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Abstract

Abstract

Assessment of different innovative packaging strategies to maintain the quality of fresh

produce

The objective of this thesis was to assess the influence of different innovative packaging
strategies on typical quality parameters of fresh produce and thus to keep and even improve the
resource efficiency in food supply chains. First, the status quo and current practical use of bio-
based polymers were analyzed; in terms of fundamental packaging functions and industrial
applicability. Additionally, plant extracts as active packaging agents (capable of prolonging the
food shelf life) were considered, and the adoption potential of packaging based on polymers from
renewable resources was discussed from a bioeconomic perspective. The practical trials
comprised studies to analyze the impact of innovative packaging strategies on quality changes of
fresh cherry tomatoes as well as emulsion-type sausage. The use of both bio-based materials
and fossil-based materials (multi-layers with reduced material thickness and a recyclable mono-
layer) was assessed. Next, product-specific quality parameters and general packaging
characteristics were investigated. Furthermore, the antimicrobial activity of coatings under
development, containing a mineral binder based on liquid potassium silicate, non-conserved
acrylate polymers, and non-conserved styrene-acrylate polymers, was analyzed.

Literature research showed that numerous (bio-based) materials are under development
that provide significant opportunities to current fossil-based packaging in terms of sustainability
and biocompatibility. Nevertheless, their use in industrial applications is often restricted due to
various factors, such as poor commercial availability, insufficient material properties, high costs,
and lower performance in fundamental packaging functions, which negatively impact shelf life,
and thus the amount of food waste. The conducted product studies with tomatoes showed that
the moisture absorption of the materials in particular had an influence on quality changes.
Groundwood pulp and sugar cane showed promising preserving characteristics of fresh cherry
tomatoes and pointed to the advantages of using this kind of bio-based packaging material, even
from an economical and sustainable perspective. The product studies with emulsion-type
sausage showed that sufficient barrier properties of both under and upper foil are crucial in
keeping product quality during storage. So far, the practical implementation of fossil-based multi-
layers with reduced material thickness and recyclable mono-layers is still challenging and remains
highly case-dependent and may represent a promising alternative for replacing conventionally
used multi-layer packaging. The analyzed organic coatings showed high antimicrobial activity
against several microorganisms. These findings underline the potential of these coatings as a
new antimicrobial material for different applications, such as antimicrobial packaging and
antimicrobial food contact surfaces, to increase the safety and quality of perishable products and
reduce waste.




Kurzfassung

Kurzfassung

Bewertung verschiedener innovativer Verpackungsstrategien zur Aufrechterhaltung der

Qualitat von Frischprodukten

Ziel der vorliegenden Arbeit war es, den Einfluss verschiedener innovativer
Verpackungsstrategien auf die Qualitdt von Frischprodukten zu bewerten und damit die
Ressourceneffizienz in Lebensmittel Supply Chains zu verbessern. Zunachst wurde der Status
quo zu Verpackungsmaterialien aus biobasierten Polymeren und deren aktuelle industrielle
Nutzung im Hinblick auf grundlegende Verpackungsfunktionen analysiert. Zudem wurden
Pflanzenextrakte als aktive Additive von Verpackungen, die die Haltbarkeit von Lebensmitteln
verlangern kénnen, betrachtet und das Adaptionspotenzial von Verpackungen auf Basis von
Polymeren aus nachwachsenden Rohstoffen aus biodkonomischer Sicht diskutiert. In (Produkt-
)Studien wurde der Einfluss innovativer Verpackungsmaterialien auf Qualitatsveranderungen von
frischen Kirschtomaten sowie Brihwurst untersucht. Dabei wurde der Einsatz von biobasierten
Verpackungsmaterialien und fossilbasierten Multilayern mit reduzierter Materialstarke und
recyclefahigen Monofolien bewertet. Neben produktspezifischen Qualitadtsparametern wurden
allgemeine Verpackungseigenschaften bestimmt. Des Weiteren wurden sich in der Entwicklung
befindliche antimikrobiell wirksame Beschichtungen auf Basis einer Wasserglas-Mischung als
mineralischem Bindemittel, nicht konservierte Acrylate und Styrol-Acrylate mit funktionalem
mineralischem Fullstoff untersucht.

