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ABSTRACT

Biodegradable active films based on poly(lactic) acid (PLA) and starch were developed and
characterized as to their functional and structural properties, using the bilayer film strategy, in
order to obtain materials that better meet the food packaging requirements. Plasticization of
semicrystalline PLA was analysed by using three different biodegradable compounds to
enhance the PLA mechanical performance. Likewise, cinnamaldehyde was incorporated to
PLA-starch bilayer films and their antimicrobial properties and release kinetics in food
simulants were analysed. Semicrystalline and amorphous PLA and cassava starch (S) were
used to obtain the films. Semicrystalline PLA and S were processed by melt blending and
compression moulding, whereas amorphous PLA films were obtained by casting the ethyl
acetate solution of the polymer, with and without cinnamaldehyde. Bilayer films were obtained
by compression moulding of amorphous PLA layers with starch sheets, while semicrystalline

PLA sheets were also used in bilayers for comparison purposes.

The analyses of crystallization behaviour and glass transition of neat and plasticized
semicrystalline PLA films revealed an increase in the crystallinity, along with a reduction in the
glass transition temperature (Tg), in line with the rise in plasticizer concentration in every case.
Despite the decrease in Tg, the tensile test did not reflect an enhancement of the film elongation
capacity, in comparison to the non-plasticized polymer. Likewise, plasticizers did not reduce
the film elastic modulus due to the greater induced crystallinity. On the basis of these results,
a more extensible material, amorphous PLA, was considered to obtain PLA-starch bilayer
films, taking advantage of the complementary barrier properties of both polymers and the high

mechanical resistance of PLA.

Despite the lower ratio of PLA sheet in the starch bilayer assembly (about 1/3 of the film
thickness), a great improvement in tensile and water vapour barrier properties was achieved
with respect to the neat starch films, the films maintaining high transparency and oxygen
permeability as low as that of starch films. When cinnamaldehyde was included in the cast
PLA sheet, films became thinner due to the losses of the volatile active during processing, but
the improvement in barrier properties was maintained, with lower mechanical resistance.
Thermal analyses revealed diffusion of cinnamaldehyde or low molecular weight compounds
from the amorphous PLA layer to the adhered sheets (starch or semicrystalline PLA) which

contributed to their plasticization and reduced the PLA crystallization.

Antimicrobial activity of the cinnamaldehyde-loaded films against Gram- (Escherichia coli) and
Gram+ (Listeria innocua) bacteria was tested through in vitro tests. Both amorphous PLA

monolayers and starch-PLA bilayers were effective at controlling the bacterial growth, thus



indicating that the active amount released into the growth medium exceeded the minimum
inhibitory concentration (MIC) of both bacteria, despite the losses of the active compound
during the film processing. In contrast, PLA-cinnamaldehyde loaded PLA bilayer films did not
show antimicrobial activity. The analysis of the release kinetics of cinnamaldehyde from the
films to the different food simulants revealed differing behaviours of the active compound
delivery, depending on both films and food simulants. PLA bilayer films exhibited the slowest
cinnamaldehyde release and the predicted amount delivered into the aqueous culture medium
did not reach the MIC, explaining the lack of antimicrobial effect of these films.

Therefore, the developed bilayer films based on amorphous PLA and starch represent an
interesting strategy to obtain high barrier-highly resistant packaging films, with active

properties when they include cinnamaldehyde as antimicrobial compound.



RESUMEN

Se han desarrollado films biodegradables activos a base de acido polilactico (PLA) y almidén
y se han caracterizado en sus propiedades funcionales y estructurales. Se ha utilizado la
estrategia de films bicapa para obtener materiales con propiedades méas ajustadas a los
requerimientos del envasado de alimentos. Se ha estudiado la plastificacion del PLA
semicristalino con tres compuestos biodegradables para mejorar la extensibilidad del PLA. Asi
mismo, se ha incorporado cinamaldehido a los films bicapa PLA-almidén y se ha analizado su
capacidad antimicrobiana y su cinética de liberacién en simulantes alimentarios. Se han
utilizado PLA semicristalino y amorfo y almidén de yuca para la obtencion de los films. EI PLA
semicristalino y el almidén se han procesado por mezclado en fundido y termocompresion,
mientras que los films de PLA amorfo se han obtenido por extension y secado de su disolucion
en acetato de etilo, con y sin cinamaldehido. Los films bicapa se han obtenido por
termocompresion de las ldminas de PLA amorfo con las de almidén, y también con las de PLA

semicristalino para su comparacion.

El analisis de la cristalizacién y transicion vitrea del PLA semicristalino, con y sin plastificantes,
reveld un incremento en la cristalinidad, junto a la reduccion de la temperatura de transicion
vitrea (Tg), al aumentar el contenido en plastificante, en todos los casos. No obstante, a pesar
del descenso en la Tg, Nno se obtuvo un incremento en la extensibilidad de los films. Asi mismo,
los plastificantes no redujeron el médulo de elasticidad debido al aumento de la cristalinidad.
En base a estos resultados, se optd por un material mas extensible, el PLA amorfo, para la
obtencion de los films bicapa con almidén, aprovechando la complementariedad de

propiedades de barrera de ambos polimeros y la alta resistencia mecéanica del PLA.

A pesar de la baja proporcién de la capa de PLA en la bicapa (aproximadamente 1/3 del grosor
del film), se obtuvo una gran mejora en las propiedades mecanicas y de barrera con respecto
a los films de solo almidén; manteniendo una alta transparencia y una permeabilidad al
oxigeno tan baja como la de los films de almidén. Cuando se incluy6 cinamaldehido en la capa
de PLA amorfo, los films fueron més finos debido a las pérdidas del volatil durante el
procesado, pero se mantuvo la mejora en propiedades de barrera, con films un poco menos
resistentes. El analisis térmico revel6 la difusion del cinamaldehido u otros compuestos de
bajo peso molecular desde la capa de PLA amorfo a las capas adheridas (almidon o PLA

semicristalino), lo que contribuy6 a su plastificacion y redujo la cristalizacion del PLA.

La actividad antimicrobiana de los films con cinamaldehido contra bacterias Gram-
(Escherichia coli) y Gram+ (Listeria innocua) se analiz6 mediante test in vitro. Tanto las

monocapas de PLA amorfo como las bicapas de almidon-PLA fueron efectivas en el control



del crecimiento microbiano de ambas bacterias, lo que indicé que, a pesar de las pérdidas de
cinamaldehido, la cantidad liberada al medio de cultivo superd la concentracion minima
inhibitoria (MIC) de ambas bacterias. Por contra, la bicapa de PLA con cinamaldehido no
mostro actividad antimicrobiana. El andlisis de la cinética de liberacion del cinamaldehido de
los films en los diferentes simulantes revel6 diferencias de comportamiento en la liberacion
del activo dependiendo del tipo de film y simulante. Las bicapas de PLA presentaron la
liberacién mas lenta y la cantidad liberada predicha en medios acuosos, como él del cultivo,
no alcanz6 la MIC de las bacterias, lo que explico la falta de actividad antimicrobiana
observada para estos films.

Por lo tanto, los films bicapa desarrollados con PLA amorfo y almidén representan una
estrategia interesante para obtener films de envasado de alta barrera y buena resistencia
mecanica, con propiedades activas cuando incluyen cinamaldehido como compuesto

antimicrobiano.
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cristal-linitat. Basant-se en estos resultats, es va optar per un material més extensible, el PLA

amorf, per a l'obtencié dels films bicapa amb mid6, aprofitant la complementarietat de

propietats de barrera d'ambdés polimers i I'alta resisténcia mecanica del PLA.

A pesar de la baixa proporci6 de la capa de PLA en la bicapa (aproximadament 1/3 del grossor
del film), sdébobtingu® una gran millora en | es p
films de només mido; mantenint una alta transparéncia i una permeabilitat a I'oxigen tan baixa
com els films midé. Quan es va incloure cinamaldehido en la capa de PLA amorf, els films van
ser més fins a causa de les pérdues del volatil durant el processat, perd es mantingué la
millora en propietats de barrera, amb films un poc menys resistents. L'analisi termic va revelar
la difusié del cinamaldehido o altres compostos de baix pes molecular des de la capa de PLA
amorf a les capes adherides (mid6 o PLA semicristal-li), la qual cosa va contribuir a la seua

plastificaci6 i va reduir la cristal-litzacio del PLA.

L'activitat antimicrobiana dels films amb cinamaldehido contra bacteris Gram- (Escherichia
coli) i Gram+ (Listeria innocua) es va analitzar per mitja de test in vitro. Tant les monocapes
de PLA amorf com les bicapes de mido-PLA van ser efectives en el control del creixement

microbia d'ambdés bacteris, la qual cosa va indicar que, a pesar de les pérdues de



cinamaldehido, la quantitat alliberada al mig de cultiu va superar la concentracié minima
inhibitoria (MIC) d'ambdés bacteris. Per contra, la bicapa de PLA amb cinamaldehido no va
mostrar activitat antimicrobiana. L'analisi de la cinética d'alliberament del cinamaldehido dels
films en els diferents simulants va revelar diferéncies de comportament en l'alliberament de
I'actiu depenent del tipus de film i simulant. Les bicapes de PLA van presentar l'alliberament
més lent i la quantitat alliberada predita en mitjans aquosos, com el del cultiu, no va aconseguir
la MIC dels bacteris, la qual cosa va explicar la falta d'activitat antimicrobiana observada per

a estos films.

Per tant, els films bicapa obtinguts amb PLA amorf i midé representen una estratégia
interessant per a obtindre films d'envasament d'alta barrera i bona resisténcia mecanica, amb

propietats actives quan inclouen cinamaldehido com antimicrobia.
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DISSERTATION OUTLINE

This Doctoral Thesis is organized in five sections: Introduction, Objectives, Chapters,
General Discussion and Conclusions. The Introduction section discusses the state of the
art concerning the use of plastics in the food packaging area, focusing on the development of
materials based on biopolymers, such as poly(lactic) acid and starch, with the incorporation of
active compounds to obtain antimicrobial and/or antioxidant food packaging materials.
Properties of cinnamaldehyde, used as antimicrobial compound in this study, have been
discussed. The Objectives section presents the general and specific objectives of the Thesis.
The obtained results are presented in three Chapters, corresponding to three scientific
publications, which contains the usual sections: Introduction, Materials and Methods, Results
and Discussion, and Conclusion. The most relevant results are analysed together in the
General Discussion section, from a global perspective. Finally, the last section reports the
most important Conclusions of the Thesis.

Both starch and PLA has been widely studied in order to obtain packaging films for food
packaging applications. Nevertheless, they have different drawbacks related with this use. PLA
films are very brittle and exhibit high oxygen permeability whereas starch films exhibit high
water sensitivity and high water vapour permeability with low mechanical resistance. In
contrast, PLA films have good water vapour barriers while they present high tensile strength,
and starch constitute a very good barrier to oxygen and gases. Combination of both
biopolymers could offer a packaging material with interesting properties due to their
complementary characteristics. However, their lack of compatibility make their blend difficult,
since blends yield heterogeneous film structures or they require compatibilizers, which can
compromise their use for food applications. To avoid these problems, the starch-PLA
combination has been designed as bilayer assemblies in this study, where the compatibility of
the polymers is less critical since the starch-PLA contact only occurs at the layer interface.
Likewise, the incorporation of an active compound (cinnamaldehyde) has also been

considered in order to obtain antimicrobial films.

To improve the extensibility of semicrystalline PLA before the bilayer formation, plasticizing
substances were incorporated and their effect on the film properties was analysed. Chapter |

finfluence of plasticizers on thermal properties and crystallization behaviour of poly(lactic acid)

films obtained by compression mouldingo reports

plasticized PLA films with different substances at different concentrations, in terms of
structural, thermal, optical, mechanical and barrier properties, as well as to the overall

migration of plasticizers into food simulants, was carried out. However, the used plasticizers



were not effective at increasing the film stretchability. Therefore, a more extensible PLA

material (amorphous PLA) was considered for the bilayer formation.

Chapter 1l i s e n tPbly(lhcecyd acidi (PLA) and starch bilayer films, containing
cinnamaldehyde, obtained by compression mouldingd . T h itesdeaishwighphe combination
of amorphous PLA with starch through a bilayer assembly. Amorphous PLA films were
obtained by casting of the ethyl acetate solutions, where the active compound could also
incorporated. Starch films obtained by melt blending and compression moulding were adhered
to cast PLA sheets by thermocompression. Semicrystalline PLA-amorphous PLA bilayers were
also obtained and characterized for comparison purposes. The relevant functional and
structural properties of bilayers were analysed. Starch-amorphous PLA sheets showed good
adhesion properties, while mechanical and water vapour barrier properties of bilayers were
greatly improved, with respects to neat starch films. Despite some losses of cinnamaldehyde
that occurred during the film processing, the active compound had a plasticizing effect on both

mono and bilayer films.

Finally, the same PLA-starch bilayer films were also analysed in terms of release kinetics of
cinnamaldehyde from the films to four food simulants and the antimicrobial activity of the films

was tested against Gram+ and Gram- bacteria. Results are presented in Chapter Il

AAnti microbi al properties and release of <c¢cinnam:
acid (PLA) and starchbo. Films with cinnamal dehyd
the tested bacteria and the release kinetics revealed significant differences in the rate and ratio

of the compound delivery depending on both the kind of film and food simulant, the results

being coherent with the observed antimicrobial activity.
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LIST OF ACRONYMS

ASTM: American Society for Testing and
Materials

ATBC: Acetyl Tri-n-Butyl Citrate

ATP: Adenosine triphosphate

BHA: Butylated hydroxyanisole

BHT: Butylated hydroxytoluene

CA: Citric Acid

CEO: Cinnamon Essential Oil

CFU: Colony Forming Unit

CH: Chitosan

CIN: Cinnamaldehyde

CNC: Cellulose nanocrystal

DCP: Dicumyl Peroxide

DNA: Deoxyribonucleic Acid

DSC: Differential Scanning Calorimetry
DTG: Thermal weight loss derivate
EFSA: European Food Safety Authority
EM: Elastic Modulus

EO: Essential Oil

EPO: Epoxized Palm Qil

ESO: Epoxized Soybean Oll

EU: European Union

EVA: Polyethylene-co-vinylacetate

U: Elongation at break

FDA: American Food and Drug

Administration
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FESEM: Field Emission Scanning Electron
Microscopy

FTIR: Fourrier Transform Infrared
Spectroscopy

GRAS: Generally Recognized As Safe
HDI: Hexamethylenediisocyanate
HDPE: High Density Polyethylene
LDPE: Low Density Polyethylene

LSD: Least Significant Difference

M: Mould

M: PLA Monolayer film

MA: Maleic Anhydride

Mcin: PLA Monolayer film with
cinnamaldehyde

MDI: Methylenediphenyl diisocyanate
MIC: Minimum Inhibitory Concentration
MMT: Montmorillonite

NaMMT: Sodium montmorillonite

OM: Overall Migration

OP: Oxygen Permeability

OTR: Oxygen Transmission Rate

PA: Polyacrylamide

PAA: Poly(acrylic) acid

PBAT: Polybutylene adipate-co-
terephthalate

PBSA: Polybutylene succinate-co-adipate



PCL: Polycaprolactone

PE: Polyethylene

PEG: Polyethylene glycol

PET: Polyethylene terephthalate
PG: Propylene Glycol

PHA: Polyhydroxyalkanoates

PHB: Poly-b-hydroxybutyrate

PLA: Poly(lactic) acid

PLA-M: PLA-PLA bilayer film
PLA-Mcin: PLA-PLA bilayer film with
cinnamaldehyde

PP: Polypropylene

PS: Polystyrene

PTMC: Poly(trimethylene carbonate)
PVA: Polyvinyl alcohol

PVC: Polyvinyl chloride

RH: Relative Humidity

ROP: Ring Opening Polymerisation
S: Starch

SA: Stearic Acid

SEM: Scanning Electron Microscopy
S-M: Starch-PLA bilayer film
S-Mcin: Starch-PLA bilayer film with
cinnamaldehyde

SPI: Isolated Soy Protein

SPS: Sugar Palm Starch

t: time

TA: Glycerol triacetate
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TBC: Tributyl Citrate

TBHQ: Tertbutylhydroguinone

Tc: Crystallization temperature

Tg: Glass transition temperature

TGA: Thermogravimetric Analysis

Ti: Transmisttance

Tm: Melting temperature

Tmax: Maximum decomposition
temperature

TOA: Tung Oil Anhydride

Tonset: ONset Temperature

TPS: Thermoplastic starch

TR: Transmission Rate

TS: Tensile Strength

TSA: Tryptone Soy Agar

TSB: Triptone Soy Broth

UV: UltraViolet

UV-VIS: UltraViolet-Visible Spectroscopy
WVP: Water Vapour Permeability
WVTR: Water Vapour Transmission Rate
Xc: Degree of crystallinity

XRD: X-Ray Diffraction

Y: Yeast

gHo: Melting enthalpy of 100% crystalline
PLA

gH.: Crystallization enthalpy

gHex: Excess of enthalpy

gHm: Melting enthalpy
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INTRODUCTION

1. Food packaging materials

1. 1. Environmental context

Over the last decades, environment has become one of the major global concerns,
especially with the pollution, depletion of natural resources and environmental
degradation. Consequently, research efforts are made progressively at different levels
to face this problematic. A specific concern is the packaging field, which produces great
amounts of non-degradable plastic wastes that are accumulated in critical areas in the
planet, causing severe problems, and representing high recycling costs. Europe ranks
second, along with North America, in the global production of plastic materials with
18.5% of the worldwide annual production (322 million tonnes in total in 2015), while
China the first producer of plastics (only thermoplastics and polyurethanes). In Europe,
packaging applications are the largest sector for the plastic industry since it represents
40% of the total plastic demand, which reached 49 million tonnes in 2015. (Plastic
Europe, 2016).

Food packaging necessitates an important consumption of different materials, while of
all the materials available to this end, plastics have increased exponentially over the past
two decades, with an annual growth of approximately 5%. Indeed, plastic represents the

second most used material for food packaging application, after paper and cardboard.

