials applied in food packaging as it limits the transfer of
moisture from the external environment to the food and vice-versa. PCL-OBnt nanocomposites
have also shown an enhanced tensile strength compared to pristine PCL (i.e., 66 MPa for PCL-
5%0bnt vs 46 MPa for neat PCL). Finally, the antibacterial activity of PCL-OBnt
nanocomposites showed an inhibition of more than 96% of the bacterial growth against both S.
aureus and S. epidermidis using only 1wt% of OBnt. When the OBnt loading was increased to
5%, the bacterial growth was inhibited by more than 99%. These results show the potential of
CTAB-modified Bnt to enhance the physical properties of PCL as well as to provide a high
antibacterial activity to the resulting nanocomposites. As a result, these PCL-Obnt
nanocomposites are good candidates for potential application in active food packaging.

Always in the pursuit of the same objective, nanocomposites of PLA-Fluorphlogopite-AgNPs

(Chapter 111) were developed using melt extrusion. This approach is preferable as it is the most
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used in the thermoplastic polymers industry. Fluorphlogopite is a modified Mica in which -OH
groups were substituted with F~ groups, making it more hydrophobic which increases the
compatibility between the polymer and the filler, allowing us to skip the organomodification
step. As for AgNPs, they were chosen in order to provide the antibacterial activity to the
resulting composites. This choice was based on i) the high antibacterial activity of AgNPs
against a wide range of pathogens and ii) their low migration from the nanocomposites to food,
allowing thus preserving the organoleptic properties of food. The incorporation of
fluorphlogopite enhanced substantially the thermal stability of neat PLA. Indeed, the addition
of 2wt% of fluorphlogopite increased Tonset OFf PLA from 315°C to 338°C and Tsoy from 342°C
to 360°C. Moreover, the incorporated fillers did not affect the barrier properties (Water vapor
sorption, water permeability, and Gas permeability to Oz, CO2, and N2) of neat PLA,
comparable already to the barrier properties of conventional plastics. Finally, PLA-
2%fluorphlogopite-1.5% AgNPs showed excellent inhibition of bacterial adhesion after 16 h of
contact (i.e., 89%, 92%, and 76% against S. aureus, E. faecalis, and E. coli, respectively). These
results show that these nanocomposites could be used as excellent active food packaging

materials.

The results of chapter I11 have shown the important potential of AgNPs as antibacterial additives
for the preparation of active packaging materials. Moreover, most of AgNPs available on the
market today are prepared chemically using toxic reducing agents such as NABH or hydrazine.
Among the other methods, the biological pathway using plant extracts is an ideal choice as its
ecofriendly as well as cost-effective. In chapter 1V, one of the objectives was to optimize the
biosynthesis of AgNPs using an aqueous extract of rosemary (Salvia rosmarinus Spenn).
Rosemary was chosen because it is an aromatic and medicinal plant rich in secondary
metabolites that are highly implicated in the reduction and stabilization of AgNPs. At first, the
biosynthesis of AgNPs was optimized in terms of temperature and reaction time leading to
choosing 80 °C for 15 min as reaction parameters. Small-sized and uniformly distributed
AgNPs (31.1+6.5 nm using TEM) were thus produced and characterized using multiple
techniques. FTIR and ATG results also showed the implication of rosemary biomolecules in
the synthesis and stabilization of AgNPs. Subsequently, the assessment of the antibacterial
activity of AgNPs showed MICs values of 18.75 pg.ml™ against E. faecalis, 75 pg.ml* against
S. aureus, and 37.5 pg.ml* against E. coli and P. aeruginosa. These AgNPs showed a much
higher antibacterial activity compared to the commercial AgNPs used in the preparation of PLA

nanocomposites (Chapter 111).
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The stability of AgNPs is another important parameter, but not as well studied as the other
parameters such as the size or surface charge. Indeed, all AgNPs properties are highly
dependent on their size, and consequently, on their stability. For that reason, we evaluated the
stability of the prepared AgNPs in function of time which showed an aggregation after 1 month.
Consequently, enhancing their stability is a must. In that pursuit, three surfactants differing by
their charge were used, CTAB (a cationic surfactant), SDS (an anionic surfactant), and Tween
80 (a non-ionic surfactant). After 6 months, all these surfactants enhanced substantially the
stability of AgNPs using very low concentrations (3-7 uM). Then, we studied the effect of
surfactants on the antibacterial activity and the cytotoxicity of AgNPs. A substantial
enhancement of the antibacterial activity was obtained using 3 uM of CTAB against S. aureus
but not against E. coli. Finally, none of the prepared AgNPs, surfactants-capped or not, have

shown any cytotoxicity against L929 mammalian fibroblasts.

In order to validate the use of AgNPs prepared in the work presented in chapter 1V, we used
these AgNPs as a nanofiller for the preparation of chitosan-AgNPs films via a simple technique
of solution mixing/solvent casting (Chapter V). Chitosan (CS) is a natural and biodegradable
polysaccharide with an inherent bacteriostatic activity which makes it an ideal candidate for
applications in food packaging. However, in contact with water, CS disintegrates unless its
amine groups are deprotonated, but then again, the deprotonation of these groups deprives CS
of its bacteriostatic activity. Therefore, in order to restore, broaden, and enhance the
antibacterial CS films, AgNPs were used. FTIR results showed the interaction between CS
functional groups and AgNPs (-C=0-AgNPs). Subsequently, the antibacterial activity of these
films was evaluated against two model bacteria: E. coli and S. aureus. These nanocomposites
showed an important inhibition of the bacterial adhesion on their surface. Indeed, using only
0.5 wt% of AgNPs, we obtained an inhibition of 82% against E. coli and 85% against S. aureus
compared to neat CS. Finally, due to the potential of metal nanoparticles in the hydrogenation
of nitroarenes, we tested CS-AgNPs films as heterogeneous catalytic systems in the
hydrogenation of 4-nitroaniline. The films showed an important catalytic activity with a rate
constant K of 0.09 min%, 0.11 mint, and 0.20 min* for CS-1%AgNPs, CS-2%AgNPs, and CS-
3%AgNPs films, respectively. Moreover, CS-AgNPs were recyclable, and even after 10
consecutive runs, these films maintained 96% of their catalytic activity. These results prove that

these films could be used in potential applications in food packaging and water remediation.

