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Functional Materials for Active and Intelligent Food Packaging Applications

Abstract

Food products undergo numerous spoilage processes due to their highly perishable nature. Decreased
food quality causes food borne diseases that affect the public health and well-being of the society.
Therefore, manufacturers, retailers, consumers and regulatory agencies demand higher quality
standards, and the adoption of strategies that enable the real time monitoring/traceability of the food
quality throughout the supply chain. Recently the advances in the food packaging led to the
development of active, intelligent and smart packaging materials able to improve the food quality, to
increase the shelf life and to provide real time information about the condition of the food products.
Although in the field numerous studies are continuously reported, there is still the need for the
development of biocompatible, cost effective and highly performant systems easily scalable and

applicable in everyday life.

This thesis is focused on the development of active, and intelligent packaging biocomposite materials
by utilizing functional fillers of natural origin, following cost effective, and easily scalable methods.
Specifically, the first part of this study is focused on the modification of an already widely used
polymer in food packaging, the low-density polyethylene, in order to improve its water vapor barrier
properties and to transform it to a functional material with antioxidant properties, expanding thus its
use in active packaging. This is succeeded by introducing into the polymer curcumin powder as filler,
following the most common method for polyethylene processing used in industry, the melt
processing. The developed composite shows excellent water vapor barrier and antioxidant properties
making thus possible its use in active packaging for the shelf life increase of food products. In the
second part of this study, an intelligent packaging porous indicator is developed by the combination
of polyvinyl alcohol, microcrystalline cellulose and anthocyanins extracted from red cabbage. The
specific material is able to indicate the food spoilage through a distinct color change that can be
perceived by the naked eye and by non-expert users. In the third part of the present study, an smart
packaging material is developed based on red cabbage powder and chitosan that combines the
properties of both the active and intelligent packaging materials in a single system. The developed
bioplastic presents excellent antioxidant activity, biodegradability and rapid color changes to the
food’s pH fluctuations during the spoilage process indicating thus its quality deterioration.
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Chapter 1: Introduction to conventional, active and intelligent food packaging
1. Introduction

Food packaging preserves the quality of perishable food products for easy transportation, storage and
end use. It slows down the quality decay of the food and makes marketing and distribution more
efficient. In fact, packaging materials for food have four basic functions: protection, convenience,
communication and containment (Figure 1) [1]. Packages protect the food products from the external
environment and offer convenient features like microwaveability, easy opening and resealability.
They allow to the consumers to enjoy the food in the way they want; packages communicate with the
consumers and retailers with the help of graphics, brand logos, written text about the nutritional facts
and preparation guidelines, and finally, food containers are aimed for easy handling and transportation

[1].

Protection Communication

Containment Convenience

Figure 1. Basic functions of food packaging.

The deterioration in the food quality occurs during storage and distribution due to various degradation
processes, and the consumers and manufacturers request specific strategies and systems that enable
the real time monitoring of the food products and also increase their shelf lives [2]. For this reason,
in the last 15 years, have been developed diverse active packaging materials with the aim to increase
the shelf life of the packaged food [2]. In fact, active packaging refers to a type of packaging, which
allows the absorption or release of some substances into or from packaged food or the surrounding
environment in order to enhance the shelf life [3].

Unfortunately, active packaging does not give us information about the quality of food before or at
the point of consumption. For this reason, intelligent packaging systems have been proposed and used
in the last 10 years to carry out such tasks. Intelligent packaging is a type of packaging that can sense,
detect and record any changes of the food, and at the same time improves the food quality by releasing
specific substances, enhances the safety and warns about the possible problems during food storage
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and transportation [2]. Intelligent packaging offers direct information about the quality of packaged
food, and can indicate its freshness, or whether its shelf life has, or will, expire soon. It can also
control the microwave dosage for ready to eat meals. Intelligent packaging can also be employed as
an important tool for monitoring the effectiveness of active packaging [1].

1.1 Sensory manifestations of food spoilage

Many food products are highly perishable due to the inherent susceptibility of their components to
microbial and physicochemical degradation. Despite the availability of both conventional and
recently developed methods for food preservation such as salting, curing, refrigeration, freezing,
freeze-drying, heat treatments, ultrafiltration, use of preservatives, and exposure to irradiation and
high hydrostatic pressure, food spoilage remains inevitable, constituting a serious financial burden
and raising safety concerns. Food spoilage refers to an ensemble of complex and often interconnected
intrinsic and extrinsic factors associated with microbial, chemical and physical processes that render
a food product undesirable or unacceptable for human consumption (Figure 2). The manifestations
of food spoilage can vary and may become evident through a sensory assessment of the food
appearance (discoloration, slime production, colony formation, breakdown of structure, blowing of
the container), smell (off-odors) and taste (off-flavors) [4].

Internal factors External factors

Food composition Temperature
Initial quality Light and Humidity
Raw materials Atmosphere
Intrinsic characteristics Packaging materials
Processing

Food spoilage

Discoloration
Off-flavors and odors
Change of texture
Loss of nutrients
Gelation and slime

Production of toxic chemicals

Colony formation

Figure 2. Internal and external factors and sensory manifestations of food spoilage.

1.1.1 Microbial spoilage

Microbial activity is the most impactful cause of food spoilage in terms of financial losses and health
concerns. It has been estimated that microbial spoilage alone accounts for the loss of a quarter of the
global food supply, reaching 50% of losses for non-grain staples, fruits and vegetables [4]. Based on
findings by Pereira et al., more than 6 million cases of foodborne diseases occur every year in the US,
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and 60 cases for every 100.000 inhabitants in Spain [5].

The factors affecting microbial spoilage can be classified into extrinsic, intrinsic, implicit and modes
of production processing and preservation. Intrinsic factors are related to the inherent chemical,
structural and physical properties of the food itself such as pH, chemical composition, redox potential,
natural antimicrobial substances, nutrients and water content. Extrinsic factors refer to external
conditions in which food is stored and includes temperature, humidity and atmospheric composition.
Implicit parameters are defined as the synergistic or antagonistic influences among microorganisms
[6], [7]. Finally, the methods followed in the production, processing, preservation and the associated
physical and chemical treatments induce changes in the characteristics of a food product determining
a microflora, which can widely differ because of the specific effects of such practices.

The range of spoilage microorganisms is wide and comprises bacteria, yeasts and fungi. Bacteria can
be both Gram-negative such as Pseudomonas, Escherichia coli and Salmonella and Gram-positive
such as Clostridium, Micrococcus, Bacillus and lactic acid bacteria [4]. Bacteria induce a rapid and
evident spoilage of protein rich foods such as meat, fish, shellfish, milk and some dairy products [7].
Yeasts and molds grow more slowly compared to bacteria but they can proliferate on a variety of
substrates such as pectin and other carbohydrates, organic acids, proteins and lipids and they tolerate
more extreme conditions of pH, water activity, temperature and the presence of preservatives. It is
also notable that yeasts can utilize food ingredients, such as organic acids (e.g. lactic, citric and acetic
acids) that are generally considered to have an inhibitory effect on the growth of many other
microorganisms [7]. For instance, Zygosaccharomyces spoil high sugar and salt products, and
Dekkera and Brettanomyces are primary spoilers of alcoholic beverages. Concerning to the fungi,
Zygomycetes, Penicillia, Aspergilli and Fusaria are the most common species and can grow on all
kinds of food including cereals, meat, milk, fruits, vegetables and nuts. Until recently, fungi were
generally considered to cause only the unaesthetic spoilage of food. After 1960, when the famous
"TurkeyX" disease Kkilled 100.000 turkey poults in Great Britain, it became evident that common
spoilage molds could produce dangerous toxins [8]. Today more than 400 mycotoxins exhibiting
diverse toxicity levels and effects have been identified, with aflatoxins being the best known [9].

1.1.2 Physical and chemical spoilage

Food spoilage is not only caused by the action of microorganisms but also by a wide range of physical
and chemical processes, which may be triggered by light, metal ions or excessive heat during
processing or storage, such as oxidation and lipolysis, leading to changes in color, flavor, viscosity
or gelation and sedimentation phenomena. Oxidation reactions are among the most common causes
of food deterioration and typically occur in food containing pigments and polyphenols, like fruits,

and unsaturated fats, like oils, and can be initiated by photosensitizers as well as by naturally
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occurring enzymes (e.g. lipoxygenase and peroxidases). Fats can also undergo enzymatic hydrolysis

by lipases responsible for the common off-flavor, referred to as rancidity [7], [10].

1.2 Active food packaging

The current focus of the food packaging sector is to provide appropriate food packaging materials
and methods in order to ensure the food safety and to minimize the food loss [11], and it is associated
with the intensified consumer demands for fresh, convenient and better quality food [11]. In fact,
consumers, manufactures and retailers concerns over food quality and safety issues result in the
development of active packaging systems [12]. Active packaging is a kind of innovative packaging
technology that performs specific functions for the preservation of the food, that cannot be achieved
with the use of conventional packaging materials [12], [13].

Specifically, active packaging aims to enhance the shelf life of the food products while maintaining
their nutritional quality by preventing the oxidation of the food, inhibiting the growth of
microorganisms and preventing the migration of the contaminants, ensuring thus the food quality and
safety [13], [14]. Active packaging includes antioxidants and antimicrobial releasing agents, CO>
absorbers/emitters, moisture absorbers etc. [1], [13], and some of them will be described in detail in
the next subchapters.

1.2.1 Antioxidants

Oxygen present in the packaged environment facilitates the microbial growth and lipid oxidation
which leads to the color change, the development of off-odors and off-flavors, and nutritional losses,
thereby reduces the shelf life of the foods significantly [11]. Consequently, the level of oxygen needs
to be controlled carefully in the food environment to restrict such kinds of spoilage reactions. To this
aim, oxygen absorbing systems are used to enhance the product quality and shelf life as an alternative
to vacuum and gas flushing packaging. In most of these systems, oxygen scavengers are used, which
react chemically (oxidation) with the oxygen present in the headspace of the packaged food and
prevent the food from oxidative spoilage [11].

The most used scavenging agents for this scope, are iron based substances, englobed in highly
permeable sachets that allow the oxygen molecules to pass through them facilitating, thus, the
oxidation of iron to iron oxide. This type of oxygen scavenging system was first introduced in the
market by the Mitsubishi Gas Chemical Company. The amount of iron required in the sachet depends
on the type of package and the type of food, as it is based on the initial oxygen level in the package,
dissolved oxygen present in the food, the water activity of the food, and the permeability of the
packaging material [11].

Another type of oxygen scavengers is the enzymatic oxygen scavengers, where enzymes that react

with the substrate to scavenge oxygen are utilized. Enzymatic oxygen scavengers are very sensitive
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to pH, water activity, temperature and solvent/substrate present in the sachet that is essential for the
activation of the enzyme, but they are pretty expensive compared to the iron based scavenging
systems and therefore their use is significantly restricted.

Most importantly, oxygen scavenging sachets are not considered safe due to the possible spillage of
the sachet content, which leads to the contamination of the foodstuff. In addition, sachets may cause
accidental consumption with the food or may be consumed by children [11].

When the antioxidants are incorporated in the packaging materials, the sachet-related problems are
prevented, and also the performance is significantly enhanced. Specifically, scavengers englobed in
films allow the absorption of oxygen from all the food surface in contact with the film [11]. Therefore,
recently the research is focused on the development of antioxidant food packaging films. A great part
of the research is focused on the development of polymer composite films containing antioxidants
that can sufficiently extend the shelf life of the packaged food even for 30 days depending on the type
of food [15]. For such scope synthetic antioxidants such as butylated hydroxyanisole (BHA),
butylated hydroxytoluene (BHT), propyl gallate (PG), and tert-butyl hydroquinone (TBHQ) Irganox
1076 etc.[16] [17] [18]. were mainly used in the past. However, due to the adverse effects that may
cause the synthetic antioxidants to the human health and environment, there is an increasing trend in
the use of phenolic antioxidants based on natural resources like essential oils, extracts from herbs,
plants and spices etc. with very good performances [13], [14], [19], [20], [21], [22]. For example, it
has been proved that active packaging films of low-density polyethylene (LDPE) and antioxidants
from barley husks improved the lipid stability of frozen fish compared to control films for an observed
time period of 12 months [23]. In another study, the use of nisin (antioxidant) packaging with a
modified atmosphere extended the shelf life of the seabream slices to 48 days at 0 °C from the original
shelf life of 10 days [24]. Similarly, the combination of modified atmosphere and active LDPE
packaging films embedded with a-tocopherol (vitamin E, natural antioxidant) extends the shelf life
of the bluefin tuna fillet to 18 days from 2 days [25].

1.2.2 Carbon dioxide scavengers and emitters

The presence of high levels of CO, generally plays a useful role in delaying the respiration rate of
vegetables and fruits and slows down the microbial growth on meat surfaces. Most of the food
packaging films are highly permeable to CO», but in such cases, most of the CO inside the package
usually infuses through the film. Therefore, where the package has a high permeability to CO2, a CO>
releasing system is used to decrease the respiration rate and prevent the microbial growth [11]. In the
food packaging industry to increase the shelf life of the highly perishable foods, are usually used

antioxidants in combination with a CO> releasing system.
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1.2.3 Moisture scavengers

The excess of moisture inside the package decreases the product quality and shelf life by facilitating
the growth of molds and microbes [11]. Therefore, the prevention of excess moisture buildup in food
packages is important to restrict microbial growth. Usually, moisture accumulation takes place inside
the packages due to their low permeability to water vapors and the respiration of fresh products
triggered by the temperature fluctuations in food packages. The best way to counter this problem in
a food package, which usually presents high water vapor barrier properties, is to use a moisture
scavenger e.g. silica gel, natural clays, calcium chloride, calcium oxide and modified starch. Silica
gel is the most widely used desiccant because it is non-toxic and non-corrosive, and poultry, meat
and fish products are usually wrapped to such desiccant pad which absorbs the water. On the other
hand, moisture absorbing systems in sachet forms are usually used to maintain low levels of moisture
in dried food packages, such as nuts, chips, biscuits, spices, crackers, instant coffee and milk powder
[11].

1.2.4 Ethylene absorbers

The shelf life of the climacteric and leafy vegetables and fruits decreases in the presence of ethylene
(growth hormone) because it accelerates the ripening due to the increase in the respiration rate and
chlorophyll degradation. Hence, the removal of ethylene gas from the package headspace is necessary
to slow down the senescence and increase of shelf life. Mostly potassium permanganate embedded in
silica is used as ethylene absorber in a highly permeable sachet pack. The function of silica is to
absorb the ethylene, while potassium permanganate oxidizes it to ethylene glycol [11]. The
performance of such a system depends on the amount of potassium permanganate and substrate
surface area. Another system used to scavenge ethylene is zeolite impregnated with potassium
permanganate, coated with a quaternary ammonium cation. This system is not only capable of
absorbing ethylene from the medium, but also other organic compounds, such as toluene, benzene

and xylene. Ethylene scavengers are effective for the storage of packaged vegetables and fruits [11].

1.2.5 Flavor absorbing and releasing systems

Flavor scalping occurs when packaging materials interact with food flavors, resulting in their loss
from the food products. Furthermore, high temperature processing of foods results in the loss or
degradation of the flavors. Therefore, there is a need to replace these lost flavor constituents when
scalping or degradation occurs. Although the high barrier food packaging materials can keep the food
flavors in the package, supplementary flavor releasing systems can be effective in diverse cases, such
as when heat seal layers of a package have a high affinity to flavors. In addition, consumers always
like to smell pleasant flavors when they first open a food package. In contrast to flavor releasing
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systems, flavor absorbers scavenge unwanted odors, flavors and aromas present in the package
headspace. The formation of off-flavors and off-odors in food products results by the oxidation of
oils and fats, or degradation of proteins that lead to the formation of aldehydes and amines
respectively that can be removed effectively with the help of active flavor scavengers [11].

1.2.6 Antimicrobial films

Different methods like pasteurization, canning, freezing, refrigeration, dehydration, evaporation, and
fermentation are used for food preservation. However, when these methods are combined with
chemical preservatives, stronger inhibitory effects against microorganisms occur. Sachets and films
containing antimicrobials can be of great value in suppressing surface microbial growth and
increasing shelf life. Chemical preservatives that are used in active antimicrobial releasing systems
include organic acids and their salts (primarily sorbates, benzoates, and propionates), sulfites, nitrites,
chlorides, phosphates, epoxides, alcohols, ozone, diethyl pyrocarbonate, antibiotics, and bacteriocins
[11].

Antimicrobial compounds have also been incorporated into films for use in active packaging. For
more sustainable and safe packaging materials, are also utilized natural antimicrobial ingredients like
coffee, curcumin, clove, pepper and cinnamon [11], or chitosan, due to their natural antimicrobial
activities and nontoxicity. For example, Oussalah et al. [26] developed antimicrobial packaging films
based on alginate, winter savory, oregano and cinnamon essential oils and found that the cinnamon

packaging films are more efficient, compared to winter savory and oregano active packaging.

1.3 Intelligent food packaging

In 2017, as reported by the World Health Organization (WHQO) about 600 million cases of illness
were caused due to the contaminated food, while around 420.000 people lose their lives every year
due to foodborne diseases [27]. Food quality is an important indicator for human health and depends
on several factors like food stability, nutritional value and consumer standards. The lack of real time
information about the food quality and the inability of reporting the real time condition of the food
put the consumers at risk for foodborne diseases. Therefore, since the beginning of the current
millennium, researchers have been trying to develop systems able to give information about the food
quality in real time. Currently, these efforts have led to the development of a new class of food
packaging known as intelligent food packaging [27].

Intelligent packaging contains a component that enables the monitoring of the condition of packaged
food or the environment surrounding the food during transport and storage. Intelligent packaging is
thus a system that provides to the user with reliable and correct information on the conditions of the
food, the environment and/or the packaging integrity [27]. Intelligent packaging is an extension of

the communication function of traditional food packaging and communicates information to the
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consumer based on its ability to sense, detect, or record changes in the product or its environment.
Intelligent packaging offers thus to the consumers and retailers a tool to estimate the quality attributes
that are difficult to estimate, and thereby can assist in assuring good product quality to consumers.