Figure 1 shows the market share of food packaging materials. Of the plastic materials,
petroleum-based plastics, such as polyethylene (PE), polypropylene (PP), polystyrene
(PS), are widely used as packaging materials. Despite the environmental issues, plastics
packaging are very successful in the market, due to their great combination of flexibility
(from film to rigid applications), strength, transparency, stability, impermeability and ease
of sterilization, which make them suitable for food packaging. However, despite their
good properties, their use and accumulation imply serious environmental problems, and
a dependence on fossil fuels. 63% of the current plastic waste comes from packaging
applications and it is estimated that less than 14% are recyclable. In 2014, more than
7.5 tonnes of plastic wastes were collected for recycling in Europe (Plastic Europe,
2016).
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Figure 1. Market share of food packaging materials.

Source: Food Packaging Forum, 2016.

Considering that plastics is the most common primary packaging for food products, the
allowed materials for food applications are regulated to ensure food safety, since they
are in direct contact with food and beverage. The European Union (EU) has developed
various regulations in this respect. The Framework Regulation EC 1935/2004 and
the Commission Regulation EC 2015/174 set out the authorized materials and articles
intended to come into contact with food. Further, EU Regulation EC 1895/2005 restricts
the use of certain epoxy derivatives for the use as resins. Additives added to polymer
materials also need to be authorized by the European Food Safety Authority (EFSA) and
are available on theAJn i o Iistoof substances to be used in plastic food contact

materialso .

Among the different conventional plastics materials, high and low density polyethylene
(HDPE and LDPE respectively), polypropylene (PP), polyethylene terephthalate (PET),
polystyrene (PS) and polyvinyl chloride (PVC) are the most common employed polymers
in the food packaging area. Nevertheless, the final packaging is commonly made of
several different polymers because of their different properties that make them more
suitable for certain applications. Likewise, the technology of plastic bobbins on the
form/fill/seal production lines ensures a high production rate, reducing the cost because
of the few material loss and the logistic ahead (transport and stock of the PS bobbins)
and guarantees the respect of hygiene norms. On another hand, since it is a very flexible
but tough and easy processing material, it is also used for transport and distribution

packaging, to ensure the integrity of the products or to group several unit products.
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1.2. Biopackaging

To circumvent the growing plastic production and waste and thus the pollution problem,
research has been focused on the development of alternative bio-packaging materials,
derived from renewable sources, which are biodegradable or compostable. Biopolymers
can be used to substitute non-biodegradable plastics with other more natural and eco-
friendly materials, nhamed bioplastics, reducing the environmental impact and oil-
dependence. Bioplastics can be divided into three main categories, on the basis of their
origin and biodegradable nature (Geueke, 2014):

1. Biobased-non-biodegradable (e.g. PET, PA);

2. Biobased-biodegradable (e.g. PLA, polyhydroxyalkanoates (PHA) or starch, other
polysaccharides or proteins);

3. Fossil-based biodegradable (e.g. PCL).

Biodegradable plastics are degraded by microorganisms in their natural environment
(soil, water) and can be obtained from organic and/or fossil resources. Bio-based plastics
refer to polymers that are composed or derived of biological products from renewable
resources such as grains, corn, potatoes, beet sugar, sugar cane or vegetable oils.
Therefore, biopolymers are biodegradable, biobased or both and can be classified as
those directly obtained from biomass (starch, cellulose, proteins), synthetic biopolymers
from biomass or petrochemicals (PLA, PCL) or those obtained by microbial fermentation
(PHA). The former are directly extracted from biological and natural resources and they
are hydrophilic and somewhat crystalline in nature, making an excellent gas barrier.
Biodegradable polyesters (synthetic or biosynthesized) are more hydrophobic and
constitute better barriers to water vapour. In general, the functional properties of
biopolymer-based materials in terms of their mechanical and barrier properties need to
be adapted to food requirements, by using different strategies, such as physical or
chemical modifications (crosslinking) or blending with other components, plasticizers or
compatibilizers. Therefore, many studies have been carried out in order to obtain
bioplastics with comparable functionalities as those of petrochemical polymers in order
to respond to the environmental concern. PLA and starch, which have been used in the
present study, have been extensively studied as potential replacers of non-degradable
petrochemical polymers on the basis of their availability, adequate food contact

properties and competitive cost. Their main characteristics are described below.

1. 3. Poly(lactic) acid

One of the most promising biopolymers to replace petrochemical plastics is poly(lactic)

acid, a linear aliphatic thermoplastic polyester derived from lactic acid, which is obtained
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from the fermentation of 100% renewable and biodegradable plant sources such as corn
or rice starches and sugar feed stocks. It can be produced by the chemical conversion
of corn or other carbohydrate sources into dextrose. Dextrose is fermented to lactic acid
followed by polycondensation of lactic acid monomers or lactide. However, the most
common way to produce PLA is the Ring Opening Polymerization (ROP) of lactide
monomer formed from lactic acid (Armentano et al., 2013). Figure 2 shows the cycle of
PLA in nature while Figure 3 presents the different ways to produce PLA. It was reported
that the production of PLA resin pellets consumes from 25 to 55% less fossil energy than

petroleum-based polymers (Xiao et al., 2012).

AGRICULTURAL
PRODUCTS

Energy (electricity)

Growth
media
(carbon
sources)

LACTID ACID

PRODUCTS

Figure 2. PLA cycle in nature. Adapted from Xiao et al. (2012).
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Figure 3. Different routes to produce PLA. Adapted from Auras et al. (2004).

1. 3. 1.General characteristics

Three different stereochemical forms exist for lactide: either L-, D- or both L, D-Lactide
(Meso-Lactide) (Figure 4), having each one their own melting temperature. PLA is
insoluble in water, ethanol, methanol and aliphatic hydrocarbons but it is soluble in
chloroform, hot benzene, acetonitrile, which are toxic, but also in acetone, ethyl acetate
and dichloromethane. Its degradation half-life goes from six months to two years,
depending on its stereochemistry and molecular weight (Armentano et al., 2013).

O O 0]
C H3 \\\\\C H 3 \\\‘\C H 3
O O R O o
O O - o)
HsC HsC H,C"
O 9] O
D-Lactide Meso-Lactide L-Lactide

Figure 4. Stereochemical forms of lactide.
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1. 3. 2.Advantages/Drawbacks

PLA exhibits many advantages; it is biodegradable, renewable and biocompatible and it
has been approved by the American Food and Drug Administration (FDA) for direct
contact with biological fluids. It is also highly transparent and has good water vapour
barrier properties (Mattioli et al.,, 2013; Rhim et al., 2009), comparable to those of
petroleum-based plastics, such as polyethylene terephthalate (PET) or polystyrene (PS).
Because of emerging industrial production technologies, PLA is now very competitive in
price. Nonetheless, PLA has limited gas barrier capacity due to its hydrophobic nature.
Despite its strong resistance (tensile strength from 17 to 74 MPa) (Fortunati et al., 2015;
Gui et al., 2012), it is very brittle, with less than 10% of elongation at break (Rasal et al.,
2008; Hiljanen-Vainio et al., 1996).

1. 3. 3.Processing

Due to its good thermal processability, PLA can be tailor-made for different fabrication
processes, either injection moulding, sheet extrusion, blow moulding, thermoforming,
film forming, or fiber spinning. However, depending on the process, some parameters
must be controlled (D-isomer content, molecular weight distribution). L-, D- or meso-
lactide stereoisomers can be incorporated into the polymer backbone, thereby obtaining
specific PLA material and assigning it for specific applications. Although PLA is
hydrophobic, the pellets must usually be dried from 60 to 100°C for several hours prior
to processing in order to prevent excessive hydrolysis and modifications in physical

properties of the polymer (Lim et al., 2008).

The most common technique used to process PLA is extrusion. Indeed, an extruder
enables the pellets to be mixed in a homogeneous way, under high temperature (Lim et
al., 2008). PLA can also be dissolved in chloroform (Fortunati et al., 2015; Gonzalez and
lgarzabal, 2013; Jamshidian et al., 2013, Qin et al., 2015a) or other solvents such as
dichloromethane (Ahmed et al., 2016a), methylene chloride or acetonitrile (Hughes et

al., 2012), and cast to obtain films with high transparency and gloss.

1. 3. 4. Applications

Because of its bio-absorption characteristics and the fact that it used to be expensive,
PLA was mainly studied for the biomedical uses, such as tissue engineering (Armentano
et al., 2013). Nonetheless, as a result of the new PLA production techniques and
polymerization routes, the acquisition cost of high molecular weight PLA has now

decreased. As a consequence of this price reduction, PLA is now more investigated for

32



packaging applications and consumer goods. With comparable mechanical and optical
properties as those of conventional plastics, PLA could possibly substitute LDPE and
HDPE, as well as PS and PET for food packaging application to contain liquids (cups,
bottles, bowls).

1. 3. 5.Modifications

Some factors limit the PLA application for packaging technologies and polymer
modifications have been intended to adapt its properties to the packaging requirements.
Since PLA-based materials are rigid and brittle, plasticizers have been added to enhance
the mechanical performance of the PLA films.

Many studies have been made with different plasticizing agents, such as glycerol
(Erdohan et al., 2013), acetyl tri-n-butyl citrate (ATBC) (Baiardo et al., 2003; Coltelli et
al., 2008), glycerol triacetate (TA) and tributyl citrate (TBC) (Grigale et al., 2011),
triacetine tributyl citrate, acetyl tributyl citrate, triethyl citrate and acetyl triethyl citrate
(Ljungberg and Wesslén, 2002) or epoxized palm (EPO) and soybean (ESO) oils (Tee
et al., 2014). Several authors also reported results of PLA plasticized with polyethylene
glycol (PEG) from molecular weight of 200 (Chieng et al., 2013), 300 (Grigale et al.,
2011), 400 (Hughes et al., 2012), 550 (Choi et al., 2013), 1000 (Gui et al., 2012, Pluta et
al., 2006) until 1500 and 10000 g.mol* (Baiardo et al., 2003).

As plasticizers decreased the glass-transition temperature (Tg), a lower stress at yield
and a higher elongation at break were observed in the different studies. Gas permeability
being also a problem for PLA, Rocca-smith et al. (2016) applied a corona treatment to
PLA films and observed modifications in both the surface and the bulk of the films. In
particular, surface analysis revealed an increase of polarity and roughness. Some
modifications of the mechanical properties and the crystallinity degree were also

reported, resulting in films with improved gas (He, O2, CO) barrier properties.

Another option considered to improve PLA properties is to combine it with other
biopolymers by using an adequate compatibilizing strategy. Different PLA blends have
been studied such as PLA-PHB/cellulose nanocrystals (CNCs) plasticized with 15 wt %
of acetyl(tributylcitrate) (ATBC) (Arrieta et al., 2015). CNCs permitted the improvement
of the thermal stability of the PLA-PHB blends, and oxygen barrier and stretchability were
achieved in PLA-PHB-CNCs-ATBC films.

Bonilla et al. (2013) added chitosan (CH) to PLA and obtained less rigid and less

stretchable films, with no modification of PLA thermal properties. On another hand,
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chitosan incorporation led to higher water vapour permeability than that of neat PLA films

and provided antimicrobial activity against total aerobial and coliform microorganisms.

PLA-Poly (butylene succinate-co-adipate) (PBSA) and Poly (butylene adipate-co-
terephthalate) (PBAT) were obtained by Pivsa-Art et al. (2011). From the morphology
study it was found that polymer blend of PLA-PBSA of 80-20 wt % shows good
distribution of compositions and good mechanical properties after addition of PBAT at
10-30 wt %, with highest TS (40.71 Mpa) with 20 wt % PBAT, acting as an interfacial

agent to improve the mechanical properties of the blends.

Finally, Qin et al. (2015b) developed PLA-PCL (70-30) by casting method and
characterized their physicochemical properties, as well as their antimicrobial properties
against button mushrooms (Agaricus bisporus) in the case of films carrying
cinnamaldehyde. The CO; level inside the PLA-PCL films with cinnamaldehyde was
lower than those inside the control and PLA-PCL films, but the O; level was similar in all
packages. The films with 9 wt % CIN were the most effective in reducing microbial counts
and preserving the colour of mushrooms and showed the highest water vapour

permeability.

Other authors worked on PLA-starch blends. Indeed, starch is a good candidate to obtain
PLA blend films since it is widely available and cheap with properties complementary to
PLA. Nevertheless, the non-compatibility of both polymers requires the use of different

compatibilizing strategies, as discussed in section 1.5.

1.4. Starch

Starch is a plant polysaccharide consisting of several glucose units joined by glycosidic
bonds. It is found in cereals (30-70% of the dry matter), tubers (60-90%) and legumes
(25-50%) (Wertz, 2011). It is one of the main sources of energy to sustain life and one
of the most abundant biopolymers on earth, with cellulose and chitin, also being
renewable, biodegradable and biocompatible.

Native starch is composed of two main macromolecular components, which are amylose
and amylopectin. Amylose is a nearly linear polymer of U-1,4 anhydroglucose units that
has excellent film forming ability, making for strong, isotropic, odourless, tasteless, and
colourless films (Campos et al., 2011). Meanwhile, amylopectin is a highly branched
polymer of short U-1,4 chains linked by U-1,6 glucosidic branching points occurring every
25-30 glucose units (Durrani and Donald, 1995).

Figure 5 presents the amylose and amylopectin molecules and Table 1 shows the ratio

of amylose/amylopectin of different starches, depending on their source.
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Figure 5. Amylose (a) and amylopectin (b) structures. Source: Carvalho et al. (2008).

Table 1. Amylose and amylopectin contents (%) in starch from different sources.
Source: Carvalho et al. (2008).

Starch Amylose (%) Amylopectin (%)
Wheat 30 70
Corn 28 72
Potatoe 20 80
Rice 20-30 70-80
Cassava 16 84

1. 4 1. Advantages/Drawbacks

Starch-based films have demonstrated several advantages such as their extensibility
and oxygen barrier properties (Ortega-Toro et al., 2014a; Acosta et al., 2015). They also
exhibit similar physical characteristics as those of the conventional packaging plastics in
terms of transparency, odour and taste (Nisperos-Carriedo, 1994). Moreover, starch
based films are reported to be nontoxic, contributing to their growing acceptance as
potential packaging alternative (Chakraborty et al., 2004). However, since it is highly
hydrophilic, starch exhibits high water sensitivity and solubility and poor water vapour
barrier capacity. It is a low resistance material, with a tensile strength lower than 5 MPa,
depending on the moisture content (Ortega-Toro et al., 2014b; Souza et al., 2013, Acosta
et al., 2015; Versino et al., 2015).

1. 4 2.Processing

Starch-based films can be obtained by both thermoprocessing and casting techniques
(Jiménez et al., 2012; Acosta et al., 2015; Cano et al., 2016; Castillo et al., 2013; Garcia
et al., 2012; Ortega-Toro et al., 2015). Films can only be obtained after gelatinization of

the native starch to irreversibly disrupt the granules. Gelatinization can be carried out
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with an excess of water (> 90% w/w) (Carvalho et al., 2008) in the case of films obtained
by casting or it can also be achieved at low moisture content during a thermal processing.
High-shear and high-pressure conditions are applied, in the presence of plasticizers,
such as water or glycerol, which tear down the starch granules, allowing faster water
transfer into the starch molecules and causing the breakage of the amylopectin matrix
and releasing the amylose.

1. 4 3.Applications

Many applications have been described for starch. Indeed, it can be converted into
chemicals (ethanol, acetone, and organic acids) and used in the production of synthetic
polymers, it can produce biopolymers through fermentative processes or it can be
hydrolysed to provide monomers or oligomers. Likewise, it can be grafted with a variety
of reagents to produce new derivative polymeric materials for different uses (Carvalho et
al., 2008). Starch has been used for pharmaceutical or cosmetic applications (Lafargue,
2007), as glue for paper and wood (Jarowenko, 1977) or gum for the textile industry
(Daniel et al., 1994; Whistler et al., 1984). Native and modified starches play an
increasingly important role in the food industry, modifying the physical properties of food
products, such as sauces, soups, or meat products, mainly resulting in changes in
texture, viscosity, adhesion, moisture retention, gel formation, and film formation
(Thomas and Atwell, 1999). Thus, in food applications, starch is used as a thickener,
binder or setting agent under its granular form or as a sweetener or binder under its
hydrolysed form. Finally, with the emerging research in bioplastics and because of its
outstanding characteristics, starch has become one of the best options for food

packaging application.

1. 4. 4.Plasticization of starch

Thermoplastic starch, which is a rubbery material, is obtained by adding plasticizers to
the native starch during its processing. Plasticizers can be fructose (Kalichevsky and
Blanshard, 1993), sorbitol and maltitol (Mathew and Dufresne, 2002), glycols (Da roz et
al., 2006), ethanolamine (Huang et al., 2005) or formamide (Ma and Yu, 2004), although
most studies report water and glycerol as the best plasticizing agents. Glycerol is
generally incorporated between 25% (Acosta et al., 2015; Cano et al., 2016) and 30%
(w/w) (Lopez et al., 2014; Ortega-Toro 2014b). Perry and Donald. (2000) showed that

glycerol alone can completely gelatinize starch and induce an increase in the
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gelatinization temperature of approximately 60°C, compared with the water-plasticized

product.

1.5. PLAstarch materials

To remedy the disadvantages of both PLA and starch previously described and to reduce
the cost of the finished products, alternatives have been considered. Since both
polymers show opposite mechanical and barrier properties, their combination could lead
to films with improved functional properties. However, since starch is highly hydrophilic
and PLA is hydrophobic, they are thermodynamically immiscible. The biggest issue with
mixing both polymers relies on the phase separation. A solution is to modify either starch
(Bastos et al., 2009) or PLA (Turalija et al., 2016) with plasma treatment, in order to
change their hydrophobicity. Nonetheless, the strategy mostly investigated is PLA-starch
blends.

