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ABSTRACT

Active packaging is one of the most relevant emerging technologies in the food
industry. It aims to interact with the packaging headspace to control the enzymatic,
chemical, physical, and microbiological reactions that deteriorate food through
scavenging or releasing means. The current PhD thesis originally deals with the
development and characterization of mono and multilayer active and biodegradable
food packaging structures based on electrospun polyhydroxyalkanoates (PHA)
materials derived from circular bioeconomy strategies. In order to provide the
packaging materials with active properties, essential oils, natural extracts, metallic
nanoparticles or combinations thereof were incorporated into PHA by solution
electrospinning. The resultant electrospun PHA mats were annealed to obtain
continuous monolayers that were, thereafter, combined with cast-extruded, blown or
solvent-casted biodegradable polymer films and/or barrier coatings of bacterial
cellulose nanocrystals (CNCs) to develop novel multilayer systems with
antimicrobial and barrier properties. These PHA-based multilayers systems presented
good thermal and mechanical performance as well as high barrier properties to vapors
and gases. The active films also showed improved antioxidant properties and high
antimicrobial activity against food-borne bacteria in both open and, more
importantly, closed systems, which can mimic real case use packaging conditions.
Therefore, the here-developed materials and prototypes can be very promising as
packaging materials, to constitute trays, flow packs and lids, being completely
renewable and also biodegradable, with the final potential capacity to increase both
guality and safety of food products in the new Circular Bioeconomy context.



RESUMEN

El envasado activo es una de las tecnologias emergentes mas relevantes de la
industria alimentaria. Su objetivo es interactuar con el espacio de cabeza del envase
para controlar las reacciones enzimaticas, quimicas, fisicas y microbiol6gicas que
deterioran los alimentos por medio de la absorcion o liberacién. La actual tesis
doctoral trata originalmente del desarrollo y la caracterizacidn de estructuras de
envasado de alimentos activas y biodegradables mono y multicapa basadas en
materiales de polihidroxialcanoatos (PHA) electroestirados derivados de estrategias
de bioeconomia circular. Con el fin de dotar con propiedades activas los materiales
de envasado, se incorporaron a los PHA aceites esenciales, extractos naturales,
nanoparticulas metalicas o combinaciones de los mismos mediante electrospinning
de soluciones. Las fibras resultantes de PHA por electrospinning se recocieron para
obtener monocapas continuas que, posteriormente, se combinaron con peliculas de
polimeros biodegradables fundidas, sopladas o fundidas con disolventes y/o con
revestimientos de barrera de nanocristales de celulosa bacteriana (CNC) para
desarrollar novedosos sistemas multicapa con propiedades antimicrobianas y de
barrera. Estos sistemas multicapas basados en PHA presentaron un buen rendimiento
térmico y mecanico, asi como altas propiedades de barrera a los vapores y gases. Las
peliculas activas también mostraron mejores propiedades antioxidantes y una alta
actividad antimicrobiana contra las bacterias transmitidas por los alimentos tanto en
sistemas abiertos como, lo que es mas importante, en sistemas cerrados, que pueden
imitar las condiciones de envasado en casos reales. Por lo tanto, los materiales y
prototipos desarrollados en este trabajo pueden ser muy prometedores como
materiales de envasado, para constituir bandejas, flow packs y tapas, siendo
completamente renovables y también biodegradables, con una potencial capacidad
de aumentar tanto la calidad, como la seguridad de los productos alimenticios en el
nuevo contexto de la Bioeconomia Circular.



RESUM

L'envasament actiu és una de les tecnologies emergents més rellevants de la industria
alimentaria. El seu objectiu és interactuar amb I'espai de cap de I'envas per controlar
les reaccions enzimatiques, quimiques, fisiques i microbiologiques que deterioren els
aliments per mitja de I'absorcié o alliberament. L'actual tesi doctoral tracta
originalment de el desenvolupament i la caracteritzacid d'estructures d'envasat
d'aliments actives i biodegradables mono i multicapa basades en materials de
polihidroxialcanoatos (PHA) electroestirados derivats d'estrategies de bioeconomia
circular. Per tal de dotar amb propietats actives dels materials d'envasat, es van
incorporar als PHA olis essencials, extractes naturals, nanoparticules metal-liques o
combinacions dels mateixos mitjangant electrospinning de solucions. Les fibres
resultants de PHA per electrospinning es recocieron per obtenir monocapes continues
que, posteriorment, es van combinar amb pel-licules de polimers biodegradables
foses, bufades o foses amb dissolvents i / o amb revestiments de barrera de
nanocristalls de cel-lulosa bacteriana (CNC) per desenvolupar nous sistemes
multicapa amb propietats antimicrobianes i de barrera. Aquests sistemes multicapes
basats en PHA van presentar un bon rendiment térmic i mecanic, aixi com altes
propietats de barrera als vapors i gasos. Les pel-licules actives també van mostrar
millors propietats antioxidants i una alta activitat antimicrobiana contra bacteris
transmeses pels aliments tant en sistemes oberts com, el que és més important, en
sistemes tancats, que poden imitar les condicions d'envasament en casos reals. Per
tant, els materials i prototips desenvolupats poden ser molt prometedors com
materials d'envasat, per constituir safates, flow packs i tapes, sent completament
renovables i també biodegradables, amb la capacitat potencial final d'augmentar tant
la qualitat, com la seguretat de els productes alimentaris en el nou context de
I'Bioeconomia Circular.
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.  INTRODUCTION




1 Introduction

1.1  Biopolymers Based Food Packaging Materials

Global pollution, oil scarcity and new food safety and quality requirements have led
to the study and development of different biopolymers to constitute packaging
materials [1]. Packaging has a great impact on sustainability due to its direct or
indirect use in the food chain and food waste, playing an important role in individual
and social well-being [2]. Addressing these issues by using biopolymers in eco-
friendly packaging design gives solutions which provide physical protection while
creating proper physicochemical conditions to maintain food quality and safety as
well as extending food shelf life [3].

L1.1.1  Sustainability and Circular Bio-economy

Worldwide food systems are facing unprecedented challenges attributable to food
demand by a growing population which are increasing the number of people suffering
from hunger and malnutrition, the negative effects of climate change, the
overexploitation of natural resources, and food loss and waste. Following the linear
economy principle of “make, use and dispose” is unsustainable [4]. Therefore, a
transition to a sustainable food system is needed to guarantee food security. To do
this, it is necessary to follow the four pillars of food security based on: availability,
access, utilization, and stability; as well as the three dimensions of sustainability:
environment, economy, and society (Figure 1a). These parameters aim to conserve
and protect ecosystems and resources while supporting equitable opportunities for
economic development and providing people with adaptable, accessible, and
connected places [5]. Likewise, implementing circular economy principles (rethink,
redesign, remanufacture, repair, redistribute, reduce, reuse, recycle and recover
energy) is a method of reducing production and the environmental impact of resource
use. Restoring is also necessary to constantly keep products, components and
materials at highest utility and value while distinguishing between technical and
biological cycles (Figure 1b) [6]. These economic and productive strategies seek to
reduce the use of raw materials as much as possible in the productive fabric and to
minimize the generation of non-recyclable waste, since they cover the entire
production cycle, including the efficient use of raw materials, the optimization of
energy resources and the minimization of environmental risks [7]. In this context,
circular bioeconomy has a systemic approach towards maintaining the value of any
product contingent on simultaneous waste elimination, thus enabling the reuse of all
byproducts in the value chain. Following circular economy principles, the breeding
of higher value products (i.e., food and animal feed) must be ensured first, then the
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sustainable reuse and recycling of byproducts, waste, and raw materials along with
the bioproduct manufacturing, and finally, implementation of energy-yielding
technologies to achieve a cleaner industrial production [8]. Further on recycling, the
circular bioeconomy aims to convert the reserves and wastes into valuable goods such
as bio-based products [9]. Shifting towards a new circular bioeconomy, a sustainable
and bio-based market has a great opportunity to break through and overcome current
petroleum-based market dependence [10]. Within this context, food packaging
technology focuses on maximum efficiency with minimum environmental burden by
using more environmentally friendly solutions, such as biomaterials production from
wastes which do not compete with the production of food or animal feed and provide
an abundance of raw material for the development of recyclable and compostable
plastic packaging materials [11,12].

a) b)
& resources
| I .
-/ =l iy
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- ECONOMY
\ Solutions for
" residual waste

Figure 1. Sustainability (a) and Circular Economy principles (b).

1.1.2  Classification of Biopolymers

The above-described environmental and food safety issues are the main drivers
behind the interest for the development of new materials for food packaging
applications. Although bioplastics still represent under one percent of the
approximately 350 million tons of plastics produced annually, mostly for packaging
materials [13,14], including high-performance thermoplastic materials and foams,
they also represent an important part of the bioeconomy and they will undoubtedly
shape the future of the plastics industry [15]. Because of this, the use of biopolymers
in packaging has increased considerably over the past few years due to their
sustainable feedstock, biodegradability, and similar processing characteristics to
existing thermoplastics [16].

Biopolymers comprise a whole family of materials with different properties and
applications. They include polymers with a “bio-based” origin and “biodegradable”



polymers or polymers featuring both properties. Bio-based polymers correspond to
any kind of polymer that is obtained from renewable resources, which include both
naturally occurring polymers and synthetic polymers produced by means of
monomers obtained from biological sources [17]. Naturally occurring polymers are
biomacromolecules, that is, molecules of large molecular weight produced in nature
by living organisms and plants. Biodegradable polymers are defined as those polymer
materials whose physical and chemical properties undergo deterioration and
completely degrade when exposed to the enzymatic action of microorganisms, carbon
dioxide (aerobic process), methane (anaerobic process), water (aerobic and anaerobic
processes), inorganic compounds, and biomass [18]. Bio-based polymers can be
biodegradable but not all biodegradable polymers are bio-based. Additionally, in the
near future, some synthetic biodegradable polymers could be partially or fully
developed from bio-based monomers. Bio-based polymers offer the saving of fossil
resources by using biomass that regenerates (annually) and the unique potential of
carbon neutrality whereas biodegradability is an add-on property of certain types of
polymers that offers additional means of recovery at the end of the product’s life
[19,20]. Figure 2 summarizes the classification of biopolymers grouped according to
their origin and biodegradability characteristics. At the top right of the figure, bio-
based and biodegradable polymers are grouped. Nature produces over 170 billion
metric tons of biomass per year, yet only 3-4% of this material is being used by
humans for food and non-food purposes [21]. Biomass carbohydrates are the most
abundant renewable resources available, representing approximately 75% of this
biomass, which are currently regarded as the basis for the green chemistry of the
future. Most of these biopolymers are mainly made from carbohydrate rich plants
such as corn or sugar cane, that is, the so-called food crops, which are also currently
referred to as the “first generation feedstock of bioplastics”. This currently represents
the most efficient feedstock to produce bioplastics, as it requires the least amount of
land to grow and produces the highest yields. Biomass-derived polyesters such as
polylactide (PLA) and thermoplastic starch (TPS) are among the most promising
biodegradable polymers and they comprise up to 65% of the family of bioplastics.
Another promising biopolymer which has gained great interest in recent years due to
its biodegradability and biocompatibility is Polyhydroxyalkanoate (PHA). The PHA
is a carbon-based polymer which can be obtained from food waste (e.g., whey, starch,
oils, lignocellulosic materials, legume, and sugar wastes) and is rich in simple sugars
(e.g., glucose, lactose) and fatty acids (e.g., acetic or propionic acids) that are
hydrolyzed to obtain precursor molecules to feed a specific microorganism culture.
These bacteria can accumulate PHA granules of between 70%-85% of their weight
[22].
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Figure 2. Classification of biopolymers widely used in packaging.

The same durability properties that have made traditional petroleum-derived plastics
ideal for many applications, such as those found in packaging, are leading to terrible
waste-disposal problems as these materials are resistant to microbial degradation,
leading to plastics accumulation in the environment. For this reason, some
biodegradable polymers, still based on petrochemical polymers, have been developed
over the past years. The most frequently studied polymers are included in the bottom-
right group, which are aliphatic or aliphatic-aromatic polyesters since neat aromatic
polyesters based on terephthalic acid are generally insensitive to hydrolytic
degradation and enzymatic or microbial attack due to their high stability. Indeed, the
biodegradation rate increases rapidly when the concentration of terephthalic acid
becomes lower than 55%. These petrochemical biodegradable polymers can find
several uses in both flexible and rigid packaging applications.

Bio-based but not biodegradable polymers, which are shown at the top left of the
figure, currently offer important contributions not only to the reduction of
dependence on fossil fuels but also to the related positive environmental impact, such
as the reduction of carbon dioxide emissions. New approaches move towards the
complete or partial substitution of conventional plastics by renewable resources such
as biomass [23]. Conventional polymers from feedstock routes are being explored for
well-known applications, including the packaging industry [24]. These are generally
based on monomers derived from agricultural and food-based resources such as corn,
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potatoes, and other carbohydrate feedstock. The new branch of these “green
polymers” reflects the “biorefinery” concept [25]. The monomers that produce these
bio-based polymers can be obtained from natural resources, for example, catalytic
dehydration of bioethanol obtained by microbial fermentation. Although these
biopolymers are not biodegradable, they have the same processing and performance
as conventional polymers made from natural gas or oil feedstock. Such developments
have recently led to the new paradigm for sustainable food packaging: “Bio-based
but not biodegradable” [26]. This is further evidenced by the development of fully
bio-based polyethylene terephthalate (bio-PET) in which the ethylene glycol and the
terephthalic acid are both derived from plant-based sugars and agricultural residues.
The discussion about the use of biomass for industrial purposes is still often linked to
the question of whether the conversion of potential food and feed into materials is
ethically justifiable. Although, the surface required to grow sufficient feedstock for
current bioplastics production is only about 0.01% of the global agricultural area of
a total of 5 billion hectares. The bioplastics industry is also researching the use of
non-food crops and agricultural residues, the so-called “second generation
feedstock™, with a view to its further use. Innovative technologies are focusing on
non-edible by-products as the source for bioplastics, which include large amounts of
cellulosic by-products and wastes such as straw, corn stover or bagasse. This leaves
significant potential for using biotechnological processes to create platform
chemicals for industrial purposes, amongst them is the production of bioplastics.
Therefore, the trend for the development of the next generation of bioplastics is
currently led by the emergence of conventional polymers made from renewable and
non-food sources.

1.1.3  Polyhydroxyalkanoates (PHAS)

One of the most important alternatives to fossil-derived polymers in the frame of the
Circular Economy are polyhydroxyalkanoates (PHAS) [27], showing the highest
potential to replace polyolefins in packaging applications due to their
biocompatibility and physical properties [28]. PHAs are a family of biopolyesters
synthesized by more than 300 species of Gram-positive and Gram-negative bacteria,
highlighting strains such as Escherichia coli, Aeromonas sp., Cupriavidus necator,
Alcaligenes latus, Azotobacter sp., as well as a wide range of archaea, such as carbon
storage material [29]. PHAs are accumulated in bacteria as a high-molecular-weight
polymer which constitutes up to 85% of the weight of the total bacteria cell (Figure
3) [30] and they generate intracellular spherical granules with diameters between 0.2
—0.3 um. PHAS granules are formed by a hydrophobic core of spiral PHA chains and
water acting as plasticizer; this core is covered by different types of hydrophilic
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enzymes and structural proteins [31]. The PHAs productivity yield also depends on
the type of fermentation and culture conditions; thus, many reports have indicated
that the most efficient methods to produce PHAs are the fed-batch fermentations in
bioreactor and mixed microbial cultures. In the case of the mixed microbial cultures,
acidogenic fermentation of the carbon source is used to produce volatile fatty acids
(VFA) as precursors to PHA biosynthesis, culture selection based on PHA storage
ability, and PHA production in which the selected microorganisms are fed with the
VFA produced, reaching a level of volumetric productivity around 4.60 g/L/h [32].
PHAs are homo-, co- and terpolymers, their molecules are principally constituted by
(R)-hydroxy-fatty acid monomer units that mainly consist of 3-, 4-, 5-, and 6-
hydroxycarboxylic acids [33]. The PHAs classification is based on the number of
carbons in their repeating units, such as short-chain-length PHAs (scl- PHAS) with 3
to 5 carbon atoms, (e.qg., poly-3-hydroxybutyrate (PHB) and poly-3-hydroxybutyrate-
co-3-hydroxyvalerate (PHBV)); the medium-chain-length PHAs (mcl-PHAS) with 6
to 14 carbon atoms, (e.g., poly-3-hydroxyhexanoate (PHHx) and poly-3-
hydroxyoctanoate (PHO)); and long-chain-length PHAs (Icl-PHAS) with more than
14 carbon atoms [34]. The resulting polymers have suitable characteristics:
biodegradability, thermoplasticity, resistance to UV degradation, and similar water
resistance and mechanical strength to polypropylene and polystyrene [35]. However,
their production is expensive due to the high costs of the fermentation and
downstream processes. The use of industrial by-products and waste, or mixed
microbial cultures represents a viable option to reduce the production costs of PHAs
[36].

Hydrolysis Fermentation by
microorganisms Isolation

S48 Purification
7~ "": process
1

7t \

T 3
Food waste rich in LY
Carbohydrates and -

Fatty acids

Figure 3. Polyhydroxyalkanoates (PHA) process.

Among PHAs, poly(3-hydroxybutyrate) (PHB) is the most widely studied and the
first identified bacterial member of this family. This isotactic homopolyester is
biodegradable not only in composting conditions but also in other environments such
as marine water; it also presents similar thermal and mechanical properties to some
petrochemical polymers. However, its use is limited due to its poor impact-strength

17



resistance, fragility, lack of hydrophilicity, and a narrow processing temperature
window [37]. Incorporation of HV into the PHB homopolymer chain improves the
mechanical and thermal properties depending on their chemical composition and
fraction of HV co-units. The copolymer poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) has a significantly lower crystallinity and melting
temperature (Tm) which decrease as the fraction of HV in the polymer increases;
their T4 can vary from -40 to 5 °C and the Tm can vary from 50 to 180 °C [38]. Also,
it exhibits lower stiffness and brittleness, higher ductility, and elongation at break,
and increases tensile strength due to a decrease in the value of Young’s modulus with
an increase in the HV molar fraction in PHB-HV polymer chain reference [39];
likewise, this mechanical improvement has been attributed to the smaller dimensions
of the crystallites as the hydroxyvalerate (HV) co-units act as defects in the PHB
lattice [40].

PHAs can be processed with common methods such as extrusion, injection molding,
thermoforming, film blowing, electrospinning, etc. [41]. These materials are suitable
for very different areas of food and cosmetic packaging, for instance, blow-molded
bottles, milk cartons, cosmetic containers, feminine hygiene products, adhesives,
paper coating waxes and paints [42]. Figure 4 depicts, as an example, an injected tray
made of PHA. Moreover, the use of nanofillers or active substances, such as
antimicrobial and/or antioxidant substances, incorporated into a PHA-based
packaging material can change the packed food condition, extending the shelf life
and improving the protection and/or sensory properties [43,44].

-
Figure 4. Biodegradable food tray made of poly(3-hydroxybutyrate) (PHB) obtained by injection
moulding.

1.2 Food Packaging for Food Preservation

According to the Food and Agriculture Organization of the United Nations (FAO),
approximately one third of the food produced globally is either lost or wasted [45].
Food waste is produced throughout the whole food value chain, from manufacturing
to distribution, retail, food service activities and households. Because of the limited
natural resources available, it is more effective to reduce food waste than to increase
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food production. For this reason, several efforts have been made to develop more
effective food packaging strategies [46,47].

Packaging items have become essential to preserve food. They can be customized to
prevent or inhibit microbial growth as well as food decomposition by blocking light,
oxygen, and moisture entrance; they can even prevent spoilage caused by small
insects. Additionally, novel packaging items can be monitored to give information
about packaged food quality which, in turn, diminishes food waste during distribution
and transportation [48]. Food products are normally classified into three basic
categories depending on their characteristics and composition: perishable food (e.g.,
milk, meat, and fresh fruits and vegetables) which has a shorter shelf life and must
be stored at refrigeration and freezing temperatures; semi-perishable food which can
contain some natural inhibitors (e.g., some cheeses) or receive some kind of treatment
(e.g., pasteurized milk); and nonperishable food which can either be stored at room
temperatures because of its low water activity (e.g., honey, cereal grains, nuts) or
preserved by heat sterilization (e.g., canned food) and preservative substances.
However, these types of food stability and preservation depend on packaging
integrity [49].

Process and storage systems considerably influence physicochemical,
microbiological, and biochemical changes in food. According to different external
conditions (e.g., humidity, temperature, light) these changes take action at different
rates and extents [50]. Food is mainly formed by water, carbohydrates, protein, lipids,
minerals, and vitamins. Each nutrient group requires special treatment to preserve
their nutritional quality and to maintain food characteristics such as texture, color,
and flavor. Humidity and water activity (aw) are the principal medium for
microorganism proliferation. For other nutrients, oxygen and UV light are the main
external agents that promote molecule oxidation, resulting in quality loss, unsavory
flavors, and color changes [51]. Moreover, the most popular method to extend food
shelf life is packaging technology [52]. Therefore, food quality depends on packaging
material because there is constant chemical and physical activity on the surfaces
between packaging and food [53,54]. That is why food packaging materials must
have specific characteristics depending on the product that will be stored inside.
Figure 5 shows the principal functions of packaging in food protection which include:
avoiding mechanical stress and controlling temperature, humidity, organic vapors,
gases, microorganisms, light, and water vapor [55].
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Figure 5. Food Packaging functions.

Since the middle twentieth century, the main materials used for food packaging have
been developed from petroleum-based polymers given their high mechanical
(strength, flexibility), thermal, water vapor barrier and gas barrier properties [56]. A
report by Geyer et al. [57] indicated that out of 8.300 million tons of plastic generated
since the start of its massive use, 30% of it is still in use, while everything else
(approximately 6.000 million tons) has been turned into waste. Only 9% of it has
been recycled and 12% has been incinerated whereas 79% has ended up in landfills
or has been dumped into the environment. If this continues, by 2050 plastic will have
reached an amount of approximately 13.000 million tons, generating irreversible
damage in marine and terrestrial ecosystems. In accordance with Huang et al. [58],
the most affected is the marine ecosystem (oceans, seas, rivers, lakes). Microplastic
particles (<5 mm in size) can be ingested by a wide variety of aquatic organisms,
altering their health, and diminishing their physiological functions. Plastic
bioaccumulation generates a reduction in their feed capability and changes their
behavior. Recently, there has been a major push for different research groups,
industries, governments, and populations to find, develop and optimize new
biodegradable materials from renewable sources [59]. As a result of their
biodegradability, availability and low cost, biopolymers are considered a potential
alternative to progressively replace synthetic plastics obtained from fossil fuels [60].
Packaging has changed throughout history, adjusting to social and environmental
demands: Table 1 shows food packaging technology evolution throughout time.
Next-generation food packaging must be biodegradable, eco-friendly, and intelligent
with active properties (i.e., antimicrobial, antioxidant, scavengers) to extend food
shelf life; it must also address consumers™ needs and their conformity to new circular
economy politics and Sustainable Development Goals.
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Table 1. Food packaging technology evolution [49]

Time Packaging characteristics

1960s Convenience and POP marketing

1970s Lightweighting, source reduction, energy saving
1980s Safety and tamper evidence

1990s Environmental impact

2000s Safety and security

2010s Active properties and shelf life extension

2020s Intelligent functionalities and active properties

1.3 Active Food Packaging

Food products are exposed to external conditions throughout the production chain,
i.e., harvesting, post-processing, distribution, transportation, storage, and delivery to
the final consumer. In this context, traditional food packaging was initially developed
to contain food products and protect them from external conditions (e.g., moisture,
oxygen, dust, light, microorganisms, and mechanical forces) [61]. During the last
decade food packaging has been developing new active and smart materials that
extend shelf life, maintain quality, safety, and integrity, and avoid microorganisms’
proliferation and food oxidative reactions by incorporating active substances [62].
Along with protecting food products from environmental conditions and mechanical
forces, active packaging plays an active role in quality and food preservation during
the distribution process. Regulation (CE) No. 450/2009 (29/05/2009), defines active
packaging as a material which is designed to incorporate the intentionality of active
compounds to release and absorb substances into or from either the environment or
packaged food [63]. Active packaging is mainly classified as either a scavenger
(absorber) which removes undesired food compounds or active-releasing (emitter)
which adds compounds to packaged food or into headspace (Figure 6), providing
flavor, antioxidants, and long-term antimicrobial properties [49,64]. Therefore, the
most studied active food packaging types are those containing antimicrobials and
antioxidants. Different active compounds have been used to functionalize packaging
materials and have been tested against a wide variety of foodborne associated
organisms [65].
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Figure 6. Active packaging classification.

1.3.1  Scavenging Technologies

Scavenger type active packaging includes oxygen scavengers, moisture scavengers,
ethylene absorbers, and carbon dioxide emitters/scavengers. Scavengers are usually
incorporated inside packaging like sachets, labels, films, and/or incorporated into the
packaging structure as a coating or a layer during processing (Figure 7). Each one has
a specific function in food preservation to maintain integrity, safety, and nutritional
and microbiological quality of products. Oxygen scavengers/absorbers capture
oxygen present within packaging material; they can also create an oxygen-free
environment preventing food from oxidation and avoiding aerobic bacteria and fungi
growth. One of the most common oxygen-scavengers is iron powder, whose action
mechanism is mainly based on iron oxidation in the presence of humidity and metal-
free oxygen absorbers, wherein ferrous oxide (Fe?*) is converted to ferric oxide
(Fe**), reducing O levels inside package to less than 0.01 % [66,67]. Other systems
that chemically scavenge oxygen include photosensitive dyes, ascorbic acid, Gallic
acid, unsaturated hydrocarbon dienes, palladium; a-tocopherol, enzymes (e.g.,
oxalate oxidase and glucose oxidase along with catalase) [68] and oxygen scavenging
based on microorganisms like dried yeast which are usually immobilized in a solid
matrix [69,70]. In another example, moisture scavengers work by applying desiccant
(e.g., silica gel, clays, zeolite, sodium, potassium, calcium alumina silicate, calcium
oxide, others) that controls relative humidity and scavenge humidity in packaging
headspace in addition to an absorber that removes moisture and absorbs liquids. Yet
another common type of scavenger is an ethylene absorber that has capacity to
remove the ethylene hormone from the product environment, thereby reducing the
senescence rate of harvested vegetables and fruits by chemical reactions and physical
adsorption generated by dispersed minerals, such as zeolite, active carbon, and
nanoparticles; with potassium permanganate (KMnQs) being the most used active
component to oxidize/inactivate ethylene [67,71]. Finally, carbon dioxide
emitters/scavengers based on ferrous carbonate or an ascorbic and acid mixture act
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as inhibitors of microbial growth, that prevent packaging from inflating due to CO;
formed after the packaging process [72].

1.3.2  Release Technologies

Active release packaging is designed to prevent food components from spoilage
generated by pathogenic microorganisms’ growth as well as lipids, proteins, and
carbohydrates oxidation, making active packaging a preservation technology which
maintains food quality and extends its shelf life [61]. Active substances with biocide
and antioxidant capacity can be incorporated into the packaging atmosphere and
packaged food in different ways, such as, coating or absorption into polymer surfaces,
directly incorporating volatile and nonvolatile substances into packaging material to
release and migrate progressively to food surface or remain at package/food interface
and controlling migration issues. Similarly, sachets/pads use compounds containing
volatile antimicrobials/antioxidants in packages and antimicrobial activity polymers
(e.g., chitosan) [73,74] (see Figure 7) [75]. These strategies are alternatives to adding
active substances directly into food, providing the possibility of controlling substance
diffusion from packaging material toward food [76]. Active release
antimicrobials/antioxidants include a wide range of substances such as organic acids,
bacteriocins, enzymes, chelating agents, metals, essential oils, and natural extracts.
The following items describe antimicrobial and antioxidant packaging.

a)

)

Figure 7. Active packaging methods: a) direct mixing into the packaging material, b) adsorption
or coating of the packaging material, c) construction of small antimicrobial packaging, d) addition
to packaging in gaseous form, and e) microencapsulation followed by packaging [71].
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1.3.2.1  Antimicrobial Packaging

The goal of Antimicrobial packaging to minimize food loss and to provide safe and
wholesome food products has taken on great importance in the food packaging
industry. The principal food spoilage factor is foodborne microorganisms. The main
functions of antimicrobial packaging are to reduce, inhibit or delay foodborne
bacterial growth. Antimicrobial substances are classified as either organic or
inorganic materials (Figure 8) [60]; both of which present high activity against Gram-
negative and Gram-positive bacteria. However, most organic substances (e.g.,
essential oils, enzymes, and organic acids) are sensitive to high temperatures and
pressures, while inorganic materials are more resistant [77,78]. Incorporating these
sensitive substances into polymer matrixes improves their stability and maintains
antimicrobial activity. Polymeric antimicrobial materials can be classified by their
action mechanism such as contact-active antimicrobial polymers that possess a
cationic charge which allows them to directly inhibit bacterial growth by interactions
with negatively charged bacterial membranes. In addition, active release polymer
materials activate bacteria by releasing a low molecular weight antimicrobial
substance [79]. These antimicrobial substances are incorporated into different forms
of packaging, as described in Figure 7. Active release polymer materials act as active
compound carriers. An active molecule or ion is incorporated into the polymer matrix
through either physical interaction or chemical bonding [80]. The antimicrobial
agent’s action mechanism depends upon its structural components and bacterial outer
membrane which interact through different mechanisms, such as damage or cell wall
synthesis inhibition, cell membrane function inhibition, protein synthesis inhibition,
nucleic acids (DNA and RNA) inhibition, and the inhibition of other metabolic
processes [81]. The use of each one of them depends on the final application of food
packaging to avoid loss during processing. Table 2 provides some studies on
antimicrobial substances with polyhydroxyalkanoates for food packaging
applications.
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Table 2. Research studies of antimicrobial substances within polyhydroxyalkanoates against
food-borne bacteria for active food packaging

Polymer matrix Antimicrobial Bacterial strains Highlighted Reference
substances result
Molybdenum Escherichia coli Effective
Polyhydroxyalkanoate disulfide Staphylococcus antibacterial Mukheem et al.
Chitosan (M0Sy) aureus activity  against (82]
nanoparticles both bacteria
Silver Salmonella enterica  Presented a strong
Poly(3- nanoparticles Listeria antimicrobial Castro-Mayorga
hydroxybutyrate) (AgNPs) monocytogenes activity  against etal. [83]

both pathogens
OEO-containing

PHBV films
Oregano Escherichia coli presented the )
Polyhydroxyalkanoate Green tea Staphylococcus highest F'g:te;fa['é‘f]pez
Rosemary aureus antimicrobial '
activity  against
both strains
respect to the other
natural extracts
Mesoporous Successfully
silica Escherichia coli inhibited the
Polyhydroxyalkanoate ~ nanoparticles Staphylococcus bacterial  growth '(‘j"‘?'e”dez' |
containing aureus after 15 days Rodriguez et .

eugenol (5]

1.3.2.2  Antioxidant active packaging

Antioxidant packaging materials have been developed to avoid oxidative reactions
that decrease nutritional foodstuff value caused by essential fatty acids, proteins and
lipid soluble vitamin degradation which generates off-flavors, odors, and color
change. One of main reactions that affects food quality and safety is lipid oxidation
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which is caused by reactive oxygen species production from fatty acids. The main
mechanisms of lipid oxidation are based on hydrogen radical loss from an unsaturated
fatty acid reacting with oxygen in a light or heat presence to form peroxyl radicals;
another example of this occurs when peroxyl radicals react with more unsaturated
fatty acids to form lipid hydroperoxides. Finally, the oxidation chain process
concludes when two peroxyl radicals react to produce a non-radical species [86,87].
Antioxidant activity is defined as the capacity to prevent the oxidation of lipids or
other substances by either inhibiting the initiation or propagation of oxidative chain
reactions or forming stable radicals which are unreactive [88]. Antioxidant
substances are classified primarily by action mechanism (or chain-braking)
antioxidants, namely free-radical scavengers, and secondarily (or preventive) by
antioxidants including metal chelators, UV absorbers, singlet oxygen (*O2) quenchers
and oxygen scavengers. Secondary antioxidants have the capacity to reduce or
prevent the occurrence of oxidation reactions, whereas primary antioxidants react
with free radicals to convert them into stable substances [89]. The food packaging
industry has been using different synthetic antioxidant substances to prevent lipid
oxidation, such as butylated hydroxytoluene (BHT), butylated hydroxyanisole
(BHA) and tert-butylhydroguinone (TBHQ). Synthetic substances are now suspected
to be potentially harmful to human health. That is why natural antioxidants with lower
toxicity and higher safety, such as polyphenols, tocopherols, carotenoids, caffeic
acid, ferulic acid, ascorbic acid, plant, and fruit extracts, as well as essential oils from
herbs and spices have gained great importance in antioxidant active food packaging
[90]. However, natural substances can be sensitive to high temperatures. Therefore,
the incorporation of biopolymers is a good option to protect antioxidant agents [91].
In this context, antioxidant compound and polymer packaging material should be
compatible to achieve a homogeneous distribution, and to ease antioxidant agent
release into food or headspace. Antioxidant effectiveness depends on its solubility.
Therefore, antioxidant type should be selected in accordance with the food product
[92]. Antioxidant packaging can act in two different ways: as an antioxidant releaser
from package to food and as a scavenger that can react, modify, or trap substances
responsible for the lipid oxidation process (e.g., oxygen, radical oxidative species, or
metal ions from food product headspace). The main advantage of active packaging
containing antioxidant agents is that the compound release is controlled, allowing the
food active compound concentration to be maintained throughout the production and
marketing chain [93,94]. Table 3 provides some studies on antioxidant substances
with polyhydroxyalkanoates for food packaging applications.
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Table 3. Some research studies of antioxidant substances within polyhydroxyalkanoates for

active food packaging

Polymer matrix Antioxidant Antioxidant Highlighted result Reference
substances test
Poly (3- 2,2-diphenyl-1- Free-radical scavenging rates
hydroxybutyrate-co- picrylhydrazyl of the PHBV/FS and PHBV- )
3-hydroxyvalerate) Fish scales  (DPPH) radical assay — g-MA/FS samples increased Chin-San
(PHBV) (FS) with increasing FS content Wu [95]
2,2-diphenyl-1- All the films showed DPPH
Bacterial cellulose- picrylhydrazyl and ABTS scavenging
based nanopapers Apple (DPPH) radical and  activity. Free radical Urbina et
coated with extract 2,2"-azino-bis(3- scavenging activity al. [96]
Polyhydroxyalkanoate ethylbenzothiazoline- increased ~ with  extract ’
6-sulfonic acid content in the films
(ABTS) assays
Poly(3- Functionalized  copolymer
hydroxybutyrate-co- 1,1-diphenyl-2- P(3HB-co-3HV)-ascorbic
3-hydroxyvalerate) Ascorbic picryl-hydrazyl acid showed 14% free radical Bathia et al
P(3HB-c0-3HV) acid (DPPH) assay scavenging activity in 24 h & [517? a

copolymer

with DPPH

1.4 Active Substances

1.4.1  Essential oils

Essential oils (EOs) are the product of the secondary metabolism of the plant (roots,
leaves, seed, bark), separated from the aqueous phase [98,99]. The composition
depends on cultivation, geographical and environmental conditions, plant species and
age. Chemically, essential oils are complex mixtures with approximately 7000
constituents where mono and sesquiterpene are predominant. The terpene is the
volatile compound characteristic of the essential oils, such as the oxides, alcohols,
aldehydes, ketones, acids, or reaction products (i.e., esters and ethers responsible for
the strong biological activity as well as the antioxidant, antimicrobial, antifungal, and
antiviral properties of plants) [100,101]. The oil can be obtained by dragging with
water vapor, hydro distillation, organic solvents, cold pressure, and supercritical
fluid, among other methods [99]. EOs are insoluble in water, but they are soluble in
volatile compounds such as alcohol, ether, and fixed oils [102], they are also
biologically safe and have a low risk of causing resistance in pathogens. In addition,
they are classified as Generally Recognized as Safe (GRAS) by the U.S. Food and
Drug Administration (FDA) [103]. EOs are an excellent alternative as food additives;
they have interesting flavoring properties, aromatics, antimicrobial activity, and
benefits to the human body due to its active principles. The study of antimicrobials
obtained from natural sources has taken on great importance in the food industry in
recent years, since most of the used antimicrobials are chemically synthesized,
causing health problems in some cases. This is the reason why many synthesized
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antimicrobials have been banned in different countries [104,105]. Antimicrobial
effects of EOs are dependent on the chemical and architectural structure of the
microorganism which varies among Gram-positive and Gram-negative bacteria
presenting variations in the density of the bacterial cell wall [106]. The action
mechanism consists primarily in destabilizing the cellular structure of bacteria,
leading to the breakdown of membrane integrity. Due to the lipophilic nature, the
EOs are taken up quickly within Gram-positive bacteria which have dense lipophilic
phospholipid bilayer within cell walls. Therefore, EOs generate a quick antimicrobial
effect at the junction of the cell wall as well as within the cell cytoplasm. Damage to
the cell membrane increases permeability of the cell, this allows the avoidance of
energy production, membrane transport, metabolic regulatory functions, increased
leakage of cellular components and loss of ions. The effect of EOs in cell cytoplasm
consist in disrupting proton pumps and depleting intracellular-ATP, generating
cytoplasmic coagulation of inner cellular constituents which cause death to the cell
(Figure 9) [107,108]. Many research studies have shown that the use of essential oils
inhibit the growth of a wide variety of Gram-negative bacteria, such as Escherichia
coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa), and Salmonella
typhimurium (S. typhimurium); as well as Gram-positive bacteria including
Staphylococcus aureus (S. aureus), Listeria monocytogenes (L. monocytogenes),
Bacillus subtilis (B. subtilis), Streptococcus pyogenes (S. pyogenes), and
Alicyclobacillus acidoterrestris (A. acidoterrestris) [109-112]. Also, other reports
have demonstrated the high antioxidant activity of essential oils, which ranges from
70% to 95% inhibition of free radicals of 2,2-diphenyl-1-picrylhydrazyl (DPPH) and
2,2'-azino-bis-(-3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) [113,114], due to
the presence of hydroxyl groups (—OH) in its chemical structure [115,116]. High
activity attributes of the essential oils have motivated their incorporation in food
active packaging to extend the shelf life of products [117].
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Figure 9. Action mechanism of essential oils against Gram-positive and Gram-negative bacteria.

1.4.1.1 Oregano essential oil (OEO)

Origanum species are important medicinal plants which belong to the Lamiaceae
family. This group is comprised of 42 species and 18 hybrids that are widely
distributed throughout Eurasia and North Africa [118]. They have been used for
centuries as medicinal plants and traditionally consumed as a spice. Recently, they
have been gaining more attention given the proven antimicrobial and antioxidant
effects of their essential oils which contain high amounts of hydrocarbons, ketones,
aldehydes, alcohols, ethers, phenols, and esters of phenolic and terpenic origins [119].
European oregano (Origanum vulgare L.) has been most studied essential oil (OEO)
and is constituted by monoterpene hydrocarbons (3.44 %) and phenolic compounds
(66.26 %) with 47 characterized compounds [120]. Carvacrol is the most
predominant compound (36.46 %), followed by thymol (29.74 %), and a
representation of up to 26 % of lesser abundant molecules including monoterpene
hydrocarbons (p-cymene, y-terpinene, a-pinene, [B-pinene, camphene) and
sesquiterpenes (a-copaene, a-humulene, B-bisabolene, B-caryophyllene oxide, and [3-
caryophyllene) which are responsible for antimicrobial, antifungal, and antioxidant
properties (Figure 10) [84,121]. The antimicrobial activity of the OEO is attributed
to phenolic monoterpenes (thymol and carvacrol) and oxygen-substituted derivatives.
One of the possible main action mechanisms is based on the disruption of the bacterial
cell wall and the cytoplasmic membrane for the action of phenolic compounds, this
penetrates the phospholipids layer of the cell wall, blocking their normal functions
[122]. Different research studies have reported the antimicrobial activity of the OEO
against different Gram-positive (e.g., Bacillus cereus, Bacillus subtilis,
Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus faecalis) and
Gram-negative bacteria (e.g., Escherichia coli, Proteus mirabilis, Proteus vulgaris,
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Pseudomonas aeruginosa, Salmonella typhi), concluding that OEO is less effective
against the Gram-positive bacteria [84,123]. However, the high antioxidant activity
of OEO is attributed to the polyphenols and the degree of hydroxylation; its high
reactivity to active free radicals provides effective protection in all phases of lipid
oxidation and is considered the main mechanism. The scavenging capacities against
DPPH radical and ABTS of the OEO have been reported by different authors,
demonstrating strong antioxidant activity [84,124]. Given the high antimicrobial and
antioxidant activity of the secondary metabolites, the OEO have potential
applications in many industrial fields. Nowadays, the food industry is one of the most
interested in active substances for foodstuff preservation and active food packaging

design.
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Figure 10. Chemical structure of oregano main components.

1.4.2  Natural Extracts

Natural extracts (NEs) are composed of biologically active substances, such as
polyphenols, quinones, flavanols/flavanoids, alkaloids, and lectins present in plant
tissues (e.g., flower, seed, leaves, fruits, stems, and others) that tend to present greater
stability and activity [125]. NEs are classified as generally recognized as safe
(GRAS) food additives by the Food and Drug Administration (FDA). Active
substance quantities and composition may widely vary depending on plant
edaphoclimatic characteristics [84] and extraction methods by solvents (e.g., alcohol,
water, propylene glycol and organic solvents), maceration, percolation, Soxhlet, and
CO; column. NEs present high antimicrobial activity against foodborne pathogens as
well as the capacity to retard lipid, protein, and sugar oxidation. A study on
antioxidant and antimicrobial activity has shown a high inhibition of different
microorganisms (e.g., Bacillus cereus, Staphylococcus aureus, Escherichia coli,
Listeria monocytogenes and Pseudomonas aeruginosa, others) [126]. These activities
have been attributed to polyphenolic compounds, bound to plant sugars as glycosides,
and include flavonoids [127].

1.4.2.1 Green Tea Extract

Originated in China, the chemical composition of green tea (Camellia sinensis L)
mainly consists of caffeine (~3.5 % of total dry weight), theobromine (0.15 — 0.2 %),
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theophylline (0.02 — 0.04 %), organic acids (1.5 %), chlorophyll (0.5 %), theanine (4
%) and free amino acids (1 —5.5 %) [128], volatile compounds, flavones, polyphenols
(catechins and flavonoids), flavonols (quercetin, kaempferol, myricetin, and their
glycosides), all of which are catalogued as strong antioxidant and antimicrobial
agents [129]. The most important components of green tea are catechins (~15 — 30 %
of dry weight of green tea leaves), which are water-soluble compounds. Its six
primary catechins are (—)-epicatechin (EC), (—)-epicatechin gallate (ECG), (-)-
epigallocatechin (EGC), and (—)-epigallocatechin gallate (EGCG) (Figure 11).
According to its high content (up to 50%), the most important and studied tea catechin
is EGCG which has greater physiological properties (high scavenging activity of free
radicals), while (+) —GC and (+) —C are usually present in trace components. These
polyphenolic compounds (hydroxyl groups) have high antioxidant properties as a
result of their redox mechanism based on hydrogen donors, reactive oxygen species
including superoxide anions, peroxyl radicals, and singlet oxygen, reducing agents,
nascent oxygen quenchers, and chelating redox active transition-metal ions. Other
antioxidant mechanisms are based on metal ion transition to initiate free radical chain
oxidations by decomposing lipid hydroperoxides, and antioxidant activity by
inhibiting pro-oxidant enzymes and inducing antioxidant enzymes [128]. Also, these
polyphenols have shown inhibitory effects on Gram-positive as well as Gram-
negative bacteria, where green tea extract susceptibility against bacterial strains can
be related to differences in cell membranes [84]. Green tea extract inclusion into bio-
based polymers has been studied by different researchers for antioxidant and
antimicrobial food packaging design [84,129,130].
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Figure 11. Chemical structure of green tea main components.

1.4.2.2  Rosemary Extract

Rosemary (Rosmarinus officinalis L.) is an aromatic plant belonging to Lamiaceae
family which has interesting biological activities conferred by phenolic and volatile
compounds [131]. Given its health benefits, rosemary has been used for food
preservation, cosmetics, pharmaceutic, aromatherapy, and in folk medicine [132].
Rosemary antioxidant activity is mainly contributed to phenolic compounds, such as
carnosol, carnosoic acid, rosmanol, rosmadial, epirosmanol, rosmadiphenol, and
rosmarinic acid [133]. While antimicrobial activity is mainly attributed to a-pinene
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(2 — 25% of composition), (—)-bornyl acetate (0 — 17 %), camphor (2 — 14 %), and
1,8-cineole (3 — 89 %) compounds (Figure 12) [134]. Antimicrobial activity has been
tested against Gram-positive bacteria, such as Staphylococcus epidermidis,
Staphylococcus aureus, Bacillus subtilis [135]; and Gram-negative bacteria, such as
Escherichia coli, Proteus vulgari, Pseudomonas aeruginosa [136]. It has also been
tested against fungi strains, such as Candida albicans and Aspergillus niger [137].
By virtue of its active properties, rosemary has been widely used as additive in active
packaging systems to extend food shelf life, preventing lipid, sugar, and protein
oxidation, as well as delaying or inhibiting spoilage and pathogenic bacterial growth

[138].
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Figure 12. Chemical structure of rosemary main components.

1.4.3  Metallic Nanoparticles

Metallic nanoparticles (MNs) sized 1-100 nm have gained considerable application
in biomedicine, biotechnology, chemical sensing, agriculture, and active food
packaging. They show more effective physicochemical and biological properties
compared to particles (>100 nm) [139,140]. Some of its properties are high surface
area and a good distribution due to their charge, shape, surface properties, resistance
to high temperature and pressures, and high mechanical stability. Furthermore, some
of them are biocompatible, have low cost and toxicity, and even contain mineral
elements essential to human health [141-143]. The most common antibacterial
inorganic/metallic nanoparticles and metal oxide nanoparticles are silver (Ag),
copper (Cu), gold (Au), titanium oxide (TiO2), zinc oxide (ZnQ), silicium oxide
(Si0O2), magnesium oxide (MgO) and calcium oxide (CaO). Some of them are
categorized as GRAS by U.S. FDA [144-146]. Metallic nanoparticles can be
synthesized by mechanochemical processing, sol-gel methods, spray pyrolysis, green
chemistry, photochemical methods, chemical reduction, electron irradiation, gamma
irradiation, and laser ablation [147-149]. Antimicrobial effects of the Ag, Cu, Au and
ZnO are performed by different mechanisms of action such as ion release, where ions
interact and disintegrate both the bacterial cell wall and membrane, affecting amines
and carboxyl groups in N-acetylglucosamine and N-acetylmuramic acid in the
peptidoglycan layer and sulfhydryl groups. There are other action mechanisms such
as reactive oxygen species (ROS) that lead to bacterial death; nanoparticle release
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which bind to bacterial cell surfaces through electrostatic forces and molecular
interactions; transmembrane electron transport interruption and blockage; and direct
cell wall or membrane penetration by endocytosis [150-152]. A broad spectrum of
metallic nanoparticle bactericide has been reported in most Gram-negative and
Gram-positive bacteria by numerous investigations [153-155]. Therefore, high
thermal stability, antimicrobial and physical MN properties have driven their
inclusion in biopolymer matrices to food active packaging design. Their use in food
can be classified as free if incorporated directly as additives or embedded if
incorporated into food contact materials [156,157]. The principal MNs used in food
packaging have been photocatalysts with antimicrobial and ethylene-scavenging
properties. Also, the MNs have shown an improvement in tensile strength, gas, and
UV barrier material properties. These are useful properties for safety, quality, and
food conservation. Nevertheless, possible MN toxicological properties in food
packaging are concerning to consumers; hence MNs migration from packaging into
food must be determined to ensure safety of packaging containing MNs [158,159].
However, nanoparticle regulation in food packaging is not clear. This way, materials
containing nanoparticles must be assessed to ascertain whether nanoparticles migrate
from packaging material into food. If there is no migration or values are within limits,
food packaging material should follow the food contact materials regulation
directive. MNs migration from packaging into food is caused by diffusion,
dissolution, and abrasion of the packaging surface. Therefore, it is necessary to
establish toxicological characteristics of MNs used to determine their optimal
concentration in packaging when in contact with food products. European
Commission (EC) has established regulations specifying conditions in which
migration tests must be conducted. Most migration studies and research on
nanoparticle migration into food packaging materials have used food simulants
depending on the food product type that is in contact with packaging, such as water,
ethanol (10 % — 50 % v/v), acetic acid (3 % v/v), and vegetable oil [159]. If
nanoparticles migrate to the food product, it will be considered a novel food and,
according to EU Regulation on Novel Food (EU) No. 2015/2283, it will require an
authorization [117].

1.4.3.1  Zinc oxide (ZnO)

Zinc oxide (ZnO) is a common inorganic material generated in the mineral zincite,
but the most common commercial product is made by high-temperature oxidation of
metallic zinc or zinc ores. ZnO can have up to three crystal structures including
hexagonal wurtzite, cubic zinc-blende structure (Figure 13), and a rarely observed
cubic rock-salt (NaCl-type) [103]. The wurtzite form is the most thermodynamically
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stable structure in environmental conditions. The zinc-blende structure is metastable
while the cubic rock-salt structure is stable under extreme pressure. ZnO has a great
number of applications in rubber, ceramics, medicine, food, pharmaceuticals, and
cosmetics (e.g., sunscreens) due to their high mechanical and thermal stability with a
melting point around 1975 °C, biocompatibility, low cost and toxicity, and UV-
blocking properties. ZnO is also among the five zinc compounds categorized as
GRAS by the U.S. FDA (21CFR182.8991). Zinc oxide nanoparticles (ZnONPSs) can
be synthesized by mechanochemical processing, sol-gel methods, and spray pyrolysis
[160]. ZnONPs have biocidal action and strong antibacterial activity; the crystallite
size and the nanoparticle shape have an effect on the antibacterial activity where the
smaller ZnONPs are the ones with higher antibacterial activity. Also, low
concentrations of ZnONPs are nontoxic to eukaryotic, human colorectal carcinoma
(HCT-116 cells), human mesenchymal stem (hMS) and fibroblast cells
[159,161,162]. The antimicrobial effect of ZnONPs is exerted by different action
mechanisms, such as reactive oxygen species (ROS), ion release (Zn?*), membrane
dysfunction, nanoparticle penetration, interruption, and blockage of transmembrane
electron transport. ZnONPs cause irreversible damage disintegrating the membrane
and increasing its permeability. Several reports have shown a broad spectrum of
ZnONPs bactericide in most Gram-negative and Gram-positive bacteria, such as
Escherichia coli, Salmonella enteritidis, Salmonella typhimurium, Proteus vulgaris,
Klebsiella pneumonia, Streptococcus pyogenes, Aeromonas hydrophila, Bacillus
subtilis, Staphylococcus aureus, Listeria monocytogenes, Pseudomonas aeruginosa,
Enterococcus faecalis, Sarcina lutea, Enterobacter aerogenes, Klebsiella
pneumonia, and others [161]. Likewise, they present activity against fungi strains
(e.g., Candida glabrata, Candida albicans, Pyricularia oryzae, Glomus
macrocarpum and Cryptococcus neoformans) [163]. Those effects are preserved
when ZnONPs are included into polymers, contributing to the control of bacterial
growth. Also, they can improve tensile strength, water vapor and oxygen barrier
properties, and UV light of the materials [158,164-166].

Figure 13. Zinc oxide particles and typical zinc-blende structure.
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1.4.4  Active Substances Encapsulation and Protection

Most active substances such as essential oils, extracts and oleoresins are very
sensitive to high temperature/pressure, present high volatility, and oxidation and
polymerization susceptibility during storage, losing their bioactivity [167].
Consequently, sensitive substances have been widely encapsulated in polymeric and
organic/inorganic materials to protect and maintain their bioactivity in active food
packaging. Encapsulation is an attractive technique to entrap and protect unstable
active substances (termed core material or active agent) within another substance
(coating, shell, or carrier/wall material) from different factors such as light, heat,
water, pH, enzymes, and oxygen which affect its stability [168]. Oil encapsulation
has many benefits such as oxidation protection, active substances, flavors, vitamin
protection from external factors, solubility and mixing property improvement,
volatile compound release control to attain a suitable delay for desirable stimulus,
prevention of volatile compounds evaporation, making undesirable aroma and tastes,
and oil interaction with food component optimization [169,170]. Encapsulation
benefits of active food packaging are associated with protection from bioactive
compound degradation, volatilization, or undesirable interaction with packaging
materials, packaging polymer and bioactive substance compatibility improvement,
which increase bioactive substance availability [171]. Encapsulation techniques are
usually classified as chemical (e.g., in situ polymerization and liposomes
entrapment), physical (e.g., spray-drying, spray chilling, extrusion, fluidized bed
coating), and physicochemical (e.g., coacervation process and sol—gel) [168]. There
are different delivery systems or carrier systems to encapsulate bioactive compounds,
such as cyclodextrins, liposomes, emulsions, halloysites nanotubes, nanofibers by
electrospinning (electro-hydrodynamic), nanoparticles (e.g., silica) or microcapsules
[117,172,173]. Electro-hydrodynamic (electrospinning and electrospraying) is an
active encapsulation emergent technique which has different advantages over other
encapsulation technologies, such as not needing to use high temperatures, capability
of reducing substance amount on the surface of the structure (non-encapsulated
substance); high encapsulation efficiency, sustained encapsulated material release,
greater thermal and storage stability, light protection ability, and enhanced chemical
degradation bioactive protection [174,175]. In other words, this versatile technique
allows a wide variety of synthetic and food-grade polymer processes which, by
applying a high-voltage electrostatic field, generate electrospun fibers to obtain nano
and microstructures that can be controlled in terms of morphology, size, and porosity,
due to process parameter adjustment. These advantages allow a wide range of active
substance incorporation into polymer materials to develop active food packaging
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systems with bacterial growth control and oxidative degradation reaction inhibition
capability [174,176].

1.4.4.1 Cyclodextrins (CDs)

Cyclodextrins (CDs) are cyclic oligosaccharides formed by a-1,4 glycosidic linkages,
wherein this cyclic structure, glycoside oxygen and hydrogen atoms are oriented
toward the cavity, making it hydrophobic [177]. CDs are obtained from starch by the
action of the cyclodextrin glycosyltransferase (CDTGase) enzyme that is produced
by various bacteria; in this sense, the final ratio of cyclodextrins depends on the
enzyme, and the conditions and duration of the reaction. The most used CDs are a-
CD (6 glucose molecules), B-CD (7 glucose molecules) and y-CD (8 glucose
molecules) with an inside diameter of 0.57 nm, 0.78 nm and 0.95 nm, respectively
(Figure 14a). CDs are conformed by a hydrophobic cavity and a hydrophilic exterior
(Figure 14b) which allow the inclusion of guest molecules and form host-guest
inclusion complexes due to the fixation capacity of substances of high volatility (e.g.,
essential oils) and enhancing the solubility of poorly water-soluble compounds,
stability, and bioavailability [178-180]. Complexation is a phenomenon in which a
cyclodextrin molecule embraces a guest molecule. Some factors that influence the
process are the solvent acting on both the cyclodextrin and the guest, the speed rate
of dissolution and complexation, and temperature. High temperatures increase the
solubility of the CDs and guest; therefore, the optimum temperature to generate
complexes also depends on the guest type [181,182]. However, the hydrophobic
cavity of the CD molecule gives a more thermodynamically stable environment for
the hydrophobic guest than the agueous environment. CDs stabilize the encapsulated
compound against the degradation mechanisms triggered by environmental
conditions, reduce the sensory changes by masking strong flavors, and control and
delay the release of aromatic substances. CDs are inert and do not interfere with the
biological properties of essential oils. Several procedures have been developed to
prepare inclusion complexes (e.g., kneading (KM), co-precipitation, heating in a
sealed container, freeze drying (FD), spray drying and supercritical fluid technology).
KM and FD methods are the most used: (i) Kneading method, also known as slurry
complexation, is a method that requires a small amount of solvent in the preparation
and gives a very high yield of inclusion. Consequently, it leads to an easier scale-up
process and lowers production costs. (ii) Freeze drying is another method that
produces a powdered sample in a very good yield of inclusion formation. The low
temperature minimizes the loss of extremely volatile guests. This method is
especially useful for heat labile compounds [178]. The CDs have been included into
polymeric solutions to develop active food packaging [183] which control the release
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of the active substances in the inner cavity and act as preservatives, and hence
reducing the use of food additives or, in the outer surface of the package, providing
protection against environmental factors and increasing the shelf life of the food
products given the antimicrobial and antioxidant properties [184]. One of the most
employed techniques to develop active food packaging is electrospinning; despite the
CD solutions having aggregates that may be electrospun into ultrafine nanofibers.
The success of electrospinning of the CD nanofibers could rely on the presence of
substantial aggregates and the sufficient intermolecular interactions between the CD
molecules, that act as chain entanglements in the CD solution inclusion complexes.
In this regard, electrospinning has been used to successfully develop polymer
nanofibers containing different types of cyclodextrin (e.g., a-CD, B-CD, and y-CD),
allowing the selective inclusion complex (IC) formation with molecules of different
size or differences in affinity of IC formation with one type of molecule [178,185-
187].

Hydrophobic Cavity
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) :
=

Hydrophilic Exterior

Figure 14. (a) Chemical structure and dimensions ot a-, B-, and y-cyclodextrins (CDs) and (b) the
toroidal shape of a-, 8- and y-cyclodextrins (CDs).