1.3.1 Sensors

Sensors provide information about the packaged food product and its environment throughout the
supply chain and are used as an alternative to destructive, time consuming and expensive techniques
that are currently used in the industry. Sensors are used to measure humidity, temperature, pH-level
and light exposure. In addition to this, chemical sensors have gained widespread attention in the last
couple of years for the monitoring of food quality and package integrity. Most sensors consist of two
components [28]: The sensing part (receptor), which is a coating capable of detecting the presence,
activity, concentration or composition of specific chemicals or gases via surface adsorption. The
detection occurs through a change of a certain property of the coating, then converted into an output
signal by the second component, the transducer that is the actual measuring part of the sensor. This
can be an electrical, chemical, optical or thermal signal. Chemical sensors are used to monitor gas
molecules (O2, Hz, CO, CO2, H2S, NO2, NH3, CHa, etc) and organic volatile compounds related to
food spoilage and package leaking and can be used to evaluate the product quality and the package

integrity, important in cases where the modified atmosphere packaging (MAP) is used [28].

1.3.2 Indicators

Indicators in contrast to sensors cannot provide quantitative information (e.g. concentration,
temperature) and cannot store the data of measurement over time. However, they provide immediate
qualitative information about the packaged food through a mechanical deformation, a color change,
an increase in color intensity or diffusion of a dye along a straight path. In most of the cases, the basic
requirement of an indicator is that the changes should be irreversible, in order to avoid false
information [29]. Intelligent indicators can be based on measuring the condition of the package on
the outside, or on measuring directly the quality of the food product, i.e. inside the packaging. In the
latter case, there is direct contact with the food or with the headspace. Indicators offer some
advantages over sensors such as their low cost, and being user friendly, e.g. can be used by non-expert
users. In particular, in the case of indicators, the information regarding the product quality can be
perceived directly just by the naked eye while in case of sensors, they have to be connected to a
separate device to transduce the sensor signal to an observable response [30]-[38]. For example, a

pH electrode is considered a sensor and pH paper is considered an indicator.

1.3.2.1 Time-temperature indicators (TTI)
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Temperature plays an important role in determining the shelf life of a food product [28]. Fluctuations
in the temperature profile can result in the growth of microorganisms that result in spoilage of the
food. TTlIs are used to monitor the temperature during storage and distribution, which is particularly
useful for warning of temperature abuse for chilled or frozen food products and thus for ensuring food
safety [28]. TTIs are placed outside of the package and their working principle is based on a chemical,
mechanical, electrochemical, enzymatic or microbiological time and temperature dependent change,
mostly expressed as a visible color change [27], [28].

1.3.2.2 Integrity Indicators

Package integrity is essential for maintaining the quality and safety of food products in MAP. An
alternative approach to package-destructive, quality assurance techniques is the use of non-invasive
indicator systems as part of the MAP. Such systems usually provide information through visual
colorimetric changes or comparison with standard references. For example, oxygen indicators
composed of redox dyes change their color upon the oxidation of the dye molecules, which is caused
by changes in the oxygen concentration in the package due to leakages [39], [40]. One of the main
disadvantages of such a system is that it requires the use of highly sensitive redox dyes and the oxygen

already present in the package may also interact with the dye to give false indications.

1.3.2.3 Freshness Indicators

Food freshness indicators provide direct information about the quality of the product resulting from
chemical changes or microbial growth within a food product [2]. Most of the concepts that the
freshness indicators exploit rely on the interaction between the functional component of the indicators
and specific by-products of the food originating from deterioration reactions give rise to a change in
color of the indicator [2], [41]-[43]. They, thus, indicate the real spoilage or lack of freshness of the
product instead of just temperature abuse or package leaks and have to be placed inside the package
[2]. Food freshness indicators can also be used for the estimation of the remaining shelf life of
perishable products.

In general, colorimetric indicators functionalized with synthetic dyes e.g. methylene blue and red,
bromocresol green and purple, bromothymol blue, chlorophenol and xylenol have been utilized
extensively as freshness indicators for intelligent packaging applications [41]. Colorimetric indicators
enable the real time monitoring in a user friendly manner through an optical color change observable
by the naked eye [41]. However, they do not meet strict consumers and regulatory agencies food
safety demands due to their potential toxicity [41]. Therefore, as an alternative approach, natural dyes
extracted from different plants e.g. curcumin, alizarin and anthocyanin are used due to their negligible
toxicity, easy preparation, cost effectiveness and renewability [41]-[43]. In the next sub-chapters, the

most important types of freshness indicators are presented.
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1.3.2.3.1 Indicators for CO2

CO2 gas is produced during bacterial and mold growth on foods. Therefore, CO> detection can be
used to indicate the deterioration of foods as it changes the pH of the packaged environment. CO>
indicators typically function following the principle of Severinghaus CO; electrode [44], which
involves the diffusion of CO> from the test medium (gaseous or aqueous) through a thin gas permeable
membrane, and a quick establishment of equilibrium with the entrapped aqueous layer, which
contains a pH-sensitive dye [2]. Therefore, the detection occurs upon the interaction of the gas to be
tested with a chemical reagent/dye of the indicator which results in a color change/shift of the system
[2], [27]. However, these technologies still present some drawbacks, as indicators containing pH-
sensitive dyes generally suffer from physical (e.g. humidity and temperature) and chemical
interferences (e.g. other volatile acid or basic gases produced during spoilage).

1.3.2.3.2 Indicators for amines

Biogenic amines are low molecular weight organic bases that possess biological activity. They
include tyramine, trimethylamine, 2-phenylethylamine, histamine, putrescine, cadaverine, spermine,
spermidine, tryptamine, and agmatine. They are generated from the decarboxylation of amino acids
in meat, fish, and milk by bacteria [45], [46], and their presence in foods causes the alteration of the
pH of the packaged environment. Biogenic amines in foods are of concern in relation to both food
spoilage and food safety. They are generated either as the result of endogenous amino acid
decarboxylase activity in raw food materials or by the growth of decarboxylase-positive
microorganisms under favorable enzymatic activity. As the microbial spoilage of food may be
accompanied by the increased production of decarboxylases, the presence of biogenic amines might
serve as a useful indicator of food spoilage [47], [48]. The presence of amines changes the pH of the
packaged environment. Mostly pH-sensitive dyes are used for the detection of amines that indicates

the spoilage just by producing the optical color change [30], [31], [49]-[73].

1.3.3 Radio frequency identification (RFID)

RFID is particularly suitable for large production networks such as food supply chains. Compared to
sensors and indicators, these technologies do not provide qualitative or quantitative information about
the product quality status. They are typically applied for purposes such as identification, atomization,
antitheft prevention or counterfeit protection [27].

1.4 Smart food packaging
Smart packaging is a food packaging system that has the functions of both the active and intelligent

packaging. Smart packaging provides the complete packaging solution by enhancing the protection
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and the communication functions of food packaging materials. With the smart packaging, the food
spoilage due to not appropriate storage can be sufficiently controlled while information about the
quality of food throughout its distribution chain is provided. In fact, to achieve the smart packaging
functions, active and intelligent packaging technologies have been integrated into the packaging
system. Currently, there is considerable research activity for the development of individual active and
intelligent packaging systems, but research on the integration of these technologies or the
development of a single food packaging system with both functions still needs to be explored.

1.5 Thesis motivation and outlook
This thesis focuses on the development of materials for active and intelligent food packaging, and
specifically on the development of novel active films and colorimetric indicators based on natural

and biodegradable materials.

Concerning the active food packaging, synthetic antioxidants that are used in the polymer industry to
prevent the thermal degradation (thermal oxidation) of the polymers during industrial processing, are
also proposed for the development of packaging films with antioxidant properties able to effectively
prevent the lipid oxidation of the foods [16]-[18], [74]-[77]. However, their potential toxicity due to
the migration to the food products restricts their wide use in active food packaging materials. As an
alternative approach, natural antioxidants, mainly from essential oils, plant extracts, herbs and spices
are widely utilized in combination with natural or synthetic polymers (see Appendix-1, Table S1). In
most of the studies, novel combinations with natural polymers are explored following fabrication
methods that are not industrially scalable for bulk production, e.g. solution casting, as are required
large amounts of solvents, and time consuming processes. When commercial food packaging
polymers such as polyethylene and polypropylene are considered, their combination with the natural
antioxidants is performed only for the prevention of the polymers’ thermal oxidation during their
thermal processing without any further discussion on whether or not such system can be used for
antioxidant food packaging applications [18], [74]-[77]. In the second chapter of this thesis, we will
focus on the development of active food packaging materials following an industrially applicable
fabrication method, easily scalable, and based on the combination of the commercial low-density
polyethylene, widely used as food packaging material, and the natural antioxidant curcumin via

extrusion and compression molding.

In the third chapter, this thesis will focus on the development of a porous colorimetric food indicator

based on natural and biodegradable materials, and on the engineering of its pores structure in order

to obtain rapid color changes upon a large range of pH. Nowadays, colorimetric natural indicators

mostly in the form of films are widely investigated to monitor the real time freshness of the meat and
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seafood [30], [31], [49]-[73]. However, due to the highly compact structure of the films, their
responsiveness and sensitivity against rapid pH fluctuations (e.g. acidic or basic vapors), and
reversibility is highly questionable and not addressed adequately. In fact, to best of our knowledge,
not even a single study addresses the response kinetics of the color change of the developed indicators.
Moreover, the developed natural indicator films are application specific e.g. not used for acidic or
basic vapors sensing (see Appendix-I, Table S2). Therefore, the focus of the second chapter will be
the development of highly porous natural pH indicators, which demonstrate good reversibility,
reusability and responsivity to a wide pH range, but also to acidic and basic vapors. Most importantly,
it will be proved that by specifically tunning the characteristics of the pores of the indicators, the

response Kinetics to defined pH changes can be efficiently controlled.

Finally, in the fourth chapter will be presented the development of bioplastic films by the combination
of red cabbage powder and chitosan. The presented films provide the complete food packaging
solution by combining the advantages of active and intelligent food packaging in a single system that
give rise to a smart food packaging material. The smart food packaging films demonstrated excellent
mechanical and water vapor barrier properties, biodegradability in the sea water and on top of that
excellent antioxidant activity and faster response to acidic or basic vapors. The focus on whole natural
composite system is motivated by the current need to focus on the development of innovative plastic
materials from renewable resources with minimal environmental impact. In fact, petroleum based
plastics have a negative impact on the environment as most of them are not biodegradable and they
remain in the environment as persistent wastes (Figure 3a). A great source of such plastic pollution
is the packaging sector, and therefore packaging plastic materials significantly contribute to the
specific problem (Figure 3b). Additionally, the depletion of the nonrenewable resources of petroleum

is on the cards, as millions of oil barrels are used for the production of plastics.
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(b) Plastic waste generation by industrial sector, 2015

Global plastic waste generation by industrial sector, measured in tonnes per year.

Packaging 141 million tonnes

Other sector 42 million tonnes

Textiles 38 million tonnes

Consumer & Institutional Products

37 million tonnes

Transportation 17 million tonnes

Electrical/Electronic 13 million tonnes

Building and Construction | ‘ 13 million tonnes

Industrial Machinery | 1 million tonnes

0 tonnes 40 million tonnes 80 million tonnes 140 million tonnes

Figure 3. (a) Life cycle of the plastics in the ocean and (b) classification of the plastic waste with
respect to industrial sector [78].
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Chapter 2: Active food packaging films based on low-density polyethylene
(LDPE) and curcumin

Abstract

In this study, active film composites of low-density polyethylene and curcumin powder are developed
by extrusion and compression molding, thus, via the conventional industrial methods that such
polymer is usually processed. The aim is to develop active food packaging materials based on a
natural and biocompatible active filler and a conventional polymer widely used in the packaging
industry in the form of pure polymer films, but rarely studied in combination with active molecules
in order to be transformed into an advanced packaging material. The effect of the curcumin
concentration on the morphology of the active packaging films was studied with scanning electron
microscopy (SEM), the possible chemical interactions between the LDPE and the curcumin were
studied with fourier transform infrared spectroscopy (FTIR), the thermal properties of the developed
films and the effect of the curcumin filler present in different concentrations were studied with
differential scanning calorimetry (DSC), and thermo-gravimetric analysis (TGA), and the wetting
properties of the films and how they were affected by the curcumin filler in different concentrations
was studied with water contact angle (WCA). Furthermore, the performance of the composite films
as novel active packaging systems was explored through the characterization of the water vapor
permeability (WVP), oxygen permeability (OP), mechanical properties and free radical scavenging
potential (antioxidant activity). The results of this study reveal that the morphology of the films is not
significantly affected by the presence of curcumin. Furthermore, the presence of curcumin increases
the thermal stability of the biocomposite films without altering their thermal processability. In
addition to this, curcumin enhances the elastic modulus, and water vapor barrier performance of the
polymer and offers an excellent antioxidant activity to the polymer. The results of this study suggest
that the active films based on the combination of low-density polyethylene and curcumin can be used
for active food packaging applications.

2.1 Introduction

The oxidation together with microbial growth is the main cause of the quality loss of packaged food
[13], [19], [79]. The oxidation reactions degrade the proteins, lipids and pigments resulting in the
decrease of the shelf life of the packaged food products [13], [24], [79] [80]. Most strategies that are
commonly used to control the lipid oxidation of packaged foods deal with the direct addition of
antioxidants to the food, or the packaging under modified atmospheres in which the oxygen presence
is limited [81]. Active packaging that carries antioxidants in the packaging system has been proved

to be more effective compared to the packaging systems in which antioxidants are directly applied to
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the food surface [80], [81]. This is attributed to the continuous/sustained release of the active
components from the packaging system towards the food. Therefore, the antioxidant activity is
guaranteed during the time, and so also the stability of the food products, in contrary to the direct
addition of the antioxidant in the food where once the active compound is consumed, the protection
level decreases and the food starts to deteriorate rapidly [81].

Currently synthetic antioxidants, for example butylated hydroxyanisole (BHA), propyl gallate (PG),
butylated hydroxytoluene (BHT) and tert-butyl hydroquinone (TBHQ) are widely used in the food
industry [12], [16], [17], [19], [79]. However, their use is restricted by the Codex Alimentarius
(FAO/WHO Food Standards, 2005) as well as by European Regulation (Directive 2006/52/EC, 2006)
and FDA Food Additive Status List (US Food and Drug Administration, 2006) [19]. Similarly, to
improve the barrier performance of the polymeric packaging materials, synthetic additives, such as
silicate, clays and other nanomaterials, have been employed [82]-[84]. However, their migration
towards food and the effects on the health is still under consideration and therefore the, still not
defined, acceptable limits for migration of these substances into food may restrict their large scale
application in the food packaging field [84]—-[86]. Due to the adverse effects of synthetic antioxidants
on the human health and environment, there is an increasing trend in the use of phenolic antioxidants
based on natural resources like essential oils, extracts from herbs, plants and spices etc. [13], [14],
[19], [20] and fillers of natural origin [87]-[89]. Some of them can significantly increase the
antioxidant activity of the films [90], [91] but at the same time, they do not contribute sufficiently to
the enhancement of the water vapor barrier properties, essential for food packaging films. However,
the utilization of phenolic compounds, like tea extracts [13], [80] and curcumin [92] may offer the
possibility to improve simultaneously both properties if combined with the right polymers, making
possible the development of packaging materials with improved properties.

Curcumin is a naturally occurring polyphenolic compound derived from the roots of curcuma longa
(turmeric plant) [93], [94]. The Food and Drug Administration Department of USA (USFDA) has
declared curcumin as a nontoxic compound [95]. Currently, curcumin is used in the food industries
and pharmaceuticals due to its excellent biological activities such as antiviral, anticancer,
antimicrobial, anti-inflammatory and antioxidant properties [94]-[100]. Recently due to its powerful
antioxidant potential and its ability to change color upon pH modifications [42], [53] has led to the
research of curcumin for use in smart packaging systems.

In food packaging, curcumin is mainly blended with natural polymers e.g. cellulose, chitosan, gelatin,
corn zein, k-carrageenan and tara gum [12], [13], [42], [53], [80], [92], [95], [100]-[104] in order to
achieve antioxidant properties. In most of the studies, solution casting methods are utilized for the

fabrication of active packaging films that are not directly correlated with the conventional industrial
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techniques for large scale production fact that restricts the wide use of curcumin for the food
packaging.

Polyethylene (PE) is widely used in the packaging due to its versatility, easy processability,
recyclability, low cost and more recently the availability of the feedstock from renewable resources
[105]-[107]. However, there is still a limited number of studies on the use of curcumin as an
antioxidant incorporated in the PE, following melt flow processes [108], [109]. In particular, the PE
has never been functionalized before with curcumin for active food packaging applications.
Moreover, to the best of our knowledge, the antioxidant potential of curcumin in active food
packaging systems after going through a substantial heating process is yet to be reported. Hence, it is
necessary to investigate the antioxidant activity of curcumin incorporated within the packaging
system.

In this study, active food packaging films based on low-density polyethylene (LDPE) were developed
by incorporating natural antioxidant curcumin through industrially applied methods: extrusion
molding and compression molding. The active films were characterized in terms of thermal, chemical,
mechanical, and physical properties including wetting properties, oxygen permeability and water
vapor permeability. The 2,2-diphenyl-1-picrylhydrazyl free radical scavenging assay was used in
order to evaluate the antioxidant potential of the active films. The results of this study showed that
the addition of curcumin does not alter the melting behavior of the active films, and therefore the
thermal processability of the LDPE based films is not altered. 5%wt curcumin in the LDPE matrix
improves the polymer’s tensile modulus (21.24%) and water vapor barrier property by 51.48%. The
active packaging films showed excellent antioxidant activity of 44.5%. The results of this study
indicate that following the already widely used industrially applicable processing methods for the
processing of LDPE it is possible to develop active LDPE/curcumin films which are ideal candidates

for active food packaging systems.
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2.2 Material and methods

2.2.1 Materials

Low-density polyethylene (LDPE), curcumin from Curcuma longa (Turmeric powder), ethanol with
96% purity and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were purchased from Sigma Aldrich and were
used without further purification.