In a summary, during this thesis, we prepared multiple antibacterial nanocomposites for

potential application in antibacterial food packaging. We used different preparation techniques
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(i.e., ROP, melt extrusion, and solution mixing). These nanocomposites were characterized

while focusing on their thermal, barrier, and antibacterial properties. All these nanocomposites

showed a great potential for applications in antibacterial food packaging particularly, PLA-

Fluorphlogopite-AgNPs. These films, in addition to their excellent physical properties

(Thermal, mechanical, and barrier properties), have shown an important antibacterial activity

by contact and not by diffusion, indicating a low migration of the antibacterial agent. As a

continuity of this work, multiple perspectives could be explored.

Regarding the elaboration of nanocomposites:

A real-life application of the prepared nanocomposites using food (e.g., meat). The
effectiveness of these materials could be tested by comparing the total bacterial growth
on food packaged by the antibacterial nanocomposites to food packaged by a
conventional plastic (e.g., PE). Finally, the shelf life of food could be compared and a
migration test for the antibacterial agent could be performed.

The polymers we used in this work are all biodegradable (PCL, PLA, and chitosan).
However, the introduction of nanofillers, especially antibacterial nanofillers could affect
their biodegradability by inhibiting microorganisms’ growth. Thus, it would be
interesting to study the effect of the incorporation of nanofillers on the biodegradation
of these nanocomposites compared to the native form of their polymers.

Based on our results, other applications could be explored such as in the medical field.
More precisely, these nanocomposites could be used in the coating of implantable
medical devices (e.g., vascular grafts, catheters, etc.). These devices are a favorite target
for bacterial colonization, hence, the necessity for antibacterial and antiadhesive
coating. The results shown by PLA-Fluorphlogopite-AgNPs (antibacterial activity by

contact), make these nanocomposites an ideal candidate for such an application.

Regarding the biosynthesis of AgNPs:

During this thesis, we noticed major issues regarding the reproducibility of the
biosynthesis of AgNPs using plant extracts. These issues are caused primarily by the
variability of the chemical composition of the extract which could have many sources
that are very hard to control (Variability between plant species, varietal variability
within the same species, seasonal variability within the same variety, etc). Given that
reproducibility is essential, solving this problem is a must. In that regard, characterizing

the plant extract using one or more measurable parameters could solve this issue.
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Thereby, using the “redox potential” of the plant extract as such a parameter seems
interesting. In that regard, everything else being equal, one could plot the result of the
biosynthesis of AgNPs (size, SPR band, etc) in function of the redox potential of plant
extracts and see if a relationship (linear or not) could be found. Finally, the coefficient

of determination R2 could be determined.
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Résumé étendu en Francais:

Développement de composites a base de
polymeéres biodégradables et de charges
naturelles pour une potentielle

application en emballage alimentaire



Résumé étendu

l. Introduction générale
Les contaminations alimentaires par les micro-organismes pathogénes constituent I’un des
problémes majeurs de 1’industrie alimentaire a cause des pertes énormes qu’elles posent tant
sur le plan sanitaire que sur le plan économique. Selon I’Organisation Mondiale de la Santé
(I’'OMS), les pathogenes alimentaires causent approximativement 600 millions de cas de
maladie et 420 milles déces chaque année dans le monde. Economiquement, ces pathogénes
causent des pertes d’environ 152 milliards de dollars chaque année aux Etats-Unis [1]. De plus,
environ 1,3 milliards de tonnes des pertes annuelles des aliments sont attribuées aux
contaminations par des pathogenes [2]. Afin de lutter contre ces contaminations, plusieurs
méthodes sont utilisées tels que la congélation, la refrigération, les traitements thermiques,
I’utilisation d’additifs et I’utilisation des emballages alimentaires [3]. D’autre part, 1’utilisation
des emballages alimentaires est essentielle pour protéger les aliments des facteurs de

I’environnement extérieur tels que la poussiere, les gaz et I’humidité [4].

Les matériaux utilisés dans I’emballage alimentaire sont généralement des plastiques d’origine
pétroliere comme le polyéthyléne (PE), le polyamide (PA) et le polystyréne (PS) [5] car ils
présentent de bonnes propriétés mécaniques et barriéres. Cependant, leur origine fossile et leur
non-biodégradabilité posent des probléemes environnementaux majeurs [5]. De plus, ces
polymeres ne présentent pas une activité antibactérienne intrinséque et par conséquent, ils
n’offrent pas une protection active contre les bactéries [6]. L’enjeu est donc le développement
de matériaux d’emballage actif pouvant limiter les contaminations microbiennes et par
conséquent, prolonger la durée de stockage des aliments. Selon le reglement de la Commission
N° 450/2009, un emballage alimentaire actif est défini comme un emballage qui offre une
protection au-dela de la protection barriéres vis-a-vis de I'environnement extérieur [7]. Ceci
concerne, par exemple, des matériaux avec une activité antimicrobienne capable de réduire,

inhiber ou retarder la croissance des microorganismes [8].

L’utilisation de matériaux antimicrobiens biodégradables respectueux de 1’environnement pour
I’emballage alimentaire actif est par conséquent, indispensable pour un développement durable.
Pour cela, des polymeres avec une activité antimicrobienne intrinseque peuvent étre utilisés
comme le chitosane [9]. L’incorporation d’agents antibactériens au sein des polymeéres ou des

composites constitue également un moyen de développement de matériau d’emballage actif. En
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effet, des acides organiques [10], des enzymes [11], des huiles essentielles [12] et des
nanoparticules metalliques [13,14] ont été utilises comme additifs antibactériens aux matériaux
d’emballage. Parmi les nanoparticules métalliques utilisées, les nanoparticules d’argent
(AgNPs) sont considérées comme des additifs antibactériens prometteurs a cause de leur
activité antibactérienne importante contre une large gamme de bactéries pathogénes,
notamment Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Listeria
monocytogenes et Salmonella spp. [15-18]. De plus, les AgNPs n’ont quasiment aucun effet sur
les propriétés organoleptiques des aliments contrairement aux extraits des plantes (e.g., les

huiles essentielles) [19].

L’emballage actif doit avoir également de bonnes propriétés mécaniques et barricres a
I’oxygéne et a ’humidité [3]. Cependant, ces propriétés sont relativement faibles dans les
polymeres biodégradables tels que le polycaprolactone (PCL), le polylactide (PLA) et les
polysaccharides comme le chitosane (CS). Afin de pouvoir améliorer ces propriétés, plusieurs
techniques sont développées tels que la copolymérisation [20], la préparation de micro- ou de
nanocomposites via 1’incorporation de charges telles les argiles [21,22].La préparation de
nanocomposites reste la méthode de choix car elle offre une meilleure amélioration des
propriétés physiques des polymeres avec une quantité de charges plus faible que dans le cas de
microcomposites[23] et elle permet un meilleur contr6le des propriétés finales des matériaux

par rapport a la copolymeérisation.