1.5 Electrospinning for Food Packaging
1.5.1  Principles

Electrospinning is a simple and versatile technique for generating ultrathin fibers
from a wide variety of polymers that allows material and structural design with
improved properties because of its ability to create nano and micro-scale structures
with variable fiber diameters and porosity [188]. Electrospinning equipment is
essentially formed by a capillary tube with a needle where polymer solution is
contained, a power voltage supply which provides electrical forces that exceed the
surface tension of viscoelastic polymer solutions, and a collector (e.g., copper plate
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aluminum foil or plates, and rotating drums) to collect fibers during the
electrospinning process [189]. A typical electrospinning system is schematically
illustrated in Figure 15. A polymer solution with optimal molecular entanglement
direction forms a droplet at the needle tip by the syringe pump. Then, an electric field
is applied to the needle tip and the droplet surface takes on a conical shape due to
electrostatic repulsion action and external force; Finally, an electrically charged
polymer jet is ejected from the tip of the Taylor cone and directed towards the
opposite charge collector. Distance between needle and collector allows solvent
evaporation and forms randomly oriented polymer nanofibers which are deposited on
collector [174]. Principal parameters that must be controlled during electrospinning
process are molecular weight, solvent type, and polymer solution properties (i.e.,
viscosity, conductivity, dielectric constant, and surface tension) and process
parameters, such as electric potential, flow rate, distance between syringe needle and
collector plate, and environmental conditions (e.g., temperature, humidity, and air
flow). Fiber morphology, diameter distribution, and structure depend on polymer
solution; therefore, high concentration allows obtaining thick fibers whereas low
concentration produces thin fibers with a variety of cross-sectional shapes. In
addition, voltage and distance between syringe needle and collector plate affects fiber
morphology [190]. Electrospinning presents several advantages over other
techniques since it runs at room temperature, leads to an efficient encapsulation,
which avoids antimicrobial loss and antioxidant activity of encapsulated compounds,
sustained and controlled release, reduced denaturation, and enhanced bioactive
compound stability. Easy bioactive compound incorporation into nanofibers allows
their incorporation into polymer matrices for active food packaging systems. Also,
the produced nanofibers exhibit structural and functional properties, such as
submicron to nanoscale diameters, high surface to volume ratio, suitable porosity,
and uniform fiber diameters. These advantages have turned electrospinning into a
potential technique for active food packaging design [188,191,192].

Syringe Pump
=

Polymer
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. Collector plate "

Figure 15. Scheme of a laboratory scale electrospinning equipment.
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1.5.2  Electrospun Biopapers

Biopapers, in our context, refers to electrospun fiber-based materials made of very
functional biopolymers in terms of physicochemical properties which are biobased
and biodegradable, compared to conventional paper based on cellulose that is
processed with several chemicals and contains petrochemical additives and/or
hydrophobizing coatings [193]. Electrospun PHA biopapers are an alternative for use
in developing food industry packaging materials, given that their structures are
processed with minimal thermal exposure to obtain continuous, homogeneous, and
flexible films with improved mechanical strength, optic, gas, water, and oxygen
barrier properties. Furthermore, metallic nanoparticles and bioactive substance
incorporation into biopapers by electrospinning allows the formation of coatings,
interlayers, bilayers, and multilayers with functional properties to develop scavenger
(oxygen-scavenging) and release (antioxidant and antimicrobial) active food
packaging types [193,194].

1.5.3  Advantages over Conventional Film Manufacturing Techniques

Main polymer processing techniques to develop food packaging films and sheets are
solvent casting, cast extrusion, injection molding, blow molding, and compression
molding [195]. The most commonly used method for a laboratory biopolymer film
formation is solvent casting that largely depends on polymer solubility. This method
consists of three basic steps; first, biopolymer solubilization in a solvent, which is
chosen according to biopolymer chemical structure; second, the solution is poured
into mold, which are usually Teflon-coated glass plates; and third, the casted solution
is heat dried where solvent is evaporated to obtain a polymer film adhered to mold
with a homogeneous and continuous microstructure [196,197]. Lastly, physical and
chemical properties of the film are dependent on casting solution composition, wet
casting thickness and drying conditions (e.g., temperature and relative humidity)
[198].

The extrusion process is extensively used for commercial edible film/packaging
material production with good mechanical, barrier, and optical properties. Extrusion
essentially consists in a complex physical-chemical process that takes place under
mechanical forces, high temperature and/or humidity influences. This process
follows different steps, such as polymer heating and melting, pumping polymer into
a shaping unit, forming the melt into required shape and dimensions, and cooling and
solidification. Extrusion can be continuous (theoretically producing an indefinitely
long piece) or semi-continuous (producing many pieces). This process allows
obtaining materials with a fixed cross-section profile where a material is pushed or
pulled through a die with desired cross-section and has many advantages, such as a
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simple forming process, high production efficiency, good surface quality, and near-
net-shape forming. Post-extrusion procedures will depend mostly on extrudate
geometry and dimensions [199,200].

In the cast film extrusion process, film dimensions are primarily controlled by die
geometry, extrusion speed and take-off speed. In this process molten polymer is
conducted through a flat head system (co-extrusion block and head, for co-extrusion
processes, or head only, when it is a single extrusion) where it comes tangentially
into contact with a first cooling roll, which forces melt against cooling roll, increasing
contact angle between them; then, it passes through a second cooling roll which
removes trapped air between film and roll, decreasing cooling rates; after that, film
is longitudinally pulled by rubber coated nip rolls and winded up [200].

Injection molding is a cyclical process that consists in melting in a mold cavity,
followed by cooling and extraction. Melting, mixing, and pumping are carried out by
a plasticizing unit with an axial back and forth movement screw. Material fed by a
vertical hopper is melted and accumulated between nozzle and screw tip. Then, the
mold is completely filled as a result of material displacement generated by screw
through nozzle using pressure. Once the material solidifies, the mold opens, and the
part is removed. The machine is usually composed of four systems assembled on a
common base, such as an injection system containing plasticizing unit; a hydraulic,
electric, or combined power system that controls screw movements; a mold clamping
system (it can be a two-plate mold, a three-plate mold, or a hot-runner mold); and a
process parameters control system (e.g., pressure, time, and temperature). This
process presents precision, reproducibility, and control capacity, as well as versatility
to produce parts with different characteristics [200].

Blow molding has two process stages. In the first step, plastic is injected into a cavity
where the preform is molded. Then, the preform is transferred to a blow mold for
inflation. Essentially, blow molding is a process where materials are formed by the
inflation of a molten polymer to fill a mold cavity with a specific shape and
dimensions. An extruder pumps polymer through an annular die to form a molten
parison with exact and controlled dimensions. The parison is clamped between both
mold halves and inflated by internal air pressure to take the mold cavity shape, which
is usually cooled. After that, the material solidifies due to cooling, which is optimal
to extract vessel from mold. This process has advantages, such as precise dimensional
control, waste elimination, and thread molding before blowing. Likewise, it is simple
and economical, and is widely used to produce different sized containers and with
significant thickness distribution [200].

Compression molding is another two-step manufacturing process, first one
preheating and pressurizing. The process essentially consists in introducing polymer
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into an open, heated mold cavity with a specific shape, where polymer is pressed into
the mold by the heated plates of a hydraulic press, producing compression while heat
and pressure are maintained until molding material has cured and takes mold shape
[201]. The process is divided in two types: cold compression and hot compression
molding. It is mainly used for thermoset materials [202]. In cold compression
molding, pressure is applied, and the curing process takes place at room temperature;
in hot compression, the molding pressure and temperature are applied, then molding
preforms are placed in a mold cavity where the curing process takes place by applying
heat to mold which is, in turn, transferred to composites [44]. With this process it is
possible to produce parts with a wide array of lengths, thicknesses, complexities
which are also high in strength. It is, as well, an interesting way of producing rigid
polymer-based materials since it is fast and requires no solvent [203], providing a
water vapor permeability reduction while helping to overcome some implicit
drawbacks that biopolymers present, mainly poor mechanical properties [204].
Regarding the process methods mentioned above, the electrospinning technique is a
broadly used and efficient technology for micro- and nano-fiber mat formation (see
section 1.5.1 and 1.5.2). This technique has great versatility to produce ultrathin
structures with controlled size, diameters, and porosity that cannot be achieved using
other conventional technologies. Additionally, the capability to work at room
temperature allows thermal sensitive substance processing. Cherpinski et al. [205]
reported that electrospinning obtained poly(3-hydroxybutyrate) (PHB) films and
showed similar rigidity to conventional compression-molded films, but with
enhanced elongation at break and toughness. Moreover, in terms of oxygen, water
vapor, and limonene permeability, electrospun PHB films showed better results. In
this regard, biopapers have potential applications in the development of barrier and
active layers, adhesive interlayers, and coatings for food packaging materials
[84,103,193,194].

1.6  Multilayer Packaging

Multilayer systems are composed of materials created from the combination of
different layers typically based on polymers with dissimilar properties glued together,
achieving functions that monomaterials do not offer [206,207]. Multilayers are
composed of “structural” layers, usually on the outside, and “barrier” layers on the
inside. An “active” layer can also be added, either on the outside or inside, depending
on the application. Layers of adhesive polymers, named “tie layers,” are used as glue
between the different layers if needed. The purpose of using multilayer systems is to
improve the properties of the food packaging. The majority of polymers, particularly
biopolymers, present a low barrier to water vapor and/or oxygen as well as poor
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mechanical performance [208-210]. Likewise, the inclusion of the active substances
(e.g., essential oils and metallic nanoparticles) in one of the layers can confer
antimicrobial and antioxidant properties [211]. Active packaging (active layer) can
be developed in two ways: an active layer containing the antimicrobial/antioxidant
agents that migrate to the surface of the food or active agents bounded to the surface
layer of the films (active coating) [212], and the mechanism of the antimicrobial
substances consists in the releasing of the active agents from the active layer to the
food surface controlled by the food contact layer. The multilayer systems are obtained
by different methods (e.g., extrusion, lamination, electrospinning, co-extrusion, and
extrusion coating), followed by lamination treatment, where each layer is usually
made by adhesives, compression molding, atmospheric air cold plasma and thermal
treatments. In this context, electrospinning technology can be considered very
effective in preparing active packaging materials with sustained released capacity
through coatings or interlayers containing entrapped substances with functionality.
Moreover, the electrospun interlayers have the capacity of layers’ adhesion, which
avoids the use of adhesive substances that usually are employed in the conventional
process to develop multilayer systems [213,214]. A typical multilayer system with
antimicrobial and barrier properties, shown in Figure 16, consists of four layers,
including the structural layer, the barrier layer, the active layer, and the food contact
layer; additionally, in Table 4, some examples of multilayer systems developed by
electrospinning are enounced.

Antimicrobial
Substances

Figure 16. Active multilayer system structure [212].
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Table 4. Some multilayer structures based on annealed electrospun biopolymer coatings

Multilayer Active Highlighted result Reference
structure substances
Multilayers presented sufficient adhesion
o between layers and high transparency. The  Quiles-Carrillo
PLAJ/Electrospun Gallle Acid incorporation of GA delayed the thermal etal. [213]
(GA)
PLA+GA film/PLA degradation of PLA. Also, it had a sustained
release of the natural antioxidant (GA) for
extended periods
The developed annealed electrospun coatings
resulted in a significant improvement of the Cherpinski
-Paper/PVOH/PHB film - paper barrier properties to water and etal. [219]
-Paper/PLA/PHB film limonene vapors, being the

Paper/PVOH/PHB film the best performing
multilayer packaging structure

-PHBV + zein/lCNMA +

The active multilayer systems improved
stability, efficiency and release of CNMA and

Cerqueira et al.

PHBV Clnrz?:rmlﬂdAer)]yde showed antibacterial activity against Listeria [192]
. monocytogenes, being the PHBV +
"PHBVS + zei/CNMA + zein/C%lv?A + PHBV rr?ultilayer the one that
alginate showed the greater antibacterial activity
The multilayer system improved the thermal
PCL/OR+GEL+PCL/OR Black pepper resistance, the permeance to water vapor and ~ Figueroa-Lopez
0'9(‘325)'” showed strong antimicrobial activity after 10 etal. [216]

days against S. aureus strains
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1.7 Overview of European Projects Dealing with PHAs for Food
Packaging

The feasibility of PHA production using waste and other carbon feedstocks to
develop food packaging materials has been demonstrated by several recent European
projects. In this regard, the VOLATILE project aimed at the development of an
innovative Volatile Fatty Acids Platform for the bioconversion of municipal solid
biowaste fraction and sludgy biowaste from other industries [217]. The PAPER-P
(2016) project showed a novel technology to synthetize high quality PHA bioplastics
(98% purity) from on-site paper waste [218]. Through an extremely cost-effective
process, it was demonstrated that PAPER-P can be seen as a unique technology able
to use rough material printed waste and/or waste solvent and ink, with an approximate
price of €0.1/Kg, to transform them into PHA. This results in a 60 times more
valuable product worth, that is, €6/Kg, thus quadruplicating printers’ Return on
Investment (ROI), from current 2-8% up to 30%. The YPACK (2017) project, to
which this PhD thesis has been contributing, aimed at optimizing the performance of
cheese whey and almond shell bioproducts to derive PHA-based thermoformed trays
and high barrier multilayers blown films for food packaging applications [219]. The
BioBarr (2017) project also proposed the development of new bio-based and
biodegradable food packaging materials by enhancing barrier functionalities of
PHAs, and validating the new material in a food industry environment [220]. The
RES URBIS (REsources from URban Blo-waSte, 2017) project aimed at making it
possible to convert several types of urban bio-waste into valuable bio-based products,
including PHAs, in an integrated single biowaste biorefinery and by using one main
technology chain [221]. In the same topic, the POLIPO (2018) project aimed at
developing the first chemical route (not based on bacterial fermentation) to produce
PHA from vegetal oils and fats [222]. POLIPQO's chemical route to PHAs can
potentially represent a game-changing technology in the field of bioplastics, making
it possible to produce a biodegradable plastic with some cost reduction advantages
with respect to current conventional fermentative routes. More recently, the
VEnvirotech (2019) project proposed a solution based on biotechnology, with the use
of bacteria, to transform organic waste into biodegradable PHA bioplastics at
significantly lower costs [223]. The innovative technology envisages reducing waste
management costs by 30 %, as well as bioplastics price by 50 %. Similarly, the
BterBioPlastics (2019) project aimed at creating biodegradable materials to reduce
global environment pollution, examining pilot fermentations and metabolic
modulation strategies to raise the level of bioplastics production [224]. The USABLE
Packaging (2019) project also aimed at developing high-performance PHA based
packaging through a sustainable and fully circular value chain, where the biomass
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raw material sourcing derives from food processing side streams [225]. Finally, the
NENU2PHAR (2020) project aimed at taking a holistic approach that includes raw
materials production with microalgae and bacteria, the formulation and processing of
biopolymers, and the production of eight different PHA-based products [226].
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II. OBJECTIVES




General and Specific Objectives

The development of biodegradable packaging materials with active properties for
food preservation applications derived from food processing by-products and
industrial waste is a topic of great interest. This new trend arises from the consumer
demand for safer and more nutritious foods as well as current environmental issues
related to the extensive use of plastics for food packaging applications. In this regard,
polyhydroxyalkanoates (PHAS) are biopolymers of great industrial interest for their
bio-based origin and inherent biodegradability, good properties, non-toxicity, and full
compatibility with Circular Bioeconomy strategies. Furthremore, natural substances
with antimicrobial and/or antioxidant activities, such as essential oils and metallic
nanoparticles, are nowadays considered as great canditates to replace synthetic
additives to develop active food packaging materials. In this way, the general
objective of this PhD thesis was:

“The development and characterization of active mono and multilayer systems
based on polyhydroxyalkanoates containing essential oils and metallic
nanoparticles processed by the solution electrospinning technique with application
interest in food packaging ”.

This goal was achieved by the accomplishment of the following specific objectives,
which were developed sequentially:

1. Selection and optimization of active compounds based on essential oils (EOs),
natural extracts (NEs), metallic nanoparticles (MNPs), and their combinations
thereof with optimal antimicrobial and antioxidant properties with the aim of
being incorporated into PHASs by electrospinning.

2. Development of melt-compounded monolayers films made of PHAs containing
the selected active compounds and their characterization in terms of
morphological, antioxidant, antimicrobial, thermal, mechanical, and barrier
properties.

3. Evaluation of the short- and long-term antimicrobial performance of monolayer
films of PHA containing mixtures of the selected active compounds in an open
and closed system.
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Incorporation of the selected essential oils into cyclodextrins inclusion
complexes to protect and improve their antioxidant and antimicrobial activity,
with the aim of being incorporated into PHAs by electrospinning.

Development and characterization of multilayer films based on the active
electrospun monolayers developed to attain an antimicrobial packaging film.

Development and characterization of active and barrier multilayer systems based
on monolayers containing the active compounds developed to attain a high-
barrier packaging film.

Assessment of the migration of metallic nanoparticles from the developed mono
and multilayers films in food simulants.

Analysis of cytotoxicity of developed multilayers films containing the active
compounds using Caco-2 cells.
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Results and Discussions

This PhD thesis is a compilation of works focused on the development of monolayer and
multilayer systems based on polyhydroxyalkanoates (PHAS) and active compounds, such
as essential oils and metallic nanoparticles for antimicrobial active food packaging
applications. Each chapter deals with one of the specific aims defined above and
correspond to journal papers already published.

BLOCK I

Assesment of the Antioxidant and Antimicrobial Performance af Essential Oils
and Natural Extracts for Active Packaging

Chapter |

Kelly J. Figueroa-Lopez, Antonio A. Vicente, Maria A.M. Reis, Sergio Torres-Giner and
Jose M. Lagaron. Antimicrobial and Antioxidant Performance of Various Essential
Oils and Natural Extracts and Their Incorporation into Biowaste Derived Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) Layers Made from Electrospun Ultrathin
Fibers. Nanomaterials 2019, 9(2), 144; https://doi.org/10.3390/nan09020144

BLOCK 11
Development and Characterization of Active Monolayers based on
Polyhydroxyalkanoates containing the Selected Essential Oils and Metallic
Nanoparticles

Chapter 11

S. Torres-Giner, L. Hilliou, B. Melendez-Rodriguez, K.J. Figueroa-Lopez, D. Madalena,
L. Cabedo, JA. Covas, A.A. Vicente, J.M. Lagaron. Melt processability,
characterization, and antibacterial activity of compression-molded green composite
sheets made of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) reinforced with
coconut fibers impregnated with oregano essential oil. Food Packaging and Shelf Life
2018, 17, 39-49; https://doi.org/10.1016/j.fps|.2018.05.002
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Chapter 111

Kelly J. Figueroa-Lopez, Sergio Torres-Giner, Daniela Enescu, Luis Cabedo, Miguel A.
Cerqueira, Lorenzo M. Pastrana, Jose M. Lagaron. Electrospun Active Biopapers of
Food Waste Derived Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with Short-
Term and Long-Term Antimicrobial Performance. Nanomaterials 2020, 10(3), 506;
https://doi.org/10.3390/nan010030506

Chapter IV
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Pastrana, P. Fucifios, J.M. Lagaron. Development of electrospun active films of poly(3-
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inclusion complexes containing oregano essential oil. Food Hydrocolloids 2020, 108;
https://doi.org/10.1016/j.foodhyd.2020.106013

BLOCK 111
Development and Characterization of Active Multilayers based on
Polyhydroxyalkanoates containing the Selected Essential Oils and Metallic
Nanoparticles

Chapter V
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Antimicrobial and Antioxidant Performance of VVarious Essential
Oils and Natural Extracts and Their Incorporation into Biowaste
Derived Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) Layers
Made from Electrospun Ultrathin Fibers

Abstract

In this research, the antibacterial and antioxidant properties of oregano essential oil
(OEOQ), rosemary extract (RE), and green tea extract (GTE) were evaluated. These
active substances were encapsulated into ultrathin fibers of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) derived from fruit waste wusing solution
electrospinning, and the resultant electrospun mats were annealed to produce
continuous films. The incorporation of the active substances resulted in PHBV films
with a relatively high contact transparency, but it also induced a slightly yellow
appearance and increased the films opacity. Whereas OEO significantly reduced the
onset of thermal degradation of PHBV, both the RE and GTE-containing PHBV films
showed a thermal stability profile that was similar to the neat PHBV film. In any case,
all the active PHBV films were stable up to approximately 200 °C. The incorporation
of the active substances also resulted in a significant decrease in hydrophobicity. The
antimicrobial and antioxidant activity of the films were finally evaluated in both open
and closed systems for up to 15 days in order to anticipate the real packaging
conditions. The results showed that the electrospun OEO-containing PHBV films
presented the highest antimicrobial activity against two strains of food-borne
bacteria, as well as the most significant antioxidant performance, ascribed to the films
high content in carvacrol and thymol. Therefore, the PHBV films developed in this
study presented high antimicrobial and antioxidant properties, and they can be
applied as active layers to prolong the shelf life of the foods in biopackaging
applications.

Keywords: PHBV; oregano; rosemary; green tea; electrospun nanofibers;
antibacterial; antioxidant
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1 Introduction

The packaging industry requires the development of new plastic materials with active
properties, based on the demand by consumers for safer and more nutritive food [1].
Moreover, the growing concern over the environmental problems caused by
petroleum-derived materials has led to the search for new renewable raw materials
for the development of compostable packaging [2,3]. Polyhydroxyalkanoates (PHAs)
are amongst the most promising biopolymers, being a group of totally renewable,
biodegradable, and biocompatible aliphatic polyesters. PHAs are synthesized in the
cytoplasm of a wide range of bacteria from glucose-rich substrates [4,5]. Some PHAs,
such as  poly(3-hydroxybutyrate) (PHB), poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV), poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-
co-4HB)), and poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) are
currently being employed to develop bioplastic packaging articles, such as injection-
molded pieces, compression-molded sheets, and films [6-9].

Active packaging technology is mostly related to materials and articles that are
intended to extend food shelf life, and also to improve packaged food conditions by
interacting with the food product and/or with its internal packaging environment.
Active packaging materials are usually designed to deliberately incorporate
components, which would then release and/or absorb substances into or from the
packaged food or the environment surrounding the food [10]. Active packaging
systems can therefore extend the shelf life of food products and reduce food waste by
maintaining the quality of food products for longer, increasing product safety by
securing the foods against pathogens, and enhancing the convenience of food
processing, distribution, retailing, and consumption [11]. Concerning the active
packaging materials, these are classified as either active scavenging types (e.g.,
oxygen scavengers) [12] or active releasing types (e.g., antioxidants) [13]. Active
releasing-type packaging can provide novel “extra” functions, such as aromatic,
antioxidant, and long-term antimicrobial properties [14]. In particular, active-
releasing antimicrobial packaging applications are directly related to food microbial
safety, as well as to shelf life extension, by preventing the growth of spoilage and/or
pathogenic microorganisms [15,16]. The growth of spoilage microorganisms can not
only reduce the food shelf life, but it can also endanger public health (particularly in
the case of pathogenic microorganisms).

Active properties can be conferred by the incorporation into the packaging materials
of substances with inherent antioxidant and antimicrobial properties, such as essential
oils (EOs) [17], natural extracts (NEs) [18], and/or inorganic and metal nanoparticles
[19]. EOs are volatile compounds obtained from aromatic plants that produced them
naturally as secondary metabolites [20]. EOs and NEs are mainly composed of
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terpenoids, phenolic, and aromatic compounds, and their composition can widely
vary depending on the edaphoclimatic characteristics of the plant, the part of the plant
(i.e., flower, seed, leaves, fruits, stems, and others), and the extraction procedure [21].
There is great interest in the use of these natural products because they are classified
as generally recognized as safe (GRAS) food additives by the Food and Drug
Administration (FDA) [22].

In line with this, over the last few years, different EOs and NEs have been proposed
as alternative sources of antimicrobials in packaging materials. Within the great
variety of EOs, oregano essential oil (OEO) from Origanum vulgare is well known
for its antioxidative and antimicrobial activities [23]. The EO content in the oregano
plant fluctuates from 0.5 — 2 % [24] up to 7 % [25]. Its main constituents are the
isomer phenols, carvacrol and thymol, which represent up to 80 % and 64 %,
respectively [26]. In addition, up to 52 % of each of their precursor monoterpenes, p-
cymene and y-terpinene, as well as terpinen-4-ol, linalool, B-myrcene, trans-sabinene
hydrate, and B-caryophyllene, are also present [27]. Rosemary extract (RE), which is
obtained from Rosmarinus officinalis, is an aromatic plant belonging to the
Lamiaceae family [28], and it also presents strong antimicrobial and antifungal
properties [29]. The active properties of RE are primarily conferred by its phenolic,
and the volatile constituents carnosol, carnosic acid, and rosmarinic acid [30]. Its
minor components may have a potential influence on biological activity due to the
possibility of synergistic effects amongst their components [31]. Finally, green tea
tree extract (GTE) obtained from Camellia sinensis has gained significant attention
in recent years. GTE is mainly composed of gallic acid, theobromine, chlorogenic
acid, and caffeic acid [32]. In view of the potential uses of these natural products as
effective antimicrobial and antioxidants for food preservation, they can be great
candidates for incorporation into PHA films to generate active packaging articles.
Since most EOs and NEs are volatile compounds, they require the use of
manufacturing methods that are carried out at room temperature to preserve their
original properties. In this sense, the electrospinning technique is an emerging
technology in the food packaging field [33,34], which is based on the application of
electrostatic forces to polymer solutions to generate polymer fibers with diameters
ranging from below 100 nm to several micrometers. Owing to the high surface-to-
volume ratio of the electrospun fibers and the controllable pore size of the electrospun
mats, several active and bioactive applications have been proposed in recent years
[35], including the development of novel antimicrobial systems [36]. Since the
electrospinning technique is frequently performed at room temperature, it facilitates
the processing of thermolabile substances [37]. In addition, in a packaging
application context, the ultrathin electrospun PHA fiber mats can be further converted
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into continuous films through the application of a thermal post-treatment below the
polymer’s melting temperature (Tn), i.e., the so-called annealing [38,39].

The objective of this research was to develop, for the first time, electrospun PHBV
films containing OEO, RE, and GTE, in order to obtain active packaging layers with
antioxidant and antimicrobial properties. Likewise, the morphological, optical, and
thermal properties of the electrospun biopolymer films were also evaluated.
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2  Materials and Methods

2.1 Materials

PHBYV copolyester was produced at a pilot-plant scale at the Universidade NOVA de
Lisboa (Lisboa, Portugal). This biopolymer was obtained using mixed microbial
cultures fed with fermented fruit waste derived from the manufacturing of fruit juice,
supplied by SumolCompal S.A. (Lisbon, Portugal). The molar fraction of the 3-
hydroxyvalerate (HV) in the copolyester used was 20 %. The synthesis, purification,
and characterization details of this biopolymer was thoroughly described in
Reference [39].

Chloroform, reagent grade with 99.8 % purity, and methanol, HPLC grade with
99.9% purity, were purchased from Panreac S.A. (Barcelona, Spain). Additionally,
1-Butanol, reagent grade with 99.5 % purity, and 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH) were purchased from Sigma Aldrich S.A. (Madrid, Spain).

OEO had a purity >99 % and a relative density of 0.925 — 0.955 g/mL. RE presented
arelative density 0f 0.915 —0.926 g/mL, an acidity index of <1 mg KOH/g, an iodine
index of 80.0 — 145.0 %, a saponification index of 180-200 mg KOH/g, and a
peroxide index of <5.0 meqO2/kg. GTE showed a relative density of 0.915 — 0.925
g/mL, an acidity index of <1 mg KOH/g, an iodine index of 80 — 145 %, a
saponification index of 188 — 195 mg KOH/g, and a peroxide index of <5.0 meq
0,/Kg. All natural products were obtained from Gran Velada S.L. (Zaragoza, Spain)
and were processed as received.

2.2 Preparation of the Solutions

The PHBYV solution was prepared by dissolving 10 % (wt./vol.) of biopolymer in a
chloroform/1-butanol 75:25 (vol./vol.) mixture, both reagent grades, at room
temperature. The OEO, RE, and GTE, were all added to the solution at 10 wt.% in
relation to the PHBV and stirred for 24 h until a single-phase solution was obtained.

2.3 Characterization of the Solution Properties

All the PHBYV solutions were analyzed in terms of their viscosity, surface tension,

! using a

and conductivity. The apparent viscosity (na) was determined at 100 s~
rotational viscosity meter Visco BasicPlus L from Fungilab S.A. (San Feliu de
Llobregat, Spain). The surface tension was measured following the Wilhemy plate
method using an EasyDyne K20 tensiometer from Kriiss GmbH (Hamburg,

Germany). The conductivity was evaluated using a conductivity meter HI9819X from
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Hanna Instruments (Woonsocket, Rhode Island, USA). All the measurements were
carried out at room temperature and in triplicate.

2.4 Electrospinning

The PHBV solutions containing OEO, RE, and GTE were each electrospun for 3 h
onto an aluminum foil using a high-throughput electrospinning/electrospraying pilot
line Fluidnatek® LE-500 with temperature and relative humidity (RH) control, which
was manufactured and commercialized by Bioinicia S.L. (Valencia, Spain). The
solutions were then processed at 25 °C and 40 % RH under a constant flow using a
24 emitter multi-nozzle injector, scanning vertically onto the metallic plate. A dual
polarization added voltage of 38 kV, and a flow-rate of 4 mL/h per single emitter and
a tip-to-collector distance of 20 cm were used. A neat PHBV solution was electrospun
in identical conditions as the control.

Thereafter, an annealing treatment was applied to the resultant electrospun mats. This
process was performed in a 4122-model press from Carver, Inc. (Wabash, IN, USA)
at 125 °C, for 5 s, without pressure. The resultant film samples had an average
thickness in the 60 — 80 um range.

2.5 Characterization of the Electrospun Materials

2.5.1 Film Thickness

Before testing, the thickness of the PHBV films containing the natural products was
measured using a digital micrometer (S00014, Mitutoyo, Corp., Kawasaki, Japan)
with £ 0.001 mm accuracy. Measurements were performed and averaged at five
different points, one in each corner and one in the middle.

2.5.2  Morphology

The morphology of the electrospun PHBYV fibers and their films containing the OEO,
RE, and GTE were examined by scanning electron microscopy (SEM). The
micrographs were taken using a Hitachi S-4800 electron microscope (Tokyo, Japan),
at an accelerating voltage of 10 kV and a working distance of 8 — 10 mm. The samples
were previously sputtered with a gold-palladium mixture for 3 min under vacuum.
The average fiber diameter was determined via the ImageJ software v 1.41 using at
least 20 SEM images.
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2.5.3  Transparency

The light transmission of the PHBV films was determined in specimens of 50 x 30
mm? by quantifying the absorption of light at wavelengths between 200 and 700 nm,
using an ultraviolet—visible (UV-Vis) spectrophotometer VIS3000 from Dinko
Instruments (Barcelona, Spain). The transparency value (T) of the films was
calculated using Equation (1) [1], whereas their opacity value (O)was determined
using Equation (2) [40]:

— Asno
r=- (1)

0 =Asp L 2

where Asoo and Asoo are the absorbance values at 500 and 600 nm, respectively, and
L is the film thickness (mm).

2.5.4 Color

The PHBV films color was determined using a chroma meter CR-400 (Konica
Minolta, Tokyo, Japan). The color difference (AE*) was calculated using the
following Equation (3) [1], as defined by the Commission Internationale de
I’Eclairage (CIE):

AE* = [(AL)? + (Aa®)? + (Ab*)?]0S 3)

where AE*, AL*, Aa* and Ab* correspond to the differences between the color
parameters of the sample films and the values of the control film (a* = 0.87, b* = —
0.38, L*=89.82).

2.5.5  Thermal Analysis

Thermogravimetric analysis (TGA) of the neat OEO, RE, and GTE in their liquid
form, and the PHBV films, was performed under a nitrogen atmosphere in a
Thermobalance TG-STDA Mettler Toledo model TGA/STDAS851e/LF/1600
analyzer (Greifensee, Switzerland). The TGA curves were obtained after
conditioning the samples in the sensor for 5 min at 30 °C. The samples were then
heated from 25 °C to 700 °C, at a heating rate of 10 °C/min. All tests were carried
out in triplicate.
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2.5.6  Water Contact Angle Measurements

The PHBV films surface wettability was evaluated using dynamic water contact
angle (WCA) measurements in an optical tensiometer (Theta Lite, Staffordshire,
UK). Five droplets were seeded at 5 uL/s on the film surfaces of each studied material
sizing of 2 x 5 c¢m?, in triplicate, and the resulting average contact angle was
calculated.

2.5.7  Antimicrobial Activity

Staphylococcus aureus (S. aureus) CECT240 (ATCC 6538p) and Escherichia coli
(E. coli) CECT434 (ATCC 25922) strains were obtained from the Spanish Type
Culture Collection (CECT, Valencia, Spain) and stored in phosphate buffered saline
(PBS), with 10 wt.% tryptic soy broth (TSB, Conda Laboratories, Madrid, Spain) and
10 wt.% glycerol (99.5 % purity, Sigma Aldrich S.A. Madrid, Spain) at —80 °C. Prior
to each study, a loopful of bacteria was transferred to 10 mL of TSB and incubated
at 37 °C for 24 h. A 100 pL aliquot from the culture was again transferred to the TSB
and grown at 37 °C to the mid-exponential phase of growth. The approximate count
of 5 x 103 CFU/mL of culture had an absorbance value of 0.20, as determined by the
optical density at 600 nm (UV 4000 spectrophotometer, Dinko Instruments,
Barcelona, Spain).

The minimum inhibitory concentration (MIC) and minimum bactericide
concentration (MBC) of the OEO, RE, and GTE against the selected food-borne
bacteria was tested following the plate micro-dilution protocol, as described in the
Methods for Dilution Antimicrobial. Susceptibility Tests for Bacteria That Grow
Aerobically; Approved Standard Tenth. Edition (M07-A10) by the Clinical and
Laboratory Standards Institute (CLSI). For this, a 96-well plate with an alpha numeric
coordination system (columns 12 and rows A-H) was used, where 10 pl of the tested
samples were introduced into the wells with 90 pl of the bacteria medium. In the
wells corresponding to A, B, C, E, F, and G columns, different concentrations of the
natural products, that is, 0.312, 0.625, 1.25, 2.5, 5, 10, 20, 40, 80, 160 pl/ml, were
tested, in triplicate, from rows 1 to 10. Columns D and H were used as control of the
natural extracts in the TSB without bacteria. Row 11 was taken as a positive control,
that is, only the TSB, and row 12 was used as a negative control, that is, S. aureus
and E. coli in the TSB. The plates were incubated at 37 °C for 24 h. Thereafter, 10 pl
of resazurin sodium salt (MP biologicals, Illkirch, France), a metabolic indicator, was
added to each well and incubated again at 37 °C for 2 h. Upon obtaining the resazurin
change, the wells were read through the color difference. The MIC and MBC values
were determined as the lowest concentration of the natural products presenting
bacteriostatic and bactericide effects, respectively [41].
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The antimicrobial performance of the electrospun PHBV films was evaluated using
a modification of the Japanese Industrial Standard (JIS) Z2801 (ISO 22196:2007)
[42]. To this end, a microorganism suspension of S. aureus and E. coli was applied
onto the test films, that is, containing the natural extracts, and the negative control
film, that is, without the natural extracts, all sizing 1.5 x 1.5 cm?. Tests were
performed in either hermetically closed or open vials with a volume of 20 mL. After
incubation at 24 °C and at a relative humidity (RH) of, at least, 95 % for 24 h, the
bacteria were recovered with PBS, 10-fold serially diluted, and incubated at 37 °C
for 24 h in order to quantify the number of viable bacteria by a conventional plate
count. The antimicrobial activity was evaluated after 1 (initial day), 8, and 15 days.
The value of the antimicrobial reduction (R) was calculated following Equation (4):

=00 () tog (£)] = s ) o

where A is the average of the number of viable bacteria on the control film sample
immediately after inoculation, B is the average of the number of viable bacteria on
the control film sample after 24 h, and C is the average of the number of viable
bacteria on the test film sample after 24 h. Three replicate experiments were
performed for each sample and the following assessment was conducted:
Nonsignificant (R < 0.5), slight (R > 0.5 and <1), significant (R > 1 and <3), and
strong (R > 3) as in Reference [43].

2.5.8 Antioxidant Activity

The DPPH inhibition assay was used to evaluate the free radical scavenging activity
of the neat OEO, RE, GTE in their oil forms, in the electrospun PHBV fibers (at day
1) and their corresponding films (at 1, 8, and 15 days). Samples were weighed in
triplicate in cap vials and then an aliquot of the DPPH solution (0.05 g/L in methanol)
was added to each one. Vials without samples were also prepared as controls. All the
samples were prepared and immediately stored at room temperature for 2 h in
darkness. After this, the absorbance of the solution was measured at 517 nm in the
UV 4000 spectrophotometer from Dinko Instruments. Results were expressed as the
percentage of inhibition to DPPH following Equation (5) [44] and pg equivalent of
trolox per gram of sample, employing a previously prepared calibration curve of
Trolox.

Inhibition DPPH (%) = “centrat”Gsampte Antani) , 4 5)

Acontrol
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where Acontrol, Ablank, and Agsmple are the absorbance values of the DPPH solution,
methanol with the test sample, and the test sample, respectively.

2.5.9  Statistical Analysis

The solution properties, color, transparency, and opacity values, and contact angle
values were evaluated through analysis of variance (ANOVA) using
STATGRAPHICS Centurion XVI v 16.1.03 from StatPoint Technologies, Inc.
(Warrenton, VA, USA). Fisher’s least significant difference (LSD) was used at the
95 % confidence level (p < 0.05). Mean values and standard deviations were also
calculated.
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3 Results and Discussions

3.1 Solution Properties

The use of polymer solution with the adequate properties is a key parameter to obtain
uniform fibers during electrospinning [45]. In Table 1, the viscosity, surface tension,
and conductivity of the PHBV solutions containing OEO, RE, and GTE at 10 wt.%
are shown. The neat PHBV solution, without OEO and NEs, showed the highest
viscosity value, that is, 212.4 cP. This value was relatively similar to that reported by
Melendez-Rodriguez et al. [39], who obtained a value of viscosity of 296.8 cP for a
PHBYV solution in 2,2,2-trifluoroethanol (TFE) at 2 wt%. This difference could be
mainly ascribed to the solvent type and, more likely, to the use of a biopolymer with
a higher molecular weight (MW). When OEO, RE, and GTE were added, the
viscosity of the PHBV solution slightly decreased. This effect could be ascribed to a
reduction of the molecular cohesion forces in the biopolymer due to the presence of
the active substances. This result was in agreement with, for instance, previous
research works reported by Arfa et al. [46] and Jouki et al. [47], showing that the
addition of either OEO or its active components decreased the apparent viscosity of
polymer solutions of mucilage and soy protein (SP). In any case, for all the here-
prepared PHBV solutions, the viscosity values were within the range of values
reported by other authors, that is, from 1 to 20 poise (P), for the formation of
homogeneous fibers during electrospinning [48].

Table 1. Solution properties of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
containing oregano essential oil (OEQO), rosemary extract (RE), and green tea tree extract (GTE)

Sample Apparent Surface Tension Conductivity
Viscosity (cP) (mN/m) (ns)
PHBV 212.4 £0.042 25.3 £0.05? 0.40 £ 0.00?
PHBYV + OEO 205.5+0.01° 25.5+£0.07 0.42 £ 0.00?
PHBV + RE 208.1 £0.03° 25.4 +£0.09? 0.41 £0.00?
PHBYV + GTE 206.9 +0.054 25.5+£0.06° 0.39 £ 0.00?

4 Different letters in the same column indicate a si gnificant difference (p < 0.05).

The surface tension and conductivity of the solutions showed no significant
differences (p > 0.05). However, it is worthy to mention that other authors have
observed changes in the latter parameters when homogenization treatments (e.g.,
ultrasound, sonication, etc.) were applied to polymer solutions containing different
EOs and NEs [49,50]. Moreover, in the case of polymer emulsions, the incorporation
of these natural extracts into the oil or water phases resulted in an increasing drop
size that destabilized the emulsion [51]. Therefore, the similar values observed for
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the neat PHBV solution and the PHBV solutions containing the OEO, RE, and GTE
suggested that a high homogenization was achieved in all cases. Therefore, it was
considered that the resulting solutions presented the adequate values for being
processed by electrospinning.

3.2 Morphology

The morphology of the electrospun ultrathin neat PHBV fibers and the PHBV fibers
containing the OEO, RE, and GTE was analyzed by SEM and the images are shown
in Figure 1. The neat PHBV fibers, without EOs and NEs, were relatively uniform
and presented a mean diameter of approximately 1 pm, as seen in Figure 1a. The
morphology of the here-obtained electrospun ultrathin PHBV fibers was similar to
those fibers reported by Melendez-Rodriguez et al [39], showing diameters of ~1.32
um. The PHBYV fibers containing 10 wt% OEO, RE, and GTE are presented in Figure
1b—d, respectively. The diameters of the fibers were relatively similar, with a mean
size of approximately 0.8 um. The reduction achieved in the fiber diameter could be
related to the slightly lower viscosities observed for the PHBV solutions containing
the active substances. It was also evident that all the electrospun fibers were uniform
and smooth, without any superficial and structural defects, which indicated that the
addition of both EOs and NEs did not alter the fiber formation during electrospinning.

| 50 pm |

Nl
AN \ -\ =7 IS

Figure 1. Scanning electron microscopy (SEM) micrographs of the electrospun fibers of: (a) Neat
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV); (b) Oregano essential oil (OEO)-
containing PHBV; (¢) Rosemary extract (RE)-containing PHBV; (d) Green tea tree extract

(GTE)-containing PHBV. Scale markers of 50 pm.

Figure 2 shows the SEM images of the electrospun materials, after annealing at 125
°C, in their cross-section and top views. In all cases, one can observe that the thermal
post-treatment on the electrospun mats resulted in the formation of a continuous film.
Figure 2a corresponds to the cross-section of the neat PHBV film, that is, without
OEO and NEs, which presented an average thickness of ~80 pm. In Figure 2b, one
can observe that the film sample also exhibited a homogeneous surface without
cracks and/or pores. Similar morphologies were reported, for instance, by Cherpinski
et al. [38] for electrospun PHB fibers thermally post-treated at 160 °C. The particular
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change from fiber-based to film-like morphology was ascribed to a process of fibers
coalescence during annealing. Figure 2c,e,g show the cross-sections of the
electrospun PHBV films containing OEO, RE, and GTE, respectively. The
thicknesses of all the film samples were kept at ~80 pm. The presence of a certain
number of pores can be related to the partial evaporation of the oily materials
enclosed in the PHBV film during the thermal post-treatment. Similar voids were
observed in the electrospun PHBV films derived from biowaste by Melendez-
Rodriguez et al. [39], when temperatures close to Tm were applied, which was
ascribed to the partial material melting and/or degradation. However, in Figure 2d,f,h,
showing the top view of the film samples containing the active substances, it can be
seen that the PHBYV films still showed a smooth and homogeneous surface without
pores and cracks. Therefore, despite the fact that the active substances were partially
released during the film-forming process, a good compatibility and then a high
solubility of OEO and the NEs with the PHBV matrix was attained.

(b)
[~ == | [ |
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Figure 2. Scanning electron microscopy (SEM) micrographs of the electrospun films in their
cross-section (left column) and top view (right column) of: (a,b) Neat poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) (PHBV); (¢,d) Oregano essential oil (OEO)-containing PHBV; (e,f) Rosemary

extract (RE)-containing PHBV; (g,h) Green tea tree extract (GTE)-containing PHBV. Scale
markers of 50 pm.

3.3 Optical Properties

Figure 3 shows the visual aspect of the electrospun PHBV films to evaluate their
contact transparency. The effects of the addition of OEO and the NEs on the color
coordinates (L*, a*, b*) and the values of AE, T, and O of the electrospun PHBV
films are shown in Table 2. One can observe that all the here-prepared PHBV films
presented a high contact transparency, but they also developed a slightly yellow
appearance when the active substances were incorporated. The AE values of the
active PHBV films with respect to the neat PHBV film were 8.36, 7.52, and 15.82
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for the films with OEO, RE, and GTE, respectively. Therefore, the highest color
change was observed for the GTE-containing PHBV film. The main changes
observed were based on a decrease in brightness (L*) and an increase in the b*
coordinate, that is, a yellower material, which was related to the intrinsic color of the

added active substances.

Figure 3. Visual aspect of the electrospun films of: (a) Neat poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV); (b) Oregano essential oil (OEO)-containing PHBV; (¢) Rosemary
extract (RE)-containing PHBV; (d) Green tea tree extract (GTE)-containing PHBV. Films are 1.5
x 1.5 cm?.
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Table 2. Color parameters (AE*, a*, b*, and L*) and transparency characteristics of the electrospun films of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) containing oregano essential oil (OEO), rosemary extract (RE), and green tea tree extract (GTE)

Sample a’ b" L’ AE* T 0
PHBV 0.87 £0.07* -0.38 £0.02* 89.82 + 0.06° 3.13+0.02* 0.016 + 0.06
PHBV + OEO 1.13 +£0.05° 6.67 =0.03° 85.35+0.07° 8.36 + 0.082 3.55+£0.03" 0.019 + 0.08°
PHBYV + RE 0.04 +0.01° 6.67 +0.08" 87.33+£0.01¢ 7.52 +0.06" 6.44 +0.02° 0.026 + 0.05°

PHBV + GTE 0.07 £0.09¢ 14.45+ 0.05°¢ 84.38 +£0.03¢ 15.82 £ 0.05° 16.42 + 0.06¢ 0.067 + 0.04¢




One can also observe that the OEO-containing PHBV film presented a transparency
similar to that of the neat PHBV film, both having T values in the range of 3 — 4,
which indicated a greater passage of visible light through the material. However, the
incorporation of RE and, particularly, of GTE resulted in an increase of T up to values
of 6.4 and 16.4, respectively. Therefore, the capacity of transmission of visible and
UV light of the films was significantly reduced by the addition of RE and GTE (p <
0.05), causing a phenomenon of light scattering due to the characteristic tones of the
active substances. Similarly, whereas opacity was kept relatively low for the neat
PHBYV film and the OEO-containing PHBV films, which both had O values in the
0.015 — 0.02 range, these values increased up to 0.026 and 0.067 for the RE- and
GTE-containing PHBV films, respectively. Then, the presence of the latter active
substances, particularly GTE, reduced the transparency properties by blocking the
passage of UV-Vis light and it increased the opacity of the films, caused by the
scattering of light. However, as other authors have previously stated, this property
can be also a desired characteristic in some packaging materials for the protection of
foodstuff from light, especially UV radiation, which can cause lipid oxidation in the
food products [1,40]. In this sense, the work reported by Gomez-Estaca et al. [52]
also concluded that the addition of certain NEs to fish gelatin films decreased the
transparency of the films and increased the opacity of the final material.

3.4 Thermal Properties

Figure 4 includes the weight loss curves of the free active substances and of the
electrospun PHBYV films obtained by TGA. The curves for the neat OEO, RE, and
GTE are shown in Figure 4A, while the values of the onset degradation temperature,
that is, the temperature at 5 % weight loss (Ts«), degradation temperature (Tqeg), and
residual mass at 700 °C are gathered in Table 3. One can observe that OEO presented
the lowest thermal stability, showing values of Tse, and Taeg of 101.5 °C and 178.4
°C, respectively, with a respective weight loss of 74.16 % at Tqeg, corresponding to
the volatilization and/or degradation of low-MW volatile compounds present in the
OEO (e.g., carvacrol, thymol, and pinene). In this sense, other authors have also
reported that the EOs and NEs of oregano are among the most thermally unstable
active substances. For instance, Barbieri et al. [53] reported that 96 — 97 % of the
OEOQO’s weight was lost between 200 °C and 216 °C, attributed to its volatilization. In
another work, Yang et al. [54] determined a significant degradation of all terpenes
extracted oregano leaves in the 200 — 250 °C range. Similarly, Gibara Guimaraes et
al. [55] reported the fully thermal decomposition of carvacrol, the most representative
active compound of oregano, at 168 °C. Opposite to OEO, both RE and GTE showed
a high thermal stability with a similar mass loss profile. In particular, both active

79



substances presented Tsy, values over 350 °C, with Tdeg values of 412.7 °C (52.45
%) and 411.5 °C (49.89 %) for RE and and GTE, respectively. Similar results, though
slighlty lower, were reported for RE by Pifieros-Hernandez et al. [56], showing a
significant mass loss at 300 °C, corresponding to the decomposition of phenolic
diterpenes, that is, carnosic acid, carnosol, and rosmarinic acid. Likewise, Cordeiro
et al. [57] obtained a mass loss as low as 6 % up to 190 °C. In the case of GTE, Lopez
de Dicastillo et al. [58] determined that it remained stable up to the range of 200 —
400 °C, where the thermal degradation of partially glycosylated catechins occurs.
Furthermore, all active substances produced a residual mass below 1 %.
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Figure 4. Weight loss as a function of temperature for: (a) Oregano essential oil (OEO), rosemary
extract (RE), and green tea tree extract (GTE); (b) Electrospun films of neat poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and PHBV containing OEO, RE, and GTE.

Table 3. Thermal properties of oregano essential oil (OEO), rosemary extract (RE), and green tea

tree extract (GTE) and of the electrospun films of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)

(PHBV) containing OEO, RE, and GTE in terms of temperature at 5 % weight loss (Ts%),
degradation temperature (Tqeg), and residual mass at 700 °C

Sample Tsw (°C) Taeg °C) Mass loss (%) Residual mass (%)
OEO 101.5 178.4 74.16 0.14
RE 364.0 412.7 52.45 0.48
GTE 352.7 411.5 49.89 0.56
PHBV 251.5 278.7 47.74 2.10
PHBYV + OEO 197.5 283.6 69.58 0.16
PHBYV + RE 248.5 270.8 60.94 2.49
PHBV + GTE 249.3 273.8 61.65 2.21

In Figure 4b, the weight loss curves of the electrospun PHBV films containing OEO,
RE, and GTE are gathered. The neat PHBV film was thermally stable up to 251.5 °C,
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showing a Tqeg value of 278.7 °C (47.74 %) and a residual mass of 2.10 %. While the
incorporation of RE and GTE slightly reduced the thermal stability by 5 — 10 °C, the
presence of OEO considerably reduced the onset of degradation, showing a Tse, value
0f 197.5 °C. It is also worthy to mention, however, that all active substances increased
the thermally decomposed mass at Tqeg, that is, the weight values decreased to the 60
— 70 % range. Therefore, the here-produced active PHBYV films were stable up to 200
°C, which certainly opened up their application as an active food packaging interlayer
and/or coating.

3.5 Water Contact Angle

The water contact angle refers to the degree of affinity of water with a surface, which
defines the degree of hydrophilicity/hydrophobicity of a given polymer material [59].
In Figure 5, the water drop images on the films, as well as the values of their contact
angles, are shown for the electrospun PHBYV films. In Figure 5a, one can observe that
the neat PHBV film presented an angle of 103.61°, which is characteristic of
hydrophobic materials [60]. In all cases, the incorporation of the active substances
resulted in a significant decrease in hydrophobicity (p < 0.05). Figure 5b shows that
the OEO-containing PHBV film presented a water contact angle of 82.23°, whilst
these values were even lower for both the films containing RE (Figure 5c), that is,
73.86°, and GTE (Figure 5d), that is, 71.26°. The reduction achieved could be related
to the presence of the oily molecules on the surfaces of the PHBV films, which
decreased the surface tension. A similar decrease in the water contact angles was
observed by Galus and Kadzinska [61] in whey protein isolate (WPI) edible films
when almond and walnut oils were added. In any case, following the terms
"hydrophobic" and "hydrophilic", defined for 6 > 65 © and <65 °, respectively [62],
the angles for each of the films studied were still within the hydrophobic range.
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103.61°+ 0.46* | | 82.23°+£0.41°

73.86° £ 0.02° 71.26° + 0.83¢

Figure 5. Water contact angle of the electrospun films of: (a) Neat poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV); (b) Oregano essential oil (OEO)-containing PHBV; (¢) Rosemary
extract (RE)-containing PHBV; (d) Green tea tree extract (GTE)-containing PHBV.

3.6 Active properties
3.6.1  Antimicrobial Activity

The EOs and NEs obtained from aromatic plants are constituted by a wide range of
active compounds that are responsible for antimicrobial and antioxidant activity,
which has promoted their application in active food packaging [1,41,42]. Table 4
shows the MIC and MBC values of the neat OEO, RE, and GTE against strains of S.
aureus (Gram positive, G+) and E. coli (Gram negative, G-). The results showed that
the OEO presented the highest antibacterial effect against both bacterial strains,
having achieved identical MIC and MBC values, that is, 0.625 pL/mL, against E.
coli, and 0.312 pL/mL, against S. aureus. The fact that the MIC and MBC values
were identical can be related to the high effectivity of the natural compounds that
were achieved, at the same time, the inhibition of microbial growth and the
elimination of 99.9% of the microorganisms [63]. The antimicrobial activity of the
OEO has been mainly ascribed to its high content in carvacrol and thymol [64,65].
RE presented MIC values of 10 pL/mL and 5 pL/mL against E. coli and S. aureus,
respectively, whereas its MBC values were 20 uL/mL, against E. coli, and 10 pL/mL,
against S. aureus. The main compounds responsible for the antimicrobial activity of
RE were a-pinene, myrcene, camphor, 1,8-cineole, and camphene [29,66,67].
Likewise, GTE showed the lowest antimicrobial performance. This NE presented
MIC values of 160 pL/mL, against E. coli, and 80 pL/mL, against S. aureus. Ilts MBC
values were 160 ulL/mL, against E. coli, and 40 pL/mL, against S. aureus. Gallic acid
(GA), theobromine, chlorogenic acid, and caffeic acid are known to be responsible
for its antimicrobial activity [32,68]. Most research related to MIC and MBC
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determination has been conducted with these EOs and NEs, finding that these
compounds have a broad inhibition spectrum against G+ bacteria, but they are not as
efficient against some G- bacteria [69,70]. The values of the MBC and MIC for OEO
were the same, while for RE and GTE, the MBC values were higher than the MIC
values. This fact is related to the effectiveness of the active compounds, the
susceptibility of the microorganisms, and the variation in the penetration rate of the
extracts through the cell wall and the structures of the cell membrane [71,72].
Table 4. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration

(MBC) of oregano essential oil (OEO), rosemary extract (RE), and green tea tree extract (GTE)
against S. aureus and E. Coli

Sample Bacteria MIC MBC
OEO E. coli 0.625 uL/mL 0.625 pL/mL
S. aureus 0.312 pL/mL 0.312 pL/mL
RE E. coli 10 pL/mL 20 pL/mL
S. aureus 5 uL/mL 10 pL/mL
GTE E. coli 160 uL/mL 160 nL/mL
S. aureus 40 pL/mL 80 uL/mL

The antimicrobial properties of the electrospun PHBV films containing OEO, RE,
and GTE were also evaluated using the JIS Z2801 against S. aureus and E. coli
bacteria, in both an open and closed system, for 1, 8, and 15 days. In relation to the
open system, as shown in Table 5, one can observe that the films containing OEO
showed the strongest inhibition. These films provided a strong reduction (R > 3), that
is, with a reduction of 3 log units, against S. aureus, and also a high antimicrobial
effect, though slightly lower, presenting R values of 2.7-2.9 against E. coli. In the
case of the films containing RE and GTE, the films yielded a bacteriostatic effect (1
<R < 3) against both bacteria. The antimicrobial effect of RE was also approximately
1 log units higher than that observed for GTE. These results agreed with the MIC and
MBC described above, where OEO inhibited the growth of E. coli and S. aureus at
lower contents, whilst RE and GTE showed higher MIC and MBC values. It is also
worthy to mention that in all cases, the bacterial reduction slightly increased over the
days, which can be related to the slow release of the active compounds to the surface
of the films. In comparison to the previous results of electrospun antimicrobial films
reported by Jeong-Ann Parka and Song-Bae Kim [73] in open systems, it was
observed that the inhibition of S. aureus increased from a 0.6 log of reduction, at the
initial time, to a 1.2 log of reduction, after 120 min. In another study, Figueroa et al.
[42] also reported an increase in the bacterial inhibition with the passage of storage
days, showing a 3.9 log of reduction after 10 days against S. aureus.
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Table 5. Antibacterial activity against S. aureus and E. coli of the electrospun poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) films containing oregano essential oil (OEO),
rosemary extract (RE), and green tea tree extract (GTE) in the open system for up to 15 days

Control sample Test sample R
Bacteria Sample Day log (CFU/mL) log (CFU/mL)

1 6.91 £ 0.06 3.78 £0.08 3.13+0.06

PHBV + OEO 8 6.88 £ 0.50 3.68 £0.03 3.20+£0.04

15 6.89 +£0.20 3.65+0.10 3.24 +0.15

1 6.87 £0.03 4.07 +£0.07 2.80 £ 0.06

S. aureus PHBV + RE

8 6.88 £ 0.09 4.01+£0.03 2.87 £0.03

15 6.87 £0.02 3.95+0.01 2.92 £0.02

1 6.91+£0.10 5.00 £0.32 1.91+£0.20

PHBV + GTE 8 6.89 £0.23 494+0.18 1.95+0.13

15 6.92£0.11 4.93+0.22 1.99+£0.19

1 6.95 +0.30 4.24 +0.09 2.71+0.10

PHBV + OEO 8 6.90 + 0.08 4,09 +0.10 2.81+0.20

15 6.87 £0.07 4.01+£0.03 2.86 +0.05

E. coli 1 6.89 +£0.03 5.00 = 0.06 1.89 £0.05
PHBV + RE 8 6.90 + 0.09 4,96 +0.07 1.94 +0.07

15 6.88 £0.08 491 +0.09 1.97 £0.07

1 6.89 £0.15 5.70+0.19 1.19+0.17

PHBV + GTE 8 6.87 +0.33 5.63+0.21 1.24£0.23

15 6.90 £ 0.46 5.62 +0.27 1.28 £0.31

As shown in Table 6, for all the samples, the reduction was slightly higher in the
closed system than in the open one. While the films containing OEO presented the
strongest inhibition (R > 3) after 15 days of storage in the closed system against the
two bacterial strains, the films that contained RE and GTE showed a significant
inhibition (1 <R < 3). This result could be attributed to the accumulation of volatile
active compounds in the headspace of the closed chamber. There are a limited number
of studies reporting the antimicrobial performance of the active films in closed
systems, which indeed are more practical from the point of view of packaging and
the design of containers to avoid deterioration of food products during storage. For
instance, Torres-Giner et al. [74] developed a multilayer system, based on an
electrospun coating of zein composite nanofibers containing thymol on a polylactide
(PLA) film, that was evaluated against Listeria monocytogenes in a closed
atmosphere in desiccators. It was reported that a concentration as low as 1.6 ppm was
able to produce a decrease in the CFU of about 3 log units, whereas above 6.1 ppm,
no CFU were detected. The high antimicrobial performance achieved was ascribed
to the capacity of the electrospun material to release the bioactive in a sustained
manner. The results are of potential interest in packaging applications, since the
antimicrobial effect was not only successfully achieved in open packaging systems,
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but it also prolonged and improved over time in closed packaging systems, thereby
extending the shelf life of perishable foods [75,76].

