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Abstract 

I 

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. 
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II 

Kurzfassung 

Bewertung verschiedener innovativer Verpackungsstrategien zur Aufrechterhaltung der 

Qualität von Frischprodukten 

Ziel der vorliegenden Arbeit war es, den Einfluss verschiedener innovativer 

Verpackungsstrategien auf die Qualität von Frischprodukten zu bewerten und damit die 

Ressourceneffizienz in Lebensmittel Supply Chains zu verbessern. Zunächst 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 

verlängern können, betrachtet und das Adaptionspotenzial von Verpackungen auf Basis von 

Polymeren aus nachwachsenden Rohstoffen aus bioökonomischer Sicht diskutiert. In (Produkt-

)Studien wurde der Einfluss innovativer Verpackungsmaterialien auf Qualitätsveränderungen von 

frischen Kirschtomaten sowie Brühwurst untersucht. Dabei wurde der Einsatz von biobasierten 

Verpackungsmaterialien und fossilbasierten Multilayern mit reduzierter Materialstärke und 

recyclefähigen Monofolien bewertet. Neben produktspezifischen Qualitätsparametern 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 Füllstoff untersucht. 

Aus der Literaturrecherche ging hervor, dass zahlreiche (biobasierte) Materialien in der 

Entwicklung sind, die derzeitigen fossilbasierten Verpackungen in Punkto Nachhaltigkeit und 

Biokompatibilität überlegen sind. Dennoch ist ihre industrielle Anwendung bisher unter anderem 

aufgrund mangelnder Verfügbarkeit, 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 durchgeführten Produktstudien 

mit Tomaten zeigte sich, dass insbesondere die Feuchtigkeitsaufnahme der Materialien einen 

Einfluss auf die Qualitätsveränderungen darstellte. Die Verwendung von Holzschliff und 

Zuckerrohr führte zu einem verzögerten Qualitätsverlust und wies zudem Vorteile in 

Wirtschaftlichkeit und Nachhaltigkeit auf. Aus den Produktstudien mit Brühwurst ging hervor, dass 

ausreichende Barriereeigenschaften sowohl der Unter- als auch Oberfolie entscheidend zum 

Erhalt der Produktqualität sind. Bisher ist der praktische Einsatz von fossilbasierten Multilayern 

mit reduzierter Materialstärke und recycelfähigen Monofolien noch herausfordernd und bedarf 

weiterer Entwicklungen. Abhängig vom Einsatzzweck stellen die genannten Materialien eine 

vielversprechende Alternative zum Einsatz herkömmlicher Verpackungsmaterialien dar. Die 

untersuchten organischen Beschichtungen zeigten eine hohe antimikrobielle Aktivität gegen 

verschiedene Mikroorganismen. Diese Ergebnisse unterstreichen das Potenzial der 

Beschichtungen für antimikrobielle Verpackungen und Oberflächen, um die Sicherheit und 

Qualität verderblicher Produkte zu erhöhen und Ausschüsse 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 & Jõudu, 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 (Czerwiński 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 (Ščetar 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; Krämer & 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 (Krämer & 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; 

Buendía−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; Buendía−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; Wikström 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; Wikström 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 & Wikström, 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 & El-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 O2 and CO2) and organic 

vapors (Gavara et al., 2016; López-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 

(Barukčić et al., 2020; Kargwal et al., 2020; Seier et al., 2022; Walker et al., 2020). Furthermore, 
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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) (Abejón 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 

 Low-density materials with a wide 
range of physical and optical properties 

 Wide range of barrier properties 
 Permeable to gases and vapors to 

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 
 Flexible and can be creased in certain 

cases 

 Low-density materials 
 Poor barriers to light, liquids, gases, and 

vapors (without coating, lamination or 
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 

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 O2 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 O2 permeability ensures that, depending on the 

product, at least 2 - 5 % O2 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. 

 
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 (Czerwiński 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; Cazón 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 (Czerwiński et al., 2021; Ilg & 

Kreyenschmidt, 2012; Wikström et al., 2019; Youssef & El-Sayed, 2018). The application of 

antibacterial polymers in food packaging can help to fulfill these requirements (Appendini & 

Hotchkiss, 2002; Czerwiński 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 market is still missing. Additionally, adding active ingredients to packaging 

materials and/or using functionalized polymers lead to improved basic barrier properties (Korte et 

al., 2021). 

Even though bio-based and biodegradable polymers, as well as the continued use of agricultural 

and industrial by-products and waste flows as raw materials, represent a growing field in creating 

sustainable packaging materials in the last years, mostly driven by political requirements, up to 

now a limited number of bio-based (polymer) materials are commercially available as food 

packaging. Comprehensive approaches considering sustainable packaging materials 

themselves, providing a significant advantage in terms of environmental impact, in relation to 

reducing food waste by maintaining shelf life, quality and safety of fresh produce are lacking. The 

effect of these packaging materials on the quality loss and shelf life of fresh produce like meat 

products and vegetables in comparison to commonly used fossil- or wood-based materials is 

often not considered, even though the packaging characteristics are known to have an impact. 

When pursuing approaches to improve material characteristics by antimicrobial systems, it is not 

known if these materials are still active over the broad spectrum of environmental and product 

factors existing in the food industry. The application of coatings either based on a mineral binder 

or the use of a mineral mixture as a functional extender, due to surface-active properties of 

minerals, as a coating in antimicrobial packaging to increase food safety and shelf life has not 

been investigated yet. 
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1.3 Research questions and outline of the thesis 

The main objective of this thesis is the assessment of different innovative packaging strategies to 

maintain product characteristics and quality of different fresh produce, and thus to keep and even 

improve the resource efficiency of food processing and the packaging material itself. The 

innovative packaging strategies range from bio-based to more recyclable fossil-based packaging 

materials for use in supply chains of fresh produce. Furthermore, the potential and antimicrobial 

effectiveness of a novel antimicrobial active compound applied as a coating for active packaging 

materials is assessed. 