2.2.2 Fabrication of the films

The extrusion of the pure LDPE and LDPE containing 1, 2, 3, 5% and 7%wt. of curcumin (Cur/LDPE)
was carried out through a single-screw Rheoscam extruder (Scamex-France) having three heating
zones (Figure 4a,b) with a screw of 20 mm diameter, and length to diameter ratio (L/D) of 20. The
screw was attached to a die of 2 mm diameter at the extrusion point, and its rotation speed was
maintained at 50 rpm throughout the extrusion process. During the process, the temperature of the
three heating zones was set at 145 °C, while the entire length of the heating zones is 11.5 cm. The
extruded filaments were further pelletized and were used for the fabrication of the active films.
Following this process, pure LDPE and Cur/LDPE composite films (Figure 4c,d) were produced by
compression molding (Carver Inc., Model 3850, USA) at 145 °C for 40 minutes with a 10 MPa

applied pressure. The dimensions of the final films were 9.8 cm x 9.8 cm and their thickness 450 um.
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Figure 4. Photograph of (a) Rheoscam single-screw extruder used for the fabrication of pure LDPE
and Cur/LDPE films, (b) detailed configuration of three heating zones, (c) pure LDPE film and (d)
5% Cur/LDPE film.

2.2.3 Scanning electron microscopy (SEM)

To study the surface and cryo-fractured cross-sectional morphologies of the pure LDPE and
Cur/LDPE filaments and films, scanning electron microscopy imaging was performed (SEM, JEOL
JSM-6490AL) after coating the specimens with 10 nm thin gold layer using a Cressington 208HR
high-resolution sputter coater (Cressington Scientific Instrument Ltd., UK).
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2.2.4 Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopy was used to investigate the possible intermolecular interactions between
curcumin and LDPE. Infrared spectra were obtained with a Fourier Transform Infrared (FTIR)
spectrometer (Equinox 70 FT-IR, Bruker) in transmittance mode. All spectra were recorded in the
range from 3800 to 600 cm™* with a resolution of 4 cm™, accumulating 128 scans.

2.2.5 Differential scanning calorimetry (DSC)

The thermal behavior of the fabricated films was studied through differential scanning calorimetry
(Diamond-DSC, Perkin Elmer, USA). The 201 mg of pure LDPE and Cur/LDPE films were
weighed accurately in sealed aluminum pans and heated from 30 °C to 220 °C with a rate of 20 °C
/min under a dry nitrogen purge (flow rate 20 ml/min). After keeping the samples at 220 °C for 1 min,
they were then cooled down from 220 °C to 30 °C with a rate of 20 °C/min. After 1 min at 30 °C,
they were subsequently subjected to a second heating cycle with the same parameters. An empty pan
was used as the reference cell. The instrument was calibrated using indium before testing the samples.
The first heating cycle was performed in order to erase any aging event occurring during sample
storage, and the second one was conducted to determine the melting temperature (Tm) while the first
cooling cycle was carried out to determine the crystallization temperatures (Tc).

2.2.6 Thermo-gravimetric analysis (TGA)

The thermal stability of the pure curcumin powder, pure LDPE and Cur/LDPE films was investigated
by means of thermo-gravimetric analysis (TGA) using a TGA Q500 system (TA Instruments USA).
The measurements were carried out on 14 mg samples weighed in aluminum pans and heated from
30 °C to 800 °C with a heating rate of 10 °C/min under the air of a constant flow rate of 50 ml/min.
2.2.7 Interaction of the films with water

The static water contact angle of pure LDPE and curcumin LDPE films were obtained by an optical
contact angle measurement instrument (Data Physics OCAH 200, Germany). A droplet volume of
5ul (distilled water) and a droplet age of 30 seconds was used for all water contact angle experiments.
Three different films of each type were used for experiments and for each film ten measurements
were taken at different places and average values are reported.

The water vapor permeability (WVP) of the pure LDPE and Cur/LDPE films was determined
gravimetrically according to the ASTM E96/E96M standard method [110], [111]. The tests were
carried out at ambient temperature under 100% relative humidity gradient (ARH%). 400 pl of distilled
water (which provides 100% RH inside the permeation cell) was placed in each of the permeation
cells with a 10 mm inner depth and an inner diameter of 7 mm. The test films were cut in circular
form using a dye cutting press and then were mounted on the top of the permeation cells. The

permeation cells were placed in a desiccator, which contained anhydrous silica gel as a desiccant in
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order to maintain 0% RH [112]. The water transferred through the test films and absorbed by the
desiccant was determined from the weight loss of the permeation cell after every hour for an 8 hour
period using an electronic weighing balance (0.0001 g accuracy). The weight loss of the permeation
cells was plotted as a function of time. Then, the water vapor transmission rate (WVTR) was
determined from the slope of each line obtained from the linear regression, as shown by the following
expression.

WVTR Slope Couation 1
- n
Area of the film quatio

The WVP of the films was calculated as follows [111], [112].

WVTR x L x 100 .
WVP = Equation 2
Ps x ARH

Where, L (m) is the film thickness, ARH (%) is the relative humidity gradient and Ps (Pa) is the
saturation water vapor pressure at 25 °C. The results are reported as a mean of 10 repetitions from
different films with their standard deviation.

2.2.8 Oxygen permeability

The oxygen permeability (OP) of the pure LDPE and Cur/LDPE films was evaluated using an
Oxysense device (Oxysense 5250i, USA) equipped with a film permeation chamber, according to the
ASTM F3136-15 standard method. The films were cut in a rectangular shape with dimensions of 6
cm x 6 cm and placed in the permeation chamber. The oxygen transmission rate (OTR) of the films
was measured automatically by the Oxysense software by monitoring the oxygen uptake after 30
minute time intervals. The OP was calculated by the following formula [113], [114].

OTR x L
AP

Equation 3

Where L (um) is the film thickness and AP is the difference in the oxygen pressure between both
sides of the films that is 1 atm.

2.2.9 Mechanical properties

The mechanical properties of the pure LDPE and Cur/LDPE composite films were determined using
an Instron (3365 Instron, USA) dual column tabletop universal testing system, with a load cell of 5
kN at a crosshead speed of 5 mm/min, following the ASTM D882-12 standard method. The
specimens were cut into a dog-bone shape with a dimension of 35 mm x 4 mm using a mechanical
cutter. The tensile modulus in MPa and elongation at break in % were automatically calculated by
the Instron software. In each case, 5 different samples were tested from different films and the average

values are reported.
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2.2.10 Release kinetics

The release kinetics of the curcumin from the Cur/LDPE films and the antioxidant tests were
performed by UV-visible (UV-Vis) spectroscopy in the range of 200-800 nm, using a Varian UV—
Vis spectrophotometer (CARY 6000i, USA). For the release kinetics, samples of 60 mg weight were
cut with a dye cutting press and placed in ethanol solution such that the sample concentration in the
solution to be 1% (w/v). The evolution of the absorbance of the extracted curcumin in the solution
was recorded after defined time intervals up to 24 hour using pure ethanol for the baseline correction.
Following this process, 10 different samples were tested, and the average absorbance value of the
characteristic peak of the curcumin (428 nm), was calculated for each time interval. In order to
evaluate the concentration of the curcumin in solution in each case, the absorption spectra of five
different curcumin solutions with known concentrations ranging between 1-5 pg/ml were recorded.
The intensity of the absorption peak at 428 nm was then plotted and the equation which gives the
dependence of the absorption intensity to the curcumin concentration was defined by a linear fit
(Figure 5). According to the linear fitting, the concentration of the curcumin in unknown solutions
was calculated by the equation

labs = 181.25 x C Equation 4

Where laps is the intensity of the absorbance peak at 428 nm and C is the curcumin concentration.
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Figure 5. Linear fitting of the absorption intensity at 428nm vs curcumin concentration.

2.2.11 Antioxidant properties
To investigate the antioxidant activity of Cur/LDPE films, the curcumin extract from different vials
containing 1% (w/v) Cur/LDPE films were collected after time intervals of 1 hour for a period of 24
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hour. For comparison reasons, the antioxidant activity of pure curcumin powder was also evaluated
by preparing the same concentrations of curcumin powder in ethanol (measured through the process
described above (Equation 4)). The antioxidant activity of the Cur/LDPE films was determined by
using a slightly modified standard DPPHe free radical scavenging method [115], [116]. In particular,
2 ml of the curcumin extract solution was mixed with 2 ml of 50 uM solution of DPPHe in ethanol
and kept in the dark. After 30 minutes, the absorbance of this solution was measured. The absorbance
of a second solution was measured by mixing 2 ml of curcumin extract solution with 2 ml of ethanol.
Finally, the spectrum of the absorbance was obtained by mixing 2 ml of 50 uM solution of DPPHe in
ethanol with 2 ml of ethanol. The percentage of DPPH* scavenging activity was calculated according

to the following equation.

: . - Ai-A
Radical scavenging activity (%) = [1 — 1A—2
3

] x 100 Equation 5

Where Ay is the absorbance value at 517 nm of the solution containing the curcumin extract and the
DPPHe radical, A2 is the absorbance at 517 nm of the curcumin extract with ethanol and As refers to
the absorbance of DPPHe control solution at the same wavelength. All the results are reported as an

average of three repetitions of different samples.

2.3 Results and discussion

2.3.1 Bio-composites morphology and SEM

In Figure 6, SEM images for the fabricated filaments and hot pressed films are presented. It is evident
that following the fabrication process described in the experimental part, the LDPE filaments and
films have a compact, nonporous and smooth surface morphology. By adding the curcumin filler (5%
wt.), films’ top and cross-section surface become slightly less smooth, but no cracks, air bubbles and
big particle agglomerates are evident showing a uniform dispersion of the curcumin filler in the
polymer matrix. Moreover, the compression molding step did not have a significant effect on the

surface and cross-sectional morphologies of the LDPE and 5% Cur/LDPE films.
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Figure 6. Surface and cryo-fractured cross-sectional morphologies of (a) pure LDPE filament, (b) 5%
Cur/LDPE filament, (c) pure LDPE film and (d) 5% Cur/LDPE film

2.3.2 Fourier transform infrared spectroscopy (FTIR)

To see the possible chemical interactions between the components the ATR-FTIR spectra of the pure
curcumin, the LDPE and Cur/LDPE films is analyzed. The main assignments of the pure curcumin
(Figure 7 and Figure 8) are the OH stretching at 3507 cm™, the conjugated C=0 stretching at 1627
cm?, the aromatic C=C stretching at 1602 cm™, the C=0 stretching at 1506 cm™, the olefinic C-H
bending at 1427 cm™, the C-O-C stretching at 1026 cm™, and the C-H out of plane bending of the
aromatic rings at 855 cm* [53], [102], [117]-[120].

OCH; Polyethylene (LDPE)
HO Curcumin OH H H
0 o
OCH; \ I I }n
H H

o) 0

Figure 7. Chemical structure of curcumin and LDPE
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On the other hand, at the spectrum of the LDPE, peaks assigned to the basic PE structure (Figure 7
and Figure8) are evident, such as asymmetric and symmetric CH stretching at 2914 and 2849 cm'?
respectively, and CH, bending and rocking modes at 1470 cm™*and 718 cm™ respectively [121]-[125].
The Cur/LDPE film’s spectrum presents the characteristic bands of both the LDPE and curcumin,
without any kind of shifts or additional peaks, indicating no chemical interactions between the two
components. However, some subtle modifications of the main LDPE bands (i.e., CH> stretching,
bending, and rocking modes) are detected. To highlight these differences the subtraction of the LDPE
spectrum form the 5% Cur/LDPE one is performed and the results are presented in Figure 8b,c,d.
After subtraction, in the region associated with the asymmetric and symmetric CH; stretching modes,
positive absorptions were observed at higher wavenumbers than the maxima of va(CH2) and vs(CH>)
of the LDPE spectrum, indicating a blue shift. A similar behavior was noticed for the CH> rocking
mode. On the contrary, the CH> bending mode presented positive absorptions at lower wavenumbers,
that is, a red shift. This type of slight shifts has been previously reported for LDPE as a function of
the temperature and are ascribed to a bulk contraction and subsequent increase of van der Waal forces
between polymer chains [126]. In this sense, the presence of curcumin clusters in the composite and
the high pressure during extrusion molding can effectively induce a polymer shrinkage, decreasing

the distances between LDPE chains.
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Figure 8. (a) FTIR spectra of pure curcumin, LDPE, and the 5% Cur/LDPE composite. (b,c,d) CH>
stretching (3000-2750 cm™), bending (1500-1400 cm™), and rocking (740-700 cm™) modes,

respectively, of pure LDPE and 5% Cur/LDPE composite. The corresponding subtraction spectra are
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included and the regions of interest are highlighted by filling the peaks in a light blue color.

2.3.3 Differential scanning calorimetry (DSC)

DSC analysis of the biocomposite films and of the pure LDPE was carried to determine their melting
(Tm) and crystallization (T¢) temperatures and to investigate the presence of any possible thermal
phase transitions. As evident from the Figure 9, the addition of the curcumin in the biocomposite does

not cause any change to the melting or crystallization peaks (Tm and T¢ are 113 °C and 92 °C
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respectively, (complete details of DSC results are shown in Table 1)) and therefore causes minimal
changes to the thermal properties of the polymer matrix indicating that the polymer chain mobility is
preserved. Therefore, the Cur/LDPE composite films can be easily processed thermally, without
changing the melt processing methods that are already well established and adopted in industrial scale
for the LDPE polymers. This is also observed in another LDPE composite system (LDPE with 5%wt.
of carvacrol), where the presence of the natural antioxidant did not have a significant effect on the
melting and crystallization behavior of the LDPE films (Tm and Tc both are slightly modified from
113 °Cto 110 °C and 95 °C to 98 °C respectively) [22].
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Figure 9. Normalized DSC thermograms, second heating cycle and first cooling cycle for pure

LDPE and 5% Cur/LDPE films.

2.3.4 Thermo-gravimetric analysis (TGA)

The thermal stability of the pure curcumin, pure LDPE and Cur/LDPE films were evaluated by TGA
analysis under the air atmosphere (Figure 10). As evident in the thermogram, the decomposition of
curcumin takes place in two different steps [127]. After the evaporation of the adsorbed humidity at
lower temperatures, the first degradation step takes place between 201 °C and 337 °C with a
maximum rate of weight loss (Tmax) at 290°C caused due to the decomposition of the substituent
groups of curcumin [128]. The second degradation step occurs in between 337 °C and 587 °C with a
Tmax at 535°C attributed to the decomposition of the two benzene rings [128]. The degradation of
pure LDPE occurs just in one step at the temperature range from 237 °C t0 461 °C (Tmax: 373°C) due

to the random polymer chain scission and branching [129].
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In the case of Cur/LDPE composite, thermal degradation takes place in two defined steps. The first
one occurs at a very slow rate, between 224 °C and 387 °C (Tmax: 345°C) with a weight loss of 4.3%,
while the second degradation step takes place in between 387 °C and 459 °C with a rapid degradation
rate and a Tmax 0f 390°C. Compared to the pure LDPE, the Cur/LDPE composite films present higher
thermal stability with a degradation temperature shifted by 17 °C (from 373°C to 390°C), attributed
to the presence of curcumin, which is able to capture/hold the generated free radicals of the polymer
during the thermal oxidation, decelerating the degradation process [75], [77].
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Figure 10. TGA curves of curcumin, pure LDPE and 5% Cur/LDPE films. The inset shows DTGA

curves for the three samples.
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Table 1. DSC and TGA parameters for pure curcumin powder, pure LDPE and 5% Cur/LDPE films

Pure N/A N/A 201 250 271 458 555 290, 535
curcumin
Pure LDPE 92 113.36 | 237 307 322 380 446 373
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5% 9237 112.89 224 387 389 409 442 345, 390
Cur/LDPE

Ti = Initial degradation temperature
Tsy = Temperature at 5% degradation
T10% = Temperature at 10% degradation
Tsow = Temperature at 50% degradation
Toow = Temperature at 90% degradation

Tmax = Temperature at maximum degradation

2.3.5 Interaction of the films with water

LDPE is extensively used in food packaging also because of its favorable water vapor barrier
properties. Food packaging films with improved water vapor barrier properties contribute
significantly to the enhancement of the shelf life of the food products, by preventing the migration of
the water molecules in or out through the walls of the package [13], [101]. The water vapor
permeability of the packaging films depends on the film’s morphology, chemical structure and
environmental temperature [12]. The water vapor transmission rate (WVTR) and water vapor
permeability (WVP) of the pure LDPE and Cur/LDPE films are shown in Figure 11 and Table 2. It
should be mentioned that the WVP of the developed pure LDPE films is significantly higher
compared to the WVP of the commercial LDPE films (1.07 x 101" g.m/m2.d.Pa) found in literature
possibly due to the different polymer chain length and less volume of voids (free volume) [130].
Nonetheless, as shown in Figure 11, WVTR and WVP decrease significantly with the increase in the
curcumin content in the polymer and is 73% and 51.5% lower for the 7% and 5% Cur/LDPE films
respectively compared to pure LDPE film indicating significant improvement in the water vapor
barrier performance in the presence of curcumin. This can be attributed to the hydrophobic nature of
the curcumin filler which is uniformly distributed in the polymer matrix and act as a physical barrier
in the path of the water vapors [131]. In fact, as shown in Figure 12 the water contact angle (WCA)
of the 5% Cur/LDPE film is 10° higher (110.8° £ 1.6°) compared to the pure LDPE (101.2° + 1.1°)
resulting in the enhancement of the hydrophobicity of the composite films that in turn significantly

improves the water vapor barrier performance.
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Figure 11. Water vapor transmission rate (WVTR) and water vapor permeability (WVP) for pure
LDPE and Cur/LDPE films.

Figure 12. WCA of (a) pure LDPE and (b) 5% Cur/LDPE film.