Dans ce contexte, le présent travail de thése explore la préparation de nanocomposites a base
d’une matrice des polymeres biodégradables et de différentes charges naturelles afin d’¢élaborer

des emballages alimentaires actifs.

Ce manuscrit de thése est rédigé en anglais et il est constitué de 5 chapitres : le premier
représente une synthese bibliographique sur les matériaux utilisés dans I’emballage alimentaire
et les méthodes de préparation d’emballage actifs a base de polymeres biodégradables et de
charges naturels ; les chapitres 11 a VV décrivent et discutent les différents matériaux élaborés
dans le cadre de cette theése, a savoir 1’¢laboration des nanocomposites de PCL/Bentonite
organo-modifiée (OBnt) via la polymérisation par ouverture de cycle (POC) (chapitre I1), de
PLA/Fluorphlogopite/AgNPs par extrusion a I’état fondu (Chapitre III), la synthése d’AgNPs
par voie biologique (Chapitre 1V) et la préparation de nanocomposites a base de chitosane et

des AgNPs synthétisées par voie biologique.
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Il.  Synthese bibliographique sur la synthése des matériaux

d’emballage alimentaire antibactérien
Les plastiques d’origine pétrolicre présentent actuellement la majorit¢é des emballages
alimentaires utilisés dans la vie quotidienne. Cependant, comme discuté dans 1’introduction, ils
posent des problémes majeurs liés a leur non biodégradabilité ainsi qu’a leur inaptitude a inhiber
la croissance des bactéries d’origine alimentaire. Parmi les solutions proposées afin de lutter

contre ces problémes est I’utilisation des nanocomposites a base de polymeéres biodégradables.

Ainsi, le PCL, le PLA et le chitosane sont des polymeres biodégradable et biocompatible avec
un potentiel important pour des applications en emballage alimentaire. Cependant, ceci est
conditionné par 1’amélioration de leur propriétés thermique, mécanique, barriéres et
antibactériennes [24-27]. Afin d’améliorer ces propriétés, on a généralement recours a
plusieurs techniques, dont la préparation des nanocomposites par incorporation des
nanocharges [28]. Les nanocomposites a base de polymeres sont définis comme étant des
matériaux formes de deux ou plusieurs phases dont au moins une phase est nanométrique [29].
Ceci permet d’avoir de nouveaux matériaux avec des propriétés améliorées ou méme nouvelles.
Le tableau 1.1 (page 13) résume les études portant sur la synthése des matériaux antibactériens
a base de PCL, PLA et de chitosane.

Plusieurs types de charges sont utilisées pour la préparation des nanocomposites et elles peuvent
étre distinguées par leurs dimensions en : i) des nanocharges 1D (e.g., nanotubes de carbone) ;
ii) des nanocharges 2D (e.g., nanofeuillets comme les phyllosilicates) et iii) des nanocharges
0D (e.g., les nanoparticules) [30]. Parmi ces charges, les argiles 2D comme la montmorillonite,
la bentonite et le mica, ont regu le plus d’attention a cause de leur origine naturelle, leur
abondance et leur potentiel énorme d’améliorer les propriétés thermiques, barrieres et
mécaniques des polymeéres grace a leur structure feuilletée et leur surface spécifique trés élevée.
Ce type de nanocharges agissent genéralement en limitant le transfert des gaz et des produits
de dégradation thermique grace a I’augmentation de la tortuosité et la formation d’une couche

de char [31].

Le deuxiéme type de nanocharges d’intérét pour le développement des nanocomposites
antibactérien s’agit de nanocharges pourvues d’une activité antibactérienne. Généralement,
I’introduction du caractére antibactérien est achevée par I'utilisation des molécules organiques
qui peuvent étre toxiques et peuvent migrer du matériau d’emballage vers les aliments, et par

conséquent, les contaminer ou affecter leurs propriéteés organoleptiques. Alternativement, des
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nanoparticules d’argent peuvent étre utilisées comme excellent agents antibactériens contre une
large gamme de pathogénes avec une migration des AgNPs de I’emballage vers les aliments
qui se retrouve généralement au-dessous de la limite autorisée (0,01 mg/kg de nourriture) par
le reglement de la commission (CE) N° 450/2009 [7,32].

Ces nanoparticules d’argent (AgNPs) sont préparées en utilisant des méthodes physiques,
chimiques ou biologiques [33-35]. Les deux premiers types utilisent généralement des
molécules organiques toxiques (méthodes chimiques) ou nécessite un usage excessif d’énergie
(méthodes physiques). Comme alternative respectueux de I’environnement, des méthodes
biologiques peuvent étre employées. Dans ces méthodes, généralement les extrait de plantes
sont utilisées comme des agents réducteurs et stabilisateurs des AgNPs.

I11.  Nanocomposites antibactériens de PCL-Bentonite
Le polycaprolactone (PCL) est un polyester biodégradable. 1l est synthétisé généralement par
deux méthodes (i) la polycondensation de 1’acide hydroxycarboxylique et (ii) la POC de I’e-
CL. La polycondensation génere des PCLs avec un faible poids moléculaire, entrainant ainsi
des propriétés mecaniques faibles et une dispersité importante. Pour ces raisons, la POC est
préférable pour 1’application visée car elle permet 1’obtention d’un polymére avec un poids
moléculaire important et une faible dispersité. Cependant, le PCL présente des propriétés
mécaniques et thermiques faibles, ce qui limite ces applications. Pour faire face a ces
problémes, la préparation des nanocomposites par incorporation de nanocharges semble étre
une voie prometteuse. Mais, I’incompatibilité entre 1’argile hydrophile et le PCL hydrophobe
limite le renforcement des propriétés du PCL, d’ou la nécessité d’amélioration de la
compatibilité entre ces deux phases. Dans ce travail, nous avons utilisé une POC in-situ via une
approche « grafting from » pour associer le PCL a la bentonite (Bnt) de maniére covalente. La
bentonite naturelle a été choisie comme nanocharge grace a sa structure lamellaire et a sa grande
surface spécifique. Pour améliorer la compatibilité entre le PCL et la Bnt, cette derniére a été
rendue hydrophobe par modification par du bromure de cétyltriméthylammonium (OBnt) (Fig.
1.1, page 67). En parallele, le catalyseur Sn(C=CPh)s a été preparé selon le protocole
expérimental décrit par Jousseaume et al., (2002) [36]. Pour la préparation des nanocomposites
de PCL-OBnt, 1%, 5% ou 10% de Obnt (p/p) a été mélangé a d’e-CL dans un erlenmeyer de
50ml et disperse sous ultrason pendant 10min. Ensuite, le catalyseur Sn(C=CPh)4 préparé selon
le protocole expérimental décrit par Jousseaume et al., (2002) [36], a été injecté au mélange
Obnt/e-CL a un ratio (e-CL/(Sn(C=CPh)4 =500), et I’ensemble a été mis sous agitation pendant
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2h a température ambiante. Afin d’obtenir la conversion totale, le mélange a été placé a 120°C

pendant 15 min (Fig. 11.1, page 67).