For this purpose, the following research questions are considered: 

 How is the status quo on research and practical use of bio-based packaging materials 

focusing on plant-derived polymers combined with plant-derived additives to maintain 

product quality and thereby prevent and reduce food waste? (Chapter 2) 

 What is the effect of different bio-based packaging materials in comparison to 

conventionally used materials on product quality and shelf life of plant-based products? 

(Chapters 2, 3) 

 Is it possible to substitute conventional multi-layered APET/PE foils with more sustainable 

packaging materials keeping product quality and safety of animal-based products and 

reducing the amount of packaging waste? (Chapters 2, 4) 

 Are novel antimicrobial active compounds applied as surface coatings able to reduce the 

microbial count of spoilage and pathogenic bacteria, and how is it influenced by product, 

process, and environmental factors? (Chapters 2, 5) 

In the first part (chapter 2) of the thesis, the status quo and practical use of bio-based polymers 

is discussed. The focus is laid on the use of renewable resources and biomass waste as raw 

materials for polymer production. The current practical use of bio-based polymers is considered, 

especially in terms of their applicability related to fundamental packaging functions, as these 

directly influence food quality and safety, the length of shelf life, and thus the amount of food 

waste. Additionally, this part of the thesis looks at plant extracts as active packaging agents that 

are capable to prolong the food shelf life, and their promising use by being incorporated into 

packaging materials. Finally, the adoption potential of packaging based on polymers from 

renewable resources is discussed from a bioeconomy perspective. 

In chapter 3, the effect of bio-based packaging materials on quality loss and shelf life of fresh 

cherry tomatoes is determined. For this purpose, cherry tomatoes are packaged in different bio-

based packaging materials from renewable resources comprising groundwood pulp, sugar cane, 

bamboo, cellulose, grass paper and polylactic acid and in reference materials (corrugated 

cardboard and rPET) and stored for 20 days under dynamic temperature conditions. The 
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influence of packaging materials during storage was analyzed based on typical quality 

parameters. Besides the quality loss the packaging materials itself were investigated for surface 

bacterial counts before and after storage. Moreover, general material parameters were 

determined for selected (non-plastic) packaging materials. 

The next chapter (chapter 4) focuses on the determination of possible substitution of conventional 

used multi-layer foils APET/PE with more sustainable packaging materials differing in foil 

thickness and combination, covering multi- and mono-layers to an innovative paper compound 

while keeping product quality of emulsion-type sausage and reducing the amount of packaging 

waste. In storage trials, the gas composition inside the packages was analyzed to identify gas 

permeability and defects of the applied materials. Microbiological parameters were analyzed, and 

instrumental color measurements were conducted to investigate the effect on product quality and 

shelf life. 

In chapter 5, novel antimicrobial active compounds incorporated in different percentages in 

silicates and acrylic polymers are investigated for their effectiveness in reducing the microbial 

count of gram-positive and gram-negative spoilage and pathogenic bacteria. The focus is laid on 

the application as surface coatings acting as a coating for active packaging materials in general. 

The studies focused on the influence of selected factors of product, process, and environment, 

which are characteristic of perishable products, especially in chilled (meat) supply chains. The 

influence of selected specific gram-positive and gram-negative organisms, contact time, initial 

bacteria concentration, temperature, pH value, and presence of food components on the 

antimicrobial activity were determined. The results are used to evaluate the potential use of the 

investigated coatings as packaging coating for active packaging materials. 
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2.1 Abstract 

The promotion of sustainable packaging is part of the European Green Deal and plays a key role 

in the EU’s social and political strategy. One option is the use of renewable resources and 

biomass waste as raw materials for polymer production. Lignocellulose biomass from annual and 

perennial industrial crops and agricultural residues are a major source of polysaccharides, 

proteins, and lignin and can also be used to obtain plant-based extracts and essential oils. 

Therefore, these biomasses are considered as potential substitute for fossil-based resources. 

Here, the status quo of bio-based polymers is discussed and evaluated in terms of properties 

related to packaging applications such as gas and water vapor permeability as well as mechanical 

properties. So far, their practical use is still restricted due to lower performance in fundamental 

packaging functions that directly influence food quality and safety, the length of shelf life, and thus 

the amount of food waste. Besides bio-based polymers, this review focuses on plant extracts as 

active packaging agents. Incorporating extracts of herbs, flowers, trees, and their fruits is 

inevitable to achieve desired material properties that are capable to prolong the food shelf life. 

Finally, the adoption potential of packaging based on polymers from renewable resources is 

discussed from a bioeconomy perspective. 

2.2 Introduction 

The main functions of food packaging are protection/preservation, containment, 

communication/marketing, and convenience. Thereby, food safety and quality related properties 

as well as reducing food waste are targeted (Aggarwal & Langowski, 2020; R. Sharma & Ghoshal, 

2018; Youssef & El-Sayed, 2018). With an appropriate packaging solution, a high quality, safe 

(extended) shelf life along the entire supply chain can be ensured. Thus, possible waste of the 

food product prior to final consumption can be prevented (Accorsi, 2019; Aggarwal & Langowski, 

2020; Coelho et al., 2020; Kreyenschmidt et al., 2013; R. Sharma & Ghoshal, 2018). 