Aus der Literaturrecherche ging hervor, dass zahlreiche (biobasierte) Materialien in der
Entwicklung sind, die derzeitigen fossilbasierten Verpackungen in Punkto Nachhaltigkeit und
Biokompatibilitat Gberlegen sind. Dennoch ist ihre industrielle Anwendung bisher unter anderem
aufgrund mangelnder Verflgbarkeit, nicht ausreichender Werkstoffeigenschaften, hoher Kosten
und verminderter Barriereeigenschaften, die sich negativ auf die Haltbarkeit und damit auf die
Menge an Lebensmittelverlusten auswirken, oft limitiert. In den durchgefiihrten Produktstudien
mit Tomaten zeigte sich, dass insbesondere die Feuchtigkeitsaufnahme der Materialien einen
Einfluss auf die Qualitadtsveranderungen darstellte. Die Verwendung von Holzschliff und
Zuckerrohr flhrte zu einem verzdgerten Qualitatsverlust und wies zudem Vorteile in
Wirtschaftlichkeit und Nachhaltigkeit auf. Aus den Produktstudien mit Briihwurst ging hervor, dass
ausreichende Barriereeigenschaften sowohl der Unter- als auch Oberfolie entscheidend zum
Erhalt der Produktqualitat sind. Bisher ist der praktische Einsatz von fossilbasierten Multilayern
mit reduzierter Materialstarke und recycelfahigen Monofolien noch herausfordernd und bedarf
weiterer Entwicklungen. Abhangig vom Einsatzzweck stellen die genannten Materialien eine
vielversprechende Alternative zum Einsatz herkdmmlicher Verpackungsmaterialien dar. Die
untersuchten organischen Beschichtungen zeigten eine hohe antimikrobielle Aktivitat gegen
verschiedene Mikroorganismen. Diese Ergebnisse unterstreichen das Potenzial der
Beschichtungen fir antimikrobielle Verpackungen und Oberflachen, um die Sicherheit und
Qualitat verderblicher Produkte zu erhdhen und Ausschisse zu reduzieren.
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1 Introduction

1.1 Food waste and spoilage process of fresh produce

Food waste and loss describe a major concern in the food supply chain that takes all involved
stakeholders into consideration (Bhat & Jéudu, 2019). There is an increasing concern about the
amount of food waste in Europe (United Nations, 2015). The United Nations set a target of halving
the actual amount of global food waste per capita at retail and consumer levels and reducing food
losses along production and food supply chains as part of their sustainable development goals
for 2030 (goal 12.3 of the UN General Assembly) (United Nations, 2015). Wasted food means
that not only the products themselves are lost; it has a significant impact on the use of natural
resources along the entire supply chain and the environment (Rossaint & Kreyenschmidt, 2014;
Scherhaufer et al.,, 2018; United Nations, 2015). If food waste occurs, the overall negative
environmental impact rises with every step in the supply chain due to more used resources (Heller
et al., 2019; Matthews et al., 2021; Scherhaufer et al., 2018). Fresh produce products with a
relatively short shelf life, like fresh meat, tend to be the most wasteful products (Mena et al., 2011;
Rossaint & Kreyenschmidt, 2014). Among different food groups, fruits and vegetables are
identified as the food groups that generate the highest overall amount of food loss and waste
(Caldeira et al., 2019). Wasting of fresh produce is often caused by wrong handling, leading to
product spoilage before the best-before date or sell-by date is reached, and short selling times,
which cause throwing away not sold products (Kreyenschmidt et al., 2013; Mena et al., 2014).
The food waste of meat at about 23 % is relatively low compared to other products such as fruit
(41 %), vegetables (46 %), and fish (51 %) (Caldeira et al., 2019), but the environmental impact
is considerably higher for meat than for plant-based food due to higher environmental burdens
along the supply chain (Cooreman-Algoed et al., 2022; Molina-Besch et al., 2019; Petrovic et al.,
2015).