1. 5. 1.Blend films

Table 2 summarizes some of the most recent studies on PLA-starch blends, with or
without compatibilizers, which are incorporated to enhance the interfacial interactions
between the two polymers. Several studies have been conducted regarding the
combination of both materials by blending them with addition of different substances.

Xiong Zhu et al. (2013b) incorporated epoxidized soybean oil (ESO) in PLA-starch
blends; with starch grafted with maleic anhydride (MA) to enhance its reactivity with ESO.
Authors observed a marked increase of the elongation at break (from 6 to 140%) and
impact strength of the PLA-ESO-S (80:10:10) films. Same authors (Xiong Zhu et al.,
2013c) also used tung oil anhydride (TOA), from 5 to 12 wt %, as a bio-based reactive
plasticizer for PLA-starch blends via the ready reaction of MA and observed a better
compatibility between the two polymers, as demonstrated the SEM micrographs and

FTIR spectra, as well as a higher elongation at break (from 6 to 31%).

Several authors added methylenediphenyl diisocyanate (MDI) to the PLA-starch blend
to enhance the compatibility of the two polymers (Acioli-Moura and Sun, 2008;
Phetwarotai et al., 2012; Wang et al., 2002). They all found that this compound acted as
a coupling agent, improving the interfacial interaction between the two materials, thus
enhancing the mechanical properties of the PLA-starch blends. Wang et al. (2002)
reported a smoother microstructure and higher tensile strength (68 MPa) for the PLA-S
blend (55:45) with 0.5 wt % MDI. Acioli-Moura and Sun (2008) found a similar thermal

decomposition profile of the blends, with or without MDI, although the compatibilizer led
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to a longer thermal endurance between 50 and 100°C. MDI incorporation also gave an
improved elongation at break from 2.7 to 4.2%. MDI being a small molecule, composed
of isocyanate groups, which are highly reactive with both hydroxyl and carboxyl groups
to form urethane linkages, it is an effective compatibilizer for these two immiscible
materials. Nevertheless, MDI is still recorded as a harmful substance by the EU Council
Directive 67/548/EEC on Dangerous Substances and cannot be used for food packaging

applications.

Several studies were also carried out using maleic anhydride, grafted either on PLA
(Huneault and Li, 2007; Orozco et al., 2009) and/or starch (Zuo et al., 2014), in order to
improve the interfacial adhesion between the polymer phases. Orozco et al. (2009)
obtained PLA-g-MA copolymers using dicumyl peroxide (DCP) as an initiator of grafting
and PLA-S copolymers were obtained by reactive blending, varying the starch
composition from 0 to 60%. It was observed that MA had a plasticizing effect and
enhanced the compatibility between PLA and starch, showing a stable and
homogeneous interface with no stress fractures, holes nor cavities at the interface of the
two polymers, as revealed by the SEM analysis. On another hand, Zuo et al. (2014) used
the synthesis of MA esterified starches (1% MA) to blend it with PLA. The introduction of
a hydrophobic ester bond in starch chains increased the polymer interfacial compatibility
and led to an improvement of the PLA-S water resistance and tensile properties.
Determined melt index showed that starch esterification also improved the melt flow
properties of PLA-S composite material. MA was also grafted on both polymers by
Hwang et al. (2013), in a mixer in the presence of DCP in a one-step reactive
compatibilization process. PLA-S (80:20) with 2.0 phr of MA and 0.1 phr of DCP showed
the best tensile properties and the reactive compatibilization significantly reduced

combined molecular weight of the blend.

Le Bolay et al. (2012) investigated the co-grinding of starch-PLA in a tumbling ball mill
without adding any compatibilizer or plasticizer. The hydrophilic behaviour of the blend
decreased, as the interface between the matrix and the filler could be improved.
Mechanical properties of the blends were improved, showing a higher ductility. Wokadala
et al. (2014) also worked on PLA-S blends without compatibilizer but they proceeded to
the butyl-etherification of waxy and high amylose starches to increase its hydrophobicity
and compatibility with PLA. Although the polymer thermal stability decreased, the
modified blend showed an improved mechanical performance, while SEM micrographs
showed a more homogeneous structure with this starch modification. Besides, this study
demonstrated that the amylose/amylopectin content of starch plays an important role on
the tensile properties of the starch-PLA blend films. At higher starch levels, composites

with butyl-etherified high amylose starch give a lower elongation at break and tensile
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strength compared to those with butyl-etherified waxy starch due to the tendency of

amylose to self-aggregate.

Although relevant results showed that starch-PLA blending seems to be a good
alternative to enhance the film properties of neat PLA or starch films, this requires the
involvement of reactive processes, which, in turn, could lead to reactant residues in the
films, which must be tested as to their food safety. In contrast, the strategy of the bi or
multilayer films did not require such great efforts to enhance interfacial properties of the
polymers since they only enter in contact at the layer interface. Moreover, in terms of
barrier properties, multilayer assembly exhibits more advantages, since the
complementary barrier capacity of each polymer can yield composite material with
extremely high resistance to the mass transport of polar (water) and non-polar (gases)
molecules, resulting in a very effective packaging material. Nevertheless, the good
interfacial adhesion of the mMetrsureddronstheat t he
mechanical point of view. This aspect could be enhanced by using adequate adhesive
materials, but studies on their migration are necessary, especially for food applications,
where food safety can be compromised. Some studies carried out into biopolymer bilayer

films are summarized in the next section.
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Table 2. Examples of PLA-starch blends with or without incorporation of a compatibilizer.

PLA Starch Glycerol PLA.'S Compatibilizer Compatibilizer Processing Reference
(w/w S) ratio content
120 kDa Wheat . 55.45  Methylene diphenyl diisocyanate 0.05 wt % Extrusion Acioli-Moura & Sun, 2013
(MDI) Compression moulding
1.1-1.7% from 20 . I Melt blending
D-content Potato t0 40 40-60 Sodium montmorillonite (NaMMT) 0.5-1.0 phr (/dry S) Compression moulding Ayana et al., 2014
2002D°% a) Maleic anhydride (MA) .
. from 30 83-27 . . a) 2wt % Extrusion .
0, - - - -di- -
4% D-content Wheat/Pea/Rice t0 39 40-60 b) 2,5-dimethyl-2,5-di-(tert b) 0.1-0.25-0.5 Wt % Injection mouiding Huneault & Li, 2007
235 kDa butylperoxy)-hexane
4042D" 90-10 . . _
6% D-content Corn - 80-20 E; hDﬂl;umyl peroxide (DCP) Z; g.lhprhr Com’vll’il';sti)l)enn:’:gil din Hwang et al., 2013
130 kDa 70-30 P P 9
2002D° 90-10 . : _
. . . Extrusion Jariyasakoolroj &
- - - 0,
4% D-content Cassava 70-30 Trimethoxy silane coupling agents  from 1 to 100% (w/w S) Blown moulding Chirachanchai, 2014
235 kDa 50-50
12% D-content Waxy maize (99% Co-grinding
: - -2 - - ; . Le Bol tal., 2012
68 kDa amylopectin) 80-20 Compression moulding € bolay etal.,
85-15
75-25 .
n.r. Potato 65-35 MA n.r. Melt l?lendlng . Orozco et al., 2009
Compression moulding
50-50
40-60
MDI
90-10 -,
4042D% PLA plasticizers: . 0 .
6% D-content Cassava/Corn frtomsi3 gggg a) Propylene glycol (PG) MDbI' :..25/50 t(levé S)t o c Melt k_)lendlngld_ Phetwarotai et al., 2012
130 KDa. (o} 60-40 b) Polyethylene glycol (PEG) a) b) from 5 to 20 wt % ompression moulding
400 g.mol™
4% D-content . . ) Extrusion
- 0,
180 kDa Corn 25 50-50 Anhydride functionalized polyester 1wt% Injection moulding Ren et al., 2009
® 6.3-93.7 . . . .
3251D Cassava 33 6.0-94.0 Adipate/citrate esters 0.7-1 wt % Blown extrusion Shirai et al., 2013
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Citric acid (CA)

Extrusion

- 0, I i
125 kDa Cassava 30 80-20 Stearic acid (SA) 2% (w/w S) Compression moulding Teixeira et al., 2012
80-20
70-30
120 kDa Wheat - 55-45 MDI 0.5 wt % Compression moulding Wang et al., 2002
50-50
40-60
12% D-content Extrusion
- 0,
160-220 kDa Corn 40 50-50 CA from 1 to 4% (w/w S) Compression moulding Wang et al., 2007
12% D-content from 10 . Extrusion
- 0,
160-220 kDa Corn t0 40 50-50 Formamide from 10 to 40% (w/w S) Compression moulding Wang et al., 2008b
2002D° Waxy maize 40-60 Butyl-etherification of starch
(100% amylopectin)/ 30-70 .
4% D-content ) . - - Melt-blending Wokadala et al., 2014
235 KD High amylose maize 20-80 Compression mouldin
a (70% amylose) 10-90 P 9
a) Hexamethylenediisocyanate 0 .
4032D° Corn - 70-30 (HDI) 2) 5-8-11% (Wiw S) _ Extrusion Xiong Zhu et al., 2013a
. b) 5wt % Injection moulding
b) Castor ol
90-10 a) MA a) 4,3-9-13,3% (w/w S) Extrusion .
® -
4032D Corn 70-30 b) Epoxidized soybean oil (ESO)  b) 10 wt % Injection moulding Xiong Zhu et al., 2013b
4032D" Corn - 70-30 Tung oil anhydride (TOA) 5-7-10-12 wt % . E_xtru3|on . Xiong Zhu et al., 2013c
Injection moulding
a) Epoxidized itaconic acid (EIA) Extrusion
4032D° Corn - 70-30 b) Bio-based ether epoxidized 20% (wiw S) — . Xiong Zhu et al., 2014
Injection moulding
cardanol
4042D° 70-30 Tween 60 :
6% D-content Cassava 33 50-50 Linoleic acid 1.55% (w/w S) In'ecﬁfr:lﬁlggl din Yc;l;eks'szr;aczhg 1”1&
130 kDa 30-70 Zein ) 9 '
Granular Corn 50 60-40 MA 1% (w/w S) Extrusion moulding Zuo et al., 2014b

PLA®: Natureworks supplier

n.r.: not reported
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1. 5. 2.Bilayer film strategy

Table 3 summarizes a number of studies carried out into different materials assembled
as bilayer films. Starch-PCL bilayer films were obtained by Ortega-Toro et al. (2015) by
compression moulding. Before compression, starch layers (neat starch and starch with
5% PCL) were plasticized by the spraying of aqueous solutions of ascorbic acid or
potassium sorbate, with the objective to improve the starch-PCL adhesion. Authors
showed that all bilayers enhanced barrier properties to water vapour and oxygen (up to
96 and 99%, respectively), as compared to neat S and PCL films, respectively.
Potassium sorbate was the most effective at obtaining a better interfacial adhesion, thus
improving the barrier and mechanical properties of the films and providing them with

antimicrobial activity.

Svagan et al. (2012) managed to improve the oxygen permeability of PLA films by adding
chitosan and montmorillonite (MMT) clay, which has been reported as non-cytotoxic
(Wang et al., 2008a). Transmission electron microscopy revealed a well-ordered laminar
structure in the deposited multilayer coatings, and the light transmittance of the films
demonstrated the high optical clarity of the coated PLA. Bilayer films of the same
materials could also be obtained with the objective of incorporating active compounds
between the two layers.

Requena et al. (2016) added four active compounds (oregano and clove EOs and their
respective main compound) at the interface of PHBV layers. Films with active agents
were effective at controlling the bacterial growth of both Escherichia coli and Listeria
innocua. Although tensile properties were not improved with respect to pure PHBV films,

the active compounds yielded more transparent materials with better WVP.

Preparation and characterization of biodegradable bilayer films from isolated soy protein
(SPI) and PLA were reported by Gonzalez and Alvarez Igarzabal (2013). The tensile
properties of the films were improved with incorporation of the PLA layer, whereas the
water vapour permeability decreased as compared to SPI films. SPI-PLA bilayers were

also obtained and characterized by Rhim et al. (2007), obtaining similar conclusions.

As for PLA-starch assemblies, Sanyang et al. (2016) developed sugar palm starch (SPS)
and PLA bilayer cast films (with different PLA contents, from 20 to 50 wt %) and
characterized their mechanical, thermal properties and water vapour barrier capacity.
With a 1:1 PLA-starch ratio, tensile strength increased but elongation at break reduced
drastically in comparison with neat starch films. However, incorporation of PLA layer

significantly reduced the water vapour permeability, due to its hydrophobic resistance
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perpendicular to the transfer of water molecules. Film microstructure revealed a lack of

strong interfacial adhesion between the starch and PLA cast layers.

Martucci and Ruseckaite (2010) obtained biodegradable three-layer films, with PLA as
outer sheet and 30% glycerol plasticized gelatin as the inner layer. This assembly
exhibited significantly improved water vapour barrier capacity and mechanical

resistance.

The multilayer strategy is often used in the packaging industry and more and more of the
food available in the stores comes in high-tech plastic packaging such as multilayer films,

which ensure a longer-term preservation of the food than a monolayer structure.
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Table 3. Recent studies on polymer bilayer films.

Polymers Other compounds (Content) Polymer ratio Processing Solvent for casting (Polymer content) Reference
1. Corn starch (S) X o S-PCL Melt blending ) .
2. Polycaprolactone (PCL) S: Glycerol (30%) Or S (5% PCL)-PCL Compression moulding Ortega-Toro etal., 2015
SPS-PLA
1. Sugar palm starch (SPS) SPS: Glyceral (30%) Zg:ig Casting/Goatin 1. SPS: Distilled water (8% wiw) amvand et ol 2016
2. PLA -y ° 0.3 9 9 2. PLA: Chloroform (10% w/w) vang etal.
80-20
i SPI-PLA 1. SPI: Deionized water (0.75% w/w)
1. Soy protein (SP1) SPI: Glycerol (50%) 60-40° Casting/Coating ' ' a Ob Gonzélez & Igarzabal, 2013
2. PLA 50-50" 2. PLA: Chloroform (0.8% Or 1.2° % w/w)
1. PLA: Melt extrusion . . .
1. PLA — o L CH solution: 0.235% (v/v) Acetic acid
N 0, -
2. Chitosan (CH) CH: Montmorillonite (MMT) (0.2 wt %) 2. Dipping of RLA film in (0.2 Wt %) with MMT Svagan et al., 2012
CH/MMT solution
1. CH PAA: Ammonium peroxydisulfate ) o
2. Poly(acrylic) acid (PAA) ((NH;),S,05) & Gallium nitrate (Ga5NO;),) Electrosynthesis ) Bonifacio et al., 2017
1. Methylcellulose (MC)
2. Lipids: 1. MC: PEG 400 (25%)
Paraffin oil/wax 2. Lipids: Glycerol monostearate (GMS) - Layer chromatography spreading MC: Water-ethyl alcohol (3:1 v/v) Debeaufort et al., 2000
Or Hydrogenated Palm Oil (HPO) & (10%)
Triolein
1. FucoPol Polysaccharide 1. Fucopol: Citric acid (CA) (50%) ) . . 1. FucoPol: Distilled water (1.5% w/w) .
2. CH 2. CH: Glycerol (50%) & CA (50%) Casting/Coating 2. CH: 1 % wiw Acetic acid (1.5% wiw) Ferreira et al., 2016
1. Wheat gluten: Glycerol (20%)
1. Wheat gluten 2. PE: _Ethylene/acryllc ester/maleic L Wheat g_Iutert Casting Wheat gluten: Absolute ethanol (varying .
anhydride terpolymer - 2. Bilayer films: ) : Irissin-Mangata et al., 1999
2. Polyethylene (PE) > . contents), acetic acid & water
Or ethylene/glycidyl methacrylate Thermocompression
copolymer
1. PE (commercial) PCL: Casein ) ) ) . o .
2 PCL Or casein/ZnO nanoparticles (40%) PCL coating on PE film PCL: Tetrahydrofuran (10%) Re g | ed., 2015
Oregano EO
Or Carvacrol )
Poly[(3-hydroxybutyrate)-co-(3- Or Clove EO 50-50 Melt plendlng . - Requena et al., 2016
hydroxyvalerate)] (PHBV) Or Eugenol Compression moulding

(15% w/w)
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2. Active packaging

The major driving forces for innovation in the food packaging technology have been the
increase in consumer demand for minimally processed food, the change in retail and
distribution practices associated with globalization, new distribution trends (such as Internet
shopping), automatic handling systems at distribution centers, and stricter requirements
regarding consumer health and safety. Active packaging technologies are being developed as
a result of these driving forces to enhance safety or sensory properties, while maintaining the
quality of the product. This is particularly important in the area of fresh and extended shelf life
food while, in the area of active packaging, antimicrobial packaging has been identified as one

of the most promising solutions (Vermeiren et al., 1999; Suppakul et al., 2003).

An active packaging is a mode of packaging in which the package, the product, and the
environment interact to prolong shelf life or enhance safety or sensory properties, while
maintaining the quality of the product (Suppakul et al., 2003). Active packaging contains
substances that absorb undesirable compounds in the food system, such as oxygen, ethylene,
moisture, carbon dioxide or odors or that release beneficial compounds such as carbon
dioxide, antimicrobial agents, antioxidants or flavors. A wide number of studies focusing on the
development of active packaging materials have been carried out, by incorporating
antimicrobials, antioxidants or different components that act as absorbers of undesirable

compounds in the food or as releasers of beneficial compounds for food safety or quality.

As specific examples, different authors reported the incorporation of antioxidant agents into
PLA films, such as U-tocopherol and resveratrol (Hwang et al., 2012), natural (ascorbyl
palmitate and U-tocopherol) and synthetic phenolic antioxidant substances (butylated
hydroxyanisole  (BHA), butylated hydroxytoluene (BHT), propyl gallate, and
tertbutylhydroquinone (TBHQ) (Jamshidian et al., 2013). Byun et al. (2010) also observed the
antioxidant activity of B H T #totbpherol combination, which was significantly more effective
than when BHT was added alone.