Table 6. Antibacterial activity against S. aureus and E. coli of the electrospun poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) films containing oregano essential oil (OEO),
rosemary extract (RE), and green tea tree extract (GTE) in the closed system for up to 15 days

Control sample Test sample R
Bacteria Sample Day log (CFU/mL) log (CFU/mL)

1 6.91£0.06 3.78 £0.08 3.13+0.06
PHBV + OEO 8 6.93+0.30 3.52+0.90 3.41+0.30
15 6.92+0.20 3.33+£0.08 3.59 +0.07
P 1 6.87 +0.03 4.07+0.07 2.80+0.06
PHBV +RE 8 6.89 +0.07 3.92+0.05 291+0.04
15 6.88+0.12 3.86+0.15 3.02+0.11
1 6.91+0.10 5.00+0.32 1.91+0.20
PHBV + GTE 8 6.89+0.15 4.89+0.17 2.00+0.11
15 6.86+0.20 478 +0.19 2.08+0.21
1 6.95+0.30 424 +0.09 2.71£0.10
PHBV + OEO 8 6.90 +0.08 3.96+0.10 2.94+0.30
15 6.92 +0.09 3.91+0.07 3.01+0.06
E. coli 1 6.89 = 0.03 5.00 =0.06 1.89 +0.05
PHBV +RE 8 6.87+0.05 4.88+0.08 1.99 +0.09
15 6.88 £0.07 479 +0.03 2.09 +0.05
1 6.89 +0.15 5.70+0.19 1.19+0.17
PHBV + GTE 8 6.91£0.11 5.62+0.13 1.29+0.15
15 6.90 +0.28 5.53+0.21 1.37+0.19

3.6.2  Antioxidant Activity

The antioxidant activity of the EOs and NEs, obtained from aromatic plants, is
conferred by their phenolic compounds. The DPPH free radical method is an
antioxidant assay based on an electron-transfer that produces a violet solution in
methanol. This free radical, stable at room temperature, is reduced in the presence of
an antioxidant molecule (active compound), giving rise to a colorless solution [77].
The use of the DPPH assay provides an easy and rapid way to evaluate antioxidants
using spectrophotometry. In the conservation of foods, substances with character
antioxidants are of great interest because the main cause of food deterioration results
from enzymatic reactions that trigger the oxidation of lipids and carbohydrates
[78,79].

The percent inhibition and the equivalent concentration in micrograms of trolox per
gram of sample of the neat OEO, RE, GTE, and of the electrospun fibers and films
of the PHBV containing the active substances are shown in Table 7. One can observe
that all the EOs and NEs showed DPPH radical scavenging activity. OEO presented
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the highest percentage of inhibition (91.96 %) attributed to its main active compounds
(e.g., carvacrol, thymol, p-cymene, y-terpinene) [64]. Similarly, Chun et al. [80]
reported an inhibition percentage of DPPH of 82% for oregano extracts. RE presented
a percentage of inhibition of 75.24 %, which was in agreement with, for instance,
Bajalan et al. [81] who reported an inhibition percentage of DPPH of 73.69 %. GTE
showed an inhibition of 71.77 %, conferred by the relative amount of catechins and
GA [82]. Afroz Bakht et al. [83] studied the antioxidant activity from DPPH of five
commercial teas, finding percentages of inhibition in the 24 — 71 % range. In addition,
Lu and Chen [84] reported percentages of inhibition between 33 % and 62 %. In this
sense, it is important to highlight that antioxidant activity is dependent on the quantity
of secondary metabolites that the plant manages to synthesize in its development
stage, which is influenced by the variety of the plant, the environmental conditions
[85,86,87], and the extraction method used [83].

Table 7. Inhibition percentage (%) of 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) and
concentration (eq. trolox/g sample) of DPPH for oregano essential oil (OEO), rosemary extract
(RE), and green tea tree extract (GTE) and the electrospun fibers of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) containing OEO, RE, and GTE

oy e o Concentration
Sample Inhibition (%) (ug eq Trolox/g sample)
OEO 91.96 +0.03 84.34+0.03
RE 75.24 +0.04 62.34+0.03
GTE 71.77 +0.08 61.95+0.07
PHBYV + OEO 43.14+£0.07 28.56 +0.05
PHBYV + RE 25.82+0.07 18.31 £0.05
PHBYV + GTE 22.12 +0.06 13.14 +0.04

One can observe that the antioxidant activity decreased in the electrospun PHBV
fibers containing OEO, RE, and GTE. After the electrospinning process, the fibers
with OEO showed a percentage of inhibition of 43.14 %, whereas the fibers
containing RE and GTE showed values of 25.82 % and 22.12 %, respectively. In all
cases, there was a decrease in the antioxidant activity of between 20 % and 30 %
compared to the pure OEO, RE, and GTE. The lower antioxidant inhibition of the
active compounds inside the fibers could be related to polarity differences between
the solvent and the polymer, the stirring process applied to the active solution prior
to electrospinning, and the loss of volatiles compounds during the electrospinning
process [44].

Table 8 shows the percentages of inhibition and the equivalent concentration in
micrograms of trolox per gram of sample of the electrospun PHBV films containing
OEO, RE, and GTE, evaluated in the so-called open and closed systems on days 1,
8, and 15. Films containing OEO exhibited the highest inhibition of DPPH at day 1
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(24.54 %), followed by films with the RE (15.59 %) and films with the GTE (11.14
%). Over time, all the films decreased their antioxidant activity, obtaining no
significant differences in the results between each storage system. Thus, after 15
days, an inhibition percentage in the range of 8.83 — 10.55 % was obtained for the
films containing OEO. At this time, the inhibition percentage ranges for the films
containing RE and GTE were 6.91 — 7.31 % and 5.45 — 6.68 %, respectively. As can
be observed, the antioxidant activity decreased when the EOs and NEs were included
in the PHBV fibers and, more intensively, when the films were formed. Likewise,
during the days of storage, a continuous release of the characteristic volatile
compounds of each EOs and NEs was produced, which was evidenced by the low
percentage of DPPH inhibition at day 15 for all the samples. Previous reports have
indicated that the degree of antioxidant power of biodegradable films is generally
proportional to the amount of added antioxidant additives, while the thermal process
for obtaining the films also affects the bioactivity, since most of the bioactive
compounds are sensitive to temperatures above 80 °C [47,88]. Regardless of this, all
the films presented antioxidant performance and they can, therefore, be applied in
antioxidant active packaging systems to extend the shelf life of packaged food
products, thus minimizing the development of off-flavors, color and flavor changes,
and nutritional losses [89,90].

Table 8. Inhibition percentage (%) of 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) and
concentration (ug eq. trolox/g sample) of DPPH for the electrospun poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) films containing oregano essential oil (OEO), rosemary extract (RE),
and green tea tree extract (GTE)

Open system Closed system
Sample Day Inhibition Concentration Inhibition Concentration
(%) (ng eq Trolox/g (%) (ng eq Trolox/g
sample) sample)

1 24.54 +£0.04 26.48 +0.04 24.54 £0.04 26.48 £0.04

PHBV+ OEO 8 16.08 = 0.08 16.82 £ 0.09 17.43 £0.04 17.57+£0.04

15 14.90 + 0.06 15.75+£0.06 15.24+0.01 16.47+0.01

1 15.59£0.02 16.31 £0.02 15.59+£0.02 16.31£0.02

PHBV+ RE 8 10.42 £0.08 10.27 £0.08 13.50£0.01 13.97 £0.01

15 7.310+0.04 7.710 £0.04 8.200+0.15 8.120 +0.02

1 11.14 £ 0.04 11.79 £0.04 11.14 £ 0.04 11.79 £0.04

PHBV+ GTE 8 8.910+0.10 8.760 +0.10 9.960 + 0.02 9.820 £ 0.02

15 6.680+£0.11 6.540£0.11 7.800 £ 0.02 8.250 +0.02
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4  Conclusions

The evaluation of the active properties, that is, antimicrobial and antioxidant
properties, of OEO, RE, and GTE showed that OEO was the active substance that
presented the highest antimicrobial activity against S. aureus and E. coli. This effect
was mainly attributed to the effectiveness of its most representative active
compounds, that is, carvacrol and thymol, showing identical MIC and MBC values
of 0.312 and 0.625 pL/mL, respectively. The antioxidant activity of OEO was also
higher than that for the RE and GTE. In particular, the percentage of inhibition of the
DPPH was 91.96%. Thereafter, these active substances were incorporated at 10 wt.%
into fruit waste derived PHBV by electrospinning. To this end, the solution properties
of the PHBV containing OEO, RE, and GTE were first evaluated to determine the
optimal conditions to obtain homogenous fibers. The diameters of the fibers were
relatively similar, with a mean size of approximately ~0.8 pm, being uniform and
smooth, without any superficial and structural defects. It was observed that the
addition of the OEO and the NEs did not alter the fiber formation during
electrospinning or the morphology of the electrospun ultrathin PHBV fibers. A good
compatibility and, then, high solubility of the OEO and NEs with the PHBV matrix
was considered.

In order to obtain an interesting active continuous layer to be applied in the design of
biopackaging, the electrospun mats of the PHBV fibers containing the active
substances were subjected to a thermal post-treatment at 125 °C. Continuous PHBV
films of ~80 pm, with a smooth surface were obtained, though the presence of the
active substances induced a slight porosity in their cross-section. The optical
properties of the PHBV films were slightly impaired by the addition of the active
substances, particularly GTE, reducing their transparency from 3.13 up to 16.42
through blocking the passage of UV-Vis light and increasing their opacity, which was
caused by the scattering of light. In any case, all the PHBV films were contact
transparent. All active substances also decreased the values of the Tonset by 54 °C
for OEQ, 3 °C for RE, and 2.2 °C for GTE, and the thermally decomposed mass at
Tdeg decreased to the 60-70% range. However, all the active PHBV films were
stable up to 200 °C. Referring to the hydrophobicity of the films, the addition of
active substances decreased the superficial tension of the PHBV films with respect to
the control, but the angles for each of the films studied were still within the
hydrophobic range. The PHBV films containing OEO, RE, and GTE showed
antimicrobial activity against strains of S. aureus and E. coli in both the here-studied
open and closed systems, where the bacterial reduction improved over time due to
the release and accumulation of the active compounds on the film surface. The
antimicrobial activity was higher in the case of the closed system due to the presence
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of volatiles stored in the headspace. The films containing OEO presented the highest
reduction values against the two bacterial strains (R > 3), while the films containing
RE and GTE showed lower reduction values (1 <R < 3), which agreed with the MIC
and MBC values of the pure active substances. The antioxidant activity of the fibers
and films was much lower than that of the neat active substances, which was related
to entrapment and loss during electrospinning and film processing, and which was
also reduced with the passage of days due to the continuous release of the active
compounds.

The here-developed electrospun PHBYV layers with OEO, RE, and GTE are potential
candidates for use in the design of sustainable active multilayer biopackaging. The
antimicrobial and antioxidant performance of these materials is advantageous to
prolonging the shelf life of foods, delaying the proliferation of microorganisms, and
the enzymatic oxidation of foodstuffs.
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Melt processability, characterization, and antibacterial activity of
compression-molded green composite sheets made of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) reinforced with coconut
fibers impregnated with oregano essential oil

Abstract

New packaging materials based on green composite sheets consisting of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and coconut fibers (CFs) were
obtained by twin-screw extrusion (TSE) followed by compression molding. The
effect of varying the CF weight content, i.e. 1, 3, 5, and 10 wt.-%, and the screw speed
during melt processing, i.e. 75, 150, and 225 rpm, on both the aspect ratio and
dispersion of the fibers was analyzed and related to the properties of the compression-
molded sheets. Finally, the CFs were impregnated with oregano essential oil (OEO)
by an innovative spray coating methodology and then incorporated into PHBV at the
optimal processing conditions. The functionalized green composite sheets presented
bacteriostatic effect against Staphylococcus aureus from fiber contents as low as
3 wt.-%. Therefore, the here-prepared CFs can be successfully applied as natural
vehicles to entrap extracts and develop green composites of high interest in active
food packaging to provide protection and shelf life extension.

Keywords: PHBV; Coir; Essential oils; Active packaging; Agro-food waste
valorization
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1 Introduction

The use of agro-food residues for the preparation of polymer composites is gaining a
significant attention due to their huge availability and low price, being at the same
time a highly sustainable strategy for waste valorization. Natural fibers (NFs),
particularly those obtained from plants, represent an environmentally friendly and
unique choice to reinforce bioplastic matrices due to their relative high strength and
stiffness [1]. The substitution of oil-derived polymers with bio-based polymers as the
matrix component results in the term “green composites” [2], which indicates that the
composite as a whole, i.e. both matrix and reinforcement, originates from renewable
resources. In this regard, the incorporation of NFs such as jute, sisal, flax, hemp, and
bamboo fibers into biopolymers has been recently intensified [3]. Resultant green
composites do not only offer environmental advantages over traditional polymer
composites, such as reduced dependence on non-renewable energy/material sources,
lower greenhouse gas and pollutant emissions, improved energy recovery, and end-
of-life biodegradability of components [4], but also a potential reduction of both
product density and energy requirements for processing [5].

Polyhydroxyalkanoates (PHAs) comprise a family of biodegradable aliphatic
polyesters produced by microorganisms. PHAs show the highest potential to replace
polyolefins in a wide range of applications, including packaging, due to their high
mechanical strength and water resistance [6]. Among PHAs, poly(3-
hydroxybutyrate) (PHB) and its copolymer with 3-hydroxyvalerate (HV), i.e. poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), have so far received the greatest
attention in terms of pathway characterization and industrial-scale production. The
use of PHA copolymers presents certain advantages since they have a lower melting
point and higher flexibility than their homopolymers, which improves melt stability
and broadens their processing window [7]. Furthermore, the introduction of
comonomer units induces defects in the crystal lattice, reducing both the degree of
crystallinity and crystallization rate [8].

Several plant-derived NFs, such as regenerated and/or recycled cellulose, pineapple
leaf fibers (PALF), wheat straw fibers, wood floor, jute fibers, flax fibers, banana,
sisal, and coir fibers, hemp fibers, abaca fibers, bamboo fibers, sugarcane bagasse
fibers, kenaf and lyocell fibers, wood powder, and pita (agave) fibers, have been so
far studied as sustainable reinforcements to produce PHA-based composite materials
[9]. Recently, cellulose fibers from wheat straw and other by-products have been used
in the European Projects ECOBIOCAP and YPACK as a cheap source of fillers to
reduce the cost of a PHA matrix for packaging applications, where up to 20 % of
cellulose fibers were allowed in the final composition. Some previous research
studies have also suggested that the incorporation of NFs can definitely strengthen
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the mechanical performance of both PHB and PHBV and, in some cases, also
improve biodegradability [10-12]. However, the narrow processing window and the
poor melt strength of PHAs are certainly responsible for the rather small number of
studies involving extruded composites with potential for being converted into
packaging articles such as films and sheets [13]. The most promising PHA-based
composite manufacturing techniques are extrusion and compression molding,
particularly the latter, given the relatively low shear-rates and thermomechanical
stresses involved.

Coconut shells represent a good example of agro-industrial non-food feedstock that
is still considered as waste, for which relevant industrial new end uses are being
currently pursued [14]. In particular, it is estimated that around 55 billion coconuts
are produced annually worldwide. Most of their husks are abandoned, creating a
waste of natural resources and a cause of environmental pollution [15]. The coconut
fibers (CFs), also referred as coir when completely ground up, are plant-derived NFs
of the coconut fruit obtained from the palm tree (Cocos nucifera L.). The CFs are
present in the mesocarp, which constitutes 30 — 35 wt.-% of the coconut [16].
Individual CFs show a length of 0.3—1.0 mm and a diameter of 0.01 — 0.02 mm,
resulting in an average aspect ratio of approximately 35 [17]. The CFs are also
characterized by a high toughness and durability as well as improved thermal stability
due to their high lignin content (~40 %) and relatively low cellulose content (~32%)
[18]. These lignocellulosic fibers are not only abundant in tropical countries but also
versatile, renewable, cheap, and biodegradable. Therefore, they could become
potential substitutes for energy-intensive synthetic fibers in many applications where
high strength and modulus are not required [19].

The CFs have been tested as reinforcing fillers upon the formulation of different
thermoplastic materials, such as low-density polyethylene (LDPE) [20,21] and linear
low-density polyethylene (LLDPE) [20], polypropylene (PP) [15,17,21-23],
poly(vinyl chloride) (PVC) [21], starch—gluten [24], natural rubber (NR) [25], among
others. These previous studies have demonstrated that the incorporation of both
untreated and chemically modified CFs into polymer formulations can represent a
feasible route to produce low-cost composites with a moderate improvement of the
mechanical properties. Interestingly, the CFs are exceptionally hydrophilic as they
contain strongly polarized hydroxyl groups on their surface [26]. CFs are thus
inherently capable to adsorb and hold moisture up to 7 — 9 times their weight, being
proposed as biosorbents for water treatment [27]. The outstanding capacity of the
CFs to retain water and other polar components certainly opens up new attractive
opportunities for potential uses as vehicle of functional and bioactive substances.
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The particular chemical and morphological characteristics of the CFs can be explored
to adsorb essential oils (EOs), i.e. aromatic and volatile oily liquids obtained from
herbs and spices. Most EOs and their constituents are categorized as Generally
Recognized as Safe (GRAS) by the U.S. Food and Drug Administration [28]. Among
EOs, oregano essential oil (OEO), extracted from Origanum vulgare L., is well-
recognized for its antioxidative and antimicrobial action in the food industry [29].
The biocide performance of OEO has been mainly attributed to its rich composition
in phenolic compounds, namely carvacrol (up to 80 %), thymol (up to 64 %), and the
monoterpene hydrocarbons y-terpinene and p-cymene (both up to 52 %) [30]. The
incorporation of OEO in plastic films to avoid microbial food spoilage currently
represents an attractive option for packaging manufacturers. Several studies have
demonstrated its efficacy in inhibiting microbial development and synthesis of
microbial metabolites, including pathogenic bacteria, yeasts, and molds [31-36].
Besides imparting antimicrobial characteristics to the films, OEO can change flavor,
aroma, and odor. Nevertheless, similarly as with other EOs, OEO is volatile and
easily evaporates and/or decomposes during processing and preparation of the
antimicrobial films. Therefore, its direct exposure to heat, pressure, light or oxygen
is a technological challenge.

The objective of the present study was to originally explore the inherent capacity of
the CFs to adsorb and hold polar components in order to develop, by conventional
melt-processing methodologies, PHBV-based green composite sheets with
antimicrobial properties of interest in active packaging applications. To this end, the
first part of the study was focused on optimizing the processing conditions of the
green composites. In particular, it was analyzed the effect of varying both the CF
weight content and the screw speed during melt processing on the aspect ratio and
dispersion of the fibers in the PHBV matrices. In the second part, for the optimal
processing conditions, the thermal, mechanical, and barrier properties of the
compression-molded PHBYV sheets were evaluated as a function of the CF content.
In the last part, the CFs were impregnated with OEO by an innovative spray coating
methodology, incorporated again into PHBV, and the antimicrobial properties of the
green composite sheets were evaluated.
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2 Materisls and methods
2.1 Materials

Bacterial aliphatic copolyester PHBV was ENMAT™ Y1000 P, produced by Tianan
Biologic Materials (Ningbo, China) and distributed by NaturePlast (Ifs, France). The
product was delivered as off-white pellets packaged in plastics bags. The biopolymer
resin presents a true density of 1.23 g/cm® and a bulk density of 0.74 g/cm?, as
determined by ISO 1183 and ISO 60, respectively. The melt flow index (MFI) is 5 —
10 g/10 min (190 °C, 2.16 kg), as determined by ISO 1133. The molar fraction of HV
in the copolymer is 2 — 3 %, whereas the weight-average molecular weight (MW) is
approximately 2.8 x 10° g/mol. According to the manufacturer, this resin is suitable
for injection molding, thermoforming, and extrusion.

CFs were kindly supplied by Amorim Isolamentos, S.A. (Mozelos, Portugal) in the
form of a liner roll. The fibrous layers were obtained from ripe coconuts, which were
manually de-husked from the hard shell by driving the fruit down onto a spike to split
it. 100% pure OEO was purchased from Gran Velada S.L. (Zaragoza, Spain) while
food-grade paraffinic oil (grade 9578) was obtained from Quimidroga S.A.
(Barcelona, Spain). 2,2,2-trifuoroethanol (TFE) with 99 % purity, d-limonene with
98 % purity, Nile Red (9-diethylamino-5H-benzo-a-phenoxazine-5-one), and
dimethyl sulfoxide (DMSO) anhydrous with purity >99.9 % were all purchased from
Sigma-Aldrich S.A. (Madrid, Spain). All chemical reagents were utilized as received.

2.2 Fibers functionalization

CFs were initially separated from the roll and chopped to a length of ca. 5mm in a
Granulator 20 — 18/JM from Grindo S.R.L. (Cologno Monzese, Italy). Chopped
fibers were then sieved using a Test sieve model from Controls S.p.A. (Milano, Italy)
with an aperture of 2 mm. The resultant bulk density of the CFs was 0.14 g/cm’, as
determined by ISO 60. Figure 1 shows the different stages followed for the
preparation of the CFs.

Figure 1. (a) As-received reel of coconut fibers (CFs); (b) Ground CFs; (¢) Sieved CFs.
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Part of the obtained CFs was impregnated with OEO in order to provide them with
antibacterial functionality, the here so-called functionalization. For this purpose, a
2:1 (vol./vol.) paraffinic 0il/OEO solution was prepared, as this was the highest OEO
content without creating phase separation. This solution, with a density of
0.902 g/mL, was added at 15 wt.-% to the CFs by means of an air spray gun from
Nutool (Doncaster, UK) connected to a 241 1.0HP PWB24S air compressor from
PowerED® (Amiais de Baixo, Portugal) working at 2 bar. This way, the dried CFs
were sprayed every 5s while rotating at 58 rpm inside a drum attached to an
ARTISAN 5KSM125EER household mixer from KitchenAid® (Michigan, USA).

2.3 Preparation of green composites

Prior to melt processing, the PHBV pellets and CFs were dried for 4 h at 80 °C in an
oven to remove the residual humidity. Then, different PHBV formulations were melt
compounded by twin-screw extrusion (TSE) varying the CF content, i.e. 0, 1, 3, 5,
and 10 wt.-%, in a co-rotating intermeshing twin-screw extruder LSM 34 G 1 from
Leistritz AG (Nuremberg, Germany). The screws have a diameter (D) of 34 mm and
a length-to-diameter ratio (L/D) of 29. The modular barrel is equipped with 8
individual heating zones and is coupled to a strand die. The extruder layout with the
detailed screw configuration is presented in Figure 2. Basically, the screw contains
two mixing zones, each consisting of a series of kneading disks staggered at 90° (in
order to induce dispersion), that are separated by conveying sections that work mostly
partially filled. The components are fed separately upstream of each mixing zone.
The PHBYV pellets were fed into the main hopper with a volumetric DVM18-L feeder
from Moretto S.p.A. (Massanzago, Italy) at a feeding rate of 2 kg/h. The CFs were
first pre-mixed in a zipped bag with 1 part per hundred resin (phr) of paraffinic oil
and then introduced in the extruder after melting the polymer, at L/D = 12, through
the side feeder. As commonly faced with other low-density fibers, there were
difficulties in guaranteeing a precise and constant feeding throughput. A venting port
at L/D =23 coupled to a vacuum pump enabled the removal of both residual moisture
and volatiles. Three different screw speeds were tested, i.e., 75, 150, and 225 rpm,
and the following decreasing temperature profile was fixed (from hopper to die):
195/190/185/180/175/170/165/160 °C. The extruded strand was cooled in a water
bath, dried with an air-knife, and then pelletized by a rotary cutter. The minimum
residence time was estimated by measuring the time that a blue masterbatch pellet
would take from being introduced directly into the extruder until exiting from the die.
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Figure 2. Detailed cylinder with screw configuration.

The compounded pellets were shaped into sheets with a thickness of ~500 pm by
compression molding using a hydraulic press from Geo E. Moore & Son (Bham.)
Ltd. (Birmingham, UK). About 10 g of material were placed in a hollow aluminum
mold of 10 x 10 cm? and then introduced into the press. Materials were initially
preheated at 190 °C for 1 min, without pressure, and subsequently hot-pressed for
3 min at 4 tons. Finally, the samples were cooled down to 25 °C by means of an
internal water circulating system.

2.4 Characterization methods

2.4.1  Sheet thickness and samples conditioning

The thickness of the compression-molded sheets was measured with a digital
micrometer series S00014 from Mitutoyo Corporation (Kawasaki, Japan),
having + 0.001 mm accuracy, at five random positions. Samples were aged for at least
15 days prior to any physical characterization in a desiccator at 25 °C and 0 % relative
humidity (RH).

2.4.2  Opftical microscopy

Dispersion quality of CFs in the green composites was assessed with a light
transmission optical microscope Olympus BH-2 from Olympus Optical Co., Ltd
(Tokyo, Japan), coupled to a digital camera system Leica DFC280 from Meyer
Instruments, Inc. (Houston, Texas, USA). Fiber attrition was investigated by
monitoring fiber length distribution on the PHBV composites processed with
different CF contents and at different conditions. This method was performed by
immersing a small sample of each specimen in TFE solvent at room temperature for
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12 h. The resultant solution was centrifuged and filtered so that PHBV was removed
and the recovered CFs were deposited onto microscopy glass slabs for observation.
The OEO-containing CFs were analyzed by fluorescence microscopy using an
Olympus BX51 from Olympus Optical Co., Ltd. The samples were previously dyed
with Nile Red, a lipophilic dye, in a 0.25 mg/ml solution of DMSO at 1:10 dye/sample
(vol./vol.), covered in aluminum foil to protect them from light exposure, and dried
at 25 °C for at least 12 h prior to observation. The samples were analyzed at an
emission wavelength between 470 and 490 nm.

2.4.3  Melt flow index

MFI of the neat PHBV and its green composites pellets were measured at 185 °C with
a load of 1.2kg using a MFI Daventest LPF-002 from Lloyd Instruments Ltd.
(Bognor Regis, UK). Higher temperatures and weights triggered excessive mass
outputs that impaired measurement accuracy. Data were reported as the mean value
and standard error computed from 10 tests.

2.4.4  Thermal analysis

Thermal transitions were analyzed by differential scanning calorimetry (DSC) on a
DSC-7 analyzer from PerkinElmer, Inc. (Waltham, MA, USA), equipped with a
cooling accessory Intracooler 2 also from PerkinElmer, Inc. A heating step from —30
to 200 °C was followed by a cooling step to —30 °C under nitrogen atmosphere with
a flow-rate of 20 mL/min. The scanning rate was 10 °C/min and an empty aluminum
pan was used as reference. Calibration was performed using an indium sample. All
tests were carried out at least in triplicate. The glass transition temperature (Tg), cold
crystallization temperature (Tcc), enthalpy of cold crystallization (AHc), melting
temperature (Tm), and enthalpy of melting (AHm) were obtained from the first heating
scan, while the crystallization temperature from the melt (T.) and enthalpy of
crystallization (AH.) were determined from the cooling scan. The percentage of
crystallinity (X.) was determined using the following expression:

AHpy—AHee

Xe= [AHm°-(1—w)

]-100 (1)

where AH,,° = 146.6 ] /g is the enthalpy corresponding to the melting of a 100%
crystalline PHB sample [37] while the term 1-w represents the biopolymer weight
fraction in the composite.

Thermogravimetric analysis (TGA) was performed in a TG-STDA model
TGA/STDAS851e/LF/1600 thermobalance from Mettler-Toledo, LLC (Columbus,
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OH, USA). The samples, with a weight of ~15 mg, were heated from 50 to 900 °C at
a heating rate of 10 °C/min under a nitrogen flow-rate of 50 mL/min.

2.4.5  Tensile tests

Dumbbell 500 pm-thick samples were die-cut from the compression-molded sheets
and conditioned to ambient conditions, i.e., 25 °C and 50 % RH, for 24 h. Tensile
tests were carried out at room temperature in a universal mechanical testing machine
AGS-X 500 N from Shimadzu Corp. (Kyoto, Japan) in accordance with ASTM D638
(Type IV) standard. This was equipped with a 1-kN load cell and the cross-head speed
was 10 mm/min. A minimum of six specimens were measured for each sample.

2.4.6  Permeability tests

The water vapor permeability (WVP) and limonene permeability (LP) were
determined according to the ASTM 2011 gravimetric method. In the case of WVP,
5 ml of distilled water were poured into a Payne permeability cup (@ = 3.5 cm) from
Elcometer Sprl (Hermalle-sous-Argenteau, Belgium). The sheets were placed in the
cups so that on one side they were exposed to 100% RH, avoiding direct contact with
water. The cups containing the sheets were then secured with silicon rings and stored
in a desiccator at 25 °C and 0% RH. Identical cups with aluminum foils were used as
control samples to estimate water loss through the sealing. The cups were weighed
periodically using an analytical balance with +0.0001 g accuracy. Water vapor
permeation rate (WVPR), also called water permeance when corrected for permeant
partial pressure, was determined from the steady-state permeation slope obtained
from the regression analysis of weight loss data per unit area versus time, in which
the weight loss was calculated as the total cell loss minus the loss through the sealing.
WVP was obtained, in triplicate, by correcting the permeance by the average sheet
thicknesses.

For LP, similarly, 5 ml of d-limonene was placed inside the Payne permeability cups
and the cups containing the sheets were stored under controlled conditions, i.e. 25 °C
and 40 % RH. Limonene permeation rate (LPR) was obtained from the steady-state
permeation slopes and the weight loss was calculated as the total cell loss minus the
loss through the sealing plus the water sorption gained from the environment
measured in samples with no permeant. LP was calculated taking into account the
average sheet thickness in each case, measuring three replicates per sample.

Oxygen permeability (OP) was obtained from the oxygen transmission rate (OTR)
measurements, recorded in duplicate, using an Oxygen Permeation Analyzer M8001
from Systech Illinois (Thame, UK) at 25°C and 60 % RH. The samples were

104



previously purged with nitrogen in the humidity equilibrated samples and then
exposed to an oxygen flow of 10 mL/min. The exposure area during the test was
5 cm?. Sheet thickness and gas partial pressure were determined. Measurements were
performed in duplicate.

2.4.7  Antibacterial assays

The antibacterial activity of the neat OEO, the OEO-containing CFs, and the green
composite sheets with the OEO-containing CFs was evaluated against
Staphylococcus aureus (S. aureus) ATCC 6538 P. This bacterial strain was obtained
from the Spanish Type Culture Collection (CECT) (Valencia, Spain) and it was
cultivated at optimal growth conditions in tryptone soy broth (TSB) from Oxoid
Thermo Scientific (Basingstoke, UK), having a concentration of 6.3 x 10® colony
forming units (CFU)/ml. Previous to each study, a 100-ul aliquot from the culture
was transferred to TSB and grown at 37 °C to the mid-exponential phase of growth
with an approximate count of 5 x 10° CFU/ml. To ensure sterilization, all materials
were initially exposed to ultraviolet (UV) radiation for 30 min in a Biostar cabinet
from Telstar S.A. (Madrid, Spain).

The effectiveness of the OEO and OEO-containing CFs against S. aureus was tested
following the plate micro-dilution protocol, as described in the Methods for Dilution
Antimicrobial. Susceptibility Tests for Bacteria That Grow Aerobically; Approved
Standard—Tenth. Edition (M07-A10) by the Clinical and Laboratory Standards
Institute (CLSI). For this, a 96-well plate with an alpha numeric coordination system
(columns 1-12 and rows A-H) were used, where 10 ul of the tested samples were
introduced in the wells with 90 ul of the bacteria medium. In the wells corresponding
to A, B, C, E, F, and G columns different concentrations of OEQ, i.e. 0.078, 0.156,
0.312, 0.625, 1.25, 2.5, 5, 10, 20, and 40 pl/ml, and of OEO-containing CFs, i.e.
0.315, 0.625, 1.25, 2.5, 5, 10, 25, 50, 100, and 250 pg/ml were tested, in triplicate,
from rows 1 to 10. Columns D and H were used as the control of OEO and OEO-
containing CFs, respectively, without bacteria. Row 11 was taken as the positive
control, i.e. only TSB, and row 12 was used as the negative control, i.e. S. aureus in
TSB. The plates were incubated at 37 °C for 24 h. Thereafter, 10 ul of resazurin
solution, 100 pg/ml in TBS, a metabolic indicator obtained from MP Biomedicals,
LLC (Illkirch, France), was added to each well and incubated again at 37 °C for 2 h.
Upon obtaining the resazurin change, the wells were read through color difference.
The minimum inhibitory concentration (MIC) was determined as the lowest
concentration of OEO and OEO-containing CFs presenting growth inhibition.

A modification of the Japanese Industrial Standard (JIS) Z 2801:2010 was performed
to evaluate the bacterial efficiency on the sheets surface. This technique is useful to
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determine the antimicrobial activity of finished products, particularly including
polymer composite pieces [38]. Briefly, a bacterial suspension of S. aureus of about
5 x 105 CFU/mL was spread uniformly on the surface of sheets with dimensions of
2 x 2 cm? and then covered by an inert 10-um LDPE film of 1.5 x 1.5 cm?. After 24 h
of incubation at 95% RH, bacteria were recovered with phosphate-buffered saline
(PBS), inoculated onto tryptic soy agar (TSA) plates, and incubated at 37 °C for 24 h
to quantify the number of viable bacteria. PHBV sheets with different CF contents
were analyzed, using both sheets without fibers and with fibers without OEO as the
negative controls. The antimicrobial activity was evaluated as synthesized, i.e. 1 day
after preparation, and 15 days later. Surface reduction (R) was calculated as follows:

R =[io0 (&)~ tos (9] =tos 2 o

where A is the average of the number of viable bacteria on the control sample
immediately after inoculation, B is the average of the number of viable bacteria on
the control sample after 24 h, and C is the average of the number of viable bacteria
on the test sample after 24 h. Three replicate experiments were performed for each
sample and the antibacterial activity was evaluated with the following assessment:
Nonsignificant (R <0.5), slight (R>0.5 and <1), significant (R>1 and <3), and
strong (R > 3).

106



3 Results and discussions
3.1 Melt processability

Figure 3 shows the surface view of the green composite sheets varying the CF
contents and processed at different processing conditions. In all cases, the green
composite sheets exhibited a smooth, defect-free, and uniform surface, in which CFs
appeared randomly dispersed. Distribution was relatively uniform, albeit some small
areas seem to contain lower CF concentration. As expected, the CF content highly
influenced on the color intensity of the PHBV sheets. Then, sheets produced with the
highest CF contents, i.e. 5 and 10 wt.-%, presented a wood-like visual feature, which
could be aesthetically suitable to imitate solid wood parts for boards, lids or
containers of interest in, for instance, rigid packaging. In contrast, the processing
conditions had a minor influence on both surface aspect and distribution of the CFs
into the PHBV matrix. Only the sheets obtained from green composites compounded
at 225 rpm presented a slight color increase, which was probably caused by thermal
degradation arising from the viscous dissipation associated to flow under higher
shear-rates.

75 rpm 150 rpm 225 rpm

Owt-%

3wt-% :

Swt-%

Figure 3. Surface appearance of the compression-molded sheets as a function of the poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and coconut fibers (CFs) weight content and
screw speed.
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CFs in the green composite sheets were imaged by optical microscopy, after
dissolving and filtrating PHBV. Representative pictures are displayed in Figure 4.
Residence time and fiber dimensions were evaluated in order to select the optimal
screw speed for which the set temperature and feed-rate were kept constant. Table 1
reports both characteristics for each composition and screw speed. As expected, at a
given feed-rate, residence time was gradually reduced with increasing screw speed,
as flow along the screw was more effective and the number of fully filled channels
decreased. For instance, for the neat PHBV formulation, residence time decreased
from 131, at 75 rpm, to 97 s and 64 s, at 150 rpm and 225 rpm, respectively. The
incorporation of CFs slightly increased the residence time due to their lower bulk
density in relation to the PHBV pellets, i.e. the total volume occupied by the material
in the extruder increased though the output remained constant. For all processing
conditions, CFs presented a similar diameter, varying in the range 100 — 400 um and
with a mean value of approximately 215 um, whereas their length significantly
decreased with increasing both the content and screw speed. Specifically, the average
fiber length decreased from above 1900 um, for the composite formulations with
1 wt.-% CFs, down to below 600 um, for those containing 10 wt.-% CFs. This
corresponds to a decrease of the fiber aspect ratio from approximately 9 to 2.5. Fiber
lengths also decreased with increasing the screw speed, which is expected as stresses
are larger for faster screw speeds. Interestingly, the green composite with 10 wt.-%
CFs presented the highest fiber length at 150 rpm, i.e. approximately 1179 pm, and
also the lowest at 75 rpm, i.e. approximately 542 pum.

75 rpm 150 rpm 225 rpm

Figure 4. Optical microscopy images of the coconut fibers (CFs) extracted from the green
composite sheets at different weight contents and screw speed. Scale markers of 500 pm.
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Table 1. Residence time (tR) and mean fiber length during melt compounding as a function of the
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and coconut fibers (CFs) content and
screw speed

PHBYV content CF content Screw speed te (5) Fiber length
(Wt.-%) (wt.-%) (rpm) R (nm)

100 0 75 131+3 -
100 0 150 97+2 —
100 0 225 64+1 —
99 1 75 132+5 1914.5+686.3
99 1 150 98+3 1848.4+634.6
99 1 225 65+1 1486.2+451.3
97 3 75 134+4 1784.3+718.9
97 3 150 100+ 1 1711.6 +505.4
97 3 225 66+2 1404.5+683.4
95 5 75 136£5 1760.4 +446.5
95 5 150 102+2 1633.4+491.6
95 5 225 68+1 1309.6 +671.7
90 10 75 143+£5 542.3+190.8
90 10 150 106+3 1178.9+333.9
90 10 225 70+2 715.2+302.2

In order to correlate fiber attrition to melt viscosity, MFI was evaluated on the PHBV
samples processed at 150 rpm. As one can observe in Figure 5, the MFI values
decreased with increasing the CFs content. This means that melt viscosity of the
composite formulations was higher than the neat PHBV formulation and, thus, the
intensity of the thermomechanical stresses raised. This was mainly related to the
intensification of fiber-to-fiber collisions. While fiber dispersion requires stresses to
be larger than the cohesive strength of the aggregates, larger stresses can also favor
fibers rupture [39]. As a result, composites formulated with more CFs presented
higher viscosity and lower lengths. However, the lowest MFI value was observed for
the composite formulation with 3 wt.-% CFs and then it increased for the larger CF
contents. This viscosity decrease at high CF contents suggests an increase of
biopolymer degradation or melt-shear thinning due to the presence of more fibers,
which is known to occur in PHBV materials [40]. Therefore, the complex interplay
concerning reduced melt viscosity at higher CF contents, high residence times at low
screw speeds, and thermal degradation of PHBV due to possible viscous heating, may
explain the non-trivial evolution of fiber length.

109



1.00

0.75

MFI (g/10 min)

0.50

0.25

0.00

o o o o

& s s s

& & & & &
N o0 )

& &

& & &

<Q Q &

Figure 5. Melt flow index (MFI) of the green composite pellets as function of the weight content
of coconut fibers (CFs). Test performed at 185 °C with a load of 1.2 kg.

From the above and within the experimental window tested herein, it was observed
that the optimal screw speed to process the PHBV/CFs composites is 150 rpm. This
processing condition delivered the most balanced fiber distribution, average fiber
length, and intermediate residence times. In particular, the fiber aspect ratio remained
in the 5.5 — 9.0 range, decreasing with increasing the CF content, and the residence
time was of the order of 100 s. It can be thus considered that this processing condition
could be beneficial to process both thermally sensitive PHBV and thermolabile
additives.

3.2 Sheets characterization

The green composite formulations melt-compounded at 150 rpm were thereafter
compression-molded into sheets and these were characterized in terms of their
thermal, mechanical, and barrier properties.

Table 2 summarizes the thermal properties determined by DSC. Within the
experimental precision, all PHBV sheets presented similar values of Tg, Tc, and Tm
(about =3 °C, 121 °C, and 173 °C, respectively). Similar results have been reported
in the literature for other PHBV materials, indicating that the HV content plays the
major role in defining the thermal transitions [41]. In addition, cold crystallization
was not observed and all the samples crystallized from the melt in a single peak.
Interestingly, the presence of the CFs significantly affected the biopolymer degree of
crystallization. While the neat PHBV sheet presented a X. of approximately 54 %,
the addition of 1 — 5 wt.-% CFs reduced it to values in the 45 — 50% range and X,
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increased to about 58 % for the 10 wt.-% CF content. This result suggests that crystal
growth in the green composites was controlled by two competing factors, namely
nucleation and confinement. As with other PHBV composites [13], the presence of
low contents of long fibers inhibited the chain-folding process of PHBV molecules,
hindering molecular organization at the crystal growth front. Conversely, the
existence of a high content of shorter fibers seems to provide a nucleating effect. The
latter can be related to the degradation process triggered by the high CF content, as
explained above, by which PHBV molecules were shorter and, thus, easier to
crystallize.

Table 2. Thermal properties of the compression-molded sheets made of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) and coconut fibers (CFs). The glass transition temperature (Tyg),
melting temperature (Tm), and normalized enthalpy of melting (AHm) were obtained from the
differential scanning calorimetry (DSC) curves during the first heating scan while the
crystallization temperature (Tc) and normalized crystallization (AHc) from the cooling scan

DSC Parameters
Ty (°C) Te (°C) Tm (°C) AH: (J/g)  AHn(J/g) X (%)

PHBV -33+0.8 1206+0.1 1728+0.2 84724 79409 541+06
PHBV/CFs1wt.-% —24+03 1202+09 173.8+13 783+42 649+11 447+08
PHBV/CFs3wt.-% —23+09 1204+11 1739+14 743+44 66.6+35 469+05
PHBV/CFs5wt.-% —22+04 121.0+0.6 1729+05 755+26 69.8+27 50.1+0.9
HBV/CFs 10wt.-% -1.8+0.6 119.8+05 1725+10 76.8+30 768+32 582+1.4

Sample

Concerning the TGA data, listed in Table 3, one can observe that thermal
decomposition of the PHBV composites started in the range of 270 — 280 °C,
presenting a degradation temperature (Taee) close to 300 °C with a mass loss of
approximately 70 %. The incorporation of CFs slightly reduced the thermal stability
of PHBYV, but it also delayed the amount of mass loss during degradation. It is also
worthy to note that the amount of residual mass increased, approximately from 3 %
to 6 %, which can be related to the presence of inorganic impurities in the fibers. In
general, the addition of CFs up to 10 wt.-% did not significantly alter the thermal
degradation profile of PHBV, thus, positively not impairing its processing window.
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Table 3. Thermal properties of the compression-molded sheets made of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) and coconut fibers (CFs). The onset degradation temperature,
defined as the temperature at 5% weight loss (Ts%), degradation temperature (Taeg), and residual
mass at 900 °C were obtained from the thermogravimetric analysis (TGA) curves

TGA Parameters

Sample

Tso (°C) Taeg (°C) Mass loss (%) Residual mass (%)
PHBV 77+0.3 298+0.5 72.19+0.6 32+02
PHBV/CFs 1 wt.-% 276+£0.5 296+0.5 70.99+0.3 35+0.2
PHBV/CFs 3wt.-% 275+04 295+04 70.78+0.4 35+0.3
PHBV/CFs 5wt.-% 274+0.5 293+0.3 64.85+0.5 46+0.3
HBV/CFs 10 wt.-% 273+04 291+04 63.79+0.3 5.8+0.2

Table 4 shows the tensile properties of PHBV and its green composite with CFs. The
neat PHBYV sheet presented a tensile modulus of ca. 3.7 GPa, a tensile strength of ca.
34 MPa, and an elongation at break of ca.1.2 %. These properties clearly indicate that
the PHBYV sheets were rigid and brittle. As expected, the incorporation of CFs further
increased, though not significantly, the tensile modulus and also reduced both the
tensile strength and elongation at break. The same response has been reported for
other compression-molded green composite sheets based on PHAs [9,42], which
have been mainly related to a poor fiber—matrix adhesion. The 5 wt.-% CF-containing
sheet presented the highest tensile modulus, i.e. approximately 4.1 GPa, with tensile
strength and elongation-at-break values of approximately 29 MPa and 0.9 %,
respectively. It is also worthy to mention the low elastic modulus observed for the
green composite sheet containing 10 wt.-% CFs, i.e. ~3.7 GPa, which can be related
to the presence of fibers with lower mean fiber lengths, as previously shown in Table
1. The lowest values of tensile strength and elongation at break were also observed
for the green composite sheet with 10 wt.-% CFs, i.e. approximately 25 MPa and 0.7
%, respectively. Therefore, the CFs acted as an effective reinforcement of PHBV
matrices when their length exceeds a critical threshold, in this case approximately
1500 um, which corresponds to an aspect ratio close to 7. However, the exact
mechanism for the reinforcement might go beyond the effect of fiber size, as both
PHBYV matrix thermal degradation and composite enhanced crystallinity in the sheet
with 10 wt.-% CFs may add complexity to the mechanical—structural relationships.
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Table 4. Mechanical properties of the compression-molded sheets made of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and coconut fibers (CFs) in terms of tensile
modulus (E), tensile strength at yield (oy), and elongation at break (eb)

Sample E (MPa) 6, (MPa) g, (%)
PHBV 3671+180 33.8+2.1 1.18+0.15
PHBV/CFs 1 wt.-% 3815+164 30.7+3.4 1.06+0.10
PHBV/CFs 3 wt.-% 3916 +288 29.3+£2.0 0.95+0.04
PHBV/CFs 5 wt.-% 4093 +197 28.6+2.0 0.88+0.12
PHBV/CFs 10 wt.-% 3720+ 125 247+13 0.67+0.09

Finally, the barrier properties to water vapor, limonene, and oxygen were determined
and the permeability values are included in Table 5. The barrier performance is, in
fact, one of the main parameters of application interest for food packaging. One can
observe that the permeability to both water and limonene vapors slightly raised by
increasing the CF content. Such increase was higher in the case of water vapor,
reaching permeability values close to 4 x 107 kgmm™ Pa™' s”!. Since water vapor
is mainly a diffusivity-driven property in PHAs due to their low water sorption nature
[43], the increase in permeability to water vapor can be ascribed to the hydrophilic
character of the filler and possibly also to increased free volume at the fiber—matrix
interface. To put these values into a more packaging context, WVP values of the here-
developed green composite sheets are in the same order of magnitude as their
petroleum-based counterpart polyethylene terephthalate (PET) films, i.e.
2.30x 10 kgmm2Pa!s™! [44].
Table 5. Barrier properties of the compression-molded sheets made of poly(3-hydroxybutyrate-

co-3-hydroxyvalerate) (PHBV) and coconut fibers (CFs) in terms of water vapor permeability
(WVP), limonene permeability (LP), and oxygen permeability (OP)

sample WVP x 10%° LP x 10 OP x 108
(kgmm>Pa's") (kgmm>Pa's™) (Mmm?2Pa's™)

PHBV 1.83+0.47 1.17+0.19 0.80+0.14

PHBV/CFs 1 wt.-% 1.93+0.34 1.19+£0.31 0.77 +£0.09

PHBV/CFs 3 wt.-% 3.60+0.46 1.25+0.22 0.73+0.08

PHBV/CFs 5 wt.-% 3.93+0.58 1.38+£0.27 0.17+0.06

PHBV/CFs 10 wt.-% 3.96+0.57 1.48+0.24 0.74+0.05

Limonene transport properties are also important in packaging applications because
this vapor is usually used as a standard system to test aroma barrier. The effect of
fiber content on LP was relatively small and the neat PHBV and green composite
sheets with CFs showed values in the range of 1.1-1.5x 107" kgmm™2Pa's'. In
this sense, limonene, as opposed to moisture, is a strong plasticizing component for
PHAs and, then, solubility plays a more important role in permeability than diffusion.
For example, Sanchez-Garcia, Gimenez, and Lagaron [45] reported a limonene
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uptake of ca. 12.7 wt.-% for films made of PHBV with 12 mol.-% HV prepared by
solvent casting, resulting in a LP value of 1.99x10 " kgmm?2Pa's.
Interestingly, the here-prepared green composite sheets were 13 — 17 times more
barrier to limonene, which can be ascribed to both the lower HV content of the here-
used copolyester and also to the compression molding methodology. The observed
increase in permeability when introducing CFs, though slight, may be related to a
sorption phenomenon at the filler—matrix interface. In any case, the here-obtained
PHBV-based sheets still presented LP values close to those previously reported for
PHB films, i.e. 8.8 x 107 kgmm ™ Pa ' s!, and approximately 8 — 10 times lower
than PET films, i.e. 1.17 x 10713 kg'm'm 2-Pa’!s’!, both obtained by compression
molding [46].

In relation to oxygen, the presence of CFs induced a slight reduction in permeability
though the trend was not monotonic. Since oxygen is a noncondensable small
permeant, the presence of the cellulosic fibers can block oxygen diffusion while the
heterogeneities within the composite can serve as preferential paths for the oxygen
molecules. The highest barrier effect was observed for the PHBV/CFs 5 wt.-%, with
a OP value of 1.73 x 10 m* mm 2 Pa ! s!, which is close to that of PET films, i.e.
1.35x 10 m* mm™2Pa's' [44]. This suggests that, at this intermediate fiber
content, the contribution of the blocking effect over the heterogeneities was optimal.
Overall, the here-obtained PHBV-based composite sheets presented OP values in the
0.7 - 0.8x 10 ¥ m*mm2Pa's! range, being slightly lower than those recently
observed for electrospun homopolyester PHB films [47] but higher than conventional
100-um PHB films prepared by compression molding [46].

3.3 Antibacterial activity

In the last part of this study, the CFs were impregnated with different contents of an
0il-OEO mixture by means of an in-house developed spraying methodology. Figure
6 shows the fluorescence images taken by optical microscopy on the resultant OEO-
containing fibers. One can observe that the 0il-OEO mixture, shown as yellow-to-
orange areas in the images, was homogenously distributed along the fibers surface
for contents up to 15 wt.-%. However, at the highest tested content, i.e. 45 wt.-%, the
oily extract eventually saturated the fibers and accumulated around their outer
surface. Based on this observation, the CFs containing 15 wt.-% 0il-OEO mixture,
which in turns provided a final content of 5 wt.-% OEO, were selected to further
functionalize the green composites with antibacterial properties. As the CF content
in the biopolymer was kept at 1 — 10 wt.-%, this resulted in a concentration range of
0.05 — 0.5 wt.-% OEO in the PHBV sheets.
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Figure 6. Fluorescence microscopy images of the coconut fibers (CFs) impregnated with
different weight contents of oil-oregano essential oil (OEO) mixture. Images were taken with an
emission wavelength between 470 and 490 nm. Scale markers of 100 um.

The MIC values, defined as the lowest concentration of a biocide substance that is
capable of inhibiting bacterial growth, of both the neat OEO and OEO-containing
CFs were determined using the plate micro-dilution protocol. While the neat OEO
presented a MIC value against S. aureus of 0.312 pul/ml, this value was significantly
higher for the OEO-containing CFs, i.e. 25 pg/ml, which corresponds to a OEO
concentration of 1.25 pg/ml. This reduction in antibacterial effectiveness, of about 4
times, can be related to partial losses during the spraying process, a heterogeneous
distribution of the OEO, and/or to an in-depth entrapment of the antibacterial oil into
fibers regions that were not accessible for interaction with bacteria (e.g. pores). It is
also worthy to indicate that the here-reported MIC values for OEO were relatively
low, being for instance one order of magnitude lower than those reported by dos
Santos Rodrigues et al. [48] against different planktonic and sessile cells of S. aureus
isolates.

In relation to the possible biological mechanism exerted by OEO on S. aureus,
Dadalioglu and Evrendilek [49] attributed this effect to two particular components:
the phenolic compound carvacrol and the monoterpene p-cymene. According to
Zivanovic et al. [36], the proposed action of phenolic compounds is based on their
attack on the phospholipid cell membrane, which causes increased permeability and
leakage of cytoplasm, or on their interaction with enzymes located at the cell wall.
Indeed, most studies investigating the antibacterial activity of OEO agree that,
generally, the extract is slightly more active against Gram-positive (G+) than Gram-
negative (G—) bacteria [30,32,36]. Not only the type of bacteria but also the source
and concentration of the active plant extract compounds and the film composition
play a key role in the antimicrobial activity of OEO. For instance, whey protein
isolated (WPI)-based films with 1 wt./vol.-% OEO prepared by Oussalah et al. [33]
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were effective against different bacterial colonies on the surface of beef. However,
Seydim and Sarikus [35] observed that a content of at least 2 wt.-% OEO in WPI
films was needed to reach the minimum inhibitory level against the same bacteria.
Finally, Table 6 includes the antibacterial effect against S. aureus of the green
composite sheets with varying functionalized CF contents. It can be observed that
both the unfilled PHBV sheet and the different green composite sheets containing
CFs without OEO showed no inhibition effect on the bacterial growth (R <0.5). In
contrast, the incorporation of OEO-containing CFs into the PHVB sheets exhibited a
significant antibacterial activity. At the initial day, i.e. for the tests carried out 1 day
after production of the green composite sheets, bacterial reduction on the sheets
surface gradually increased with the OEO-containing CFs content. At the lowest
content, i.e. 1 wt.-% OEO-containing CFs, the green composite sheet presented a
slight antibacterial activity (R =0.97). For higher contents, i.e. 3 — 10 wt.-% OEO-
containing CFs, the sheets generated a significant surface reduction (R > 1 and <3).
Although none of the sheets produced a strong reduction (R > 3), contents as low as
3 wt.-% OEO-containing CFs successfully inhibited the bacterial growth. Indeed,
materials with surface reduction values in the range 1 — 2 are usually considered as
bacteriostatic [50]. Therefore, final OEO contents of only 0.15 wt.-% in the green
composites, which corresponds to a OEO-containing CFs loading of 3 wt.-%, were
able to provide a bacteriostatic effect against S. aureus. As also shown in the table,
after 15 days, the green composite sheets successfully kept a significant antibacterial
activity. In particular, the sheets with OEO-containing CFs loadings of 5 and 10 wt.-
% still presented significant (R > 1 and <3) values of reduction while these presented
slight (R > 0.5 and <1) and nonsignificant (R <0.5) values for loadings of 3 and 1 wt.-
%, respectively. This suggests that, though part of OEO was released from the sheets
over time, the CFs were still able to retain a significant amount of the active oil.
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Table 6. Antibacterial activity against Staphylococcus aureus of the compression-molded sheets
made of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and coconut fibers (CFs) loaded
with oregano essential oil (OEO)

Initial After 15 days
Bacterial Bacterial
Sample counts R counts R
[log (CFU/mI)] [log (CFU/mI)]

Inoculation 5.69+0.10 5.69+0.10 --=
Control (t=0h) 5.70+0.03 5.68+0.44
Control (t=24h) 5.69+0.03 5.68+0.44
PHBV 5.32+0.50 0.37+0.49 5.30+0.05 0.38+0.41
PHBV/CFs 1 wt.-% 5.48+0.18 0.21+£0.15 542+0.51 0.26 £0.65
PHBV/CFs 1 wt.-% + OEO 4,72 £0.05 0.97+£0.18 5.56£0.17 0.12+£0.29
PHBV/CFs 3 wt.-% 5.39+1.11 0.30+1.14 5.54 +0.56 0.14+£0.47
PHBV/CFs 3wt.-% + OEO 4.21+£0.50 1.48+0.64 4.78 £0.09 0.90+0.65
PHBV/CFs 5 wt.-% 5.36 +0.50 0.33+0.51 5.62 +0.05 0.06 £0.45
PHBV/CFs 5wt.-% + OEO 4.15+£0.70 1.54+0.53 4.58 £0.09 1.10+0.12
PHBV/CFs 10 wt.-% 5.35+0.09 0.34+0.09 5.60+0.16 0.08 £0.56
PHBV/CFs 10 wt.-% + OEO 3.96 +0.33 1.73+0.40 4.32+£0.26 1.36+0.41

Previous studies based on films loaded with OEO against food spoilage
microorganisms have shown that a minimum concentration of approximately 1 wt.-
% of active material was necessary to ensure antibacterial efficacy. For instance,
Benavides et al. [31] incorporated OEO in alginate films prepared by solvent casting
where active contents at a level of 1.0 wt./vol.-% provided antibacterial properties. In
another study, Hosseini et al. [32] prepared OEO-containing fish gelatin/chitosan
films also by the casting method, showing antimicrobial performance at 1.2 wt./vol.-
%. Pelissari et al. [34] recently produced starch/chitosan films in which OEO was
incorporated at 0.1-1 wt.-% by blow film extrusion. The antimicrobial activity
against S. aureus was only evaluated qualitatively by the disk inhibition zone assay,
producing halos between 13.26 and 30.81 mm. The here-attained results then suggest
that antimicrobial efficiency of the green composites based on OEO-containing CFs
is about 6 — 7 times higher than that observed in previous research works. However,
all these studies are certainly difficult to compare in a straight way, even for the same
bacteria, due to differences in the film nature, the selected methodology of film
preparation, the performed antimicrobial test, etc.
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4  Conclusions

The first part of the present study was focused on finding the right processing
conditions to optimally prepare green composites made of PHBV and CFs.
Incorporation of different weight contents of CFs into a PHBV matrix was
successfully achieved by TSE, varying the screw speed, and afterward shaped into
sheets by compression molding. Optimal incorporation of the CFs into the PHBV
matrix was attained at 150 rpm since this provided the best balance between
dispersion and fiber attrition. This processing condition led to easily processable
green composite formulations with the most balanced fiber distribution, average fiber
length, and intermediate residence times. In particular, the fibers aspect ratio varied
from 5.5 to 9, which decreased with increasing the CF content, and the residence time
was of the order of 100 s. It was considered that this processing condition is beneficial
to process both PHBV, due to its intrinsic narrow processing window and poor melt
strength, and OEO, which is thermolabile and easily evaporates and/or decomposes
during processing. In the second part of the study, the green composite sheets
prepared at 150 rpm were fully characterized in terms of their thermal, mechanical,
and barrier properties. Results showed that the incorporation of CFs into PHBV
generated green composite sheets with similar thermal stability, even at the highest
content, thus positively not impairing its processing window. In general, the green
composites presented a slightly higher rigidity but lower ductility. It was particularly
observed that the CFs acted as an effective reinforcement in the PHBV matrix when
their length exceeds a critical threshold of 1500 pm, which corresponds to an aspect
ratio close to 7. In relation to the barrier properties, it was observed that both the
WVP and LP values were slightly reduced due to the CFs presence, which was related
to a sorption phenomenon at the filler—matrix interface. Interestingly, the oxygen
barrier performance was improved for intermediate CFs contents due to the
contribution of the blocking effect over the heterogeneities was optimal. Finally, in
the third part of the study, the CFs were impregnated with different OEO contents by
an in-house developed spraying methodology and thereafter incorporated again into
the green composites to generate sheets with antibacterial activity. Through this
approach, it was possible to successfully achieve bacteriostatic effect against S.
aureus from OEO-containing CF contents of only 3 wt.-%. This was ascribed to the
high capacity of CFs to entrap active substances, being able to resist typical
processing conditions of thermoplastic materials produced in the packaging industry.
Interestingly, OEO was released in a slow manner to the green composite sheet
surface, remaining at effective concentrations for a period of at least 15 days.