The spoilage of fresh meat and meat products is mainly caused by microbial growth and
metabolism; and thereby determines the short shelf life (Czerwinski et al., 2021; Dave & Ghaly,
2011; Gill, 1983; Huis in't Veld, 1996). As meat and meat products are characterized by a matrix
of high concentrations of proteins, moisture, and fats, a combined effect of microbial and
endogenous enzymes (proteases and lipases) occurs, causing food deterioration and promoting
lipid and protein oxidation (Bekhit et al., 2021; Comi, 2016). Microbial activity results in major
deteriorative changes, which are perceived organoleptically by the consumer in odor changes,
the release of metabolites, and the formation of slime on the surface of meat and meat products.
Furthermore, biochemical processes become obvious by lipid oxidation and color changes,
whereas autolytic enzymatic mechanisms change the appearance of meat (products) (Dave &
Ghaly, 2011; Huis in't Veld, 1996). The length of shelf life is next to product and process factors,

mostly influenced by environmental factors that are referred to storage conditions such as
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temperature, light, moisture, gas atmosphere, and packaging of meat and meat products
(Kreyenschmidt & Ibald, 2012).

In fresh plant-based products, a large number of natural ripening and aging processes lead to
changes even after harvesting, which influence the composition of the ingredients as well as
sensory properties (Séetar et al., 2010). Therefore, fruits and vegetables can often only be kept
for a few days and belong to the group of easily perishable products (Dannehl et al., 2008). The
quality or freshness loss of fruits and vegetables is caused by biochemical and physical factors
or by the growth of molds (Ahvenainen, 1996; Barry-Ryan & O'Beirne, 1998; Kramer & Prange,
2017). Depending on the type, fruits and vegetables have numerous natural protective factors
that protect them from microbial spoilage for a certain period of time (Kramer & Prange, 2017).
Biochemical changes are primarily caused by respiration and ripening processes, while
transpiration in the fruit tissue leads to dehydration (water loss) and rapid aging after harvest
depending on external factors like temperature, humidity, and packaging conditions (Bertin, 2018;
Buendia—Moreno et al., 2020; Chakraverty & Singh, 2016; Kalamaki et al., 2012; Opara et al.,
2012). Transpiration is one of the most important factors reducing the physiological and economic
value of fruits and vegetables (Fischer & Glomb, 2015; Robertson, 2012). The water loss is
responsible for most of the wilting and shriveling, weight loss, and negative texture changes of
fruits and vegetables. The softening during tomato storage is caused by enzymatic degradation
of cell walls and results in product water losses as well as observable sensory changes of the
food (Bertin, 2018; Buendia—Moreno et al., 2020; Chakraverty & Singh, 2016; Kalamaki et al.,
2012; Opara et al., 2012). As the water content decreases, the products become soft and flabby
due to a reduction in hydrostatic tissue pressure and thus lose their bite and juiciness (Kader &
Barrett, 2005; Robertson, 2012).

In order to reduce food loss and waste, the selection of a suitable and appropriate packaging
solution is a key factor related to food safety and the high-quality properties of fresh produce
(Dannehl et al., 2008; Korte et al., 2021; Wikstrém et al., 2019). The insurance of high quality,
safety, and a shelf life along the entire supply chain can be achieved by slowing down microbial
growth, reducing spoilage reactions like respiration rates and enzymatic browning, as well as
preventing the products from transport damages (Corrado et al., 2017; Marsh & Bugusu, 2007;
Opara & Mditshwa, 2013). Depending on packaging structure and material, the ability for
adhesion and persistence of microorganisms on surfaces can affect contamination as well as the
shelf life (Patrignani et al., 2016). Thus, an appropriate packaging ensures a safe and extended
shelf life of foods along the supply chain as well as prevents possible waste of the food product
prior to final consumption (Accorsi, 2019; Aggarwal & Langowski, 2020; Coelho et al., 2020;
Kreyenschmidt et al., 2013; Sharma & Ghoshal, 2018; Wikstrom et al., 2019; Youssef & El-Sayed,
2018).
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When considering fruits and vegetables food loss contributes most to the total emissions of the
supply chain, followed by the packaging, while transportation and farm production account for a
small proportion (Qin & Horvath, 2022). Thus, the environmental impact for a variety of food
products (especially energy consumption during agriculture, processing, logistics, use, end of life)
is much higher than that of the packaging (Heller et al., 2019; Matthews et al., 2021; Scherhaufer
et al., 2018). Kan & Miller (2022) stated that the environmental impact of plastic packaging

accounts for less than 10 %, whereas more than 75 % are attributed to the food item itself.