The infectious sprouts are a public health issue, which implies the needs to intensify the
strategies of preservation (Hyldgaard et al., 2012). Therefore, antimicrobial packaging
materials became of particular interest as a specific mode of action of active packaging.
Antimicrobial materials interact with packaged food and headspace to reduce, delay, or even
inhibit the growth of spoilage and pathogenic microorganisms. The antimicrobial agent can be
physically separated by packaging materials (in sachets, dispensers, or capsules) or included
in or coated onto the packaging material. Antimicrobial films can be classified as migrating and
non-migrating systems. The former includes volatile antimicrobials that release to the

headspace, acting on the surface microorganisms. In non-migrating systems, covalent

45



immobilization of actives, such as antimicrobial polymers or enzymes in polymer matrices,
limits their release to the food and their action occurs through their direct contact with the
potentially contaminated surface or by adsorption of the electrostatically charged microbial
cells. Materials with surfaces activated (for instance with amino groups) by using different
chemical or physical methods have also been studied as antimicrobial materials. When the
release of antimicrobial compounds occurs in the food, this can lead to an organoleptic impact
and this aspect must be tested in order to guarantee adequate food quality (Article 3 of
Regulation (EC) No 1935/2004).

The development of an active material implies the selection of the active compound, materials,
and the design of the incorporation method, whose effectiveness must be demonstrated in the
food system. Validation of the functionality of these materials in real foods and migration
studies must be carried out. Likewise, the analysis of their stability throughout the storage time

must also be tested.

Different approaches can be considered to incorporate active compounds into the food
packaging material (Requena et al., 2017). It can be carried out by direct addition into the
polymer blend, trying to avoid high temperatures, which can degrade or volatilize the
compound. This is a critical aspect since the melting temperatures of most of the polymers or
biopolymers, reached during thermoprocessing, are relatively high and notable losses of
actives during extrusion or melt blending steps can occur, depending on the compound (Joo
et al., 2012; Han, 2003). Encapsulating active agents in different carriers, prior to their
incorporation, can contribute to mitigating this problem. To this aim, cyclodextrins, or different
nanotechnology approaches using biopolymers have been used (Joo et al., 2012; Wen et al.,
2016; Higueras et al., 2013). Another option is to bond actives to different nano-matrices such
as cellulose nanomaterials or nanoclays to limit their losses while allowing for a more controlled
release (Castro et al., 2016; Bidecci et al., 2016; Wu et al., 2015; Giménez et al., 2012).

In addition, obtaining multilayer films is a common practice to optimize their function on the
basis of the complementary properties of the different materials. Incorporation of active
compounds at the interface of the layers, at the same time as the adhesives, could be an
efficient method, since it does not involve high temperatures and the compounds can diffuse
through the film layers to reach the target point in the food. Within the concept of multilayer
films, the coating of thermo-processed layers with an active coating using techniques such as
electrospinning or casting, also offers different alternatives for development of active
packaging materials. Coating application requires a good extensibility and adhesion of the

active material on the supporting polymer layer and so, an adequate selection of components.
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The effectiveness of an antimicrobial film in the food systems depends on different factors: the
antimicrobial compound and its particular interactions with the polymer matrix, the target
microorganism and the corresponding minimally inhibitory concentration (MIC) required for the
antimicrobial action; and the release kinetics of the active and its final concentration released
from the film to the target point in the food (related to the corresponding partition coefficient).
Likewise, particular interactions of the active with the food components will also greatly affect
the antimicrobial effectiveness: complexation of the active with some food components would
inhibit any antimicrobial action, although an effective release has occurred. Special nutrients
of food for microorganisms also help for their resistance. Thus, different studies must be carried
out to validate the developed active material: migration or release studies of the active into the
food system, antimicrobial in vitro test against the target microorganisms and in vivo tests in

real foods (Commission Directive 97/48/EC).

2.1. Trends in the use of antimicrobial compounds

The current trends in the use of antimicrobials include the incorporation of natural, non-toxic
compounds, such as essential oils or their main components (Atares and Chiralt, 2016), plant
extracts (Periago and Moezelaar, 2001; Periago et al., 2001), peptides, some of them from
microbial origin (Jenssen et al., 2006; Yeaman and Yount., 2003) or polymer/enzymes with
proven antimicrobial properties (Padgett et al., 1998; Thallinger et al., 2013). Synthetic
antimicrobials such as different kinds of metallic nanoparticles or organic acids have also been
extensively studied (Han and Floros, 1997; Ishitani, 1995). Even the incorporation of live
microbial cells, bacteriocin producers, has been analysed (Sanchez-Gonzalez et al., 2013 and
2014). The incorporation of lactic acid bacteria in biopolymer films did not notably alter the
f i |funstiénal properties as packaging material, while imparting antimicrobial activity through
the cell production of bacteriocins. Sodium caseinate and methylcellulose films with glycerol
proved to be effective carriers of L. acidophilus and L. reuteri, used as antimicrobial agents. In
general, production of bacteriocins increased with the storage time and higher amounts were

produced in polysaccharide than in protein films at short times.

The antimicrobial properties of plant essential oils (EOs) have been widely studied and tested
both directly or when included in polymer matrices. EOs and several of their constituents
represent a natural alternative to chemical food preservatives, due to their capacity to inhibit
the growth of a wide variety of pathogenic and food-spoiling microorganisms. They are
complex in composition, being a source of bioactive terpenoids and phenolic compounds,
which exhibit antioxidant and antimicrobial properties (Atarés and Chiralt, 2016). Several

antimicrobial mechanisms have been described to explain the action of EOs against

a7



microorganisms, namely membrane destabilization and disruption, the inhibition of membrane
localized metabolic events; damage in the membrane proteins; and the leakage of cytoplasmic
constituents, metabolites and ions. Moreover, a synergistic effect between EOs and their major
components has recurrently been observed in different studies. For instance, Ye et al. (2013)
concluded that cinnamaldehyde and carvacrol show a high degree of antibacterial activity and
display synergistic antimicrobial activity for a great number of bacteria tested.

However, the concentrations of the EOs or their individual constituents, required to inhibit
bacteria in foods, are frequently higher than what is organoleptically acceptable. Moreover, the
highly volatile nature of these compounds, along with their great sensitivity to oxidation, which
makes them prone to deterioration, limits their free-form application onto the surface of food
systems. This can be partially mitigated by their inclusion/encapsulation in different carriers or
films. A wide variety of EOs has been tested in different carrying biopolymers, and the in vitro
studies, using the agar diffusion method, have proved their efficiency as antimicrobials. They

mainly act against different bacteria, although they also feature antifungal activity.

Taking these considerations into account, cinnamaldehyde has been considered in the present
study to obtain PLA-starch active films and its relevant characteristics as active compound are

described below on the basis of previous studies.

2. 2. Cinnamaldelide (CIN) as active compound

Cinnamaldehyde, also called cinnamic aldehyde, is one of the major constituents of cinnamon
bark oil (~ 60-90%) (Kim et al., 2015; Parthasarathy et al., 2008), among other phenolic
terpenoid compounds. CIN is extracted from the rind of cinnamon (Cinnamomum spp.), which

contains mucilage, tannins, sugar and resin that can be used as a spice or herb.

2. 2. 1.Antimicrobial properties

Cinnamaldehyde is a natural antimicrobial substance, classified as GRAS (Generally
Recognized As Safe) by the FDA. It has high antibacterial, antifungal, antiinflammatory and
antioxidant properties and it is widely used in the cosmetic, food and pharmaceutical industries.
However, it exhibits a strong smell and high volatility (Sun et al., 2015; Wang et al., 2015; Xing
et al., 2014).

The antimicrobial activity of CIN is mainly due to the aldehyde groups of the molecule that are
reactive and have the ability to cross over in a covalent way with the DNA and the proteins
through the amine groups, interfering with its normal function (Feron et al., 1991). Still, surveys

made on the mechanism of action of CIN are not very conclusive. This limits its development
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and use as a food preservative, since there is not enough information to predict its effect on
the different microorganisms and how it interacts with the different compounds in each food
matrix (Hyldgaard et al., 2012). Some authors establish at least three mechanisms of action:

1. At low concentrations, CIN could inhibit different enzymes that participate in the cytokinesis
or in other less important functions of the cells.

2. At higher concentrations, it could act as an inhibitor of the ATPase (Kwon et al., 2003;
Denyer, 1990).

3. It has been proved that, at very high concentrations, CIN causes perturbations in the
cytoplasmatic membrane of the cells, which is mainly the target of many antibacterial agents.

The interactions of the bacterial membrane with biocides often provokes fundamental changes
in the structure and in the function of the membrane (Denyer, 1990). Several studies were
carried out to determine the effects of CIN on the bacterial membranes (Shen et al., 2015) and
results show that CIN generally permeabilizes the internal membranes of E. coli and
Staphylococcus aureus, and that the permeability rate correlates with the corresponding
concentration of CIN. This conclusion is coherent with what Hammer and Hell (2012) describe,
using the multiparametric flow cytometry to examine the changes in the membrane polarity
and in the permeability in S. aureus, Staphylococcus epidermidis and Enterococcus. These
results also prove that cells show an external modification, probably because CIN penetrates
into the cell envelope, altering its structure. It has also been reported that CIN is an inhibitor of
b-(1,3) glucan synthase and quitin synthase 1, which are important during the synthesis of
enzymes in the cell wall of yeasts and moulds (Bang et al., 2000). These alterations in the cell
wall can be attributed to the lipophilic properties of the essential oil compounds that make it
more permeable to the cell wall and to the cytoplasmic membrane and helps to the
accumulation of polysaccharides under hydric stress conditions (Ultee et al., 2002; Yamamoto-
Ribeiro et al., 2013). The interaction of the cinnamon essential oil (CEQO) compounds with the
cell wall contributes to inhibit the enzymatic reactions that regulate the synthesis of the cell
wall and thus the integrity of the cell turns out affected (Maffei et al., 2001; Rasooli et al., 2006;
Tyagi and Malik, 2010). As a consequence of the mechanism, the membrane fluidity worsens,
changing the structure of several layers of phospholipids, fatty acids, proteins and
polysaccharides, which leads to the filtration of the cytoplasmic contents (Rasooli et al., 2006;
Tyagi and Malik, 2010).

Nonetheless, one of the main obstacles for the use of essential oils is their negative
organoleptic effect when they are added in the sufficient quantity to exert an antimicrobial
effect, and the fact that some of their compounds, by themselves, do not have antimicrobial
activity. As a potential solution, the use of more active blends based on the synergistic effect

between several compounds has been proposed (Hyldgaard et al., 2012). The studies of
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synergistic effects could provide a better use of the essential oil compounds taking advantage
of the synergistic antibacterial activity of some blends, thus reducing the required
concentrations to reach a determinate antimicrobial effect (Nazzaro et al., 2013). Ye et al.
(2013) showed that CIN and carvacrol, apart from exhibiting an antibacterial activity by
themselves, have a high synergistic effect, which indicates that the combination of both
compounds could be used as a non-synthetic preservative with lower dose, with an excellent

bactericidal activity for food preservation.

As regards the antifungal effect, Sun et al. (2015) demonstrated the C | Néffsctivity as an
alternative compound to prevent the growth of Aspergillus flavus and the aflatoxin B1 (AFB1)
production during the storage of grains, as well as in field applications. Then, it could be used
as a natural preservative to control moulds and mycotoxins. Previous studies also showed that
CEO and CIN turn out to be very effective against other moulds such as Fusarium verticillioides

and Aspergillus ochraceus (Hua et al., 2014; Xing et al., 2014).

On the other hand, the extended use of antibiotics has generated resistant bacteria to multiple
drugs, while many bacteria can form biofilms less susceptible to antibiotics, which stick on
different surfaces, such as polystyrene, glass or stainless steel from different environments
(Goulter et al., 2009; Patel et al., 2011). Pathogen biofilms can be found in medical devices or
food processing equipment, being a relevant source of contamination that requires methods
of control. Kim et al. (2015) demonstrated that the use of ¢ i n n a nrinch dl sand CIN
decreased significantly the formation of biofilms in E. coli enterohemorrhagic O157:H7 and P.

aeruginosa.

The application of CIN as food preservative requires a detailed knowledge of the minimal
inhibitory concentration (MIC) against a determined target microorganism. This requires
knowing the least concentration of active compound, which inhibits completely the growth of
the microorganism. Various studies report specific MIC values of CIN for different bacteria,
moulds and yeasts. Table 4 summarizes these values for several microorganisms. Generally,
values are highly dependent on the type of microorganism, and the high sensitivity on some
bacteria such as Enterococcus faecalis or Aeromonas hydrophila and yeasts such as Fusarium

verticilloides, can be emphasised.
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Table 4. MIC values (mg/mL) of cinnamaldehyde for bacteria (Gram+ and Gram-), Moulds (M)
and Yeasts (Y).

MIC MIC MIC
Gram+ (mg/mL) Gram- (mg/mL) Mand Y (mg/mL)
7 7]
Listeria innocua 0'2510 0.31 s S:g/t:;rac::wyces 1.56*
— 0.4 n Escherichia coli 0'286
Listeria 6.25 0.5 Zygosaccharomyces 1561
monocytogenes 05° 048 rouxii :
031" Aeromonas 0.78* N
) Torulaspora delbrueck 2
Staphylococcus 0.37° hydrophila 0.31* utasp ueckl 0.05
aureus 0.25° Yokenella 4 Schizosaccharomyces 2
9 . 0.31 0.05
0.156 regensburgei pombe
. Enterobacter . .
9 4 2
Bacilus cereus 0.312 clocacae 0.63 Candida krusei 0.05
Enterococcus 0.78* Salmonella 0.31 4 Zygosaccharomyces 0.05 2
faecalis 0.25° enteriditis ' bailii :
o Pseudomonas . o
4 6 3
Kokuria kristinae 0.31 aeruginosa 1.0 Fusarium verticilloides 0.045
Staphylococcus 4 . : 1n
intermedius 0.16 Candida albicans 0.312
Lactococcus 4 . 12
garviceae 0.63 Aspergillus flavus 1.0
Streptococcus 4 I~ . 12
sanguinis 0.63 Penicillium roqueforti 1.0

Staphylococcus

4
haemolyticus 0.16

1SanlaZad et al. (2012); 2 Monu et al. (2016); 2 Xing et al. (2014); * Ye et al. (2013); ® Becerril et al.
(2007); 6 Chang et al. (2001); 7 Han et al. (2006);  Pei et al. (2009); ° Shan et al. (2007); ° (Thanh et
al. (2013); ** Rahemi et al. (2015); *> Manso et al. (2015).

2. 2. 2.In vivostudies in food systems

In spite of the wide number of in vitro studies of the antimicrobial properties of essential oils,
their inhibitory properties of the microbial growth in food matrices are less known. Specifically,
in the case of yeasts, Monu et al. (2016) showed that CIN and ¢ i n n a mindnoib vgere the
most effective against yeasts in salad dressings, in comparison with other studied oils (clove,
thyme, eugenol, carvacrol and timol oils). Romero-Gil et al. (2016) proved that this active
compound also possesses a wide inhibitory effect in the growth of acid lactic bacteria, and

could be employed as an alternative to other preservatives that are used in packaged olives.

Different studies have demonstrated that CIN could potentially be used, at different
concentrations, as an effective antimicrobial agent against E. coli O157: H7 in apple juice and
cider (Baskaran et al., 2010), Enterobacter sakazakii in reconstituted milks for breastfed babies
(Amalaradjou et al., 2009), E. coli in bovine meat cakes (Amalaradjou et al., 2010), Salmonella

spp in tomato washing (alternative to sodium hypochlorite) (Mattson et al., 2010) or mix of
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strains of bacteriophage and E. coli O157:H7 in green leaf vegetables (Viazis et al., 2011).
CEO or CIN also caused the growth inhibition of psychotropic strains of Bacillus cereus (EPSO-
35As y el INRA TZ415) in minimally processed products, such as carrot (Hernandez-Herrero
et al., 2008). Despite the effectiveness of CIN as an antimicrobial, its strong smell and high
volatility are still important drawbacks (Wang et al., 2015). This implies the necessity of carrying
out additional tests on the quality of the final product and the sensorial impact of the compound
when it is incorporated into food matrices (Amalaradjou et al., 2009; Baskaran et al., 2010;
Hernandez-Herrero et al., 2008; Mattson et al., 2010; Romero-Gil et al., 2016).

2. 2. 3. Polymer matrices as cinnamaldehyckariers

In terms of polymeric matrices used for active materials development of food packaging or
coating, petroleum derivative plastic represents a serious environmental issue, since the
majority of this plastic is not biodegradable and it can take from 100 to 450 years to degrade
(Alvira, 2007). This is why developing these materials requires to attend tothec onsumer s 0
needs in their new habits, such as synthetic chemical substances free food, sustainably
processed. This generates interest for the research on developing new biodegradables active
materials destined to food products and can increase the shelf life of such products. The
incorporation of natural active substances like essentials oils in biodegradables films is
currently an alternative way to prevent food damage mainly for it functional properties like is

antioxidant and antimicrobial capacities (Corrales et al., 2014: Lanciotti et al., 2004).

It is important to underline that different polymers, nanoparticles and other materials have been
used to encapsulate CIN, with antimicrobial goals. Cellulose (Sanla-Ead et al., 2012), pectin
(Otoni et al., 2014), PLA (Ahmed et al., 2016b; Makwana et al., 2014; Qin et al., 2015a), starch
(Souza et al., 2013), proteins (Balaguer et al., 2013) or alginates (Rojas-Grau et al., 2007)

have been studied as CIN carriers.