The scientific merit of this work relays on the development of a fully bio-based
formulation, where a natural antimicrobial is incorporated within the structure of an
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agro-food waste filler, which then acts as a carrier. In addition, the filler also serves
to improve the physical performance and potentially reduce the cost of the overall
formulation giving the current high price of commercial PHBV. This technology adds
to actual strategies to pursue Circular Economy’s approaches for the design of
packaging materials. The active antimicrobial performance is, indeed, an added value
also for the formulation because it will potentially increase the food quality and safety
of the packed foods.
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Electrospun Active Biopapers of Food Waste Derived Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) with Short-Term and Long-
Term Antimicrobial Performance

Abstract

This research reports about the development by electrospinning of fiber-based films
made of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) derived from
fermented fruit waste, so-called bio-papers, with enhanced antimicrobial
performance. To this end, different combinations of oregano essential oil (OEO) and
zinc oxide nanoparticles (ZnONPs) were added to PHBV solutions and electrospun
into mats that were, thereafter, converted into homogeneous and continuous films of
~130 um. The morphology, optical, thermal, mechanical properties, crystallinity, and
migration into food simulants of the resultant PHBV-based bio-papers were
evaluated and their antimicrobial properties were assessed against Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli) in both open and closed systems. It
was observed that the antimicrobial activity decreased after 15 days due to the release
of the volatile compounds, whereas the bio-papers filled with ZnONPs showed high
antimicrobial activity for up to 48 days. The electrospun PHBYV biopapers containing
2.5 wt.% OEO + 2.25 wt.% ZnONPs successfully provided the most optimal activity
for short and long periods against both bacteria.

Keywords: PHBV; essential oils; inorganic nanoparticles; biopapers; electrospinning;
migration; active packaging
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1 Introduction

The packaging industry has increased the demand of active materials obtained from
renewable resources due to the environmental concerns related to the extensive use
of conventional plastics and also to the consumer requests for safer, more nutritious,
and high-quality food [1]. Polyhydroxyalkanoates (PHAs) are bio-based and
biodegradable aliphatic polyesters of high potential to replace polyolefins in
packaging applications [2]. PHAs are synthesized in the mitochondria of a wide range
of Gram-negative (G—) and Gram-positive (G+) microorganisms [3]. They can be
divided into short chain length (scl-PHAs) with monomers with three to five carbon
atoms and medium chain length (mcl-PHAs) with monomers with more than six
carbons [4]. Among them, scl-PHAs are the most studied, including the poly(3-
hydroxybutyrate) (PHB or P3HB) homopolyester and its copolymer poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). The latter shows lower
crystallinity and melting point as well as greater flexibility, which broadens its
industrial applicability [4,5]. In order to confer active properties to PHAs, several
substances can be incorporated into the biopolymers such as essential oils (EOs) and
inorganic or metal nanoparticles (MNPs) [6,7].

EOs are the product of the secondary metabolism of plants, separated from the
aqueous phase, which is formed by various volatile components such as terpenes,
alcohols, acids, esters, epoxies, aldehydes, ketones, amines, and sulphides, among
others [8]. This wide range of compounds are responsible for the strong biological
activity and also the antioxidant, antimicrobial, antifungal, and antiviral properties of
plants [9]. In addition, EOs are biologically safe and have a low risk of causing
resistance in pathogens [10]. In addition, they are classified as Generally Recognized
as Safe (GRAS) by the U.S. Food and Drug Administration (FDA) [11]. Among
them, oregano essential oil (OEO) is one of the most important and it is widely used
in the pharmaceutical, food, and cosmetics industries [12]. It comes from the genus
Origanum that belongs to the Lamiaceae family [13], which is constituted by more
than 38 monoterpenoids [ 14]. Their main active compounds are carvacrol, thymol, p-
cymene, and y-terpinene, which are responsible for its high antimicrobial and
antioxidant activities [15,16]. These active compounds have been particularly related
to the inhibition of G— bacteria such as Escherichia coli (E. coli), Pseudomonas
aeruginosa (P. aeruginosa), and Salmonella typhimurium (S. typhimurium) and G+
bacteria including Staphylococcus aureus (S. aureus), Listeria monocytogenes (L.
monocytogenes), Bacillus subtilis (B. subtilis), Streptococcus pyogenes (S.
pyvogenes), and Alicyclobacillus acidoterrestris (A. acidoterrestris) [12,15,17-19].
Some other studies have also demonstrated the high antioxidant activity of OEO,
which ranges from 80% to 90% inhibition of free radicals of 2,2-diphenyl-1-
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picrylhydrazyl (DPPH) and 2,2'-azino-bis-(-3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) [12,20,21] due to the presence of hydroxyl groups (—OH) in its chemical
structure [22].

Zinc oxide (ZnO) is an inorganic material, which can have up to three crystal
structures including hexagonal wurtzite, cubic zinc-blende structure, and a rarely-
observed cubic rock-salt (NaCl-type) [23]. The wurtzite form is the most
thermodynamically stable structure in environmental conditions. The zinc-blende
structure is metastable while the cubic rock-salt structure is stable under extreme
pressure [24]. Particles of ZnO are the fourth most used metal particles in the world
after those of iron, aluminum, and copper. It is commonly used in sunscreens and
also in the food industry, which presents some advantages over other metallic
substances due to its high mechanical stability, thermal stability at an ambient
temperature, biocompatibility, and low cost and toxicity [25,26]. ZnO is also among
the five zinc compounds categorized as GRAS by the U.S. FDA (21CFR182.8991)
[27-29]. Zinc oxide nanoparticles (ZnONPs) can be synthesized by mechanochemical
processing, sol-gel methods, and spray pyrolysis [30,31]. The antimicrobial effect of
ZnONPs is exerted by different mechanisms of action such as reactive oxygen species
(ROS), ion release (Zn*"), membrane dysfunction, nanoparticle penetration,
interruption, and blockage of transmembrane electron transport. ZnONPs cause
irreversible damage as they disintegrate the membrane and increase its permeability
[32,33,34]. Numerous investigations have reported a broad spectrum of ZnONPs
bactericide in most G— and G+ bacteria such as E. coli, Salmonella enteritidis (S.
enteritidis), S. typhimurium, Proteus vulgaris (P. vulgaris), Klebsiella pneumonia (K.
pneumoniae), S. pyogenes, Aeromonas hydrophila (A. hydrophila), B. subtilis, S.
aureus, L. monocytogenes, P. aecruginosa, Enterococcus faecalis (E. faecalis), Sarcina
lutea (S. /utea), and more [35- 40].

The combined use of such organic-inorganic substances can offer several advantages
in the development of novel active materials. For instance, a good dispersion of
ZnONPs in an EO-containing PHA matrix can be effectively achieved and the
properties of the resultant composite are improved [41]. From a chemical point of
view, the integration of MNPs in polymers can be attained by a stable incrustation of
the nanoparticles in the polymer matrix without having any chemical interaction or
an anchorage of the nanoparticles on the surface by means of covalent, ionic, or
hydrogen bonds [42]. Additionally, this combination can improve the mechanical
properties, thermal stability, conductivity, and chemical resistance of polymers. Their
composites can also show antimicrobial and antioxidant properties for different
periods of time [43-45]. Therefore, they can contribute to the design of active
packaging that extends the shelf life of the products by a mechanism that delays or
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inhibits the microbial, enzymatic, and oxidative reactions, which are the main causes
of food deterioration [46,47]. Then, the resultant packaging can serve to improve the
distribution logistics and food preservation [48]. For instance, Al-Jumaili et al. [49]
developed nanocomposite films combining renewable geranium essential oil (GEO)
with ZnO. These sustainable nanocomposite films were proposed as active coatings
of medical devices. In another study, Sani et al. [50] studied the effect of the
combination of Melissa essential oil (MEO) and ZnO in chitosan composite films.
The resultant composite showed a great deal of potential as antimicrobial and
biodegradable films in food packaging applications. Ahmed et al. [51] also developed
antimicrobial films incorporating ZnONPs in combination with clove essential oil
(CEO) into polylactide/polyethylene glycol/poly(e-caprolactone) (PLA/PEG/PCL)
blends by solution casting. The films showed antibacterial efficacy for 21 days of
storage at 4 °C against S. aureus and E. coli inoculated in scrambled egg. Heydari-
Majd et al. [45] also developed active packaging films based on polylactide (PLA)
containing ZnONPs and the Zataria multiflora Boiss essential oil aimed to extend the
shelf life of meat products.

In this regard, the electrospinning technology offers the option to form high-
performance active and bioactive systems based on polymer yarns of nanofibers with
high surface-to-volume ratios by the application of high electrical fields to polymer
solutions [52]. The resultant electrospun materials containing the active-releasing
agents can then be incorporated into multilayer structures as coatings [53] or
interlayers, [54] having a potential application in antimicrobial systems [55].
Furthermore, the application of annealing a thermal post-treatment below the
biopolymer’s melting temperature (Tr) allows us to obtain continuous and highly
transparent films of more interest in the field of packaging [56]. Our previous
research works have previously demonstrated that electrospun PHA films, that is,
biopapers, containing either neat OEO [57,58] or ZnONPs [59], can exert a strong
antimicrobial activity against different bacterial strains. The term “biopapers” refers
to fiber-based materials made of natural polymers that are non-fiber based in origin
such as PHAs. This is similar to conventional papers that refer to fiber-based
materials made of cellulose or nanopapers to those made of nanocellulose. Moreover,
the active packaging toward traditional packaging (total “inert” packaging) is
designed to add valuable properties to foodstuff (e.g., extending the shelf life of
foodstuff). Nevertheless, there are serious challenges faced by its commercialization
due to the possible migration of the active additive from food packaging into
foodstuff, and whose effects on consumer health are unknown [60].

In this context, the objective of this research was to assess the potential of the
electrospinning technology to develop active biopapers of PHBV containing mixtures
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of OEO and ZnONPS to achieve both short-term and long-term strong antimicrobial
performance. Initially, both antimicrobial agents were characterized and the content
of ZnONPs in PHBV was optimized. Then, the electrospun hybrid PHBV biopapers
were characterized in terms of their morphology, optical, thermal, and mechanical
properties, and crystallinity. Thereafter, the antimicrobial activity of the electrospun
biopapers was evaluated against strains of E. coli and S. aureus in an open and closed
system for 48 days and, compared to equivalent biopapers, based on neat OEO or
ZnONPs. Lastly, the amount of ZnONPs that might migrate from the electrospun
PHBYV biopapers into different food simulants was analyzed.
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2  Materials and Methods
2.1 Materials

PHBV with a molar fraction of 3-hydroxyvalerate (HV) of ~20 % was produced at
the Universidade NOVA (UNOVA) de Lisboa (Lisbon, Portugal) at a pilot-plant
scale. The copolyester was produced by means of mixed microbial cultures fed with
fermented fruit that was supplied by SumolCompal S.A. (Lisbon, Portugal) as a waste
from manufacturing fruit juice. Further details about the preparation of this PHA can
be found elsewhere [61].

OEO, purity >99 % and a relative density of 0.925 — 0.955 g/mL, was provided by
Gran Velada S.L. (Zaragoza, Spain). ZnONPs (CR-4FCC1), 99 % purity, specific
surface of 4.5 m2/g, bulk density of 40 Ib/ft3, and specific gravity of 5.6 were
obtained from GH Chemicals LTD® (Saint Hyacinthe, QC, Canada).

Methanol, HPLC grade with 99.9 % purity and chloroform, reagent grade with 99.8
% purity, were both obtained from Panreac S.A. (Barcelona, Spain). 1-butanol,
reagent grade with 99.5 % purity, and DPPH were both obtained from Sigma-Aldrich
S.A. (Madrid, Spain). Ethanol absolute (>99.9 % vol.) was supplied by Honeywell®
(Frankfurt, Germany). Acetic acid glacial (99 %) was supplied by Fisher Chemical®
(Loughborough, UK). Zinc standard for calibration of ICP (TraceCERT®, 1000
mg/L zinc metal of high-purity quality prepared with 2 % nitric acid suitable for trace
analysis and high-purity water, 18.2 MQ.cm, 0.22 um filtered) and nitric acid (70
vol%) were supplied by Sigma-Aldrich (Darmstadt, Germany).

2.2 Preparation of the Solutions for Electrospinning

The PHBV solution for electrospinning was prepared by dissolving 10% (wt/vol) of
the biopolymer in a mixture of chloroform/1-butanol 75:25 (vol/vol) at room
temperature. A solution containing OEO at 10 wt.% in PHBV was also produced in
the same conditions based on our previous research work [57]. To select the optimal
concentration of ZnONPs in PHBYV, different solutions with contents of 1 wt.%, 3
wt.%, 6 wt.%, and 10 wt.% of ZnONPs in PHBV were prepared. The formulations
based on the combination of OEO and ZnONPs were tested by preparing PHBV
solutions with 7.5 wt.% OEQO + 0.75 wt.% ZnONPs, 5 wt.% OEO + 1.5 wt.%
ZnONPs, and 2.5 wt.% OEQ + 2.25 wt.% ZnONPs.

2.3 Preparation of the Electrospun Biopapers

All the PHBYV solutions containing OEO and ZnONPs were electrospun, in the same
conditions, in a Fluidnatek® LE5S00. A high-throughput
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electrospinning/electrospraying pilot line was manufactured and commercialized by
Bioinicia S.L. (Valencia, Spain). Electrospining was performed by means of a 24
emitter multi-nozzle injector that was scanning vertically onto a metallic plate. The
process conditions during electrospinning consisted of a flow-rate of 6 mL/h per
single emitter, a voltage of 17 kV, and a tip-to-collector distance of 20 cm.

The resultant electrospun mats were subjected to annealing in a 4122-model press
from Carver, Inc. (Wabash, IN, USA). The thermal post-treatment was performed at
125 °C, for 15 s, without pressure, based on previous conditions [57]. The resultant
film samples, known as biopapers, had an average thickness of approximately 80 —
130 pum.

2.4 Characterization
2.4.1 Thickness

The thickness of all the biopapers was measured, prior to testing, using a digital
micrometer S00014 from Mitutoyo, Corp. (Kawasaki, Japan) with an accuracy of
+0.001 mm. Five different points of the samples were measured including one in the
middle and two in each end.

2.4.2  Morphology

Scanning electron microscopy (SEM), by means of a Hitachi S-4800 (Tokyo, Japan),
and transmission electron microscopy (TEM), using a JEOL 1010 (Peabody, MA,
USA), were used to determine the particle shape and size (diameter) distributions of
ZnONPs and of the morphology of the electrospun PHBV fibers and their
corresponding biopapers containing OEO and ZnONPs. For analyzing the dispersion
of the ZnONPs in the electrospun PHBV fibers, the fibers were collected on a
sandwich-type holder (Agar Scientific-G230, Agar Scientific Ltd., Essex, UK) with
a mesh size of 3.05 mm. For the SEM cross-section observations, the biopapers were
cryo-fractured by immersion in liquid nitrogen. The samples for SEM analysis were
previously sputtered with a gold-palladium mixture for 3 min under vacuum. An
accelerating voltage of 10 kV and a working distance of 8 — 10 mm was used during
SEM analysis. For TEM, an acceleration voltage of 100 kV was employed. The size
distribution of the particles and average fiber diameters was determined via ImageJ
software using, at least, 20 microscopy images.

2.4.3  Transparency

The light transmission of the biopapers was determined using an UV-Vis
spectrophotometer VIS3000 from Dinko, Instruments (Barcelona, Spain). To this
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end, the absorption of light at wavelengths between 200 nm and 700 nm was
measured in specimens sized 50 mm x 30 mm. Transparency (T) and opacity (O)
were determined using Equations (1) and (2), respectively [62].

— Ae00
T =% (1)

0 =Asp L )

where L is the biopaper thickness (mm), while Asoo and Agoo are the absorbance at
500 and 600 nm, respectively.

2.4.4  Color

Color of the biopapers was determined with a Chroma Meter CR-400 from Konica
Minolta (Tokyo, Japan). The color difference (AE*) was calculated using Equation
(3) [62].

AE* = [(AL*)? 4 (Aa*)* + (Ab*)?]%5 (3)

where AL*, Aa*, and Ab* corresponded to the differences between the brightness and
color parameters of the PHBV biopapers containing the active substances and the
values of the neat PHBV biopaper. The color change was evaluated according to the
following criteria [63]: the difference was unnoticeable if AE* < 1. Only an
experienced observer can notice the difference for AE* > 1 and < 2. An
unexperienced observer notices the difference when AE* > 2 and < 3.5. A clear
noticeable difference is noted if AE* > 3.5 and < 5, and the observer notices different
colors when AE* > 5. Tests were performed in triplicate.

2.4.5  X-Ray Diffraction Analysis

Wide angle X-ray diffraction (WAXD) was performed on the biopaper samples using
a Bruker AXS D4 Endeavour diffractometer from Bruker Corporation (Billerica,
MA, USA). The samples were scanned, at room temperature, in reflection mode using
incident CuKa radiation (k = 1.5406 A), while the generator was set up at 40 kV and
the filament current was set at 40 mA. The data were collected over the range of
scattering angles (26) comprised in the 5 — 40° range. Peak fitting was carried out
using Igor Pro software package and Gaussian function was used to fit the
experimental diffraction profiles obtained.
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2.4.6  Thermal Analysis

The thermal properties were studied by thermogravimetric analysis (TGA) in a
thermobalance TGA/STDAS851e/LF/1600 from Mettler Toledo Inc (Schwarzenbach,
Switzerland) under nitrogen atmosphere. After conditioning the samples in the sensor
for 5 min at 30 °C, the samples were heated from 25 °C to 700 °C at a heating rate of
10 °C/min. The first derivative of thermogravimetry (DTG) curves, expressing the
weight loss rate as the function of time, were also obtained using TA analysis
software. All the tests were carried out in triplicate.

2.4.7 Mechanical Tests

Tensile tests were performed on an Instron Testing Machine Model 4469 from Instron
Corp (Canton, MA, USA) according to ASTM Standard D 638. The biopapers were
dumbbell-shaped to 115 mm x 16 mm. The cross-head speed was fixed at 10
mm/min. Four samples were tested for each biopaper and the average values of the
mechanical parameters and standard deviations were reported.

2.4.8  Antimicrobial Activity

S. aureus CECT240 (ATCC 6538p) and E. coli CECT434 (ATCC 25922) strains
were obtained from the Spanish Type Culture Collection (CECT, Valencia, Spain).
The bacterial strains were stored in phosphate buffered saline (PBS) with 10 wt%
tryptic soy broth (TSB) obtained from Conda Laboratories (Madrid, Spain) and 10
wt% glycerol at —80 °C. Previous to each study, a loopful of bacteria was transferred
to 10 mL of TSB and incubated at 37 °C for 24 h. A 100-pL aliquot from the culture
was again transferred to TSB and grown at 37 °C to the mid-exponential phase of
growth. The optical density showing an absorbance value of 0.20 and measured at
600 nm in a UV-Vis spectrophotometer VIS3000 from Dinko, Instruments
(Barcelona, Spain) determined that the initial bacterial concentration was
approximately a 5x10% CFU/mL.

The values of minimum inhibitory concentration (MIC) and minimum bactericide
concentration (MBC) of the OEO and ZnONPs were tested against the two selected
food-borne bacteria following the plate micro-dilution protocol described in the
“Methods for Dilution Antimicrobial. Susceptibility Tests for Bacteria That Grow
Aerobically; Approved Standard Tenth. Edition (M07-A10)” by the Clinical and
Laboratory Standards Institute (CLSI). During this test, a 96-well plate with an alpha
numeric coordination system (columns 12 and rows A-H) were used, where 10 pL of
the tested samples were introduced in the wells with 90 L of the bacteria medium.
In the wells corresponding to A, B, C, E, F, and G columns, different concentrations
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of ZnONPs and OEO (0.078, 0.156, 0.312, 0.625, 1.25, 2.5, 5, 10, 20, and 40 pg/mL)
were tested, in triplicate, from rows 1 to 10. Columns D and H were used as a control
of ZnONPs and OEO in TSB without bacteria. Rows 11 and 12 were taken as the
positive control, that is, only TSB, and a negative control, that is, S. aureus and E.
coli in TSB, respectively. The plates were incubated at 37 °C for 24 h. Thereafter, 10
pL of resazurin, a metabolic indicator, was added to each well and incubated again
at 37 °C for 2 h. Upon obtaining the resazurin change, the wells were read through a
color difference. The MIC value was determined as the lowest concentration of OEO
and ZnONPs presenting growth inhibition.

The antimicrobial performance of the electrospun PHBV biopapers was determined
based on the guidelines of the Japanese Industrial Standard JIS Z2801 (ISO
22196:2007) for film samples [64]. The dimension of the biopapers was 1.5 cm x 1.5
cm. Onto the PHBV biopapers containing OEO and ZnONPs (test films) and PHBV
biopaper without OEO and ZnONPs (negative control film), a microorganism
suspension of S. aureus and E. coli was applied. Thereafter, the inoculated samples
were placed in open bottles and incubated for 24 h at 24 °C and at a relative humidity
(RH) of at least 95 %. Bacteria were recovered with PBS, 10-fold serially diluted,
and incubated for 24 h at 37 °C to quantify the number of viable bacteria by a
conventional plate count. The antimicrobial activity reduction (R) was evaluated
from 1 (initial day), 8, 15, 22, 30, 40, and 48 days using Equation (4).

= o0 () tog ()] = a0 2) 0

where A is the average of the number of viable bacteria on the control sample
immediately after inoculation, B is the average of the number of viable bacteria on
the control sample after 24 h, and C is the average of the number of viable bacteria
on the test sample after 24 h. The next assessment was followed to evaluate the
antibacterial activity of the biopapers [65]: Nonsignificant reduction if R < 0.5, a
slight reduction when R > 0.5 and < 1, a reduction that was significant when R > 1
and < 3, and a reduction was strong if R > 3. Experiments were performed in
triplicate.

2.4.9  Migration test

The specific migration test conditions established by European Normative EC 13130-
1:2004 were followed to determine the migration of ZnONPs from the electrospun
PHBV-based biopapers. This process was performed by full immersion of the PHBV
biopapers containing OEO and ZnONPs (size: 0.5 dm? and weighted accurately) in
two food simulants that were sealed in clean wide-mouth jars. These simulant
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systems consisted of an ethanol solution in water (83.33 mL at 10 vol% at 40 °C for
10 days) and acetic acid in water (83.33 mL at 3% wt/vol at 40 °C for 10 days). The
blanks were food simulants without the biopaper samples filled into sealed jars and
stored under the same conditions. After the incubation period, that is, 10 days, the
biopapers containing OEO and ZnONPs were removed whereas the ethanol and
acetic acid simulants were evaporated on an electric hot plate, digested with 1.2 mL
of 70 % HNOg, and resuspended in 12 mL of an ultrapure water vial with 1.2 mL of
70 % HNO3 vol/vol. The samples were then introduced for metal quantification by
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) using
Spectrometer ICPE-9000 (Shimadzu®, Kioto, Japan) operating in the wavelength
range from 167 nm to 800 nm, and equipped with torch axial or radial configuration,
an ultrasonic nebulizer for higher sensitivity, and a charge coupled device (CCD)
detector. The wavelength range was set from 167 nm to 800 nm. The instrumental
parameters employed for ICP-OES analysis consisted of a nebulizer gas flow (0.70
L/min Ar), an auxiliary gas flow (0.60 L/min Ar), plasma (10 L/min Ar), Ar Gas P
(478.66 kPa), and ICP radio frequency (RF) power (1.20 kW), whereas the direction
was axial, the rotation speed was 20 rpm, the CCD temperature was —15 °C, and the
vacuum level was 6.9 Pa. The linearity of the calibration curve was considered
acceptable by achieving a correlation coefficient R2 > 0.999. All results were blank
subtracted and the specific migration tests were performed in triplicate.

2.5 Statistical Analysis

The results were evaluated with a 95 % significance level (p < 0.05) by the analysis
of variance (ANOVA). To identify significant differences among the samples, a
multiple comparison test (Tukey) was followed using the software OriginPro8
(OriginLab Corporation, Northampton, MA, USA).
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3 Results and Discussions

3.1 Characterization of the Antimicrobial Agents

TEM was conducted to evaluate the morphology of ZnONPs and their micrographs
are presented in Figure 1. In Figure 1a, one can observe the TEM micrograph of the
ZnONPs powder, which showed aggregates of cubic-like and rectangular particles
with sizes below 100 nm. Figure 1b shows the surface of a single ZnONP, which
have a surface of approximately 80 x 20 nm?. As observed in the particle histogram
shown in Figure 1c, most of the ZnONPs presented sizes between 85 nm and 105 nm,
which have an average size of ~98 nm. This morphology is similar to that reported
by Naphade and Jog [66] and Ogunyemi et al. [67] who described nanoparticles with
elongated and cubic morphologies with lengths from 40 nm to 100 nm and diameters
of ca. 50 nm.
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Figure 1. (a,b) Transmission electron microscopy (TEM) micrographs of zinc oxide
nanoparticles (ZnONPs) showing scale markers of 200 nm and 100 nm, respectively. (c)
Histogram of particle sizes.

Table 1 shows the MIC and MBC values of the neat OEO or ZnONPs against the
strains of S. aureus and E. coli, selected as representative G+ and G— foodborne
bacteria, respectively. OEQ presents a good antibacterial effect against both bacterial
strains, which achieve identical MIC and MBC values, that is, 0.625 pL/mL, against
E. coli, and 0.312 pL/mL, against S. aureus [57]. The similar MIC and MBC values
obtained by natural compounds have been described to inhibit the microbial growth
and eliminate 99.9 % of the microorganisms [68]. In particular, the antimicrobial
activity of OEO has been related to its high content in carvacrol and thymol [15].
Further details about the antimicrobial properties of OEO can be found in our
previous research works [5,57]. Alternatively, it can be observed that ZnONPs
presented the same values of MIC and MBC for both E. coli and S. aureus bacteria.
In particular, the inhibition of the two strains was attained at 0.156 pg/mL. In this
regard, Salah et al. [69] reported a MIC value for ZnONPs of 2 pg/mL against E. coli
and B. subtilis bacteria and the S. cerevisiae yeast. The differences observed in the

135



antimicrobial activity of the nanoparticles can be related to their morphology and
synthesis process. For instance, several authors have indicated that, at high
concentrations, aggregates of nanoparticles may form precipitates that decrease the
ZnONPs’ antimicrobial activity [35,69]. It is also worthy to mention that the
antimicrobial activity of ZnONPs is attributed to the release of ions Zn?*, which
penetrate the cellular wall of bacteria or adhere to the cell by an electrostatic
interaction. This phenomenon leads to the generation of reactive oxygen species
(ROS), such as 0> and OH™ radicals, on the surface of particles that cause a
dysfunction of the membrane and, therefore, the destruction of the bacterial cells
[70,71]. Thus, it was confirmed that ZnONPs present a broad spectrum of inhibition
for both G+ and G— bacteria [26].

Table 1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) of the neat oregano essential oil (OEO) and zinc oxide nanoparticles (ZnONPs) against
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli)

Active agent Bacteria MIC MBC
OEO E. coli 0.625 uL/mL 0.625 pL/mL
S. aureus 0.312 pL/mL 0.312 pL/mL
E. coli 0.156 pg/mL 0.156 pg/mL
ZNONPs S. aureus 0.156 png/mL 0.156 pg/mL

3.2 Optimization of the Electrospun PHBV/ZnONPs Biopapers

The morphology and the antimicrobial properties of the electrospun PHBV fibers and
biopapers containing ZnONPs were also analyzed by SEM and TEM in order to select
the optimal content of nanoparticles in the biopolymer. Figure 2 shows the SEM
micrographs of the electrospun PHBYV fibers. In particular, Figure 2a shows the SEM
images of the neat PHBV fibers, whereas Figure 2b includes the PHBV fibers
containing 10 wt.% OEO, which were also included in the study for comparison. In
both cases, the PHBV fibers presented a mean diameter of approximately 0.8 pm,
which is agreement with our previous works reporting the morphology of electrospun
PHBYV fibers [57,58]. Figure 2c—f corresponds to the PHBV fibers, without OEO,
containing ZNONPs at 1 wt.%, 3 wt.%, 6 wt.%, and 10 wt.%. It can be seen that, in
all cases, the mean diameters of the fibers were in the 0.88 — 0.97 um range. The
electrospun PHBYV fibers presented a smooth surface morphology without beads. No
further changes were observed in the fibers’ morphology after the ZnONPs
incorporation with the exception that some nanoparticles were also observed on the
fibers surface, which indicates that part of ZnONPs were not incorporated into the
PHBYV matrix.
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Figure 2. Scanning electron microscopy (SEM) mlcrographs of the electrospun fibers of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV): (a) Neat PHBV; (b) PHBYV containing 10 wt%
oregano essential oil (OEO); (c) PHBV containing 1 wt% zinc oxide nanoparticles (ZnONPs); (d)
PHBV containing 3 wt% ZnONPs; (e) PHBV containing 6 wt% ZnONPs; (f) PHBV containing
10 wt% ZnONPs. Scale markers of 50 um in all cases.

Figure 3 shows the TEM micrographs of the nanocomposite fibers to evaluate the
dispersion of the nanoparticles within the fibers. In Figure 3a, which corresponds to
the fibers containing 1 wt.% of ZnONPs, it can be seen that the nanoparticles were
efficiently encapsulated in the PHBYV fibers during the electrospinning process even
though they were randomly distributed within the biopolymer matrix. A similar
morphology was attained for the electrospun fibers with a ZnONPs content of 3 wt.%,
shown in Figure 3b. In general, the nanoparticles showed a relatively good dispersion
within the PHBV matrix. However, it can be observed that, as the nanofillers content
increased, the ZnONPs tended to form agglomerates. Therefore, the samples
containing 6 wt.% and 10 wt.% ZnONPs (Figure 3c,d, respectively) showed fiber
regions with agglomerated ZnONPs. This effect was particularly noticeable for the
electrospun PHBYV fibers filled with the 10 wt.% ZnONPs. This morphological
observation supports the previously described thickening observed by SEM for the
PHBYV fibers attained for the highest ZnONPs loadings.
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Figure 3. Transmission electron microscopy (TEM) micrographs of the electrospun fibers of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing zinc oxide nanoparticles
(ZnONPs) at: (a) 1 wt%,; (b) 3 wt%; (c) 6 wt%,; (d) 10 wt%. Scale markers of 500 nm in all cases.

The resultant electrospun mats were annealed at 125 °C in order to produce
continuous films composed of fibers, which are called biopapers. Figure 4 shows the
SEM images of the electrospun materials after the thermal post-treatment at 125 °C
in both their cross-section and top views. The biopapers of neat PHBV, presented in
Figure 4a,b and of the PHBV containing 10 wt.% OEO, presented in Figure 4c,d,
showed a similar thickness of ~80 um. The neat PHBV biopaper exhibited a
homogeneous and continuous structure, which is similar to the morphologies reported
recently by Melendez-Rodriguez et al. [61], even though, in the previous study, the
films showed a higher porosity due to the presence of high loadings of eugenol that
plasticized the PHBV matrix, which was evaporated/migrated during the annealing
process. Similarly, the OEO-containing PHVB biopapers presented some small pores
in their cross section due to the evaporation of the volatiles during the thermal post-
treatment. The top view and cross section of the PHBV biopapers containing 1 wt.%
ZnONPs are gathered in Figure 4e,f, where it can be observed that the biopaper
surface was also homogenous. Similar morphologies can be seen in Figure 4g,h for
the PHBV biopapers filled with 3 wt.% ZnONPs. However, in the case of the
biopapers containing 6 wt.%, shown in Figure 4i,j and 10 wt% ZnONPs, in Figure
4k,1, the presence of nanoparticles altered their surface, which affected the film
homogeneity and generated cracks. The presence of ZnONPs also increased
significantly the biopaper thicknesses to ~130 pm, in all the biopaper samples, which
can be related to confinement restrictions of the fibers’ reorganization by the
nanoparticles’ presence during annealing.
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Figure 4. Scanning electron microscopy (SEM) micrographs in a top view (left) and a cross-
section (right) of the electrospun biopapers of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV): (a,b) Neat PHBV; (c,d) PHBV containing 10 wt% oregano essential oil (OEO); (e,f)

PHBV containing 1 wt% zinc oxide nanoparticles (ZnONPs); (g,h) PHBV containing 3 wt%

ZnONPs; (i,j) PHBYV containing 6 wt% ZnONPs; (k,I) PHBV containing 10 wt% ZnONPs. Scale
markers of 50 um in all cases.
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Lastly, the antimicrobial properties in an open system of the electrospun PHBV
biopapers filled with the different contents of ZNONPs against S. aureus and E. coli
were studied and the results are gathered in Figure 5. Film samples with
concentrations of 1 wt.% and 3 wt.% ZnONPs showed strong inhibition (R > 3)
against both strains after 24 h. Interestingly, when the concentration of ZnONPs
increased, the antimicrobial activity decreased. This effect can be related to the
previously mentioned phenomenon of agglomeration, once the viable active surface
of ZnONPs was reduced when they formed agglomerates and, therefore, reduced the
ion-releasing process and, thus, their effectiveness. As reported earlier, the size,
morphology, and specific surface area of ZnONPs can greatly affect the antibacterial
properties and, thus, the agglomeration of ZnONPs must be avoided [35]. These
results are also in accordance with a previous work of Padmavathy and
Vijayaraghavan [72] who determined that the antibacterial activity of ZnO against E.
coli was stronger when the particle size decreased and the particle dispersion was
improved.
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Figure 5. Antimicrobial properties of the electrospun biopapers of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) containing zinc oxide nanoparticles (ZnONPs) against Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli) in an open system for 24 h.

Based on the obtained results, 3 wt.% was selected as the optimal content of ZnONPs
in PHBV. The resultant electrospun biopapers were not only more uniform and
homogeneous, but they also offered the highest antibacterial properties at a relatively
low content. The here-attained optimal content of ZNONPs in PHBV was two times
lower than that previously obtained by Castro-Mayorga et al. [59] who reported a
reduction of approximately 3 log CFU/mL for L. monocytogenes with PHBYV films
filled with 6 wt.% ZnONPs. The differences observed can be related to methods
employed for the incorporation of the ZnONPs such as direct melt-mixing, melt-
mixing of pre-incorporated ZnONPs into PHBV, and coating of annealed electrospun
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fiber mats over compression-molded PHBYV films as well as the morphology and
crystal-type of the nanoparticles.

3.3 Development of the Electrospun Hybrid PHBYV Biopapers

The PHBYV fibers containing the mixtures of OEO and ZnONPs, known as the hybrid
fibers, were developed and compared to the previously prepared electrospun
materials based on either neat PHBV or PHBV with 10 wt.% OEO or 3 wt.%
ZnONPs. Figure 6 shows the SEM micrographs of the electrospun hybrid PHBV
fibers. In Figure 6a, one can observe the morphology of the PHBV fibers containing
7.5 wt.% OEO + 0.75 wt.% ZnONPs. The mean diameter was 0.90 + 0.28 um and
the fibers were smooth and also free of beaded regions. Similar morphologies were
attained for the PHBV fibers containing 5 wt.% OEO + 1.5 wt.% ZnONPs and 2.5
wt.% OEO + 2.25 wt.% ZnONPs, respectively shown in Figure 6b,c. The fibers’
diameters, however, slightly increased (p > 0.005) with the increase of the ZnONPs
content and some nanoparticles were also placed outside the fibers. In particular, the
mean diameters were 0.92 + 0.32 pm and 0.94 + 0.41 pum, for the PHBV fibers
containing 5 wt.% OEO + 1.5 wt.% ZnONPs and 2.5 wt.% OEO + 2.25 wt.%
ZnONPs, respectively. A similar effect was observed by Mousavi et al. [73] where
the addition of cerium dioxide (CeO)/dendrimer nanoparticles significantly
increased the diameter of electrospun  pullulan/poly(vinyl  alcohol)
(PVA)/poly(acrylic acid) (PAA) fibers and it also induced surface roughness. This
effect was ascribed to the high filler concentration, which promoted porosity and fiber
thickening. In general, all the PHBV-based fibers presented a uniform and smooth
surface, showing no surface or structural defects, which indicates that the addition of
mixtures of OEO and ZnONPs positively did not alter fiber formation during
electrospinning.
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Figure 6. Scanning electron microscopy (SEM) micrographs of the electrospun fibers of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing different amounts of oregano
essential oil (OEO) and zinc oxide nanoparticles (ZnONPs): (a) PHBV + 7.5 wt.% OEO + 0.75
wt.% ZnONPs; (b) PHBV + 5 wt.% OEOQ + 1.5 wt.% ZnONPs; (c) PHBV + 2.5 wt.% OEO +
2.25 wt.% ZnONPs. Scale markers of 50 pm in all cases.
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The morphology of the electrospun hybrid PHBYV fibers was also analyzed by TEM
to observe the effect of OEO on the dispersion of ZNONPs in the biopolymer matrix.
Figure 7 gathers the TEM micrographs of the electrospun fibers. One can observe in
Figure 7a,b, corresponding to the PHBV fibers containing 7.5 wt.% OEO + 0.75 wt.%
ZnONPs and 5 wt.% OEO + 1.5 wt.% ZnONPs, respectively, that the nanoparticles
were well dispersed along the biopolymer even though they also tended to
agglomerate in certain regions. Agglomeration was more intense in the case of the
PHBYV fibers containing 2.5 wt.% OEO + 2.5 wt.% ZnONPs, shown in Figure 7c,
suggesting that larger aggregate structures were formed as the nanoparticles’
concentration increased. This phenomenon is in agreement with the results reported
by Cherpinski et al. [74] who incorporated palladium nanoparticles (PdNPs) into
electrospun fibers of PHB. Nanoparticle agglomeration can be ascribed to the large
surface area of the nanoparticles and the electrostatic forces among them [75]. The
hybrid fibers showed lower agglomerates of the nanoparticles when compared with
the ZnONPs-containing PHBV fibers without OEO, as seen in Figure 3, which
suggests that the presence of the oil favored the dispersion of the nanoparticles. This
effect can be ascribed to a potential plasticization of the PHBV matrix that could
facilitate cluster breakup and separation of nanoparticles during electrospinning.

1um

Figure 7. Transmission electron microscopy (TEM) micrographs of the electrospun fibers of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing different amounts of oregano
essential oil (OEO) and zinc oxide nanoparticles (ZnONPs): (a) PHBV + 7.5 wt.% OEO + 0.75
wt.% ZnONPs; (b) PHBV + 5 wt.% OEOQ + 1.5 wt.% ZnONPs; (c) PHBV + 2.5 wt.% OEO +
2.25 wt.% ZnONPs. Scale markers of 1 um in all cases.

Figure 8 shows the SEM images of the electrospun materials after annealing at 125
°C in their cross-section and top views. On the top views of the samples included in
Figure 8a,c,e, it can be observed that all the biopapers exhibited a homogeneous
surface without cracks and/or pores, similar to those SEM images shown in Figure 4
for electrospun PHBYV filled with ZnONPs. However, all the biopapers also showed
several pores in the cross-section, which can be related to the partial evaporation of
the oily particles derived from OEO enclosed in the PHBV matrix during the thermal

142



post-treatment as well as the presence of ZnONP agglomerates. Similar voids, though
smaller, were recently observed in electrospun PHBYV filled with silica microparticles
containing eugenol prepared by Melendez-Rodriguez et al. [58]. The pores were
significantly bigger for the PHBV biopaper containing 2.5 wt.% OEO + 2.25 wt.%
ZnONPs, shown in Figure 8f, in comparison with the cross-sections of the biopaper
samples of PHBYV containing 7.5 wt.% OEO + 0.75 wt.% ZnONPs and 5 wt.% OEO
+ 1.5 wt.% ZnONPs, respectively, which are presented in Figure 8b,d. This
observation confirms that the formation of large voids was mainly ascribed to the
nanoparticle agglomerates, as previously observed in Figure 7c. On the other hand,
Ejaz et al. [46] reported a significant increase in the thickness of gelatin type B films
obtained by casting when ZnONPs were incorporated in combination with CEO.
Likewise, Castro-Mayorga et al. [59] obtained thicker films after the incorporation of
ZnONPs, which was also influenced by the amount and shape of nanoparticles.

Figure 8. Scanning electron microscopy (SEM) micrographs in top view (top) and cross-section
(bottom) of the electrospun biopapers of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
containing different amounts of oregano essential oil (OEO) and zinc oxide nanoparticles
(ZnONPs): (a,b) PHBV + 7.5 wt.% OEO + 0.75 wt.% ZnONPs; (c,d) PHBV + 5 wt.% OEO + 1.5
wt.% ZnONPs; (e,f) PHBV + 2.5 wt.% OEO + 2.25 wt.% ZnONPs. Scale markers of 50 um and
100 pm, respectively.

3.4 Optical Properties of the Electrospun Hybrid PHBV Biopapers

Figure 9 shows the visual aspect of the electrospun PHBV biopapers for evaluating
their contact transparency. The effect of the combined addition of OEO and ZnONPs
on the color coordinates (L*, a*, b*) and the values of AE, T, and O of the electrospun
PHBYV biopapers are shown in Table 2. The optical properties of the neat PHBV
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biopaper and the PHBV biopapers with either 10 wt.% OEO or 3 wt.% ZnONPs were
also included for comparison purposes. It can be observed that all PHBV-based
biopapers presented contact transparency but the presence of both OEO and ZnONPs
reduced brightness and increased opacity, which was measured by the L* and O
values, respectively. The biopapers develop a low-intense yellow color when OEO
was incorporated, which was confirmed by the increase in the b* coordinate.
Transparency was noticeably reduced with the ZnONPs content even though the
effect of the nanoparticles on the color change was relatively low. On the opposite
side, all the OEO-containing biopapers resulted in samples in which an observer can
notice different colors (AE* > 5). For instance, the AE value of the PHBV biopapers
only containing OEO was 8.36, whereas this value for the biopapers only containing
ZnONPs was 1.83. Therefore, the biopapers containing OEO and ZnONPs mixtures
presented intermediate AE values and the color was more affected by the OEO
content. Therefore, among the hybrid PHBV biopapers, the highest color change was
observed for the PHBV film containing 7.5 wt.% OEO + 0.75 wt.% ZnONPs, that is,
7.64.
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Figure 9. Visual aspect of the electrospun biopapers of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV): (a) Neat PHBV, (b) PHBV + 10 wt.% oregano essential oil (OEO), (¢)
PHBYV + 3 wt.% zinc oxide nanoparticles (ZnONPs), (d) PHBV + 7.5 wt.% OEO + 0.75 wt.%
ZnONPs, (e) PHBV + 5 wt.% OEO + 1.5 wt.% ZnO-NPs, and (f) PHBV + 2.5 wt.% OEO + 2.25
wt.% ZnONPs.
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Table 2. Color parameters and transparency characteristics of the electrospun biopapers of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)

containing oregano essential oil (OEO) and zinc oxide nanoparticles (ZnONPs)

w

Sample a b L* AE’ T o
PHBV 0.87 £0.07* -0.38 +0.02% 89.82 £ 0.06* - 3.13+£0.02* 0.016 +0.06*
PHBYV + 10 wt% OEO 1.13 +£0.05° 6.67 +0.03° 85.35+0.07° 8.36 £0.08" 3.55+0.03* 0.019 +0.08°
PHBV+ 3 wt% ZnONPs 0.56 + 0.04* -0.96 £ 0.05¢ 88.11 £ 0.06* 1.83 £0.05° 9.60 £ 0.06" 0.052 +0.05°
PHBV+2.5wt% OEO+2.25wt% ZnONPs -0.92 £ 0.03¢ 4.32+0.02¢ 86.80 +0.03¢ 5.87+£0.03¢ 8.08 £ 0.04° 0.041 +0.05¢
PHBYV + 5 wt% OEOQO + 1.5 wt% ZnONPs -0.65 £ 0.06¢ 3.14+0.09¢ 84.10+£0.07¢ 6.88 £0.09¢ 7.17 £0.05¢ 0.037 + 0.05°¢
PHBYV + 7.5 wt% OEO + 0.75 wt% ZnONPs -0.55 +0.08° 5.35+0.06" 84.96 + 0.06™ 7.64 +0.08° 5.03 £0.06¢ 0.027 = 0.05¢

L*: Luminosity (+L luminous, —L dark), a*: red/green coordinates (+a red, —a green), b*: yellow/blue coordinates (+b yellow, —b blue), AE*: color difference,
T: transparency, and O: Opacity. a—f Different letters in the same column indicate a significant difference (p < 0.05).

Table 3. Thermal properties of the zinc oxide nanoparticles (ZnONPs), oregano essential oil (OEO), and electrospun biopapers of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing OEO and ZnONPs in terms of temperature at 5% mass loss (Ts%), degradation
temperature (Tdeg), mass loss at Taeg, and residual mass at 700 °C

Sample Tse (°C) Taeg (°C) Mass loss (%) Residual mass (%)
OEO 101.5+2.3 178.4+0.89 74.16 £ 0.6 0.14+0.5
ZnONPs - 0.030 £ 0.5 99.97+ 1.6
PHBV 251.5+1.6 279.0+ 1.1 55.23+0.8 2.10+0.7
PHBYV + 10 wt% OEO 197.5+2.7 283.6+0.9 69.58+1.0 216+13
PHBYV + 3 wt% ZnONPs 261.7+2.3 275.6 £0.8 3291+14 435+14
PHBYV + 2.5 wt% OEO + 2.25 wt% ZnONPs 227.8+2.1 261.4+1.1 33.46+0.7 377+1.0
PHBYV + 5 wt% OEO + 1.5 wt% ZnONPs 211.8+1.3 263.3+0.9 36.36+1.9 344+1.7
PHBYV + 7.5 wt% OEO + 0.75 wt% ZnONPs 205.7+1.9 268.9 +1.7 38.82+1.5 3.15+£0.8
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Therefore, the presence of ZnONPs decreased transparency, showing T values from
3.13, for the neat PHBV biopaper, to 9.60, for the PHBV biopaper filled with 3 wt.%
ZnONPs. Similarly, it increased opacity, which presented O values from 0.016 to
0.052. Thus, the addition of ZnONPs did not strongly affect the visual color of the
samples, but the measurements of these parameters showed statistically significant
differences (p < 0.05). Moreover, it showed a significantly reduction in the
transmission of visible and ultraviolet (UV) light of the electrospun PHBV biopapers
by changing the scattering of light. This capacity to block UV light is intrinsically
attributed to ZnO, which additionally shows photocatalytic activity [26,76] and can
influence the optical properties of films. In this regard, Wang et al. [77] determined
that the large ZnO contents in carboxymethyl/chitosan films increased the UV
absorption due to the dispersion of light generated by the high crystallinity of this
filler. In this regard, films with UV block properties can be of great interest in food
packaging for application in photosensitive products.

3.5 Thermal Stability of the Electrospun Hybrid PHBV Biopapers

The weight loss curves of OEO, ZnONPs, and of the electrospun PHBV biopapers
obtained by TGA are gathered in Figure 10. The values of the onset degradation
temperature, that is, the temperature at 5 % weight loss (Ts%), degradation
temperature (Taeg), and residual mass at 700 °C are summarized in Table 3. One can
observe that OEO presented a low thermal stability, which shows values of Tse and
Taeg 0f 101.5 °C and 178.4 °C, respectively, with a respective weight loss of 74.16 %
at Taeg, corresponding to the volatilization and/or degradation of low-molecular
weight (MW) volatile compounds present in the OEO (e.g., carvacrol, thymol, and
pinene) [57]. On the opposite end, it can be observed that ZNONPs were thermally
stable in the whole range of temperatures tested.

The neat PHBV biopaper was thermally stable up to 251.5 °C, which shows a Tqeg
value of 278.7 °C (47.74 wt %) and a residual mass of 2.10 wt%. These thermal
values are relatively similar to those reported for PHBV materials in previous
research works [78,79,80], where the thermal decomposition reaction of the
biopolymer chain occurred sharply in one single and sharp step from approximately
270 °C to 280 °C. The presence of OEO considerably reduced the onset of
degradation of PHBV, which shows a Tsy value of 197.5 °C. The ZnONPs-
containing PHBV biopaper showed a higher Tsy, value but lower value of Tdeg than
the neat PHBV biopaper, which could be attributed to the thermal conductivity and
catalytic properties of the ZnONPs. This effect on the thermal properties is similar to
that reported by Castro-Mayorga et al. [59] for electrospun PHBV films containing 6
wt.% ZnONPs. All the PHBV biopapers containing the OEO and ZnONPs mixtures
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showed a similar thermal decomposition process with a unique degradation stage that
started around ~260 °C. Although the values of T4, were reduced, the loss of mass
at Tqeg was smaller compared with those of neat PHBV and OEO-containing PHBV
biopapers. This may indicate that ZnONPs delayed the thermal degradation process
of PHBV. In this regard, the incorporation of ZnONPs can improve the thermal
resistance of polymer materials due to the barrier effect of the nanoparticles that could
hinder the transport of decomposition products from the bulk biopolymer matrix.
Likewise, the high thermal conductivity of ZnO can also help heat dissipation within
the composite, which results in enhanced thermal stability [81]. Furthermore, all the
PHBYV biopapers showed a residual mass in the range of 2 — 5 %, which increased
slightly with the ZnONPs’ content.
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Figure 10. Evolution of weight (%) as a function of temperature of the zinc oxide nanoparticles
(ZnONPs), oregano essential oil (OEO), and electrospun biopapers of poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) (PHBV) containing OEO and ZnONPs.

3.6 Mechanical Properties of the Electrospun Hybrid PHBV
Biopapers

Tensile modulus (E), tensile strength at yield (cy), and elongation at break (eb) were
calculated from the stress—strain curves, estimated from the force (F) vs. distance (d)
data. The mechanical properties of the electrospun PHBV-based biopapers are shown
in Table 4. The biopaper made of neat PHBV presented an E value of 1125 MPa, a
oy value of 12.6 MPa, and a b value of 1.71 %. These results are in the same range
than those reported by Melendez-Rodriguez et al. [58] for electrospun films of neat
PHBV, where E was 1252 MPa, oy was 18.1 MPa, and eb was 2.4 %. The
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incorporation of OEO reduced the E value to 814 MPa, which can be ascribed to a
plasticizing effect of the oil molecules on the biopolymer matrix, which reduced the
intermolecular forces and increased the mobility of the PHBV chains [82]. Thus, it
increased both the oy and &b to values of 18 MPa and 4.53 %, respectively, and also
toughness from 0.124 mJ/mma3 to 0.560 mJ/mm3. A similar improvement in ductility
was reported by Melendez-Rodriguez et al. [58] after the introduction of eugenol in
electrospun PHBV films. In relation to ZnONPs, one can observe that the
nanoparticles induced a reinforcement on PHBV so that the values of E and oy
increased in these film samples to 1286 MPa and 17.1 MPa and, as expected, it
resulted in a decrease in ductility showing a value of €b of 1.26 %. Similarly, Diez-
Pascual et al. [81] reported a mechanical strength improvement with the addition of
ZnONPs in the range of 1 — 5 wt% in PHB, which shows an increase in the E and oy
values of up to 43% and 32%, respectively. The reinforcement attained can be
influenced by different factors such as load dispersion, the degree of crystallinity of
the polymer, and the interfacial adhesion of the nanoparticles to the biopolymer
matrix. The electrospun PHBYV biopapers containing the OEO and ZnONPs mixtures
presented a similar mechanical resistance, which showed E values in the 700 — 900
MPa range. This is very similar to that of the OEO-containing PHBV biopaper,
whereas the values of oy remained in the range of 14 — 15 MPa. As the content of
OEO in the biopaper increased, the flexibility and toughness of the samples
improved. Thus, the electrospun PHBV biopapers containing 7.5 wt.% OEO + 0.75
wt.% ZnONPs showed the lowest E value, that is, 778 MPa, but also the highest b
value, that is, approximately 5 %. In this regard, Ejaz et al. [46] reported a decrease
in the oy values and an increase in the €b values for bovine skin gelatin films filled
with 2 wt% ZnONPs in combination with cinnamon oil. Chun et al. [83] also found
that the addition of silver nanoparticles (AgNPs) and ZnONPs decreased the rigidity
and tensile strength of PLA films. This effect was ascribed to a reduction of the
biopolymer’s MW, which improved the mobility of the PLA chains by a chain-
scission process during processing.
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3.7 Crystallinity of the Electrospun Hybrid PHBYV Biopapers

Wide Angle X-ray Diffraction (WAXD) experiments were conducted on the
electrospun biopapers of PHBV to ascertain their crystallinity. The diffractograms
are plotted in Figure 11. Most of the characteristic peaks at 20 of PHBV were clearly
detected for the neat PHBV diffractogram, that is, 13.4°, 16.9°, 25.5°, and 27.1°.
According to the literature [84], these peaks correspond to the (020), (110), (121),
and (040) lattice planes of the orthorhombic unit cells of PHB. The PHB crystal
lattice is characteristic for the PHBV with HV contents below 37 % [85]. This is the
case of the present PHBV. There were no changes in position of the PHBYV diffraction
peaks with the addition of OEO or ZnONPs, which suggests that the crystalline
structure of PHBV was not altered. One can also observe that ZnONPs presented
three main peaks in the studied range, corresponding to the (100), (002), and (101)
reflections. The presence of these peaks in the diffractograms of the ZnONPs-
containing PHBV sample confirmed the presence of the nanoparticles in the biopaper.
The low relative intensity of these peaks in the samples can be attributed to a dilution
effect.
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Figure 11. Diffractograms of the zinc oxide nanoparticles (ZnONPs) and electrospun biopapers
of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing oregano essential oil
(OEO) and ZnONPs.
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3.8 Antimicrobial Activity of the Electrospun Hybrid PHBV
Biopapers

Figure 12 gathers the results of antimicrobial activity in an open and closed system,
respectively, for 48 days, of the electrospun PHBV biopapers containing different
OEO and ZnONP mixtures against the S. aureus and E. coli strains. The antimicrobial
properties of the PHBYV biopapers containing OEO 10 wt.% and ZnONPs 3 wt.% are
also included for comparison. It can be observed that the OEO-containing PHBV
biopaper presented a strong reduction (R > 3) for S. aureus and a significant reduction
(R>1 and < 3) of E. coli for 15 days in both systems, which is slightly higher in the
closed system. This slight difference between the two tested systems can be attributed
to the release and accumulation of volatile OEO compounds into the closed
headspace, which contributed to a greater inhibition of bacterial growth. From day
22, however, the inhibition of the PHBV biopaper for both strains decreased
significantly due to the complete release of the active volatile compounds, which
resulted in a decrease of the active properties of the biopapers. In the case of the
PHBV biopapers containing ZnONPs 3 wt.%, the reduction achieved was slightly
lower for both bacteria and systems in comparison with that achieved for the OEO-
containing PHBV biopapers during the first 15 days. However, it was still strong (R
> 3) and, interestingly, it also improved during the 48 days of the assay. The strong
activity of ZnONPs can be attributed to different mechanisms of action in the
presence of moisture, such as the release of Zn?* ions, reactive oxygen species (e.g.,
superoxide, hydroxyl, and hydrogen peroxide radicals) that are able to penetrate the
bacterial wall and cause irreversible damage to the bacterial cellular structure [86].
Therefore, the antibacterial activity can be improved with time as the nanoparticles
remained active by contact and due to the high humidity of both systems that favored
their release and accumulation on the biopaper surface. It is also worthy to mention
that, in all cases, the results obtained showed that the G+ bacteria are more sensitive
than G— ones to both OEO and ZnONPs. As reported by other authors, the cell wall
structure of E. coli is composed mainly of lipopolysaccharides and a thin layer of
peptidoglycan that hinders the penetration of negatively charged reactive oxygen
species formed by the presence of ZnONPs [87].
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Table 4. Mechanical properties of the electrospun biopapers of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing oregano essential
o0il (OEO) and zinc oxide nanoparticles (ZnONPs) in terms of tensile modulus (E), tensile strength at yield (oy), elongation at break (gb), and

toughness

Sample E(MPa)  o©,(MPa) £4(%) Toughness

y b (mJ/mm?)
PHBV 1125 +441° 12627  171£035  0.124+0.005°
PHBV + 10 wt% OEO 814+82° 185405 453041  0.560 +0.076"
PHBV + 3 wt% ZnONPs 1286+ 142°  17.1£0.9°  126+023°  0.244 = 0.048°
PHBV +2.5 wt% OEO + 2.25 wt% ZnONPs 855+ 118%  145+249  328+032¢ 0303 +0.061¢
PHBV + 5 wt% OEO + 1.5 wt% ZnONPs 801+93°  148+45'  435+128°  0.446+0.273¢
PHBV + 7.5 wt% OEO + 0.75 wt% ZnONPs 778+ 102° 1414380 501+ 134° 0485+ 0249

&€ Different letters in the same column indicate a significant difference (p < 0.05).
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Figure 12. Antimicrobial activity of the electrospun biopapers of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing oregano

essential oil (OEO) and zinc oxide nanoparticles (ZnONPs) against (a) S. aureus and (b) E. coli in the open and closed systems for 48 days.
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The electrospun hybrid PHBV biopapers, that is, the fiber-based film samples
containing the different mixtures of OEO and ZnONPs, also showed a high
antimicrobial activity against both bacterial strains in the two systems. During the
first 15 days, that is, in the short term, the PHBYV biopaper containing 2.5 wt.% OEO
+ 2.25 wt.% ZnONPs showed the highest reduction values among the materials
tested. The fact that the antimicrobial activity of the hybrid biopaper at this particular
composition was even slightly higher than both biopapers based on each
antimicrobial agent reveals the synergism attained in the combination of OEO and
ZnONPs. This observation suggests that the release of OEO from the PHBV matrix
was improved due to the presence of the nanoparticles and/or the antimicrobial
effectiveness of the inorganic nanoparticles was enhanced. In the latter case, previous
studies have demonstrated that vegetal extract containing polyphenols, such as the
tannins, glycosides, and flavonoids, could act as reducing and capping agents [88].
Therefore, the reaction between nanoparticles and the polyphenolic compounds
carvacrol and thymol, which are the major constituents of OEO, can potentially
improve the antimicrobial activity of ZnONPs. Furthermore, the PHBV biopapers
containing 5 wt.% OEO + 1.5 wt.% ZnONPs and 7.5 wt.% OEO + 0.75 wt.%
ZnONPs presented intermediate values of reduction but are still strong (R > 3). Then,
both biopapers showed a performance reduction in the antimicrobial activity with
time similar to that observed for the OEO-containing PHBV biopaper. On day 48,
this reduction was significant (R > 1 < 3) for the PHBV biopapers containing 5 wt.%
OEO + 1.5 wt.% ZnONPs and slight (R > 0.5 and < 1) in the case of the PHBV
biopaper containing 7.5 wt.% OEO + 0.75 wt.% ZnONPs. The time evolution in the
antimicrobial activity of the PHBV biopaper containing 2.5 wt.% OEO + 2.25 wt.%
ZnONPs was relatively similar to that observed for the PHBV biopaper filled with 3
wt.% ZnONPs, even in the conditions of the open system. Therefore, the strong
reduction (R > 3) observed in the long term of these electrospun hybrid biopapers can
be mainly attributed to the ZnONPs presence, which successfully managed to
maintain the antimicrobial activity against the two bacterial strains in both systems.