Reducing packaging is important, but in terms of sustainability, it must fulfill its duty of protection.
Therefore, it is critical to find a balance between the environmental impact of the package itself,
on the one hand, and the impact originating from the potential loss of the packaged product, on
the other. Otherwise, the supply chain will be less sustainable overall (Heller et al., 2019; Pauer
et al.,, 2020; Scherhaufer et al., 2018; Verghese et al., 2015; Williams & Wikstrom, 2011).
Significant factors that need to be considered when choosing a packaging solution are
appearance, color, lipid stability, nutritive value, and palatability (texture, flavor, aroma) (McMillin,
2017).

1.2 The role of packaging related to product quality and
sustainability

The use of food packaging is one of the most important ways to maintain product quality and
guarantee its shelf life. Regarding product quality and shelf life, the material, with its specific
characteristics and barrier properties, is of crucial importance. Depending on the product and the
primary function of the packaging, there are numerous requirements for the packaging materials.
A distinction between general packaging functions and the requirements that the different actors
along the supply chain have can be made (Figure 1.1). The main functions of food packaging are
containment, protection and preservation, communication, marketing, and convenience (with a
special focus on protection) (Aggarwal & Langowski, 2020; Coles, 2003; Sharma & Ghoshal,
2018; Youssef & EI-Sayed, 2018). These include the pure protection of the product from external
factors as well as from shocks and vibrations during transport (ensuring damage-free
transportation) and the protection in form of maintaining the product quality and extending the
shelf life of foods (Coles, 2003; Pathare & Opara, 2014). The requirements can go beyond the
protective function and include points such as legislation, process capability, cost-effectiveness,
sustainability, and logistics referring to product, distribution, consumer, and market needs and
wants (Coles, 2003).
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Figure 1.1 Functions and requirements of food packaging in general. Based on Aggarwal &
Langowski (2020); Coles (2003); Sharma & Ghoshal (2018); Youssef & El-Sayed (2018).

Up to now, various fossil-based polymers applied in complex multi-layer packaging are mainly
used in the food sectors. As these offer effective and well-optimized solutions to maintain food
safety and quality, achieve optimal and prolonged shelf life, and minimize food waste (Accorsi,
2019; Aggarwal & Langowski, 2020; Coelho et al., 2020; Kreyenschmidt et al., 2013; Matthews
et al., 2021; Sharma & Ghoshal, 2018). Polyethylene (PE), polypropylene (PP), polystyrene (PS),
and polyethylene terephthalate (PET) are commonly used plastics among fossil-based polymers
(Robertson, 2016). These polymers meet the requirements of many foods attributed to:
mechanical (impact and tear strength, stiffness, flexibility), thermal and physical properties;
especially certain barrier functions like gas, water vapor permeability, and aroma transfer (Table
1.1); that can be easily adjusted to a broad variety of different food types to make their use
superior to many bio-based polymers (Barlow & Morgan, 2013; Matthews et al., 2021; Sharma &
Ghoshal, 2018). Furthermore, these polymers can be easily manufactured into different
packaging shapes. Especially for perishable products like meat and meat products the barrier
properties of fossil-based plastic packaging are advantageous for maintaining product quality and
safety (Lee et al., 2008).

As high barrier layers, ethylene vinyl alcohol (EVOH) copolymers are widely used in multi-layer
packaging materials. These exhibit a very low permeability of gases (like O, and CO-) and organic
vapors (Gavara et al., 2016; Lopez-Rubio, 2011). Especially the barrier against oxygen is a key
factor for food quality and safety; notably in modified atmosphere packaging (MAP) (Barlow &
Morgan, 2013); by slowing down food respiration rates, reducing microbial growth, and inhibiting
enzymatic spoilage and/or autolysis (McMillin, 2017; Pellissery et al., 2020). Therefore, MAP
materials typically consist of multiple joined material layers comprising low-density polyethylene
(PE-LD), linear low-density polyethylene (PE-LLD), polyamide (PA), PP, EVOH, and PET
(Barukgic et al., 2020; Kargwal et al., 2020; Seier et al., 2022; Walker et al., 2020). Furthermore,

4
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fossil-based plastics are favored because of their lightweight nature and low costs (Ellen
MacArthur Foundation and McKinsey & Company, 2016; Matthews et al., 2021).