Table 2. Water vapor barrier properties parameters. Mean values are reported with standard

deviation in the same column. Mean + standard deviation

Pure LDPE 371.18 £20.54 5.26x10° +2.91x10®
1% Cur/LDPE | 359.08 +25.79 = 5.10x10° +2.14x10®
2% Cur/LDPE  324.34+15.07 4.42x10° + 1.83x10°®
3% Cur/LDPE  278.51+12.89 3.96x10°+1.89x10°

59 Cur/LDPE  180.29+13.36 2.55x10° + 3.66x10°
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7% Cur/LDPE | 099.29 +38.79 1.41x10° +5.39x10°

2.3.6 Oxygen permeability
The oxygen permeability is another important property of the food packaging materials that affect the
quality and shelf life of the packaged food products [132]. The effect of the presence of curcumin on
the oxygen transmission rate (OTR) and oxygen permeability (OP) of the LDPE films are presented
in Figure 13 and Table 3. As shown, both parameters are slightly increased (c.a. 13.9% and 15.4%
for 5% Cur/LDPE and 7% Cur/LDPE films respectively) indicating that there is a minimum
contribution of the curcumin to the oxygen barrier performance of the composite films. This slight
increase in the OTR and OP for Cur/LDPE films may be attributed to the polarity of the composite
system, which is mostly determined by the low polar curcumin filler [53]. Its long carbon chain and
benzene rings may cause the reduction of the polarity of the films making them slightly poorer barriers
to non-polar substances, such as oxygen [53]. Additionally, the slight increase of the OP of the
Cur/LDPE films might be attributed to the structural modification of the LDPE matrix due to the
curcumin additive that reduces the resistance of the films to oxygen diffusion through them [14].
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Figure 13. Oxygen transmission rate (OTR) and oxygen permeability (OP) for pure LDPE and
Cur/LDPE films.

Table 3. Oxygen barrier properties parameters. Mean values are reported with standard deviation in

the same column. Mean =+ standard deviation.
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Pure LDPE 192.25+9.14 086511 + 4116
1% Cur/LDPE 235.19+8.74 105750 + 3600
2% Cur/LDPE NA NA
3% Cur/LDPE NA NA
5% Cur/LDPE = 219.06 + 10.28 098576 + 4630
7% Cur/LDPE | 221.89 +11.26 099450 + 4950

2.3.7 Mechanical properties

The effect of curcumin on the mechanical properties of the LDPE is presented in Figure 14 and Table
4. It is clear that the presence of the curcumin in the LDPE polymer causes the significant
improvement of the tensile modulus, and the decrease of the elongation at break, reaching 47% and
68% respectively for the 7% Cur/LDPE film. Concerning the 5% Cur/LDPE films, the tensile
modulus is 34% higher compared to the pure LDPE (361 £ 9 MPa and 269 + 8 MPa respectively)
while the elongation at break is 57% lower (75% * 9% compared to the 175% * 13% of the pure
LDPE film). The increase in the tensile modulus with an increase in the curcumin content is attributed
to the presence of the uniformly dispersed curcumin filler in the polymer matrix which, as also proved
by the FTIR analysis previously presented, induces the bulk contraction by causing the increase of
the van der Waals forces between the polymer chains and therefore, significantly reinforcing the
material. The decrease in the elongation at break is caused by the increase in the stiffness and close
packing of the polymeric chains of the composites that prevent the polymer to polymer chain slippage
after the addition of the curcumin [133].
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Figure 14. Tensile modulus and elongation at break for pure LDPE and Cur/LDPE films.

Table 4. Tensile modulus and elongation at break values for pure LDPE and Cur/LDPE films. Mean

values are reported with standard deviation in the same column. Mean + standard deviation

Pure LDPE 269 + 08 175+ 13
1% Cur/LDPE 288 + 05 150 + 10
2% Cur/LDPE 301+ 09 123+ 14
3% Cur/LDPE 304 + 08 100 + 16
5% Cur/LDPE 361 + 09 07509
7% Cur/LDPE 395 + 05 056 + 06

2.3.8 Release kinetics

The release kinetics of the curcumin from the Cur/LDPE films in ethanol was studied by UV-vis
absorption spectroscopy. It is clear from the Figure 15a that the intensity of the absorbance peak at
428 nm (characteristic of curcumin) increases with the increase in the curcumin content in the
Cur/LDPE films and over contact time of each of the composite films with the solvent, due to the
increase in the amount of released curcumin. During the first six hours, high release rate is observed
for all Cur/LDPE films (2.518 pg/ml for 5% Cur/LDPE Figure 15b), possibly due to the release of
the curcumin on the surface of the films, while afterwards there is a slow down, until a plateau is
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reached after 24 hours (3.392 pg/ml for 5% Cur/LDPE). The continuous and controlled release of the
curcumin from the films with time, will help to inhibit the oxidation of the food products by
maintaining the critical concentration of the antioxidant at the surface that is essential for preventing

the oxidative change with the passage of time [81], [134].
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Figure 15. Release kinetics of Cur/LDPE films (a) absorbance profile and (b) released curcumin

concentration for 5% Cur/LDPE as calculated by equation 4.

2.3.9 Antioxidant activity

In the active food packaging materials, it is necessary to use polymeric films with high antioxidant
activity because this can significantly decrease the lipid oxidation and subsequently improve the
quality and shelf life of the food products [13], [24], [116]. The DPPHe standard assay was used to
determine the antioxidant activity of the Cur/LDPE films [13], [80], [101] as a representative method
to determine the antioxidant activity towards lipid oxidation [101].

The antioxidant activity of the Cur/LDPE films was evaluated by monitoring the decrease in the
absorbance peak of the DPPHe* at 517 nm when in contact with the curcumin extract released by the
composite films [135]. As evident in Figure 16, the antioxidant activity of Cur/LDPE films increases
with the increase in the curcumin content in the composite films and time (7% Cur/LDPE: 27.8% to
55.2% for an observed time period of 1-24 hour) due to the higher amount of curcumin released in

the solution.
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Figure 16. DPPH- free radical scavenging activity for Cur/LDPE films.

Consequently, the higher amount of released curcumin in the solution ensures the higher stabilization
of more and more DPPHe free radicals, through the formation of DPPH-H compounds (Figure 17),
as also observed optically by the solution color change from violet to yellow[12], [18], [135]. These
results show that the Cur/LDPE films possess excellent antioxidant properties (5% Cur/LDPE: 44.5%
after 24 hours at a minor release of 3.392 ug/ml of curcumin) due to the free radical scavenging
activity of the curcumin molecules through hydrogen donation [135]. The antioxidant potential of the
developed Cur/LDPE films is in accordance with the curcumin based polymer packaging systems
reported in the literature [79].
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Figure 17. Mechanism of DPPHe free radical scavenging.

The results of this study prove that the higher the amount of curcumin in the LDPE matrix the better

the antioxidant activity and the water vapor barrier performance of the composite films are. However,
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the 7%wt. Cur/LDPE films present a poor elongation at break making difficult their application in
food packaging. Thus, we conclude that the 5%wt. Cur/LDPE film possesses overall better properties
and their slow scavenging process can be helpful in applications where the prolonged and sustained

antioxidant effect is required such as in active food packaging.

2.4 Conclusion

The results of the present study suggest that the addition of curcumin in LDPE following industrially
applied methods such as extrusion and compression molding results in the formation of uniform
active packaging films. The presence of curcumin makes the composites more stable against the
thermal degradation without altering their melting point and therefore their thermal processability.
Furthermore, the presence of curcumin makes the LDPE much stronger. The incorporation of
curcumin in the polymer significantly improves the water vapor barrier performance, and, as a result,
active films prohibit the penetration of water molecules through them. The active films show the
continuous and steady release of the active species to the surrounding environment with excellent
antioxidant activity against the lipid oxidation. The LDPE is an extensively used polymer in food
packaging, but it never has been functionalized with curcumin before for active food packaging
applications. The use of LDPE will continue to grow due to its excellent properties e.g. low cost, easy
processability and recyclability, but more recently the development of bio based LDPE by using
renewable resources, the present biocomposites developed following a widely applied industrial

method that makes the material feasible for using it in active food packaging.
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Chapter 3: Multifunctional porous pH natural indicators for intelligent food
packaging

Abstract

The aim of this study is to develop highly porous biocompatible colorimetric indicators for intelligent
food packaging applications, able to rapidly respond to a wide range of pH changes caused by the
food spoilage, and to be reused. This is succeeded by the combination of polyvinyl alcohol,
polyvinylpyrrolidone and microcrystalline cellulose functionalized with red cabbage anthocyanins.
The effect of the microcrystalline cellulose on the surface and cross-sectional morphologies, porosity,
and pore size of the indicators was analyzed by scanning electron microscopy (SEM), Brunauer—
Emmett—Teller (BET) analysis and mercury intrusion porosimetry (MIP). The fourier transform
infrared spectroscopy (FTIR) and thermo-gravimetric analysis (TGA) was used to observe the
possible chemical and thermal phase transitions induced to the polymer matrix after the addition of
microcrystalline cellulose and red cabbage anthocyanins. The UV-Visible spectroscopy and CIELab
analysis were used to observe the optical color changes of the anthocyanin solutions and colorimetric
indicators when subjected to environments of different pH. Following the abovementioned
characterization methods it can be concluded that the addition of microcrystalline cellulose at a
defined weight percentage decreases the pore size, and increases the porosity and pore
interconnectivity of the foams that in turn improve the responsiveness towards the acidic or basic
environment. The indicator foams showed distinct color changes over a broad pH range (1-14) as
proved by colorimetric analysis. The color changes are reversible, making possible the use of the
developed porous indicators for several times. The colorimetric foams indicate efficiently the spoilage
of chicken and prawns proving that they can be used for real time monitoring the food freshness in
intelligent packaging applications.

3.1 Introduction

Meat and seafood products are highly perishable due to microbial and enzymatic reactions [36], [136],
[137]. Microorganisms can degrade protein and fat present in these products, resulting in the
formation of gases such as carbon dioxide (CO>), hydrogen sulfide (H2S) and ammonia (NHs) [67].
Furthermore, the bacterial enzymatic reaction leads to the reduction of trimethylamine oxide (TMAO)
that results in ammonium based compounds e.g. ammonia (NHz3), dimethylamine (DMA) and
trimethylamine (TMA) mostly known as total volatile basic nitrogen (TVB-N) [30], [57], [138]. The
determination of the presence of the TVB-N has been widely used as an important indicator of the
meat and seafood freshness [30], [66], [67], [136].
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To this aim, colorimetric indicators for real time monitoring the freshness of the food products have
been developed, as they offer numerous advantages such as small size, sensitivity, safety, low cost,
while they provide direct information just by optical/visual color changes [30]-[37]. In fact, their
counterparts e.g. biological and chromatographic assays, although they provide precise results,
require advanced instruments and highly skilled operators, and the detection of the biogenic gasses is
generally time consuming, and expensive. These methods are not suitable for the real time monitoring
[30], [34].

In general, for the sensing of biogenic gasses pH colorimetric indicators are used. To do so, materials
containing dyes sensitive to pH changes have been developed and their majority is of synthetic nature.
In particular, methyl yellow, methyl red, bromophenol blue, bromothymol blue, chlorophenol red,
cresol red, bromocresol green, neutral red, chlorophenol red, phenol red, bromocresol purple, and
hexamethoxy red, have been used for the sensing of the presence of CO,, ammonia, biogenic
amines/TVB-N and other byproducts of bacterial and enzymatic reactions [31], [139], [140]. For
example, Geltmeyer et al. [35] developed colorimetric indicators by the combination of silicon oxide
membranes, methyl yellow and methyl red that are capable of sensing NHz vapors, biogenic amines
and pH changes in aqueous solutions. Rukchon et al. [67] developed pH indicators for food packaging
applications by the combination of cellulose based coating with bromothymol blue, methyl red,
bromocresol green and phenol red. Although the developed materials present distinct color changes
in different environments, the use of such synthetic colorimetric pH dyes in food applications are not
considered safe due to their possible toxicity and health hazards [31].

For this reason, recently, the research has been focused on the utilization of pH-sensitive dyes
extracted from natural resources such as alizarin, curcumin and anthocyanins extracted from red
cabbage, blueberry, mulberry, black rice, grape skin, black carrot and purple sweet potato because
they are expected to be biocompatible, environment friendly, making possible their use in food based
applications [35], [37], [54], [57], [65], [67], [137], [139]-[145]. However, replacing synthetic dyes
with natural colorants is challenging, mainly due to the dependence and stability of the color change
to different environmental factors e.g. humidity, light, oxidation, temperature and pH [145].
Anthocyanins (Figure 18) are natural occurring water soluble and non-toxic pigments that are
responsible for the red, purple and blue color of many plants [37], [146]. Among natural colorants,
anthocyanins from red cabbage possess preferable properties such as stability upon the chemical
structure, good water solubility, broad color spectrum at an extended pH range, stability against
photodegradation and excellent color stability at high temperatures [31], [145]. The stability of the
chemical structure of the red cabbage anthocyanins is attributed to the acyl protection of the hydroxyl

groups [145]. Acylated anthocyanins are generally less prone to color fading compared to non-
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acylated analogs [145]. For these reasons, anthocyanins deriving from red cabbage are widely studied
for the development of food indicators. For example, Pereira et al. [60] fabricated chitosan/polyvinyl
alcohol films with red cabbage anthocyanins for intelligent food packaging applications. Prietto el al.
[142] developed pH-sensitive films from corn, starch and anthocyanins extracted from the black bean
seed coat and red cabbage that are capable of sensing pH changes in aqueous solutions and intelligent
food packaging applications. Liang et al. [147] developed intelligent biocomposite films by Artemisia
sphaerocephala Krasch. gum/ carboxymethyl cellulose sodium and red cabbage anthocyanins for
intelligent packaging and gas sensing (NHs) applications. However, these studies did not address the
response Kinetics (sensitivity) and reversibility of the pH sensing films that are also important
parameters in order to find out the responsiveness/effectiveness and reusability of the intelligent
films. Additionally, most of the work that has been performed so far is based on the development of
pH indicator films. Due to the highly compact structure of the films, their responsiveness against
different media apart from liquids, e.g. gases and vapors, significantly important for the food-based
indicators, is questionable and not addressed adequately.

The aim of this research is to give answers to some of the gaps referred above. In particular, the scope
is to develop biocompatible colorimetric indicators that can rapidly respond to acidic and basic vapors
and gasses, and that can show reversibility and reusability. Specifically, herein we develop highly
porous colorimetric indicator foams, based on polyvinyl alcohol, polyvinylpyrrolidone and
microcrystalline cellulose functionalized with red cabbage anthocyanins. The indicator foams are
fabricated through the freeze drying method and the effect of microcrystalline cellulose on the
porosity, responsiveness and sensitivity of the pH indicators is studied. The developed indicator
foams are then subjected to different pH solutions ranging from 1-14, to hydrochloric acid and to
ammonia vapors in order to evaluate the usability of the indicator foams for multiple applications. In
the end, indicator foams were exposed to meat and seafood products to check the versatility of the
indicators towards biogenic amines or TVB-N. The results of the present study reveal that the
developed indicator foams can be used for the sensing of acidic and basic vapors for different
applications e.g. intelligent food packaging, industrial plants and environmental protection.
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Figure 18. The basic structure of RCA.

3.2 Materials and methods

3.2.1 Materials

Polyvinyl alcohol (PVA) with Mw 89 000-98 000 and 99% hydrolyzed, polyvinylpyrrolidone (PVP)
with Mw 40 000, microcrystalline cellulose (MCC) powder (51 um particle mean size), ethanol with
96% purity, sodium hydroxide (NaOH) with 98% purity, hydrochloric acid (HCI) with 37% (w/w)
concentration and ammonium hydroxide (NH4OH) solution with 30% purity were purchased from
Sigma Aldrich and were used without further purification. Fresh red cabbage and sugar crystal were
purchased from a local supermarket. Ultrapure MilliQ water was used in all the experiments
presented.

3.2.2 Extraction of anthocyanins from red cabbage

Anthocyanins were extracted from red cabbage according to Pereira et al. [60] method with slight
modifications. First 150 g sample of red cabbage was chopped and dipped in 80 ml ethanol/water
solution (7:3). After that pH of the mixture was adjusted to 2 with the appropriate amount of 1M HCI
solution. The mixture was stored in the fridge at 5 °C for 24 hours. Then, the mixture was filtered and
the extracted solution was centrifuged at 2000 rpm for 10 minutes. Subsequently, the supernatant was
filtered on Whatman filter paper #1 with a pore diameter of 11um. After that, the pH of the resulted
red cabbage anthocyanins (RCAs) solution was adjusted to 6 with the appropriate amount of 2.5 M
NaOH solution.

3.2.3 Fabrication of the foams

First of all 1g PVA and 0.2g PVP was dissolved in 10 ml of water with the assistance of microwave
oven (Panasonic NN-K101WM) at a power of 360 W. After the solution was poured on a petri dish
and manually mixed with 20g of sugar crystals and 0, 0.5, 1, 2 and 3 g of MCC powder. Then the
mixture was placed in the freezer for 8 hours and subsequently placed under the fume hood at ambient
temperature for 8 hours to promote the cross linking between the PVA and PVP matrix [148], [149].

The resulting gel was washed three times with the MilliQ water at 50 °C for 6 hours to remove the
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sugar traces and cutted with the help of dye cutting press to make small circular shaped samples. The
circular shaped samples were freezed inside the freeze dryer (CHRIST Epsilon 2-4 LSCplus
Germany) at a temperature of -20°C and an atmospheric pressure of 1 bar, followed by drying at 10
°C under vacuum pressure (1.14 mbar). The foams without RCAs were named as Fo, Fos, F1, F2 and
F3 respectively according to the amount of cellulose in each foam. Subsequently, the 2g foams were
immersed in 25 ml of anthocyanin solution for 24 hours then again subjected to freeze drying in order
to acquire anthocyanin treated foams. After the addition of the RCAs, foams were named as For, Fo.sr,

Fir, For and Far.