The long-term antimicrobial performance of different nanoparticles has been
previously employed to develop different active films. For instance, Emamifar et al.
[28] studied the antimicrobial effect of low-density polyethylene (LDPE) films
containing TiO2 95 wt% + AgNPs 5 wt% and ZnONPs. The results showed that the
microbial growth rate of Lactobacillus plantarum (L. plantarum) was significantly
reduced for loadings of 1.5-5 wt% and 0.25-1 wt% of TiO. + AgNPs and ZnONPs,
respectively, during 112 days of study. This points out that the antimicrobial activity
of ZnONPs significantly outperforms that of TiO, + AgNPs. Chu et al. [83] also
achieved a significant reduction of 2 — 3 Logio CFU/mL in the growth of E. coli by
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using PLA films containing AgNPs 0.5 wt% and ZnONPs 3 wt% after 12 h of study.
Therefore, the relative low content of nanoparticles used in the here-developed hybrid
film, that is, 2.25 wt%, represents a technological achievement to develop
antimicrobial performance with short-term and long-term performance. In this
regard, Ejaz et al. [46] also determined a strong antimicrobial activity of bovine skin
gelatin films containing ZnONPs 2 wt% + CEO 50 wt% against L. monocytogenes
and S. typhimurium tested in vitro for 20 days at a refrigerated storage. This result
confirms the potential synergism between EOs and nanoparticles, which were able to
penetrate through the bacterial cell membrane to alter the cell structure.

3.9 Migration Assessment of the Electrospun Hybrid PHBV
Biopapers

The amount of ZnONPs that migrate from the PHBV biopapers were tested in
different food simulants. Results showed that a greater amount of zinc was released
in the acidic solution than in the alcoholic solution. The amount of zinc migrated
from the PHBV-based biopapers increased for the samples with higher
concentrations of ZnONPs, which shows values of 1.28 + 0.58 mg/L (PHBV + 7.5
wt.% OEO + 0.75 wt.% ZnONPs), 3.91 + 1.64 mg/L (PHBV + 5 wt.% OEO + 1.5
wt.% ZnONPs), 6.05 + 0.81 mg/L (PHBV + 2.5 wt.% OEOQ + 2.25 wt.% ZnONPs),
and 12.87 + 2.04 mg/L (PHBV + 3 wt.% ZnONPs). This behavior could be caused
by the high solubility of ZnONPs in acetic acid that, on the one hand, triggered a
higher release of it in the food simulant and, on the other hand, it can promote
partially acidolysis of the polymer. The latter phenomenon could be observed with
the naked eye in the PHBV + 3 wt% ZnONPs sample in 3% (wt./vol.) acetic acid.
Similar results were reported by the European Food Safety Authority (EFSA) [89]
where the migration of zinc uncoated and coated with [3-(methacryloxy)propyl]
trimethoxysilane (MEMO) into 3 % acetic acid reached 17.3 mg/kg, whereas, in 10
% ethanol, it reached values up to 80 ug/kg. The amount of zinc released in the
alcoholic solution showed values below the limit allowed. In particular, the values
obtained were 0.45 + 0.04 mg/L (PHBV + 7.5 wt.% OEO + 0.75 wt.% ZnONPs),
0.61+0.1 mg/L (PHBV + 2.5 wt.% OEO + 2.25 wt.% ZnONPs), and 0.62 + 0.2 mg/L
(PHBV + 3 wt.% ZnONPs). In light of the above findings, and, according to the
current specific migration limit (SML), 5 mg/kg food or food simulant for soluble
ionic zinc was set out by the European Plastics Regulation (EU 2016/1416) [90]. The
PHBV biopapers containing 3 wt.% ZnONPs and 2.5 wt.% OEO + 2.25. wt.%
ZnONPs exceed the current SML value in acid aqueous solutions, whereas the PHBV
biopapers containing 5 wt.% OEO + 1.5 wt.% ZnONPs and 7.5 wt.% OEO + 0.75
wt.% ZnONPs comply with the current regulation. In the ethanol aqueous food
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simulants, all the tested PHBV biopapers were under the current SML values. This
result suggests that the present PHBV-based biopapers can be used as food packaging
for alcoholic foods but, for acidic food, biopapers with a concentration above 2.25 %
ZnONPs are restricted.
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4  Conclusions

The non-renewable origin of most currently used polymers and their lack of
biodegradability is behind their excessive carbon and water footprints and also waste
management concerns, which results in an increased research interest in the
development of more environmentally compatible and economically sustainable
packaging materials. Current strategies to solve these problems within Circular
Bioeconomy scenarios include the development of biopolymers obtained from
agricultural wastes and food processing by-products, the second generation of
feedstock, and the application of nanotechnology and active packaging technologies
to tailor their properties. In the case of PHAs, their production by mixed cultures
derived from biowaste can also represent an opportunity to reduce the costs of the
fermentation and downstream processes by the use of a cost-effective raw material.
In this research, hybrid submicron fibers of biowaste derived PHBV containing
varying amounts of OEO and ZnONPs were successfully developed by
electrospinning. The electrospun mats were turned into actual films of ~130 um by
applying a thermal post-treatment at 125 °C. The resultant PHBV-based biopapers
exhibited a homogeneous surface even though they also showed some cracks and/or
pores due to the partial volatilization of OEO and the presence of ZnONPs
agglomerates. The biopapers showed contact transparency, but they also developed a
slightly yellow appearance when the OEO was incorporated and a higher opacity with
the increase of ZnONPs content. The dual incorporation of OEO and ZnONPs
decreased the tensile modulus but positively increased the ductility and toughness of
the biopapers, whereas the crystallinity of PHBV was unaffected. The OEO-
containing PHBV biopapers showed a strong inhibition for the first 15 days of storage
(short-term inhibition). However, it decreased from day 22 due to the complete
release of the volatile compounds. Alternatively, the electrospun PHBV biopapers
containing ZnONPs showed a high and slightly increasing antimicrobial activity with
time for 48 days (long-term inhibition). The electrospun hybrid PHBV biopapers
containing 2.5 wt% OEO + 2.25 wt% ZnONPs attained the highest antimicrobial
properties in the short term and also high performance in the long term. Lastly, the
migration tests performed on the biopaper samples containing ZnONPs revealed that
the nanoparticles tend to easily release in acidic solutions due to the partial solubility
of PHBYV to this medium, whereas they comply with the current SML values for food
simulants based on aqueous ethanol (10%). Although the main antimicrobial activity
was related to the presence of ZnONPs, their combination with OEO vyielded
biopapers with high reduction values using lower contents of the inorganic
nanoparticles. Furthermore, the presence of the essential oil can also add additional
active functionalities such as the previously reported antioxidant activity to extend
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shelf-life even further. Therefore, novel antimicrobial biopapers with high potential
applications in the food packaging field can be successfully prepared by
electrospinning and subsequent annealing of biopolymers incorporating low OEO
contents and moderate-to-low ZnONP content. Potential applications of the
developed biopapers are foreseen in active food packaging for the protection and
preservation of perishable foods.
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Development of electrospun active films of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) by the incorporation of cyclodextrin inclusion
complexes containing oregano essential oil

Abstract

This paper reports the development of biodegradable active packaging films of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) by the incorporation of
alpha- and gamma-cyclodextrins (a-CD and y-CDs) containing oregano essential oil
(OEO). Herein, both the kneading method (KM) and freeze-drying method (FDM)
were first explored for the preparation of a-CD:OEO and y-CD:OEO inclusion
complexes at host:guest ratios of 80:20 wt/wt and 85:15 wt/wt, respectively. The
results showed that KM was the most efficient method for the encapsulation of OEO
in the CDs cavity in terms of simplicity and rapidity, while it was also yielded the
inclusion complexes with the highest antimicrobial and antioxidant performance. The
0a-CD:OEO and y-CD:OEO inclusion complexes obtained by KM were thereafter
incorporated at 10, 15, 20, 25, and 30 wt% into PHBV fibres by electrospinning and
annealed at 160 °C to produce contact transparent films. It was observed that the
optimal concentration of a-CD:OEO and y-CD:OEO inclusion complexes for
homogeneous and continuous film formation was attainad at contents of 15 and 25
wt%, respectively. Higher antimicrobial and antioxidant activities were obtained for
the y-CD:OEO inclusion complexes due to the greater encapsulation efficiency of
OEO in y-CD, resulting in PHBV films with good performance for up to 15 days.
This aspect, together with their improved thermal stability and mechanical strength,
give interesting applications to these biopolymer films in the design of active-
releasing packaging materials to maintain the physical, chemical, and
microbiological characteristics of food products.

Keywords: polyhydroxyalakanoates, cyclodextrins, essential oils, antioxidant,
antibacterial, active packaging.
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1 Introduction

Essential oils (EOs) are mixtures of volatile organic compounds obtained from
aromatic plants that are well known for their fragrant properties. They are also used
in food preservation and as antimicrobial, analgesic, sedative, anti-inflammatory,
spasmolytic, and locally anaesthetic remedies [1,2]. Their mechanisms of active
action, particularly at the antimicrobial level, have been well reported [3,4]. The
global market of EOs was 226.9 kton/year in 2018 [5] while approximately 160 ones
are considered as Generally Recognized as Safe (GRAS) by the U.S. Food and Drug
Administration (FDA). Therefore, their application is currently growing in the food
and beverage, personal care & cosmetics, aromatherapy, and pharmaceutical
industries [6-9].

Among EOs, oregano essential oil (OEO) is one of the most interesting since it is
FDA approved and it is also included by the Council of Europe in the list of chemical
flavourings that may be added to foodstuffs [10]. In particular, OEO contains a
mixture of bioactive related components such as carvacrol and thymol that can be
used as antioxidant and antimicrobial agents for active packaging purposes [11].
However, the incorporation of OEO into a food packaging material is a challenging
task due to several factors such as potent flavour changes, variations of the sensory
perception as a consequence of oxidation, high volatility, chemical instability, low
solubility in aqueous systems, etc. [12]. In particular, OEO can evaporate easily and
decompose and oxidize during formulation, processing, and storage due to exposure
to heat, pressure, light or oxygen [13,14]. These inconveniences can be effectively
minimized by encapsulation processes in different systems such as films, capsules,
liposomes or inclusion complexes [15,16,17]. Encapsulation allows creating a
physical barrier between the core and the wall materials to protect OEO from the
external medium (moisture, heat, light, etc.) and, thus, it enhances stability and
maintains bioactivity [18].

Cyclodextrins (CDs) are cyclic oligosaccharide consisting of six, that is, alpha-
cyclodextrin (a-CD), seven, that is, beta-cyclodextrin (S-CD) or eight, that is,
gamma-cyclodextrin (y-CD) glucopyranose units modified starch molecules shaped
like a hollow truncated cone [19]. CDs are fairly water soluble, however f-CD shows
remarkably lower solubility than a-CD and y-CD. During crystallization in an
aqueous medium, some molecules of water are entrapped into the CD cavity whereas
other molecules of water are present as integral parts of the crystal structure, the so-
called crystal water. CDs inclusion complexes are formed by the substitution of the
water molecules of the CD cavity by the appropriate guest molecule [20,21]. These
inclusion complexes can be used to encapsulate different compounds since CDs
cannot only stabilize the compound encapsulated against the degradation
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mechanisms triggered by environmental conditions, but they also can reduce the
sensory changes by masking strong flavours [16,21]. Furthermore, the CDs can also
offer a controlled and sustained release of aromatic substances [16,22]. In addition,
the CDs are inert and do not interfere with the biological properties of EOs [19,23].
They are additionally relatively cost-effective, biodegradable, do not pose a
significant safety concern, and encapsulation can be performed both in solution and
solid-state [15]. Several procedures have been developed to prepare CDs-based
inclusion complexes, for instance the kneading method (KM), the co-precipitation,
the heating in a sealed container, the freeze-drying method (FDM), the spray drying,
and the supercritical fluid technology [24]. The EOs are thermolabile substances
sensitive to the effects of light, oxygen, humidity and high temperatures and can be
lost activity. It is for this reason that the electrospinning encapsulation technology
has been used for the protection, stabilization, solubilization and delivery of the active
substances [25]. In this regard, the electrospinning process is a novel technology that
produces ultrathin fibrous mats made of a wide range of polymers and biopolymers
with fibre diameters ranging from several nanometres to a few microns [26]. This
technique is highly suitable for the nanoencapsulation of active and bioactive
substances, which is the case of EOs, due to both the high surface-to-volume ratios
of the electrospun materials and the high porosity of their mats [27,28]. Furthermore,
it allows processing volatile substances such as EOs because the process is performed
at room temperature [29]. The resultant electrospun fibres can be potentially applied
in sustainable food packaging applications [30] either in the form of coatings or
interlayers with bioplastic films [31,32]. Moreover, the electrospun mats can be
subjected to a thermal post-treatment, also called annealing, by which they form
mechanically strong and transparent films with little porosity due to the fibres
coalescence [33]. According to the advantages described above, electrospinning has
been recently employed to produce multi-functional fibres from different
biopolymers [25], such as polyhydroxyalkanoates (PHAs), that are biodegradable
microbial polyesters [34]. Indeed, PHAs are excellent candidates for food packaging
applications due to their resistance to water, low oxygen permeability, thermoplastic
processability, and good physical and mechanical properties [35].

In this context, the aim of this research work was first to encapsulate OEO into a-
and y-CDs and the resultant inclusion complexes were incorporated into poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) fibres by electrospinning. The
PHBV electrospun mats containing the a-CD:OEO and y-CD:OEO inclusion
complexes were subjected to annealing develop transparent films with improved
antioxidant and antimicrobial activity that can be of interest in the design of
biodegradable active packaging to extend the shelf life of food products.
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2  Materials and Methods
2.1 Materials

OEO with a purity >99 % and a density of 0.925 — 0.955 g/mL was obtained from
Gran Velada S.L. (Zaragoza, Spain) and it was processed as received. Wacker
Chemie AG (Munich, Germany) supplied the two food-grade cyclodextrin (CDs): a-
CD, known as the trademark - CAVAMAX® W6 FOOD with molecular (Mw) of
972.84 g/mol and y-CD, known as the trademark - CAVAMAX® W8 FOOD with
Myw of 1297 g/mol. Their respective empirical formulas are CzsHs0O30 and C4gHgoO40
while further details are gathered in Table 1. Commercial PHBV was ENMAT™
Y 1000P, produced by Tianan Biologic Materials (Ningbo, China) and delivered in
the form of pellets by Nature Plast (Ifs, France). According to the manufacturer, this
biopolymer resin presents a density of 1.23 g/cm?® and a melt flow index (MFI) of 5
— 10 g/10 min (190 °C, 2.16 Kg). The 3HV fraction in the copolyester is 2 — 3 mol.-
%. 2,2,2-trifluoroethanol (TFE), >99% purity and 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH) were purchased from Sigma Aldrich S.A. (Madrid, Spain). Ethanol,
analytical grade with a purity of 99.8%, was supplied by Sigma-Aldrich. Water Milli-
Q® was obtained using a Millipore purification system (resistivity > 18.2 MQ:¢m at
25 °C).

Table 1. Molecular dimensions and physical properties of a- and y-cyclodextrins (CDs) [21]

N° of Molecular Molecular Dimensions (A) Solubility at 25 °C
Type of A (g/100 mL H,0)
lodextrin Glucose weight
cyclode units (g/mol) Inside Outside .
. . Height
diameter  diameter
a 6 973 5.7 13.7 7.0 14.50
B 7 1135 7.8 15.3 7.0 1.85
Y 8 1297 9.5 16.9 7.0 23.20

2.2 Preparation of Inclusion complexes
2.2.1  Freeze Drying Method (FDM)

The preparation of the inclusion complexes by FDM was carried out according to
Santos et al. [36]. The selected weight ratios between host: guest (a-CD:OEO or y-
CD:OEO) were 80:20 wt/wt and 85:15 wt/wt based on the maximum encapsulation
efficiency reported by Petrovi et al. [37] and Haloci et al. [38]. To this end, a-CD or
v-CD was dissolved in 2.5 mL of distilled water, then was added OEO and the
resultant mixture was magnetically stirred at 250 rpm in a sealed container for 48 h
at room temperature (25 °C) to allow complex formation. Paraffin film and
aluminium foil was used to prevent loss of volatiles and to protect the samples from
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the light. The suspensions were then frozen first at -20 °C for 24 h and then at -80 °C
for 24 h and finally lyophilized at -50 °C and 0.1 mbar in a Freeze Dryer (LyoQuest
-55 Plus Eco Telstar® Life Science solutions, Hampton, VA, USA) until the water
was sublimated (approximately 48 h). The freeze-dried IC was weighed, sealed, and
stored at -20 °C.

2,2.2  Kneading Method (KM)

The preparation of the inclusion complexes by the KM was carried out according to
Santos et al. [36] and Hedges [39]. For this, a-CD or y-CD was dissolved in 0.25 mL
of distilled water, after which it was added OEO and kneaded thoroughly in a mortar
and pestle for 18 min until a homogenous blend was obtained. The weight ratios
OEO:a-CD or a-CD and y-CD y-CD were the same as that used at FDM (that is,
20:80 w/w and 15:85 w/w, respectively). The kneaded inclusion complexes (pasty
mass) obtained was dried in a desiccator under vacuum for 48 h at room temperature
(25 °C) and then weighed, sealed, and stored at -20 °C.

2.3 Characterization of the Inclusion Complexes
2.3.1 Encapsulation Efficiency and Loading Capacity

First of all, 10 mg of each type of inclusion complexes ( a-CD:OEO and y-CD:OEO
at 80:20 and 15:85 weight ratios), were dispersed in 10 mL of absolute ethanol and
stirred for 30 min in an Eppendorf mixer device (ThermoMixer™ C, Fisher
Scientific®, Hampton, VA, USA) at 1000 rpm to allow the entrapped OEO in the CD
cavity to be released to the solution for analysis. Then, the solution obtained was
sonicated in an ultrasonic bath for 30 min at 37 kHz and 90 W at room temperature
and, thereafter, centrifugated for 30 min at 2500 rpm to remove any CD from the
solution. This resulted in a solution with a supernatant containing the OEO, which
was used for analysis. The OEO content was determined spectrophotometrically
(Ultraviolet-Visible spectrophotometer, UV-VIS 2250, Shimadzu) monitoring the
absorbance at wavelength 275 nm. This wavelength absorption belongs to the
maximum absorbance wavelength of carvacrol, which is the most representative
compound and the major component of OEO [36]. From this wavelength absorption,
the mass of the encapsulated OEO in the absolute ethanol solutions was calculated.
A calibration curve of the absorbance versus the concentration of the OEO was
previously performed by using OEO solutions of known concentrations dissolved in
ethanol.

The encapsulation efficiency (EE, %) and loading capacity (LC, %), for each sample,
were calculated according to Equations (1) and (2), respectively [36]. Encapsulation
efficiency (EE, %) is the encapsulated amount of essential oil expressed as a
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percentage of the quantity initially used to prepare the solid inclusion complex. The
UV-VIS analysis was carried out in triplicate.

. . . Total amount of encapsualted essential oil (m
Encapsulation Efficiency (%) = P (mg)

X100 (%) (1)

Initial amount of OEO to be encapsulated (mg)

Total amount of encapsualted essential oil (mg)

Loading Capacity (%) = %X 100 (%) )

Total amount of inclusion complexes (mg)

2,.3.2  Morphological Characterization of the Inclusion Complexes

The morphology of the empty CDs and CD:OEO inclusion complexes were
examined using a scanning electron microscope (SEM, FEI Quanta 650 FEG, Thermo
Fisher Scientific®, Germany). The samples were fixed on aluminium stubs with a
double-stick conductive carbon substrate and sputter-coated with gold for 63 s at a
working pressure of 1.4 E-3 mbar before the SEM measurements to prevent the build-
up of a negative electric charge in the specimen, which would induce “imaging
artefacts” and to enhance resolution. Observations were carried out with voltage
acceleration of 10 kV and15 kV at spot 3. Transmission Electron Microscopy (TEM)
was also used. Droplets of 0.1 % (w/v) and 1 % (w/v) aqueous suspensions (empty
“as-received” a-CD and y-CD; a-CD:OEO and y-CD:OEO inclusion complexes)
were placed on a copper grid and air-dried overnight. For negative staining, one drop
of UranyLess 22409 was used. Observations were carried out with voltage
acceleration of 200 kV at a3, spot 1 and magnification: 30KX-100KX (JEOL JEM
2100, Izasa Scientific®, Carnaxide, Portugal).

The X-ray diffractograms of empty a-CD and y-CD; a-CD:OEO and y-CD:OEO
inclusion complexes were obtained by wide-angle X- ray diffraction (WAXD) using
an X-ray diffractometer (PANalitycal X'pert MPD-PRO (PANalytical, Model: X
PERT PRO MRD) Bragg-Brentano 6-0 geometry using CuKa radiation at 45kV and
40 mA. The 20 scan range was 5° - 80° with a step size of 0.01° and a time/step of
0.5s.

2.4 Preparation of Electrospun Films
2.4.1  Preparation of Solutions

A PHBYV solution for electrospinning was prepared by dissolving 10 % of biopolymer
in TFE (wt/vol) at room temperature. The y-CD:OEO and a-CD:OEO inclusion
complexes were incorporated into the PHBV solution at 10, 15, 20, 25, and 30 wt%
in relation to the biopolymer. PHBYV solutions with y-CD and a-CD (25 and 15 wt%,
respectively), without OEO, were also prepared as control samples.
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2.4.2  Electrospinning

The PHBYV solutions containing y-CD:OEO and a-CD:OEO were electrospun using
a high-throughput electrospinning/electrospraying pilot line Fluidnatek® LE 500
manufactured and commercialized by Bioinicia S.L. (Valencia, Spain). The solutions
were processed under a constant flow using a 24 emitter multi-nozzle injector,
scanning vertically onto a flat slightly negatively charged collector. A voltage
difference of 18 kV, a flow-rate of 6 mL/h per single emitter, and a tip-to-collector
distance of 20 cm were used as these were the most optimal conditions [40].

2.4.3  Annealing

A thermal pots-treatment below the biopolymer’s melting temperature (Tm) was
thereafter applied to the electrospun mats in a 4122-model press from Carver, Inc.
(Wabash, IN, USA). The mat samples were placed in the hot plates of the press at
160 °C and closed, for 10 seconds, without pressure. These conditions were selected
based on our previous study [40]. The resultant samples had an average thickness of
approximately 80 um.

2.4.4  Characterization of the Electrospun Films
2.4.4.1  Film Thickness

Before testing, the thickness of all films was measured using a digital micrometer
(S00014, Mitutoyo, Corp., Kawasaki, Japan) with + 0.001 mm accuracy.
Measurements were performed and averaged in five different points, two in each end
and one in the middle.

2.4.4.2  Morphology

The particle shape and size (diameter) distributions of y-CD and ¢-CD, the PHBV
electrospun fibres and their films containing the y-CD:OEO and a-CD:OEO
inclusion complexes were examined by SEM in a Hitachi S-4800 (Tokyo, Japan) and
TEM in Hitachi HT7700 (Tokyo, Japan). For cross-section observations by SEM, the
films were previously cryo-fractured by immersion of the sample in liquid nitrogen.
The SEM micrographs were taken at an accelerating voltage of 10 kV and a working
distance of 8 — 10 mm, the samples were previously sputtered with a gold-palladium
mixture for 3 min under vacuum. The size distribution of the particles and average
fibres diameter was determined via ImageJ software using at least 20 SEM images.
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2.4.4.3  Transparency

The light transmission of the films was determined in specimens of 50 mm x 30 mm
by quantifying the absorption of light at wavelengths between 200 and 700 nm, using
a UV-Vis spectrophotometer VIS3000 from Dinko, Instruments (Barcelona, Spain).
The transparency value (T) was calculated using Equation (3) [41]:

— As00
r== 3)

Where Agqg is the absorbance at 600 nm and L is the film thickness (mm).

2.4.4.4  Thermal Analysis

Thermogravimetric analysis (TGA) of the y-CD, a-CD, films containing y-CD:OEO
and a-CD:OEO was performed under nitrogen atmosphere in a Thermobalance TG-
STDA Mettler Toledo model TGA/STDAS851e/LF/1600 analyser. TGA curves were
obtained after conditioning the samples in the sensor for 5 min at 30 °C. The samples
were then heated from 25 °C to 700 °C at a heating rate of 10 °C/min. The first
derivatives of the thermogravimetry (DTG) curves, expressing the weight loss rate as
the function of time, were obtained using TA analysis software. All tests were carried
out in triplicate.

2.4.4.5  Mechanical Tests

Tensile tests were performed according to the ASTM Standard D 638 on an Instron
Testing Machine (Model 4469; Instron Corp; Canton, MA, USA). The film samples
were dumbbell-shaped. The cross-head speed was fixed at 10 mm/min. At least six
samples were tested for each material, and the average values of the mechanical
parameters and standard deviations were reported. Tensile modulus (E), tensile
strength at break (o},), and elongation at break (g,) were calculated from the stress—
strain curves, estimated from the force—distance data.

2.5 Antimicrobial Activity

Staphylococcus aureus CECT240 (ATCC 6538p) and Escherichia coli CECT434
(ATCC 25922) strains were obtained from the Spanish Type Culture Collection
(CECT: Valencia, Spain) and stored in phosphate-buffered saline (PBS) with 10 wt%
tryptic soy broth (TSB, Conda Laboratories, Madrid, Spain) and 10 wt.% glycerol at
—80 °C. Previous to each study, a loopful of bacteria was transferred to 10 mL of TSB
and incubated at 37 °C for 24 h. A 100 pL aliquot from the culture was again
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transferred to TSB and grown at 37 °C to the mid-exponential phase of growth. The
approximate count of 5 x 103 CFU/mL of culture having absorbance value of 0.20 as
determined by optical density at 600 nm (UV—Vis spectrophotometer VIS3000 from
Dinko, Instruments, Barcelona, Spain).

The minimum inhibitory concentration (MIC) and bactericide (MIB) values of the y-
CD:OEO and a-CD:OEO inclusion complexes against food-borne bacteria was
tested following the plate micro-dilution protocol based on our previous work [11].
For this, 96-well plates with an alpha numeric coordination system (columns 12 and
rows A-H) were used, where 10 pL of the tested samples were introduced in the wells
with 90 pL of the bacteria medium. In the wells corresponding to A, B, C, E, F, and
G columns different concentrations of CD/OEO (0.039, 0.078, 0.156, 0.312, 0.625,
1.25,2.5,5, 10, 20 pg/mL), were tested, in triplicate, from rows 1 to 10. Columns D
and H were used as control of CD:OEO in TSB without bacteria. Row 11 was taken
as a positive control, that is, only TSB, and row 12 was used as a negative control,
that is, S. aureus and E. coli in TSB. The plates were incubated at 37 °C for 24 h.
Thereafter, 10 pL of resazurin, a metabolic indicator, was added to each well and
incubated again at 37 °C for 2 h. Upon obtaining the resazurin change, the wells were
read through the colour difference. The MIC value was determined as the lowest
concentration of y-CD:OEO and a-CD:OEO presenting growth inhibition.

The antimicrobial performance of the electrospun PHBV films containing y-
CD:OEO and a-CD:OEO was evaluated by using a modification of the Japanese
Industrial Standard (JIS) Z2801 (ISO 22196:2007) [42]. A microorganism
suspension of Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) was
applied onto the test films containing the y-CD:OEO and a-CD:OEO inclusion
complexes and the films without CD:OEO (negative control) sizing 1.5 cm x 1.5 cm
that were placed in either open bottles. After incubation at 24 °C and at a relative
humidity (RH) of at least 95 % for 24 h, bacteria were recovered with PBS, 10-fold
serially diluted and incubated at 37 °C for 24 h in order to quantify the number of
viable bacteria by conventional plate count. The antimicrobial activity was evaluated
from 1 (initial day), 8, and 15 days. The value of the antimicrobial activity (R) was
calculated using Equation (4):

=100 () 100 ()] = 100 %) o

Where 4 is the average of the number of viable bacteria on the control sample
immediately after inoculation, B is the average of the number of viable bacteria on
the control sample after 24 h, and C is the average of the number of viable bacteria
on the test sample after 24 h. Three replicate experiments were performed for each
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sample and the antibacterial activity was evaluated with the following assessment:
Nonsignificant (R<0.5), slight (R>0.5 and<1), significant (R>1 and<3), and strong
(R=3) [43].

2.6 Antioxidant Activity

The 2,2,1-diphenyl-1-picrylhydrazyl (DPPH) inhibition assay was used to evaluate
the free radical scavenging activity of the neat OEO, y-CD:OEO, a-CD:OEQO, and
the electrospun PHBV films containing y-CD:OEO and a-CD:OEO. Samples were
weighed in triplicate in cap vials, and then an aliquot of the DPPH solution (0.05 g/L
in methanol) was added to each one. Vials without samples were also prepared as
controls. All the samples were prepared and immediately stored at room temperature
for 2 h in darkness. After this, the absorbance of the solution was measured at 517
nm in the UV 4000 spectrophotometer from Dinko Instruments. Results were
expressed as the percentage of inhibition to DPPH following Equation (5) [44] and
pg equivalent of Trolox per gram of sample, employing a previously prepared
calibration curve of Trolox.

Inhibition DPPH (%) = “centrot”Cample~Putani) , 4 5)

Acontrol

Where Acontrot Apiank,@nd Aggmpie are the absorbance values of the DPPH
solution, methanol with the test sample, and the test sample, respectively.

2.7 Statistical Analysis

The results of the encapsulation efficiency and loading capacity of the CD:OEO
inclusion complexes, mechanical tests, and antioxidant activity assays were evaluated
by analysis of variance (ANOVA) and a multiple comparison test (Tukey) with 95 %
significance level (p <0.05). For this purpose, we used the software OriginPro8
(OriginLab Corporation, USA).
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3 Results and Discussions
3.1 Encapsulation Efficiency of the CD:OEO Inclusion Complexes

The EE and LC of the a-CD:OEO and y-CD:OEO inclusion complexes prepared by
FDM and KM are presented in Table 2. Although the results showed that both a-CD
and y-CD are efficient wall materials for encapsulation of OEO, the preparation
method and the weight ratio (CDs:OEOQ) are also key factors to obtain an optimal EE.
Indeed, FDM vyielded lower encapsulation efficiency (from 36.03 % to 96.7 %) than
KM (from 71.2 % to 98.5 %). This is in accordance with the results described by
Ozdemir et al. (2018), who studied the encapsulation of black paper oleoresin in -
CD with encapsulation efficiencies from 90.2 % to 79.3 % for KM and FDM,
respectively. The higher encapsulation efficiency obtained by KM compared to FDM
can be related to the high shear rate applied [45] and the use of a low amount of water
during the IC formation. In an aqueous solution, the CD cavity is slightly polar and
occupied by water molecules, and can therefore be readily replaced by appropriate
guest molecules, that are less polar than water [46]. It is also worthy of mentioning
that some differences in the EE values could be associated with evaporation of
volatile components during the preparation process studies [36,45]. In conclusion,
the preparation parameters of the a-CD:OEO and y-CD:OEO inclusion complexes,
that is, weight ratio host-guest, nature of cyclodextrin, use of co-solvent and its
quantity, mixing time, and shear rate applied could affect the properties of the
obtained complexes such as the encapsulation yield. Thus, based on the results
obtained in terms of EE, KM revealed to be the most efficient method for the
encapsulation of OEO in the CD cavity, which also added value in terms of
simplicity, rapidity, and the desired characteristics of the final product.
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Table 2. Encapsulation efficiency (EE,%) and loading capacity (LC,%) values of the a- and y-
cyclodextrin: oregano essential oil inclusion complexes (a-CD:OEO and y-CD:OEO) by kneading
method (KM) and freeze-drying method (FDM)

Method Inclusion EE (%)* LC (%)*
Complex

y-CD:OEO 98.50 £ 0.7 19.60 +0.1*
80: 20 w/w
a-CD:OEO 92.60 + 3.6° 18.60 +0.7*
y-CD:OEO 71.20 £ 6.5° 10.80 + 1.0?
85: 15 w/w
a-CD:OEO 96.20 + 1.4° 14.40+0.2°
85: 15 w/w
y-CD:OEO 93.60 £2.5° 18.70 £ 0.5°
80: 20 w/w
a-CD:OEO 36.03+1.2° 7.20+0.2°
80: 20 w/w
y-CD:OEO 96.70 £ 0.6" 14.50 +0.1°

FDM 85: 15 wiw
a-CD:0EO 50.02 £2.6° 7.50 + 0.4°
85: 15 wiw

*Values given are averages of triplicate samples + standard deviations. Average values with different
superscript letters differ statistically (p < 0.05); (a and b: indicate statistically difference among formulations
KM vs FDM, values followed by the same letter are not statistically different according to Tukey’s Multiple
Range Test.

3.2  Morphology of the CD:OEO Inclusion Complexes

Figure 1 gathers the SEM micrographs of the a-CD:OEO and y-CD:OEO inclusion
complexes. It can observe that the size and shape of the a-CD:OEO and y-CD:OEO
inclusion complexes (Figure 1b, 1d, 1e, 1f, 1g, 1h) are completely different from the
empty a- and y- CDs (Figure la, lc, 1i, 1j). The shape of empty “as-received” a- and
y- CDs appear uneven and the size ranged from 24 up to 254 um. Large particle sizes
were observed suggesting that CDs piled up forming large aggregates. The relatively
larger size of empty “as-received” a- and y- CD can be attributed to the agglomeration
of empty “as-received” a- and y- CD particles via hydrogen bonding. In the absence
of a guest molecule, empty “as-received” a- and y- CD tended to cluster due to lack
of significant net charge on the particles, that is, no repulsive forces were produced
to prevent agglomeration [47]. This is also consistent with the observation of smaller
particles attraction and adherence to the larger particles (see in detail in Figure 1a,
la;, la, and 1c, 1ci, 1cz). Similar observations were reported by Santos et al. [36].
Contrarily, this behavior was not observed in the formed a-CD:OEO and y-CD:OEO
inclusion complexes. In particular, the reduction of the particle size in the a-CD:OEO
and y-CD:OEOQ inclusion complexes indicated a conformational change of empty a-
CD and y-CD that obstructed their agglomeration [48,49]. Indeed, compared with
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empty “as-received” a- and y- CD (particle size from 24 up to 254 um; similar to that
found by Gauret et al. [50], their inclusion complexes showed a remarkable decrease
in particle size, range from ~5 um up to the nanometric level (~100 nm) and with
well-defined lamella shaped (tetragonal crystals). In both types of inclusion
complexes were observed lamella-like sheets and microrods (Figure 1b and 1d).
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Figure 1. Scanning electron microscopy images of (a) empty “as-received” 0-CD (10671x and 1014x); (a1) empty “kneaded for18 min at R.T.” o-
CD (7226x and 696x); (az) empty “kneaded for18 min with 0.25 mL distilled water at R.T.” a-CD (7546x and 828x); (b) a-CD:OEO inclusion
complex (80:20 w/w, KM) (10965x and 1313x); (¢) empty “as-received” y-CD (12152x and 700x); (¢1) empty “kneaded for 18 min at R.T.” y-CD)
(8924x and 776x); (c2) empty “kneaded for 18 min with 0.25 mL distilled water at R.T.” y-CD (6979x and 755x); (d) y-CD:OEO inclusion complex
(80:20 w/w, KM) (9379x and 1036x); (e) a-CD:OEO inclusion complex, and (f) y-CD:OEO inclusion complex.
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In addition, the microrods from inclusion complexes had a very high aspect ratio (see
Figure 1e and 1f). Observation over a large number of SEM images suggests that
these long microrods stack together to produce the lamella-like sheets. The
morphological similarity of both a-CD:OEO and y-CD:OEO inclusion complexes
can be explained by considering the solubility of the used CDs (see previous Table
1). In this regard, Saokham et al. [51], and the referenced cited within examined the
solubility of a and vy differences compared with B-CD. Briefly, y-CD, which is the
largest of the three, is the most soluble (23.20 mg/100 ml H20) while B-CD, which
is in the intermediate, is the least soluble in water (1.8 g/100 ml H20O). These
differences in the solubility of the CDs are related to the way the CD glucose units
are geometrically aligned with each other. It has been proposed that in the B-CD
molecule, all the 7 glucose units lie in the same plane. Hence, in this arrangement, all
the glucose primary hydroxyl groups at the CD narrower end can form hydrogen
bonds with each other. At the same time, all the secondary hydroxyl groups at the
wider CD opening form hydrogen bonds with each other. The hydrogen bonding
below and above the ring leads to secondary belts which increases the rigidity of the
B-CD and therefore causes low solubility. As opposite, a- and y-CD which do not
have secondary belts therefore their structures are flexible, are hence very soluble due
to the availability of free hydroxyl (—OH) groups. During trituration of cyclodextrins
in an aqueous medium, a few water molecules could entrap into the cyclodextrin
cavity, whereas other molecules of water are present as integral parts of the crystal
structure (crystal water). According to Rusa et al. [52], Szeijtli [21], and Das et al.
[53] the CD inclusion complexes are formed by the substitution of included water
from cyclodextrin cavity by the appropriate guest molecule.

Using the above reasoning, the threading of OEO can occur faster in a-CD and y-CD
molecules than in B-CD. Hence, the morphological similarity of both types of
inclusion complexes (a-CD:OEO and y-CD:OEOQ) studied in this work could be
explained using the above reasoning. Moreover, the particle size distribution appears
quite homogenous and have rather smooth and parallel surfaces (Figure 1b, 1d, 1e,
1f, 1g, 1h). They all have sharp edges, as expected from crystalline structures. The
growth of the crystals is definitely preferential in 2D (lamella-shape). Figure 1g and
1h show other details: the two arrows point out the thickness, around a few hundreds
of nm, of a platelet with a size of 100 nm - ~ 5um. Smaller platelets (under 500 nm)
appear to have the same thickness. These results show that the morphological
characteristic of inclusion complexes are indeed different from empty “as-received”
0-CD and y- CD; empty “kneaded for 18 minutes at R.T.” a-CD and y- CD, and empty
“kneaded for 18 minutes with 0.25 mL distilled water at R.T.” a-CD and y- CD. This
morphological difference between the empty CDs and the inclusion complexes



obtained is in agreement with the observations reported by Guimaraes et al. [48] and
the references cited within.

Figure 1. Scanning electron microscopy images of (g) a-CD:OEO inclusion complex; (h) y-
CD:OEO inclusion complex; (i) empty “as-received” o- CD; and (j) empty “as-received” y —CD.

To elucidate if the morphology, in terms of particle size and well-defined shape, of
empty “as-received” a- and y-CD was changed due to the encapsulation of EO (i.e.,
low particle size and well-definite lamella shape), was performed SEM also on empty
“kneaded for18 minutes at R.T.” a- and y- CD, and empty “kneaded for 18 minutes
at R.T. with 0.25 ml distilled water (the same quantity used at the preparation of
inclusion complex)” a- and y- CD. The results showed that compared with empty “as-
received” a- and y- CD there is not significant morphological modification after their
kneaded for 18 minutes at R.T. (Figure 1a; and 1c1) as well as after their kneaded for
18 minutes at R.T. with 0.25 ml distilled water (Figure 1a; and 1c3). The presence of
aggregates of size from ~2 up to 242 um with undefined shape was revealed, except
for empty “kneaded 18 minutes at R.T. with 0.25 ml distilled water” y-CD which
showed a defined shape, that is, prisms shape structure (Figure 1cz). Similar
observations on “the agglomeration of the free cyclodextrin “were revealed by
Rakmai et al. [54]. It indicates the hydrogen bonding of the cyclodextrin molecules
(empty) interact with each other in water producing the cluster of CD. In addition,
Shan et al. [55] have demonstrated that CDs particle agglomeration might be induced
also by the moisture content.

The a-CD:OEO and y-CD:OEO inclusion complexes morphology in the aqueous
suspension was also observed using TEM, and Figure 2 shows clear lamella shapes
with diameters from 0.1 to ~1 um.
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In detail, at 0.1 % (w/v) were detected single lamellas with diameters of 350 nm over
a large number of grid holes (Figure 2a), whereas in Figure 2b1.3 were displayed
several representative TEM micrographs for 1 % (w/v), lamellas with diameters 170
- 519 nm. In addition, some of these lamellas fused together as indicated by the white
arrow, indicating that the lamellas do not simply interact through their surfaces but
are able to merge completely in aggregate. Thus, TEM measurements corroborated
the results that were obtained from SEM, that is, a well-defined lamella-shape
structures of the inclusion complexes. In contrast, empty y-CD (1 % w/v, aqueous
suspension vortex 10 minutes at 2500 rpm, R.T) presented aggregates made up of a
larger number of small spherical particles with diameters between 5 nm and 325 nm
(Figure 2c12). These spherical particles seem to interact and form rod-like shape
structure with diameters between 406 nm and 1786 nm (inset of Figure 2c3 4 diameter:
790.86 nm). Empty a-CD and a-CD:OEOQ inclusion complexes revealed similar
morphologies (data not shown). These results support the hypothesis that the
spherical particles are not indefinitely stable, thus tend to form a larger structure.
These observations are in agreement with those revealed by several research groups
such as Harada et al. [56-58], and Ceccato et al. [59] who reported the formation of
the so-called “molecular tube” a rod-like rigid molecule with an empty hydrophobic
cavity that can behave as a host for ions or small organic molecules. Furthermore,
Bonini et al. [60] reported evidence of B-cyclodextrin self-aggregation in water. It
was showed also that the concentration plays a critical key on their morphology so
that polydisperse spherical objects with diameters of about 100 nm were present at
low concentration, whereas micrometre planar aggregates are predominated at higher
concentrations.
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Figure 2. TEM micrographs of (a) 0.1% (w/v) y-CD:OEO inclusion complex (80:20 w/w, KM)
aqueous suspension vortex 10 min at 2500 rpm, R.T.; (b1-3) 1% (w/v) y-CD:OEQ inclusion
complex (80:20 w/w, KM) aqueous suspension vortex 10 min at 2500 rpm, R.T; (C1-4) empty “as-
received” y- CD aqueous solution vortex 10 min at 2500 rpm, R.T.

Finally, WAXD studies were conducted to confirm the formation of CD:OEO
inclusion complexes. According to Marques [16] and references cited herein, X-ray
powder diffraction is the most useful method for the detection of inclusion complexes
formation, especially in the case of the guest in the form of liquid molecules (e.g.,
oils and volatiles), because the liquid guest molecules produce no diffraction patterns
and any changes in the diffractogram reflects the formation of a new crystal lattice.
Figure 3 shows the WAXD patterns of empty “as-received” o-CD and y-CD
compared with their inclusion complexes. Empty “as-received” a-CD and y-CD
differed from each other in their diffraction patterns. The WAXD pattern of empty
“as-received” a-CD and y-CD revealed several diffraction peaks which are indicative
of their crystalline nature, but, according to Rusa et al. [52] for a-CD there are three
salient peaks associated with its crystal structure occurring at 26 = 12.1°, 14.5°, and
21.8° (Figure 3a). In the diffractograms of both CD:OEO inclusion complexes, some
of these characteristic diffraction peaks disappear.

For the a-CD:OEOQ inclusion complex, a new intense diffraction peak appeared at
26=19.6°, which was not observed in empty “as-received” a-CD. According to Rusa
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et al. [52], the peak at 20 ~20° in the WAXD of a-CD inclusion complexes is
characteristic for the channel structure of a-CD when including long guest molecules
and polymers in particular. In the y-CD:OEO inclusion complex, a new sharp
diffraction peak at 26= 7.6° (Figure 3b) was revealed. This peak was not observed in
empty “as-received” y-CD. According to Harada et al. [20], and Rusa et al. [52] this
peak has been suggested as an indicator for y-CD inclusion complex channel
structures. Hence, this behavior can be attributed to an interaction between CD and
OEO showing the presence of a new solid phase.
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Figure 3. X-Ray patterns of (a) empty “as-received” a-CD and o-CD:OEO inclusion complexes

(80:20 wiw, KM) (b) empty “as-received” y-CD and y-CD:OEO inclusion complexes (80:20
wiw, KM).

3.3 Morphology of the Electrospun CD:OEOQO Inclusion Complexes-
Containing PHBYV Films

The SEM micrographs of the electrospun fibres of the neat PHBV and the fibres
containing the y-CD:OEO and a-CD:OEQ inclusion complexes are shown in Figure
4. The mean fibre diameters obtained from the SEM images are gathered in Table 3.
The diameters of the electrospun fibres of neat PHBV were 0.89 + 0.30 um, being
very similar to those reported in our previous research work [40]. As shown in Figure
4a-e, the electrospun PHBYV fibres containing different concentrations of y-CD:OEO
inclusion complexes, that is, 10, 15, 20, 25, and 30 wt%, presented mean diameters
ranging between 0.87 - 0.91 um. Up to contents of 25 wt% y-CD:OEQ inclusion
complexes, the electrospinning process yielded regular and continuous fibres of
PHBV. In the case of the PHBV fibres mat containing 30 wt% y-CD:OEO IC, the
fibrilar morphology was affected, losing the homogeneity and continuity due to the
high concentration of CD. Figure 4f-j show the SEM micrographs of the electrospun
fibers of PHBV containing different concentrations of a-CD:OEOQ inclusion
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complexes, that is, 10, 15, 20, 25, and 30 wt%. The electrospun fibres containing 10
and 15 wt% a-CD:OEO showed mean diameters of approximately 0.89 and 0.90 pm,
respectively, being homogeneous and with smooth surfaces. The diameter of the
fibers containing 20 wt.% a-CD:OEO inclusion complexes increased, presenting a
mean value of 1.03 + 0.25 pm, and beaded regions due to potential CD
agglomerations. It can be observed that the electrospun PHBV fibers with 25 and 30
wt.% a-CD:OEOQ inclusion complexes, respectively shown in Figure 4i and 4j,
presented mean diameters of 1.17 and 1.22 pum. This slight increase in the fiber
diameters can be related to the relatively high amount of CDs incorporated that
aggregated during electrospinning and resulted in destabilization of the electrified jet.
These results are in agreement with the previous reports of [61], concluding that at
low hydroxypropyl-p-CD/laponite concentrations, the fibers do not present any
significant change in diameter and shape while, at high concentrations, the diameter
of the nanocomposite nanofibers decreases and aggregates are also formed.
Furthermore, changes in the solution properties such as viscosity or conductivity may
cause variations in the electrospun morphologies. For instance, Aytac et al. [62]
determined that the diameters of nanofibers containing methylated-pB-CD/linalool
were lower than those of hydroxypropyl-B-CD/linalool due to the lower viscosity and
higher conductivity of the aqueous solution. Therefore, the most optimal fibrillary
morphologies were attained for PHBV containing 25 wt.% y-CD:OEOQ and 15 wt.%
a-CD:OEOQ inclusion complexes.

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing a- and y-cyclodextrin: oregano
essential oil inclusion complexes (y-CD:OEO and a-CD:OEO): (a) 10 wt% y-CD:OEO; (b) 15
wt% y-CD:OEQ; (c) 20 wt% y-CD:OEO; (d) 25 wt% y-CD:OEO; (e) 30 wt% y-CD:OEO; (f) 10
wt% a-CD:OEO; (g) 15 wt% a-CD:OEO; (h) 20 wt% a-CD:OEO; (i) 25 wt% a-CD:OEO, and (j)
30 wt% a-CD:OEO. Scale markers of 10 um in all cases.
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Table 3. Mean diameters and thickness of the electrospun fibers and film thicknesses of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing oregano essential oil y- and a-
cyclodextrin inclusion complexes (y-CD:OEO and a-CD:OEQO)

Sample Fiber diameter (um) Film thickness (um)
PHBV 0.89 +0.30 64 +0.75
PHBV + 10 wt% y-CD:OEO 0.87£0.15 61+1.10
PHBYV + 15 wt% y-CD:OEO 0.88 £0.22 63 +0.98
PHBV + 20 wt% y-CD:OEO 0.86 £0.18 70+0.94
PHBYV + 25 wt% y-CD:OEO 0.85+0.27 72+0.72
PHBV + 30 wt% y-CD:OEO 0.91+0.32 77 +0.68
PHBV + 10 wt% a-CD:OEO 0.89+0.20 73+0.99
PHBV + 15 wt% a-CD:OEO 0.90 £0.17 75+0.77
PHBV + 20 wt% a-CD:OEO 1.03+0.25 81+0.91
PHBV + 25 wt% a-CD:OEO 117 +£0.19 83 +0.86
PHBV + 30 wt% a-CD:OEO 1.22+0.12 85 + 0.69

The electrospun fibres mats were thereafter subjected to annealing in order to obtain
a continuous film [11,40]. The surface and cross-section areas of the PHBV films
containing y-CD:OEO and a-CD:OEO inclusion complexes were observed by SEM
images. As shown in Figure 5, the surface of the electrospun PHBV films containing
10, 15, 20, and 25 wt% y-CD:OEO inclusion complexes were homogeneous and
continuous, showing mean thicknesses of 61 + 1.1, 63 £ 0.98, 70 £ 0.94, and 72 £
0.72 um, respectively (see Table 3). This is in agreement with the electrospun fibre
morphologies described above (see Figure 4) that showed proper fibre formation until
25 wt%. Moreover, the film containing 30 wt% showed a surface with some cracks
due to the high concentration of y-CD:OEO inclusion complexes that difficulted the
formation of a continuous film with a higher thickness (~ 77 + 0.68 um). The film
thicknesses also increased with the concentration of y-CD:OEQ inclusion complexes.
Based on these results, the best concentration to attain uniform and homogenous films
of PHBV was 25 wt% y-CD:OEQ inclusion complex.
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Figure 5. Scanning electron microscopy micrographs of electrospun films of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing -cyclodextrin:oregano essential oil
inclusion complexes (y-CD:OEO): (a, b) 10 wt% y-CD:OEO; (c, d) 15 wt% y-CD:OEOQ; (e, f)
20 wt% y-CD:OEO; (g, h) 25 wt% y-CD:OEO, and (i, j) 30 wt% y-CD:OEO. Scale markers of

50 um in all cases.

Figure 6 showed the surface and cross-section of the films containing a-CD:OEQ
inclusion complexes. The thicknesses of the films containing 10 and 15 wt.% of a-
CD:OEOQ inclusion complexes were 73 + 0.99 and 75 + 0.77 um, respectively. These
films also showed a homogeneous surface. The film thicknesses increased with the
amount added of a-CD:OEO inclusion complexes, reaching values of 81 + 0.91, 83
+ 0.86, and 85 + 0.69 um for 20, 25, and 30 wt% of a-CD:OEOQ, respectively (see
Table 3). Increasing the concentration from 20 wt.% also affected the surface and
generated cracks with different sizes. This phenomenon has been ascribed to the weak
interfacial bond between the CDs and the biopolyester matrix [63]. In this context,
Melendez-Rodriguez et al. [40] also found that at high concentrations of silica
nanoparticles with eugenol, that is, 15 and 20 wt%, the electrospun films showed
greater porosity and also some plastic deformation, which was attributed to a
plasticization generated by the released oil and a possible migration during the
annealing process. In this case, the best concentration to get uniform and homogenous
films was 15 wt% of a-CD:OEQ inclusion complexes.
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Figure 6. Scanning electron microscopy (SEM) micrographs of electrospun films of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing a-cyclodextrin:oregano essential oil
inclusion complexes (a-CD:OEO): (a, b) 10 wt% a-CD:OEO; (c, d) 15 wt% a-CD:OEOQ,; (e, f)
20 wt% a-CD:OEO; (g, h) 25 wt% a-CD:OEO, and (i, j) 30 wt% a-CD:OEO. Scale markers of

10 pum in all cases. Scale markers of 50 pum in all cases.

3.4 Visual Aspect of the Electrospun CD:OEOQO Inclusion
Complexes-Containing PHBV Films

The visual aspect of the electrospun PHBV films containing different concentrations
of y-CD:OEO and a-CD:OEOQ inclusion complexes was observed to ascertain their
contact transparency. In Figure 7 it can be observed that the contact transparency was
high but some differences among the samples were also seen. The neat PHBV film
had a transparency value of 4.78 + 0.08 and opacity of 0.037 + 0.001. When 10 wt.%
of y-CD:OEO inclusion complex was incorporated, slight changes were observed
with respect to the neat PHBV's transparency whereas opacity values without
significant differences were obtained. The transparency value and opacity of the films
containing 15, 20, and 25 wt% y-CD:OEO inclusion complexes increased
significantly respect to neat PHBV and 10 wt.%. When 30 wt.% of y-CD:OEQO
inclusion complex was incorporated, the transparency and opacity values were higher
respect to the others samples (9.23 + 0.59 and 0.065 + 0.004, respectively). Also, the
films containing a-CD:OEO inclusion complexes presented high changes in the
transparency and opacity respect to the y-CD:OEOQO inclusion complexes. In
particular, for the film sample containing 10 wt% a-CD:OEO inclusion complex, a
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transparency value of 6.36 £ 0.63 and opacity of 0.047 + 0.005 was obtained. For the
films containing 15 and 20 wt% of a-CD:OEO inclusion complexes, the values were
similar while those based on 25 and 30 wt% of a-CD:OEO inclusion complexes
presented the highest values. For both inclusion complexes, the increment of the
concentration caused a light scattering that produced lower transparency and higher
opacity. This phenomenon can be important in the design of food packaging materials
due to some food products are sensible to the ultraviolet-visible (UV-Vis) light,
which can trigger different enzymatic and oxidative reactions [41].