In Tables 5 and 6, some studies into the antimicrobial effect of these materials are shown,
carried out in both in vitro tests or applied on food matrices. All the films where CEO or CIN

was incorporated were effective at controlling the growth of the tested microorganisms.
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Table 5. Polymeric

microorganisms.

matrices used as carriers of CEO or CIN and

in vitro tested

Polymeric
matrix

CIN/CEO

% Active compound
(9/100 g polymer)

Microorganism

Reference

PLA

CEO

25-50-75

. aureus

. jejuni

Ahmed et al., 2016a

Polypropylene (PP)

CEO

2-4-6

. flavus

niger

. roqueforti
. expansum

Manso et al., 2015

Cassava
starch

CEO

8-12-16

. amstelodami
. commune

Souza et al., 2013

Polyvinyl al
cyclodextrin

CEO

28.6-25-22.2

aureus
coli

Wen et al., 2016

PLA

CIN

2.5

coli
cereus

Makwana et al., 2014

PLA-poly(trimethylene
carbonate) (PTMC)

CIN

3-6-9-12

. coli
. aureus

Qinetal., 2015a

Polycaprolactone (PCL)

CIN

10-20

. enterica

monocytogenes

Martinez-Abad et al., 2013

Polyethylene-co-
vinylacetate (EVA)

CIN

3.5-7

. monocytogenes

coli

. aureus
. epidermidis

Nostro et al., 2012

Methylcellulose

CIN

. cereus
. faecalis
. monocytogenes

. luteus

. aureus
. hydrophila

coli

. coli 0157: H7
. aeruginosa
. enteritidis

. albicans

. cerevisiae
. rouxii

Sanla-Ead et al., 2012

Pectin

CIN

66.7

VromMmNVOOOWITIMMPOIrmMmw | Vomr |(Crojlom|om|mo|tmto>>00n

coli

. enterica
. monocytogenes
. aureus

Otoni et al., 2014

53



Table 6. Polymeric matrices used as carriers of CIN and in vivo tested microorganisms in

different food products.

. % CIN . .
Matrix (/100 g polymer) Food product Microorganism Reference

in vitro and in vivo tests:
Bread and

Gliadin 1.5-3-5 P. expansum Balaguer et al., 2013
spreadable cheese A. niger

Psychrophilic and

PLA-PCL 3-9 Button mushrooms - ) Qinetal.,2015b
mesophilic bacteria
Chitosan 0.1-0.25-0.5 Bread slices R. stolonifer Demitri et al., 2016
Apple-coated PET 0.5-1.5-3 Chicken breast C. jejuni Mild et al., 2011
. s Meat and poultry S. enterica )
Apple-coated PET 0.5-1.5-3 products E coli 0157-H7 Ravinshankar et al., 2009

Apple-Carrot-Hibiscus

coated PET 0.5-1.5-3 Ham and Bologna L. monocytogenes Ravinshankar et al., 2012

54



REFERENCES

- AcioliaMoura, R., & Sun, X. S. (2008). Thermal degradation and physical aging of poly (lactic acid)
and its blends with starch. Polymer Engineering & Science, 48(4), 829-836.

- Acosta, S., Jiménez, A., Chéafer, M., Gonzalez-Martinez, C., & Chiralt, A. (2015). Physical properties
and stability of starch-gelatin based films as affected by the addition of esters of fatty acids. Food
Hydrocolloids, 49, 135-143.

- Ahmed, J., Hiremath, N., & Jacob, H. (2016a). Antimicrobial, rheological, and thermal properties of
plasticized polylactide films incorporated with essential oils to Inhibit Staphylococcus aureus and
Campylobacter jejuni. Journal of food science, 81(2), E419-E429.

- Ahmed, J., Mulla, M. Z., & Arfat, Y. A. (2016b). Thermo-mechanical, structural characterization and
antibacterial performance of solvent casted polylactide/cinnamon oil composite films. Food
Control, 69, 196-204.

- Alvira, M.l. (2007). Los plasticos como residuos Antecedentes y Problematica Ambiental, Boletin

Ambiental IDEA, Universidad Nacional de Colombia.

- Amalaradjou, M. A. R., Hoagland, T. A., & Venkitanarayanan, K. (2009). Inactivation of Enterobacter
sakazakii in reconstituted infant formula by trans-cinnamaldehyde. International journal of food
microbiology, 129(2), 146-149.

- Amalaradjou, M. A. R., Baskaran, S. A., Ramanathan, R., Johny, A. K., Charles, A. S., Valipe, S. R.,
... & Venkitanarayanan, K. (2010). Enhancing the thermal destruction of Escherichia coli 0157: H7
in ground beef patties by trans-cinnamaldehyde. Food microbiology, 27(6), 841-844.

- Armentano, |., Bitinis, N., Fortunati, E., Mattioli, S., Rescignano, N., Verdejo, R., ... & Kenny, J. M.
(2013). Multifunctional nanostructured PLA materials for packaging and tissue engineering. Progress
in Polymer Science, 38(10), 1720-1747.

- Arrieta, M. P., Fortunati, E., Dominici, F., Lépez, J., & Kenny, J. M. (2015). Bionanocomposite films
based on plasticized PLAT PHB/cellulose nanocrystal blends. Carbohydrate polymers, 121, 265-275.

- Atarés, L., & Chiralt, A. (2016). Essential oils as additives in biodegradable films and coatings for

active food packaging. Trends in Food Science & Technology, 48, 51-62.

- Auras, R., Harte, B., & Selke, S. (2004). An overview of polylactides as packaging

materials. Macromolecular bioscience, 4(9), 835-864.

- Ayana, B., Suin, S., & Khatua, B. B. (2014). Highly exfoliated eco-friendly thermoplastic starch
(TPS)/poly (lactic acid)(PLA)/clay nanocomposites using unmodified nanoclay. Carbohydrate
polymers, 110, 430-439.

- Baiardo, M., Frisoni, G., Scandola, M., Rimelen, M., Lips, D., Ruffieux, K., & Wintermantel, E. (2003).
Thermal and mechanical properties of plasticized poly (L4actic acid). Journal of Applied Polymer
Science, 90(7), 1731-1738.

55



Balaguer, M. P., Lopez-Carballo, G., Catala, R., Gavara, R., & Hernandez-Munoz, P. (2013).
Antifungal properties of gliadin films incorporating cinnamaldehyde and application in active food
packaging of bread and cheese spread foodstuffs. International journal of food microbiology, 166(3),
369-377.

Bang, K. H., Lee, D. W., Park, H. M., & Rhee, Y. H. (2000). Inhibition of fungal cell wall synthesizing
enzymes by trans-cinnamaldehyde. Bioscience, Biotechnology, and Biochemistry, 64(5), 1061-
1063.

Baskaran, S. A., Amalaradjou, M. A. R., Hoagland, T., & Venkitanarayanan, K. (2010). Inactivation
of Escherichia coli O157: H7 in apple juice and apple cider by trans-cinnamaldehyde. International
journal of food microbiology, 141(1), 126-129.

Bastos, D. C., Santos, A. E., da Silva, M. L., & Siméo, R. A. (2009). Hydrophobic corn starch
thermoplastic films produced by plasma treatment. Ultramicroscopy, 109(8), 1089-1093.

Becerril, R., Gbmez-Lus, R., Goni, P., Lopez, P., & Nerin, C. (2007). Combination of analytical and
microbiological techniques to study the antimicrobial activity of a new active food packaging
containing cinnamon or oregano against E. coli and S. aureus. Analytical and bioanalytical
chemistry, 388(5-6), 1003-1011.

Biddeci, G., Cavallaro, G., Di Blasi, F., Lazzara, G., Massaro, M., Milioto, S., ... & Spinelli, G. (2016).
Halloysite nanotubes loaded with peppermint essential oil as filler for functional biopolymer
film. Carbohydrate Polymers, 152, 548-557.

Bonifacio, M. A., Cometa, S., Dicarlo, M., Baruzzi, F., de Candia, S., Gloria, A., ... & De Giglio, E.
(2017). Gallium-modified chitosan/poly (acrylic acid) bilayer coatings for improved titanium implant

performances. Carbohydrate Polymers, 166, 348-357.

Bonilla, J., Fortunati, E., Vargas, M., Chiralt, A., & Kenny, J. M. (2013). Effects of chitosan on the
physicochemical and antimicrobial properties of PLA films. Journal of food engineering, 119(2), 236-
243.

Byun, Y., Kim, Y. T., & Whiteside, S. (2010). Characterization of an antioxidant polylactic acid (PLA)
film pr ep aacaphlerolwdHT And pblyethylene glycol using film cast extruder. Journal of
Food Engineering, 100(2), 239-244.

Campos, C. A., Gerschenson, L. N., & Flores, S. K. (2011). Development of edible films and coatings

with antimicrobial activity. Food and Bioprocess Technology, 4(6), 849-875.

Cano, A., Chéfer, M., Chiralt, A., & Gonzalez-Martinez, C. (2016). Development and characterization
of active films based on starch-PVA, containing silver nanoparticles. Food Packaging and Shelf
Life, 10, 16-24.

Castillo, L., L6épez, O., Lopez, C., Zaritzky, N., Garcia, M. A., Barbosa, S., & Villar, M. (2013).
Thermoplastic starch films reinforced with talc nanoparticles. Carbohydrate Polymers, 95(2), 664-
674.

56



Castro, D. O., Tabary, N., Martel, B., Gandini, A., Belgacem, N., & Bras, J. (2016). Effect of different
carboxylic acids in cyclodextrin functionalization of cellulose nanocrystals for prolonged release of
carvacrol. Materials Science and Engineering: C, 69, 1018-1025.

Chakraborty, S., Sahoo, B., Teraoka, I., Miller, L. M., & Gross, R. A. (2005). Enzyme-catalyzed
regioselective modification of starch nanopatrticles. Macromolecules, 38(1), 61-68.

Chang, S. T., Chen, P. F., & Chang, S. C. (2001). Antibacterial activity of leaf essential oils and their

constituents from Cinnamomum osmophloeum. Journal of ethnopharmacology, 77(1), 123-127.

Chieng, B. W., Ibrahim, N. A., Yunus, W. M. Z. W., & Hussein, M. Z. (2013). Plasticized poly (lactic
acid) with low molecular weight poly (ethylene glycol): Mechanical, thermal, and morphology
properties. Journal of Applied Polymer Science, 130(6), 4576-4580.

Choi, K. M., Choi, M. C., Han, D. H., Park, T. S., & Ha, C. S. (2013). Plasticization of poly (lactic
acid)(PLA) through chemical grafting of poly (ethylene glycol)(PEG) via in situ reactive
blending. European Polymer Journal, 49(8), 2356-2364.

Coltelli, M. B., Maggiore, I. D., Bertoldo, M., Signori, F., Bronco, S., & Ciardelli, F. (2008). Poly (lactic
acid) properties as a consequence of poly (butylene adipateZoZ4erephthalate) blending and acetyl
tributyl citrate plasticization. Journal of Applied Polymer Science, 110(2), 1250-1262.

Commission Directive 97/48/EC of 29 July amending Council Directive 82/711/EEC laying down the
basic rules necessary for testing migration of the constituents of plastics materials and articles

intended to come into contact with foodstuffs. Official Journal of the European Communities, L222.

Commission Regulation (EC) No 1895/2005 of 18 November 2005 on the restriction of use of certain
epoxy derivatives in materials and articles intended to come into contact with food. Official Journal
of the European Union L302.

Commission Regulation (EU) 2015/174 of 5 February 2015 amending and correcting Regulation (EU)
No 10/2011 on plastic materials and articles intended to come into contact with food. Official Journal

of the European Union L30.

Corrales, M., Fernandez, A., & Han, J.H. (2014). Chapter 7 - Antimicrobial packaging systems. In
J.H. Han, (Ed.). Innovations in Food Packaging (2nd ed., pp. 133-170). Plano, TX, U.S.A.: Academic
Press.

Council Directive of 27 June 1967 on the approximation of laws, regulations and administrative
provisions relating to the classification, packaging and labelling of dangerous substances
(67/548/EEC). Official journal of the European communities, No. 196.

Da ROz, A. L., Carvalho, A. J. F., Gandini, A., & Curvelo, A. A. S. (2006). The effect of plasticizers
on thermoplastic starch compositions obtained by melt processing. Carbohydrate Polymers, 63(3),
417-424.

57



Daniel, J., Whistler, R. L., Voragen, A. C. J., & Pilnik, W. (1994). Starch and other polysaccharides.

In B. Elvers, S. Hawkins, W. Russey (Eds.). Ulmann 6 s Encycl opedi a of{sthedndustri a
Vol. A25, pp. 1-62). Weinheim: VCH Verlagsgesellschaft mbH.

Debeaufort, F., Quezada-Gallo, J. A., Delporte, B., & Voilley, A. (2000). Lipid hydrophobicity and
physical state effects on the properties of bilayer edible films. Journal of membrane Science, 180(1),
47-55,

Demitri, C., De Benedictis, V. M., Madaghiele, M., Corcione, C. E., & Maffezzoli, A. (2016).
Nanostructured active chitosan-based films for food packaging applications: Effect of graphene
stacks on mechanical properties. Measurement, 90, 418-423.

Denyer, S. P. (1990). Mechanisms of action of biocides. International Biodeterioration, 26(2-4), 89-
100.

Durrani, C. M., & Donald, A. M. (1995). Physical characterisation of amylopectin gels. Polymer gels
and networks, 3(1), 1-27.

Erdohan, Z. O., Cam, B., & Turhan, K. N. (2013). Characterization of antimicrobial polylactic acid
based films. Journal of Food Engineering, 119(2), 308-315.

Feron, V. J., Til, H. P., De Vrijer, F., Woutersen, R. A., Cassee, F. R., & Van Bladeren, P. J. (1991).
Aldehydes: occurrence, carcinogenic potential, mechanism of action and risk assessment. Mutation
Research/Genetic Toxicology, 259(3-4), 363-385.

Ferreira, A. R., Torres, C. A., Freitas, F., Sevrin, C., Grandfils, C., Reis, M. A., ... & Coelhoso, I. M.
(2016). Development and characterization of bilayer films of FucoPol and chitosan. Carbohydrate

polymers, 147, 8-15.

Food packaging forum - Food Packaging Health, Food Packaging Materials.
http://www.foodpackagingforum.org/food-packaging-health/food-packaging-materials. Accessed on
May 2017.

Fortunati, E., Aluigi, A., Armentano, I., Morena, F., Emiliani, C., Martino, S., ... & Puglia, D. (2015).
Keratins extracted from Merino wool and Brown Alpaca fibres: Thermal, mechanical and biological
properties of PLLA based biocomposites. Materials Science and Engineering: C, 47, 394-406.

Garcia, L., Cova, A., Sandoval, A. J., Miller, A. J., & Carrasquel, L. M. (2012). Glass transition
temperatures of cassava starchi whey protein concentrate systems at low and intermediate water
content. Carbohydrate polymers, 87(2), 1375-1382.

Geueke, B. (2014). Dossier - Bioplastics as food contact materials. Food packaging forum.
http://www.foodpackagingforum.org/fpf-2016/wp-
content/uploads/2015/11/FPF_Dossier06_Bioplastics.pdf

Giménez, B., Gomez-Guillén, M. C., Lépez-Caballero, M. E., Gbmez-Estaca, J., & Montero, P.
(2012). Role of sepiolite in the release of active compounds from gelatini egg white films. Food
Hydrocolloids, 27(2), 475-486.

58



Gonzalez, A., & lgarzabal, C. I. A. (2013). Soy proteini Poly (lactic acid) bilayer films as
biodegradable material for active food packaging. Food Hydrocolloids, 33(2), 289-296.

Goulter, R. M., Gentle, I. R., & Dykes, G. A. (2009). Issues in determining factors influencing bacterial
attachment: a review using the attachment of Escherichia coli to abiotic surfaces as an
example. Letters in applied microbiology, 49(1), 1-7.

Grigale, Z., Kalnins, M., Dzene, A., & Tupureina, V. (2010). Biodegradable Plasticized Poly (lactic
acid) Films. Material Science & Applied Chemistry, (21).

Gui, Z., Xu, Y., Gao, Y., Lu, C., & Cheng, S. (2012). Novel polyethylene glycol-based polyester-
toughened polylactide. Materials Letters, 71, 63-65.

Hammer, K. A., & Heel, K. A. (2012). Use of multiparameter flow cytometry to determine the effects
of monoterpenoids and phenylpropanoids on membrane polarity and permeability in staphylococci

and enterococci. International journal of antimicrobial agents, 40(3), 239-245.

Han, J., CastellRerez, M. E., & Moreira, R. G. (2006). The Influence of Electron Beam Irradiation on
the Effectiveness of TransZinnamaldehydeZoated LDPE/Polyamide Films. Journal of food
science, 71(5), 245-251.

Han, J.H. (2003). Antimicrobial food packaging. In R. Ahvenainen (Ed.). Novel Food Packaging
Techniques (pp. 50-70). Boca Raton, FL, U.S.A.: CRC Press LLC.

Han, J. H., & Floros, J. D. (1997). Casting antimicrobial packaging films and measuring their physical
properties and antimicrobial activity. Journal of Plastic Film & Sheeting, 13(4), 287-298.

Hernandez-Herrero, L. A., Giner, M. J., & Valero, M. (2008). Effective chemical control of
psychrotrophic Bacillus cereus EPSO-35AS and INRA TZ415 spore outgrowth in carrot broth. Food
microbiology, 25(5), 714-721.

Higueras, L., Lopez-Carballo, G., Cerisuelo, J. P., Gavara, R., & Hernandez-Mufoz, P. (2013).
Preparation and characterization of chitosan/HP-b-cyclodextrins composites with high sorption
capacity for carvacrol. Carbohydrate polymers, 97(2), 262-268.

HiljanenZ/ainio, M., Varpomaa, P., Seppdala, J., & Tormala, P. (1996). Modification of poly (L4actides)
by blending: mechanical and hydrolytic behavior. Macromolecular Chemistry and Physics, 197(4),
1503-1523.

Hua, H., Xing, F., Selvaraj, J. N., Wang, Y., Zhao, Y., Zhou, L., ... & Liu, Y. (2014). Inhibitory effect
of essential oils on Aspergillus ochraceus growth and ochratoxin a production. PloS one, 9(9),
€108285.

Huang, M., Yu, J., & Ma, X. (2005). Ethanolamine as a novel plasticiser for thermoplastic
starch. Polymer Degradation and Stability, 90(3), 501-507.