3.2.4 Scanning electron microscopy (SEM)

The surface and cross-sectional (cryo-fractured) morphologies of the foams were studied by scanning
electron microscopy (SEM, JEOL JSM-6490AL). For that purpose first specimens were attached to
the metallic stubs with carbon tape then coated with 10 nm thin gold layer using a high-resolution
sputter coater Cressington 208HR (Cressington Scientific Instrument Ltd., UK).

3.2.5 Water absorption capacity and amount of RCA retained by the foams

First, dried foams were immersed in the 10 ml distilled water for 24 hours. After that, the foams were
removed from the water and placed on a wet tissue paper to remove the free water on the surface of
the foams. Then, the wet weight of the samples was noted. The water absorption capacity was
calculated according to the Equation 6 and values of eight different samples are reported as average

along with their standard deviation.

. . wet weight - dry weight .
Water absorption capacity (%) = : x 100 Equation 6
dry weight

The amount of the RCA retained by the foams was determined by measuring the dry weight of the
foams before and after 24 hours immersion to RCA solution. The wt% amount of RCA in the treated
foams was noted with respect to the final weight of the composite foams and average values of eight
different samples are reported along with their standard deviation.

final weight - initial weight .
wit% of RCA = ; x 100 Equation 7
final weight

3.2.6 Brunauer—-Emmett-Teller (BET) analysis

BET and Barrette Joynere Halenda (BJH) analyses were used to characterize the specific surface area
and pore size distribution of the foams. For that purpose, first, the samples were degassed at 90 °C
under vacuum for 3 hours to remove the weakly adsorbed water molecules. After that nitrogen
physiosorption measurements were carried out by using a gas sorption analyzer Autosorb-iQ

(Quantachrome Instruments) at a temperature of 77 K. The multipoint BET model was used to
53



measure the specific surface areas of the samples by considering 20 equally spaced points in the P/Pgo
range from 0.05 to 0.3. Where P/Po (relative pressure) is the pressure of the adsorbate (P) divided by
its saturation pressure (Po). The pore size distribution was evaluated from the desorption isotherms

with the help of the BJH model, taking into account 13 points.

3.2.7 Skeletal density and mercury intrusion porosimetry (MIP)

The skeletal density of the foams was evaluated by helium pycnometry (Pycnomatic Evo, Thermo
Fisher Scientific) equipped with a 4 cm® chamber, at 20 °C. The skeletal volume of the sample
(volume of the sample without considering open pores) was measured by monitoring the change in
pressure due to the volume of helium that is displaced by the sample inside the sealed and pressure-
equilibrated chamber. The skeletal density is obtained by dividing the sample mass by the skeletal
volume assuming that all the open pores of the sample are accessible by the helium atoms. Average
values of ten measurements of the same sample are reported along with their standard deviation
(Table 5).

Table 5. Skeletal density values of the foams. Mean values are reported together with the standard
deviation. Mean = standard deviation.

For 1.328 + 0.003
Fosr 1.339 £ 0.003
Fir 1.371 +0.002
For 1.470 + 0.002
F3r 1.496 + 0.004

The pore size distribution of the macropores of the foams and their porosity were defined using the
mercury intrusion porosimetry (MIP) (Thermo Fisher Scientific). To evaluate the pore size
distribution of the foams, measurements were performed using both, low-pressure (Pascal 140 Evo)
and high-pressure (Pascal 240 Evo) modules with a standard dilatometer. During the measurements,
using the low-pressure module (Pascal 140 Evo), the mercury intrusion starts from vacuum pressure
and the pressure was continuously increasing up to 400 kPa, with a rate of 6 kPa min™. In the case of
the high-pressure module (Pascal 240 Evo), the mercury intrusion starts from atmospheric pressure
and continuously increased up to 200 MPa, with a rate of 6 kPa min. In both cases, the mercury
contact angle and the surface tension of pure mercury were assumed to be 140° and 0.48 Nm™
respectively, while the Washburn equation is used to calculate the pore size from the applied pressure,
assuming that the pores are of cylindrical shape. After the experiments, data from both modules, low-

pressure (Pascal 140 Evo) and high-pressure (Pascal 240 Evo) were combined together in order to
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determine the porosity and pore size distribution of the foams in the range of (0.1 um - 100 pum). The
porosity of the foams was evaluated by the SOL.I1.D Evo software and for this, the skeletal density
values, previously measured, are considered. In this way, the closed pores (or sample compressed
effects) that have no access to external fluid and can contribute to the final porosity data are not
included. In order to explore the pore size greater than 100 um, experiments were performed with an
ultramacropore kit (dilatometer) in the low-pressure module (Pascal 140 Evo) by maintaining the

same experimental conditions as above-mentioned.

3.2.8 Fourier transform infrared spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) analysis was used to study the possible chemical
interactions between the different polymers before and after RCA inclusion. Infrared spectra were
acquired with an FTIR spectrometer (Vertex 70v FT-IR, Bruker) coupled with the diamond crystal.
All spectra were recorded in the range from 3800 to 600 cm™ with a resolution of 4 cm™, accumulating
128 scans.

3.2.9 Thermo-gravimetric analysis (TGA)

Thermal stability of the developed foams before and after RCA treatment, pure polymers and pure
RCA powder, was evaluated by thermo-gravimetric analysis using a TGA Q500 system (TA
Instruments USA). The measurements were performed on 5 mg samples weighed in aluminum pans
and heated from 30 °C to 800 °C with a heating rate of 10 °C/min under the air of a constant flow
rate of 50 ml/min.

3.2.10 Response of the foams upon exposure to vapors

UV-Vis spectroscopy was used to see the color changes of the pure RCA (baseline correction:
Ultrapure MilliQ water) and of the indicator foams against different pH solutions and vapors.

Absorption spectra of the foams before exposure is considered as baseline correction.

To do so, the indicator foams with thickness (3.0 mm + 0.2 mm, diameter:14 mm) were dipped for 3
minutes in different pH solutions (range 1-14), prepared by adding the appropriate amounts of 0.1 M
HCl or 0.1 M NaOH solutions. The indicator foams were dried completely before acquiring their UV-
Vis absorption spectra. The response kinetics of the indicator foams to acidic or basic vapors were
evaluated by subjecting the foams (thickness: 1.00 mm £ 0.05 mm, diameter:14 mm) to HCIl and NH3
vapors for 120 seconds, generated in a closed petri dish with dimensions 100 mm x 20 mm diameter
(D) x height (H) respectively, by adding HCI or NHsOH solution drops (100 pl and 50 pl respectively)

and the UV-Vis spectra were recorded after every 10 seconds.
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The adsorption kinetics study of the indicator foams in presence of the HCI vapors was performed by
applying the pseudo second-order (Equation 8) kinetics model on the graphs presenting the variation
of the maximum absorption intensity of the foams at 524 nm during time.

[ = Kt
U 14kt

Equation 8

Where I; (au) is the absorption intensity in time (t), le (au) is the absorption intensity at equilibrium
and k (au s) is the rate constant.

3.2.11 Response of the indicator foams against chicken and seafood

The response of the indicator foams against fresh prawns and chicken was investigated to demonstrate
their potential use in intelligent food packaging. First the indicator foams were mounted on the inner
side of the lid of the petri dish with size (petri dish 100 mm x 20 mm) and subjected to 30g and 40g
of fresh prawns and chicken respectively. The color variations of the indicator foams were monitored
for three days.

3.2.12 Color analysis of indicator foams
The CIELab color space analysis has been done in collaboration with Matteo Bustreo currently
working as a senior technician in the department of “Pattern Analysis and Computer Vision”, Istituto

Italiano di Tecnologia, Genova, Italy.

Porous indicators’ color evolution has been recorded using a reflex camera (Canon EOS 5D Mark I1).
One frame per second of the videos was analyzed and converting the acquired images to CIELab
color coordinates. CIELab color space has been designed for producing a color representation that
mimic the human color perception [150] and it consists of three components related to the brightness
of the color (L) and its hue (a and b). During color conversion, CIE standard illuminant D65 as
reference white point (theoretically corresponding to a color temperature of 6504 K) was used. The
Euclidian distance (dE) of the CIELab sample coordinates, obtained from different videos or photos
provide a quantitative measure to the human perceived color difference and it can be calculated from

the following equation [151]:

dE = \/[(L; — L)? + (a1 — @)% + (by — by)?] Equation 9

When dE > 3.5, the color difference is clearly perceivable by experienced and unexperienced

observers [151].

The indicator foams with (thickness: 1.00 mm + 0.05 mm, diameter:14 mm) were exposed to HCI

and NHs vapors for 5 and 12 minutes respectively, generated in a closed petri dish (dimensions: 60

mm x 15 mm, DxH respectively) with the appropriate amounts of HCI and NH4OH solution drops
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(100 pul and 50 pl respectively). Porous pH indicators’ color evolution has been recorded using a
reflex camera (Canon EOS 5D Mark Il). In the case of video, one frame per second was analyzed
converting the acquired images to CIELab color coordinates.

For the kinetics study, the CIELab color analysis was performed on foams exposed under the same
conditions as the ones used for the kinetics study through UV-Vis spectroscopy previously described.
In particular, photographs of the indicator foams (thickness: 1.00 mm + 0.05 mm, diameter: 14 mm)
were acquired after every 10 seconds of exposure to acidic or basic vapors. The foams were exposed
to HCI and NH3 vapors for a total time of 120 seconds, generated in a closed petri dish (dimensions:
100 mm x 20 mm, DxH respectively ) with the appropriate amounts of HCI and NH4OH solution
drops (100 pl and 50 pl respectively).
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3.3 Results and discussion

3.3.1 Scanning electron microscopy (SEM)

The surface and cryo-fractured morphologies of the developed foams are shown in Figure 19 and
Figure 20. As shown in Figure 19, the surface morphology is greatly influenced by the presence of
RCA in the structure of the foams. The surface of the foams without the presence of RCA presents
more pores and after the addition of RCA, pores are not any more evident in the magnification that
the SEM analysis permits, from their surface due to the presence of RCA molecules. However, a
highly porous structure is formed under the surface (cross-section) in the presence of RCA (Figure

20) in which pores become smaller with the presence of MCC and are well connected to each other.
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Figure 19. Surface morphologies of the (a) Fo and For, (b) Fos and Fosgr, (¢) F1 and Fir, (d) F2 and
F2or and (e) Fz and Fsr foams.
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Figure 20. Cross sectional SEM images of the (a) For, (b) Fosr, (€) Fir, (d) F2r and (e) Fzr foams.

3.3.2 Water absorption capacity and amount of RCA retained by the foams

The effect of the MCC content on the water absorption capacity and RCA retained by the foams is
shown in Figure 21 and Table 6. As evident from the Figure 21 and Table 6 the water absorption
capacity significantly decreases (from 11.34g/g + 0.97g/g for For to 3.42g/g + 0.14g/g for F3r) with
the increase in the MCC content, and as a result, RCA% retained by the foams also decreases
significantly (from 50.26% = 3.09% for For to 19.13% % 0.99% for Fzr). This behavior can be
explained by the fact that the crosslinked polymeric chains lose their mobility after the addition of
MCC particles [60] thus, the access and interaction of all chains with water is reduced, as well as the
water absorption capacity of the foams, and therefore the amount of RCA entrapped together with the
water and retained by the foams. Another thing that might contribute to this behavior is the possible
hydrogen bonding interaction (see section 3.3.6 FTIR studies) between the MCC and PVA that
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restricts the availability of the free hydroxyl groups of PVA to water molecules thus, the interactions

with the water [60] decreasing the water absorption capacity and therefore the amount of RCA present

For {

in water retained by the foams.
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Figure 21. RCA retained vs water absorption capacity for For, Fosr, F1r, F2r and Fsr indicator foams.

Table 6. Water absorption capacity (g/g) and wt.% amount of RCA retained by each of the foams.

Mean values are reported together with the standard deviation. Mean + standard deviation.

Fo 11.34 +0.97 50.26 + 3.09
Fos 07.44 £ 0.36 37.16 £ 1.77
F1 05.72+0.18 30.21 +1.58
F2 04.60 £ 0.24 22.26 £1.10
Fs 03.42+0.14 19.13+0.99

3.3.3 Brunauer—-Emmett-Teller (BET) analysis

The BET analysis was carried out to determine the specific surface area and pore size distribution of
the foams. The Brunauer—-Emmett-Teller (BET) N> adsorption/desorption isotherms and the
corresponding Barret-Joyner—Halenda (BJH) pore size distribution graphs of the RCA treated foams
are presented in Figure 22-26 and Figure 27-31. According to the IUPAC classification, all isotherms
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(Figure 22-26) are classified as Type IV isotherm, characteristic of the materials containing
mesopores (2 nm - 50 nm) and macropores (> 50 nm) [152], [153]. In particular, the narrow hysteresis
loops observed in all isotherms are classified as Hs type by the IUPAC classification, characteristics
of the N2 condensation in the mesopore region associated with the mixed shaped pores (cylindrical,
wedge and slit shaped) created by the fabrication method adopted [152]-[155]. Furthermore, the
absence of the plateau in the N2 adsorption/desorption isotherms at the higher relative pressure (P/Po)
confirmed the presence of pores in the macropore region [152], [153]. As far as the effect of MCC
on the BET specific surface area (Sger) of the foams is concerned (Figure 27-31), it decreases with
increase in the concentration of MCC in the foams from 40.60 m?.g™* (For) to 5.99 m?.g* (Fsr) while
the total pore volume (Vp) remain practically the same (0.009 cm3.g! - 0.006 cm®.g™t). Therefore, the
presence of MCC particles makes the foams less porous in the nanometric range, possibly by reducing
the number of the open nanopores The pore size distribution calculated from the adsorption branch
of the isotherm by BJH model is appeared to be broad for all samples and the addition of MCC does
not have a great impact on it, in the nanometric range, with an average pore size diameter (Dp)

centered at 4.3 nm - 3.4 nm for all samples.
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3.3.4 Mercury intrusion porosimetry (MIP)

The porosity and the pores size distribution of the foams in the macropore range were evaluated by
the mercury intrusion porosimetry (MIP) measurements. The great volume of mercury entrapped
during the intrusion and extrusion process confirms the presence of interconnected pores as shown in
the respective isotherms (Figure 32-36). The increase in the concentration of MCC in the formulation
increases the porosity of the RCA-treated foams (64%, 70.7%, 72.3%, 77.2% and 79.6% for the FoR,
Fosr, F1r F2r, and Fsr respectively). The effect of MCC content on the pore size distribution of the
foams is presented in Figure 37 and Figure 38. As shown in figures, the presence of MCC has a
prominent effect on the pore size distribution of the foams in agreement with the SEM analysis.
Specifically, the increase in the MCC amount causes the increase in the pores population with sizes
in the range of 1-10 um (Figure 37), decrease the population of the pores with sizes greater than 300
pm (Figure 38). The MIP analysis confirms that the presence of MCC in the formulation of the foams

IS necessary for the fabrication of foams with high porosity and small pore sizes.
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3.3.6 Fourier transform infrared-attenuated total reflection spectroscopy (FTIR-ATR)

The FTIR spectra of pure PVA, PVP, MCC, RCA and composite foams were analyzed to investigate
the possible chemical interactions between the polymers and RCA (Figure 39 and Figure 40 and Table
7). The FTIR spectra of pure RCA shows its characteristic peaks at 3268 cm™ attributed to OH
stretching, C-H stretching at 2984 cm™, mixed C=0 and C=C stretching at 1642 cm™ and C-O
stretching at 1084 cm™ [30], [56], [60], [64]. FTIR spectra of the Fo (PVA/PVP) shows most of the
characteristic peaks of pure PVA and PVP powder with some shifts e.g. OH stretching from 3272
cm™to 3309 cm?, symmetric CH stretching from 2907 cm™ to 2911 cm™ and C-O stretching from
1088 cm™ to 1092 cm?, confirming the crosslinking between the PVA and PVP through hydrogen
bonding [156], [157]. The spectra of Fo foam shows its characteristic peaks at 3309 cm™ attributed to
OH stretching, asymmetric and symmetric CH stretching at 2941 cm™ and 2911 cm™, respectively,
C=0 stretching of PVP at 1660 cm™, CH bending at 1423 cm™*and C-O stretching at 1092 cm™ [156]—
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[159]. In the case of the For spectrum all the characteristic peaks of Fo are shifted e.g. the OH
stretching is shifted from 3309 cm™ to 3272 cm™, asymmetric and symmetric CH stretching from
2941 cm™ and 2911 cm™ to 2937 cm™ and 2917 cm?, respectively, C=0 stretching from 1660 cm™
to 1614 cm, CH bending from 1423 cm™ to 1414 cm®, C-O stretching from 1092 cm™ to 1029 cm’
! indicating strong hydrogen bonding interactions between the polymers and RCA molecules.
Furthermore, F2 represents the main assignments of both the Fo matrix and MCC with the shift of few
peaks e.g. OH stretching from 3309 cm™ to 3296 cm™, intensified C=0 stretching of PVP from 1660
cm™ to 1654 cmt, C-O stretching from 1092 cm™ to 1096 cm™* showing strong molecular interaction
among the PVA, PVP and MCC polymers. In case of the F2r spectrum, all the characteristic peaks of
F, are shifted similarly as happened in case of For €.g. OH stretching from 3296 cm™ to 3272 cm™,
asymmetric and symmetric CH stretching from 2941 cm™ and 2910 cm™ to 2937 cm™ and 2915 cm-
! respectively, mixed C=0 and C=C stretching peak from 1654 cm™ to 1632 cm™, CH bending from
1423 cm™ to 1415 cm™? and C-O stretching from 1096 cm™ to 1029 cm™. All these observations
indicate the presence of strong hydrogen bonding and van der Waals interactions between the
polymers and RCA [160] essential for the immobilization of the dye molecule in the polymers matrix

and the prevention of the leaching/migration of dye in aqueous solutions.
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Table 7. Characteristic wavenumbers and groups of pure PVA, PVP, MCC, RCA, MCC/RCA and
composite foams

PVA 3272 OH Stretching
2940 C-H Asymmetric Stretching
2907 C-H Symmetric Stretching
1418 C-H Bending
1088 C-O Stretching

PVP 3393 OH Stretching
2955 C-H Asymmetric Stretching
2892 C-H Symmetric Stretching
1424 C-H Bending
1289 C-N Stretching

MCC 3335 OH Stretching
2893 C-H Stretching
1643 Absorbed H20
1028 C-O Stretching

RCA 3268 OH Stretching
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3.3.5 Thermo-gravimetric analysis (TGA)

The effect of MCC and RCA on the thermal stability of the foams was further investigated by TGA
analysis in air atmosphere (Figure 41 and Figure 42). As explained by the isotherm, the degradation
of the MCC takes place in two steps: the first degradation step takes place at temperatures lower than
100 °C, and is associated to the thermal elimination of the absorbed moisture. The second degradation
step of MCC takes place between 235 °C to 335 °C due to the decarboxylation, depolymerization and
decomposition of the saccharide rings and of the macromolecular chains [161], [162].