There are different packaging strategies to achieve a longer shelf life. One of the main strategies 

is the application of materials with certain barrier functions like gas and water vapor permeability 

(WVP) guaranteed by various fossil-based materials (Barlow & Morgan, 2013; Matthews et al., 

2021) (for definition of terms such as fossil-based, bio-based, etc., see glossary at the end of 

chapter 2). Many of these fossil-based foils are complex multi-layer materials that represent a 

large group of individual fossil-based polymers with different chemical and technical 

characteristics due to diverse requirements regarding food safety and waste reduction (Ellen 

MacArthur Foundation and McKinsey & Company, 2016; Faraca & Astrup, 2019; Matthews et al., 

2021). Another strategy is the use of active packaging (Ilg & Kreyenschmidt, 2012; Youssef & El-

Sayed, 2018). Based on the European Union (EU) Guidance to the Commission Regulation No 

450/2009, active materials are defined as: “[…] materials […] that are intended to extend the shelf 

life or to maintain or improve the condition of packaged food; they are designed to deliberately 
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incorporated components that would release or absorb substances into or from the packaged 

food or the environment surrounding the food.” (European Union, 2009) 

Today, around 40 % of all plastics circulating are applied for packaging (PlasticsEurope, 2019), 

of which approximately 60 % are used for food and beverages while the rest covers non-food 

applications (European Commission, 2018). In Germany, the packaging consumption of glass 

reached 35.0 kg/head, for paper 98.5 kg/head and for plastic 39.0 kg/head in 2018 

(Umweltbundesamt, 2020). Plastic waste represents one of the most complex material mixtures 

from a recycling perspective (K. Ragaert et al., 2017). Moreover, there are increasing issues 

concerning the harm caused to the environment mainly due to the manufacturing phase (i.e., oil 

refinery and material production), problematic end-of-life strategies, and adverse effects on 

human health (Accorsi, 2019; European Commission, 2018). Despite the negative environmental 

and health-related effects, fossil-based plastics are favored because of their lightweight nature 

and low costs (Ellen MacArthur Foundation and McKinsey & Company, 2016; Matthews et al., 

2021). As a result, the use of plastic packaging is growing (van Eygen et al., 2017) caused by the 

need to reduce food waste due to the steadily growing population and market expansion (Sohail 

et al., 2018). To deal with the issue of adverse impact of fossil-based plastics on human health 

and environment, the design and production of plastics and plastic products must take account 

of the end-of-use strategy such as reuse, repair, and recycling needs (European Commission, 

2018). This leads to a paradigm shift from linear to circular economy. The core principles “take, 

make, dispose” of a linear economy are replaced by “take, make, reuse” in a circular economy. 

“Reuse” involves circular criteria like repair, refurbish, and recycle, as recently reported by Taleb 

& Al Farooque (2021). 

Within the last decade, the development and promotion of more sustainable materials became 

key roles on social and political levels in the EU (European Commission, 2018). Pursuing these 

strategies, the European Commission adopted a Circular Economy Action Plan in 2015 

(European Commission, 2015). This action plan lays the foundation for a new plastics economy 

addressing the environmental issues concerning plastics and forcing the EU to move towards a 

more sustainable model for economic development (European Commission, 2019). The EU 

launched and developed the action plan in 2018 with the “European Strategy for Plastics in a 

Circular Economy”, the so-called plastics strategy (European Commission, 2018). The plastics 

strategy forces the industry to rethink plastics design and their usage, disposal, and recycling 

within the entire value chain. The main goal is to achieve improvements in sustainability 

(Matthews et al., 2021). 

To reduce environmental impacts, one key requirement is the complete reusability and/or 

recyclability of all plastic packaging placed on the EU market by 2030 (European Commission, 
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2018). Moreover, Matthews et al. (2021) stated that innovations in food packaging have to focus 

on maintaining food safety and shelf life and reducing food waste. 

Besides current political requirements, sustainable packaging is also an important aspect for 

consumers (European Commission, 2018; Pro Carton, 2010). As consumer preferences shifted 

to high quality and safe products with enhanced shelf life, the development of various new trends 

in packaging systems has arisen (R. Sharma & Ghoshal, 2018). There are different strategies for 

the development of sustainable packaging such as reducing packaging materials by decreasing 

the thickness and/or number of layers, applying bio-based and/or biodegradable materials, 

reducing the amount of layers, and using easy recyclable materials (Pro Carton, 2010). For 

example, material properties of simple mono-layer materials can be improved by design of 

packaging itself such as introducing packaging conditions through a modified atmosphere or by 

using active packaging solutions (Yildirim et al., 2018). Recently, Pauer et al. (2020) reported that 

the environmental benefit of weight reduction is greater than the benefit from improved 

recyclability in terms of meat packaging. 

Therefore, bio-based and biodegradable polymers represent a growing field in creating 

environmentally friendly materials (Fabra et al., 2014). The continued use of agricultural and 

industrial by-products and waste flows such as corn stover, wheat straw, and whey constitutes 

from dairy and cheese industries as raw materials would provide a significant ecological 

advantage and would reduce pressure on land use (Ahorsu et al., 2018; Koller et al., 2013; 

Narodoslawsky et al., 2015). Plant-based (waste) materials such as wood and lignocellulosic 

residues from agriculture and forestry are a major source of polysaccharides; therefore, they are 

considered as sustainable alternatives. They have the potential to be used instead of fossil 

resources (Daioglou et al., 2015; Chunping Xu et al., 2014). Concerns about greenhouse gas 

(GHG) emissions and the security of industrial feedstock supplies promote substituting 

conventional fossil-based feedstock in the production of synthetic materials with biomass (Weiss 

et al., 2012). Several studies considering cradle-to-grave life cycle analysis (LCA) of various bio- 

and fossil-based plastics showed that the production and use of plastics produced from renewable 

resources is generally advantageous in terms of saving fossil resources and reducing GHG 

emissions (Ahorsu et al., 2018; Broeren et al., 2017; Zhu et al., 2016). Biodegradable or 

compostable plastics can reduce the amount of waste sent to landfills (Matthews et al., 2021; R. 