Pour préparer les films, les nanocomposites ont été dissous dans 2ml de dichlorométhane
pendant 1h jusqu’a dissolution totale. La solution a ensuite été coulée dans des moules en Teflon
et laissée sécher pendant 24h a température ambiante. Les films séchés ont été décollés des

moules et pressés a lI'aide d'une presse hydraulique a chaud (Fig. 11.2, page 68).

Dans ce processus de préparation des nanocomposites de PCL-Bnt, I’organomodification de la
Bnt est une étape nécessaire pour deux raisons, premiérement pour améliorer la compatibilité
entre le PCL et la Bnt en augmentant son hydrophobicité et deuxiemement pour augmenter
I’espace interlamellaire (d). Effectivement, les résultats de la diffraction des rayons X (DRX)
de la Bnt, avant et aprés 1’organomodification, montrent un décalage du pic du plan
cristallographique (001) vers une valeur plus basse a 20, montrant une augmentation de I’espace
interlamellaire (d) de 7,34 A 411,32 A. De plus, aprés la POC, le pic du plan cristallographique
(001) a passé de 4° a presque 1° (20) montrant ainsi 1’intercalation des chaines de PCL entre
les feuillets de ’OBnt. Effectivement, 1’Obnt présente sur sa surface des groupes hydroxyles
qui agissent comme des co-initiateurs de la polymérisation. Ces groupes sont plus accessibles
apres I’organomodification pour réagir avec le catalyseur pour former des centres actifs -Sn-O-
OBnt. La POC commence apres le chauffage a 120°C par un mécanisme de coordination
insertion (Fig. VI.1) ou I’e-CL se coordine au centre réactif par sa fonction carbonyle, suivi par
I’insertion du monomere dans le centre actif via une attaque nucléophile menant a I’ouverture

du monomeére au niveau de la liaison O-acyl.

Plusieurs techniques ont été effectuées afin de caractériser les biocomposites de PCL-OBnt.
Les résultats de la chromatographie d’exclusion stérique (SEC) (Tableau 11.1, page 73)
montrent le succes de la POC in situ en utilisant I’OBnt. Quand on augmente le pourcentage
d’OBnt de 1% a 5% ou a 10%, on observe une diminution des valeurs de M, de 65973 g.mol*
a 33556 et 20092 g.mol respectivement. Ce résultat est attendu car une teneur plus élevée
de la OBnt augmente le nombre des centres actifs Sn-O-OBnt et par conséquent, la synthese
des chaines polymériques plus courtes. De plus, la faible dispersité D observée dans ces

expériences montrent que la polymérisation se produit au moins en partie par un meécanisme controlé et

des réactions de transestérification limitées.

Ensuite, I’analyse thermogravimétrique (ATG) des biocomposites a été effectuée afin d’évaluer

leur stabilité thermique. Les thermogrammes affichés dans la figure 11.6 (page 76) montre que
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la dégradation du PCL natif commence a 315°C alors que la dégradation des biocomposites de
PCL-OBnt commence a 320°C. Ces résultats montrent une augmentation légeére de la stabilité
thermique quand les nanocharges d’argile sont ajoutées. Ces résultats sont dus au fait que les
feuillets d’argile forment des couches protectrices limitant la diffusion des gaz et des composés

volatiles de la dégradation [37,38].

L’analyse des propriétés mécaniques du PCL natif et des biocomposites de PCL-OBnt a été
effectuée. La figure 11.8 (page 78) montre les résultats de la résistance a la traction et
I’allongement a la rupture. Le PCL natif montre 1’allongement a la rupture le plus élevé (=18%)
alors que tous les biocomposites de PCL-OBnt montrent des valeurs inférieures a 5%. Cette
différence est causée par la réduction de la mobilité des chaines du PCL induites par
I’incorporation de nanocharges ce qui conduit a des tensions locales plus élevées et entraine la
rupture des liaisons chimiques. Finalement, les résultats de la résistance a la traction montrent
que les films de PCL et PCL-OBnNt ont une résistance a la traction proportionnelle a leurs masses

molaires moyennes.

L’activité antibactérienne des films de PCL et PCL-OBnt a été évaluée par diffusion (Figure
11.10, page 80) et en suspension (Tableau 11.2, page 80) contre Staphylococcus epidermidis et
S. aureus. Pour le test de diffusion sur Agar, des disques du PCL et du PCL-OBnt (d=2,6cm)
ont été placés sur des boites de Petri de BHI-Agar inoculées par une concentration de 10°
UFC/ml de S. aureus ou S. epidermidis. Les films de PCL natif n’ont pas montré une zone
d’inhibition contre les deux bactéries testées alors que les biocomposites PCL-OBnt ont montré
une zone d’inhibition proportionnelle a leur teneur en OBnt. De plus, les zones d’inhibition

contre S. aureus sont légerement inférieures a celles contre S. epidermidis.

Ensuite, le pourcentage d’inhibition des bactéries par les films du PCL natif et des
biocomposites a été calculé dans du milieu liquide (tableau V1.2). Les films ont montré une
activité importante contre les deux bactéries testées. En fait, une inhibition quasiment totale des
bactéries S. epidermidis et S. aureus a éte obtenue par les films de PCL-1%0OBnt : 96,3% contre
S. epidermidis et 97,9% contre S. aureus. Ces résultats sont expliqués par I’organomodification
de la bentonite en utilisant le CTAB, un surfactant cationique bactéricide. Cette explication est
supportée par 1’augmentation de ’activité antibactérienne (par diffusion et en suspension)

quand la teneur de la bentonite est augmentée.

Ces résultats montrent qu’avec seulement 1% de Bnt organo-modifée par le CTAB, on peut

préparer des biocomposites de PCL-OBnt par une POC in situ en utilisant une approche
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« Grafted from ». Ces biocomposites montrent des masses molaires moyennes élevees, une
stabilité thermique et une résistance a la traction supérieure a celle du PCL natif. Du plus, les
composites PCL-1%O0Bnt révélent une activité antibactérienne importante contre S.
epidermidis et S. aureus. Ainsi, ces films peuvent étre utilisés comme des emballages
alimentaires actifs. Cependant, les résultats de 1’activité antibactérienne montrent qu’il y a une
diffusion de 1’agent antibactérien des films vers le milieu de culture. Ceci peut engendrer des
problémes de contaminations des aliments par I’agent antibactérien d’une part et de perte

progressive de I'activité antibactérienne des films.