Concerning the Fothe first degradation step takes place below 90 °C due to the evaporation of water.
The second step takes place from 227 °C to 432°C due to the chain-striping elimination of water from
the PV A structure leading to polyenes [163]. The third step of degradation takes place between 432
°C to 586 °C and it is attributed to the disintegration of the carbon skeleton of the polymeric chains
(carbonation) [164], [165]. The degradation of the cellulose containing foams e.g. Fos, F1, F2 and F3
take place in three steps with the thermal stability of the foams to decrease with the increase in the
concentration of MCC (Figure 41). This decrease in the thermal stability is due to the lower
degradation temperature of cellulose (MCC) as compared to the PVA and PVP polymers.

The degradation of Pure RCA takes place in five steps. The first step involves the loss of tightly
bonded moisture up to 100 °C. The second degradation step takes place from 110 °C to 190 °C. The
third step takes place from 190 °C to 304 °C. The fourth step happens between 304 °C to 473 °C and
the fifth degradation step of pure RCA takes place from 473 °C onwards. After the addition of RCA
in the foams, the degradation process of RCA treated foams e.g. For, Fosr, F1r, F2r and Far splits into
multiple steps due to the RCA (Figure 42). However, the addition of RCA improves the thermal
stability of the MCC foams possibly due to the hydrogen bonding interactions between the RCA and
the polymers. The DTGA curves (Figure 43), proved these interactions as the second degradation
step of the pure RCA shifts 13 °C towards higher temperatures when it is embedded in the polymer
matrix. The increase in the MCC content leads to the decrease in the thermal stability of the RCA
treated foams at temperatures greater than 300 °C due to the overall lower degradation temperature
of MCC.
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3.3.7 Response of the RCA and RCA treated foams to solutions
RCAs undergo structural changes (Figure 44) when subjected to different pH environments due to

the protonation and deprotonation of their molecules, resulting in color variations of the materials

where they are embedded [30], [147], [166], [167].
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The color variations of the RCA solutions and indicator foams (F2r foam will be of focus as it will
be proved below has the better response kinetics) against different pH solutions in the range of 1-14
are presented in Figure 45 and Figure 46. As evident from the figures, RCA produces different colors
almost at every pH. The color of the RCA solutions and indicator foams (Figure 45) is red at pH (1-
3) due to the presence of the predominant flavylium cations [56], [130], [142], [169] caused by the
protonation of the RCA. The color changes gradually to purple/violet at pH 4-6, due to the
deprotonation of the RCA that leads to the formation of quinoidal base [56], [130], [142], [169] and
carbinol pseudo base [130], [169]. At pH 7-8 the color changes to blue/bluish green due to the
formation of anionic quinoidal base [56], [130], [142], [169], while it becomes green/yellowish green
at pH 9-10 due to the formation of dianionic quinoidal base [56], [130], [142], [169] and yellow at
pH > 10 due to the further deprotonation and formation of carbinol base [56], [130], [142], [169],
chalcone and chalcone base [56], [130], [142], [169]. Furthermore, CIELab analysis of the indicator
foams was conducted as scientific proof of the optical color changes upon exposure to different pH
values. The CEILab analysis assigned a dE value (Figure 46) to every indicator foam at a particular
pH. As shown in Figure 46, at every pH, the indicator foams possess unique dE values greater than
3.5 indicating that the foams distinct color change at every specific pH, perceivable by the human

naked eye.

Figure 45. RCA solution response upon pH changes for Fzr.
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Figure 46. F2r foam response to pH changes. The corresponding dE values, obtained by CIELab
color space analysis are also presented. The photo of the reference sample is a non-exposed Fr

foam (original).

Additionally, the color changes of RCA upon pH variations were observed by the UV-Vis
spectroscopy. As shown in (Figure 47a), the differences between the maximum absorption peaks of
the RCA solutions and RCA treated foams exposed at different pH values are not significant which

means that the RCA produces similar kind of changes in both forms (RCA in solution form and RCA
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in the indicator foams). In particular, as can be seen from the Figure 47b,c which corresponds to the
UV-Vis absorption spectra of RCA solutions and of the indicator foams respectively, when the
environment is highly acidic (1-3) there is a small hypochromic shift of the main RCA peak from 524
nm to 529 nm. When the pH of the medium is increased to (4-8) a bathochromic shift (red shift) is
observed in the absorbance from 539 nm to 608 nm. After that, when the pH of the medium further
increases (9-14) a hypsochromic shift (blue shift) is observed with the peak shifting from 384 nm to
355 nm. Similar behavior is observed in the UV-Vis spectra of agar/starch films functionalized with
anthocyanin extracts from purple sweet potato [56]. In particular, both the anthocyanin solutions and
anthocyanin treated films produce similar colors at the specific pH values and the color changes are

perceivable over the broad pH range (in between 4-10) [56].
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Figure 47. (a) Wavelength at maximum absorbance obtained by UV- visible absorption spectra of
RCA solution and RCA treated foams upon pH changes, (b) UV- visible absorption spectra of RCA
solution and (c) UV- visible absorption spectra of RCA treated foams upon different pH values: The

absorption spectra is cut short to 375 nm due to the saturation of the signal beyond that range.

3.3.8 Response of the foams against vapors

The effect of MCC on the response kinetics of the indicator foams were evaluated by CIELab color
analysis. For that purpose, first, the indicator foams (For and F2r) were exposed to HCI and NHsOH
vapors separately in closed petri dishes. Afterwards, a video was recorded for the analysis purpose
and one frame per second was analyzed. As shown in Figure 48 and Figure 49, the For foam changes
the color more faster as compared to the For foam. Particularly, in the case of HCI exposure (Figure
48), the value of the dE reaches the perceivable limit (3.5) just after 17 seconds whereas For took 200
seconds to reach that limit. In the case of NH3 exposure (Figure 49), For foam took 122 seconds to

reach the perceivable limit whereas this limit is not reached for For even after 700 seconds.
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Figure 49. CIELab color space coordinates of the For and For foams when exposed to NHsz vapors.

The CIELab analysis confirmed that the presence of MCC in the foams structure is necessary for
faster response kinetics. Additionally, the effect of MCC on the response kinetics of the indicator
foams is further evaluated by the UV-Vis spectroscopy. For that reason, the indicator foams were
subjected to HCI vapors in a closed environment and the increase in the intensity of the absorption
peak at 524 nm was plotted with time in each case (Figure 50-54). To determine how fast is the change
in the absorption intensity takes place, the obtained data is subjected to a pseudo second-order non-
linear kinetic model analysis. As shown in Table 8, all foams have R? value higher than 0.982 and
the indicator foams with higher MCC amount (higher porosity) show higher rate constants values (k:
0.010 aus?, 0.019 aus?, 0.028 aus?, 0.059 aus® and 0.063 au s for For, Fosr, Fir, F2r and Fsr
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respectively) proving the importance of the MCC component on the responsiveness of the indictors.
However, there is no significant difference observed between the rate constants of For and Far foams
(7% more for Fzr) even if the MCC amount in the Fzr is 50% higher. Considering that, we selected
the For indicator foams for further experiments, since it provides a fair balance between the

performance and the fabrication costs.
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Figure 50. Absorption intensity variation of the peak at 524 nm over time upon exposure of the

foams to HCI vapors and the non-linear fitting curve of For.
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Figure 51. Absorption intensity variation of the peak at 524 nm over time upon exposure of the

foams to HCI vapors and the non-linear fitting curve of the Fosr.
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Figure 52. Absorption intensity variation of the peak at 524 nm over time upon exposure of the

foams to HCI vapors and the non-linear fitting curve of the Fir.
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Figure 53. Absorption intensity variation of the peak at 524 nm over time upon exposure of the

foams to HCI vapors and the non-linear fitting curve of the For.

84



Pseudo second order

0.15—- I
0.12-
0.09-
0.06-ﬂ

0.03 1

Absorbance (a.u.) at 524 nm

0.00

T T I T T T T

u T T g T
20 40 60 80 100 120
Time (seconds)

(=T

Figure 54. Absorption intensity variation of the peak at 524 nm over time upon exposure of the

foams to HCI vapors and the non-linear fitting curve of the Far.

Table 8. Data obtained from the pseudo second-order non-linear fitting.

For 0.32689 0.01022 0.99808
Fo:sr 0.19043 0.01914 0.98295
Fir 0.32651 0.02836 0.99342
For 0.42268 0.05958 0.99784
F3r 0.16733 0.06321 0.98985

In order to have more detailed investigation and to demonstrate the versatility of the For pH indicator,
first, the indicator foam was exposed to HCI and NHs vapors, and the changes were recorded by UV-
Vis spectroscopy and CIELab color analysis (Figure 55-58). As shown in Figure 55 and Figure 56,
the indicator foam changes its color to red from purple due to protonation of the RCA and the
formation of flavylium cations, just after 10 seconds of exposure to HCI vapors. The intensity of the
red component (524 nm) keeps growing with increase in the exposure time to acidic vapors and
stabilizes after 90 seconds indicating the HCI sensing ability of the indicator. This is also proved by
the CIELab analysis (Figure 56) which shows a continuous increase in the dE value with the passage
of time for the specific foam. In cases of NHz sensing (Figure 57 and Figure 58), a clear color change
(green from purple) is produced just after 10 seconds of exposure time due to deprotonation of the

RCA and the formation of the anionic quinoidal base. The intensity of the absorption peaks around
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418 nm and 644 nm keeps growing with increase in the reaction time to the NH3 vapors. Additionally,
the NH3 vapor sensing is also proved by the CIELab analysis (Figure 58 that shows a continuous
increase in the dE value with the reaction time. Similar changes were observed in the case of
starch/PVA films functionalized with roselle anthocyanin by Zhai et al. [30] but the films took 2
minutes to produce the color change.

0.5
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Figure 55. Absorption spectra of the F2r upon exposure to HCI vapors up to 120 seconds.
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Figure 56. Corresponding color changes of the For foam upon exposure to HCI vapors with the dE
values compared to the original foam.
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Figure 57. Absorption spectra of the For foam upon exposure to NH3 vapors up to 120 seconds.

- NH, sensing ->
Original 10sec 20sec 30sec 60sec 90sec 120 sec

40.6

39.6 40.6
Figure 58. Corresponding color changes of the F2r foam upon exposure to NHsz vapors with the dE
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values compared to the original foam.

3.3.9 Reversibility test

The results for the reversibility and reusability of the indicator foam (F2r) are presented in Figure 59-
61. For that purpose, the For foam was exposed to HCI and NHz vapors alternatively up to 15 cycles.
As evident in Figure 59 and Figure 60, the indicator color becomes red after exposure to HCI vapors
due to protonation of the RCA and the formation of flavylium cations, with the absorption spectrum
to present a peak at 524 nm. The intensity of that peak decreases gradually with the increase in the
exposure time to NHz vapors. Almost after 60 seconds of reaction with the NHs vapors, a new peak
(634 nm) is appeared corresponding to the green color indicating an increase in the alkalinity of the
indicator foam. However, the indicator color becomes green with exposure time greater than 120
seconds which is characteristic of the interaction of the RCAs with the basic environment due to
deprotonation and formation of the anionic quinoidal base. However, the interaction with NHz vapors
for less than 2 minutes, under the specific experimental conditions, favors the partial deprotonation
of the RCA and the absorption intensity of the peak at 524 nm seems to stabilize after 90-120 seconds
of exposure to a minimum value. Furthermore, the CIELab analysis (Figure 60) also confirmed the
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reversibility of the indicator by showing a continuous decrease in the dE value upon exposure to NH3
vapors.

This process is repeatable for diverse cycles producing the purple-red-purple color change upon
sequential exposure to HCI and NH3 vapors confirming the reversibility, reusability, and stability of
the developed pH colorimetric porous indicators under specific conditions. In fact, as presented in
Figure 61, after the HCI exposure, the exposure to NHz vapors for less than 2 minutes causes the
partial deprotonation of the cations, inducing thus the recovery of the original color of the indicators,
and the decrease of the absorption intensity of the peak to a minimum value. The subsequent exposure
to HCI, results in the further protonation of the deprotonated species, while the NHz exposure that
follows, induces their partial deprotonation. This process continues for more than 15 cycles. As seen
in Figure 61 in each cycle not all the deprotonated, of the previous cycle, species protonate and in the
same way, not all the protonated species deprotonate upon NH3 exposure, however the color change

of the foam indicators is still evident.
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Figure 59. Absorption spectra for one complete recovery cycle of the For foams upon consecutive

exposure to HCI for 120 seconds and to NH3 vapors for 120 seconds. The negative absorption spectra

is due to the background subtraction as colored foam (F2r) before exposure to vapors was used to

acquire baseline correction.

HCI - NH, >
Original 120 sec 10 sec 20sec 30sec 60sec 90sec 120 sec
¥ « : T ;,“f) ,.“ ¥ 2 , _'.




Figure 60. Corresponding color changes of the For foams upon consecutive exposure to HCI for 120
seconds and to NHs vapors for 120 seconds and calculated dE values with respect to the original

foam.
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Figure 61. Absorption intensity of the For at 524 nm upon 15 alternating HCI and NHs exposure

cycles.

3.3.10 Interaction of the foams with meat products

In the end, the response of the indicator foam (F2r) against fresh chicken and prawns was evaluated
at ambient conditions in closed petri dishes. In the case of chicken (Figure 62), the indicator produces
a clear color change just after one day of exposure, turning from purple (dE = 0 original sample) to
violet (dE = 9.1) due to the generation of TVB-N [30], [65], [168] demonstrating the spoilage of the
food product. On the second day, the change in violet color becomes intensified as confirmed by a
slight increase in the dE = 10.2. The indicator produces greenish color after three days of exposure
with a remarkable increase in the dE = 30.6 showing the effectiveness of the indicator as the pH of
the surrounding environment becomes highly alkaline due to the severe bacterial growth [30], [65],
[168].

Beginning of the Experiment After 1 Day After 2 Days After 3 Days
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Figure 62. Application of the indicator for the evaluation of chicken freshness.

Likewise, in the case of the fresh prawns (Figure 63), the indicator color was purple (dE = 0) at the
beginning of the experiment and changed to blueishgrey (dE = 17.6) just after one day of exposure
followed by the change in the intensity of the color at the second day with a slight increase in dE =
21.3. The indicator turns greenish grey after three days of storage with a remarkable increase in the
dE = 36.9. The indicator foams performance is significantly better compared to other studies
presented so far, in fact, PVA/chitosan films combined with mulberry anthocyanin show minimum
changes after 1 day of exposure to meat dE = 2.7 as also tara gum/cellulose films functionalized with
anthocyanin extracted from vitis amurensis husk (dE = 1) [166], [170]. Hence, the developed indicator
foams can be efficiently used to indicate the food spoilage of the meat products with perceivable color
changes and therefore can potentially be used in intelligent food packaging applications.

Beginning of the Experiment After 1 Day After 2 Days After 3 Days

Figure 63. Application of the indicator for the evaluation of prawns freshness

3.4 Conclusions

In the present study, multifunctional and reusable colorimetric pH indicator foams based on
biodegradable materials e.g. PVA, MCC and RCA were prepared. The SEM, BET and mercury
intrusion porosimetry analysis revealed that the indicator foams have highly porous interconnected
structure in the mesopores and macropores range and the addition of MCC to the PVA/PVP matrix
increases significantly the porosity of the indicator foams that in turn improve the responsiveness of
the indicator foams. Furthermore, the polymer matrix shows strong hydrogen bonding interactions
with the MCC and RCA. The pH indicator foams show distinct color changes against different
aqueous solutions in a broad pH range and also respond promptly within seconds against HCI and
NHz3 vapors. Moreover, during the food spoilage test indicator foams efficiently respond to biogenic
amines/TVB-N by producing a clear color change just after one day of exposure to meat or fish
products that can be easily perceived by the human eye. These results suggest that the newly
developed pH indicators can be employed in different sensing application especially intelligent food

packaging, industrial chemical plants and environmental protection.
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Chapter 4. Biodegradable smart food packaging films based on renewable
resources

Abstract

This study aims to develop bioplastic films based on renewable resources by the combination of red
cabbage powder and chitosan for smart food packaging applications. The effect of the chitosan
concentration on the morphology of the smart packaging films was observed by scanning electron
microscopy (SEM), and on their mechanical properties by universal testing machine (UTM). The
chemical interactions between the components was explored by fourier transform infrared
spectroscopy (FTIR), while the films’ stability in water by solubility studies and water contact angle
(WCA) measurements. The performance of the developed films in smart food packaging applications
was evaluated by studying their water vapor permeability (WVP), their antioxidant activity and their
optical color changes upon exposure to acidic or basic vapors through UV-Visible spectroscopy.
Finally, the biological oxygen demand (BOD) characterization was employed to evaluate the
biodegradability of the bioplastic films. Following such methodology, it can be concluded that the
chitosan and the red cabbage powder interact via hydrogen bonding which results in the formation of
films with good mechanical and water vapor barrier properties. On the top, the developed films have
excellent antioxidant activity against DPPHe free radicals, and are biodegradable in sea water. Such
features, in combination with their distinct color changes in the presence of acidic or basic
environments, make the herein presented bioplastic films feasible for smart packaging applications.