Sharma & Ghoshal, 2018). Natural bio-based polymers such as agar, chitosan, cellulose, and 

starch represent the group of bio-based polymers in food packaging applications (Rhim et al., 

2013). 

Although significant effort is currently being made to develop novel, sustainable materials, there 

are currently no competitive alternatives which offer the same level of protection to fossil-based 

multi-layer plastic packaging, especially for fresh products like meat (Matthews et al., 2021). 
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Although research focuses on improving the bio-based film characteristics of packaging materials, 

their mechanical, thermal, and physical properties are still non-satisfactory, and their use in 

industrial applications is often restricted (Youssef & El-Sayed, 2018). To counteract these 

disadvantages by replacing fossil-based plastic packaging, research, and developments include 

active packaging based on bioactive polymers and composites obtained from renewable 

resources (Oliveira Filho et al., 2019; R. Sharma & Ghoshal, 2018). There are several 

developments in this field, but up to now, a widespread use in the market is still missing. Today, 

a limited number of bio-based plastics with food packaging applications are commercially 

available mainly based on the following polymers: poly (lactic acid) (PLA), 

poly(hydroxyalkanoates) (PHA), pol(yethylene furanoate) (PEF), poly(butylene succinate) (PBS), 

thermoplastic cellulose derivatives, and starch-based films (R. Sharma & Ghoshal, 2018). 

This review focuses on most recent developments of packaging materials (polymers and 

composites) that are produced from renewable resources and considered as promising 

alternatives for fossil-based plastics. Annual and perennial crops, herbs, flowers, lignocellulosic 

and agricultural residues are a major source of polysaccharides, proteins, and lignin. In addition, 

they can also be used to obtain plant extracts and essential oils (EO). Therefore, we consider 

their application in terms of sustainable packaging that contribute to the reduction of food waste. 

First, challenges along food supply chains related to packaging characteristics are discussed: 

advantages and disadvantages related to the characteristics of the most prominent fossil-based 

plastics packaging are compared. They are evaluated regarding food waste, recyclability, and 

sustainability issues (chapter 2.3). Second, characteristics of selected packaging plastics (mainly 

plant-derived polymers) in terms of mechanical, thermal, and physical properties are highlighted. 

Biodegradability will not be addressed in detail but mainly properties, such as gas permeability 

with influence on the food quality, safety, and shelf life (chapter 2.4). Third, natural additives with 

focus on plant extracts in the context of active food packaging are presented (chapter 2.5). 

Incorporating extracts of herbs, flowers, trees, and their fruits is inevitable to achieve desired 

material properties that are capable to prolong shelf life, resulting in reduced food waste. Finally, 

in chapter 2.6, the potential of renewable resources is evaluated from a bioeconomy perspective 

of a packaging core matrix as well as a source for natural additives for active packaging. 
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2.3 Challenges in food supply chains related to packaging 

characteristics 

2.3.1 Current packaging characteristics 

While bio-based systems are the focus of the review, we begin by discussing general issues of 

packaging and the reasons behind the current ubiquitousness of fossil-based food packaging. 

Intensive research and development efforts over a long period of time resulted in packaging 

solutions which are optimized with regard to various important parameters that guarantee their 

functionality including material weight per unit of packed volume (Matthews et al., 2021; van 

Sluisveld & Worrell, 2013), mechanical characteristics (impact and tear strength, stiffness, 

flexibility), durability, and many others (Accorsi, 2019; Ellen MacArthur Foundation and McKinsey 

& Company, 2016; Hahladakis & Iacovidou, 2018; Marra et al., 2016; van Eygen et al., 2017; 

Youssef & El-Sayed, 2018). Moreover, fossil-based plastics are less expensive per weight unit 

compared to most of the bio-based materials. Therefore, currently, alternative bio-based materials 

are more expensive because of poor commercial availability and lack of efficient production 

processes. In the future, the prices for fossil resources will rise due to the limited availability, and 

on the other hand, costs for bio-based plastics may drop due to improvements in production 

process efficiency (van den Oever et al., 2017). The current focus of research activities is the 

reduction of packaging waste especially fossil-based material (Accorsi, 2019). LCA showed that 

a reduction in environmental impact of the packaging itself can be best achieved by minimization 

of used materials (thinner layers) that retain mechanical and barrier properties rather than 

emphasizing end-of-life issues (such as recycling or disposal) (Barlow & Morgan, 2013). 