In addition to plastics, paper, solid and corrugated cardboard are often used as materials in the
packaging sector. Especially for fruits and vegetables, (corrugated) cardboard is a preferred
packaging material due to its good protective function and good mechanical properties (high
strength) (Abejon et al., 2020; Pathare & Opara, 2014). Major material properties of the main
packaging materials plastic, and paper and cardboard are listed in (Table 1.1). In packaging
applications, these are often used in combination with each other in order to best exploit their

functional properties (Coles, 2003).

Table 1.1 Major material properties of plastics, and paper and cardboard (Coles, 2003).

Plastics Paper & Cardboard
e Low-density materials with a wide e Low-density materials
range of physical and optical properties e Poor barriers to light, liquids, gases, and
o Wide range of barrier properties vapors (without coating, lamination or
o Permeable to gases and vapors to wrapping))

Good stiffness

Can be grease resistant

Absorbent to liquids and moisture vapor

Can be creased, folded, and glued

Tear easily

Not brittle (but not so high in tensile as metal)
Excellent substrates for inexpensive printing

varying degrees

Usually have low stiffness

Tensile and tear strengths are variable

Can be transparent

Functional over a wide range of

temperatures depending on plastic type

e Flexible and can be creased in certain
cases

Currently, European legislation and regulations are forcing companies to eliminate or reduce
conventional plastic in packaging materials (COM/2018/028 final) (Matthews et al., 2021). Safe
disposal and recycling of materials often remain challenging. The reasons are poor management
and enforcement, regulatory disparities, lack of infrastructure, and high costs of waste recycling
systems (Taleb & Al Farooque, 2021). Moreover, the multi-layer structure makes plastic waste
one of the most complex material mixtures from a recycling perspective (Ragaert et al., 2017).
Recycling of these materials is accompanied by either high costs, technical difficulties regarding
the separation process of the different polymers, or the inability to recycle mixed polymers (Dilkes-
Hoffman et al., 2018; Matthews et al., 2021).

To deal with the issue of the adverse impact of fossil-based plastics on human health and the
environment, there are different strategies for developing more sustainable packaging which still
offer the necessary moisture or oxygen barriers to preserve the product quality and to reduce the
environmental impact of the packaging itself. These include reducing packaging materials by
decreasing the thickness, reducing the number of layers, using easily recyclable materials and
applying bio-based and/or biodegradable materials (Pro Carton, 2010; Soro et al., 2021; Teck
Kim et al., 2014). Reducing the environmental impact of the material can be best achieved by

minimization of used materials (thinner layers) that retain mechanical and barrier properties rather
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than emphasizing end-of-life issues (such as recycling or disposal) (Barlow & Morgan, 2013).
Furthermore, material properties of simple mono-layer materials can be improved by design of
the packaging itself or using active packaging solutions (Schumann & Schmid, 2018; Soro et al.,
2021; Yildirim et al., 2018).

Next to the production of bio-based plastics, the production of packaging materials from
renewable raw materials has also gained attention; this is due to the fact, that wood can be
counted among the renewable raw materials compared to fossil-based raw materials but
compared to other renewable raw materials such as corn and hemp, it is a raw material that only
grows slowly. Due to the heavy burden on forests caused by increasing deforestation, the
production of paper and cardboard from rapidly renewable raw materials is becoming increasingly
interesting (Bajpai, 2012). Renewable raw materials such as bamboo, corn, hemp, or sugar cane
now play an important role in replacing wood-based products. They are used as fibrous materials
in papermaking and as composite materials. The fiber properties, such as thickness, length, and
density, which guarantee the later stability of the paper or cardboard, play an important role in the
suitability for use as a packaging material. For this reason, fiber-rich plants such as miscanthus

or bamboo are considered as promising, universally applicable fibers (Dungani et al., 2014).