IV. Nanocomposites antibactériens de  PLA-Fluorphlogopite-

Nanoparticules d’argents (AgNPSs)
Les problématiques soulevées lors de la derniere section ainsi que la nature pétroliere du PCL
nous ont pousse a explorer une nouvelle voie plus respectucuse de I’environnement et qui peut
générer des matériaux avec une activité antibactérienne par contact et non par diffusion. Pour
cela, nous avons choisi un autre polymeére biodégradable mais cette fois d’origine naturelle, le
polylactide (PLA) ainsi qu’un autre type de nanocharges antibactériennes (i.e., les

nanoparticules d’argent).

Ainsi, dans cette section, la conception de nanocomposites de PLA-Fluorphlogopite-
Nanoparticules d’argent par un processus simple d’extrusion a 1’état fondu a été développée.
Le choix du fluorphlogopite pour améliorer les propriétés intrinséques du PLA (i.e., propriétés
thermiques, barriéres et mécaniques), réside dans sa structure lamellaire similaire a celle de la
Bnt et a son caractére hydrophobe di a la substitution des groupements OH, présent dans le
mica naturel, par des groupements F~. Ce caractere hydrophobe doit permettre d’augmenter la

compatibilité entre le PLA et la nanocharge.

Les nanoparticules d’argents (AgNPs) ont été choisies pour leur activité antibactérienne [39].
Elles présentent de nombreux avantages par rapport aux molécules organiques (e.g., CTAB),
notamment leur faible migration une fois piégées dans les composites. D’autre part, elles
n’affectent pas les propriétés organoleptiques des aliments, paramétre important dans les
applications en emballage alimentaire actif. La figure (Graphical abstract, page 90) résume
la méthodologie de synthése des films de PLA-Fluorphlogopite-AgNPs et présente un apergu

sur les résultats obtenus.

En premier, différents pourcentages de fluorphlogopite (i.e., 2%, 5% et 10% (p/p)) ont été

utilisés pour préparer des nanocomposites binaires PLA-Fluorphlogopite par extrusion a 1’état
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fondu. Les films de ces matériaux ont été produits par une presse hydraulique. La
caractérisation des films par la microscopie électronique a balayage (MEB) et I’ATG montrent
une bonne dispersion de la charge au sein de la matrice polymérique avec une augmentation de
la rugosité et une amélioration de la stabilit¢ thermique de PLA par 1’ajout de la nanocharge.
En effet, le Tso% passe de 334°C pour les films de PLA natif a 365°C pour les films de PLA-
2%Fluorphlogopite (Figure 111.S1-1, page 127). Ces résultats sont probablement dus a la
structure lamellaire de la fluorphlogopite dont les feuillets peuvent agir comme une barriére qui
réduit le transfert des gaz et des produits volatiles de la dégradation (isolation thermique).
Cependant, 1’augmentation de fluorphlogopite a 5% diminue la stabilité thermique des films.
Cette diminution peut étre attribuée a 1’agrégation des particules d’argile au-dela de certain
pourcentage (<5%). Or, I’augmentation du pourcentage de fluorphlogopite a 10% augmente la
stabilité thermique des films. Cette amélioration de stabilité peut étre expliquée par la taille des
agrégats qui devient assez grande pour pouvoir agir comme une barriére des gaz et des produits
volatiles [40]. En tenant compte des résultats d’ATG et de MEB, 2% de fluorphlogopite a été
choisi pour préparer les films tertiaires de PLA-fluorphlogopite-AgNPs.

En utilisant la méme approche que celle décrite au-dessus, des films tertiaires de PLA-
2%Fluorphlogopite ont été préparés en incorporant différents pourcentages massiques des
AgNPs (i.e., 0,5, 1 et 1,5%). L’analyse morphologique par microscopie électronique a
transmission (MET) a été effectuée et les micrographes des films sont présentés dans la figure
I11.2 (page 103) Ces micrographes montrent une bonne dispersion des deux charges utilisées,
les particules de la fluorphlogopite (Cercles en vert) et les AgNPs (Cercles en rouge). De plus,
les résultats de la DRX montrent également un décalage de pic du plan cristallographique (001)
vers la gauche indiquant une augmentation de 1’espace interlamellaire (d) et alors, une
intercalation des chaines de PLA dans la charge d’argile. Ensuite, les résultats d’angle de
contact de I’eau de ces films montrent une augmentation de I’hydrophobicité dans les films

contenant de la fluorphlogopite.

Les parametres thermiques de fusion et de cristallisation du PLA natif et des nanocomposites
ont éte eévalués par la calorimétrie différentielle a balayage (DSC). Les résultats calculés de la
premiére montée sont résumes dans le tableau I11.1 (page 107). Ces résultats montrent que
I’addition des charges, seules ou combinées, induisent une augmentation de la température de
fusion (Tm) indiquant que ces charges se comportent comme des agents de nucléation. De plus,

I’ajout des charges a induit une diminution du taux de cristallinité. Ces résultats pourront
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apparaitre contradictoires (i.e., les charges comportant comme des agents de nucléation et la

diminution de yc), sont expliqués par une possible exfoliation partielle [41].

Ensuite, les propriétés mécaniques et barrieres a 1’eau et aux gaz ont ét¢ évaluées a cause de
leur importance dans les applications en emballage alimentaire. L’analyse des propriétés
mécaniques montre qu’il n’y a pas de changement significatif entre les films de PLA natif et
les nanocomposites préparées que ce soit pour le module de Young que pour 1’allongement a la

rupture.

Pour les propriétés barriéres, les résultats du flux d'eau réduit expérimental (J-L) et normalisé
(313st) en fonction du temps réduit (t/L?) sont montrés dans la figure 111.11 (page 117). Ces
résultats montrent que I’incorporation (fluorphlogopite et AgNPs) n’a aucun effet significatif
sur la perméabilité a I’eau. Ceci peut étre attribu¢ a leur faible teneur au sein de la matrice de

PLA. Ces résultats sont en accord avec les valeurs de la sorption a la vapeur d’eau.