Hughes, J., Thomas, R., Byun, Y., & Whiteside, S. (2012). Improved flexibility of thermally stable
poly-lactic acid (PLA). Carbohydrate Polymers, 88(1), 165-172.

59



Huneault, M. A, & Li, H. (2007). Morphology and properties of compatibilized
polylactide/thermoplastic starch blends. Polymer, 48(1), 270-280.

Hwang, S. W., Shim, J. K., Selke, S. E., SotoA/aldez, H., Matuana, L., Rubino, M., & Auras, R.
(2012). Poly (LA act i ¢ ac i d Jocopherollandaedveratml: optical, physical, thermal and

mechanical properties. Polymer International, 61(3), 418-425.

Hwang, S. W., Shim, J. K., Selke, S., SotoZ/aldez, H., Rubino, M., & Auras, R. (2013). Effect of
MaleicZAnhydride Grafting on the Physical and Mechanical Properties of Poly (L4actic acid)/Starch
Blends. Macromolecular Materials and Engineering, 298(6), 624-633.

Hyldgaard, M., Mygind, T., & Meyer, R. L. (2012). Essential oils in food preservation: mode of action,
synergies, and interactions with food matrix components. Frontiers in Microbiology, Vol. 3, Article 12.

Irissin-Mangata, J., Boutevin, B., & Bauduin, G. (1999). Bilayer films composed of wheat gluten and
functionalized polyethylene: Permeability and other physical properties. Polymer Bulletin, 43(4-5),
441-448.

Ishitani, T. (1995). Active packaging for food quality preservation in Japan. In P. Ackerman, M.
Jagerstad, T. Oglsson (Eds). Foods and Packaging Materials - Chemical Interactions (pp. 177-188).
Cambridge, UK: Royal Society of Chemistry.

Jamshidian, M., Tehrany, E. A., & Desobry, S. (2013). Antioxidants release from solvent-cast PLA
film: investigation of PLA antioxidant-active packaging. Food and Bioprocess Technology, 6(6),
1450-1463.

Jariyasakoolroj, P., & Chirachanchai, S. (2014). Silane modified starch for compatible reactive blend

with poly (lactic acid). Carbohydrate polymers, 106, 255-263.

Jarowenko, W. (1977). Chapter 12 - Starch based adhesives. In I. Skeist (Ed.), Handbook of
Adhesives (2nd ed., pp. 192-211). New York, NW, U.S.A.: Van Nostrand Reinhold Co.

Jenssen, H., Hamill, P., & Hancoc, R.E.W. (2006). Peptide Antimicrobial Agents. Clinical
Microbiology Reviews, 19(3), 491-511.

Jiménez A., Fabra, M.J., Talens, P., & Chiralt, A. (2012). Edible and Biodegradable Starch Films: A
Review. Food and Bioprocess Technology, 5, 2058-2076.

Joo, M. J., Merkel, C., Auras, R., & Almenar, E. (2012). Development and characterization of
antimicrobial poly (I-lactic acid) containing trans-2-hexenal trapped in cyclodextrins. International
journal of food microbiology, 153(3), 297-305.

Kalichevsky, M. T., & Blanshard, J. M. (1993). The effect of fructose and water on the glass transition
of amylopectin. Carbohydrate Polymers, 20(2), 107-113.

Kim, Y. G., Lee, J. H.,Kim, S. |, Baek, K. H., & Lee, J. (2015). Cinnamon bark oil and its components

inhibit biofilm formation and toxin production. International journal of food microbiology, 195, 30-39.

60


https://www.ncbi.nlm.nih.gov/pubmed/?term=Jenssen%20H%5BAuthor%5D&cauthor=true&cauthor_uid=16847082
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hamill%20P%5BAuthor%5D&cauthor=true&cauthor_uid=16847082
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hancock%20RE%5BAuthor%5D&cauthor=true&cauthor_uid=16847082
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1539102/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1539102/

Kwon, J. A., Yu, C. B., & Park, H. D. (2003). Bacteriocidal effects and inhibition of cell separation of

cinnamic aldehyde on Bacillus cereus. Letters in applied microbiology, 37(1), 61-65.

Lafargue D. (2007). Etude et élaboration de films a base de polysaccharides pour la fabrication de
gélules pharmaceutiques, Doctoral Thesis. Supervised by: Lourdin, D., & Doublier J-L. Université de
Nantes, France. http://prodinra.inra.fr/ft?id={F9B4C551-2328-4C3B-8319-820262CA467D}

Lanciotti, R., Gianotti, A., Patrignani, F., Belletti, N., Guerzoni, M. E., & Gardini, F. (2004). Use of
natural aroma compounds to improve shelf-life and safety of minimally processed fruits. Trends in
food science & technology, 15(3), 201-208.

Le Bolay, N., Lamure, A., Leis, N. G., & Subhani, A. (2012). How to combine a hydrophobic matrix
and a hydrophilic filler without adding a compatibilizeri Co-grinding enhances use properties of
Renewable PLAi starch composites. Chemical Engineering and Processing: Process

Intensification, 56, 1-9.

Lim, L. T., Auras, R., & Rubino, M. (2008). Processing technologies for poly (lactic acid). Progress in
polymer science, 33(8), 820-852.

Ljungberg, N., & Wesslen, B. (2002). The effects of plasticizers on the dynamic mechanical and
thermal properties of poly (lactic acid). Journal of Applied Polymer Science, 86(5), 1227-1234.

Lépez, O., Garcia, M. A, Villar, M. A,, Gentili, A., Rodriguez, M. S., & Albertengo, L. (2014). Thermo-
compression of biodegradable thermoplastic corn starch films containing chitin and chitosan. LWT-
Food Science and Technology, 57(1), 106-115.

Ma, X., & Yu, J. (2004). Formamide as the plasticizer for thermoplastic starch. Journal of Applied
Polymer Science, 93(4), 1769-1773.

Maffei, M., Camusso, W., & Sacco, S. (2001). Effect of Menthax piperita essential oil and
monoterpenes on cucumber root membrane potential. Phytochemistry, 58(5), 703-707.

Makwana, S., Choudhary, R., Dogra, N., Kohli, P., & Haddock, J. (2014). Nanoencapsulation and
immobilization of cinnamaldehyde for developing antimicrobial food packaging material. LWT-Food
Science and Technology, 57(2), 470-476.

Manso, S., Becerril, R., Nerin, C., & GOmez-Lus, R. (2015). Influence of pH and temperature
variations on vapor phase action of an antifungal food packaging against five mold strains. Food
Control, 47, 20-26.

Martinez-Abad, A., Sanchez, G., Fuster, V., Lagaron, J. M., & Ocio, M. J. (2013). Antibacterial
performance of solvent cast polycaprolactone (PCL) films containing essential oils. Food
Control, 34(1), 214-220.

Martucci, J. F., & Ruseckaite, R. A. (2010). ThreeZdayer sheets based on gelatin and poly (lactic acid),
part 1. Preparation and properties. Journal of applied polymer science, 118(5), 3102-3110.

Mathew, A. P., & Dufresne, A. (2002). Plasticized waxy maize starch: effect of polyols and relative

humidity on material properties. Biomacromolecules, 3(5), 1101-1108.

61



Mattioli, S., Peltzer, M., Fortunati, E., Armentano, |., Jiménez, A., & Kenny, J. M. (2013). Structure,
gas-barrier properties and overall migration of poly (lactic acid) films coated with hydrogenated
amorphous carbon layers. Carbon, 63, 274-282.

Mattson, T. E., Johny, A. K., Amalaradjou, M. A. R., More, K., Schreiber, D. T., Patel, J., &
Venkitanarayanan, K. (2011). Inactivation of Salmonella spp. on tomatoes by plant
molecules. International journal of food microbiology, 144(3), 464-468.

Mild, R. M., Joens, L. A., Friedman, M., Olsen, C. W., McHugh, T. H., Law, B., & Ravishankar, S.
(2011). Antimicrobial edible apple films inactivate antibiotic resistant and susceptible Campylobacter
jejuni strains on chicken breast. Journal of Food Science, 76(3), M163-M168.

Monu, E. A., Techathuvanan, C., Wallis, A., Critzer, F. J., & Davidson, P. M. (2016). Plant essential
oils and components on growth of spoilage yeasts in microbiological media and a model salad
dressing. Food Control, 65, 73-77.

Nazzaro, F., Fratianni, F., De Martino, L., Coppola, R., & De Feo, V. (2013). Effect of essential oils
on pathogenic bacteria. Pharmaceuticals, 6(12), 1451-1474.

Nisperos-Carriedo, M.O. (1994). Edible coatings and films based on polysaccharides. In J.M.
Krochta, E.A. Baldwin, & M.O. Nisperos-Carriedo (Eds.), Edible coatings and films to improve food
quality (pp. 305-335). Lancaster, PA: Technomic Publishing Co., Inc.

Nostro, A. Scaffar o, R. , D6Arrigo, M., Bott
Study on carvacrol and cinnamaldehyde polymeric films: mechanical properties, release kinetics and
antibacterial and antibiofilm activities. Applied microbiology and biotechnology, 96(4), 1029-1038.

Orozco, V. H., Brostow, W., Chonkaew, W., & Lépez, B. L. (2009). Preparation and characterization

of poly(lactic acid)-g-maleic anhydride+starch blends. Macromolecular Symposia, 277(1), 69-80.

Ortega-Toro, R., Jiménez, A., Talens, P., & Chiralt, A. (2014a). Effect of the incorporation of
surfactants on the physical properties of corn starch films. Food Hydrocolloids, 38, 66-75.

Ortega-Toro, R., Jiménez, A., Talens, P., & Chiralt, A. (2014b). Properties of starchi hydroxypropyl
methylcellulose based films obtained by compression molding. Carbohydrate polymers, 109, 155-
165.

Ortega-Toro, R., Morey, 1., Talens, P., & Chiralt, A. (2015). Active bilayer films of thermoplastic starch

and polycaprolactone obtained by compression molding. Carbohydrate polymers, 127, 282-290.

Otoni, C. G., de Moura, M. R., Aouada, F. A., Camilloto, G. P., Cruz, R. S., Lorevice, M. V., ... &
Mattoso, L. H. (2014). Antimicrobial and physical-mechanical properties of pectin/papaya

puree/cinnamaldehyde nanoemulsion edible composite films. Food Hydrocolloids, 41, 188-194.

Padgett, T., Han, . Y., & Dawson, P. L. (1998). Incorporation of food-grade antimicrobial compounds
into biodegradable packaging films. Journal of food protection, 61(10), 1330-1335.

Parthasarathy, V.A., Chempakam, B., & Zachariah, T.J. (2008). Chemistry of Spices( p. 12 8) .

Lynn, UK: CABI, Biddles Ltd.

62



Patel, J., Sharma, M., & Ravishakar, S. (2011). Effect of curli expression and hydrophobicity of
Escherichia coli O157: H7 on attachment to fresh produce surfaces. Journal of applied
microbiology, 110(3), 737-745.

Pei, R. S., Zhou, F., Ji, B. P., & Xu, J. (2009). Evaluation of combined antibacterial effects of eugenol,
cinnamaldehyde, thymol, and carvacrol against E. coli with an improved method. Journal of food

science, 74(7).

Periago, P. M., & Moezelaar, R. (2001). Combined effect of nisin and carvacrol at different pH and
temperature levels on the viability of different strains of Bacillus cereus. International journal of food
microbiology, 68(1), 141-148.

Periago, P. M., Palop, A., & Fernandez, P. S. (2001). Combined effect of nisin, carvacrol and thymol
on the viability of Bacillus cereus heat-treated vegetative cells. Revista de Agaroquimica y
Tecnologia de Alimentos, 7(6), 487-492.

Perry, P. A., & Donald, A. M. (2000). The role of plasticization in starch granule
assembly. Biomacromolecules, 1(3), 424-432.

Phetwarotai, W., Potiyaraj, P., & Aht-Ong, D. (2012). Characteristics of Biodegradable
Polylactide/Gelatinized Starch Films: Effects of Starch, Plasticizer, and Compatibilizer. Journal of
Applied Polymer Science, 126, 162-172.

Pivsa-Art, W., Pavasupree, S., Narongchai, O., Insuan, U., Jailak, P., & Pivsa-Art, S. (2011).
Preparation of Polymer Blends between Poly (L-lactic acid), Poly (butylene succinate-co-adipate)
and Poly (butylene adipate-co-terephthalate) for Blow Film Industrial Application. Energy
Procedia, 9, 581-588.

Plastic Europe - Association of plastics manufacturers, Plastic - The facts 2016. An analysis of
European plastics production, demand and waste data.
http://www.plasticseurope.org/Document/plastics---the-facts-2016-15787.aspx?FollID=2. Accessed
on May 2017.

Pluta, M., Paul, M. A., Alexandre, M., & Dubois, P. (2006). Plasticized polylactide/clay
nanocomposites. |I. The role of filler content and its surface organoZnodification on the physicoZ
chemical properties. Journal of Polymer Science Part B: Polymer Physics, 44(2), 299-311.

Qin, Y., Yang, J., & Xue, J. (2015a). Characterization of antimicrobial poly (lactic acid)/poly

(trimethylene carbonate) films with cinnamaldehyde. Journal of Materials Science, 50(3), 1150-1158.

Qin, Y., Liu, D., Wu, Y., Yuan, M., Li, L., & Yang, J. (2015b). Effect of PLA/PCL/cinnamaldehyde
antimicrobial packaging on physicochemical and microbial quality of button mushroom (Agaricus

bisporus). Postharvest Biology and Technology, 99, 73-79.

Rahemi, D., Babaee, N., Kazemi, S., Sefidgar, S. A. A., & Moghadamnia, A. A. (2015). An in vitro
study of the effect of cinnamaldehyde on the growth of Candida albicans compared to nystatin and

fluconazole. Crescent Journal of Medical and Biological Sciences, 2, 70-80.

63



Rasal, R. M., Janorkar, A. V., & Hirt, D. E. (2010). Poly (lactic acid) modifications. Progress in
polymer science, 35(3), 338-356.

Rasooli, I., Rezaei, M. B., & Allameh, A. (2006). Growth inhibition and morphological alterations of
Aspergillus niger by essential oils from Thymus eriocalyx and Thymus x-porlock. Food Control, 17(5),
359-364.

Ravishankar, S., Zhu, L., Olsen, C. W., McHugh, T. H., & Friedman, M. (2009). Edible apple film
wraps containing plant antimicrobials inactivate foodborne pathogens on meat and poultry

products. Journal of Food Science, 74(8).

Ravishankar, S., Jaroni, D., Zhu, L., Olsen, C., McHugh, T., & Friedman, M. (2012). Inactivation of
Listeria monocytogenes on Ham and Bologna Using PectinBased Apple, Carrot, and Hibiscus

Edible Films Containing Carvacrol and Cinnamaldehyde. Journal of Food Science, 77(7).

Regulation (EC) No 1935/2004 of the European parliament and of the council of 27 October 2004 on
materials and articles intended to come into contact with food and repealing Directives 80/590/EEC
and 89/109/EEC.

Ren, J., Fu, H., Ren, T., & Yuan, W. (2009). Preparation, characterization and properties of binary
and ternary blends with thermoplastic starch, poly (lactic acid) and poly (butylene adipate-co-
terephthalate). Carbohydrate polymers, 77(3), 576-582.

Requena, R., Jiménez, A., Vargas, M., & Chiralt, A. (2016). Poly [(3Zydroxybutyrate)Z043Z
hydroxyvalerate)] active bilayer films obtained by compression moulding and applying essential oils

at the interface. Polymer International, 65(8), 883-891.

Requena, R., Vargas, M., & Chiralt, A. (2017). Release kinetics of carvacrol and eugenol from poly
(hydroxybutyrate-co-hydroxyvalerate) (PHBV) films for food packaging applications. European
Polymer Journal, 92, 185-193.

Reglek, A., Kratofil KreMubgjilL.Z. Kaeaabj)l, AZtjve Hi

for food packaging modified with zinc oxide and casein. Croatica Chemica Acta, 88(4), 461-473.

Rhim, J. W., Lee, J. H., & Ng, P. K. (2007). Mechanical and barrier properties of biodegradable soy
protein isolate-based films coated with polylactic acid. LWT-Food Science and Technology, 40(2),
232-238.

Rhim, J. W., Hong, S. I, & Ha, C. S. (2009). Tensile, water vapor barrier and antimicrobial properties
of PLA/nanoclay composite films. LWT-Food Science and Technology, 42(2), 612-617.

Rocca-Smith, J. R., Karbowiak, T., Marcuzzo, E., Sensidoni, A., Piasente, F., Champion, D., ... &
Debeaufort, F. (2016). Impact of corona treatment on PLA film properties. Polymer Degradation and
Stability, 132, 109-116.

Rojas-Grall, M. A., Avena-Bustillos, R. J., Olsen, C., Friedman, M., Henika, P. R., Martin-Belloso,

O., & McHugh, T. H. (2007). Effects of plant essential oils and oil compounds on mechanical, barrier

64



and antimicrobial properties of alginatei apple puree edible films. Journal of Food Engineering, 81(3),
634-641.

Romero-Gil, V., Garcia-Garcia, P., Garrido-Fernandez, A., & Arroyo-Lépez, F. N. (2016).
Susceptibility and resistance of lactic acid bacteria and yeasts against preservatives with potential
application in table olives. Food Microbiology, 54, 72-79.

Sanchez-Gonzélez, L., Saavedra, J. I. Q., & Chiralt, A. (2013). Physical properties and antilisterial
activity of bioactive edible films containing Lactobacillus plantarum. Food Hydrocolloids, 33(1), 92-
98.

Séanchez-Gonzélez, L., Saavedra, J. I. Q., & Chiralt, A. (2014). Antilisterial and physical properties of
biopolymer films containing lactic acid bacteria. Food Control, 35(1), 200-206.

SanlaZad, N., Jangchud, A., Chonhenchob, V., & Suppakul, P. (2012). Antimicrobial Activity of
cinnamaldehyde and eugenol and their activity after incorporation into cellulosezased packaging

films. Packaging Technology and Science, 25(1), 7-17.