T=573+034 T=6.11+0.14 T=645+011 T=654+0.35 T=923+059
y-CD:OEO y-CD:OEO | y-CD:OEO | y-CD:OEO y-CD:0EO
10% 15% 20% 25% 30%

0=0039+0002 | 0=0.042+0001 | O=0.047+0001 | O=0048+0.002
T=6.36+0.63 T=7.00%1.56 T=750%0.97 T=881x071 | T=1272%033
a-CD:0OEO a-CD:0EQ | «-CD:0OEQ | «-CD:OEO «-CD:0EO
10% 15% 20% 25% 30%
0=0.047 £ 0.005 0 =0.052 +0.009 0O =0.055 + 0.006 0 =0.067 +0.005 0=0.078 +0.002

Figure 7. Visual aspect of electrospun films of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBYV) containing y- and a-cyclodextrin:oregano essential oil inclusion complexes (y-CD:OEO
and a-CD:OEO). Films are 2 x 2 cm?.

3.5 Thermal Stability of the Electrospun CD:OEOQO Inclusion
Complexes-Containing PHBYV Films

The TGA curves for the neat PHBV, y-CD, a-CD, inclusion complexes of y-CD:OEO
and a-CD:OEO, and the PHBV films containing the inclusion complexes are shown
in Figure 8. The values of mass loss at 5% (Tsu), mass at 160 °C (%), which
corresponds to the annealing temperature applied to the electrospun mats to produce
the films (see section 2.4.4.4), degradation temperature (Tgeg), weight 10ss at Taeg (%),
and residual mass (%) at 700 °C are gathered in Table 4. In our previous study, the
TGA curve for the neat OEO showed a low thermal stability. In particular, it
presented a mass loss at 160 °C around of 40.3 %, having its Tgeg Value at 178.4 °C
and the mass loss at Tgeq Was 74.16%, corresponding to the volatilization and/or
degradation of principal volatile compounds such as carvacrol, thymol, and pinene
[11]. This value is also similar to the Tdeg of 168 °C reported by Guimaré&es et al.
[48]. The mass losses at 160 °C for the empty CDs were 8.86 % (y-CD) and 9.42 %
(0-CD), while the Tgeg values were 323.12 °C with a mass loss of 83.01 % for y-CD
and 326.43 °C with a mass loss of 86.29 % for a-CD. As other authors have indicated
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[64], the thermal degradation of powdered molecules can be affected by different
factors such as chemical structure, crystallinity, crystal size, and morphology. Thus,
the thermal stability of CDs depends on the size of the crystal, showing greater
thermal stability the larger crystals [65,66]. When OEO was encapsulated into CDs,
the inclusion complexes enhanced the thermal stability due to the interactions
between the guest molecule and the cavity of the cyclodextrins achieving a protection
of the volatiles compounds [29]. The mass loss for y-CD:OEQ inclusion complexes
at 160 °C was nearly 16.9%, having a Tgeq Of 326.28 °C with a mass loss of 86.11 %
at Teeg. In the case of a-CD:OEO inclusion complexes, the mass loss at 160 °C was
9.69% and Tgeg Was 330.50 °C with a mass loss at Tqeg Of approximately 85.70%. The
inclusion complexes showed two mass losses, one below 100 °C corresponding to
the loss of water from the cavity and another above 280 °C, which is attributed to the
main thermal degradation of CDs [62]. In this regard, Shin et al. [67] reported similar
results for triacetyl (TA) encapsulated in -CD, obtaining a Tdeg 0f 293.99 °C for f3-
CD and for the inclusion complex of TA-B-CD its Tueg was 340.62 °C. The thermal
degradation of the PHBV films containing inclusion complexes increased slightly the
value of Tdeg respect to the neat PHBV. The mass loss values at 160 °C for all films
containing CDs and the inclusion complexes were similar, showing values between
1.21 and 1.71 %. The slight differences can be ascribed to the size and load capacity
of the two tested CDs. The value of Tdeg for the PHBV with 25 wt.% y-CD:OEO
was 322.52 °C with a mass loss of 96.12 %, while Tdeg for the PHBV with 25 wt.%
v-CD without OEO was slightly lower (320.11 °C). Furthermore, the PHBV film
containing 15 wt% a-CD:OEO showed a Tgeq around 313.70 °C with a mass loss of
96.98 % and the films with 15 wt% a-CD without OEO presented a Tgeg Of 309.27
°C and mass loss around 96.28 %. Then, one can conclude that the thermal stability
of OEO was improved in the electrospun PHBV films. In this regard, Yildiz et al.
[68] reported an improvement of the thermal stability of CD:menthol inclusion
complex in aqueous solutions nanofibers. Other studies have also suggested that the
incorporation of substances such as powder, nanoparticles or EOs into electrospun
biopolymer films increased their maximum decomposition temperature [40,69,70].
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Figure 8. Thermogravimetric analysis (TGA) curves for the y- and a-cyclodextrin: oregano
essential oil inclusion complexes (y-CD:OEO and a-CD:OEO), and the electrospun films of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing y-CD:OEO and a-CD:OEO
inclusion complexes.

Table 4. Thermal properties defined as mass loss at 5% (Ts%), mass at 160 °C, degradation
temperature (Tdeg), Weight loss at Taeg, and residual mass at 700 °C for oregano essential oil
(OEO), y- and a-cyclodextrins (y-CD and a-CD), their inclusion complexes (y-CD:OEO and a-
CD:OEOQ), and the electrospun films of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
and PHBV containing y-CD and a-CD and y-CD:OEO and a-CD:OEO inclusion complexes

Sample Tsoo Mass at Taeg (°C) Mass loss Residual

(°C) 160 °C (%0) (%) mass (%)
PHBV 245.03 0.15 278.70 97.73 2.10
OEO 46.26 40.3 178.40 74.16 0.14
y-CD 49.23 8.86 323.12 83.01 4.15
a-CD 55.21 9.42 326.43 86.39 3.38
y-CD:OEO 81.60 16.9 326.28 86.11 5.23
a-CD:OEO 62.97 9.63 330.50 85.70 5.51
PHBYV + 25 wt% y-CD 240.95 121 320.11 95.13 1.56
PHBYV + 25 wt% y-CD:OEO 252.02 171 322.52 96.12 1.48
PHBYV + 15 wt% a-CD 241.55 131 309.27 96.28 171
PHBYV + 15 wt% a-CD:OEO 247.23 1.63 313.70 96.98 1.11

3.6 Mechanical Properties of the Electrospun CD:OEQ Inclusion
Complexes-Containing PHBYV Films

The mechanical properties of the electrospun PHBV films containing the inclusion
complexes are shown in Table 5. The neat PHBV film presented an E value of 1252
MPa, a cb value of 18.1 MPa, and a €b value of 2.4 %, being very similar to the
values reported in our previous work [40]. The elastic modulus increased when CDs
were included in the PHBV matrix. The E value for the PHBV film with 25 wt% vy-
CD was 1692 MPa and, for the PHBV film with 15 wt% o-CD, the E value was 1594
MPa. Likewise, the E values were higher in the PHBV films containing CDs with
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OEO compared with the films with CDs without OEO, showing an E value of 1472
MPa for the PHBV with 25 wt% y-CD:OEO and an E value of 1698 MPa for the
PHBYV with 15 wt% o-CD:OEO. These significant increases of elasticity of PHBV
films were induced by the presence of powder particles, that is, CDs, which
potentially generated low interfacial interactions between the hydrophilic compounds
of y-CD and a-CD and the hydrophobic PHBV matrix and OEO, producing a
reduction in ductility and consequently an increment in mechanical resistance [70].
Indeed, the values of ob decreased in the PHBV containing CDs, with values between
9.04 MPa and 9.83 MPa, while the b values of PHBV films also decreased from 2.4
% to 0.78 % due to presence of CDs and OEO. As reported earlier by Shin et al. [67],
the addition of B-CD containing allyl isothiocyanate (AITC) reduced the tensile
strength and elongation by 84 % and 96 %, respectively, of LDPE films obtained by
extrusion. In another work, Melendez-Rodriguez et al. [40] reported an improvement
of the elastic modulus and tensile strength of electrospun PHBV films when
mesoporous silica nanoparticles containing eugenol were incorporated. The PHBV
films here-prepared with the inclusion complexes are slightly less deformable and
therefore have greater elasticity than films produced using other commercial
biopolymers, which facilitates the development of materials for the design of
packaging to protect food [69].

Table 5. Mechanical properties in terms of elastic modulus (E), tensile strength at break (a3,),
elongation at break (&) for the electrospun films of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) and PHBV containing a- and y-cyclodextrins (y-CD and a-CD) and the
oregano essential oil (OEO) inclusion complexes (y-CD:OEO and a-CD:OEO)

Sample E (MPa) o, (MPa) £p(%)
Neat PHBV 1252 +79° 18.1+2.1° 24+0.3°
PHBYV + 25 wt% y-CD 1692 + 434° 9.04 £4.2° 0.78 £0.3"
PHBYV + 25 wt% y-CD:OEO 1472 + 136° 9.83+0.8" 1.25+0.2°
PHBYV + 15 wt% a-CD 1594 + 2609 9.10+2.5° 0.95+0.3¢
PHBV + 15 wt% a-CD:OEO 1698 + 764° 9.77 + 4.6° 0.85+2.6°

a—e Different letters in the same column indicate a significant difference (p < 0.05).

3.7 Antimicrobial activity of the Electrospun CD:OEO Inclusion
Complexes-Containing PHBYV Films

Table 6 showed the MIC and MBC values of y-CD:OEQ, and o-CD:OEO against S.
aureus and E. coli. In our previous studies [11], it was reported that the MIC and
MBC values for pure OEO against S. aureus was 0.312 pL/mL and for E. coli was
0.625 pL/mL. Results showed that the encapsulation of OEO in CDs increased the
antibacterial activity. The MIC and MBC values of y-CD:OEO against S. aureus was
0.039 pg/mL and against E. coli was 0.078 pg/mL. In the case of a-CD:OEQO, the
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MIC ad MBC values were 0.078 pug/mL, against S. aureus, and 0.156 pg/mL, against
E. coli, so that these values agree with those reported by Liang et al. [71] for a-
CD:carvacrol (MIC = 0.125 pg/mL). The higher antibacterial activity of the y-
CD:OEO inclusion complex can be attributed to its larger cavity size (see previous
Table 1, y-CD inner diameter is 9.5 A while a-CD inner diameter is 5.7 A) and
improved encapsulation efficiency and loading capacity (see Table 2) compared with
the a-CD:OEOQ inclusion complex. For both inclusion complexes, S. aureus was more
sensitive than E. coli. In this regard, inclusion complexes have been reported to
elevate the aqueous solubility of encapsulated hosts resulting in improved
antimicrobial efficiency of EOs and their components at lower concentration [53].
Zhang et al. [72] evaluated the antimicrobial activity of y-CD:alamethicin complex
against L. monocytogenes, showing that the use of CD increased the solubility of
alamethicin in aqueous medium thereby allowing more alamethicin to interact with
the cell membranes resulting in a higher antimicrobial activity.
Table 6. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration

(MBC) of the oregano essential oil a- and y-cyclodextrin inclusion complexes (y-CD:OEO and a-
CD:OEO) against S. aureus and E. coli

Sample Bacteria MIC MBC
E. coli 0.078 ug/mL 0.078 ng/mL
y-CD:OEO S. aureus 0.039 ug/mL 0.039 ng/mL
E. coli 0.156 pg/mL 0.156 pg/mL
a-CD:OEO S. aureus 0.078 pg/mL 0.078 pg/mL

Figure 9 shows the antibacterial activity results of the PHBV films containing 25 wt%
of y-CD:OEO and 15 wt% of a-CD:OE inclusion complexes in both open and closed
systems for up to 15 days. The films used as control, that is, samples without the
inclusion complexes, presented an E. coli and S. aureus growth in the range between
4.16 x 10 and 6.05 x 10° CFU/mL. As shown in Figure 9a, the reduction versus S.
aureus and E. coli for the films containing 25 wt% of y-CD:OEQO inclusion complex
was strong (R > 3), reaching a reduction for up to 3.63 and 3.28 Logio (CFU/mL),
respectively, after 15 days of evaluation. The PHBV films containing 15 wt% of a-
CD:OEO at day 1 presented a significant inhibition (R > 1 and <3) and at days 3, 8§,
and 15 the inhibition was strong, showing a reduction of up to 3.15 Logio (CFU/mL)
against S. aureus. The inhibition achieved for E. coli was significant, obtaining a
reduction of 2.64 Logio (CFU/mL) at day 15. These results correlate well with the
antimicrobial properties included in Table 6 and Figure 9 that show that the
antibacterial activity of the y-CD:OEO inclusion complexes was higher than the a-
CD:OEO inclusion complexes.
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The reduction of the S. aureus and E. coli using PHBV films containing 25 wt% y-
CD:OEO inclusion complexes and 15 wt% a-CD:OEQO inclusion complexes in a
closed system for up to 15 days of analysis are showed in Figure 9b. All values in the
closed system showed slightly higher values of reduction compared with the open
system due to the release of the volatile compounds that were accumulated in the
headspace. The film containing 25 wt% y-CD:OEQ inclusion complexes presented a
strong activity against both bacteria during the 15 days of the study (R > 3). The
antimicrobial activity for y-CD:OEO inclusion complexes was higher than o-
CD:OEO inclusion complexes, which is in accordance to the characteristics of the y-
type of CD due to its higher solubility and bigger pore size [21]. Moreover, this is
produced by the CD inclusion complexes mechanism that increases the solubility
and, therefore, provides an efficient release of the hydrophobic agent in bacterial
medium [71]. Likewise, Celebioglu et al. [73] observed that films containing HP[3-
CD:triclosan and HPy-CD:triclosan inclusion complexes showed better antibacterial
activity against both bacteria compared to the film with uncomplexed pure triclosan.
Furthermore, the inhibition of S. aureus was slightly higher compared to E. coli due
to the cellular wall differences between Gram-negative (G-) and Gram-positive (G+)
bacteria [54].
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Figure 9. Antimicrobial activity of the electrospun films of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) containing 25 wt% y-cyclodextrin: oregano essential oil inclusion
complex (y-CD:OEOQ) and 15 wt% a-cyclodextrin: oregano essential oil inclusion complex (a-
CD:OEO) in an open and closed system for 15 days against S. aureus and E. coli.

3.8 Antioxidant Activity of the Electrospun CD:OEQ Inclusion
Complexes-Containing PHBV Films

The inhibition percentage (%) of DPPH and concentration (eq. trolox/g sample) of
DPPH for the pure OEOQ, y-CD:OEO inclusion complexes, a-CD:OEO inclusion
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complexes, and the electrospun PHBV films containing y-CD:OEO and a-CD:OEO
inclusion complexes are shown in Figure 10 and Table 7. These systems were also
evaluated in an open and closed system for 15 days. Neat OEO presented a high
percentage of inhibition (91.96 %) attributed to its main active compounds (carvacrol,
thymol, p-cymene, and y-terpinene) [11]. The DPPH inhibition for y-CD:OEQO
inclusion complexes was 82.51 % and for a-CD:OEQ inclusion complexes it was
76.32 %. Therefore, OEO decreased the percentage of inhibition when it was
encapsulated in CDs, which can be related to the encapsulation efficiency and loading
capacity of the inclusion complexes reported above in Table 2. The higher antioxidant
activity attained with y-CD:OEO inclusion complexes can be related to its greater
encapsulation efficiency when compared with a-CD:OEQO inclusion complexes. As
indicated by Lu et al. [74], the antioxidant activity of resveratrol in free form showed
little difference with that of resveratrol in complex form at the same concentration.
The antioxidant activity of biodegradable films is generally proportional to the
amount of bioactive compounds added whereas the thermal process to obtain the
films can also highly affect bioactivity since most bioactive compounds are sensitive
to temperatures above 80 °C [75]. The electrospun films containing OEO, that is,
PHBV with 10 wt% OEO, showed a low inhibition of DPPH (24.54 %) with respect
to the films containing the inclusion complexes, which were 53.16 % for PHBV with
25 wt% of y-CD:OEO inclusion complexes and 45.34 % for PHBV with 15 wt% of
0-CD:OEOQ inclusion complexes, at day 1 of evaluation. From day 3, all the PHBV
films started to show lower antioxidant activity. In the closed system, the films
presented a slightly higher DPPH inhibition than the films of the open system due to
the release of OEO volatile compounds to the simulated packaging headspace. For
the last day of evaluation, that is, day 15, the PHBV with 10 wt% of OEO films
showed an inhibition of DPPH in the open and closed system of 14.90 — 15.24 %
(15.75 — 16.47 g eq trolox/g sample), respectively. The PHBV film containing 15
wt% of a-CD:OEQ inclusion complexes presented an inhibition of 36.11 — 37.24 %
(38.42 — 39.26 g eq trolox/g sample) while the PHBV film with 25 wt% of y-
CD:OEO inclusion complexes presented the highest antioxidant activity with a
DPPH inhibition of 45.26 — 47.02 % (48.17 — 49.95 ug eq trolox/g sample). These
results demonstrate that the here-prepared inclusion complexes can successfully
protect the volatile compounds responsible for the active properties of OEO, a
thermolabile substance, in a similar way that observed in the antimicrobial test. These
results also agree with the research work of Aytac et al. [62] where the antioxidant
activity of electrospun fibres of PLA containing B-CD:gallic acid was slightly
superior to the fibres of PLA containing neat gallic acid, being this effect attributed
to the solubility of gallic acid in alcohols and the position of gallic acid in the cavity
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of B-CD. Likewise, Kaolaor et al. [76] determined a high antioxidant activity of -
CD:curcumin in poly(vinyl alcohol) (PVOH) blend films, which was attributed to the
complexity of curcumin in the cavity of B-CD. In conclusion, the electrospun films
of PHBV incoporating 25 wt% of y-CD:OEO inclusion complex managed to
maintain a high antioxidant activity for a longer period, which indicates that this film
can be used in the design of active packaging to maintain the physical, chemical, and
microbiological characteristics of the food products [77].
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Figure 10. Inhibition percentage (%) of 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) for pure
oregano essential oil (OEO), y- and a-cyclodextrin:oregano essential oil inclusion complex (y-
CD:OEO and o-CD:OEO), and the electrospun poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) films containing 25 wt% y-CD:OEO, and 15 wt% o-CD:OEO inclusion complexes in an
open a closed system for 15 days.
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Table 7. Concentration (eqg. trolox/g sample) of 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) for
the electrospun poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) films containing 25 wt%

oregano essential oil y-cyclodextrin inclusion complex (y-CD:OEO) and 15 wt% OEO a-
cyclodextrin inclusion complex (a-CD:OEQ) in an open a closed system for 15 days

Sample

Day

Open system

Closed system

Eq. trolox/g Eq. trolox/g
sample) of DPPH sample) of DPPH
Pure OEO 1 91.96 + 0.03*
y-CD:OEO 1 82.51 +0.06
a-CD:OEO 1 76.32 £0.22°
1 26.48 +0.04¢ 26.48 +0.04¢
PHBV + 10 wt% OEO 8 16.82 +0.09¢ 17.57 £0.04°
15 15.75 + 0.06° 16.47 + 0.01°
1 57.40 £ 0.07° 57.40 £ 0.07°
PHBYV + 25 wt% y-CD:OEO 3 53.24 +0.179 56.03 + 0.09f
8 51.42 +0.17¢ 52.95 + 0.09¢
15 48.17 +£0.09" 49.95 +0.51"
1 47.48 £ 0.07" 47.48 £ 0.07™
PHBV + 15 wt% a-CD:OEO 3 41.86 +0.09' 45.89 + 058!
8 40.13 +0.08' 42,91+ 0.17%
15 38.42 + 0.09' 39.26 +0.17)

Means + S.D.

a-j Different letters indicate a significant difference among the samples (p < 0.05).
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4  Conclusions

Herein, KM and FDM were explored for the encapsulation of OEO in two
cyclodextrins types (a-CD and y-CD). The results of this study showed that the
encapsulation efficiency was influenced by the encapsulation method and the
cyclodextrin type. Although both methods showed high encapsulation efficiencies,
KM revealed to be the most efficient method for encapsulating OEO in the CD
cavities, and it also offers some other advantages in terms of rapidity (KM: 18
minutes versus FDM > 48 h for the formation of inclusion complex), and the desired
characteristics of the final product since the y-CD:OEO (80:20 wt/wt) showed EE
and LC values of 98.5 % and 19.6 %, respectively. The a-CD:OEO and y-CD:0OEO
inclusion complexes presented high antimicrobial and antioxidant activities, which
allowed their incorporation into PHBV fibres by electrospinning and subsequent
annealing for film formation. The best concentration of a-CD:OEO and y-CD:OEO
inclusion complexes for homogeneous and continuous film formation were observed
at 15 wt% a-CD:OEO and 25 wt% y-CD:OEO inclusion complexes. The films
showed high contact transparency whereas the mechanical properties were improved
by the addition of the a-CD:OEO and y-CD:OEO inclusion complexes in the PHBV
matrix. The antimicrobial and antioxidant activities for the y-CD:OEO inclusion
complexes were higher than for the a-CD:OEO inclusion complexes, which is in
accordance to the higher solubility of OEO in the y-type of CD and its bigger pore
size. The antimicrobial and antioxidant activity of the bioactive films were
successfully maintained for up to 15 days due to the high protection offerered by the
encapsulation system. In the light of the aforementioned findings, the here-developed
electrospun CD:OEO inclusion complexes-containing PHBV films show a great deal
of potential to be used in biodegradable active packaging applications to extend the
shelf life of foodstuft.
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Development of electrospun poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) monolayers containing eugenol and their
application in multilayer antimicrobial food packaging

Abstract

In this research, different contents of eugenol in the 2.5-25 wt.% range were first
incorporated into ultrathin fibers of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) by electrospinning and then subjected to annealing to obtain antimicrobial
monolayers. The most optimal concentration of eugenol in PHBV monolayer was 15
wt.% since it showed high electrospinnability and thermal stability and also yielded
the highest bacterial reduction against Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli). This eugenol-containing monolayer was then selected to
be applied as an interlayer between a structural layer made of a cast-extruded poly(3-
hydroxybutyrate) (PHB) sheet and a commercial PHBV film as the food contact
layer. The whole system was, thereafter, annealed at 160 °C to develop multilayer
active packaging material. The resultant multilayers showed high hydrophobicity,
strong adhesion and mechanical resistance, and improved barrier properties against
water vapor and limonene vapors. The antimicrobial activity of the multilayer
structure was also evaluated in both open and closed systems for up to 15 days,
showing significant reductions (R > 1 and < 3) for the two strains of food-borne
bacteria. Higher inhibition values were particularly attained against S. aureus due to
the higher activity of eugenol in the cell membrane of Gram positive (G+) bacteria.
The multilayer also provided the highest antimicrobial activity for the closed system,
which better resembles the actual packaging and it was related to the headspace
accumulation of the volatile compounds. Hence, the here-developed multilayers fully
based on polyhydroxyalkanoates (PHAs) show a great deal of potential for
antimicrobial packaging applications using biodegradable materials to increase both
quality and safety of food products.

Keywords: PHA, essential oils, multilayer, antimicrobial activity, electrospinning.
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1 Introduction

Active antimicrobial packaging is one of the most relevant emerging technologies in
the food industry. It aims to control enzymatic, chemical, physical, and
microbiological reactions that deteriorate food through the inclusion of active
substances and their controlled release to the surface in contact with food [1,2].
Biodegradable polymers have recently emerged as an alternative to gradually replace
the use of petrochemical polymers in packaging applications, which are known to
generate irreversible environmental damage [3,4]. Furthermore, polymers used in
packaging can also be obtained from the valorization of food-processing by-products
and agricultural or industrial wastes, being more sustainable and cost-effective [5].

Polyhydroxyalkanoates (PHAS) are among the most commonly used thermoplastic
biopolyesters in food packaging applications because they have similar properties to
some conventional non-degradable plastics [6,7]. PHAs can be obtained from over
155 monomer subunits through fermentation by some bacteria from different
renewable carbon sources that are accumulated as intracellular storage granules [8].
For instance, Bhatia et al. [9] obtained high biomass (Yx/s, 0.31 g/g) and PHA (Yp/s,
0.14 g/g) yields using Ralstonia eutropha 5119 bacteria and Miscanthus biomass
hydrolysate (MBH) as carbon source. In another research work, Bhatia et al. [10]
obtained a high PHB production (1.24 g/L) with 2 % (w/v) starch as carbon source,
using an Escherichia coli strain produced using different plasmids containing the
amylase gene of Panibacillus sp. and PHB synthesis genes from Ralstonia eutropha.
Park et al. [11] studied different PHA-producing strains, concluding that Halomonas
sp. YLGWO1 produced the highest amount of PHB [94.6 + 1.8 % (w/w)] using
fructose as carbon source. Hong et al. [12] determined the optimal growth and
production conditions, environments with different salinity, carbon sources, and
nitrogen sources of the Vibrio proteolyticus strain in the PHA production. It was
concluded that the use of a medium containing 2 % (w/v) fructose, 0.3 % (w/v) yeast
extract, and 5 % (w/v) sodium chloride (NaCl) in M9 minimal medium resulted in
high PHA (54.7 %) and biomass (4.94 g/L) contents. The structure and physical
properties of PHASs vary depending on the bacteria specie, substrate (carbon source),
and cultivation conditions [13]. PHAs are a typically linear aliphatic polyesters
consisting of repetitive hydroxy acids (HAs) connected together by an ester bond
[14]. According to the number of carbon atoms in the monomers, PHAs are classified
in groups of short chain length (scl-PHAS), which consists of 3-5 carbon atoms (C3-
C5), and medium chain length (mcl-PHAs) with 6-14 carbon atoms (C6-C14)
[15,16]. Microbial synthesis of PHAs have the capacity to produce copolymers from
mixed substrates by different methods, such as metabolic engineering, co-culture of
microbes, and feeding of the various precursors during fermentation [17-19]. Typical
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examples of scl-PHAs are poly(3-hydroxybutyrate) (PHB), poly(3-hydroxybutyrate-
co-3-hydroxyvalerate (PHBV), and poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
[P(3HB-co-4HB)]. The most representative mcl-PHASs are poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate) [P(3HB-co-3HHx)] and poly(3-hydroxyhexanoate-co-3-
hydroxyoctanoate) [P(3HHx-co-3HO)] [20,21]. PHB is the most abundant type of
PHA but it is brittle and shows low thermal stability, which limits their industrial
applications. For this reason, PHB is currently being replaced by PHBV due to the
better processability and physical properties of the copolyester, such as higher
flexibility improved toughness, and lower melting point and level of crystallinity
[22,23]. PHASs can be processed by different melt-processing techniques such as
injection molding [24], extrusion [25], and compression molding [26].
Electrospinning is one of latest technologies to process PHAs in the form of
monolayer and multilayer films by the application of high electric voltages and
annealing treatments, having the main advantage to operate at room temperatures
[27,28]. The latter process, therefore, opens up the incorporation thermolabile
substances into electrospun biopolymer films including natural extracts [29].
Essential oils are natural substances obtained by secondary metabolite of plants such
as flowers, stems, leaves, seeds, etc. [30]. Different studies have reported multiple
active and bioactive properties for essential oils, including antibacterial, antimitotic,
antisepticise, and antiviral properties, due to the presence of aldehydes and phenols,
for instance carvacrol, eugenol or thymol [31]. Among them, eugenol (C1oH1203) is
the main active phenolic compound present in the clove essential oil [32], which
shows strong antibacterial activity against a wide range of Gram negative (G-)
bacteria, including Escherichia coli (E. coli), Salmonella typhimurium, Pseudomonas
aeruginosa, and also Gram positive (G+) bacteria, including Staphylococcus aureus
(S. aureus), Listeria monocytogenes (L. monocytogenes) [33,34]. The action of
essential oils against bacteria is based on interfering chemically with the synthesis or
function of principal components of bacteria as well as blocking their antimicrobial
resistance mechanisms. In this way, these natural antimicrobial substances are known
to affect the bacterial protein biosynthesis, deoxyribonucleic acid (DNA) replication
and repair, destroy cell membrane and wall or inhibit metabolism and structural
integrity [35-38]. However, due to its high volatility, water insolubility, poor
oxidation, and high thermal sensitivity, essential oils habitually need to be protected
to preserve their activity [39]. In this way, the electrospinning technology offers
multiples advantages for the nanoencapsulation of essential oils such as the use of
mild temperatures [40] and materials with high surface-to-volume ratios and
controlled porosity [41,42].
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Multilayer films are combinations of different layers typically based on materials
with dissimilar properties glued together to fulfill functions that monomaterials do
not offer [43,44]. Multilayers are often composed of “structural” and “barrier” layers,
usually on the outside and the inside, respectively. An “active” layer can additionally
be added either on the outside or inside, depending on the application needs. Layers
of adhesive polymers, also named “tie layers”, are used as glue between the different
layers where necessary. The purpose of using multilayer systems is to improve the
properties of the food packaging due to the majority of polymers, particularly
biopolymers, and paper present poor water resistance, low oxygen barrier, and
reduced mechanical performance [45-47]. As a result, the multilayer present higher
advantages than monolayer systems in terms of industrial process and applications in
food packaging [48,49]. In this context, the electrospinning technology can result
very effective to prepare active and bioactive multilayer structures with sustained
released capacity by means of coatings or interlayers containing entrapped substances
with functionality [50]. For instance, electrospun zein fibers in the form of coatings
[51] or interlayers [52] have significantly improved the gas barrier properties and
provided active performance to polylactide (PLA) films. Similarly, Fabra et al.
[53,54] followed the same strategy to develop multilayer structures based on PHAS
biopolyesters and electrospun zein nanofibers. Cherpinski et al. improved the water
resistance of paper [55] and nanopaper [56] by coatings of electrospun films of PHB
and other biopolymers. Quiles-Carrillo et al. [57] produced bioactive films with
sustained antioxidant release capacity by means of multilayer structures of PLA
containing electrospun fibers with gallic acid (GA). More recently, Akinalan Balik et
al. [58] developed high-barrier multilayer films using an electrospun pectin-based
film applied as an interlayer between two external layers of PHBV.

The main objective of this study was to develop a novel multilayer system based on
PHBV with antimicrobial properties by electrospinning. To achieve this end,
electrospun mats of PHBV fibers containing different amounts of eugenol were
characterized and the most efficient was selected to coat PHB sheets. Thereafter, a
food contact layer of PHB was put on the eugenol-containing electrospun layer and
the whole structure was subjected to annealing at mild temperature to form a
multilayer without the need to use a tie layer. The morphological, thermal,
mechanical adhesion, and barrier properties to water and limonene vapors were
determined. Finally, the antimicrobial activity of the multilayers against S. aureus
and E. coli in both an open and closed system was tested for 15 days in order to
ascertain their potential in active food packaging.
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2  Materials and Methods

2.1 Materials

Bacterial aliphatic copolyester PHBV was ENMATTM Y1000P, produced by Tianan
Biologic Materials (Ningbo, China) and supplied by Ocenic Resins SL (Valencia,
Spain). The biopolymer resin was delivered in pellets with a true density of 1.23
g/cm3. The molar fraction of HV in the copolymer is 2 — 3 %, while the molecular
weight (MW) is approximately 2.8 x 10° g/mol. Bacterial aliphatic homopolyester
PHB was provided in pellets by Biomer (Krailling, Germany) as P226F. It has a
density of 1.25 g/cm?, a melt flow rate (MFR) of 10 g/10 min at 180 °C and 5 kg, a
MW of 500 kDa, and a polydispersity index (PI) of 2. A 25-um film of PHBV with
a molar fraction of HV of 8 mol.% was purchased at GoodFellow Cambridge Limited
(Huntindgon, UK) with the commercial reference BV301025. All the PHA grades
are certified by the manufacturers both as compostable and food contact. 2,2,2-
trifluorethanol (TFE), with 99 % purity, and eugenol, ReagentPlus®, with 99 %
purity, were both purchased from Sigma-Aldrich S.A. (Madrid, Spain). Glycerol,
phosphate buffered saline (PBS), and tryptic soy broth (TSB) were provided by
Conda Laboratories (Madrid, Spain).

2.2 Preparation of the structural layer by cast extrusion

The PHB pellets were cast-extruded into sheets using a cast-roll machine MINI
CAST 25 from EUR.EX.MA (Venegono, Italy). The extrusion speed was set at 25
rpm and the temperature profile, from the feeding zone to die head, was adjusted to
180-175-170-170-165-165-160 °C. PHBV sheets with an average thickness of
~500 pwm were obtained by adjusting the speed of the calendar and the drag.

2.3 Preparation of the multilayers by electrospinning and
annealing

2.3.1  Solutions for electrospinning

Different solutions for electrospinning were prepared by dissolving 10 % in weight
(wt.%) of PHBV in TFE at room temperature. Eugenol was incorporated into the
solutions at 2.5 wt.%, 5 wt.%, 10 wt.%, 15 wt.%, 20 wt.%, and 25 wt.% in relation
to the PHBV content.
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2.3.2  Electrospinning

The PHBYV solutions containing eugenol were processed in a Fluidnatek® LE10
electrospinning benchtop equipment from Bioinicia S.L. (Valencia, Spain) with a
variable high-voltage 0 — 30 kV power supply and a motorized scanning injector. The
PHBYV solutions were transferred to a 30-mL plastic syringe and coupled by a Teflon
tube to a stainless-steel needle (@ = 0.9 mm) that was connected to the power supply.
Thus, each PHBYV solution was electrospun at room temperature, that is, 25 °C, for 2
h under a steady flow-rate of 6 mL/h, scanning horizontally toward a cast-extruded
PHB sheet attached to the metallic collector. The applied voltage was 15 kV while
the distance between the injector and collector was optimal at 15 cm. An electrospun
mat of PHBV without eugenol was also deposited on the PHB sheets in the same
conditions to produce the control multilayer. The same process was also carried out
to collect individual interlayers on the collector without using the PHB sheets. In all
cases, the resultant electrospun materials were stored in a desiccator at 25 °C and 0
% relative humidity (RH) for, at least, 48 h.

2.3.3 Annealing

The multilayer systems were produced according to the process schemed in Figure 1.
Briefly, once the electrospun PHBV mats containing eugenol were coated on the cast-
extruded PHB sheets, the food contact film of PHBV was deposited on the
electrospun layer and the whole system was subjected to annealing. This thermal
post-treatment was performed at 160 °C, below the biopolymer’s melting point, for
10 + 1 s, without pressure, using a hydraulic press 4122-model from Carver, Inc.
(Wabash, IN, USA). The resultant multilayers were finally air cooled at room
temperature. These conditions were selected based on our previous studies for
thermally post-processing PHAs [59]. The same process was applied to single
electrospun monolayers of PHBV for comparison purposes.

PHBV + EUGENOL
FIBERS
FO0D CONTACT
’ ACTIVE
(S » i‘ MONOLAYER

STRUCTURAL STRUCTURAL STRUCTURAL MULTILAYER
LAYER PHB LAYER PHB LAYER PHB SYSTEM

Figure 1. Process to obtain the poly(3-hydroxybutyrate) (PHB) sheet/electrospun poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) interlayer containing eugenol/PHBV film.
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2.4 Characterization of the electrospun monolayers and
multilayers

2.4.1 Thickness

Before testing, the thickness of all the monolayer and multilayer structures was
measured using a digital micrometer (500014, Mitutoyo, Corp., Kawasaki, Japan)
with £ 0.001 mm accuracy. Measurements were performed and averaged in five
different points with two in each end and one in the middle.

2.4.2  Morphology

The morphology of the electrospun fibers and the cross-sections of the films were
examined by scanning electron microscopy (SEM). Cryofracture of the films was
carried by immersing the samples in liquid nitrogen. The SEM micrographs were
obtained using a Hitachi S-4800 electron microscope (Tokyo, Japan) at an
accelerating voltage of 10 kV and a working distance of 8 — 10 mm. Prior to
examination, all the samples were fixed to beveled holders using a conductive
double-sided adhesive tape and sputtered for 3 min with a mixture of gold—palladium
mixture under vacuum. Fiber sizes and film thickness were determined by means of
the ImageJ 1.50i software using the SEM micrographs in their original magnification.
At least 25 micrographs of each sample were used for the measurements.

2.4.3  Thermal analysis

Thermogravimetric analysis (TGA) of the neat eugenol oil and PHBV films was
performed under nitrogen atmosphere in a Thermobalance TG-STDA Mettler Toledo
model TGA/STDA851e/LF/1600 analyzer (Greifensee, Switzerland). TGA curves
were obtained after conditioning the samples in the sensor for 5 min at 30 °C. The
samples were then heated from 25 °C to 700 °C at a heating rate of 10 °C/min. All
the thermal tests were carried out in triplicate.

2.4.4  Water contact angle

The wettability of the interlayers and multilayers surface was evaluated by the
measurement of the dynamic water contact angle (WCA) in an Optical Tensiometer
(Theta Lite, Staffordshire, UK). Five droplets were seeded at 5 pL/s on the surfaces
of each studied sample sizing 2 x 5 ¢cm? and the WCA values were averaged.
Measurements were performed at 25 °C.
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2.4.5 Mechanical adhesion

The adhesion capacity of the electrospun PHBV layer was assessed in a T-peel test
according to 1ISO 11339:2010. To this end, the multilayer structure was assembled by
sandwiching an electrospun PHBYV interlayer in between two cast-extruded PHB
films (200 mm x 150 mm) according to the sample geometry shown in Figure 2. Prior
to the annealing step, a 150 mm x 50 mm Teflon film was inserted along the edge of
the PHB sheets in order to prevent adhesion in the grip zone of the specimens (zone
1 in Figure 2). Adhesion tests consisted on measuring the force required to peel the
two PHB sheets tieded by the electrospun PHBYV interlayer by means of a uniaxial
tensile test in a universal testing machine (Shimadzu AGS-X 500 N, Shimadzu
Corporation, Kyoto, Japan) at room temperature with a cross-head speed of 10
mm/min.

Figure 2. Sample geometry for the T-peel adhesion test.

2.4.6  Water vapor permeance

The water vapor permeability (WVP) of the different multilayers was determined
according to the ASTM 2011 gravimetric method using Payne permeability cups
(Elcometer SPRL, Hermelle/s, Liege, Belgium) of 3.5 cm diameter. One side of the
films was exposed to 100 % RH by avoiding direct contact with liquid water. Then,
the cups containing the films were secured with silicon rings and stored in a
desiccator at 25 °C and 0 % RH. The cups were weighed periodically after the steady
state was reached. Water vapor permeation rate corresponded to the slope value of
the steady state line of time versus weight loss per unit area and the weight loss was
calculated as the total loss minus the loss through the sealing. Water vapor permeance
was obtained by correcting the water vapor permeation rate for the permeant partial
pressure. Measurements were done in triplicate for each type of samples.
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2.4.7  Limonene vapor permeance

Limonene permeability (LP) was measured as described above for WVP. For this, 5
mL of D-limonene was placed inside the Payne permeability cups and the cups
containing the films were placed at controlled room conditions of 25 °C and 40 %
RH. The limonene vapor permeation rates were estimated from the steady-state
permeation slopes and the weight loss was calculated as the total cell loss minus the
loss through the sealing. Limonene permeance was obtained by correcting the
limonene vapor permeation rate for the permeant partial pressure. Tests were
conducted in triplicate.

2.4.8 Antimicrobial tests

The antimicrobial performance of the monolayer and multilayer films was evaluated
according to the Japanese Industrial Standard (JIS) Z 2801:2010. S. aureus CECT240
(ATCC 6538P) and E. coli CECT434 (ATCC 25922) strains were obtained from the
Spanish Type Culture Collection (CECT) (Valencia, Spain) and stored in phosphate
buffered saline (PBS) with 10 wt.% tryptic soy broth (TSB) and 10 wt.% glycerol at
—80 °C. Previous to each study, a loopful of bacteria was transferred to 10 ml of TSB
and incubated at 37 °C for 24 h. A 100-uL aliquot from the culture was again
transferred to TSB and grown at 37 °C to the mid-exponential phase of growth. An
approximate count of 5 x 10° colony forming units (CFU)/mL of a culture having an
absorbance value of 0.20 as determined by optical density at 600 nm using an UV—
Vis spectrophotometer VIS3000 (Dinko, Instruments, Barcelona, Spain). A
microorganism suspension of S. aureus and E. coli was applied onto the test
monolayer and multilayer films sizing 1.5 cm x 1.5 cm containing eugenol that were
placed in hermetically closed and open bottles, the here so-called closed and open
systems, respectively. The electrospun PHBV monolayer without eugenol was used
as the control film since it shows no antimicrobial activity [60,61]. After incubation
at 24 °C and, at least, 95 % RH, for 24 h, bacteria were recovered with PBS, 10-fold
serially diluted, and incubated at 37 °C for 24 h in order to quantify the number of
viable bacteria by conventional plate count. The antimicrobial activity was evaluated
at 1 (right after the film production), 8, and 15 days in both the closed and open
systems. The value of the antimicrobial reduction (R) was calculated using the
expression:

R=[iog (&)~ to3 (9] =1os2) 8
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Where A is the mean of bacterial counts of the control sample immediately after
inoculation, B is the mean of bacterial counts of the control sample after 24 h, and C
is the mean of bacterial counts of the test sample after 24 h. Antimicrobial activity
was evaluated with the following assessment: Nonsignificant (R < 0.5), slight (R>0.5
and < 1), significant (R>1 and < 3), and strong (R>3) [62].

2.5 Statistical analysis

The results of the contact angle measurements, mechanical adhesion, water and
limonene vapor permeance were evaluated by analysis of variance (ANOVA) and a
multiple comparison test (Tukey) with 95 % significance level (p <0.05). For this
purpose, the software OriginPro8 (OriginLab Corporation, Northampton, MA, USA)
was used.
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3 Results and Discussions

3.1 Characterization and selection of the electrospun PHBV
monolayer

3.1.1  Morphology

Figure 3 shows the morphology and the fiber diameters histogram of the electrospun
PHBYV fiber mats containing eugenol prior to annealing. In Figure 3a one can observe
that the neat PHBV fibers presented a mean diameter of ~0.95 pum. Figure 3b
corresponds to electrospun PHBYV fibers with 2.5 wt.% of eugenol, which had a mean
diameter of ~0.90 um. In Figure 3c it can be seen that the fibers containing 5 wt.% of
eugenol showed a mean diameter of ~0.7 um, whereas the diameters in the fibers
containing 10 wt.% of eugenol was ~0.6 um (Figure 3d) and in the fibers with 15
wt.% eugenol was ~0.5 um (Figure 3e). As it can be seen in the histograms, the fiber
size decreased as the eugenol concentration increased. This effect can be ascribed to
the plasticizing effect and reduction in the solution viscosity due to the presence of
the oily substance [63,64]. Indeed, solution viscosity plays a major role in the fiber
diameter during electrospinning and solutions with lower viscosities tend to result in
fibers with lower diameters [65,66]. One can also observe in the SEM micrographs
that higher concentrations of eugenol impaired the formation of PHBV fibers during
electrospinning due to the potential agglomeration of the essential oil. In particular,
Figure 3f shows that 20 wt.% of eugenol resulted in a partial breakage of the PHBV
fibers, while 25 wt.% vyielded fibers with beaded regions. Similar results were
obtained during the electrospinning of PHBV with various essential oils, in which
high contents of oil molecules prevented the formation of homogeneous fibers since
the surface tension in the charged jet changed into droplets [59,67]. Therefore,
eugenol contents of up to 15 wt.% led to electrospun PHBYV fibers with smooth
surfaces and free of defects or beaded regions so that higher contents of the essential
oil were ruled out of the study.
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Figure 3. Scanning electron microscopy (SEM) micrographs of electrospun fiber mats of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing eugenol and their histograms: (a)
Neat PHBV; (b) 2.5 wt.%; (c) 5 wt.%; (d) 10 wt.%); (e) 15 wt.%; (f) 20 wt.%; (g) 25 wt.%.

The electrospun fibers mats were turned into actual films by the application of
annealing at 160 °C for 10 s. The morphologies of the top views and cross-sections
of the PHBV films containing eugenol were analyzed by SEM and they are gathered
in Figure 4. It can be observed that the films of neat PHBV (Figures 4a, b) and PHBV
containing 2.5 wt.% (Figures 4c, d), 5 wt.% (Figures 4e, ), 10 wt.% (Figures 4g, h),
and 15 wt.% (Figures 4i, j) of eugenol were very similar. In all cases, the individual
electrospun PHBYV fibers successfully coalesced and merged without melting. All the
films presented uniform and homogeneous surfaces, which is an indication of the
good cohesion of the materials. The cross-sections of the films presented nearly the
same thicknesses (~70 um), demonstrating that the addition of eugenol did not affect
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the morphology of the films. Similar observations were reported by Shen and
Kamdem [68] who developed active biodegradable films of chitosan containing 10 —
30 % wt./wt. of citronella essential oil and cedarwood oil by casting and solvent-
evaporation methods, showing a uniform film thicknesses. On the other hand,
however, Haghighi et al. [69] observed a changed in the microstructure of films based
on chitosan and gelatin after the incorporation of the essential oils eugenol and ginger.
The authors observed the presence of pores in the films that indicated the occurrence
of collapsed oil droplets due to the separation of aqueous phase during the drying step
as result of their hydrophobic nature. In this way, the annealed electrospun mats
present the advantage to develop more homogenous and continuous films containing
essential oils over the casting method due to the drying steps are not necessary.

Figure 4. Scanning electron microscopy (SEM) micrographs of the electrospun monolayers of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing eugenol: (a, b) neat PHBV;
(c, d) 2.5 wt.%, eugenol; (e, f) 5 wt.%; (g, h) 10 wt.%; (i, j) 15 wt.% eugenol. Scale markers of 30
um for all the top views and of 50 pum for all the cross-sections.

3.1.2  Thermal stability

Figure 5 shows the TGA curves obtained for the neat eugenol and the electrospun
PHBYV films containing eugenol. Table 1 gathers the most relevant thermal stability
parameters obtained from the TGA curves, that is, the onset degradation temperature,
measured at 5 % of weight loss (Tsw), the degradation temperature (Tqeg), and the
mass loss at Tgeg (%). One can observe that neat eugenol initiated thermal
decomposition at approximately at 110 °C, showing a Tsy, 0f 121.3 °C and presenting
a maximum degradation peak, that is, Tdeg, at 203.5 °C with a mass loss at Tdeg of
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86.68 %. This result confirms that this essential oil is thermally unstable and it cannot
be processed at high temperatures. In this regard, Shao et al. [70] reported a thermal
value for the maximum degradation of eugenol at 195 °C, which is characteristic of
its low-MW substances. It has been reported that eugenol decomposition is based on
a first low-intense mass loss around 44 °C associated to the release of volatiles
molecules and the second mass loss occurs at 200 °C where it takes places the
complete degradation of the organic compounds [71]. As opposite, one can observe
that the electrospun PHBV films were relatively stable, showing values of Tsy, of
276.6 °C and Tgeg Of 304.7 °C with a mass loss at Tgeg Of 61.01 %. The films
containing 2.5 wt% and 5 wt% of eugenol showed very similar thermal
decomposition profiles, presenting their onset of degradation at 264.2 °C and 265 °C,
respectively, and exhibiting Tqeg Values of 291.4 °C and 293.3 °C with respective mass
losses of 71.18 % and 72.14 %. The electrospun PHBV film containing 10 wt.% of
eugenol started thermal decomposition from 245.8 °C, presenting a Tqeq Value of
293.1 °C with a mass loss of 74.60 %. Finally, in the case of the electrospun PHBV
film containing 15 wt.% of eugenol, it showed a significantly lower value of Tsy, that
is, 160.8 °C, while Tgeq was similar to the other films, that is, 293.3 °C (76.36 %). The
reduction observed in the onset of thermal degradation can be attributed to the low
thermal stability of eugenol.

In order to better ascertain the thermal protection offered by the electrospun PHBV
fibers, the mass loss of the samples was determined at 230 °C since, at this
temperature, eugenol was completely degraded (mass loss > 98%). This is in
agreement with the findings reported by Cao et al. [32], who indicated that neat
eugenol completely degrades at 225 °C with a weight loss of 96 %. Alternatively, it
can be observed that PHBV remained highly stable at 230 °C (mass loss < 5 %) since
this temperature is below its Tonset. One can observe that the mass loss at 230 °C
increased from 2.15 %, for the electrospun PHBV film containing 2.5 wt.% of
eugenol, up to 7.02 %, for the film with 15 wt.% of eugenol. However, one can also
notice that the thermal stability of eugenol was relatively similar in all the PHBV
films since the mass loss at 230 °C decreased proportionally to the eugenol content.
Therefore, the eugenol encapsulated in the PHBV films showed a significantly higher
thermal stability than the free essential oil, though certain amount of eugenol was
thermally degraded at temperatures above 200 °C. Similar results were obtained by
Da Silva et al. [73], who observed that eugenol entrapped in cellulose nanostructures
and then incorporated in the poly(butylene adipate-co-terephthalate) (PBAT)
prepared by solvent casting improved the thermal stability of pure eugenol. Likewise,
the previous reports of our research group agreed with the thermal properties attain
in the present study, showing that the thermal stability of essential oils incorporated
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into PHAS by electrospinning was improved [59,67,74]. Therefore, the development
of thermally stable systems expands the potential use of electrospinning for the design
of active food packaging as an alternative to melt processing technologies such as
extrusion or compression molding.

Table 1. Thermal properties of eugenol and electrospun monolayers of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) containing eugenol in terms of: temperature at 5 % weight loss
(Ts%), degradation temperature (Tdeg), mass 10ss at Tdeg, and mass loss at 230 °C, and thermal

stability of eugenol at 230 °C

sample TalO)  TwCo)  MESlsal Mesiea
Eugenol 121.3+15 2035+1.1 86.68 £ 0.7 98.12+1.0
PHBV 276.6 £0.9 304.7+1.6 61.01+1.2 213%0.7
PHBV + 2.5 wt.% Eugenol 264221 291.4+0.7 71.18+0.9 215+11
PHBV + 5 wt.% Eugenol 265.0+2.3 293.3+25 72.14+£2.0 2.88+2.0
PHBV + 10 wt.% Eugenol 2458 +0.7 293.1+13 7460+ 1.6 478+16
PHBV + 15 wt.% Eugenol 160.8 £3.3 293.3+19 76.36 £2.1 7.02+21
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Figure 5. Thermogravimetric analysis (TGA) curves of eugenol and electrospun monolayers of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing eugenol.

3.1.3  Antimicrobial activity

Table 2 shows the antimicrobial results of the electrospun PHBV monolayers
containing different concentrations of eugenol evaluated after 24 h in the open
system. This assessment was performed to determine the optimal concentration of
eugenol in the PHBV monolayers to, thereafter, develop the multilayer active system.
The antimicrobial results of the electrospun PHBV monolayers containing 2.5 wt.%
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and 5 wt.% eugenol showed both significant reduction values (R > 1 and < 3),
whereas eugenol concentrations of 10 wt.% and 15 wt.% showed both a strong
reduction (R > 3) against S. aureus. Similar results were obtained for E. coli, in which
the reduction was slight (R > 0.5 and < 1) for 2.5 wt.% eugenol and significant (R >
1 and < 3) for 5, 10, and 15 wt.% eugenol. A high inhibition was obtained for contents
of 15 wt.% of eugenol, reaching a reduction of 3.35 and 2.90 against S. aureus and
E. coli, respectively. Differences observed for both bacteria in the antimicrobial
performance of eugenol have been ascribed to variances in the action mechanism of
essential oils in the bacterial cell membrane and cytoplasm [38,74]. In particular, G-
bacteria have higher resistance than G+ ones due to the cell membrane structure is
based on complex lipopolysaccharides that restrict the diffusion rate of hydrophobic
compounds of essential oils across the cell membranes. Besides, the solubility rate
and the concentration of antimicrobial agents in the lipid moiety of the cell
membranes, along with the hydrophobicity of the membrane surfaces, can all
influence in the resistance of G- bacteria against these active compounds [75-77].

Table 2. Antibacterial reduction (R) for Staphylococcus aureus (S. aureus) and Escherichia coli
(E. coli) of the electrospun monolayers of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
containing different amounts of eugenol in the open system for 24 h

PHBV PHBV

Active
Bacteria Eugenol monolayer monolayer monolayer R
(wt.%) Log (CFU/mL)  Log (CFU/mL) Log (CFU/mL)
t=0h t=24h

25 5.16 £ 0.12 1.64 £0.50

5 421+021 2.59+0.32

S. aureus 10 6.82+0.33 6.80 + 0.56 3.79+0.70 3.01+0.66
15 3.45+0.32 3.35+0.99

25 5.79+0.21 0.99+0.78

5 5.03+0.18 1.75+0.25

E. coli 10 6.76 £ 0.51 6.78 £ 0.63 4.31+043 247 +£0.36
15 3.88+0.37 2.90+0.81

Based on the antimicrobial reduction attained for both strains and also taken into
account the morphological and thermal stability results described above, one can
consider that the best concentration of eugenol in the electrospun monolayers of
PHBV is 15 wt.%. Hence, the PHBV monolayer films containing 15 wt.% were
evaluated against S. aureus and E. coli strains in an open a closed system for a longer
period, that is, up to 15 days. These conditions resemble better those found in actual
packaging systems in terms of design and time so that the antimicrobial performance
of the active materials can be more accurately determined. As one can observe in
Table 3, the electrospun PHBV monolayers presented a strong inhibition (R > 3)
against S. aureus and a significant inhibition (R > 1 and < 3) against E. coli during
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the 15 days of evaluation. The different results obtained for the two tested systems,
that is, the open system and the close one (actual packaging) are related with the
expected accumulation of the volatile compounds in the headspace of the closed
chamber, which can contribute to inhibiting the bacteria growth on the film surfaces.
In this regard, Navikaite-Snipaitienea et al. [78] demonstrated that the release of
eugenol to the headspace of sealed containers was very rapidly within 1 day and
saturation in the packaging headspace was reached after 3 days. The coatings
containing the highest amount of eugenol also showed the highest saturation
concentration of active substance in the headspace. Similar results were reported in
our previous study using oregano essential oil (OEQ) and rosemary and green tea
natural extracts, in which a slightly higher inhibition was achieved in the closed
system in comparison with the open one after 15 days of storage against S. aureus
and E. coli [59]. Therefore, the here-attained release and accumulation of volatiles
compounds from the developed packaging system can be regarded as an advantage
to better preserve food products during their shelf life period.
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Table 3. Antibacterial reduction (R) for Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) of the electrospun monolayers of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing 15 wt.% of eugenol in the open and closed systems for 1, 8, and 15 days

Open system

Closed system

Bacteria  Day PHBV PHBV Active PHBV Active
monolayer monolayer monolayer R monolayer monolayer R
Log (CFU/mL)  Log (CFU/mL) Log (CFU/mL) Log (CFU/mL) Log
t=0h t=24h t=24h (CFU/mL)

1 6.75 + 0.04 6.72 + 0.002 3.49+0.081 3.23+0.05 6.72 +0.02 3.49+0.08 3.23+0.12
S. aureus 8 6.64 +0.05 6.62 +0.007 3.31+0.033 3.31+0.07 6.70 £ 0.05 3.15+0.07 3.55+0.06

15 6.77 £0.02 6.74+0.010 3.33+0.092 341%0.11 6.74£0.06 3.08%0.06 3.66+0.07

1 6.80 £ 0.09 6.78 £ 0.011 4.08 +0.027 2.70 £0.07 6.78 £ 0.07 4,08 +0.07 2.70 £0.05
E. coli 8 6.71+£0.07 6.69 +0.041 3.87 +£0.084 2.82+0.12 6.75+0.06 3.83+0.09 2.92 +0.06

15 6.77 +0.08 6.76 + 0.030 3.81+0.030 2.95+0.10 6.76 + 0.08 3.40+0.08 3.36 +0.09
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3.2 Characterization of the active multilayer

3.2.1  Morphology

Figure 6 shows the SEM micrographs in the top view and cross-section of the
multilayer structures prepared with the electrospun interlayer of PHBV containing 15
wt.% of eugenol. The selected electrospun monolayer was incorporated in a
sandwich-type structure between the cast-extruded PHB sheet (structural layer) and
the 25-um PHBYV film (food contact layer). One can observe that both the PHB sheet
(Figure 6a) and PHBV film (Figure 6b), which constitute the external layers of the
multilayer structure, exhibited a smooth and homogenous surface. Figure 6¢ shows
the cross-section of the multilayer system, where the electrospun PHBV monolayer
can be seen as an interlayer effectively adhered to both external layers. The high
adhesion achieved can be ascribed to the high surface-to-volume ratio of the
electrospun fibers, in the submicron range, which efficiently adhered to the contact
layer during the thermal post-treatment (annealing). Other recent studies have
reported the potential of the electrospinning technology to develop multilayer
structures based on the particular morphology of the fibers, even though different
materials were employed to produce the layers. For instance, Cherpinski et al. [55]
developed multilayer packaging structures based on paper/poly(vinyl alcohol)/PHB.
It was observed that the multilayer structures self-adhered to the paper substrate
during annealing and the applied electrospun biopolymer coatings yielded a
significant improvement of the paper barrier properties to water and limonene vapors.
In another study, Fabra et al. [79] studied the effect of different electrospun
biopolyester coatings of poly(g-caprolactone) (PCL), PLA, and PHB on the
properties of thermoplastic corn starch (TPCS) films. The multilayers developed
showed that the addition of electrospun biopolyester coatings led to an exponential
oxygen gas and water vapor permeability reduction as the thickness of the electrospun
coating increased. Fabra et al. [53] also obtained multilayer structures based on
PHBV prepared by compression-molding and casting, which contained a high barrier
interlayer made of electrospun zein nanofibers, concluding that the addition of a zein
interlayer significantly improved oxygen barrier properties of the multilayer films
prepared by both processing technologies. Similar results were formerly obtained by
the use of multilayers of PLA film/electrospun zein fibers/PLA film, in which the
introduction of the electrospun zein mat enhanced the barrier properties due to the
large aspect ratio of the electrospun fibers by establishing a tortuous pathway for the
diffusion of the oxygen gas molecules [51,52]. In another study, Wan et al. [80]
developed bacterial cellulose multilayer films by incorporating interlayers of
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electrospun zein fibers, which enhanced water resistance properties of the multilayer
films.