De plus, la perméabilité aux N2, O2 et COz, un autre facteur important pour des applications en
emballage alimentaire a été testé (Figure 111.12, page 120) a suit la méme tendance dans tous
les films testés : P(N2) < P(02) < P(CO2). Ces résultats sont expliqués par les différences des
températures critiques de ces gaz (i.e., CO2 ayant une température critique élevée : 31,15°C et
N2 ayant une température critique trés basse : -146,94°C). En comparant les différents films,
I’introduction des charges (Fluorphlogopite et AgNPs) n’a pas induit un grand changement de
la perméabilité aux trois gaz indiquant que peu ces charges n’ont pas induit de tortuosité
importante. En résumé, les propriétés barrieres, déja excellente de PLA et comparables aux

polymeéres d’emballage classique, ont été maintenues apres 1’ajout des charges.

L’activité antibactérienne des films du PLA et des nanocomposites a ét¢ évaluée en testant
I’adhésion de 3 bactéries sur la surface des films (Figure 111.13, page 122), tous les
nanocomposites ont inhibé 1’adhésion de S. aureus, Escherichia coli et Enterococcus faecalis
par rapport au PLA natif. Cette inhibition est plus importante dans les films contenant les
nanoparticules d’argent. Les films de PLA-2% Fluorphlogopite-1,5% AgNPs ont montré une
inhibition d’adhésion de 89%, 92% et 76% contre S. aureus, E. faecalis et E. coli,
respectivement. Ces résultats sont dus principalement a ’activité antibactérienne des AgNPs.
En outre, Les films de PLA-2%Fluorphlogopite ont inhibé 1’adhésion des trois bactéries d’une
facon assez importante. Ce résultat non attendu, peut-étre da a 1’effet de la fluorphlogopite sur
la surface du PLA (rugosité) et sur son hydrophobicité, deux facteurs qui peuvent affecter

I’adhésion des bactéries sur les surfaces [42,43].
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En résumé, les films nanocomposites a base de PLA ont été préparés via un simple processus
d’extrusion a 1’état fondu. Ils ont montré des bonnes propriétés thermiques, mécaniques et
barriéres et ont inhibé significativement 1’adhésion de trois bactéries a Gram-positif et & Gram-
négatif. Ces films peuvent étre considérés dans des applications potentielles en emballage

alimentaire.

V.  L’effet des surfactants sur la stabilité colloidale des nanoparticules
d’argent préparées par voie biologique

Dans le chapitre 111, les AgNPs ont été incorporées comme agents antibactériens dans les

nanocomposites actifs. Cependant, ces nanoparticules commercialisées ont été préparées par la

méthode chimique. Afin de rendre le processus encore plus respectueux de I’environnement,

nous avons consacreé ce chapitre a la synthese biologique des AgNPs.

Les AgNPs peuvent étre préparées selon 3 voies : physique, chimique ou biologique. Les deux
premicres voies possédent des inconvénients majeurs a savoir la nécessité d’équipements
particuliers et la consommation d’énergie excessive dans le cas des méthodes physiques
(Moulin a billes, 1’Ablation laser) et 'utilisation de produits chimiques toxiques dans les
méthodes chimiques. Récemment, la voie biologique a été développée en utilisant des entités
biologiques comme les bactéries, les champignons et les plantes. Cette méthode biologique
représente une alternative prometteuse pour éviter tous les problémes des autres méthodes.
D’autre part, les extraits des plantes sont préférables par rapport aux autres systémes
biologiques car leur méthode de préparation est simple et moins couteuse et ne nécessite ni de
milieux de culture ni de purification post-synthése. Parmi les plantes utilisées, le romarin
(Salvia rosmarinus Spenn), posséde une importante concentration en biomolécules réductrices
(métabolites secondaires), qui permettent la réduction des ions Ag* ainsi que la stabilisation des

AgNPs formées.

Dans notre étude, la synthése des AgNPs par I’extrait aqueux de romarin a été optimisée en
termes de température, de temps de réaction et de stabilisation. La figure 1V.1 (page 148) est

un résumé graphique de cette étude.

Dans un premier temps, la synthése des AgNPs a été optimisée en testant quatre températures
différentes : 20°C, 40°C, 60°C et 80°C. Les résultats de la spectroscopie UV-Vis des AgNPs
(Figure 1V.2A, page 149) montrent que les meilleurs résultats en termes de production et de
taille des AgNPs ont été obtenus a 80°C pendant 15 min. Ceci est par I’intensité et le décalage

de la bande de résonance plasmon de surface (SPR) vers la gauche [44]. De plus, les spectres
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de SPR montrent deux pics, un pic principal entre 430-460 nm et un pic secondaire

(épaulement) indiquant que ces AgNPs ont une forme sphérique.

Les nanoparticules préparées a 80°C pendant 15 min (R-AgNPs) ont été caractérisées par
plusieurs techniques : DRX, FTIR, TEM et I’ATG. La DRX montre que les R-AgNPs
présentent une structure cristalline cubique a faces centrées (fcc). La taille des R-AgNPs
mesurée par la microscopie électronique a transmission (figure 1V.3, page 151) montre une
taille de 31,1+6,5 nm.

En outre, ’analyse de ’ATG a montré plusieurs phases de dégradation dont la principale
correspond a la dégradation des molécules organiques attachées aux R-AgNPs. Ces molécules
occupent autour de 50% de poids des R-AgNPs. L’analyse de la spectroscopie infrarouge a
transformée de Fourier (IRTF) a pu démontrer que ces molécules attachées aux R-AgNPs
contiennent des groupements esters et des alcanes.

Les propriétés des AgNPs (e.g., activité antibactérienne) sont étroitement dépendantes de leur
taille et leur forme. Ainsi, la stabilité des AgNPs est primordiale pour toutes application
potentielle. Dans notre étude, nous avons suivi la stabilité des R-AgNPs au cours du temps en
analysant I’intensité de leur bande SPR principal (430 — 460 nm) par la spectroscopie UV-Vis.
Apres un mois, I’intensité de la bande SPR a diminué de plus de 40%. Ce résultat indique que
les R-AgNPs sont instables. En général, les AgNPs peuvent étre stabilisées en agissant sur les
interactions électrostatiques, stériques ou électro-stériques [31]. Afin d’améliorer la stabilité
des R-AgNPs, trois tensioactifs de charges différentes ont été utilisés : CTAB comme surfactant
cationique, dodecylsulfate de sodium comme surfactant anionique et Tween 80 comme
surfactant non-ionique. Les résultats présentés dans la figure 1V.6 (page 155) montrent que
I’utilisation des concentrations trés faibles de tensioactifs (3-5 pM) améliorent tres
significativement la stabilité des R-AgNPs. Les valeurs du potentiel Zeta avant et aprées le
capping par les tensioactifs prouvent 1’adsorption de ces derniers sur la surface des R-AgNPs.
Effectivement, ces valeurs ont changé de -34,45 a -26,26 mV pour le Tween 80, de -34,45 a -
9,15 mV pour le CTAB alors que pour le SDS, aucun changement significatif n’a été observé.
Ces résultats suggerent que le mécanisme d’amélioration de la stabilité pour le Tween 80 et le
CTAB est surtout stérique alors que pour le SDS, est probablement électro-stérique.
Effectivement, apres six mois de mesure, le SDS a montré une stabilisation supérieure par