Sanyang, M. L., Sapuan, S. M., Jawaid, M., Ishak, M. R., & Sabhari, J. (2016). Development and
characterization of sugar palm starch and poly (lactic acid) bilayer films. Carbohydrate
polymers, 146, 36-45.

Shan, B., Cai, Y. Z., Brooks, J. D., & Corke, H. (2007). Antibacterial properties and major bioactive
components of cinnamon stick (Cinnamomum burmannii): activity against foodborne pathogenic
bacteria. Journal of Agricultural and Food Chemistry, 55(14), 5484-5490.

Shen, S., Zhang, T., Yuan, Y., Lin, S., Xu, J., & Ye, H. (2015). Effects of cinnamaldehyde on
Escherichia coli and Staphylococcus aureus membrane. Food Control, 47, 196-202.

Shirai, M. A., Grossmann, M. V. E., Mali, S., Yamashita, F., Garcia, P. S., & Miller, C. M. O. (2013).
Development of biodegradable flexible films of starch and poly (lactic acid) plasticized with adipate
or citrate esters. Carbohydrate polymers, 92(1), 19-22.

Souza, A. C., Goto, G. E. O., Mainardi, J. A., Coelho, A. C. V., & Tadini, C. C. (2013). Cassava starch
composite films incorporated with cinnamon essential oil: Antimicrobial activity, microstructure,
mechanical and barrier properties. LWT-Food Science and Technology, 54(2), 346-352.

Sun, Q., Wang, L., Lu, Z., & Liu, Y. (2015). In vitro anti-aflatoxigenic effect and mode of action of
cinnamaldehyde against aflatoxin B 1. International Biodeterioration & Biodegradation, 104, 419-
425.

Suppakul, P., Miltz, J., Sonneveld, K., & Bigger, S. W. (2003). Active packaging technologies with an

emphasis on antimicrobial packaging and its applications. Journal of food science, 68(2), 408-420.

Svagan, A. J., Akesson, A., Cajplenas, M., Bulut, S., Knudsen, J. C., Risbo, J., & Plackett, D. (2012).
Transparent films based on PLA and montmorillonite with tunable oxygen barrier

properties. Biomacromolecules, 13(2), 397-405.

65



Tee, Y. B., Talib, R. A., Abdan, K., Chin, N. L., Basha, R. K., & Yunos, K. F. M. (2014). Toughening
Poly (lactic acid) and Aiding the Melt-compounding with Bio-sourced Plasticizers. Agriculture and
Agricultural Science Procedia, 2, 289-295.

Teixeira, E. D. M., Curvelo, A. A., Corréa, A. C., Marconcini, J. M., Glenn, G. M., & Mattoso, L. H.
(2012). Properties of thermoplastic starch from cassava bagasse and cassava starch and their
blends with poly (lactic acid). Industrial Crops and Products, 37(1), 61-68.

Thallinger, B., Prasetyo, E. N., Nyanhongo, G. S., & Guebitz, G. M. (2013). Antimicrobial enzymes:
an emerging strategy to fight microbes and microbial biofilms. Biotechnology journal, 8(1), 97-109.

Thomas, D.J., & Atwell, W.A. (1999). Starches. Eagan Press Handbook Series. St. Paul, MN, U.S.A.:
Eagan Press.

Thanh, N. T. T., Bensadi, K., Dumas, E., Gharsallaoui, A., Gouin, S., Ly-Chatain, M. H., ... & Oulahal,
N. (2013). Comparison of the antibacterial activity of Viethamese Cinnamon essential oil and its
chemotype (trans-cinnamaldehyde) in tryptone soya broth (TSB) and in an oil in water emulsion

containing TSB: consequences for its use in food preservation. Technology, 18-19.

Turalija, M., Bischof, S., Budimir, A., & Gaan, S. (2016). Antimicrobial PLA films from environment
friendly additives. Composites Part B: Engineering, 102, 94-99.

Tyagi, A. K., & Malik, A. (2010). Liquid and vapour-phase antifungal activities of selected essential
oils against Candida albicans: microscopic observations and chemical characterization of
Cymbopogon citratus. BMC complementary and alternative medicine, 10(1), 65.

Ultee, A., Bennik, M. H. J., & Moezelaar, R. (2002). The phenolic hydroxyl group of carvacrol is
essential for action against the food-borne pathogen Bacillus cereus. Applied and environmental
microbiology, 68(4), 1561-1568.

Uni onds | ist of s unbpfastia foad eantact roaterinls. Fapd eodtact materials.
https://webgate.ec.europa.eu/foods_system/main/?event=substances.search&substances.paginati
on=1. Accessed on May 2017.

Vermeiren, L., Devlieghere, F., Van Beest, M., De Kruijf, N., & Debevere, J. (1999). Developments
in the active packaging of foods. Trends in food science & technology, 10(3), 77-86.

Versino, F., Lépez, O. V., & Garcia, M. A. (2015). Sustainable use of cassava (Manihot esculenta)

roots as raw material for biocomposites development. Industrial Crops and Products, 65, 79-89.

Viazis, S., Akhtar, M., Feirtag, J., & Diez-Gonzalez, F. (2011). Reduction of Escherichia coli O157:
H7 viability on leafy green vegetables by treatment with a bacteriophage mixture and trans-
cinnamaldehyde. Food microbiology, 28(1), 149-157.

Wang, H., Sun, X., & Seib, P. (2002). Mechanical properties of poly (lactic acid) and wheat starch
blends with methylenediphenyl diisocyanate. Journal of applied polymer science, 84(6), 1257-1262.

Wang, N., Yu, J., Chang, P. R., & Ma, X. (2007). Influence of Citric Acid on the Properties of GlycerolZ
plasticized dry Starch (DTPS) and DTPS/Poly (lactic acid) Blends. Starch.Ztarke, 59(9), 409-417.

66



Wang, X., Du, Y., & Luo, J. (2008a). Biopolymer/montmorillonite nanocomposite: preparation, drug-

controlled release property and cytotoxicity. Nanotechnology, 19(6), 065707.

Wang, N., Yu, J., Chang, P. R., & Ma, X. (2008b). Influence of formamide and water on the properties
of thermoplastic starch/poly (lactic acid) blends. Carbohydrate Polymers, 71(1), 109-118.

Wang, H., Yuan, H., Li, S., Li, Z., & Jiang, M. (2016). Synthesis, antimicrobial activity of Schiff base
compounds of cinnamaldehyde and amino acids. Bioorganic & medicinal chemistry letters, 26(3),
809-813.

Wen, P., Zhu, D. H., Wu, H., Zong, M. H., Jing, Y. R., & Han, S. Y. (2016). Encapsulation of cinnamon
essential oil in electrospun nanofibrous film for active food packaging. Food Control, 59, 366-376.

Wert z, J. L. (2011) . Lébamidon et | e PLA : deux bi op¢
Janvier 2011, Document ValBiom, Gembloux Agro-Bio Tech.

http://www.valbiom.be/files/library/Docs/Biopolymeres/amidonpla20111297333283.pdf

Whistler, R.L., Bemiller, J.N., & Paschall, E.F. (1984). Starch. Chemistry and Technology (2nd ed.).

New York: Academic.

Wokadala, O. C., Emmambux, N. M., & Ray, S. S. (2014). Inducing PLA/starch compatibility through
butyl-etherification of waxy and high amylose starch. Carbohydrate polymers, 112, 216-224.

Wu, J., Liu, H., Ge, S., Wang, S., Qin, Z., Chen, L., ... & Zhang, Q. (2015). The preparation,
characterization, antimicrobial stability and in vitro release evaluation of fish gelatin films incorporated

with cinnamon essential oil nanoliposomes. Food Hydrocolloids, 43, 427-435.

Xiao, L., Wang, B., Yang, G., & Gauthier, M. (2012). Poly (lactic acid)-based biomaterials: synthesis,
modification and applications (pp. 247-282). INTECH Open Access Publisher.

Xing, F., Hua, H., Selvaraj, J. N., Zhao, Y., Zhou, L., Liu, X., & Liu, Y. (2014). Growth inhibition and
morphological alterations of Fusarium verticillioides by cinnamon oil and cinnamaldehyde. Food
Control, 46, 343-350.

Xiong, Z., Zhang, L., Ma, S., Yang, Y., Zhang, C., Tang, Z., & Zhu, J. (2013a). Effect of castor oil
enrichment layer produced by reaction on the properties of PLA/HDI-g-starch blends. Carbohydrate
polymers, 94(1), 235-243.

Xiong, Z., Yang, Y., Feng, J., Zhang, X., Zhang, C., Tang, Z., & Zhu, J. (2013b). Preparation and
characterization of poly (lactic acid)/starch composites toughened with epoxidized soybean
oil. Carbohydrate polymers, 92(1), 810-816.

Xiong, Z., Li, C., Ma, S., Feng, J., Yang, Y., Zhang, R., & Zhu, J. (2013c). The properties of poly
(lactic acid)/starch blends with a functionalized plant oil: Tung oil anhydride. Carbohydrate
polymers, 95(1), 77-84.

Xiong, Z., Ma, S., Fan, L., Tang, Z., Zhang, R., Na, H., & Zhu, J. (2014). Surface hydrophobic
modification of starch with bio-based epoxy resins to fabricate high-performance polylactide
composite materials. Composites Science and Technology, 94, 16-22.

67



Yamamoto-Ribeiro, M. M. G., Grespan, R., Kohiyama, C. Y., Ferreira, F. D., Mossini, S. A. G., Silva,
E. L., ... & Junior, M. M. (2013). Effect of Zingiber officinale essential oil on Fusarium verticillioides
and fumonisin production. Food chemistry, 141(3), 3147-3152.

Ye, H., Shen, S., Xu, J., Lin, S., Yuan, Y., & Jones, G. S. (2013). Synergistic interactions of
cinnamaldehyde in combination with carvacrol against food-borne bacteria. Food Control, 34(2),
619-623.

Yeaman, M. R., & Yount, N. Y. (2003). Mechanisms of antimicrobial peptide action and

resistance. Pharmacological reviews, 55(1), 27-55.

Yokesahachart, C., & Yoksan, R. (2011). Effect of amphiphilic molecules on characteristics and
tensile properties of thermoplastic starch and its blends with poly (lactic acid). Carbohydrate
Polymers, 83(1), 22-31.

Zuo, Y., Gu, J., Yang, L., Qiao, Z., Tan, H., & Zhang, Y. (2014). Preparation and characterization of
dry method esterified starch/polylactic acid composite materials. International journal of biological
macromolecules, 64, 174-180.

68



OBJECTIVES

The General Objective of this Doctoral Thesis was to combine PLA and starch films for
obtaining bilayers with optimized functional properties as food packaging material, and the
incorporation of an active compound, cinnamaldehyde, in an effective way to promote its
controlled release in food systems, conferring antimicrobial properties to the films. Then, the
next specific objectives were intended.

Specific objectives

1. To develop PLA films by compression moulding, using different biodegradable compounds,

with food contact properties, and to analyse the plasticizing behaviour of the films.

2. To develop PLA-starch bilayer films, with or without cinnamaldehyde, by compression

moulding and to analyse their structural and functional properties.

3. To analyse the antimicrobial properties and release kinetics of cinnamaldehyde in PLA-

starch bilayer films obtained by compression moulding.
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ABSTRACT

Neat and plasticized poly(lactic acid) (PLA) films were obtained by compression moulding.
Three different plasticizers, at concentrations of 5% and 10%, were used: poly(ethylene glycol)
(PEG) 1000 and 4000 g/mol molecular weights and a commercial plasticizer, Palamoll®638.
Crystallization behaviour and glass transition of PLA in the films were analysed using
differential scanning calorimetry (DSC) and X-Ray diffraction. Films were also characterized in
terms of structural, tensile, barrier and optical properties. The addition of the three plasticizers
reduced the glass transition temperature (Tg) while promoting the crystallization of PLA in the
compression moulded films, depending on their type and concentration. PEG 4000 enhanced
crystallization more than PEG 1000 and Palamoll®638, the latter being the one which induced
the lowest degree of crystallization. The Tg4 values of the PLA amorphous phase was reduced
by the addition of plasticizers, proportionally to their concentration. Nevertheless, all of the

plasticized films exhibited similar elastic modulus and were less resistant to break and less

extensible due to the greater i nduced crystalli

stretchability whereas this effect was less marked when Palamoll®638 was used.

Key words: Poly(lactic acid), plasticizer, compression moulded films, crystallization, glass

transition temperature, stretchability.
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1. INTRODUCTION

PLA is a linear aliphatic thermoplastic polyester derived from lactic acid and obtained from
100% renewable plant sources, such as corn starch or sugar. Best known for its
biodegradability, PLA is a good alternative to replace petroleum-based polymers, such as
polystyrene or polyethylene. Since the field of packaging is one of the major consumers of
plastics, it is becoming more and more necessary to use biodegradable polymers to limit
pollution associated with plastic wastes. PLA is biocompatible and has been approved by the
Food and Drug Administration (FDA) for direct contact with biological fluids. It can be
processed either by extrusion, injection moulding, film casting or fibre spinning (Byun et al.,
2010; Cai et al.,, 1996; Hughes et al., 2012; Casasola et al., 2014). It also has good
transparency, higher than that of polyethylene terephthalate (PET) or polystyrene (PS), and a
high comparable mechanical strength. However, it is very brittle, with an elongation at break
(0) of | e s(Rasal dt aln 20080 Mbjanen-Vainio et al., 1996), which restricts its
application as films for the packaging industry. Plasticizers are widely used to improve the
processability, flexibility and ductility of polymers. In the case of amorphous or semi-crystalline
polymers, such as PLA, an efficient plasticizer not only has to reduce the glass transition
temperature, but also to depress the melting point and the crystallinity. Considerable efforts
have been made to improve the mechanical flexibility of PLA by blending it with compatible
plasticizers or other soft polymers.

The use of various low molecular weight plasticizers, such as citrates or adipates (Coltelli et
al., 2008), leads to the migration of plasticizers within the PLA matrix, due to their high
molecular mobility. To avoid this migration problem, many high molecular weight plasticizers
including poly(ethylene glycol) (PEG), poly(propylene glycol), polyester diol or poly(diethylene
adipate) have been used (Byun et al., 2010; Choi et al., 2013). The plasticizing properties of
PEG, with different molecular weights, in PLA matrices have been extensively studied. A large
amount of these compounds is usually needed in order to be effective at promoting film
plasticity, which can overcome the miscibility limit (Pillin et al., 2006), leading to phase
separation, and negatively affecting the properties of the material. The aging of plasticized PLA
also provoked the migration and phase separation of PEG (Gumus et al., 2012). Hu et al.
(2003) observed crystallization of PEG 8000 when it was added as plasticizer in PLA at 30 wt
% in PLA matrices. This compound accelerated the PLA crystallization, depending on the
cooling rate, and PEG crystallinity was proportional to PLA crystallinity. Sungsanit et al. (2012)
also reported phase separation and crystallization of PEG 1000 above 15% in the PLA blends.
The impact resistance and crystallinity of PLA films rose in line with the increase in plasticizer
content, whereas both a drop in glass transition temperature and less stiff flms were observed.

Similar results were obtained by Chieng et al. (2013) using PEG 200 at different ratios in the
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PLA blends. The plasticization of the PLA with PEG 200 effectively lowers T4 as well as the
cold-crystallization temperature, in line with the increase in the plasticizer content. Baiardo et
al. (2003) reported a very good correlation between mechanical properties of plasticized PLA
and the Ty of the blend using PEGs with different molecular weights. The lower the Ty
depression by the plasticizer, the more extensible the PLA material, although some deviations
from the established tendencies were observed, which could be explained by the contribution
of the degree of crystallinity of the samples. In this sense, it is remarkable that, whereas the
thermal history of the samples was erased to obtain thermal parameters, tensile properties
were analyzed in the samples with their own thermal history of unknown crystallinity. The
contribution of the crystalline fraction to the mechanical properties of PLA has not been

reported.

Other compounds, such as hazelnut and cocoa extract, can also act as plasticizers for PLA
(Battegazzore et al., 2014), as well as keratins and brown alpaca fibres (Fortunati et al., 2015).
Likewise, PLA was toughened by blending with a PEG-based polyester, poly (polyethylene
glycol-co-citric acid) (Gui et al., 2012), which greatly improved elongation at break and the

impact resistance as compared with the same amount of the corresponding PEG.

The presence of compatible plasticizers enhances the free volume of the chains which induces
molecular mobility. This reduces the glass transition temperature but it can also favour the
crystallization process in semi-crystalline polymers. These two phenomena have opposing
effects on the ductility of the polymer and can be dependent on the molecular structure of
plasticizer, and the associated intrinsic viscosity, and the molecular interactions with the
polymer chains. Likewise, the processing conditions, with different heating and cooling rates,
determine the crystallinity degree of the polymer, which in turn affects the mechanical

performance of the material.

In this study, two extensively studied plasticizers (PEG 1000, PEG 4000) and one new one
(Palamoll®638), in two different ratios (5 and 10%), were melt blended with PLA to obtain films
by compression moulding and their effect on the crystallization and thermal behaviour of the
PLA during film processing was analysed, as well as their impact on the tensile and barrier
properties of the obtained films. The relatively low amount of plasticizers was considered in
order to avoid phase separation of these compounds in the films, as described in previous
studies. The overall migration values of both un-plasticized and plasticized films in aqueous
food simulants were also analysed for the purposes of determining the influence of plasticizers

on the potential film compound release into food systems.
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2. MATERIALS AND METHODS

2. 1. Materials

PLA resin (LL700, density of 1.25 g/cm®) was purchased from Ercros (Spain). Poly(ethylene
glycol) 1000 and 4000 g/mol molecular weights (PEG 1000 and PEG 4000) were obtained
from Sigmai Aldrich (Germany). Palamoll®638 was purchased from BASF (Germany). This
commercial polymeric plasticizer is derived from adipic acid, 1,2 propane diol and 1 octanol,
with a high viscosity of 7000-9500 mPa.s (at 20°C), listed for food contact applications and it

is practically insoluble in water and oils.