Today, multi-layer materials are widely used for food packaging throughout the food industry. As 

multi-layers of plastic can be easily adjusted to the various requirements of different food types, 

this kind of packaging can offer effective solutions to maintain food safety and quality, achieve 

optimal shelf life, and minimize food waste (Matthews et al., 2021). Although from an 

environmental, sustainability, and biocompatibility perspective, the use of multi-layered packaging 

materials has to be reduced, their global use for food applications is growing. This development 

is based on the mechanical and barrier properties of multi-layer materials (higher resistance to 

water, gas, and aroma transfer) (Barlow & Morgan, 2013; Matthews et al., 2021; R. Sharma & 

Ghoshal, 2018). Especially, the barrier against oxygen is a key factor for food quality and safety 

(Barlow & Morgan, 2013). According to McMillin (2017), appearance, color, lipid stability, nutritive 

value, and palatability (texture, flavor, aroma) are significant factors that must be considered when 

choosing a packaging solution. Changing to bio-based packaging materials, these factors have 

to be considered to ensure the shelf life and quality of the food (Molina-Besch et al., 2019; 

Wikström et al., 2019). 
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So far, a broad variety of bio-based materials have been investigated to meet the purpose and 

achieve the properties of commercial packaging plastics. Although many new materials are used, 

companies worry about their physical inferiority compared to conventional polymers. Currently, 

European legislation and regulations are forcing companies to eliminate or reduce conventional 

plastic in packaging (COM/2018/028 final) (Matthews et al., 2021). Even if there is a desire to 

change, there is a conflicting pressure that prohibits changes in packaging because of different 

attitudes along the supply chain. The companies are faced with a challenge of alternatives offering 

higher costs and lower functionality, existing infrastructure, and inconsistent legislation (Garcia-

Arce et al., 2016; X. Ma et al., 2020). 

Today, many companies are trying to use materials that are more recyclable instead of using bio-

based materials. According to the adopted “European strategy for plastics in a circular economy” 

(COM/2018/028 final) where sustainability is the underlying motivation, recycling of plastic 

packaging is a key factor (Matthews et al., 2021). Recycling is viewed as the primary mechanism 

to reduce the environmental and waste management issues that are related especially to the use 

of conventional plastic (Dilkes-Hoffman et al., 2018). Therefore, sorting and recycling capacities 

have to be expanded and modernized. Industries are investing in research and innovation 

activities to develop new technologies that support and increase the recovery of plastic packaging 

material (European Commission, 2018; Hahladakis & Iacovidou, 2018; Mulakkal et al., 2021). 

As recently reported, in a circular economy, resources, materials, and products remain as long 

as possible on the market, minimizing waste and resources. This results in major economic 

benefits, innovation, and growth. However, safe disposal and recycling of materials often remain 

challenging. Reasons are poor management and enforcement, regulatory disparities, lack of 

infrastructure, and high cost of waste recycle systems (Taleb & Al Farooque, 2021). 

Although many polymers are recyclable, due to additives and related quality issues, recycling 

rates remain low (Hahladakis & Iacovidou, 2018). Currently, the recycling rate of packaging waste 

in the EU reaches 67 % in total (Statista, 2020a), 42 % of plastic (packaging waste) (Statista, 

2019), and 72 % of paper and cardboard (Statista, 2020b), respectively. Until 2025, at least 65 % 

by weight of all packaging waste has to be recycled. Regarding specific materials contained in 

packaging waste, 50 % of plastics and 75 % of paper and cardboard are the target rates for 

recycling. By 2030 the recycling rate of all packaging waste rises to 70 %, and for plastic and 

paper and cardboard the targets are 55 % and 85 %, respectively (European Union, 2018). 

Moreover, the multi-layer structure makes plastic waste one of the most complex material mixture 

from a recycling perspective (K. 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). Current recycling technologies for processing and handling solid plastic 
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waste streams include gasification as a thermo-chemical conversion process for the recycling of 

polymeric composites, pyrolysis, fluid catalytic cracking, hydrogen technologies (hydrocracking 

and IH2 process), and the catalytic pressure-less depolymerization process (Abdou et al., 2021; 

Deng et al., 2020; Khui et al., 2021; Mumbach et al., 2020; K. Ragaert et al., 2017; Sun et al., 

2015). 

The purpose of future redesign and waste management is the reduction of the amount of plastic 

that is accumulated in the environment and disposed on landfills, especially in developing 

countries (Ingrao et al., 2017; White & Lockyer, 2020). So, further innovations in both recyclable 

packaging designs and corresponding cost-effective technologies are needed – independent of 

the material origin (natural or artificial polymers) (Matthews et al., 2021). 

2.3.2 Food waste and the meaning of packaging 

Food wastage and loss describe a major concern in the food supply chain that takes all of the 

involved stakeholders into consideration (Bhat & Jõudu, 2019). There is an increasing concern 

about the amount of food waste in Europe as wasted food has a significant impact on the use of 

natural resources and the environment (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). 

Differentiating between avoidable (edible) food waste and unavoidable (non-edible) food waste, 

proper waste management, and recycling strategies is required to reduce unavoidable food 

waste. Various chemical and biological processes can be used to convert food waste into bio-

commodity chemicals and bio-energy (Mak et al., 2020). 

Packaging prevents avoidable food waste and has the potential to further decrease it (Wikström 

et al., 2019). According to a study of Bruckner et al. (2012), the shelf life of poultry under aerobe 

packaging conditions at 4°C accounts for 98.6 h. At 4°C, the shelf life of poultry packed under 

modified atmosphere packaging (70 % oxygen (O2)/30 % carbon dioxide (CO2)) is prolonged to 

228 h (Herbert et al., 2015). The kind of packaging has a high impact on the shelf life of poultry 

and can more than double it. 