rapport aux autres tensioactifs.
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L’activité antibactérienne est une propriété tres exploitée des AgNPs dans plusieurs domaines
dont I’emballage alimentaire actif. Dans notre étude, nous 1’avons testé contre quatre bactéries,
deux & Gram-positif (S. aureus et E. faecalis) et deux a Gram-négatif (E. coli et P. aeruginosa).
Les R-AgNPs (31 nm) ont montré une meilleure activité antibactérienne contre les quatre
bactéries par rapport aux AgNPs commerciales (50-60 nm) (Tableau 1V.2, page 159). Cette
différence peut étre attribuée a la taille des nanoparticules. Korshed et al., (2019) [45] ont
montré que I’activité antibactérienne des AgNPs est inversement proportionnelle a la taille des
nanoparticules. Ces résultats sont expliqués par la différence au niveau de la surface spécifique
des AgNPs. En effet, les AgNPs de petite taille ont une surface spécifique plus grande que les
AgNPs de grande taille [45].

L’activité antibactérienne des AgNPs est due a plusieurs mécanisme. Ces AgNPs agissent soit
par interaction directe avec la bactérie soit par le relargage des ions d’argent. L’interaction entre
les AgNPs ou les ions Ag" avec la bactérie induit une perturbation de la membrane cellulaire,
endommage I'ADN et les composés contenant du soufre et du phosphore via la génération des
radicaux libres [16,46]. Egalement, I’activité antibactérienne des R-AgNPs stabilisées par les
tensioactifs a été t sur les bactéries E. coli et S. aureus. En comparaison avec les R-AgNPs, les
nanoparticules stabilisées par le CTAB (3-5 uM) montrent une amélioration tres significative
de l’activité antibactérienne contre S. aureus. Ce résultat peut étre expliqué par I’effet

antibactérien de CTAB contre les bactéries a Gram-positif.

Dans la derniére partie, la cytotoxicité des AgNPs commerciales et des R-AgNPs stabilisées ou
non contre les fibroblastes de souris L929 a été évaluée par le test Alamar Blue. Les résultats
n’ont pas montré de cytotoxicité en utilisant trois concentrations différentes de R-AgNPs. Ces
concentrations ont été choisis sur la base des valeurs de CMIs : 18,75, 37,5 ou 75 pg. ml™. Les
résultats montrent que les R-AgNPs stabilisées par les tensioactifs peuvent étre utilisées comme
des agents antibactériens a des concentrations qui ne sont pas toxiques contre les cellules

mammaliennes.

VI. Nanobiocomposites antibactériens de Chitosane-AgNPs
Dans I’objectif d’¢élaborer un matériau d’emballage actif, les AgNPs synthétisées par une voie
biologique simple (chapitre IV) ont été incorporées dans une matrice de chitosane. Le chitosane
(CS) différe du PCL et du PLA, utilisés dans le chapitre Il et I11, par sa nature polysaccharidique
naturelle et de son activité bactériostatique intrinseque, faisant de lui un polymere idéal pour

des applications en emballage alimentaire.
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De plus, les nanobiocomposites de CS/AgNPs peuvent étre utilisées comme des systemes de
catalyse hétérogene dans I’hydrogénation des nitroarénes toxiques en utilisant le CS comme
support qui facilite, I’enlévement des films et par conséquent, le recyclage du catalyseur (R-
AgNPs).

En général, les nanobiocomposites CS/AgNPs sont préparés en utilisant une approche in-situ,
dans laquelle la synthése des nanoparticles se fait au sein de la matrice du CS en exploitant le
pouvoir réducteur du CS pour a réduction des ions Ag*. Dans I’approche ex-situ, les AgNPs
sont préparées au préalable avant leur dispersion dans la matrice de CS. Cette derniére approche
permet ainsi, un meilleur contrdle des caractéristiques des NPs, notamment la taille et la stabilité

colloidale.

Pour ces raisons, les films de nanobiocomposites de CS/AgNPs ont été préparés par une
approche ex-situ. Le CS a été dissous dans 1’acide acétique a 1% jusqu’a dissolution compléte,
puis les R-AgNPs ont été ajoutées selon les pourcentages suivants : 0,5, 1, 1,5, 2 ou 3% (p/p).
L’ensemble a été laissé sous agitation pendant 2h suivi par une ultrasonication pendant 15min.

Les films ont été préparés par évaporation de solvant (Figure V.3, page 188).

L’interaction entre les R-AgNPs et le CS a été étudiée par I'IRTF (Figure V.4, page 189). Cette
analyse montre un décalage de la bande de résonance d’acétamide NHCOCH3 de 1641 cm™ a
1635 cm™ révélant une probable interaction entre ces groupes fonctionnels et les molécules
stabilisantes des AgNPs (-C=0-AgNPs) [47,48].

La dispersion des R-AgNPs au sein de la matrice du chitosane a été étudiée en utilisant la MET.
Les micrographes du CS/AgNPs (Figure V.6, page 191) montrent une bonne dispersion des R-
AgNPs avec quelques agglomérations.

Dans la deuxieme partie de ce travail sur les films de Cs/AgNPs, I’inhibition de 1’adhésion
bactérienne a été étudiée contre deux bactéries : E. coli (Gram-négatif) et S. aureus (Gram-
positif) (Tableau V.1, page 192). Les résultats montrent une inhibition totale de la croissance
bactérienne sur la surface des films en utilisant une concentration initiale des bactéries de 4 x
10° CFU/ml aprés incubation 4 37°C pendant 18h. Afin de pouvoir visualiser I’effet de la teneur
en R-AgNPs, la concentration initiale des bactéries a été augmenté a 5 x 10° CFU/ml. Les
résultats montrent des pourcentages d’inhibition similaires contre les deux bactéries et que
seulement avec 0,5% des R-AgNPs I’inhibition a atteint 82% et 85% contre E. coli et S. aureus

respectivement. L’inhibition de 1’adhésion des bactéries sur la surface des films est
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proportionnelle a la teneur en R-AgNPs. Ces résultats prouvent que les films de CS-AgNPs

peuvent étre considérés dans des applications en emballage alimentaire.