4.1 Introduction

Plastic is one of the most consumed materials in daily life and their consumption is growing
worldwide day by day. The production of plastics reached 407 million metric tons worldwide in 2015,
owing to their excellent physical properties, easy processing and low cost [78], [171]. Unfortunately,
they have a significantly negative impact on the environment as most of the plastic materials are
disposed in non appropriate ways and due to the fact that their majority is non biodegradable and
therefore remains in the environment as persistent wastes (Table 9). Not only they do not biodegrade
but also release small toxic fragments e.g. phthalates, bisphenol A and polychlorinated biphenyls that
further pollute the ecosystem [171]. A great source of such plastic pollution are the packaging plastic
materials. Additionally, the depletion of the nonrenewable resources of petroleum, source of the
synthetic plastic materials, is a fact, indicating that in the near future will be faced scarcity of
resources for the production of such widely used materials. Therefore, it is necessary to focus research
on the development of innovative plastic materials for food packaging, from renewable resources

with minimal environmental impact.
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Table 9. Global plastic production and waste generation in 2015 [78].

Polymer type Production (Million metric tons) | Waste (Million metric tons)
Packaging 146 141
Transportation 27 17
Building and Construction 65 13
Electrical and Electronics 18 13
Consumer and Institutional 42 37
Products

Industrial Machinery 3 1
Textiles 59 42
Others 47 38
Total 407 302

To address the aforementioned issue, the production of bioplastics from naturally occurring
biopolymers and agro-waste as alternative feedstocks is attracting the attention of researchers [172].
Cellulose is the most abundant naturally occurring biodegradable polymer on earth with an annual
production of about 1.5x10% tons [158], [172], and it is considered as one of the most promising
renewable resources for replacing the petroleum-based plastics [172]. Cellulose is a basic component
of plants, vegetable and fruit peels. Considering the fact that every year around 1.3 billion tons of
food is wasted worldwide, with fruits and vegetables to have the highest wastage ratios [132], it is
considered the utilization of such waste as a new source of raw materials for cellulose based
bioplastics. Their valorization can minimize the problems related to fossil fuel plastics, since it could
significantly improve the sustainability of our economy [132], [173].

So far, different strategies that involve the utilization of diverse solvents e.g. trifluoroacetic acid
(TFA), NaOH, N-Methylmorpholine N-oxide (NMMO), lithium chloride with N,N'-dimethyl
acetamide (LiCI/DMAC), 1-alkyl-3-methylimidazolium chloride and 1-butyl-3-methylimidazolium
chloride [132], [172], [174] are used to convert the agro wastes into value added cellulose based
products (bioplastics) with excellent mechanical properties and full biodegradability [175], [176]. For
example, Bayer et al. [171] developed bioplastics from edible vegetable waste (e.g. parsley and
spinach stems, rice hulls and cocoa pod husks). The process adopted directly converts the cellulose
based plant waste into bioplastic in the presence of a solvent trifluoroacetic acid (TFA). This process
induces the amorphization of cellulose in the presence of TFA that allows the production of bioplastic
entirely made from vegetable or biomass. In a similar but more sustainable route, Perotto et al. [132]
developed bioplastic from unusable vegetable waste (e.g. parsley, carrot, cauliflower and radicchio)
by partially hydrolyzing the cellulose in HCI based solutions. The above mentioned fabrication
methods require huge amounts of toxic ionic and organic solvents that need to be recycled in order

to prevent the environmental pollution. However, most of the ionic liquids are non volatile (e.g. 1-
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alkyl-3-methylimidazolium chloride and 1-butyl-3-methylimidazolium chloride) and non recyclable,
restricting thus their use at in large scale applications [172].

In the present study, smart packaging films were developed by processing red cabbage powder with
a water based solution without the need of utilization of organic and ionic solvents. To improve the
properties and the usability of the developed films chitosan is introduced in the formulation, and its

concentration effect on the properties of the red cabbage bioplastic is evaluated.

The results of this study showed that the presence of chitosan to the red cabbage bioplastic improves
its stability to water. The presence of chitosan enhances the tensile modulus and water vapor barrier
performance of the developed films due to the formation of hydrogen bonds between the chitosan and
red cabbage matrix. The developed bioplastic films showed excellent antioxidant activity (90%) and
biodegradability when immersed in seawater for 10 days. Moreover, distinct color changes are
produced under acidic or basic vapor environments. Considering all these properties, we propose the

utilization of the developed biocomposite films in smart food packaging applications.
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4.2 Materials and methods

4.2.1 Materials
The fresh red cabbage was purchased from the local supermarket. Chitosan with medium molecular

weight, 2, 2-diphenyl-1-picrylhydrazyl (DPPH), re-agent grade 37% hydrochloric acid (HCI) and
ammonium hydroxide (NH4OH) solution (30%) were purchased from Sigma Aldrich and were used

without further purification. In all experiments, ultrapure MilliQ water was used.

4.2.2 Process for making red cabbage powder
The red cabbage was crushed with the home chopper and then dried in the oven at 40°C. Then, the

dried red cabbage was converted into very fine powder by using 0.12 mm sieve in the dry milling
machine IKA Pilotina MC.

4.2.3 Fabrication of the bioplastic films
5% wiv red cabbage powder was added in water along with different chitosan quantities such that the

final concentration of the chitosan in the biocomposites remains as 0, 9, 23, 33, 41 and 50 wt%. The
biocomposite solutions were subjected to vigorous stirring on the hotplate at 40 °C for 48 hours to
ensure the complete dissolution of the chitosan. Followed by pouring on the petri dishes and the water
was allowed to evaporate until the complete drying of the biocomposite films. After drying, uniform
freestanding films with thickness of 115um + 5um were obtained. The films are named as PRC, 9%
CRC, 23% CRC, 33% CRC, 41% CRC and 50% CRC with respect to the wt% of chitosan present

inside the structure.

4.2.4 Scanning electron microscopy (SEM)
To study the surface and cryo-fractured cross-sectional morphologies of the pure RC bioplastic and

CRC biocomposites, scanning electron microscopy imaging was performed (SEM, JEOL JSM-
6490AL) after coating the specimens with 10 nm thin gold layer using a Cressington 208HR high-
resolution sputter coater (Cressington Scientific Instrument Ltd., UK).

4.2.5 Fourier Transform Infrared Spectroscopy (FTIR)
The chemical composition of pure RC powder, pure RC bioplastic and CRC biocomposites and the

potential intermolecular interactions between the RC matrix and chitosan were characterized by
Fourier Transform Infrared Spectroscopy (FTIR) analysis. The single-reflection attenuated total
reflection (ATR) infrared spectra were obtained with a Fourier Transform Infrared (FTIR)
spectrometer (Vertex 70v FT-IR, Bruker) coupled with the diamond crystal. All spectra were recorded

in the range from 3800 to 600 cm™* with a resolution of 4 cm™, accumulating 128 scans.
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4.2.6 Water solubility
The weight loss of the PRC and CRC composite films were recorded by immersing the 50 mg samples

of bioplastics in 20 ml of water. The bioplastic films were vacuum dried before and after immersion
in water. The weight loss was calculated according to the following equation.

dry weight before immersion - dry weight after immersion

Water solubility = x 100% Equation 10
y dry weight before immersion ° g

For each sample the data acquisition was performed after 5, 15, 30, 45 and 60 minutes and each data

corresponds to the average of three different samples.

4.2.7 Moisture regain
The moisture regain of the vacuum dried PRC and CRC composite films were characterized under

100% relative humidity environment for 24 hours. The moisture regain was calculated according to

the following equation and the average values of three different samples are reported.

final weight - initial weight

Moisture regain = — - x 100% Equation 11
initial weight

4.2.8 Water contact angle
The static water contact angle of the films was obtained by an optical contact angle measurement

instrument (Data Physics OCAH 200, Germany). A droplet volume of 5ul and droplet age of 30
seconds was used for all water contact angle experiments. Three different films of each type were
used for experiments, for each film five measurements were recorded at different places and the

average values are reported for each type of film.

4.2.9 Water vapor permeability
The water vapor permeability (WVP) of the PRC and CRC composite films was determined

gravimetrically according to the ASTM E96/E96M standard method [111], [112], [177]. The tests
were carried out at ambient temperature under 100% relative humidity gradient (ARH%). 400 pl of
distilled water (which provides 100% RH inside the permeation cell) was placed in each of the
permeation cells with a 10 mm inner depth and an inner diameter of 7 mm. The test films were cut in
circular form using a dye cutting press, and then were mounted on the top of the permeation cells.
The permeation cells were placed in a desiccator, which contained anhydrous silica gel as a desiccant
in order to maintain 0% RH [49]. The water transferred through the test films and absorbed by the
desiccant was determined from the weight loss of the permeation cell after every hour for an 8 hour
period using an electronic weighing balance (0.0001 g accuracy). The weight loss of the permeation

cells was plotted as a function of time. Then, the water vapor transmission rate (WVTR) was
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determined from the slope of each line obtained from the linear regression, as shown by the following

expression.

WVTR Slope ouation 12
- n
Area of the film quatio

The WVP of the films was calculated as follows [111], [112], [177].

WVTR x L x 100 .
WVP = Equation 13
P, x ARH

Where, L (m) is the film thickness, ARH (%) is the relative humidity gradient and Ps (Pa) is the
saturation water vapor pressure at 25 °C. The results are reported as a mean of 5 repetitions from

different films with their standard deviation.

4.2.10 UV-visible spectroscopy
UV-visible (UV-Vis) spectroscopy was used to determine the absorption of solutions, PRC and CRC

films. All the solutions were kept in a quartz cuvette (3.5 ml capacity) that was placed in the sample
holder of Varian CARY UV-Vis spectrophotometer (CARY 6000i, USA). The release kinetics,
response kinetics of the PRC and CRC composite films and the antioxidant tests were performed by

UV-visible (UV-Vis) spectroscopy in the wavelength range of 200-800 nm.

4.2.11 Release kinetics of the films
For the release kinetics, 10 mg of the developed films were placed in water such that the sample

concentration in the solution to be 0.10% (w/v). The absorbance of the extracted material in the
solution was recorded after 1, 3, 5, 10 and 15 minutes intervals, using pure MilliQ water for the
baseline correction. Following this process, three different samples were tested, and the average
absorbance value of the characteristic peak of the anthocyanin (278 nm), was calculated for each time

interval.

4.2.12 Antioxidant activity

To investigate the antioxidant activity of PRC and CRC composite films, the extracts from different
vials containing 0.1% (w/v) PRC and CRC composite films were collected after time intervals of 1,
3, 5, 10 and 15 minutes. The antioxidant activity of the PRC and CRC composite films was
determined by using a slightly modified standard DPPH« free radical scavenging method [177]. In
particular, 2 ml of the extract solution was mixed with 2 ml of 0.1 mM solution of DPPH¢ in ethanol
and kept in the dark. After 30 minutes, the absorbance of this solution was measured. The absorbance
of a second solution was measured by mixing 2 ml of extract solution with 2 ml of ethanol. Finally,

the spectrum of the absorbance was obtained by mixing 2 ml of 0.1 mM solution of DPPHe¢ in ethanol
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with 2 ml of water. The percentage of DPPHe scavenging activity was calculated according to the
following equation.

Ar-Ay
Aj

Radical scavenging activity (%) = [1 — ] x 100 Equation 14

Where A is the absorbance value at 517 nm of the solution containing the curcumin extract and the
DPPHe radical, A2 is the absorbance at 517 nm of the curcumin extract with ethanol and As refers to
the absorbance of DPPHe control solution at the same wavelength. All the results are reported as an

average of three repetitions of different samples.

4.2.13 Biological oxygen demand (BOD)
Biodegradability of the samples was assessed by means of Biochemical Oxygen Demand (BOD),

which can be easily determined by monitoring the oxygen consumption in a closed respirometer. In
detail, about 20 mg of bioplastic films were added to 432 ml of seawater as the single carbon source.
The seawater was chosen in order to mimic real environmental conditions, and it already contains

microbial consortia and the saline nutrients needed for such a process.

4.2.14 Interaction of the bioplastic films against vapors
The response kinetics of the bioplastic films to acidic or basic vapors were evaluated by exposing

them to HCI and NH3 vapors for a total time of 10 minutes, generated in a closed environment (petri
dish dimensions: 100 mm x 20 mm diameter (D) x height (H) respectively) with the help of HCI and
NH4OH solution drops (800 ul and 400 ul respectively) and the UV-Vis spectra were recorded after
every 1, 3,5, 7 and 10 minutes.
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4.3 Results and discussion

4.3.1 PRC and CRC bioplastic films
Red cabbage contains considerable amounts of cellulose, hemicellulose, lignin, waxes (cutin), pectins

and a rich source of the great variety of minerals, vitamins, sugars and, antioxidants (anthocyanins)
[178]-181]. The fresh red cabbage was chopped, dried and pulverized in the laboratory and used
without further processing. The 5% w/v red cabbage powder was added in water and processed on
the hotplate at 40 °C for 48 hours under vigorous stirring. The viscosity of the solution increases after
few minutes possibly due to the dissolution of sugars, pectins and waxes present in the red cabbage
[132]. After a few hours, a more homogeneous dispersion of the red cabbage mixture with significant
swelling (thickening of the mixture) was observed. The freestanding flexible edible bioplastic films
were obtained after casting the mixture and drying. It is believed that the crystalline cellulose and the
non-soluble portion of the red cabbage are responsible for the film formation while the soluble sugars,
waxes and pectins act as plasticizers that offer flexibility to the films [132]. Usually, acid from the
external source is added to facilitate the dissolution/hydrolysis of sugars, waxes, pectins [132] and
other soluble portion of the vegetables but here, the inherent acidity of the red cabbage is utilized for
the dissolution purpose as the pH of the mixture decreases 6 to 3 after two days of processing.
Similarly, chitosan is blended with other water soluble polymers e.g. PVA and PVP under acidic pH
achieved by adding acid [182] but herein, it is presented a novel method for blending the chitosan
with red cabbage powder without using acid from an external source. Homogeneous freestanding

biocomposite films of chitosan/red cabbage powder were obtained up to the weight ratio of 1:1.

4.3.2 Scanning electron microscopy (SEM)
The effect of the presence of chitosan on the surface and cross-sectional morphologies of the PRC

bioplastic is shown in Figure 64. The surface and cross-sectional morphologies suggest that the
dispersion of the red cabbage powder is homogeneous. However, with the presence of chitosan, some
cracks can be observed in the cross-sectional images that become more evident at higher chitosan
concentrations. The presence of cracks in the CRC films is due to the increase in the
brittleness/stiffness of the material [183], [184]. In addition to this, cracks could also be the result of
the increased amount of undissolved matter in the mixture that increases with an increase in the
chitosan concentration as pH of the castable mixture increases from 3 to 4 for PRC and 50% CRC

mixture respectively.
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Figure 64. Surface and cross-sectional SEM images for (a) PRC, (b) 9% CRC, (c) 23%CRC, (d)
33% CRC, (e) 41% CRC and (f) 50% CRC bioplastic films.

4.3.3 Fourier Transform Infrared Spectroscopy (FTIR)
To study the possible chemical interactions between the polymer and the red cabbage powder, FTIR

spectra of the components were analyzed (Figure 65 and Figure 66). As evident by the spectra (Figure
65) no difference is observed between the pure red cabbage powder and PRC bioplastic with the main
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assignments of PRC at 3269 cm™ (OH stretching), C-H stretching at 2924 cm™, C=C stretching at
1591 cm™*, C-O stretching at 1024 cm™. On the other hand, in the presence of chitosan some shifts of
the main peaks of both the chitosan and PRC bioplastic are observed. For example, in the case of 23%
CRC (chosen as a representative sample), the OH stretching band shifted to 3256 cm™ from 3269 cm-
1 symmetric CH stretching to 2974 cm™ from 2924 cm™ and C=C stretching to 1568 cm* from
1591 cm™ showing powerful hydrogen bonding interactions. Moreover, with the increase in the
chitosan content OH stretching and C=C stretching peaks shifted towards lower wavenumbers
showing increases in the hydrogen bonding (indicated by the red dotted line in Figure 66). Figure 67
explains the effect of chitosan concentration on the wavenumbers of OH and C=C stretching peaks.
As evident in figure wavenumbers of both the stretching peaks decrease gradually with the increase

in the chitosan concentration indicating strong molecular interactions.

Absorbance (a.u.)

v(C=0)
Pure chitosan \

L L 1 L ] ) L L
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)
Figure 65. FTIR spectra for pure RC powder, pure chitosan, PRC, 23% CRC bioplastic films.
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Figure 66. FTIR spectra for bioplastic films.
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Figure 67. Changes in the wavenumber of OH and C=C stretching with chitosan concentration.

4.3.4 Interaction with water
One of the disadvantages of bioplastics is their unfavorable interaction with water. In this study, the

interaction of bioplastics with water is characterized in terms of weight loss in water, moisture regain,

water contact angle and water vapor permeability.

4.3.4.1 Water solubility
The water solubility is an important property of the packaging films. In general, packaging films with

higher water solubility tend to dissolve easily in water due to the hydrogen bonding interactions
between the absorbed water molecules and the packaging material [185]. For general packaging and
food packaging applications, less water solubility is desired but in the case of edible films and
coatings medium to high water solubility is of great interest [186]. The effect of the chitosan content
on the water solubility is presented in Figure 68. As shown, all bioplastic films containing chitosan
show similar kind of behavior with a weight loss of almost 50% just after 5 minutes of exposure to
water which reaches up to 70% after 60 minutes. The higher solubility of the bioplastic films is
attributed to their hydrophilic character and therefore to their strong molecular interaction with the
water molecules [185]. In the absence of chitosan, and therefore for the pure PRC, after 60 minutes
it is observed the complete disintegration of the films in the water. This is not the case for the CRC
composite films which maintain their integrity/shape possibly due to the presence of strong hydrogen
bonding interactions between the components as proved by the FTIR analysis.
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Figure 68. Water solubility results for bioplastic films.