Due to a growing world population, food production is also increasing, which leads to an increase
in the production of agricultural residues. Agricultural residues are produced as a by-product of
biomass-rich plants (Dungani et al., 2014) and represent the biomass that occurs during crop
production and is not later consumed or processed. This includes cereal straw and husks,
soybean, corn or potato stubble, or banana leaves in tropical growing regions. Some of the
residues remain on the field to enrich the soil with nutrients, and a large part has to be removed
from the field and cannot be used for energy (Hakeem, 2014). The use of agricultural residues as
fibers for packaging is therefore an approach to completing the biomass cycle of agricultural
products. The main advantage of natural fibers is their very light and biodegradable nature. The
low weight reduces transport costs. The main problem with fibers is that they can absorb a lot of
moisture. However, a primary function of most food packaging is to keep moisture away from the
packaged product. The fibers then usually have to be wetted with chemical additives in order to

adjust their surface properties (Verma et al., 2012).

Depending on the nature of the product, product deterioration mechanisms, including chemical
breakdown, biochemical changes, and microbiological spoilage process, as well as product shelf
life requirements (Coles, 2003), there are different packaging requirements, especially for the
barrier properties of the packaging material. Therefore, materials characterized by a low gas and
water vapor permeability are required to prolong the shelf life of meat and meat products, as the
exclusion of oxygen migration in both directions through the packaging is important (Barlow &
Morgan, 2013; Lee et al., 2008; Matthews et al., 2021; Sharma & Ghoshal, 2018). Oxygen
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migration and water infiltration into the packaging leads to an undesirable change in color and
taste and, in the worst case, to increased growth of aerobic, pathogenic microorganisms.
Likewise, the loss of water vapor through the packaging can lead to undesirable drying out and a
consequent change in the textural properties (Detzel et al., 2018; Lee et al., 2008). In MAP, often
used for meat and meat products, the gaseous environment within the packaging headspace is
replaced with a desired, specific gaseous atmosphere to reduce microbial growth and inhibit
enzymatic spoilage and/or autolysis as well as physical and chemical degradation extending the
shelf life by up to several weeks or even months (Herbert et al., 2013; Herbert & Kreyenschmidt,
2015; McMillin, 2017; Opara et al., 2019; Pellissery et al., 2020; Seier et al., 2022; Torrieri, 2015).

In contrast to these requirements for meat and meat products, in the packaging of fruits and
vegetables, gas exchange, and therefore a certain permeability to water vapor and O is desirable
to maintain the product quality (Detzel et al., 2018; Lee et al., 2008). This is due to the
characteristic of a completely gas-tight packaging where respiratory gases produced cannot be
discharged (Matche, 2005). Sufficient material O, permeability ensures that, depending on the
product, at least 2 - 5 % Oz is present in the packaging during the entire storage period (Detzel et
al., 2018), avoiding taste and color changes as well as anaerobic conditions within the packaging
that causes fermentation metabolism of plant-based products (Agrartechnik Bornim, 2005). The
relative humidity influencing microbial spoilage inside the packaging depends, among other
things, on the water vapor permeability of the packaging itself (Almenar et al., 2010; Matche,
2005). If the products are exposed to changing temperatures, the formation of condensation is
expected if the packaging is not sufficiently permeable to water vapor. However, the packaging
of fruits and vegetables should not be too permeable to water vapor. Otherwise, plant-based foods
tend to dry out quickly (Agrartechnik Bornim, 2005; Buchner, 1999).

With regard to the mechanical properties, the requirements of the packaging machines play a
decisive role in addition to the product requirements (European Commission, 2018). The
mechanical properties of a packaging material describe how it reacts to external forces. Various
forces are evaluated, distinguishing between the direction, origin, and time of the impacted force
(Lee et al., 2008). In order to protect plant-based foods from mechanical damage, the packaging
material must have a certain tear and tensile strength, as well as compressive strength and
elasticity (Agrartechnik Bornim, 2005). The physical protective function against mechanical
damage and external contamination is important for most plant-based food packaging as bruises
for example often only become visible at a later stage of ripeness (Sousa-Gallagher et al., 2016;
van Linden et al., 2008). If packaged fruits and vegetables are stored in a cool place, the
mechanical stability of the packaging must be maintained, even at low temperatures (Detzel et
al., 2018).
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Due to ambitious sustainability goals given by legislation, plastic packaging, in particular, is the
focus of public and political discussion and requirements. Current challenges that producers,
industry, and retailers are still facing are closing material cycles, saving packaging, and making it
more sustainable (Seyring et al., 2020). Figure 1.2 shows approaches to increase the
sustainability and resource efficiency of packaging while keeping in mind that a change in

packaging should preserve product quality. Otherwise, the supply chain will be less sustainable.