()

Figure 6. Scanning electron microscopy (SEM) micrographs of the multilayer structure of poly(3-
hydroxybutyrate) (PHB) sheet/electrospun poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) interlayer containing eugenol/PHBYV film: (a) top view of the structural layer of PHB:
(b) top view of the food contact layer of PHBV; (c) multilayer cross-section.

3.2.2  Water contact angle

The WCA values of the electrospun PHBV monolayers with different eugenol
contents and the multilayer containing 15 wt.% eugenol are presented in Figure 7.
Figure 7a shows the contact angle for the electrospun PHBV monolayer without
eugenol, showing a value of 86.77°. A similar WCA value, that is, 86°, was reported
by Yoon et al. [81] for PHBV surfaces prepared by the electrospinning technique. As
one can observe in Figures 7b-e, the values of WCA of the monolayers containing
2.5 wt.% (85.39°), 5 wt.% (85.21°), 10 wt.% (85.12°), and 15 wt.% of eugenol
(85.08%) were very similar and slightly lower than that of PHBV without eugenol.
The lower values can be ascribed to the reduction of the surface tension of the water
drops on the film surface by the oily molecules of eugenol. It can also be observed
that the food contact layer showed an WCA value of 70.91° (Figure 7f), whereas the
structural layer of PHB presented a value of 72.68° (Figure 7g). The difference
observed in hydrophobicity between the homopolyester and copolyester films are
slight, being both hydrophobic polyesters, since the molar content of 3HV in the
commercial copolyester is relatively low [82-84]. In an application context, Chang et
al. [85] studied the WCA of plasma-treated and untreated PHB and PHBV films
fabricated by solvent casting. It was observed that the untreated PHB and PHBV films
led to WCA values of 76.0° and 72.5°, respectively and the value decreased in the
CH4/O; plasma-treated PHB (23.0°) and PHBYV (18.5°) films. Finally, the active
multilayer containing 15 wt.% eugenol in the electrospun interlayer of PHBV
presented a WCA value of 75.53° (Figure 7h). This intermediate value between the
external layers of the commercial PHAs and the other electrospun monolayers can be
explained in terms of the high eugenol content present in the interlayer, in which
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some essential oil could diffuse to the external food contact layer of PHBV and
decreased its surface tension. In any case, all the samples yielded angles characteristic
of hydrophobic materials according to the classification reported by Medina-
Jaramillo et al. [86], where ‘hydrophobic’ and “hydrophilic” are defined for angles >
65° and < 65°, respectively.

L 4 ™
86.77° + 0,193u’L ~ 85.39° + 0.23° 85.21° + 0.56° 85.12° + 0.80°
() ) (@ (h)

85.08° + 0.89° 70.91° + 0.97° 72.68° + 0.91° I 75530+ 0.65°

Figure 7. Water contact angle (WCA) of electrospun monolayer films of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) containing eugenol: (a) without eugenol; (b) 2.5 wt.%; (c) 5
wt.%; (d) 10 wt.%; (e) 15 wt.%; (f) Food contact layer of PHBV, (g) Structural layer of poly(3-
hydroxybutyrate) (PHB); (h) Multilayer containing 15 wt.% eugenol measured on the food
contact layer side. a-e: Different superscripts indicate significant differences among samples
(p < 0.05).

3.2.3  Mechanical adhesion

Table 4 shows the mechanical parameters in terms of tensile modulus (E), tensile
strength at yield (oy), and elongation at break (ep) of the electrospun PHBV
monolayer films containing eugenol. The table also includes the tensile properties of
the cast-extruded sheet of PHBV, which constitutes the structural layer and, at the
end, determines the whole mechanical properties of the multilayers. The tensile
parameters of the structural layer are similar to those reported earlier for PHB films
prepared by extrusion and thermo-compression, that is, approximately 2900 MPa, 37
MPa, and 4 % [25]. Alternatively, the neat PHBV monolayer obtained by
electrospinning and subsequent annealing presented E, oy, and &, values of 1252 MPa,
18.1 MPa, and 2 %, which are in the range of the values reported by Corre et al. [87]
for melt-extruded films. The incorporation of low contents of eugenol into the
electrospun monolayers slightly improved all the mechanical properties, more
notably the film elasticity. In particular, the electrospun PHBV monolayer film
containing 2.5 wt.% of eugenol presented the highest E value, that is, 2884 MPa.
Lower values were attained, however, at the highest content of eugenol, that is, 15
wt.%, which correlates well with the thermal properties reported above and suggests
that the oil particles agglomerated in the biopolymer matrix and induced a plasticizing
effect. Furthermore, the differences attained among the electrospun monolayers can
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also be ascribed to interactions between the coalesced fibers in the electrospun film
sample such as slip of fibers over one another, point bonding, alignment, etc. [88]. In
comparison to PHA films containing essential oils prepared by solvent casting and
melting routes, the here-attained electrospun PHBV films were more ductile but less
mechanical resistant. For instance, melt-mixed PHB films prepared by Arrieta et al.
[89] showed an E value of 1390 MPa, also showing a significant reduction after the
incorporation of 15 wt.% of limonene since it is a strong plasticizer that contributes
to reducing the intramolecular bonds of the biopolymer. In the work performed by
Narayanan et al. [90], solvent-casted PHB films with different amounts of eugenol
showed a oy reduction from 40 MPa, for neat PHB, to 23.5 MPa after the
incorporation of the essential oil. In another study, compression-molded bilayer
structures based on PHBV containing different essential oils at 15 wt.% were
produced by Requena et al. [91], showing that the E and oy values ranged between
1141— 773 MPa and 27.6 — 17 MPa, respectively. These results confirm that the
electrospun film show lower mechanical strength due to they consist of coalesced
fibers and also show higher porosity [92]. In any case, all the developed monolayers
showed sufficient strength to be successfully applied as interlayers in packaging
applications.

Table 4. Mechanical properties of the electrospun monolayer films of poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) (PHBV) containing eugenol in terms of tensile modulus (E), tensile strength at
yield (o), and elongation at break (&5)

Sample E (MPa) 6,(MPa) £,(%)
Structural PHB sheet 3014 + 86° 29.1+£3.3° 1.4+0.3°
PHBY monolayer 1252 £79° 18.1£2.1* 2.0+0.2°
PHBYV + 2.5 wt.% eugenol monolayer 2884 £ 70° 20.6 +4.8° 2.1£0.2¢
PHBYV + 5 wt.% eugenol monolayer 2632 + 73¢ 21.3+£0.8¢ 2.2+0.1%°
PHBYV + 10 wt.% eugenol monolayer 2261 +29¢ 283+ 1.4¢ 2.4+0.7%
PHBYV + 15 wt.% eugenol monolayer 1897 £51°¢ 26.5+1.8° 2.5+0.4°

a-e: Different superscripts within the same column indicate significant differences among samples (p < 0.05).

Furthemore, the adhesion capacity of the electrospun PHBV layer to the structural
and food contact layers was assessed by T-peel adhesion tests. For all the samples
studied, the PHB film broke before the detachment of the adhesive union, thus
revealing an excellent performance of the PHBV electrospun as tie-layer. A
maximum stress of ~10 N/cm was reached at break of the PHB film, thus proving an
adhesion force above that value.
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3.2.4  Barrier performance

The WVP and LP values of the electrospun PHBV monolayers containing eugenol,
food contact PHBV film, and structural PHB sheet are shown in Table 5. In the case
of the food contact film, the permeability values were 6.27x10** Kg-m-m2-s*-Pa!
and 5.17x10* Kg-m-m2-s'1-Pa* for water and limonene vapors, respectively. These
values were higher than those observed for both the electrospun PHBV monolayer
without eugenol, that is, 4.05x10* Kg-m-m2-s-Pa! and 3.75x101* Kg-m-m2-s-
L.pal, respectively, and also for the structural layer of PHB, that is, 1.75x10-15
Kg-m-m-2-st-Pat and 1.95x101° Kg-m-m2-s1-Pal. This observation is related to
the higher 3HV molar content of the biopolyester in the food contact layer, that is, 8
mol.%. In a context of packaging applications for food preservation, the present
PHAs showed values of permeability relatively close to petroleum derived
thermoplastics such as polyethylene terephthalate (PET), with WVP value around
5.2x10% Kg-m-m2-s1-Pa [54,87]. The differences attained can be ascribed to the
remaining porosity and, thus, lower continuity of the annealed fiber-based material
[92]. One can also observe that the incorporation of eugenol into the PHBV
monolayers decreased the permeability of both vapors whereas there were also
significant differences for the electrospun monolayers containing eugenol. The
monolayer PHBV films containing 2.5 and 5 wt.% of eugenol presented WPV values
of 3.59x10 Kg-m-m2-s1-Pa’t and 2.79x10%* Kg-m-m-s1-Pa! and LP values of
2.86x101* Kg-m-m2-st-Pa! and 2.13x10%* Kg-m-m2-s*-Pal. For the monolayer
PHBYV films containing 10 wt.% and 15 wt.% of eugenol, the WVP values decreased
to 1.98x10* Kg-m-m2-s-Pa’t and 0.95x101* Kg-m-m2-s-Pa!, respectively. In
the case of LP, values were respectively 1.83x104 Kg-m-m-s1-Pa! and 0.81x10
14 Kg-m-m=2.s1.Pal. Since water vapor is mainly a diffusivity-driven property in
PHASs due to their low water sorption nature [93], the decrease in permeability to
water vapor can be ascribed to the hydrophobic character of eugenol, where the
presence of the oily molecules dispersed in PHA matrix impaired the mobility of
water molecules [61,67,94]. For limonene, as opposed to moisture, the aroma
molecules are known to plasticize PHAs and, then, solubility plays a more important
role in permeability than diffusion. Therefore, the lower permeability values attained
indicate that eugenol also reduced the sorption of limonene in the PHBV matrix.
Similar barrier improvements were reported by Melendez-Rodriguez et al. [67] when
incorporated eugenol encapsulated in mesoporous silica nanoparticles in PHBV
monolayers, though the barrier effect was mainly ascribed to the mineral nanofillers.
Likewise, Hasheminya et al. [95] showed that Kefiran/carboxymethyl cellulose
composite films incorporating Satureja Khuzestanica essential oil by solvent casting
decreased significantly the WVP values due to interactions between the hydrophobic
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compounds and the biopolymer. This phenomenon was explained by a reduction of
the number of hydrophilic groups available that could diffuse into the continuous
biopolymer phase.

The permeance of all the monolayers and multilayer was also determined by diving the
permeability values into each sample thickness. Permeance is the time it takes the vapor
to transmit through a unit area of film that has a vapor pressure difference between the
two exposed surfaces of the film, therefore, the lower the permeance the higher the barrier
of the film or sheet. One can observe that the water vapor and limonene permeances of
the active multilayer were 0.03x10"° Kg-m2-s*.Pa? and 0.02x10%° Kg-m2-s*-Pa?,
respectively. These values were slightly lower than those attained for the structural PHB
sheet due to the presence of electrospun interlayers of PHBV containing eugenol and the
higher thickness of the sample. The present multilayers can be compared with the
multilayers prepared by Akinalan Balik et al. [58], who evaluated the water permeance
of multilayer films that consisted of an electrospun pectin interlayer sandwiched between
two electrospun PHBYV films. The previous study reported higher permeance values for
the neat PHBV/PHBV film (5x10° Kg-m?2-s1-Pa') mainly due to the lower total
thickness of the multilayer (72 pum). In the case of PHBV/electrospun pectin/PHBV
multilayer, the permeance value was also lower (1.75x107'° kg-m™2-Pa™'-s™!) even though
the electrospun pectin highly improved the barrier performance of PHBV. Therefore, the
here-prepared multilayers can be applied to medium barrier applications or even medium-
to-high barrier applications at the current thickness.
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Table 5. Permeance of water and limonene vapors and limonene of the structural poly(3-hydroxybutyrate) (PHB) sheet, food-contact poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) film, electrospun PHBYV interlayers with different contents of eugenol, and multilayer with 15 wt.%

eugenol
Thickness Permeability Permeance
(mm)
Sample Water vapor Limonene vapor Water vapor Limonene vapor
x 101 x 104 x 101 x 101

(Kg-m-m2stPal) (Kg-m-mZstPal) (Kg-mZs!-Pal) (Kg-m?2st-Pal)
Food contact PHBV film 0.025 +0.03? 6.27 £0.15% 5.17 + 0.65° 25.08 + 0.59* 20.68 + 0.26*
Structural PHB sheet* 0.500 + 0.07° 0.18 £0.50° 0.20+0.10° 0.04 +0.01° 0.04 +0.01°
PHBV monolayer 0.070 £0.10° 4.05+0.13° 3.75+0.93° 5.87 £0.19° 544 +0.13°
PHBV + 2.5 wt.% eugenol monolayer 0.071 +0.11° 3.59 + 0.54¢ 2.86 + 0.42¢ 5.06 +0.77° 4,03 +0.59¢
PHBV + 5 wt.% eugenol monolayer 0.073 +£0.15¢ 2.79 £0.46° 2.13£0.14¢ 3.83+0.63¢ 292 £0.19°
PHBV + 10 wt.% eugenol monolayer 0.072 £0.13° 1.98 +0.37f 1.83+0.11° 2.74 £ 0.51° 2.54 £ 0.15°
PHBV + 15 wt.% eugenol monolayer 0.071+0.11° 0.95+0.139 0.81 +0.48f 1.33+0.18f 1.14 +0.13f
Multilayer 0.580 +0.12° - - 0.03+£0.01¢ 0.02 £ 0.10°

a-g: Different superscripts within the same column indicate significant differences among samples (p < 0.05).

*Literature values [27].
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3.2.5  Antimicrobial activity

Table 6 shows the antimicrobial properties of the multilayer system against S. aureus
and E. coli strains in an open a closed system for up to 15 days. It can be observed
that the multilayer presented a significant inhibition reduction (R > 1 and < 3) against
both bacterial strains in the all days of evaluation, reaching at day 15 R values of 1.84
for S. aureus and 1.47 for E. coli. Compared with the monolayer materials, lower
values were obtained since the release rate was slower due to the presence of the food
contact layer, which potentially hindered the diffusion of eugenol [96]. In any case,
the R values obtained for these multilayers systems, ranging between 1.24 and 2.19,
were still significant (R > 1 and < 3) against both bacteria and in both tested systems.
Similarly, Cerqueira et al. [61] developed active multilayers based on bilayers of
PHBV/zein and PHBYV containing cinnamaldehyde by electrospinning, achieving a
good antimicrobial activity against L. monocytogenes with a logarithmic reduction
around of 2.18 Logio CFU/mL after 30 days of storage. Figueroa-Lopez et al. [42]
also achieved a high reduction of S. aureus [3.9 Logio (CFU/mL)] using active
multilayer films based on gelatin, PCL, and black pepper oleoresin prepared by
electrospinning. It is also worthy to note that the inhibition had a slight increase in
the closed system at days 8 and 15 of evaluation, which is related to the accumulation
of eugenol released from the multilayer in the headspace. Therefore, development of
active packaging is foreseen to preserve food products for up to 15 days, maintaining
their physical and microbiological quality [97]. Thus, the design of multilayer active
systems can successfully allow the controlled release of the bioactive compounds.

In a food packaging content, it is also worthy to mention that a slow or sustained
release supposes an advantage because, in some cases, the excess of volatiles
substances can be affect the organoleptic food properties and result in consumer
rejection. As reported by Ribes et al. [98], the presence of active compounds such as
eugenol, carvacrol, and vanillin altered the sensory acceptance of fruit juices. It was
observed that active compounds immobilized in silica supports induced a change on
the aroma of juice samples, particularly for the samples containing eugenol. Thus,
the use of multilayers can also successfully contribute to reducing the organoleptic
impact of essential oils on the original aroma of food products.
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Table 6. Antibacterial activity for S. aureus and E. coli of the poly(3-hydroxybutyrate) (PHB)/electrospun poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) containing eugenol/PHBV film multilayers in the open and closed systems for 15 days

Open system

Closed system

Bacteria  Day Control Control Active R Control Active R
PHBV PHBV Multilayer PHBV Multilayer
Log (CFU/mL) Log (CFU/mL) Log (CFU/mL) Log (CFU/mL)  Log (CFU/mL)
t=0h t=24h t=24h
1 6.75+0.04 6.72 +0.002 5.21 +0.05 1.51+0.08 6.72 +0.02 5.21+0.05 1.51+0.08
S. aureus 8 6.64 +0.05 6.62 +0.007 5.01+0.05 1.61+0.13 6.70 £ 0.05 4.76+ 0.07 1.94+0.10
15 6.77 £0.02 6.74 +£0.010 4.90+0.02 1.84 +0.07 6.74 £ 0.06 4.55+0.02 2.19+0.13
1 6.80 +£0.09 6.78 £0.011 5.54 +0.06 1.24 +£0.06 6.78 £0.07 5.54 +£0.06 1.24£0.09
E. coli 8 6.71+0.07 6.69 +0.041 5.41+0.07 1.28+0.13 6.75 +0.06 5.26 £0.08 149+0.11
15 6.77 +£0.08 6.76 +£0.030 5.29 +£0.09 147+0.17 6.76 £0.08 5.05+0.04 1.71£0.07
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4  Conclusions

A novel multilayer structure fully based on PHA with antibacterial properties was
successfully produced by the electrospinning of PHBV fibers containing eugenol on
a cast-extruded PHB sheet (structural layer) followed by the deposition of a PHBV
film (food contact layer) and thereafter the application of annealing to the whole
assembly at mild temperature. The amount of eugenol in the electrospun monolayer
was optimal at 15 wt.% since it yielded high electrospinnability and provided the
highest antibacterial properties against bacteria strains of S. aureus and E. coli as well
as sufficient thermal stability. The resultant multilayer showed high hydrophobicity
to be used in high humidity packaging environments, sufficient interlayer adhesion,
a mechanical performance similar to the structural layer, and improved barrier
properties against water and aroma vapors. The antimicrobial tests finally showed
that the multilayer is very effective to reduce and control the growth of food-borne
bacteria in both open and closed systems for up to 15 days. Moreover, through the
multilayer design, the release of eugenol was sustained and it can be prolonged so
that the organoleptic properties would be less affected. Further studies will be focused
on analyzing the migration of eugenol from the multilayer active system into food
simulants and the practical application of the multilayer in the form of packaging
articles such as trays or lids to study the shelf life of food products and also their
impact on the organoleptic properties.
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Development of Active Barrier Multilayer Films Based on
Electrospun Antimicrobial Hot-Tack Food Waste Derived
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and
Cellulose Nanocrystals Interlayers

Abstract

Active multilayer films based on polyhydroxyalkanoates (PHAS) with and without
high barrier coatings of cellulose nanocrystals (CNCs) were herein successfully
developed. To this end, an electrospun antimicrobial hot-tack layer made of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) derived from cheese whey, a by-
product from the dairy industry, was deposited on a previously manufactured blown
film of commercial food contact PHA-based resin. A hybrid combination of oregano
essential oil (OEQ) and zinc oxide nanoparticles (ZnONPs) were incorporated during
the electrospinning process into the PHBV nanofibers at 2.5 and 2.25 wt%,
respectively, in order to provide antimicrobial properties. A barrier CNC coating was
also applied by casting from an aqueous solution of nanocellulose at 2 wt% using a
rod at Im/min. The whole multilayer structure was thereafter assembled in a pilot
roll-to-roll laminating system, where the blown PHA-based film was located as the
outer layers while the electrospun antimicrobial hot-tack PHBV layer and the barrier
CNC coating were placed as interlayers. The resultant multilayer films, having a final
thickness in the 130-150 pum range, were characterized to ascertain their potential in
biodegradable food packaging. The multilayers showed contact transparency,
interlayer adhesion, improved barrier to water and limonene vapors, and intermediate
mechanical performance. Moreover, the films presented high antimicrobial and
antioxidant activities in both open and closed systems for up to 15 days. Finally, the
food safety of the multilayers was assessed by migration and cytotoxicity tests,
demonstrating that the films are safe to use in both alcoholic and acid food simulants
and they are also not cytotoxic for Caco-2 cells.

Keywords: PHBV; nanocellulose; multilayers; oregano essential oil; zinc
nanoparticles; barrier films; active packaging; migration; cytotoxicity.
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1 Introduction

Dependence of polymers to fossil fuels and environmental issues related to plastic
wastes have motivated the research and development of biodegradable polymer
materials based on renewable natural resources. Polyhydroxyalkanoates (PHAS) are
one of the most commonly studied biodegradable biopolyesters that can be obtained
by direct biosynthesis using microorganisms and enzymes. In particular, over 300
bacterial species have been reported to accumulate PHAs in their cytoplasm as carbon
and energy storage granules [1]. PHAs are homo-, co-, and terpolymers in which their
structure is principally constituted by (R)-hydroxy-fatty acids and basically consist
of 3-, 4-, 5-, and 6-hydroxycarboxylic acids [2,3]. PHASs can be classified according
to the number of carbons in their repeating units. This classification includes short-
chain-length PHAs (scl-PHAS) with 3 to 5 carbon atoms, which main examples are
poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBYV), showing properties similar to polypropylene (PP), medium-chain-length
PHAs (mcl-PHASs) with 6 to 14 carbon atoms, such as poly(3-hydroxyhexanoate)
(PHHx) and poly(3-hydroxyoctanoate) (PHO), which display elastic properties
similar to rubbers and elastomers, and long-chain-length PHAs (Icl-PHAS) with more
than 14 carbon atoms [3]. The PHB homopolymer and its copolymers with varying
ratios of 3-hydroxyvalerate (3-HV), that is, PHBV are the most studied PHAs. The
inclusion of the 3-HV comonomer reduces the degree of crystallization and
crystallization rate of PHB and thus increases its flexibility and reduces its melting
temperature (Tm) [4]. Both the biocompatibility and biodegradability characteristics
of PHBV also make this biopolymer an outstanding material with broad applications
in different sectors [5]. In this regard, the PHBV films present medium oxygen and
water vapor barrier properties, which are relevant characteristics for the design of
food packaging articles [6].

Multilayers consist of a sandwich-like structure made up of 12 or more layers
typically based on plastics or other materials (e.g., paper) with dissimilar properties
glued together where each layer contributes to improve the final properties of the
article [7]. Multilayers are typically composed of “structural” and “barrier” layers
usually on the outside and inside, respectively. An “active” layer can also be added,
either on the outside or inside, depending on the final application. They are obtained
by different methods, typically extrusion or solvent casting followed by lamination
treatment as well as cast or film extrusion using multiple die designs, where each
layer is usually glued by adhesives or “tie” layer resins [8]. In this regard, there are
many reports about barrier multilayer systems, which combined hydrophobic
biopolymers such as PHBV, polylactide (PLA) or poly(e-caprolactone) (PCL) with
hydrophilic ones, such as zein, starch or gelatin, containing nanofillers to improve
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the mechanical, water vapor, and oxygen barrier properties [8-12]. Likewise, active
substances, such as essential oils and metallic nanoparticles, can be incorporated in
one of the layers to confer antimicrobial and antioxidant properties to the final
multilayer [13].

Cellulose nanocrystal (CNC) has become a new kind of nanofiller for the
development of polymer nanocomposites due to its high aspect ratio and specific
surface area, high elastic modulus and strength, as well as its non-toxicity,
renewability, sustainability, and biocompatibility [14]. Also, it has been reported that
CNC acts as a nucleating agent, increasing the polymer crystallization rate and
providing increased mechanical properties [15]. CNC can be synthesized from a
cellulosic source through isolation mechanisms that are usually attained through top-
down methods, such as enzymatic, physical or chemical methodologies for extraction
and isolation from crops, plants, and agricultural wastes. Acid hydrolysis of pre-
treated (alkaline and bleaching) cellulose is the most commonly used method to
isolate amorphous region from crystalline region to obtain CNC [16]. It has a
relatively lower aspect ratio with a length of 50 — 500 nm and a width of 5 — 70 nm.
The nanoparticles derived are pure cellulose and highly crystalline (~88%) with
dimensions of ~100 — 200 nm (length) and cross-sections of ~5 — 10 nm [17]. CNC
exhibits amphiphilic properties due to the high density of hydroxyl groups on their
surface and the hydrophobic interactions generated by the crystalline organization
along with extensive hydrogen bonding of polymer chains [18].

Among the potential active substances, the most studied ones are oregano essential
oil (OEOQ) and zinc oxide nanoparticles (ZnONPs). Both substances are currently
classified as Generally Recognized as Safe (GRAS) by the U.S. Food and Drug
Administration (FDA) [19,20]. OEO is obtained by the secondary metabolism of
plants and their antimicrobial, antifungal, and antioxidant activities are attributed to
its principal volatile compounds, that is, carvacrol, thymol, p-cymene, and y-
terpinene [21,22]. ZnONPs are inorganic materials synthesized by mechanochemical
processing, sol-gel methods, and spray pyrolysis. Zinc is one of the most used metal
in the pharmacy and food industry due to their mechanical and thermal stabilities at
ambient temperature, biocompatibility, antimicrobial activity, low cost, and toxicity
[23,24]. Hence, the combination of inorganic and organic substances allows can
confer improved active characteristics to the food packaging materials [24-27].
Electrospinning is an emergent technology with a great deal of potential in food
packaging. It can create nano- and micro-scale structures, such as fibers and beads,
with variable sizes and porosity of a wide range of polymers [28]. Fibers morphology
can be controlled by the properties of the polymer solution, such as polymer type,
viscosity, concentration, conductivity, surface tension, and solvent polarity, and also
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by the processing conditions, for example flow rate, voltage, and distance to the
collector [29]. Furthermore, since the process works at room temperature, it allows
the processing of thermolabile substances, which is the case of most essential oils
[30]. By the application of mild thermal post-treatments, the electrospinning has
shown to be a promising method to obtain monolayer and multilayer systems for food
packaging development with functional and active properties [12,22,27,31].

From the above, the aim of this study was to develop active and barrier multilayer
films based on PHBYV interlayers containing a previously optimized hybrid
combination of OEO with ZnONPs and CNC coatings. For this purpose, a PHBV
solution containing the active substances was deposited by electrospinning onto a
blown film made of a commercial food contact PHA-based resin. The resultant
bilayer was then covered on the electrospun layer side by another blown film. A
similar structure was also developed including an inner solvent cast coating of CNC.
Both multilayer structures were thereafter laminated by heat in a pilot roll-to-roll
laminating system simulating an industrial process and the resultant multilayer films
were characterized in terms of their morphological, optical, and barrier properties.
Furthermore, the antimicrobial activity of the active multilayer film was evaluated
against strains of Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli)
foodborne bacteria. Likewise, the antioxidant properties were evaluated in open and
closed systems for up to 15 days. Finally, the amount of ZnONPs that might migrate
from the active multilayer films into different food simulants and their cytotoxicity
for Caco-2 cells were analyzed.
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2  Materials and Methods
2.1 Materials

PHBV copolyester was obtained using mixed microbial cultures (MMCs) fed with
fermented cheese whey (CW), an industrial residue of the dairy industry, and it was
produced by Avecom (Wondelgem, Belgium) following a protocoled developed
earlier [32]. The content of 3HV in PHBV was 20 % mol determined by gas
chromatography (GC) using the method described by Lanham et al. [33] by means of
a Bruker 430-GC gas chromatograph equipped with a FID detector and a BR-SWax
column (60 m, 0.53 mm internal diameter, 1 mm film thickness, Bruker Optics Inc,
Billerica, MA, USA). This PHBV was used to obtain an innovative active hot-tack
by electrospinning.

A CNC aqueous solution at 2 wt% and a wetting agent at 0,1 wt% were supplied by
Melodea Ltd. (Rehovot, Israel). Loctite Liofol PR1550 (primer) was obtained from
Henkel Ibérica S.A. (Bilbao, Spain). YPACK210 film for flow-pack application was
provided by Tecnopackaging (Zaragoza, Spain). OEO, with a purity >99 % and a
relative density of 0.925 — 0.955 g/mL, was obtained from Gran Velada S.L.
(Zaragoza, Spain). ZnONPs (CR-4FCC1), 99% purity, specific surface of 4.5 m?/g,
bulk density of 40 Ib/ft3, and specific gravity of 5.6 were obtained from GH
Chemicals LTD® (Quebec city, Quebec, Canada). Chloroform, reagent grade with
99.8 % purity, and methanol, high performance liquid chromatography (HPLC) grade
with 99.9 % purity, were purchased from Panreac S.A. (Barcelona, Spain).
Additionally, 1-butanol, reagent grade with 99.5 % purity, and 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH), and (z)-6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (Trolox), 97% purity, were purchased from Sigma Aldrich S.A.
(Madrid, Spain). Ethanol absolute (> 99.9 % vol) was supplied by Honeywell®
(Frankfurt, Germany). Acetic acid (AA) glacial (99 %) was supplied by Fisher
Chemical® (Loughborough, UK). 100 % extra virgin olive oil (OO) was provided by
Gallo® (Abrantes, Portugal). Zinc standard for inductively coupled plasma (ICP)
calibration (TraceCERT®); 1000 mg/L zinc metal (high-purity quality) in 2 % nitric
acid (HNOs) (prepared with HNO3 suitable for trace analysis and high-purity water,
18.2 MQ.cm, 0.22 pm filtered) and HNO3 (70 % vol) were all supplied by Sigma-
Aldrich (Darmstadt, Germany). Minimum essential media (MEM) was purchased
from Milipore (Berlin, Germany). Trypsin - ethylenediaminetetraacetic acid (EDTA)
(0.25 % trypsin-0.1 % EDTA), penicillin/streptomycin 100x, and fetal bovine serum
(FBS) were all bought from Merck Millipore (Burlington, MA, USA). Sodium
pyruvate solution 100 mM, resazurin sodium salt, and cell counting kit-8 (CCK-8)
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
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2.2 Food Contact Blown Film

The commercial biodegradable food contact permitted compound YPACK210 was
used to make the film. This was supplied by Ocenic Resins S.L. (Valencia, Spain).
The compound is based on a commercial PHA, in which the content of PHA is 50
wit%. The film was obtained by film blowing in Tecnopackaging with a film blowing
LABTECH LF400 equipment from Techlab Systems S.L. (Lezo, Spain). This
machine has the following features: max. bubble diameter 350 mm, variable blowing
speed, double screw extruder LE25-30/C, large 2.4-meter-high film tower,
pneumatically operated film nip rolls, screw speed infinite variable from 0 to 300
RPM, and motorized adjustment of film tower height. The set parameters of the film
blowing experiments were: a screw speed of 65 rpm, a screw pressure of 196 bar, a
screw temperature profile of 170 °C/ 170 °C / 168 °C / 168 °C, a superior roll speed
of 1.8 m/min, a collection roll speed of 2.7 m/min, and a tower height of 1500 mm.
The resulting blown film had a thickness of around 60 microns and a film width of
250 mm.

2.3 CNC Coating

A food contact primer (Loctite LIOFOL PR1550) was applied on corona discharged
(100 watt.cm?/min) YPACK210 film. The wetting agent was added into the primer
to facilitate the coating of the food contact film surface. The coating trials were
conducted, firstly at lab-scale by automatic film applicator and then at larger scale by
ROKO (PrintCoat Instruments, Royston, UK). At a lab-scale, the food contact primer
with wetting agent was put on the surface treated film by automatic film applicator
with a profile rod coater of 6 um - wet thickness. The primer was dried in oven at 90
°C for 1 min. On top of the primer, the CNC solution was coated using an automatic
film applicator: Profile rod coater (100 um- wet thickness), dry thickness of 2 um,
drying method at 90 °C for 15 min in oven. At large scale, the primer and wetting
agent were mixed in an IKA Eurostar 6000 mixer (IKA®-Werke GmbH & Co. KG,
Staufen, Germany) at low speed (200 rpm) to avoid bubbles. The food contact primer
with wetting agent was put onto YPACK210 film by a meter bar head with a profile
rod of 6 um in Rotary Koater (ROKO) equipment. Drying was performed at 50 °C.
Later, the CNC solution was applied on top of primer with a profile rod of 50 um.
Drying was performed at 90 °C at 1m/min to ensure complete drying of the CNC
solution.
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2.4 Electrospinning

A neat PHBV solution was prepared by dissolving 8 % (wt/vol) in a chloroform/1-
butanol 75:25 (vol./vol.) mixture at room temperature. A solution containing 2.5 wt%
OEO + 2.25 wt% ZnONPs in PHBV was also produced in the same conditions
reported previously [21]. The PHBV solutions were electrospun for 2 h onto the
YPACK210 films, with and without CNC, wusing a high-throughput
electrospinning/electrospraying equipment Fluidnatek® LE 500 from Bioinicia S.L.
(Valencia, Spain). Both solutions were processed under a constant flow using a 24
emitter multi-nozzle injector, scanning vertically onto the metallic plate. A voltage
of 18.5 kV, a flow-rate of 6 mL/h per single emitter, and a tip-to-collector distance
of 25 cm were used.

2.5 Multilayer Assembly

Once the active PHBV electrospun hot-tack was deposited onto the YPACK210 films
with and without the CNC layer, another YPACK210 film was placed as the outer
layer according to the scheme displayed in Figure 1. The resulting multilayer
structure was assembled using a Reliant lamination equipment with rolls at a speed
of 5 m/min at 140 °C during 20 s. The resultant multilayer samples had an average
thickness in the 130 — 150 um range.

(a)I | | I (b)| | |

Figure 1. Scheme of the active multilayer films: (a) with cellulose nanocrystal (CNC) coating and
(b) without CNC coating.

2.6 Characterization of the Multilayers
2.6.1 Film thickness

Before testing, the thickness of all films was measured using a digital micrometer
(500014, Mitutoyo, Corp., Kawasaki, Japan) with + 0.001 mm accuracy.
Measurements were performed and averaged in five different points, two in each end
and one in the middle.
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2.6.2  Morphology

The morphology of multilayer films was examined by scanning electron microscopy
(SEM). The micrographs were taken using a Hitachi S-4800 electron microscope (Tokyo,
Japan) at an accelerating voltage of 10 kV and a working distance of 8 — 10 mm. The
samples were previously sputtered with a gold-palladium mixture for 3 min under
vacuum. The average fiber diameter was determined via the ImageJ software v 1.41 using
at least 20 SEM images.

2.6.3  Transparency

The light transmission of YPACK210 film and active multilayer films was
determined in specimens of 50 mm x 30 mm by quantifying the absorption of light at
wavelengths between 200 nm and 700 nm, using an UV-Vis spectrophotometer
VIS3000 from Dinko, Instruments (Barcelona, Spain). The transparency value (T)
was calculated using the following Formula (1):

— As00
T =4 (1)

Where and Aeoo is the absorbance at 600 nm, and L is the film thickness (mm).
2.6.4 Color

The color of the YPACK210 film and multilayer films was measured by using a
Chroma Meter CR-400 (Konica Minolta, Tokyo, Japan) with illuminant D65. The
color difference (AE*) was calculated by using the following Formula (2):

AE = [(AL")? + (Aa™)? + (Ab*)?]05 (2)

where AE*, Aa* and Ab* corresponded to the differences between the color
parameters of multilayer films containing OEO and ZnONPs and the values of the
reference film (neat blend) (a* = 0.74, b* = -0.41, L* = 90.44).

2.6.5 Water Vapor Permeance (WVP)

The water vapor permeance (WVP) of the multilayer films was determined according
to the ASTM gravimetric method using Payne permeability cups (Elcometer SPRL,
Hermelle/s, Lieja, Belgium) of 3.5 cm diameter. One side of the films was exposed
to 100 % relative humidity (RH) by avoiding direct contact with liquid water. Then
the cups containing the films were secured with silicon rings and stored in a
desiccator at 25 °C and 0 % RH. The control samples were cups with aluminum films
to estimate the solvent loss through the sealing and samples placed in cups but
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without permeant. The cups were weighed periodically after the steady state was
reached. Measurements were done in triplicate for each type of samples. WVP was
calculated from the steady-state permeation slopes obtained from the regression
analysis of weight loss data over time.

2.6.6 Limonene Vapor Permeance (LP)

Limonene vapor permeance was measured as described above for WVP. For this, 5
mL of D-limonene was placed inside the Payne permeability cups. The test was
performed at 25 °C and 40 % RH. The control samples were cups with aluminum
films to estimate the solvent loss through the sealing and samples placed in cups but
without permeant to account for weight changes due to moisture sorption.

2.6.7 Mechanical Test

Tensile tests were conducted in a universal testing machine Shimatzu AGS-X 500N
(Shimatzu, Kyoto, Japan) at room temperature with a cross-head speed of 10
mm/min. Dumbbell film samples according to ASTM D638 (Type 1V) standard were
die-cut from the multilayer assembly both in machine direction (MD) and in the
transversal direction (TD). All the samples were stored in a vacuum desiccator at
room temperature until tested. At least six samples were tested for each multilayer,
and the average values of the mechanical parameters and standard deviations were
reported.

2.6.8 Antimicrobial Tests

S. aureus CECT240 (ATCC 6538p) and E. coli CECT434 (ATCC 25922) strains
were obtained from the Spanish Type Culture Collection (CECT, Valencia, Spain)
and stored in phosphate buffered saline (PBS) with 10 wt% tryptic soy broth (TSB,
Conda Laboratories, Madrid, Spain) and 10 wt % glycerol at —80 °C. Previous to
each study, a loopful of bacteria was transferred to 10 mL of TSB and incubated at
37 °C for 24 h. A 100-pL aliquot from the culture was again transferred to TSB and
grown at 37 °C to the mid-exponential phase of growth. The approximate count of 5
x 10° CFU / mL of culture having absorbance value of 0.20 as determined by optical
density at 600 nm (Agilent 8453 UV-visible spectrum system, Agilent Technologies
Deutschland GmbH, Waldbronn, Germany).

The antimicrobial performance of the active multilayer films was evaluated by using
a modification of the Japanese Industrial Standard JIS Z2801 (1SO 22196:2007) [12].
A microorganism suspension of S. aureus and E. coli was applied onto the active
multilayer films containing OEO/ZnONPs with CNC (measured by both sides) and
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without CNC, and in the multilayers without OEO and ZnONPs (as negative control).
The samples, sizing 1.5 cm x 1.5 cm, were placed in either hermetically closed or
open bottles, the here so-called closed and open systems. After incubation at 24 °C
at least 95 %RH for 24 h, bacteria were recovered with PBS, 10-fold serially diluted,
and incubated at 37 °C for 24 h in order to quantify the number of viable bacteria by
conventional plate count. The antimicrobial activity was evaluated from 1 (initial
day), 3, 8, and 15 days. The value of the antimicrobial activity (R) was calculated as
follows:

R =|tog (3) ~Log (3)] = Loa (7) ©

where A is the average of the number of viable bacteria on the control sample
immediately after inoculation, B is the average of the number of viable bacteria on
the control sample after 24h, and C is the average of the number of viable bacteria on
the test sample after 24h. Three replicate experiments were performed for each
sample and the antibacterial activity was evaluated with the following assessment:
Nonsignificant (R < 0.5), slight (R > 0.5 and < 1), significant (R > 1 and < 3), and
strong (R > 3) [34].

2.6.9 Antioxidant Measurements

The antioxidant activity of the multilayer films was determined following the DPPH
assay. The film samples were stored for 1 (initial day), 3, 8, and 15 days in both open
and closed systems. In each measurement, approximately 0.1 g of film was weighed
in triplicate in cap vials and then an aliquot of 10 mL of a stock DPPH solution (0.05
g/L in aqueous methanol 80 vol%) was added. Vials without samples were also
prepared as controls. The blank was the sample in agueous methanol 80 vol% without
DPPH. All the samples were prepared and immediately stored at room temperature
for 2 h in darkness. After this, the absorbance of the solution was measured at 517
nm in the UV 4000 spectrophotometer from Dinko Instruments (Barcelona, Spain).
Results were expressed as the percentage of inhibition to DPPH following Equation
(4) [35] and pg equivalent of Trolox per gram of sample, employing a previously
prepared calibration curve of Trolox (0—1000 pM).

Inhibition DPPH (%) — AContrnl_(Asamme_Ablank) %100 (4)

Acontrol

Where Acontrol, Ablank, and Asample are the absorbance values of the DPPH solution,
methanol with the test sample, and the test sample, respectively.
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2.6.10 Migration Tests

The specific migration test conditions were followed by the European Normative EC
13130-1:2004 [36]. For this purpose, the Inductively Coupled Plasma-Optical
Emission Spectroscopy (ICP-OES) was used to determine the migration of ZnONPs
particles from the active multilayer films using standardized cell (MigraCell®,
FABES Forschungs-GmbH®, Munich, Germany) for overall/specific migration with
an area of 0.75 dm2 in three food simulants that were sealed in clean wide-mouth
jars. These simulant systems were ethanol (83.33 ml of 10 % v/v at 40 °C for 10
days), acetic acid (83.33 ml of 3% w/v at 40 °C for 10 days), and olive oil (83.33 g
of 100 % wt at 10 °C for 10 days). For each formulation, the specific migration tests
were carried out in triplicate. As procedural blanks, the food simulant was filled into
sealed jars and stored under the same conditions to check for contamination. All
results were blank subtracted. After the incubation period, the multilayer films
containing OEO/ZnONPs were removed, whereas the ethanol and acetic acid
simulants were evaporated on an electric hot plate (100 — 150 °C) and subsequently
digested with 1.2 ml of 70 % HNOs. After the digestion process, the samples were
resuspended in 10 % acidic solution. The simulant olive oil (300 mg) was mixed with
10 mL HNO3 (70 % vol) and 2 mL of hydrogen peroxide (30 % vol) and digested in
microwave. After the digestion process, 1 mL of sample was resuspended in 2 %
acidic solution. All digested sampled were introduced for metal quantification by
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) using a
Spectrometer ICPE-9000 (Shimadzu®, Tokyo, Japan) equipped with axial torch, an
ultrasonic nebulizer for higher sensitivity, and a charge-coupled device (CCD)
detector. The instrumental parameters employed for ICP-OES analysis were:
nebulizer gas flow (0.70 L/min Ar); auxiliary gas flow (0.60 L/min Ar); Plasma (10
L/min Ar); Ar Gas P (478.66 kPa); ICP RF power (1.20 kW); direction: axial; rotation
speed (20 rpm); CCD Temp (-15 °C); vacuum level (6.9 Pa). The linearity of the
calibration curve was considered acceptable for a correlation coefficient of R? >
0.999.

2.6.11 Cytotoxicity Assay

Caco-2 cells, clone HTB-37™, from human colon carcinoma, were obtained from
the American Type Culture Collection (ATCC®, Manassas, Virginia, USA). Caco-2
cells (passage 25-40) were cultured in minimum essential medium (MEM),
supplemented with 20 % FBS, 1 % sodium pyruvate, and 1 %
penicillin/streptomycin. The cells were kept at 37 °C and 5 % CO2 in 75 cm2 flasks.
For the cytotoxicity assessment, confluent cells were detached using 0.25 % trypsin-
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EDTA solution, then precipitated by centrifugation at 1080 rpm for 5 min and
resuspended in fresh medium MEM at a concentration of 1 x 105 cells / mL. Cells
were seeded onto 96-wells plates at a density of 1 x 10* cells (100 pL of cellular
suspension) per well and left adhering overnight in a humidified atmosphere of 5 %
COz in air at 37 °C.

The cytotoxicity was indirectly determined by CCK-8 and resazurin assays. The
evaluation was performed through indirect contact with Caco-2 cells. After cells
adhesion, the culture medium was removed and replaced by 200 pL of culture
medium. The active multilayer films with and without CNC (28 mm?) were placed
onto the top of the culture medium, above the cells surface and incubated for 24 or
48 h. At each time-point, the multilayer films were removed and replaced by the
biomarker.

2.6.11.1 CCK-8 Assay

CCK-8 is a colorimetric assay, which uses a highly water-soluble tetrazolium salt,
exhibiting superior detection sensitivity than other tetrazolium salts-based assays
[37]. In the CCK-8 measurement, the dye WST-8 [2-(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4disulfophenyl)-2H-tetrazolium, monosodium salt] is reduced
by dehydrogenase in cells to form a water-soluble orange-colored product
(formazan). The amount of formazan dye produced is directly correlated with the
number of living cells. 100 pL of CCK-8, diluted at 5 % (v/v) in culture medium,
were added to each well. After 3h of incubation, the absorbance was measured at 450
nm using a Microplate Reader (Synergy, BioteK H1, BioTek Instruments, Winooski,
VT, USA). The cell viability was expressed in percentage of absorbance in treated
cells in relation to the absorbance of cells growing in MEM. A negative control was
performed using cells growing in culture medium (MEM), considered as 100 % cell
viability. A positive control was done using 10 % vol DMSO.

2.6.11.2 Resazurin assay

Resazurin dye is a cell permeable redox indicator that has been broadly used as an
indicator of cell viability in proliferation and cytotoxicity assays [38]. Viable cells
with active metabolism can reduce resazurin into the resorufin product, which is pink
and fluorescent. The quantity of resorufin produced is proportional to the number of
viable cells. After adhesion, the culture medium was removed and replaced by culture
medium with 0.01 mg/mL resazurin. Multilayer film samples of 0.4 mm x 0.4 mm
were added to each well and incubated for 24 and 48 h. A negative control was
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performed using the cells growing in the culture medium (considered as 100 % cell
viability) and 40 % (vol/vol) DMSO was used as a positive control (cell death).

The fluorescence intensity, which is proportional to the cell viability, was directly
measured at each time point (24 and 48 h) using a Microplate Fluorescence Reader
from BioTek Instruments at an excitation wavelength of 560 nm and an emission
wavelength of 590 nm. The percentage of cell viability was expressed as fluorescence
of treated cells compared to the fluorescence of cells growing in the culture medium
as follows:

% cell viability = % x 100 )

2.7 Statistical Analysis

The color, transparency, barrier properties, and antioxidant activity were evaluated
through analysis of variance (ANOVA) with 95 % significance level (p <0.05) and a
multiple comparison test (Tukey) to identify significant differences among the
treatments. Each treatment was done in triplicate. For this purpose, we used the
software OriginPro8 (OriginLab Corporation, Northampton, MA, USA).
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3 Results and Discussions
3.1 Morphology

The morphologies of the electrospun CW derived PHBV fibers and the multilayer
films were analyzed by SEM in Figure 2. One can observe in Figure 2a that
electrospinning yielded fibers with a smooth surface and free of beaded regions,
having a final thickness for the layer of approximately 0.6 pm. The thickness of the
multilayer films with CNC and without CNC was 140 and 131 pm, respectively. This
by no means implies that the difference in thickness is accounted for by the layer of
CNC, but that the substrate film used had variations along the width generated during
the film blowing process. The most representative micrographs of each multilayer in
their cross-sections are also shown in Figure 2. On the one hand, the multilayer film
with CNC, included in Figure 2b, showed clearly the presence of the CNC coating.
A higher magnification of this cross-section, shown in Figure 2c, revealed that the
thickness of the resultant CNC interlayer was approximately 1 um, and also the
presence of the electrospun hot-tack active layer. It can also be observed that both
interlayers were well adhered in the multilayer structure, suggesting good adhesion
with the YPACK210 film. On the other hand, the active multilayer film without CNC,
shown in Figure 2d, also presented a homogeneous and continuous cross-section.
However, individual layers cannot be discerned, which can be attributed to the good
adhesion between the electrospun hot-tack layer and YPACK210 film since both are
based on PHAs. As previously researched, the electrospun interlayers have the
capacity to act as a tie layer after a mild annealing post-processing step due to their
high porosity and large surface-to-volume ratio, which avoid the need for adhesives
or tie resins that are usually employed in conventional processes to develop
multilayer systems [39,40]. Similar results were reported by Fabra et al. [41] about
multilayers consisted of PHBV films obtained by both solution casting and
compression molding that were coated with zein ultrathin fiber mats by
electrospinning. The last ones presented a homogeneous and completely smooth
surface after being annealed in a hot press. Similarly, Cherpinski et al. [42] developed
multilayer films based on PHB nanopapers, showing that the multilayers presented a
similar continuous structure and strong interlayer adhesion, which was attributed to
the coalescence process at the fiber interphase. This annealing process, performed at
temperatures well below the polymer’s melting point, has been recently described
and better understood by Melendez-Rodriguez et al. [43].
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YPACK210 film

Figure 2. Scanning electron microscopy (SEM) micrographs of (a) the electrospun fibers of the
cheese whey (CW) derived poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) containing
2.5 wt% oregano essential oil (OEO) + 2.25 wt% zinc oxide nanoparticles (ZnONPs) and of the
active multilayer films (b, ¢) with cellulose nanocrystal (CNC) coating and (d) without CNC
coating. Images taken at 800x, 500x, and 6000x show scale markers of 50, 100, and 5 um,
respectively.

3.2 Transparency and Color

Visual aspect of the active multilayer films is presented in Figure 3 and the
transparency values of the films are shown in Table 1. This parameter is directly
related to the surface and the internal structure of the material that is known to
influence the light transmission and dispersion, thus affecting the
transparency/opacity ratio [9]. The neat blown YPACK210 film, which is shown as
reference in Figure 3a, presented the highest transparency value, that is, 6.83 £ 0.12.
The active multilayer film with CNC showed a lower value transparency of 4.29 +
0.15, whereas the active multilayer film without CNC presented a value of 5.94 +
0.17. Therefore, lower transparency values were attained in the multilayer films that
can ascribed to the fact that the interlayers were made of different materials that
influenced on the light transmission and dispersion. In this regard, Cerqueira et al.
[44] also showed that the presence of different outer layers based on PHBV and a
zein interlayer with or without cinnamaldehyde led to a reduction in the transparency
of the resultant multilayer films. In our previous report [24], the optical properties of
similar active monolayer films based on PHBV prepared by electrospinning
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presented a reduction in transparency, which was mainly ascribed to the presence of
both OEO and ZnONPs. Fabra et al. [45] also reported differences in the internal
transmittance values of multilayer films based on thermoplastic corn starch (TPCS)
containing bacterial cellulose nanowhiskers (BCNWSs) prepared by melt mixing and
coated with PHB fibers by electrospinning. The reduction in transparency was
attributed to the presence and different degree of dispersion of BCNW, resulting in a
different refractive index. However, it is also worthy to mention that in the case of
the here-developed multilayers based on CNC and electrospun PHBYV interlayers, a
notable transparency was still attained. Moreover, the effect of the CNC coating on
the multilayer transparency was relatively low due to the low thickness and high
homogeneity of this nanostructure cellulosic material. From a point of view of food
preservation, the lower transparency in the multilayer films can also be positive due
to their higher barrier capacity to block light, by which the photo-oxidation of organic
compounds and degradation of vitamins and pigments of the food products can be
reduced [46].

(c
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Figure 3. Visual aspect of: (a) YPACK210 film; (b) active multilayer films with cellulose
nanocrystal (CNC) layers; (¢) active multilayer films without cellulose nanocrystal (CNC)
interlayer. Films are 5 cm X 2 cm.

The color parameters of active multilayer films were evaluated through CIELab*
coordinates (L*, a*, b*), which represent the human visual color scale, and they were
also reported in Table 1. It can be observed that multilayer films developed a slightly
higher yellow appearance than the reference sample YPACK210 film, which
probably originated by thickness doubling and also the presence of OEO since
essential oils are known to increase yellow levels [21]. Accordingly, the values of a*
coordinate, which represents the red and green colors, were 0.25—0.28 whereas the
b* coordinate, which corresponds to yellow and blue colors, presented values of
1.31-1.42, and luminosity or brightness, represented by L*, was in the range of
89.81-89.86. Furthermore, one can also observe that the incorporation of the CNC
interlayer into the active multilayer films did not show significantly differences in
CIELab* coordinates. In particular, the AE values of the active multilayer films when
referenced to the YPACK210 film were 1.88 (with CNC) and 1.84 (without CNC).
In general terms, the color changes were based on a decrease in L* and an increase
in the b* coordinate, which were responsible for the increase in the yellow tone of
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the active multilayer films. A similar yellowing was previously observed by
Melendez-Rodriguez et al. [47], who incorporated eugenol encapsulated in silica into
PHBYV by electrospinning. This effect was ascribed to the intrinsic eugenol color,
which is a yellow oily liquid.

Table 1. Color parameters and transparency value of the neat YAPCK210 film and active
multilayer films with and without cellulose nanocrystal (CNC) interlayer

Sample a b" L* AE T
YPACK210 film 074+0.02°  -041£001*  9044=0.07 6.83+0.12¢
Active multilayer 50 g1b  137:002°  89.81+0.17° 1.88+0.08° 429+0.15
with CNC
Active multilayer b b b a ¢
Active mu 025+003°  142+014° 89.86+022° 184+0.19° 594017

a-c: Different superscripts within the same column indicate significant differences among samples (p < 0.05).

3.3 Barrier Properties

In general, biopolyesters show lower water barrier properties than conventional
petrochemical polymers such as PET, which is detrimental for the development of
packaging materials for food preservation [48]. One of the advantages of multilayer
systems is the improvement of the barrier characteristics due to the use of barrier
materials typically in the inner layers and protected from moisture and mechanical
stress by the structural layers [49]. Permeance values in terms of water and limonene
vapors, that is WVP and LP, of the active multilayer films are shown in Table 2. The
WVP value (0.87x10 kg-m2-Pat-st) and LP value (1.36x10! kg-m2-Pat-s?) of
the active multilayer films with CNC were lower than the neat YPACK210 film
modeled for similar thickness, which respectively presented a WVP value of 1.38
x101! kg-m2-Pal-st and LP value of 1.62 x10'! kg-m2-Pa-s. Alternatively, the
active multilayer film without CNC showed values of WVP and LP values of
1.32x101! kg-m2-Pal-st and 1.59x10! kg-m2-Pa?l-s?, respectively, being also
higher than those attained for the multilayer with CNC. This improvement in water
and D-limonene barrier properties is ascribed primarily to the presence of the CNC
thin coating, which is known to improve above all oxygen [31,42]. In addition, the
presence of the active electrospun PHA layer containing OEO and ZnONPs, which
are hydrophobic substances, may also contribute to block the diffusion of water
molecules through the material [31]. Oxygen permeability could not be measured
since the release the essential oil during the testing could alter the reading of the tester
and, according to the manufacturer, could even damage the sensor. However, CNC
coatings have been tested in other multilayers, yielding very strong oxygen
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permeance reductions, of more than 89 % reduction when protected from moisture
[42,50,51].

Other works have also reported important improvements in barrier performance by
means of electrospun multilayers. For instance, Fabra et al. [52] compared the effect
of adding different interlayers of electrospun whey protein isolate (WPI), pullulan
and zein, to a PHA film obtained by compression molding. The addition of both
electrospun zein and pullulan nanofibers improved the water vapor permeability by
28 — 35 %. In another study, Cherpinski et al. [42] improved the barrier properties of
electrospun PHB and PHBV double side coatings by using cellulose nanofibrils
(CNFs) and lignocellulose nanofibrils (LCNFs) interlayers. Wang et al. [53] also
reported that the water vapor value of the multilayer film obtained by electrospinning
with ethylcellulose nanofibers, as the outer layer, and curcumin-loaded gelatin
nanofibers, as the inner one, was significantly lower (4.68x10%2 g-cm-cm2-s1-Pal)
than the equivalent gelatin film with or without curcumin (5.45x1012 g-cm-cm2-s-
L.pal). The active multilayer films developed herein also showed slightly improved
barrier properties.
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Table 2. Thickness and permeance values in terms of water vapor permeance (WVP) and D-limonene permeance (LP) of the YPACK210 film and
active multilayer films with and without cellulose nanocrystal (CNC) interlayer

Permeance
Sample Thickness WVP x 101 LP x 101
(mm) (kg-m?Z-Pals?) (kg-m2-Pat-s?)

YPACK210 film 1 layer 0.060 3.22+0.12¢ 3.78 £0.37¢
YPACK210 1 layer (modeled) 0.140 1.38° 1.62°

Active multilayer with CNC* 0.140 0.87 £0.92° 1.36 £ 0.24¢
Active multilayer with CNC** 0.140 0.89 £ 0.50° 1.39+0.77¢
Active multilayer without CNC 0.131 1.32+0.17° 1.59 +0.38°

*measured by active interlayer side
**measured by CNC interlayer side

a-c: Different superscripts within the same column indicate significant differences among samples (p < 0.05).

Table 3. Mechanical properties in terms of elastic modulus (E), tensile strength at yield (ob), elongation at break (eb), and toughness (T) of the
YAPCK210 film and active multilayer films with and without cellulose nanocrystal (CNC) interlayer in transversal (TD) and machine direction

(MD)
Sample Direction E (MPa) o,(MPa) &£,(%) T (mJ/m?)
measure

YPACK210 film 2066 + 284* 23.1+18° 173 + 26° 40.99 +8.21°
TD b b b b

Active multilayer with CNC 1491 + 207 20.0+1.4 59.1 £ 56 11.95+12.3

b b

Active multilayer without CNC 1446 =190 19.2+1.2 51.6 +45° 10.36 £9.78¢
YPACK210 film 2510 + 98° 29.6 +1.4° 76.3 252 19.17 £ 6.99°
MD b b b b

Active multilayer with CNC 1828 + 184 235%0.7 45.6 + 34 9.67 £7.67
1811 + 79° 22.28+1.1° 32.3x17° 6.87 + 3.54°

Active multilayer without CNC

a-c: Different superscripts within the same column indicate significant differences among samples (p < 0.05).
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3.4 Mechanical Properties

The mechanical properties in terms of elastic modulus (E), tensile strength at break
(ob), elongation at break (eb), and static toughness (T) of the YPACK210 film and
active multilayer films in transversal direction (TD) and machine direction (MD) are
gathered in Table 3. The YPACK210 film presented an E value of 2066 MPa (TD)
and 2510 MPa (MD), a ob value of 23.1 MPa (TD) and 29.6 MPa (MD), and a €b
value of 173% (TD) and 76.3% (MD). The difference in the mechanical behavior
between the two directions is ascribed to the orientation of the biopolymer molecules
during manufacturing of the YPACK210 film.