4.3.4.2 Moisture regain
The moisture regain is the ability of a material to absorb moisture from its surrounding environment

[187]. It is important to study the moisture regain of the bioplastic films, particularly, for packaging
applications because of their high sensitivity towards water molecules [185]. The effect of the
chitosan on the moisture adsorption of the bioplastic films was observed under 100% relative
humidity for 24 hours. As clearly shown in Figure 69 all CRC composite films show less moisture
regain (72% - 77%) compared to the PRC bioplastic (moisture regain 90%). This decrease in the
moisture regain is explained by the formation of hydrogen bonds between the chitosan and red
cabbage matrix, which in turn reduces the availability of free hydroxyl groups able to interact with
the water molecules [187]. These results are in accordance with the literature where the addition of
citric acid decreased the moisture absorption of starch based bioplastic films due to the presence of
strong molecular interactions between them as a result decreased the availability of free hydroxyl

groups to water [187].
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Figure 69. Moisture regain for bioplastic films.

4.3.4.3 Water contact angle and water vapor permeability
The water vapor barrier property is an important parameter that determines the effectiveness of a food

packaging material [183]. Water vapor permeability plays an important role to minimize the exchange
of moisture between the packaged goods and the surrounding environment [188], [189]. So, the water
vapor permeability should be as low as possible [183]. The effect of the presence of chitosan on the
water contact angle and water vapor barrier properties is presented in Figure 70. As shown in Figure
70a the PRC film presents the most hydrophilic character while the hydrophilicity of the composite
films decreases with the increase in the chitosan concentration (27.4° for PRC and 62.1° for 50%
CRC) due to the hydrophobic character of the chitosan and improved molecular interactions among
the polymers [190]. This finding is also supported by the Dang et al. [190] study where the increase
in the chitosan content increased the water contact angle of the starch/chitosan bioplastic films due to
molecular interactions between them. Similarly, the water vapor transmission rate (WVTR) and water
vapor permeability (WVP) both decrease gradually (Figure 70b) with the increase in the chitosan
content (34% reduction for 50% CRC compared to PRC) due to the increase in the hydrophobicity of
the composite films and formation of the hydrogen bonding interactions between the two matrices as
proved by the FTIR studies. The higher WVP of the PRC film is due to the higher number of free
hydroxyl groups available to water molecules that tend to enhance the molecular interaction with
water and increases the WVP through the film [189], [191]. As the chitosan content in the
biocomposite film increases the number of free hydroxyl groups available to water decreases due to
hydrogen bonding interactions between the polymers. As a result, the water vapor barrier property of
the CRC films are improved [188]. The results are in agreement with the Ren et al.[189] study where
the increase in the chitosan content decreases the WVP of the corn starch/chitosan bioplastic films by
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restricting the availability of hydrophilic groups to the water molecules due to the increase in the

hydrogen bonding interaction between the two polymers.
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Figure 70. (a) Water contact angle and (b) water vapor barrier properties for bioplastic films.

4.3.5 Mechanical properties
A packaging film should possess adequate mechanical strength and flexibility to maintain the package

integrity during handling [189]. The tensile modulus and elongation at break are important parameters
that reflect the rigidity/stiffness and flexibility of the packaging films respectively [183], [189], [192].
Usually, higher tensile modulus with higher flexibility is required for packaging applications [183],
[189], [192]. The effect of the presence of chitosan on the mechanical properties is shown in Figure
71. It is clear from the Figure 71 that the tensile modulus increases with the increase of the chitosan
content and after 9% chitosan addition, a significant increase is observed (355 MPa to 1167 MPa for
PRC and 50% CRC respectively), and this is attributed to the presence of hydrogen bonds between
the components as proved by the FTIR studies. It is proved that the formation of the strong
intermolecular bonding between the two natural polymers increases the tensile modulus [191][192],
[193]. On the other hand, elongation at break significantly decreases (10.5% to 1.1% for PRC and
50% CRC respectively) with the increase in the chitosan concentration due to the increase in the
stiffness of the material and reduction of the polymeric chain slippage [192], [193]. Nonetheless, the
9% CRC bioplastic showed a slight increase in the elongation at break (11.9%). This increase is
attributed to the molecular interaction of the polymeric chains (chitosan) with the plasticizing
component of red cabbage (sugars, waxes and pectins) at low chitosan concentration that facilitates
the polymeric chain slippage and improves the overall flexibility of the 9% CRC film [189].
Therefore, the mechanical properties of the red cabbage matrix can be tailored just by controlling the
amount of chitosan depending on the end application.
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4.3.6 Release kinetics and antioxidant activity
The effect of the addition of chitosan on the release kinetics and antioxidant activity of the bioplastic

films is shown in Figure 72. Specifically, Figure 72a presents the increase of the absorbance peak
intensity at around 279 nm with time, due to the release of more water soluble components in the
solution for all the films. However, as the amount of chitosan increases in the films, the observed
intensity at 279 nm decreases. The decrease in the intensity at 279 is attributed to the continuous
decrease in the amount of red cabbage powder in the biocomposite films, increase in the
hydrophobicity and molecular interactions with the increase in the chitosan concentration. The
DPPHe standard assay was used to determine the antioxidant activity of the bioplastic films towards
lipid oxidation [101]. All bioplastic films showed good antioxidant activity (Figure 72b) that
increases with time due to higher release of active component in the solution and reaches 90% after
10 minutes of release for all the developed films except 50% CRC (68% even after 15 minutes of
release). The low antioxidant activity of the 50% CRC bioplastic film is due to the lower amount of
red cabbage powder components released, that contain the active components responsible for the
antioxidant potential (50% less compared to PRC). The results of antioxidant activity are also
supported by the release kinetics study where the antioxidant activity increases with time due to the
increase in the release of the active components, and decreases with the increase of the chitosan
content due to less amount of the active components in the composite responsible for the antioxidant
activity. This trend is observed up to 5 minutes of release. After that the antioxidant activity is
independent of the release in the active component for all the samples except from the 50% CRC

(increase with time or decrease with chitosan content not increasing or decreasing the antioxidant
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activity). These results proving that such films are ideal candidates for active food packaging

applications.
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Figure 72. (a) Release kinetics and (b) antioxidant activity for bioplastic films.

4.3.7 Biological oxygen demand (BOD)
The effect of the chitosan on the biodegradability behavior is shown in Figure 73. All the samples

show a high level of biodegradability and the general behavior is comparable, although the
biodegradability rate slightly decreases with the increase in the concentration of chitosan. The
biodegradation kinetics behavior is affected by the chemical composition or the physical properties
of the blends [194], [195]. The PRC bioplastic appears to have better biodegradability, while the
samples with a higher concentration of chitosan show a slower solubility in water and biodegradation
[194], [195]. In addition to this, it becomes more difficult for the microorganisms to break down the
polymeric chains into smaller fragments due to strong molecular interactions that increase with the
increase in the chitosan concentration as a result biodegradability decreases [194]. In detail, all the
samples start to biodegrade after 1-2 days due to the presence of bacteria and microorganisms present
in the sea water that uses bioplastic films as a source of nutrients [196]. The amount of oxygen
consumed during the digestion/decomposition process is determined and expressed as biological
oxygen demand (BOD). After 10 days, the (BOD) is approaching a plateau, achieving values between
(38.7 and 49.0 mg O2/100mg of material for 50% CRC and PRC respectively).
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Figure 73. Biological oxygen demand measured for bioplastic films.

All CRC composite films showed stability against water, excellent antioxidant activity and
biodegradability but on the basis of mechanical properties 23% CRC bioplastic is selected as the best
sample and will be used for further characterization because it gives a fair balance between the tensile

modulus and elongation at break that is also a very important parameter for packaging material.

4.3.8 Interaction with the vapors
Red cabbage contains a great variety of anthocyanins, a natural pigment, that can produce color

changes upon exposure to environments of different pH (Figure 45 of chapter 3) [64], [178]. Color
variations of anthocyanins are produced due to structural changes in the molecules as a result of
protonation and deprotonation reactions (Figure 44 of chapter 3) [8], [18], [19]. The response of the
23% CRC bioplastic films upon exposure to HCIl and NHs vapors is shown in Figure 74-77 and the
changes in color were recorded by UV-Vis spectroscopy. As shown in Figure 74 and Figure 75, just
after 1 minute of exposure to HCI vapors the film changed color to red and the intensity of the
absorbed light (529 nm) keeps increasing with the increase in the reaction time (due to protonation
of the red cabbage anthocyanins and the formation of flavylium cations) with the acidic vapors. On
the other hand, when the film is exposed to NHs vapors, Figure 76 and Figure 77, absorption peaks
at around 396 nm and 633 nm appear and their intensity starts increasing with the increase in the
exposure time to the NHs vapors (due to deprotonation of the red cabbage anthocyanins and the
formation of anionic quinoidal base) while the film changes its color just after 1 minute of reaction
time, indicating its NHz sensing ability. The results of this study suggest that bioplastic films can be

used as intelligent packaging materials for monitoring the food freshness.
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Figure 75. Color modification of the 23% CRC bioplastic film upon exposure to HCI vapors up to
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Figure 77. Absorption spectra of the 23% CRC bioplastic film upon exposure to NH3 vapors up to
10 minutes.

4.4 Conclusion

In the present study, bioplastic films were developed from biomaterials. The chitosan showed good
compatibility with the red cabbage powder, improved the stability of the bioplastic films against water
and significantly enhanced the water vapor barrier performance and tensile modulus. Compared to
pure cellulose and cellulose nanocomposites films, the water vapor barrier performance of the herein
presented biocomposites is found to be much better [172], while they present significantly better
mechanical performance compared to the one reported for parsley, radicchio and cauliflower
bioplastics, and comparable to cocoa and rice bioplastics [132], [171]. In addition, the tensile modulus
values of the developed films are higher than the values reported for the commercial oil based
packaging films of LDPE and HDPE [132], [171]. The bioplastic films showed excellent antioxidant
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activity comparable to other radicchio based bioplastic films [132]. Furthermore, the films showed a
fast response to acidic or basic environments, almost 50% faster compared to other anthocyanin based
bioplastic films [30]. On top of that, the bioplastic films possess excellent biodegradability, better
than the commercial bioplastic Mater-Bi and polylactic acid (PLA) based packaging films [197], and
necessary for the minimization of the waste generation caused by the use of the conventional plastic
packaging materials. Therefore, the developed multifunctional films may represent an integrated, cost

effective and sustainable solution for smart food packaging applications.
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Final remarks
This thesis aimed at the development of functional materials for active and intelligent food packaging

applications. In the first part of this study, active food packaging films were prepared by the
combination of low-density polyethylene (LDPE) and curcumin, a natural antioxidant, through
industrially applied methods e.g. extrusion and compression molding. The development of
curcumin/LDPE biocomposite packaging films will expand the use of LDPE is active packaging
applications and will eliminate the adverse effects that are associated with the use of synthetic
antioxidants in active food packaging. In the second part of this study, porous colorimetric indicators
were developed by the combination of biopolymers (polyvinyl alcohol and microcrystalline cellulose)
and anthocyanin, a natural pigment extracted from red cabbage, for intelligent packaging applications.
The development of these biocompatible portable indicators will offer exciting opportunities to
enhance the food quality, safety, real time monitoring and shelf life prediction and potentially may
overpass conventional techniques e.g. gas chromatography-mass spectrometry and ion exchange
chromatography that require the breakage of the package integrity and are not applicable for real time
monitoring. In the last part of this study, smart packaging materials were developed by the
combination of red cabbage powder and chitosan that integrates the advantages of both the active and
intelligent food packaging in a single system. Moreover, the biodegradability of the developed
bioplastics will help to reduce the waste generation and harmful effects of the conventional plastics
on the ecosystem.
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Appendix-1

Table S10. Summary of active packaging materials based on the origin of antioxidants.

molding

oxidation

Film matrix Technique used Antioxidant used / Main activity | Reference
Origin achieved

Co-extruded Film blowing Butylated Active release | D. Restrepo

films of high- | (Extrusion molding) | hydroxyanisole (BHA) | of antioxidant | etal. [17]

density and butylated to whole milk

polyethylene hydroxytoluene (BHT) | powder

(HDPE), / Synthetic

ethylene vinyl

alcohol

(EVOH) and

low-density

polyethylene

(LDPE)

Polylactic acid | Film blowing Butylated Active release | M.

(PLA) (Extrusion molding) | hydroxyanisole (BHA), | of antioxidant | Jamshidian
butylated to food etal. [16]
hydroxytoluene (BHT), | simulant
propyl gallate (PG),
and tert-butyl
hydroquinone (TBHQ)

/ Synthetic

Polypropylene | Extrusion molding | Irganox 1076 / Antioxidant for | V. Ambrogi

(PP) Synthetic thermal etal. [18]

oxidation

Polylactic acid | Film blowing Buthylated BHT for Y. Byun et

(PLA) (Extrusion molding) | hydroxytoluene (BHT) | thermal al. [74]

/ Synthetic and a- oxidation and

tocopherol / Natural a-tocopherol
for for lipid
oxidation

Polypropylene | Extrusion and Carvacrol and thymol / | Antimicrobial M. Ramos

(PP) compression Natural etal. [14]

molding

Polyethylene Extrusion and Curcumin / Natural Antioxidant for | B.

(PE) compression thermal Kirschweng

molding oxidation etal. [75]

Polypropylene | Extrusion and Carotenoid solid Antioxidant for | P. Cerruti et

(PP) compression fraction from tomato thermal al. [76]

molding waste oxidation

Chitosan Solution casting Green tea extracts / Antioxidant for | U.

Natural lipid oxidation | Siripatrawan
etal. [12]

Polyethylene Extrusion and Curcumin / Natural Antioxidant for | D. Tatraaljai
(PE) compression thermal eta. [77]
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Gelatin Solution casting Green tea, grape seed, | Antioxidant for | J. Li et al.
gingko leaf and ginger | lipid oxidation | [13]
extracts / Natural

Chitosan Solution casting Tea polyphenols / Antioxidant for | L. Wang et
Natural lipid oxidation | al. [101]

Low-densty Extrusion and Carvacrol / Natural Antimicrobial M. Perez et

polyethylene compression al. [22]

(LDPE) molding

Cellulose Solution casting Curcumin / Natural Antimicrobial N. Luo et al.

[100]

Chitosan / Solution casting Curcumin / Natural Antimicrobial | S. Bajpai et

Cellulose and antifungal | al. [95]

Fish gelatin Compression Epigallocatechin gallate | Antioxidant for | K. Nilsuwan

molding / Natural lipid oxidation | et al. [198]

Low-densty Film blowing Lotus leaves extracts/ | Active release | S. Zhang et

polyethylene (Extrusion molding) | Natural of flavonoids to | al. [21]

(LDPE) food

Chitosan Solution casting Black tea and green tea | Antioxidant for | Y. Peng et
extracts / Natural lipid oxidation | al. [80]

Tara gum/ Solution casting Curcumin / Natural Antioxidant for | Q. Maet al.

Polyvinyl lipid oxidation | [102]

alcohol

Table S11. Summary of intelligent packaging materials based on the origin of pH responsive dyes.

Matrix pH senstive dye / Origin Indicator for Reference
Polyacrylic acid grafted Methylene blue / Synthetic Organic acid / Milk | J. Cavallo et
polypropylene films al. [59]
Methyl cellulose coatings Combination of 3 different pH CO- / Chicken C. Rukchen et
sensitive dyes / Synthetic al. [67]
Bacterial cellulose membranes | Bromophenol blue / Synthetic Acetic acid / B. Kuswandi
Guavas et al. [68]
Cellulose membranes Methyl red / Synthetic Amines / Chicken | B. Kuswandi
et al. [69]
Silica gel plate Array of 12 different pH Amines / Chicken | U. Khulal et
sensitive dyes / Synthetic al. [70]
Cellulose acetate membranes Bromocresol green / Synthetic Amines / Fish H. Chun et al.
[71]
Silica gel plate Array of 16 different pH Amines / Fish M. Morsy et
sensitive dyes / Synthetic al. [72]
TiO2 nanoporous films Array of 8 different pH sensitive | Amines H. Xiao et al.
dyes / Synthetic [73]
Filter paper (cellulose) strips Bromophenol blue / Synthetic Amines / Buffalo V. Shukla et
meat al. [49]
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Polyaniline films Polyaniline films itself is an Amines / Fish B. Kuswandi
indicator et al. [50]
Bacterial cellulose membranes | Curcumin / Natural Amines / Shrimp B. Kuswandi
etal. [51]
Cellophane films Curcumin / Natural CO2 and Amines/ | M. Pavai et al.
Chicken [52]
PVA / Tara gum films Curcumin / Natural Amines / Shrimp Q. Maetal.
[53]
Pectin films Curcumin / Natural Amines / Shrimp P. Ezati et al.
[54]
Chitosan films Anthocyanin from bauhinia CO2 and Amines/ | X. Zhang et al.
blakeana dunn flower / Natural Pork and fish [31]
Filter paper (cellulose) strip Anthocyanin from red cabbage Amines V. Shukla et
and Agarose gel and rose flower / Natural al. [55]
Agar / potato starch films Anthocyanin from purple sweet | pH indicator and I. Choi et al.
potato / Natural Amines / Pork [56]
Silica gel Anthocyanin from spinach,red Amines / Pork H. Xiao et al.
reddish, black rice and jasmin [57]
flower / Natural
Hydrophobic nanoporous film | Anthocyanin from 9 different Amines / Pork H. Xiaowei et
flowers / Natural al. [58]
Chitosan / Polyvinyl alcohol Anthocyanin from red cabbage / | pH indicator / V. Pereira et
films Natural Organic acids / al. [60]

Milk

Bacterial cellulose nanofibers | Anthocyanin from red cabbage / | pH indicator S. Pourjavaher
Natural etal. [61]

Chitosan films Anthocyanin from grapes / pH indicator Yoshida et al.
Natural [62]

Chitosan / Pectin films Anthocyanin from grapes / pH indicator V. Maciel et
Natural al. [63]

Chitosan / Corn starch films Anthocyanin from red cabbage / | Amines / Fish M. Pereira et
Natural al. [64]
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