Caldeira et al. (2019) focused on food waste generated in the EU for the major food groups: sugar 

beets, oil crops, potatoes, vegetables, fruit, cereals, meat, fish, dairy, and eggs. The food waste 

generated at each stage of the food supply chain was quantified. In total around 638 mega tons 

(Mt) primary foods result in approximately 129 Mt of food waste generated along the food supply 

chain. Fruits and vegetables were the food groups presenting the highest amount of food waste 

overall, with similar amounts generated at the primary production and consumption stages 
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(Caldeira et al., 2019). Products of food categories with a relatively short shelf life, like fresh meat, 

tend to be the most wasteful products (Mena et al., 2011; Rossaint & Kreyenschmidt, 2014). 

The amount of wasted food means that not only the products themselves are lost but also a high 

amount of primary resources of fuel, land, and water, including resources needed for breeding 

and fattening of animals, for cultivation of plants, and raw materials for processing and packaging 

during production as well as along the entire supply chain (Rossaint & Kreyenschmidt, 2014; 

Scherhaufer et al., 2018). Therefore, for a packaging system, it is important 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 (Scherhaufer et al., 2018; 

Williams & Wikström, 2011). 

Considering the environmental impact, this is much higher for producing the food itself than the 

(multi-layer) plastic packaging. Therefore, if food waste occurs, the negative overall 

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). An analysis of the food supply chain 

and the points where food waste is generated showed that reducing packaging is important, but 

it must still fulfill its duty of protection as the main criteria for sustainability. Otherwise, the supply 

chain overall will be less sustainable (Heller et al., 2019; Pauer et al., 2020; Verghese et al., 

2015). 

Steinbuchel (2003) reported that the production of starch plastic granules requires 25 - 75 % less 

energy, and GHG emissions are reduced about 20 – 80 % compared to poly(ethylene) (PE). 

Weiss et al. (2012) reviewed the environmental impacts of bio-based materials in a meta-analysis 

of LCA data. Therefore, one metric ton (t) of bio-based materials saves 55 ± 34 gigajoules (GJ) 

of primary energy and 3 ± 1 t carbon dioxide equivalents of GHG emissions relative to 

conventional materials (Weiss et al., 2012). 

Conte et al. (2015) assessed the environmental impact of single-layer and multi-layer 

conventional packaging. The results show that multi-layer surpass single-layer materials by 

environmental impact when food waste is included in the system boundaries (Conte et al., 2015). 

Pettersen et al. (2020) studied the possibility of packaging chicken fillets in recyclable mono-layer 

materials (high-density polyethylene (HDPE)) instead of complex multi-layered materials 

(amorphous polyethylene terephthalate (APET)/(PE)) as a replacement for more sustainable 

packaging system without decreasing the quality of fresh chicken fillets. The results show that a 

competitive quality and shelf life can be obtained (Pettersen et al., 2020). 

H. Zhang et al. (2015) focused on a case study, based on LCA data, where the ability of active 

packaging to minimize food losses by using thymol/carvacrol-enabled active packaging for fresh 

beef was investigated. Different scenarios have been considered in terms of overall 



2 Can sustainable packaging help to reduce food waste? 
A status quo focusing plant-derived polymers and additives 

30 Published in Applied Sciences 

environmental performance of the food and packaging system, including the effect of food loss 

reduction by using active packaging. It was shown that a breakeven point can be achieved 

considering the evaluated impact categories in the scenario using the best-performance active 

packaging whereas differences were observed between the impact categories. The breakeven 

point can be achieved as early as 0.1 % food loss elimination occurs, whereas in the case of 

cumulative energy demand (fossil), it required more effort to reach the breakeven point. In this 

case, the active packaging performance needs to reduce food losses at least by 0.6 % (H. Zhang 

et al., 2015). 

2.4 Plastics used for food packaging 

Within the last decades, a broad variety of polymers prepared from renewable resources have 

been studied as potential substitute for conventional packaging plastics (X. Ma et al., 2020). The 

European Committee of the Regions stated that further research on the relation between 

packaging and food preservation on a life cycle basis is needed, and that possible alternative 

approaches to prevent food waste without the use of fossil-based (complex) plastics has to be 

investigated (van de Nadort, 2018). Increasing the exploitation efficiency of natural resources 

plays an important part on the way to a circular economy (Worrell et al., 2016). Next to circularity, 

sustainable packaging should be safe for the environment and humans (Verghese et al., 2012). 

The idea of biodegradable polymers, particularly obtained from renewable sources, stems from 

the need to close the natural cycle of matter (S. Z. Popović et al., 2018). Bio-based applications 

can be a useful replacement considering the biodegradability, biocompatibility, and recyclability 

(Dilkes-Hoffman et al., 2018; W. Wang et al., 2021; Xia et al., 2019). 

Different studies show a limited but growing number of natural polymers used as films and 

coatings applied for food packaging (Asgher, Urooj, et al., 2020; Biscarat et al., 2015). So far, 

their practical use depending on the material is restricted due to 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 

materials (Aggarwal & Langowski, 2020; Cazón et al., 2017; N. Kumar et al., 2017; S. Thakur et 

al., 2018). 

The WVP is important for fresh foods where dehydration and absorption of moisture should be 

avoided (Bahrami et al., 2019; Vejdan et al., 2016). In general, the water vapor permeability is 

affected by several factors: chemical structure of macromolecules, degree of cross-linking, 

crystallinity and porosity, comparative humidity, and the addition of a plasticizer (Davachi & 

Shekarabi, 2018). Oxygen permeability is another fundamental parameter of food packaging 
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material. Low values in oxygen permeability are aimed to prevent deterioration in food quality 

(Saral Sarojini et al., 2019). 

To contribute to the reduction of packaging waste by preservation of fresh foods and to enhance 

their applications, currently, most natural polymers are mixed or blended with synthetic 

compounds such as PLA, poly(caprolactone) (PCL), and poly(hydroxybutyrate) (PHB). 