It can be observed that all the mechanical parameters decreased for the multilayer
systems. Hence, the E values for the multilayer without CNC dropped by
approximately 30% for both TD and MD samples, presenting values of 1491 MPa
(TD) and 1828 MPa (MD), respectively. Similarly, the ob values of the multilayer
were lower than the monolayer YPACK210 film, showing a decrease close to 20%
in both tested directions. Therefore, the assembly of the multilayer system resulted in
a decrease in the mechanical performance in comparison to the YPACK210 films.
The lower mechanical resistance of the multilayer films can be ascribed to a
delamination failure, which indicates that the interlayer adhesion was weaker than
the mechanical strength of the YPACK210 film.

3.5 Antimicrobial activity

In food packaging, antimicrobial properties are indispensable to avoid or delay the
microbiological reactions of the food products [54]. In this context, different natural
substances, which is the case of essential oils and metallic nanoparticles, show the
capacity to inhibit the growth of Gram positive (G+) and Gram negative (G-)
bacteria. The antimicrobial performance of the active multilayer films with and
without CNC was evaluated in an open and closed systems against S. aureus (+) and
E. coli (G-) strains for 1, 3, 8, and 15 days. Table 4 shows the S. aureus and E. coli
reduction values, that is, R, of the active multilayer films in an open system. The
active multilayer film with CNC, measured by the active side after 15 days, showed
S. aureus and E. coli reduction values of 1.33 and 1.26, respectively, which
correspond to a significant reduction of the bacterial growth (R > 1 and < 3). While
the active multilayer film with CNC, measured by the CNC side, showed a slightly
lower reduction against both bacteria, it was still significant. At 15 days, reduction
value against S. aureus and E. coli of 1.08 and 1.04 were respectively attained. The
slightly difference with the active multilayer film measured by the active side is due
to presence of the high barrier CNC coating, which could promote a slow release of
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the active compounds to the film surface. On the other hand, the active multilayer
film without CNC reached, at 15 days, a slightly increase in the both bacteria
reduction due to the improved release of the active compounds. The reduction of S.
aureus was 1.35 and E. coli was 1.27, which corresponds to a significant reduction
(R >1 and < 3). Table 5 presents the S. aureus and E. coli reduction values of the
active multilayer films in the so-called closed system, which better resembles an
actual packaging system. It was observed a slight difference in the reduction values
reached at 15 days for the active multilayer films with CNC and without CNC against
both bacteria when compared to the results obtained in the open system. This slightly
increment can be associated to the release of the volatile compounds of OEO, which
could accumulate in the headspace during the antimicrobial measurements and
increased its concentration on the multilayer film surface. This phenomenon was
observed in another research work using essential oils and natural extracts, suggesting
that the use of these active volatile substances can be very relevant for food packaging
[21,22]. Although the evaluated multilayer films presented a significant inhibition (R
> 1 and < 3), it was observed that the presence of CNC into one of the interlayers
yield to sustain release of the active compounds. Besides that, in our previous study
it was reported the optimization of the electrospun monolayer film containing 2.5
wt% OEO + 2.25 wt% ZnONPs [24], which showed a strong reduction (R > 3) against
S. aureus and E. coli., reason by which it was selected to develop the present
multilayer films.

From the above, it is clearly seen that the antimicrobial activity of the monolayer
films decreases in multilayer systems. However, the multilayers films obtained in this
research presented a significant reduction against both G+ and G- bacteria., which
enhances the application of this biodegradable active materials for food packaging
applications. Other authors have also reported multilayer systems with antimicrobial
performance. In this way, Lee et al. [55] developed a multilayer film based on
polypropylene (PP), polyethylene terephthalate (PET), and low-density polyethylene
(LDPE) containing star anise essential oil and thymol coating layers by bar coating
and adhesive lamination processes. Authors concluded that the developed multilayer
can show potential applicability as an active food packaging material with insect
repellent and antimicrobial activities. In another study, Gherardi et al. [56] evaluated
an antimicrobial packaging based on a multilayer commercial material composed of
polyester, aluminum, and polyethylene joined by two adhesive layers and containing
cinnamon essential oil. The resultant multilayer demonstrated a high antimicrobial
activity in both inoculated culture media (in vitro) and tomato puree (in vivo) when
packaged within the multilayer material against E. coli O157:H7 and Saccharomyces
cereviase (S. cereviase) measured after 24 and 48 h, respectively. Pasqual Cerisuelo
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et al. [57] also developed and successfully tested the antimicrobial activity of a
multilayer material based on PP and PET coated with poly(ethylene-co-vinyl alcohol)
(EVOH) that contained carvacrol, citral, marjoram essential oil or cinnamon bark
essential oil through the application of a corona discharge followed by a
polyethyleneimine (PEI)-based primer. In addition, Cerqueira et al. [44] studied the
antimicrobial activity of multilayer films using PHBV as support and zein interlayer
with or without cinnamaldehyde directly electrospun onto one side of the PHBV film
and using a PHBV film as outer layer. This active multilayer system showed a greater
antibacterial activity against Listeria monocytogenes (L. monocytogenes).

Table 4. Antibacterial activity against Staphylococcus aureus (S. aureus) and Escherichia coli (E.
coli) of the active multilayer films with and without cellulose nanocrystal (CNC) interlayer in the
open system for 15 days

Bacteria Day Control Multilayer
Sample Log (CFU/mL) Log (CFU/mL) R

1 6.95+0.14 5.76 +0.09 1.19£0.10
3 6.90 + 0.07 5.68+0.08 1.22 +0.08
S. aureus 8 6.89+0.13 5.61+0.15 1.28+0.12
Active 15 6.91+0.11 5.58£0.12 133+0.11
multilayer 1 6.85+0.15 5.72+0.17 1.13£0.16
with CNC* E. coli 3 6.83 +0.08 5.64 +0.09 1.19+0.07
8 6.82+0.15 5.60+0.14 1.22+0.13
15 6.83+0.14 5.57+0.12 1.26+£0.11
1 6.95+0.14 6.04+£0.12 0.91+0.10
S. aureus 3 6.90 £ 0.07 5.92+0.08 0.98 £0.09
8 6.89 +£0.13 586+0.11 1.03£0.12
Active 15 6.91+0.11 5.83+0.09 1.08 = 0.10
multilayer 1 6.85+0.15 5.99+0.13 0.86+0.13
with E. coli 3 6.83 +0.08 5.92+0.09 0.91 £0.08
CNC** 8 6.82+0.15 5.83+0.14 0.99+0.12
15 6.83+0.14 5.79+0.11 1.04 +0.13
1 6.95+0.14 5.74+0.15 121+0.17
S. aureus 3 6.90 +£0.07 5.66+0.09 1.24 +0.09
8 6.89 +£0.13 5.59+0.12 1.30+0.15
Active 15 6.91+0.11 5.56+0.08 1.35+0.10
multilayer 1 6.85+0.15 5.69+0.12 1.16 £0.08
without E. coli 3 6.83 +0.08 5.63+0.09 1.20 +0.10
CNC 8 6.82+0.15 5.57+0.13 1.25+0.14
15 6.83+0.14 5.56+0.11 127+0.12

*measured by active interlayer side
**measured by CNC interlayer side
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Table 5. Antibacterial activity against Staphylococcus aureus (S. aureus) and Escherichia coli (E.
coli) of the active multilayer films with and without cellulose nanocrystal (CNC) interlayer in the
closed system for 15 days

Bacteria Day Control Multilayer
Sample Log (CFU/mL) Log (CFU/mL) R

1 6.95+0.14 575+0.11 1.20 +0.09
3 6.90 + 0.07 5.66 +0.08 1.24+0.07
S. aureus 8 6.89+0.13 559+0.12 1.30+0.11
Active 15 6.91+0.11 5.57+0.08 1.34+0.07
multilayer 1 6.85+0.15 5.70+0.14 1.15+0.13
with E. coli 3 6.83 +0.08 5.62+0.09 1.21£0.08
CNC* 8 6.82+£0.15 5.58+0.14 1.24+0.11
15 6.83+0.14 5.54+0.11 1.29 +0.09
1 6.95+0.14 6.02+0.16 0.93+0.15
S. aureus 3 6.90 £ 0.07 5.90+0.07 1.00 +0.08
8 6.89+0.13 5.83+0.18 1.06 £ 0.16
Active 15 6.91+0.11 5.81+0.09 1.10 £ 0.09
multilayer 1 6.85+0.15 5.96+0.13 0.89+0.12
with E. coli 3 6.83 +0.08 5.90 £ 0.09 0.93+0.11
CNC** 8 6.82+£0.15 5.81+0.12 1.01+0.14
15 6.83+0.14 5.77+0.15 1.06 +0.12
1 6.95+0.14 5.72 +0.09 1.23£0.10
S. aureus 3 6.90 £ 0.07 5.64+0.08 1.26+0.07
8 6.89 +£0.13 5.57+0.11 132+0.11
Active 15 6.91+0.11 5.54+0.10 1.37 +0.09
multilayer 1 6.85+0.15 5.67+0.16 1.18£0.18
without E. coli 3 6.83 +0.08 5.61 £0.07 1.22 +0.08
CNC 8 6.82+0.15 5.54+0.14 1.28£0.14
15 6.83+0.14 5.53+0.19 1.30+0.17

*measured by active interlayer side
**measured by CNC interlayer side

3.6 Antioxidant activity

The antioxidant activity of the materials was studied through the DPPH free radical
method, which is an antioxidant assay based on an electron-transfer that produces a
violet solution in methanol. Active packaging materials with antioxidant capacity can
avoid biochemical reactions caused by light that generates unpleasant aromas and
flavors due to oxidation of fats and sugars [58]. Figure 4 and Table 6 show the percent
inhibition and the equivalent concentration in micrograms of trolox per gram of the
monolayer and multilayer (with and without CNC) films containing 2.5 wt% OEO +
2.25 wt% ZnONPs in both the open and closed systems for 15 days. As reported in a
previous work [21], the antioxidant activity of OEO depends on the secondary
metabolites such as, carvacrol, thymol, p-cymene, y-terpinene, which are responsible
of the high DPPH inhibition (91.96 %) with respect to other essential oils.
Considering the above, the antioxidant activity of the pure OEO into PHBV
multilayer and monolayer films decreased due to the low concentration into films and
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the annealing process that can affect the volatile compounds stability, being sensitive
to temperatures above 80 °C [59]. As expected, the active monolayer films showed
the major DPPH inhibition in both systems during 15 days compared to the multilayer
films, reaching a DPPH inhibition around of 12 %, that corresponds to 12.49 and
13.76 (ug eq. Trolox/g sample) for the open and closed system, respectively. The
active multilayer films with CNC presented the lowest antioxidant activity of all the
samples evaluated, having a DPPH percentage of 6 % after 15 days for the open and
closed systems with values of 6.25 and 7.04 (ug eq. Trolox/g sample), respectively.
The lower antioxidant activity attained in the multilayers could be associated with
the presence of the CNC coating, which avoided the release of some volatile
molecules of OEO in the aqueous medium when the test was performed. Furthermore,
during the days of storage, a continuous release of the characteristic volatile
compounds was produced. This behavior agrees with the antimicrobial results, where
the inhibition of both bacteria was lower for the multilayer with CNC. On the other
hand, the active multilayer films without CNC showed a DPPH inhibition of
approximately 8.5 % at 15 days in open and closed systems with values of 9.00 and
9.29 (ug eq. Trolox/g sample) values, respectively. The DPPH percentage inhibition
was significantly different with respect to the multilayer films having the CNC
interlayer. This increase could be attributed to the favored release of the OEO
molecules to the aqueous medium. For both multilayer films, the behavior in both
storage systems (open and closed) did not show significant differences. However, in
the different days of evaluation, the multilayer films presented significant
differences, showing a reduction of the DPPH inhibition due to the reduced release
of the active compounds that are responsible of the antioxidant activity. Similar
results were reported by Wang et al. [53], who reported that t monolayer films based
on curcumin-loaded gelatin prepared by electrospinning showed lower antioxidant
activity compared to the pure curcumin whereas multilayer films based on
ethylcellulose (EC) nanofibers, as the outer layer, and curcumin-loaded gelatin
nanofibers, as the inner layer, showed lower antioxidant activity than the monolayer.
Authors concluded that curcumin encapsulated in the gelatin film was well protected
by the EC outer layers, which provided a physical barrier for the sustained release of
curcumin. Different results were reported by Franco et al. [60] using supercritical
carbon dioxide (SC-CO2) impregnation technique of a-tocopherol on monolayer and
multilayer of PET/ PP films performed at 17 MPa and 40 °C. Results of percentage
inhibition of the loaded films were similar to pure a-tocopherol after two hours of
reaction with DPPH radical. In all cases, the antioxidant activity of the a-tocopherol
was preserved after the impregnation with SC-COo,. In this way, it is important to
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point out that the functional activity of the substances and materials depends on the
concentration of the active compounds and the process to obtain the materials.

22 *Active Monolayer [ **Active Monolayer
J *Active Multilayer CNC 253 **Active Multilayer CNC
*Active Multilayer [ **Active Multilayer
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Figure 4. Inhibition percentage (%) of 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) of the

active multilayer films with and without cellulose nanocrystal (CNC) interlayer for 15 days.

*Open system. **Closed system. a-| Different superscripts within the same column indicate
significant differences among samples (p < 0.05).

Table 6. Concentration (ug eq. Trolox/g sample) of 2,2-diphenyl-1-picrylhydrazyl radical
(DPPH) of the active multilayer films with and without cellulose nanocrystal (CNC) interlayer in
the open a closed system for 15 days

Open system Closed system
Sample Day
(1g Eq. Trolox/g (ng Eq. Trolox/g
sample) sample)
1 17.44 +0.14* -
Active monolayer 3 15.94 £0.10%4 15.98 £0.19%4
8 14.28 +0.17°F 14.42 +0.02°8
15 12.49 + 0.08%C 13.76 +0.12°°
1 9.11 £0.09° ---
Active multilayer with CNC 3 7.74 £ 0.03%F 8.14 £ 0.02¢F
8 7.42 £0.01%¢ 7.44 £0.01°¢
15 6.25 +0.028" 7.04 +0.12%
1 12.66 £0.12" ---
Active multilayer without CNC 3 10.90 + 0.02% 11.01 £0.06%
8 9.67 £ 0.03K 10.07 +0.03&*
15 9.00 + 0.09%M 9.29 £ 0.04"M

Means = S.D
a-k: Different superscripts within the same column indicate significant differences among samples (p < 0.05)
A-M: Different superscripts within the same row indicate significant differences among samples (p < 0.05)
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3.7 Migration test

Migration of nanoparticles is a competitive process that depends on their
compatibility with the solid (film) and liquid (food simulant) phases during swelling
of the solid phase surface as it comes into contact with the liquid phase [61]. Based
on the results obtained in the three food simulants, shown in Table 7, the migration
of ZnONPs from the PHA based barrier multilayer film with CNC is definitely
influenced by the food simulants. The partial solubility of the biopolymers in each
food simulant strongly affects the stability of the ZnONPs embedded into the PHBV
matrix. The results revealed greater amounts of zinc released in the acidic solution
than in the alcoholic one. Similar results were reported by EFSA [62] where the
migration of zinc into 3 % acetic acid was high, up to 17.3 mg/kg, whereas in 10 %
ethanol it was up to 80 pg/kg. Furthermore, Ozaki et al. [63] evaluated the migration
of zinc from food contact plastics into food simulant such as distillate water, 4 %
acetic acid, and 20 % ethanol, founding that zinc migration was higher in 4 % acetic
acid due to the higher tendency of ionization. On the other hand, our previous
research work evaluated the ZnONPs migration from electrospun active monolayer
films of PHA containing 2.5 wt% OEO + 2.25 wt% ZnONPs [24], showing a
migration value in acidic solution of 6.05 £+ 0.81 mg/L and of 0.61 £ 0.1 mg/L in
alcoholic solution. In comparison with the migration values of the here-developed
active multilayer films, the ZnONPs migration was much lower than that observed
for the equivalent monolayer films. These results indicate that the presence of other
layers successfully hindered the ZnONPs migration through the whole multilayer.
Therefore, the present active multilayer films can be used as an effective
antimicrobial packaging for food preservation without affecting food safety. Contrary
to the acidic and alcoholic solutions, the fatty simulant (olive oil) led to a high
migration of ZnONPs into the fatty simulant. A similar behavior was observed by
Heydari-Majd et al. [64], who reported that for a food simulant corresponding to fatty
products (95 % ethanol), the Zn released was higher. Therefore, according to the new
specific migration limit (SML) for soluble ionic Zn, that is, 5 mg/kg food or food
simulant, set out by the European Plastics Regulation (EU) 2016/1416 amending [65]
and correcting Regulation (EU) 10/2011, that is, 25 mg/kg food or food simulant [66]
(see Annex Il: Restrictions on materials and articles), all the tested multilayers are
supposed to be safe for acidic and alcoholic solutions. However, in the case of the
olive oil food simulant, the multilayer slightly exceeded the SML of Zn.
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Table 7. Determination of the amount of zinc (Zn) migrated from the active multilayer films with cellulose nanocrystal (CNC) interlayer into
different food simulants after an incubation period of 10 days at 40 °C

Food simulants

o,
10% (v/v) 3 % (w/v) aqueous acetic acid Olive Oil
Sample aqueous ethanol
Zn [mg/L] Zn [mg/dm?] Zn [mg/L] Zn [mg/dm?] Zn [mg/L] Zn [mg/dm?]
Active multilayer with CNC 0.051 £0.019 0.00089 + 0.00021 0.185+0.401 0.0032+ 0.0051 26.662 +11.303 0.426+0.142
(a) resazurin assay (b) CCK-8 assay
120 120 -
T I = 24h
100 - 100 -cveveenn o e = 48h
2 8o £ 80
: :
. 60 S 60+
9 404 2 404
20 - 20~
10%DMSO  ZnO ZnOl/cne 10%DMSO ZnO ZnOlcne

Figure 5. Cytotoxicity assay of the active multilayer films with and without cellulose nanocrystal (CNC) interlayer. Cell viability was assessed by
the resazurin assay (a) and cell counting kit- (CCK-8) assay (b) on Caco-2 cells after incubation for 24 and 48h at 37 °C. Values shown Mean + SD
(N=8).
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3.8 Cytotoxicity

The cytotoxicity assay studies the release of components (e.g., ZnONPs) from the
material and their effect on cells viability, determining the biocompatibility and non-
toxicity of biodegradable materials, which broadens its application in active food
packaging design [67]. In Figure 5, the results of the cytotoxicity assay of the active
multilayer films with and without CNC are shown. Cell viability was assessed by the
resazurin assay (Figure 5a) and CCK-8 assay (Figure 5b) on Caco-2 cells after
incubation for 24 or 48 h at 37 °C. The results showed that the cell viability was
maintained close to 100 % throughout the whole experiment, demonstrating the
cellular compatibility of the tested multilayer films in indirect contact with the caco-
2 cells. These results show that the films and the substances eventually released from
the films are non-toxic to Caco-2 cells. In this regard, Kang et al. [68] studied the
cytotoxic effect of three kinds of ZnONPs on human epithelial Caco-2 cells at 24 h
exposure. The report concluded that the cytotoxicity of ZnONPs was dose and time
dependent and also was influenced by the size, distribution, and nanoparticles
intensity. In other study, Apte et al. [69] evaluated the cytotoxicity of multilayer films
based on chitosan and alginate, including subsequent cross-linking prepared by layer-
by-layer (LbL) technique on viability of human dermal fibroblasts through resazurin
assay. The results showed no signs of cytotoxicity in a time frame of 7 days,
indicating that cross-linked films made of these biopolymers may be interesting
candidates for wound dressings. Frigols et al. [70] also evaluated the cytotoxicity of
zinc and graphene oxide (GO) into alginate films cross-linked with Ca?* cations on
human keratinocyte HaCaT cells. The results showed that the Zn and GO particles
were not cytotoxic for the cell line tested and it was highlighted that zinc release and
water sorption/diffusion depended significantly on the type of alginate utilized. In
another research work, Ma et al. [71] fabricated poly(ether urethane) (PEU,
Biospan®) films by the casting method for the controlled sustained release of the
gallium (Ga) or Zn complexes, using poly(ethylene glycol) (PEG) as pore-forming
agent. Cell viability of mouse NIH-3 T3 fibroblasts evaluated by alamarBlue™ assay
demonstrated no cytotoxicity responses of the Ga- or Zn-complex releasing PEU
films. According to the reports mentioned above, it is worthy to highlight that the
cytotoxicity of the metallic nanoparticles and other substances does not only depends
on their physical and chemical characteristics, but also on the matrix where they are
entrapped.



4  Conclusions

In response to the constantly evolving food packaging industry requirements, novel
research studies are currently focused on the development of environmentally
friendly materials with active and barrier properties that are able to extend food shelf
life. Active multilayer films with and without CNC have been successfully developed
in this work, presenting a homogeneous and continuous surface with thickness
ranging from 130 to 150 um. Also, they showed high contact transparency with a
slightly yellow appearance. The water vapor and limonene barrier properties of the
active multilayer films with the CNC coating were higher than the active multilayer
without CNC, due to the nanocellulose interlayer. The multilayer films presented
significant inhibition (R > 1 and < 3) against S. aureus and E. coli in both storage
systems, that is, closed and open, after 15 days. The antioxidant activity tested after
15 days, which is attributed to the presence of OEO, was significantly lower in the
active multilayer films with the CNC coating also due to its barrier effect. The
migration tests performed on the active multilayer film with CNC revealed that the
ZnONPs migration values were much lower compared with the monolayer films,
being for all food simulants below the SML for Zn, except for olive oil. Lastly, the
cytotoxicity assay showed that the cell viability was maintained nearly at 100 %,
demonstrating the cellular compatibility of the tested active multilayer films in
indirect contact with Caco-2 cells.

The novel active multilayer films developed in this study can be regarded as potential
candidates for use in the design of sustainable active food packaging. The active and
barrier properties of these materials are certainly positive attributes and can be
advantageous for food preservation. Since the developed multilayers are based on
PHAs they can be applied as compostable or even biodegradable packaging articles,
such as food trays or lids. Furthermore, they are partially obtained through the
valorization of food waste, contributing to the Circular Bioeconomy progress. Future
studies will be focused on analyzing their biodisintegration in both industrial
conditions and natural environments as well as their in vivo performance to preserve
different foods.
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General Discussion

Due to increasing consumer concern about foodborne diseases, food waste, and
climate change, the research and development of new materials obtained from
renewable resources with similar properties to petrochemical materials has drastically
increased in recent years. Likewise, the study of natural substances with active
properties, such as antimicrobial and antioxidant activities, has also motivated the
development of active biodegradable food packaging materials to extend the shelf
life and maintain the quality of foodstuff. Packaging is one of the most important and
well-known methods to achieve food preservation, storage, and transportation.
Therefore, new materials, methodologies, and processing methods have been found
to develop functional and active food packaging. In this context, this PhD thesis deals
with the development of active multilayer systems based on polyhydroxyalkanoates
(PHAS) containing essential oils and metallic nanoparticles processed by the
electrospinning technique for food packaging applications.

Polyhydroxyalkanoates (PHAs) are promising renewable and biodegradable
polymers obtained from bacteria fed with organic sources such as glucose or fatty
acids [1]. They have interesting properties, similar to fossil derived polyolefins, such
as polyethylene (PE) and polypropylene (PP), which meet the current requirements
for food packaging materials [2]. In this way, these biopolymers have many
advantages for developing different types of materials, depending on the final
application. They can be processed by different techniques such as extrusion,
injection molding, thermoforming, film blowing, and electrospinning [3]. The
versatility of these polymers allows the inclusion of different organic and inorganic
substances to improve and confer active and functional properties, such as
antimicrobial, antioxidant, mechanical, and barrier oxygen and water and aroma
vapor properties. Active food packaging is an important tool for enhancing food shelf
life and safety. In the last decade, consumers have increased their interest in products
and methods that are eco-friendly and health promoting. In this context, the use of
essential oils (EOs) has increased in the food industry as preservatives due to the
interesting aroma, flavor, and antimicrobial and antioxidant properties [4]. These
activities are conferred by secondary metabolites that have multiple constituents,
oscillating from 20 to 200 active compounds, such as terpenes, phenylpropanoids,
organic acids, aldehydes, phenols, ketones, and sulfur-containing compounds [5].
EOs obtained from oregano and their main active compounds (thymol and carvacrol)
are the most studied for their high antioxidant and antimicrobial activities against a
wide variety of gram positive (G+) and gram negative (G-) bacteria [6]. As it is well
known, EOs have high volatility and they can decompose or oxidize during
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formulation, processing, and storage due to exposure to heat, pressure, light, or
oxygen that results in an activity loss [7]. These problems can be reduced using
encapsulation processes in different systems (e.g., films, capsules, or inclusion
complexes such as cyclodextrins). The encapsulation method allows the protection
of volatile compounds, while enhancing stability and maintaining bioactivity [8].
Other substances with high antimicrobial activity are metallic nanoparticles. They
have been widely used in the pharmaceutical and cosmetic industry, whereas they
have recently been applied in the food packaging industry to develop antimicrobial
materials due to their ease of processing and high thermal stability [9,10]. The
inclusion of EOs and metallic nanoparticles (MNPs) within PHAS by electrospinning
technique has been originally studied. This technique operates at room temperature,
allowing the processing of substances sensitive to high temperatures (e.g., EOs) and
avoids activity loss [11]. Therefore, the development of active monolayer materials
by electrospinning and their characterization in terms of morphological, thermal,
mechanical, and active properties allows the design of active multilayer systems with
mechanical, barrier, and active properties and improves the shelf life of foodstuff,
while maintaining their microbiological and physicochemical quality throughout the
supply chain.

In the first chapter, we studied the antimicrobial and antioxidant activities of oregano
essential oil (OEO), extracts of green tea (GTE), and rosemary (RE). The preliminary
selection of these active substances was based on their commercial availability and
economies of scale. Among the three natural substances, OEO was the active
substance that presented the highest antioxidant and antimicrobial activities against
S. aureus and E. coli. Furthermore, all the active substances presented a good
compatibility and processability with the technique and it was possible to achieve the
homogenous fiber formation with uniform diameters. The attained fiber morphology
allowed optimal film formation by the application of a thermal post-treatment,
obtaining active continuous films. The active PHBV films containing OEO, RE, and
GTE showed thermal stability of up to 200 °C. The films containing OEO presented
the highest reduction values against the two foodborne bacterial strains and the
highest antioxidant activity.

Since OEO was the substance with the highest antimicrobial and antioxidant
activities, the second chapter focused on the development of compression-molded
green composite sheets made of PHBV reinforced with coconut fibers (CFs)
impregnated with OEO. The incorporation of CFs into PHBV generated green
composite sheets with similar thermal stability, good fiber distribution, and average
fiber length. The green composites presented a slightly higher rigidity but lower
ductility. The CFs improved the water, limonene, and oxygen barrier properties.
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Moreover, the resultant green composites showed a bacteriostatic effect against S.
aureus for up to 15 days.

With the objective to further develop active films for food packaging, and after
having studied the antimicrobial and antioxidant properties of OEO, the third chapter
of this thesis was devoted to the study of MNPs as an antimicrobial agent. Therefore,
hybrid fibers of PHBV containing varying amounts of OEO and zinc oxide
nanoparticles (ZnONPs) were developed by electrospinning followed by annealing
to produce active films with short- and long-term antimicrobial properties. The
resultant active films presented improved the thermal properties, ductility, and
toughness. The OEO-containing PHBV films showed a strong inhibition for the first
15 days of storage (short-term inhibition). Whereas the electrospun PHBV biopapers
containing ZnONPs showed a high and slightly increased antimicrobial activity for
48 days (long-term inhibition). The electrospun hybrid PHBV biopapers, containing
2.5 wt% OEO + 2.25 wt% ZnONPs, yielded the highest antimicrobial properties in
the short term and also high performance in the long term. The migration test showed
that the values complied with regulations and European directives, demonstrating that
these materials can be utilized in the food packaging industry [12].

The use of carriers such as cyclodextrins (CDs) to protect the volatile compounds
from degradation or from losses by evaporation and for controlled release has been
proposed to maintain the active properties of EOs. Also, it has been shown that the
antimicrobial potential of EOs can be reduced in foods with lower water activity and
it is influenced by the presence of macro- and micronutrients, pH, storage
temperature, and the amount of oxygen within the packaging [13]. In this context, the
fourth chapter dealt with the encapsulation of OEO in two cyclodextrins types (a-CD
and y-CD). These inclusion complexes were incorporated into PHBV fibers by
electrospinning and, subsequently, annealed for film formation. The films containing
the CD:OEO inclusion complexes showed higher mechanical and thermal properties.
Moreover, the antimicrobial and antioxidant activities for the y-CD:OEO and a-
CD:OEO inclusion complexes were higher than the pure OEO, maintaining the
activity for up to 15 days in both open and closed systems.

The fifth chapter presented the development of an active multilayer based on an
electrospun interlayer of commercial PHBV containing eugenol with a cast-extruded
PHB sheet and a food contact layer as the external layers. The newly prepared active
multilayers showed high hydrophobicity, good interlayer adhesion, and mechanical
and barrier (water vapor and limonene) properties. Also, the resultant active
multilayers showed a significant growth reduction of S. aureus and E. coli in both
open and closed systems for up to 15 days.
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Finally, in the sisth and last chapter, an active and barrier multilayer film was
developed. Once the PHBV monolayer films containing active substances (OEO and
ZnONPs) were evaluated in terms of their antimicrobial, antioxidant, thermal,
migratory, and morphological properties, they were incorporated as a monolayer. The
multilayer structure consisted of the electrospun active layer (2.5 wt% OEO + 2.25
wt% ZnONPs) and a CNC coating, both as interlayers, and a blown film of a
commercial PHA-based resin in the external layers. The active multilayer film
presented a homogeneous, continuous surface, and good contact transparency. The
use of the CNC interlayer provided the films with enhanced water vapor and
limonene barrier properties. The multilayers also showed high antimicrobial activity,
presenting a significant inhibition against S. aureus and E. coli after 15 days due to
the presence of the electrospun active interlayer. The migration test performed on the
active multilayer films revealed that the ZnONPs migration values were significantly
lower compared to the monolayer films. Likewise, the active multilayer films also
presented cellular compatibility (non-toxicity).

Based on the above, the present doctoral thesis demonstrates the advantages of using
active substances (OEO, eugenol, ZnONPs) and the high versatility of the
electrospinning technique to incorporate them and develop active monolayer and
multilayer films based on PHA for active food packaging applications. The here-
attained novel multilayers show good mechanical properties that provide resistance
to puncture, tensile strength to prevent stretching or snapping impact and tear. Also,
they can offer high barrier properties to water vapor, limonene, and oxygen to protect
the food from external influences that could cause deterioration in food quality.
Likewise, they can also achieve protection against the both visible and ultraviolet
(UV) light to prevent light-induced changes in flavor or nutritional quality.
Additionally, these multilayers present antimicrobial and antioxidant properties,
which can respectively protect food against foodborne bacteria and oxidative
reactions. All these characteristics can thus allow the novel design of novel active
packaging systems with the capability to extend the shelf life of food products and
also increase food safety.
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Holistic Impact of the PhD

The research activities carried out during this PhD thesis has put forward work to
contribute, from a global perspective, to the reduction of food loss and waste, while
increasing resource efficiency and environmental protection, which are related to the
United Nations Sustainable Development Goals, i.e. goal 3 (Zero Hunger), goal 12
(Responsible Consumption and Production) and goal 13 (Climate Action) [1]. In this
regard, the here-developed food sustainable and high-performance packaging
materials are considered to play a crucial role in reducing food waste by both
upcycling food waste and protecting foodstuffs better, reducing losses by prolonging
shelf-life. The active monolayers and multilayers developed, both based on PHAs
and obtained by electrospinning, have proven the potential of this innovative
processing technology for food packaging. As demonstrated during the research, one
of the main advantages of electrospinning is its high versatility to develop at room
conditions internal or external layers with active properties, that is, antimicrobial and
antioxidant capacities, which can be conferred by natural substances, such as
essential oils, and nanoparticles. The novel multilayers prepared during this thesis
have also shown improved performances in terms of mechanical, thermal, and barrier
properties (water vapor, limonene, and oxygen). All of the developed active mono
and multilayer packaging features are expected to help to extend shelf-life of
foodstuffs, and hence improve food quality and safety. Furthermore, these novel
packaging materials are totally aligned with the so-called Circular Bioeconomy
strategy, that intends to valorize biowastes and bring the organic carbon back to the
soil.
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V. CONCLUSIONS




Conclusions

1. Oregano essential oil (OEO) presented the highest antimicrobial activity against
S. aureus and E. coli and antioxidant properties among the tested essential oils
(EOs) and natural extracts (NEs).

2. The incorporation of OEO into poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) was successfully achieved by electrospinning, obtaining homogenous
and continues films with strong reduction (R > 3) of the food-borne S. aureus ad
E. coli bacteria in both open and closed system for up to 15 days.

3. Optimal incorporation of coconut fibers (CFs) into PHBV was achieved by melt
compounding at 150 rpm and residence time of the order of 100 s, these
processing conditions delivered the most balanced properties in terms of fiber
distribution and average fiber length. OEO-containing green composite sheets
with enhanced physical performance were produced, which also showed
bacteriostatic effect against S. aureus for a period of at least 15 days.

4. The kneading method was the most efficient for the encapsulation of OEO in a-
and y-cyclodextrins (a- and y-CD). The contents of a-CD:OEO and y-CD:OEO
inclusion complexes were optimal at 15 and 25 wt%, respectively. Higher active
properties were attained for the electrospun PHBV films incorporating y-
CD:OEO due to their greater encapsulation efficiency, showing high
antimicrobial and antioxidant activities for up to 15 days.

5. Hybrid fibers of PHBV containing 2.5 wt% OEO + 2.25 wt% ZnONPs (zinc
oxide nanoparticles) were successfully developed by electrospinning. The dual
incorporation of OEO and ZnONPs decreased the tensile modulus but increased
the ductility and toughness of the PHBV films.

6. Monolayer films based on electrospun PHBV containing 2.5 wt% OEO + 2.25
wt% ZnONPs showed a high antimicrobial activity against S. aureus ad E. coli
strains in both open and closed systems in the short term (15 days) and long term
(48 days).

7. Active multilayer films based on an electrospun interlayer of commercial PHBV
containing eugenol (15 wt.%) and cast-extruded PHB sheets and food contact
layer as the external layers was developed. The multilayer presented high
hydrophobicity, sufficient interlayer adhesion, good mechanical performance,
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10.

sufficient thermal stability, improved barrier properties against water and aroma
vapors, and high antibacterial properties against S. aureus and E. coli.

Active multilayer films based on the electrospun active layer (2.5 wt% OEO +
2.25 wt% ZnONPs) and a CNC coating, as interlayers, and a biodegradable
blown film in the external layers were developed. These multilayer showed good
physical properties, such as contact transparency, water vapor and limonene
barrier properties as well as significant antimicrobial activity (R>1 and <3)
against S. aureus and E. coli in both storage systems after 15 days and antioxidant
activity.

Active multilayer films containing 2.5 wt% OEO + 2.25 wt% ZnONPs showed
a cell viability nearly at 100%, demonstrating the cellular biocompatibility and
non-toxicity of multilayer films in indirect contact with Caco-2 cells.

Monolayer films containing 2.5 wt.% OEO + 2.25. wt% ZnONPs in the ethanol
aqueous food simulants were under the current specific migration limit (SML)
values. In the case of multilayer films containing 2.5 wt.% OEO + 2.25. wt%
ZnONPs, acceptable SML values were achieved for the acidic and alcoholic
solutions. These results suggest that the monolayer and multilayer films can be
used as food packaging for alcoholic and acidic solutions without impairing food
safety.
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Abstract: In this research, the antibacterial and antioxidant properties of oregano essential oil (OEO),
rosemary extract (RE), and green tea extract (GTE) were evaluated. These active substances were
encapsulated into ultrathin fibers of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) derived
from fruit waste using solution electrospinning, and the resultant electrospun mats were annealed to
produce continuous films. The incorporation of the active substances resulted in PHBV films with a
relatively high contact transparency, but it also induced a slightly yellow appearance and increased
the films opacity. Whereas OEO significantly reduced the onset of thermal degradation of PHBV,
both the RE and GTE-containing PHBV films showed a thermal stability profile that was similar to
the neat PHBV film. In any case, all the active PHBV films were stable up to approximately 200 °C.
The incorporation of the active substances also resulted in a significant decrease in hydrophobicity.
The antimicrobial and antioxidant activity of the films were finally evaluated in both open and closed
systems for up to 15 days in order to anticipate the real packaging conditions. The results showed
that the electrospun OEO-containing PHBV films presented the highest antimicrobial activity against
two strains of food-borne bacteria, as well as the most significant antioxidant performance, ascribed
to the films high content in carvacrol and thymol. Therefore, the PHBV films developed in this study
presented high antimicrobial and antioxidant properties, and they can be applied as active layers to
prolong the shelf life of the foods in biopackaging applications.

Keywords: PHBV; oregano; rosemary; green tea; electrospun nanofibers; antibacterial; antioxidant

1. Introduction

The packaging industry requires the development of new plastic materials with active
properties, based on the demand by consumers for safer and more nutritive food [1]. Moreover,
the growing concern over the environmental problems caused by petroleum-derived materials
has led to the search for new renewable raw materials for the development of compostable
packaging [2,3]. Polyhydroxyalkanoates (PHAs) are amongst the most promising biopolymers,

Nanomaterials 2019, 9, 144; doi:10.3390 /nano9020144 www.mdpi.com/journal/nanomaterials
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Keywards: New packaging materials based on green sheets of poly(3-t 0-3-hydro-
PHEV xyvalerate} (PHBV) and coconut fibers (CFs) were obtained by twin-screw extrusion {TSE) followed by com-
Coir pression melding. The effect of varying the CF weight content, ie. 1, 3, 5, and 10wt.-%, and the screw speed
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optimal i itions. The ionalized green ite sheets 1 ic effect against

Staphyloceccus aures from fiber contents as low as 3 wi.-%. Therefore, the here-prepared CFs can be successfully
applied as natural vehicles to entrap extracts and develop green composites of high interest in active food
packaging to provide protection and shelf life extension.

o gas and poll P d energy recovery,
and end-oflife biodegradability of components (Joshi, Drzal, Mohanty,
& Arora, 2004), but alse a potential reduction of both product density

1. Introduction

The use of agro-food residues for the prey fon of pol com-

posites is gaining a significant attention due to their huge availability
and low price, being at the same time a highly sustainable strategy for
waste valorization. Natural fibers (NFs), particularly those obtained

and energy requirements for processing (Faruk, Bledzki, Fink, & Sain,
2014).

from plants, represent an environmentally friendly and unique choice
to reinforce bioplastic matrices due to their relative high strength and
stiffness (Yang, Kim, Park, Lee, & Hwang, 2006). The substitution of oil-
detived polymers with bio-based polymers as the matrix component
results in the term “green composites” (Zini & Scandola, 2011), which
indicates that the composite as a whole, Le. both matrix and re-
inforcement, originates from renewable resources. In this regard, the
incorporation of NFs such as jute, sisal, flax, hemp, and bamboo fibers
into biopolymers has been recently intensified (Bogoeva-Gaceva et al.,
2007). Resultant green composites do not only offer environmental

d aver Lt 1 polymer ¢ ites, such as reduced de-
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yhydroxy (PHAs) a family of biodegradabl
aliphatic polyesters produced by microorganisms. PHAs show the
highest potential to replace polyolefins in a wide range of applications,
including packaging, due to their high mechanical strength and water
resistance (Bugnicourt, Cinelli, Lazzeri, & Alvarez, 2014). Among PHAs,
poly(3-hydroxybutyrate) (PHB) and its copolymer with 3-hydro-
swyvalerate  (HV), iLe poly(3-hydroxybutyrate-co-3-hydroxyval ]
(PHEV), have so far received the greatest attention in terms of pathway
characterization and industrial-scale production. The use of PHA co-
polymers presents certain advantages since they have a lower melting
point and higher flexibility than their h 1 which imp

melt stability and broadens their processing window (Torres-Giner,
Montanes, Boronat, Quiles-Carrillo, & Balart, 2016). Furthermore, the
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Abstract: This research reports about the development by electrospinning of fiber-based films made of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) derived from fermented fruit waste, so-called
bio-papers, with enhanced antimicrobial performance. To this end, different combinations of oregano
essential oil (OEQ) and zinc oxide nanoparticles (ZnONPs) were added to PHBV solutions and
electrospun into mats that were, thereafter, converted into homogeneous and continuous films of
~130 um. The morphology, optical, thermal, mechanical properties, crystallinity, and migration
into food simulants of the resultant PHBV-based bio-papers were evaluated and their antimicrobial
properties were assessed against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) in both
open and closed systems. It was observed that the antimicrobial activity decreased after 15 days due
to the release of the volatile compounds, whereas the bio-papers filled with ZnONPs showed high
antimicrobial activity for up to 48 days. The electrospun PHBV biopapers containing 2.5 wt% OEQ +
2.25 wt% ZnONPs successfully provided the most optimal activity for short and long periods against
both bacteria.

Keywords: PHBV; essential oils; inorganic nanoparticles; biopapers; electrospinning; migration;
active packaging

1. Introduction

The packaging industry has increased the demand of active materials obtained from renewable
resources due to the environmental concerns related to the extensive use of conventional plastics and also
to the consumer requests for safer, more nutritious, and high-quality food [1]. Polyhydroxyalkanoates
(PHAsS) are bio-based and biodegradable aliphatic polyesters of high potential to replace polyolefins
in packaging applications [2]. PHAs are synthesized in the mitochondria of a wide range of
Gram-negative (G—) and Gram-positive (G+) microorganisms [3]. They can be divided into short
chain length (scl-PHAs) with monomers with three to five carbon atoms and medium chain length
(mel-PHAs) with monomers with more than six carbons [4]. Among them, scl-PHAs are the most

Nanomatertals 2020, 10, 506; doi:10.3390/nano10030506 www.mdpi.comfjournal/manomaterials
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ARTICLE INFO ABSTRACT

Keywards: This paper reports the /| of bis ble active packaging films of poly(3- -3
Pnlyh)'dm_yalalmm hydroxyvalerate) (PHBV) by the incorporation of alpha- and gamma-cyclodextrins (-CD andy-CDs) containing
Cyclodextrins oregano essential oil (OED). Herein, both the kneading method (KM) and freeze-drying method (FDM) were first
EBT'“":’I:'E explored for the preparation of a-CDtOEQ andy-CD:OEQ inclusion complexes at host:guest ratios of 80:20 wt/wt
A:Elﬁcl;izl and 85:15 wt/wt, respectively. The results showed that KM was the most efficient method for the encapsulation

of OBQ in the CDs cavity in terms Dfslmplu:'\ty and rapidity, while it was also yielded the inclusion complexes
with the highest antimicrobial and The a-CO:OED andy-CD:OEQ inclusion complexes
ohtained by KM were thereafter incorporated at 10, 15, 20, 25, and 30 wt% into PHBV fibres by electrospinning
and annealed at 160 “C o produce contact iransparent films. It was observed that the optimal concentration of
a-CD:0ED andy-CO:OED i i | for h and il film was attained at
contents of 15 and 25 wi, respectively. Higher antimicrobial and antioxidant activities were obtained for the
y-CDOED inclusion complexes due o the greater encapsulation efficiency of OEQ in 4-CD, resulting in PHEV
films with good performance for up to 15 days. This aspect, together with their improved thermal stability and
mechanical strength, give interesting applications to these l:nopolymer ﬁlms in the design of active-releasing

Active packaging

1, and

packaging materials to maintain the physical, ch

istics of food products.

1. Introduction

Essential oils (EOs) are mixtures of volatile organic compounds ob-
tained from aromatic plants that are well known for their fragrant
pmperue& They are also nsed in food preservation and as antimicrobial,

V. , and locally anaes-
. Averbeck, r\\ b &. Idaomar, 2008;
Ribeiro-Santos, Andrade, Melo, & Sanches . 2017). Their mecha-
nisms of active action, particularly at the antimicrobial level, have been
well reported (Owen & Laird, 2018; Sharifi-Rad et al., 2017). The global

* Corresponding author.

** Corresponding author.

*** Comresponding author.
E-mail addresses: kifigueroa

hitrps: oi.org/10.1016/. foodhyd. 2020.106013

ta.csic_es (K.J. Figueroa-Lopez), danielaenescuu@gmail.com (D. Enescu), lagaronii

market of EOs was 226.9 kion/year in 2018 (Hesearch, 2018) while
PP ly 160 ones are d as G lly Recognized as Safe
(GRAS) by the U5 Food and Drug Administration (FDA, 2016).
Therefore, their application is currently growing in the food and
beverage, personal care & cosmetics, aromatherapy, and pharmaceu-
tical industries (Bakhtiary, Sayevand, Khaneghah, Haslberger, & Hos-
seinl, 2018; Prak lishra, & Dubey, 2015; Prakash, Singh,
Kedia, & Dubey, 2012; Raut & Karuppayil, 2014).

Ameng EOs, oregano essential oil (OEO) is one of the most inter-
esting since it is FDA approved and it is also included by the Council of

ta.csic.es (M. Lagaron).
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Development of Electrospun
Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) Monolayers
Containing Eugenol and Their
Application in Multilayer
Antimicrobial Food Packaging

Kelly J. Figueroa-Lopez', Luis Cabedo*, Jose M. Lagaron " and Sergio Torres-Giner™

' Novel Materials and Nanotechnology Group, Institute of Agrochemistry and Food Technology (IATA), Spanish National
Research Council (CSIC), Paterna, Spain, * Polymers and Advanced Matenals Group (PIMA), Universitat Jaume | (UJ),
Castollén de la Plana, Spain

In this research, different contents of eugenol in the 2.5-25 wt.% range were first
incorporated into ultrathin fibers of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
by electrospinning and then subjected to annealing to obtain antimicrobial monolayers.
The most optimal concentration of eugenol in the PHBV monolayer was 15 wt.% since it
showed high electrospinnability and thermal stability and also yielded the highest bacterial
reduction against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli). This
eugenol-containing monolayer was then selected to be applied as an interlayer between
a structural layer made of a cast-extruded poly(3-hydroxybutyrate) (PHB) sheet and a
commercial PHBV fim as the food contact layer. The whole system was, thereafter,
annealed at 160°C for 10s to develop a novel multilayer active packaging material.
The resultant multilayer showed high hydrophobicity, strong adhesion and mechanical
resistance, and improved barrier properties against water vapor and limonene vapors.
The antimicrobial activity of the multilayer structure was also evaluated in both open and
closed systems for up to 15 days, showing significant reductions (R > 1 and < 3) for
the two strains of food-borne bacteria. Higher inhibition values were particularly attained
against S. aureus due to the higher activity of eugenol against the cell membrane of
Gram positive (G+) bacteria. The multilayer also provided the highest antimicrobial activity
for the closed system, which better resembles the actual packaging and it was related
to the headspace accumulation of the volatile compounds. Hence, the here-developed
multilayer fully based on polyhydroxyalkanoates (PHAs) shows a great deal of potential
for antimicrobial packaging applications using biodegradable materials to increase both
quality and safety of food products.

PHA, ial oils,

ial activity,

1 September 2020 | Volume 7 | Articie 140
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Abstract: Active multilayer films based on polyhydroxyalkanoates (PHAs) with and without high
barrier coatings of cellulose nanocrystals (CNCs) were herein successfully developed. To this end,
an electrospun antimicrobial hot-tack layer made of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) derived from cheese whey, a by-product from the dairy industry, was deposited on a previously
manufactured blown film of commercial food contact PHA-based resin. A hybrid combination of
oregano essential oil (OEQ) and zinc oxide nanoparticles (ZnONDPs) were incorporated during the
electrospinning process into the PHBV nanofibers at 2.5 and 2.25 wt%, respectively, in order to provide
antimicrobial properties. A barrier CNC coating was also applied by casting from an aqueous solution
of nanocellulose at 2 wt's using a rod at 1m/min. The whole multilayer structure was thereafter
assembled in a pilot roll-to-roll laminating system, where the blown PHA-based film was located
as the outer layers while the electrospun antimicrobial hot-tack PHBV layer and the barrier CNC
coating were placed as interlayers. The resultant multilayer films, having a final thickness in the
130-150 pm range, were characterized to ascertain their potential in biodegradable food packaging.
The multilayers showed contact transparency, interlayer adhesion, improved barrier to water and
limonene vapors, and intermediate mechanical performance. Moreover, the films presented high
antimicrobial and antioxidant activities in both open and closed systems for up to 15 days. Finally,
the food safety of the multilayers was assessed by migration and cytotoxicity tests, demonstrating
that the films are safe to use in both alcoholic and acid food simulants and they are also not cytotoxic
for Caco-2 cells.

Nanginaterials 2020, 10, 2356; doi:10.3390/nanol (122356 wiwwmdploomjoumalnanomatenials
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Abstract: The present study evaluated the effect of using electrospun polycaprolactone (PCL) as
a barrier coating and black pepper oleoresin (OR) as a natural extract on the morphology, thermal,
mechanical, antimicrobial, oxygen, and water vapor barrier properties of solvent cast gelatin
(GEL). The antimicrobial activity of the developed multilayer system obtained by the so-called
electrospinning coating technique was also evaluated against Staphylococcus aureus strains for 10 days.
The results showed that the multilayer system containing PCL and OR increased the thermal
resistance, elongated the GEL film, and significantly diminished its permeance to water vapor.
Active multilayer systems stored in hermetically closed bottles increased their antimicrobial activity
after 10 days by inhibiting the growth of Staphylococcus aureus. This study demonstrates that addition
of electrospun PCL ultrathin fibers and OR improved the properties of GEL films, which promoted
its potential use in active food packaging applications.

Keywords: nanofibers; electrospinning coating technique; gelatin; polycaprolactone; antimicrobials

1. Introduction

The environmental issues generated by the slow degradation rate of the plastics once discarded
after use have fostered the study and development of biodegradable polymers to obtain continuous
matrices for the production of biodegradable packaging [1]. Among the bio-based biodegradable
polymers, gelatin is one of the proteins with the greatest industrial applications due to its gelling
properties, ability to form and stabilize emulsions, its adhesive properties, and dissolution behavior [2].
This biopolymer has a unique sequence of amino acids with a high content of proline, glycine, and
hydroxyproline, which help in the formation of flexible films [3] and presents a good barrier against
oxygen and carbon dioxide. For these reasons, gelatin is a very promising candidate for new bio-based
and biodegradable packaging formulations. However, gelatin is very sensitive to moisture and,

Nanomaterials 2018, 8, 199; doi:10.3390/nano8040199 www.mdpi.com/journal/nanomaterials
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Abstract: The main goal of this study was to develop poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) films with long-term antimicrobial capacity of interest in food packaging applications. To this
end, eugenol was first highly efficiently encapsulated at 50 wt.-% in the pores of mesoporous silica
nanoparticles by vapor adsorption. The eugenol-containing nanoparticles were then loaded in the
2.5-20 wt.-% range into PHBV by electrospinning and the resultant electrospun composite fibers
were annealed at 155 °C to produce continuous films. The characterization showed that the PHBV
films filled with mesoporous silica nanoparticles containing eugenol present sufficient thermal
resistance and enhanced mechanical strength and barrier performance to water vapor and limonene.
The antimicrobial activity of the films was also evaluated against foodborne bacteria for 15 days
in open vs. closed conditions in order to simulate real packaging conditions. The electrospun
PHBYV films with loadings above 10 wt.-% of mesoporous silica nanoparticles containing eugenol
successfully inhibited the bacterial growth, whereas the active films stored in hermetically closed
systems increased their antimicrobial activity after 15 days due to the volatile portion accumulated in
the system'’s headspace and the sustained release capacity of the films. The resultant biopolymer films
are, therefore, potential candidates to be applied in active food packaging applications to provide
shelf life extension and food safety.

Keywords: PHBV; MCM-41; eugencl; antimicrobial properties; active packaging
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ARTICLE INFO ABSTRACT

Keywards: This research study originally reports the ion and ch ization of pun films based on poly(e-
PCL caprolacrone) (PCL) with high histamine-binding capacity. To this end, submicron PCL fibers filled with na-
I_r-“-'“‘e nostructured zeolite or silica ($i0a) microparticles in the 5-20 wt% range were first prepared by solution
s‘_"“ inning. The resultant fiber mats were thereafter thermally post-treated at 55°C
H"_m"""‘e . to develop tact- films with reduced porosity and improved mechanical strength. The
Active packaging

Food cvatian capacity of the developed compume films to entrap histamine was evaluated in vitro by the culture media

method using Staphyylococcus aureus (. aurews) and Salmonella Paratyphi A (5. Paratyphi A) foodborne bacteria.

Both electrospun zeclite- and 5i0.

effective for . aureus. The
with zeolite due to the ent

PCL films exhibited high hi ine-hinding capacity, being more
per was higher for the PCL films filled
porous and mare optimal ad. i ivity of this i ic filler.

The h

films can be applied as novel active-scavenging packaging materials

to entrap heat- st.nb]e histamine and other biogenic amines released from fish and fishery products.

1. Introduction

Amines are basic nitrogenous compounds in which one, two or three
atoms of hydrogen in ammonia are replaced by alkyl or aryl groups.
Amines are designated “biogenic” when they are produced by the ac-
tion of living organisms through the decarboxylation process of amino
acids (Shalaby, 1996). One of the most important biogenic amines oc-
curring in fish and fishery products is histamine. High levels of hista-
mine are usually formed during decomposition or spoilage process of
fish, involving formation of free amino acids through proteclysis to-
gether with bacterial production and action of amino acid decarbox-
ylases (Visciano, Schirone, Tofalo, & Suzzi, 2012). Fish of the families
Scombridae and Scomberesocideae, which include mackerel, tunas, saury,
bonito, seerfish, and butterfly kingfish, are commonly involved in in-
cidents of histamine poisoning (Taylor & Eitenmiller, 1986). Non-
scombroid fish such as sardine, pilchards, anchovies, herring and
marlin, has also been reported to be implicated (Taylor, Smith, &

* Comesponding author.
E-mail address: storresgineri@iata.csic.es (S. Torres-Giner).

https://doi.org/10.1016/4.fps1. 2019100414

Calaby, 1985). These species of fish have the naturally eccurring amino
acid histidine in their flesh and some spoilage bacteria rich in the en-
zyme histidine dec; y can p and produce
(Hungerford, 2010; Kimura, Konagaya, & Fujii, 2001; Kung et al
Lagand et al., 2015; Lipez-Sabater, Rodriguez-Jerez, Roig-Saguds,
Teresa Mora-Ventura, 1994), Gram-positive (G +) histamine-producing
bacteria typically belong to the Staphylococcus strain (Chang, Kung,
Chen, Lin, & Tsai, 2008; Kuley & Ozogul, 2011; Simon & Sanjeev, 2007;
Zarel, Maktabi, & Ghorbanpour, 2012), which can be isolated from
fresh fish and shrimp (Lakshmanan, Shakila, & Jeyvasekaran, 2002),
fermented foods such as wine, cheese and fish sauee (Satomi, 2016),
salted fish (Herndndez-Herrero, Roig-Sagués, Rodriguez-Jerez, & Mora-
Ventura, 1999), and other Ashery products (Gokdogan et al, 2012;
Ozogul, Kacar, & Hamed, 2015). Salmonella Gram-negative (G-) bac-
teria of Enterobacteriaceae family have also been reported to be a his-
tamine producer strain (Geornaras, Dykes, & Holy, 1995; Gokdogan
et al., 2012; Kuley et al, 2017; Ozogul et al., 2015).
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Emerging Trends in Biopolymers for Food Packaging
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1.1 Introduction to Polymers in Packaging

According to the Food and Agriculture Organization of the United Nations
(FAO), approximately one-third of all food produced globally is lost or wasted
[1]. Food waste.is ptoduoed throughout the whole food' value chain, from the
he hold to facturing, distribution, retail, and ol)d service activities.
Taking into consideration the limited natural resources available, it is more
effective to reduce food waste than to lncmase' food production. For this
reason, several efforts have been put for dm '_evelopment of more effective
food packaging strategies (2, 3]. Packagin items have become essential to
protect food from different environmeéntal conditions. Depending on the type
of food, the packaging article can be custopized to prevent or inhibit microbial
growth, avoid food decomposition by removing the entrance of light, oxygen,
and moisture, or even to prevent spoilage from small insects. Additionally, novel
packaging items can be monitored to give information about the quality of
the packaged food, ultimately diminishing food waste during distribution and
transport [4].

Common materials utilized for food packaging include glass, paper, metal, and
plastic. The latter are nowadays more frequently used since they have a large avail -
ability at a relatively low cost and can display good characteristics for packaging
items, such as mechanical strength, barrier properties, and transparency (4, 5].
The most commonly used petrochemical materials for packaging applications
can be divided into various families:

o Polyolefins and substitutes of olefins, such as low-density polyethylene (LDPE)
and linear low-density polyethylene (LLDPE), polypropylene (PP), polystyrene
(PS), oriented polystyrene (OPS), polyvinyl alcohol (PVOH), polyvinyl chloride
(PVC), and polyvinylidene chloride (PVDC). Polyolefins are frequently used in
reusable bags, paper cups, and stand-up pouches, while substitutes of olefins
such as PVC are popularly used in cling films and in some prepackaged meals.
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