2. 2. Film preparation

PLA was first dried at 60°C for 24 h to remove residual water. PLA and plasticizers (10% w/w)
were then hot-mixed in a two-roll mill (ModelLRM-M-100, Labtech Engineering, Thailand) at
200°C and 10 rpm for 20 min to ensure a good homogenization of plasticizers with the polymer.
Nevertheless, this relatively long time could provoke chain scission in the polymer. The
resulting paste was then compression moulded in a hydraulic press (Model LP20, Labtech
Engineering, Thailand). 3 g of sample were placed onto steel sheets and pre-heated at 200°C
for 4 min. Then, compression was performed at 200°C and 100 bars for 4 min, followed by a
cooling cycle of 3 min until the temperature reached about 70°C. The obtained films were

maintained in desiccators with silica-gel at room temperature until analyses were carried out.

2. 3. Film characterization

2. 3. 1. Film thickness
A hand-held digital micrometer (Electronic Digital Micrometer, Comecta S.A., Barcelona,
Spain) was used to measure film thickness to the closest 0.001 mm, at 6 random positions

around the film prior to mechanical test analyses.

2. 3. 2. Thermal properties

Differential scanning calorimetry analyses were carried out using a DSC (1 StareSystem,
Mettler-Toledo, Inc., Switzerland). Small amounts (5-10 mg approx.) of samples were placed
into aluminium pans (Seiko Instruments, P/N SSC000C008) and sealed. Samples were heated
from room temperature to 200°C at 10K/min in order to analyse phase transitions in the PLA
film. Samples were kept a 200°C for 5 min, cooled to -10°C at -50K/min, kept at -10°C for 5
min and heated again to 200°C at 10K/min; finally they were cooled to 25°C at -100K/min. An
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empty aluminium pan was used as reference. The same method was used to analyse melting

properties of PEG 1000 and PEG 4000. Each sample was analysed in duplicate.

A thermo-gravimetric analyser (TGA/SDTA 85l1e, Mettler Toledo, Schwarzenbach,
Switzerland) was used to characterize thermal degradation. The analysis was performed from
room temperature to 600°C at 10°C/min under a nitrogen flow (50 mL/min). Each sample was
analysed in duplicate. The initial degradation temperature (Tonset), i.€. the temperature at which
5% mass loss is registered, was recorded. The temperature at which the maximum
degradation rate was observed (Tmax) Was also determined. Each sample was analysed in
duplicate.

2. 3. 3. Microstructure

The microstructural analysis of the cross-sections of the films was carried out by means of a
scanning electron microscope (JEOL JSM-5410, Japan). Film pieces, 0.5 x 0.5 cm? in size,
were cryofractured from films and fixed on copper stubs, gold coated, and observed using an
accelerating voltage of 10 kV. Observations were taken in duplicate for each formulation.

2. 3. 4. Xray diffraction
A diffractometer (XRD, Bruker AXS/D8 Advance) was used to record the X-ray diffraction

patterns. All the samples were analysed at room temperature, between 2d = 5° and 2d = 30°
using KU Cu 542 A)jsakyviama 40 mA svith a &tep size of 0.05°. For this analysis,

samples were cut into 4 x 4 cm?. Each sample was analysed in duplicate.

2.3.5. Tensile properties

A texture analyser (TA-XT plus, Stable Micro Systems, Surrey, United Kingdom) was used to
measure the mechanical properties of films. Strips of films (25 mm wide and 100 mm long)
were mounted in the tensile grips (A/TG model) and stretched at a rate of 50 mm/min until
breaking. The elastic modulus (EM), tensile strength at break (TS) and percentage of
el ongation at break (U) -siraim eurved, eobtanednfrom dotce-
deformation data. The experiments were carried out at 25°C and eight replicates were made

for each film.
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2. 3. 6. Water Vapour Permeability (WVBHNd Oxygen Permeability (OP)

The WVP of films was measured using a modification of the ASTM E96-95 (1995) gravimetric
method, using Payne permeability cups (Elcometer SPRL, Hermelle/s Argenteau, Belgium) of
3.5 cm diameter. For each formulation, the measurements were replicated four times and the
WVP was calculated following the methodology described by Gennadios et al. (1994), at 25°C
and a 53-100% relative humidity (RH) gradient, which was generated using an oversaturated
Mg(NOs). solution and pure distilled water. To determine the WVP, the cups were weighed
periodically for 4 days after the steady state was reached using an analytical balance
(x0.00001 g). The slope obtained from the weight loss vs. time was used to calculate WVP,
according to ASTM E96-95 (1995).

The OP of the films was determined by using the ASTM F1927 method (2014), using OXTRAN
SL 2/21 MOCON equipment (U.S.A.). Measurements were carried in duplicate at 23°C and
50% RH. Film thickness was considered in all samples to obtain the oxygen permeability

values.

2. 3. 7. Optical properties

The optical properties of the films were determined in film samples by means of a
spectrocolorimeter (CM-3600d, MinoltaCo., Tokyo, Japan) with a 10 mm diameter window.

The internal transmittance (T;) of the films was determined, as an indicator of the transparency
of the films, by applying the Kubelka-Munk theory (Hutchings, 1999) for multiple scattering to

the reflection spectra, following the methodology described by Pastor et al. (2010).

2. 3.8. Ultravioletgvisible spectrophotometry (UWIS)

UV-VIS absorption spectra of the samples (4.5 x 1.2 cm?) were recorded in the wavelength
range of 250-700 nm using a Thermo Scientific (Evolution 201) UVT VIS spectrophotometer.

2.3.9. Overall migration(OM) in aqueous food simulants

Overall migration tests were carried out for plasticized and unplasticized films, following the
current legislation (Commission Regulation 10/2011). Film samples with a total area of 15 cm?
were immersed in 25 mL of different simulants: simulant A (ethanol 10% in water, simulating
foods which are hydrophilic in nature) and simulant B (acetic acid 3% in water, simulating
hydrophilic foods with pH below 4.5). All the samples were kept in contact with the simulants

for 10 days at 20°C, to simulate any food contact under frozen or refrigerated conditions. After
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incubation, the film samples were removed from the simulants, which were evaporated to
dryness. The migration value in each case was taken as the residue weight. The results were
expressed as mg per dm? of film. All the tests were run in duplicate.

2. 3. 10. Statistical analysis
StaTgraphics Plus for Windows 5.1 (Manugistics Corp., Rockville, MD, U.S.A.) was used to

carry out statistical analyses of data through an analysisof vari ance (ANOVA).

significant difference (LSD) was used at the 95% level.
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3. RESULTS AND DISCUSSION

3. 1. Characterization of amorphous amystalline phases of the films

The degree of crystallization of compression moulded films with and without plasticizers was
analysed from the first heating scan of DSC, taking the X-Ray diffraction pattern of the films
into account. Figure 1 shows the thermograms obtained for both neat PLA films and those
containing 5% of plasticizers. Glass transition was observed in all cases, followed by a
crystallization exotherm and the subsequent melting endotherm of the polymer. An excess
ent hal py of & aevhsackhserved amnan emgdtherm at the glass transition. As
observed by other authors for PLA (Cai et al., 1996), this has been associated with the physical
aging of the mainceaseésad the material @ages. gkdwise, a small exotherm

prior to the melting endotherm was observed in all the samples, which is characteristic of a

solid-solid transition (Zhang et al., 2008). This corresponds to the disorder-to-o r d e 4o-U() U N;

phase transition, in which the chain packing of the crystal lattice becomes more ordered. This
thermal behaviour of the films indicates that a large part of the polymer is in an amorphous
state after compression moulding under the conditions applied (fast cooling rate after
thermocompression). Then, after glass transition, crystallization occurs when the temperature

rises to nearly 100AC. Afterwards, the polymer
crystal fraction crystallizes into the U form
PLA
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Figure 1. DSC thermograms of neat PLA and PLA with 5% of plasticizers at the first heating.
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As shown in Table 1, the onset glass transition temperature (Tq) of PLA significantly
decreased after the addition of plasticizers, regardless of their type; the higher the
concentration of plasticizer, the greater the decrease in Tq. This indicates that the compounds
used effectively plasticize the amorphous phase of the polymer, depending on their
concentration, reducing the interchain forces of the polymer and increasing its free volume,
thus enhancing the rubbery character. No notable differences in the plasticizing effect of the
different compounds used were observed despite their different molecular weight, since a
similar Ty decrease was obtained at a determined concentration of each compound. It is
remarkable that, in no case did PEG crystallization occur in the films, as deduced from the
DSC curves where no melting of PEG was observed. Melting properties of pure PEG 1000 and
PEG 4000, determined by DSC, gave melting temperature values of 38°C and 56°C (within
the range of the film analyses) with melting enthalpies of 181 and 210 J/g, respectively.
Therefore, a good miscibility of the plasticizers and polymer, at the used ratios, was observed

in all cases, exhibiting no phase separation.

Table 1. Thermal data obtained by DSC measurements (first heating scan) for PLA films with

different contents of plasticizers. Mean values tstandard deviation.

Film T (C) T (C) (J/ZJ :}:A) (JZ; 'sz) Tol (°C) (JZJJ;‘":A) Xei® (%) Xe (%) X film (%)
PLA 55.6+0.4° 108.0+0.1% 470420 14201% 1757:01¢ 523+03° 49.0+3.0° 545%01° 537
PLA_5PEG1000 485+0.4° 937+01° 37.8%02° 38x03™ 169.9+04° 600+04° 39.4+02° 625+0.6° 23+1°
PLA_10PEG1000 38.0+50° 87.0+3.0™ 308+1.1™ 3.0£20* 170.2#06" 62.8+03° 320+20™ 654+05° 332
PLA_5PEG4000 454+02"% 875+04™ 320+3.0" 43205 170.8+0.0° 605+0.3° 33.0+4.0™ 63.0+05° 30:3°
PLA_10PEG4000 38.4+14% 750#3.0% 17.0+40% 50212° 168.1203% 61.0+2.0° 17.046.0° 63.0+3.0° 46 +2°

PLA 5Palamol®638  46.2+1.2° 91.8+14° 37.0+20° 0.3#01% 1741+03° 56.7+05° 38.0+3.0° 59.0+0.8° 21+2°

PLA_10Palamol®638 39.0+2.0%° 81.0+4.0%® 26.0+2.0° 24+1.0* 173.4+02° 629+05° 27.0+3.0° 655+0.7°¢ 3g+2¢

Xca: degree of crystallization esticmatgedd from crystall.i
Xc2: degree of crystallization estimated fromt he mel t i ng emdd&Hher m = @H
Xc film: deduced from the difference between Xc2 and Xc1

Different superscript letters within the same column indicate significant differences among formulations (p<0.05).

Table 1 also gives the crystallization temperature (T¢) , crystallizg,tmeling ent ha
temperature (Tm) and mel t i n.g, deenntinedfiom the r¢sppetive exothermic and
endothermic peaks of the registered first heating scan. Taking into account the temperature at
which crystallization occurs in the heating sterg
to previous studies about the influence of the temperature on PLA crystallization (Cocca et al.,
2011). Yasuniwa et al. (2006) carried out the isothermal crystallization of PLA at various
crystallization temperatures and elucidated that the crystallization behaviour discretely

changes at crystallization temperatures below and above 113 and 135°C, respectively and a
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double melting behaviour was observed when crystallization occurred between 113 and
135°C. The ob®&JrvednWNjti on could be partly attribu
in the thermocompressed films, in line with the fast cooling applied. In fact, the X-ray diffraction
patterns of all the samples (Figure 2) presented the main peak at 2d = 16.5, which is
characteristic of the U6 crystals of the PLA, sl
form (2d = 16.8) (Yasuniwa et al., 2008). A broad amorphous band can also be observed in

every sample, in line with the presence of amorphous polymer regions in the films.
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Figure 2. X-Ray diffraction patterns of neat and plasticized PLA films.

The degree of crystallinity of PLA (X film (%)) was estimated from the difference between the
mel ting and crystallization ent hal pi es, by ass
considering the melting enthalpy %{U}Yhe 961 Wy gU
reported by Kalish et al. (2011). From this estimation (Table 1), a very low crystallinity degree

(5%) was obtained in the PLA compression moulded films, which notably increased when
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plasticizers were incorporated. In general, the greater the amount of plasticizer, the higher the
degree of crystallinity obtained in the film. Likewise, it is remarkable that PEG 4000 was
significantly more effective than PEG 1000 and Palamoll®638 to promote PLA crystallization.
The values obtained are coherent with the X-Ray diffraction patterns, which exhibited different
relative intensities for the peak at 2d = 16.5.

As concerns the melting temperature, films containing Palamoll®638 show a peak value that is
very similar to that of the neat PLA film (175°C) whereas significantly lower values were
obtained for films with PEG 1000 and PEG 4000, which indicates that the latter plasticizers
also interact with the PLA lattice, reducing the melting point of about 5°C.

The previous thermal history of the films was erased in the second heating scan in the DSC
analysis, but the thermal behaviour was similar to that obtained in the first scan, with the same
events appearing on the thermograms, except for the relaxation endotherm at T4 which does
not appear because of the newly crystallized polymer. The fast cooling rate applied during the
cooling scan (50°C/min) in DSC allowed for reproducing thermal behaviour of the thermo-
compressed films with their thermal history. The obtained values of Ty, Tc and Tr, were similar
to those obtained in the first heating scan, as well as the crystallization and melting enthalpy
values (Table 2). The crystallization degree which occurred in the fast cooling scan was also
estimated by the difference between exo and endo transitions and very small crystallization
was determined for the neat PLA films. Nevertheless, crystallinity increased to a greater extent
in this step when films contained plasticizers, in line with the promotion of molecular mobility.
The higher the plasticizer concentration, the higher the crystallization rate. As observed in the
first heating scan, PEG 4000 greatly enhanced PLA crystallization despite the scarce
differences induced in the T4 compared to the other used plasticizers. The fact that plasticizers
promote the crystalline form of thermocompressed PLA can be explained by the T4 reduction,
which allows for enhanced molecular mobility at lower temperatures during the cooling step of
the film, favouring the polymer chain rearrangement in crystalline forms. In fact, the
crystallization temperature for all the plasticized films (Tables 1-2) was lower than for the neat
PLA film and the reduction was in line with the T4 decrease, since crystallization occurred at

45-50°C above Tyin every case.

These results, valuable for lab scale production of films, could be far from those obtained at
industrial level, mainly due to very different times of processing. In industry, the times of
processing are considerably shorter and this will have an effect on film crystallinity.
Nevertheless, a faster cooling of the polymer melt will lead to more amorphous material, since
it is only above Ty that crystallization occurs extensively. The incorporation of plasticizers

reduces the T4 and so, extends the time range for polymer crystallization during the cooling
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step, which suggests that a fast-cooling, quenching process must be implemented to optimize

the plasticizer role.

Table 2. Thermal data obtained by DSC measurements (second heating scan) for PLA films

with different contents of plasticizers. Mean values tstandard deviation.

Film T2 (C) T2 (C) (J/‘;) P"LEA) (Jz ";‘EEZA) T.2 (°C) (3/2,3 :;‘":A) Xei? (%) X2 (%) X cool (%)
PLA 57.1+0.1% 108.0#0.2° 46.0+1.4° 0.38+0.01° 1753#0.1° 53.1+0.3% 48.0%2.0° 553+04° 7422
PLA_5PEG1000 458+02™ 053+04"™ 39.4207° 018+0.02° 169.4+02" 61.4+04° 41.0+08° 63.9+06° 231"
PLA_10PEG1000 36.0+50% 86.0+3.0% 24.0+8.0°" n.d. 169.1£0.8° 64.4+0.9° 250%8.0° 67.1+0.9° 42 +9¢
PLA_5PEG4000 42.0+0.9% 90.7+0.4%° 340+3.0™ 009#0.02% 170.2#0.1° 60.1+0.7™ 360450 62.6+0.7™  27+4"
PLA_10PEG4000 340+50% 86.0+6.0% 7.03.0° n.d. 167.5+0.5% 63.0+2.0°® 7.0+40°% 654+3.0% 5817°

PLA_5Palamol®638  48.3+1.1° 08.7+0.9°% 41405 018+0.01° 173.7+04° 57.9:02° 43.1:07% 60.3+0.3° 17+1%®

PLA_10Palamol®638  40.0 +4.0% 87.0+50%® 26.6+0.7"° n.d. 173.0+0.2° 63.2+05% 27.7+0.7° 658x07° 381

n.d.: non detected

Xaa: degree of crystallization esticmatgdd from crystall.i
X2: degree of crystallization estm/matgled from the mel ti
Xc cool: occurred during the cooling step and deduced from the difference between Xc2 and Xc1

Different superscript letters within the same column indicate significant differences among formulations (p<0.05).

Film microstructure (Figure 3) revealed a rather brittle fracture in both plasticized and
unplasticized PLA films, exhibiting no plastic deformation, as correspond to the sample fracture
conditions, below the Tq4 values. No phase separation of plasticizers was observed in any case,
which confirms the good integration of the compounds into the polymer matrix. Nevertheless,
some qualitative differences, reflected in a higher frequency of stripes and white dots, can be
observed in the fractured surface of samples with the different plasticizers, which could be
attributed to certain local plasticization effect, affecting the fracture behaviour.

The thermal stability of the PLA-based films is also coherent with the observed effect of
plasticizers. The incorporation of plasticizers should reduce the thermal degradation
temperature depending on how much they weaken the polymer network (Pillin et al., 2006),
but the increase in the degree of crystallization should promote the opposite effect due to the
higher energy of the matrix. Table 3 shows the obtained degradation temperatures (onset:
Tonset and at the maximum rate: Tmax) for the different films, where very small differences can
be observed for the different samples. These range from 317 to 324°C (onset) and from 337
to 339°C (max) for all the samples. The opposite effect produced by the plasticizing of the
amorphous region and the increase in crystallization only led to scarce changes in the thermo-

stability of the films.
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Figure 3. SEM images of the cross-sections of neat and plasticized PLA films.
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