Furthermore, lightweight polysaccharide-based nanomaterials that could replace traditional 

plastic packaging are shown to improve antimicrobial activity, thermal, mechanical, and gas 

barrier properties while retaining the biodegradable and non-toxic characteristics of 

polysaccharides such as chitosan, carboxymethyl cellulose (CMC), and starch (Asgher, Arshad, 

et al., 2020; Kadam et al., 2013; N. Kumar et al., 2017; P. Ma et al., 2012; Malathi et al., 2014; 

Marra et al., 2016; Youssef et al., 2017). 

2.4.1 Classification of plastics 

Currently, the food packaging industry depends on fossil-based plastics which in turn originate 

from a finite raw material feedstock (Matthews et al., 2021). The finite resources issue induces a 

movement towards reducing the usage of virgin plastics towards a plastic production based on 

alternative raw materials such as renewable resources and biomass waste that have the potential 

to become plastic alternatives (T. Ahmed et al., 2018; X. Ma et al., 2020). 

Next to conventional plastics that are fossil-based and non-biodegradable (e.g., PE, PP, 

poly(ethylene terephthalate) (PET), “bioplastics” were developed. According to the European 

Bioplastics association, “a plastic material is defined as a bioplastic if it is either bio-based, 

biodegradable, or features both properties” (European Bioplastics, 2018). Thus, bioplastics 

involve a range of materials that show different properties and applications (R. Sharma & 

Ghoshal, 2018). Figure 2.1 illustrates the categories of the plastics used for food packaging 

applications. 
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Figure 2.1 Classification of plastics used for packaging applications. Adapted from European 

Bioplastics (2018). Poly(amide) (PA), poly(butylene adipate terephthalate) (PBAT), poly(butylene 
succinate) (PBS), poly(caprolactone) (PCL), poly(ethylene) (PE), poly(ethylene terephthalate) 

(PET), poly(hydroxyalkanoate) (PHA), poly(lactic acid) (PLA), poly(propylene) (PP), 
poly(trimethylene terephthalate) (PTT). 

Thus, biodegradability (and even more compostability) is considered as a useful characteristic 

providing one option to reduce plastic waste. Biodegradation occurs when a product undergoes 

a significant change in chemical structure under specific environmental conditions. Biodegradable 

polymers can, for example, be decomposed to natural substances (CO2 or methane (CH4) and 

water (H2O)) by microorganisms that are found in the environment like algae, fungi, and bacteria 

(P. Ma et al., 2012; Matthews et al., 2021; R. Sharma & Ghoshal, 2018; WRAP, 2018). As 

biodegradation depends on the chemical structure of the material compound rather than on its 

origin, the basis of biodegradable plastics are not necessarily renewable resources (Lambert & 

Wagner, 2017; R. Sharma & Ghoshal, 2018). 

Biopolymers such as proteins, polysaccharides, and lignin are natural polymers produced by the 

cells of living organisms (e.g., forestry and agricultural crops, terrestrial and marine animals) 

(Daioglou et al., 2015; Chunping Xu et al., 2014). These biopolymers can be used for the 

manufacturing of packaging materials and therefore have a high potential to replace synthetic 

plastics (Peelman et al., 2013; Saha et al., 2020). Most common biopolymers currently used for 

food packaging applications are synthesized (Kamdem et al., 2019; N. Kumar et al., 2017; Rhim 

et al., 2013). 

In the following subchapters, the review focuses on different groups of bio-based polymers and 

their characteristics regarding food packaging applications starting with synthetically 

manufactured polymers using natural monomers (chapter 2.4.2) followed by polymers isolated 

from renewable resources (chapter 2.4.3). 
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2.4.2 Selected biodegradable synthetically manufactured polymers 

2.4.2.1 Biomass-derived chemically manufactured polymers 

One commercially manufactured example should be discussed here: poly (lactic acid) (PLA) and 

related products. PLA is a thermoplastic and biodegradable aliphatic polyester (Figure 2.2). As it 

has its roots in the aliphatic class of polyesters, PLA can be created either by chemical processing 

of lactic acid monomer or by fermentation of a carbohydrate (Tawakkal et al., 2014). 

 
Figure 2.2 PLA structure. 

PLA is the first polymer synthesized from bio-based monomers commercialized on a large scale 

and can be shaped into injection molded objects, films, coatings, and 3D printed materials (Rasal 

et al., 2010). Next to PHAs, starch, and PCL, PLA is the primary biodegradable polymer used for 

mono-layer and some multi-layer applications (Byun & Kim, 2014; N. Kumar et al., 2017). So, 

PLA films are applied as thermoformed trays, cups, bowls, bags, or jars for packaging of fresh 

salads, ready-to-eat meals, deli products, beverages, potato chips, and yoghurt among other uses 

(Jabeen et al., 2015; Zinoviadou et al., 2016). Renewability, biodegradability, and biocompatibility 

are attributes that make PLA one of the best polymeric substitutes for various fossil-based 

polymers (N. Kumar et al., 2017). However, the PLA synthesis - and in turn the corresponding 

products - are still rather expensive (van den Oever et al., 2017). 