VIl. Conclusion générale et perspectives
L’objectif principal de cette thése est 1’élaboration des matériaux antibactériens pour des
applications potentielles en emballage alimentaire actif. A cette fin, nous avons développé
plusieurs nanocomposites antibactériens en utilisant différentes techniques de préparation (i.e.,
POC, I’extrusion a I'état fondu et le mélange en solution). Ces nanocomposites ont été
caractérisés en se focalisant sur les propriétés thermiques, mécaniques, barriéres et

antibactériennes.

Les polymeres choisis dans cette étude sont biodégradables et biocompatibles mais leur
utilisation dans I’emballage alimentaire actif a leur état natif est limitée d’une part a cause de
leur propriétés thermiques et mécaniques faibles et d’une autre part, a cause de 1’absence de
I’activité antibactérienne sauf pour le chitosane qui a un effet bactériostatique. Par conséquent,
il est indispensable de i) améliorer leur propriétés thermiques, mécaniques et barrieres et ii) de

leur apporter une activité antibactérienne.

Pour atteindre ces objectifs, de nombreuses charges ont été utilisées. Premiérement, la bentonite
modifiée par le CTAB a été utilisée afin d’initier la POC d’e-Cl et par conséquent, préparer des
nanocomposites de PCL-Obnt. L’incorporation de la Obnt a pu améliorer les propriétés
thermiques et mécaniques du PCL ainsi qu’apporter [’activité antibactérienne des
nanocomposites grace a la modification par le CTAB. Cependant, I’activité antibactérienne par
diffusion montrée par les nanocomposites de PCL-Obnt peut étre problématique pour les
applications visées. Effectivement, la diffusion de 1’agent antibactérien peut contaminer les
aliments emballés. Afin de résoudre ce probleme, Nous avons essayé de préparer de nouveaux
matériaux avec une activité antibactérienne par contact. Pour cela, nous avons préparé des
nanocomposites tertiaires de PLA-fluorphlogopite-AgNPs en exploitant [’activité
antibactérienne des AgNPs. La fluorphlogopite, un mica synthétique dont les groupements
hydroxyles sont substitués par des groupements F°, a été choisie grace a sa structure lamellaire
similaire a celle de la OBnt mais contrairement a celle-ci, la fluorphlogopite est hydrophobe et
ne nécessite pas une étape d’organomodification. Cependant, a cause de 1’absence des
groupements -OH, qui agissent comme des co-initateurs de la POC in-situ, nous avons choisi
le PLA commerciales pour la préparation des nanocomposites par 1’extrusion a 1’état fondu au

lieu de la POC. Le choix du PLA au lieu du PCL réside sur son origine naturelle contrairement
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au PLC qui est d’origine pétrochimique. Ces nanocomposites de PLA-fluorphlogopite-AgNPs
ont des propriétés thermiques supérieures a celles du PLA natif ainsi que des propriétés
mécaniques et barriéres excellentes. De plus, ils ont montré une activité antibactérienne

importante par contact contre des bactéries a Gram-positif et a Gram-négatif.

Les résultats de I’activité antibactérienne des films de PLA-fluorphlogopite-AgNPs ont montré
un potentiel important des AgNPs comme agent antibactérien. Par conséquent, nous avons
dédié un chapitre a I’optimisation de leur synthése par voie biologique. Ainsi, la synthése des
AgNPs par I’extrait aqueux du romarin a été optimisée en termes de taille et de production.
Ensuite, leur stabilité a été étudiée a long-terme (six mois) et améliorée substantiellement en
utilisant des quantités tres faibles de tensioactifs (3-7 puM). Ces AgNPs ont été ensuite
incorporées dans des films de chitosane par une technique de mélange en solution afin de
confirmer leur activité antibactérienne une fois piégées dans des films. Le choix du chitosane
réside sur sa nature polysaccharidique ains que sur sa propriété bactériostatique. Ces
nanocomposites CS-AgNPs ont également montré une excellente activité antibactérienne.

Les résultats présentés dans cette thése montrent un bon potentiel des trois nanocomposites
préparées pour des applications en emballage alimentaire antibactérien. Particulierement, les
films de PLA-Fluorphlogopite-AgNPs ont montré des propriétés thermiques, mécaniques et
barriéres élevées, ainsi qu’une activité antibactérienne importante sans diffusion. Comme

continuité de ce travail, plusieurs perspectives pourraient étre envisageées.
Concernant le développement des matériaux nanocomposites :

e Une application réelle des nanocomposites qu’on a développé en utilisant des aliments
(e.g., les produits carnés). L’efficacité de ces matériaux peut étre testée en comparant la
croissance des bactéries totales sur les aliments emballés par les nanocomposites
antibactériens et ceux emballés par les plastiques conventionnelles (PE). Finalement,
leur durée de conservation peut étre comparée et le taux de migration des agents
antibactériens vers 1’aliment peut étre mesur¢.

e Les polymeres utilises pour préparer les nanocomposites durant cette thése (PCL, PLA
et Chitosane) sont bien biodégradable. Cependant, I’introduction des charges peut
affecter cette biodégradabilité en affectant les microorganismes qui peuvent contribuer
a cette biodégradation. Ainsi, ¢a serait intéressant comme continuité, d’étudier 1’effet
des nanocharges sur la biodégradation des nanocomposites préparés par rapport a leur

polymere natif.
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D’autres applications peuvent €tre envisagées en se basant sur nos résultats, notamment
dans le domaine médical. Plus précisément, dans 1’enrobage des dispositifs medicaux
implantables (e.g., greffes vasculaires, cathéters...). Ces dispositifs sont des cibles
favorables pour les colonisations bactériennes, d’ou la nécessité d’enrobage par des
matériaux antibactériens et antiadhésifs. Les resultats démontrés par les films de PLA-
Fluorphlogopite-AgNPs  (activité antibactérienne par contact) rendent ces

nanocomposites un candidat idéal pour une telle application.

Concernant la synthése biologique des AgNPs :

Durant cette these, on a remarqué des problemes de reproductibilité majeurs liés a la
synthése des AgNPs par les extraits des plantes causee principalement par la variation
de la composition chimique de I’extrait. Cette variation pouvant avoir plusieurs origines,
elle est extrémement difficile a contrler (variation entre les especes des plantes,
variation variétale au sein de la méme espéce, variation saisonniére au sein de la méme
variété etc.). Etant donné que la reproductibilité est une composante indispensable,
trouver des solutions pour ce probleme est une nécessité. Pour cela, la caractérisation
de ’extrait de plantes par un ou plusieurs parametres mesurables pourrait résoudre ce

probleme.
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