Avoid (plastic) packaging if possible Prevent

Use as little material as possible (less plastic) &
reduce the complexity of materials if packaging Reduce
cannot be avoided

U f bl kagil bleal i
se of reusable packaging or enable a longer Relice Environmental

service life if complex packagingis necessary ' Impact Shelf Life

Priority
fuenp

Use of materials with high recyclability & recover

secondary materials from packaging Beore Fesel e Fril el

Use recyclates and regranulates & if possible

replace fossil-based raw materials with renewable MUie Ofl- Pz&\:,kaglng Food Safety
and bioc-based and/or (bic-)degradable ones SEHSS asic
Packaging (Material) Food Product

Sustainability &
Resource Efficiency

Figure 1.2 Approaches to increase the sustainability and resource efficiency of packaging. Based
on Kreyenschmidt (2019) and Seyring et al. (2020).

Ensuring the quality of food and safety is one of the greatest challenges of the present food
industry and, at the same time, one of the most important aspects when choosing appropriate
packaging (Czerwinski et al., 2021). For this purpose, the functional properties of the packaging
must fulfill the requirements of the specific food (Guillard et al., 2018). Therefore, research
focuses on improving the characteristics of bio-based packaging materials, in particular
mechanical, thermal, and physical properties focusing on maintaining food safety and shelf life
and reducing food waste (Matthews et al., 2021). Different studies show a limited but growing
number of natural polymers used as films and coatings applied for food packaging (Asgher et al.,
2020; Biscarat et al., 2015). Although bio-based materials provide significant opportunities in
terms of sustainability and biocompatibility and a broad interest from the food industry for
implementation, until now, their use in industrial applications is often restricted due to poor
commercial availability, lack of efficient production processes, and lower performance in
fundamental packaging functions. Challenges such as relatively poor thermal, mechanical, and
rheological properties; higher costs; lack of compatibility with the processing and recycling
systems currently available; or perceived environmental issues of natural polymers must be
overcome. In addition, the barrier properties of natural polymers, especially the moisture barrier

properties due to the hydrophilic nature of these polymers, are detrimental to existing packaging
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materials (Aggarwal & Langowski, 2020; Cazén et al., 2017; Korte et al., 2021; Kumar et al., 2017;
Thakur et al., 2018).

Microbiological contamination of food has led to the search for solutions to slow down the growth
of microorganisms in food. To improve shelf life and to reduce food waste, new technologies,
such as nanotechnology and active packaging, are promising strategies as these protect foods in
physical, chemical, sensory, and microbiological ways (Czerwinski et al., 2021; llg &
Kreyenschmidt, 2012; Wikstrom et al., 2019; Youssef & El-Sayed, 2018). The application of
antibacterial polymers in food packaging can help to fulfill these requirements (Appendini &
Hotchkiss, 2002; Czerwinski et al., 2021; Peelman et al., 2014). Antimicrobial systems target the
control or reduction of microbial growth, which often results in the extension of the lag phase or a
reduced growth rate in the exponential phase (Coma, 2008; Lavoine et al., 2014). Thus, these
reactions achieve a longer shelf life, among other things (Barlow & Morgan, 2013; Matthews et
al.,, 2021). The integration of antimicrobial agents in packaging can be realized by direct
incorporation of the antimicrobial into the packaging material or by coating the packaging material
with antimicrobial agents (Appendini & Hotchkiss, 2002; Cooksey, 2005; Han, 2003). To
counteract non-satisfactory packaging characteristics of bio-based materials, research and
developments include active packaging based on bioactive polymers and composites obtained
from renewable resources. There are several developments in this field, but up to now,
widespread use in the m