So far, PLA and corresponding copolymers are used to substitute polyolefins as high-density 

poly(ethylene) (HDPE), low-density poly(ethylene) (LDPE), poly(propylene) (PP), PET, and 

poly(styrene) (PS) as packaging materials (N. Kumar et al., 2017; Marra et al., 2016) due to 

comparable mechanical properties like stiffness and tensile strength, gas permeability, and 

transparency (Table 2.1) (Ahmadzadeh & Khaneghah, 2020; Auras et al., 2004; Benetto et al., 

2015).  
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The production of composites by adding nanofillers is a way to extend and improve the properties 

of PLA (Ahmadzadeh & Khaneghah, 2020; Byun & Kim, 2014; N. Kumar et al., 2017). The addition 

of many nanofillers (three-dimensional spherical and polyhedral, two-dimensional nanofibers or 

one-dimensional sheet-like nanoparticles) has been studied and lead to satisfactory 

achievements in the design of PLA nanocomposites (Raquez et al., 2013). 

Panseri et al. (2018) studied the effectiveness of PLA-based packaging solutions compared to a 

conventional reference package consisting of APET/PET trays wrapped in plastic films of 

poly(vinyl chloride) (PVC) to store red fresh meat during its refrigerated shelf life. By using PLA 

packaging in combination with a gas mixture of 66 % O2, 25 % CO2, and 9 % N2, it was possible 

to maintain an optimum red color together with a reduced content of volatile compounds 

associated to off-flavors of meat samples (Panseri et al., 2018). 

Marra et al. (2016) investigated biocomposite films of PLA with zinc oxide regarding mechanical, 

barrier, and antimicrobial properties. The results showed that PLA films with 5 wt % of zinc oxide 

exhibit good mechanical properties related to a high modulus and stress at yielding, decrease of 

permeability to carbon dioxide and oxygen, and a slight increase of water vapor permeability. 

Furthermore, the incorporation of 5 % zinc oxide leads to an antimicrobial activity against E. coli 

after 24 h with a reduction value of 99.99 % (Marra et al., 2016). Vanitha & Kavitha (2021) 

incorporated cellulose natural fibers from palm sprouts in a PLA matrix. The results showed that 

the mechanical resistance increased, and the water absorption rate decreased significantly with 

the optimum concentration of palm sprouts fiber in the PLA-film. Interactions between palm sprout 

and PLA restrict the water infiltration (Vanitha & Kavitha, 2021). 

The incorporation of lignin in PLA films via simple blending results in a small but significant 

increase of the oxygen barrier properties, as well as an improved antiradical efficiency that 

increases with the severity of the heat treatment of the blends (Domenek et al., 2013). Moreover, 

the water sorption capacity decreased with an increase of lignin loading from 7 wt % to 15 wt % 

while tensile strength increased, as shown in a study of Spiridon & Tanase (2018). Gordobil et al. 

(2014) used commercial alkaline lignin and organosolv lignin from almond shells as PLA filler, 

which greatly improved the thermal stability and increased the elongation at break. Low 

percentages up to 1 % unmodified lignin did not affect the maximum strain, while it was decreased 

with increasing lignin content at percentages greater than 5 % (Gordobil et al., 2014). In addition, 

kraft and organosolv lignin were examined as nucleating agents, showing that both lignins induce 

heterogeneous nucleation and increase the crystallization rate in PLA by shortening the 

crystallization half time and increasing the degree of crystallinity in PLA, while not affecting the 

processing window of the polymer (Kovalcik et al., 2017). One problem when incorporating lignin 

is its compatibility with PLA, which can be overcome with the addition of triallyl isocyanurate 

(TAIC), leading to the formation of PLA-TAIC-lignin cross-linked structures as interface, improving 
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the compatibility in the blend and thus the mechanical, thermal, and hydrolytic degradation 

properties (A. Kumar et al., 2019). However, using TAIC, the biocompatibility has to be studied 

before applying it for food packaging. Another possibility is the introduction of lignin nanoparticles 

(LNP) into PLA using a Pickering emulsion template method where lignin acts as stabilizer. 

According to the results of this study, lignin could increase the decomposition temperature by 

approx. 10 %, reduce the light transmission in the UV region, and increase the Young’s modulus 

but also decrease the tensile strength and elongation at break. Moreover, the crystallinity of PLA 

could be improved with the addition of lignin (X. Li et al., 2019). In another approach, LNP in PLA 

films could inhibit the growth of bacterial plant pathogens and showed a high antioxidant activity, 

while migration values remained below the legislative limits, suggesting the exploitation of LNP-

PLA films as food packaging material (W. Yang, Fortunati, et al., 2016a). 

The combination of LNPs with another lignocellulosic nanofiller, namely, cellulose nanocrystals 

(CNC), in PLA films can in fact improve UV light blocking capability and strength and modulus 

values compared to neat PLA or PLA binary systems, confirming a synergic effect of LNP and 

CNC (W. Yang, Fortunati, et al., 2016b). This was also reported in another study, where Young’s 

modulus, elongation at break, and toughness of neat PLA films were improved by 14 %, 77 %, 

and 30 %, respectively, by incorporation of high lignin-containing cellulose nanocrystals. In 

contrast, commercial lignin-coated CNCs showed inferior crystallinity, smaller surface area, and 

a higher degree of agglomeration, concluding that the presence of LNPs is important for the 

compatibility between the PLA polymer matrix and CNCs (Wei et al., 2018). 

2.4.2.2 Polymers produced by microorganisms 

Here, we discuss the most prominent representatives of polymers produced by microorganisms: 

PHA and PHB and corresponding copolymers or composites. In the group of PHAs, more than 

100 known bio-derived polymers exist. The most common ones are PHB and corresponding 

copolymers such as poly(3-hydroxybutyrate-co-3-hydroxy-valerate) (PHBV) and poly(3-

hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) (Figure 2.3) (Armentano et al., 2015; P. 

Ragaert et al., 2019). 
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Figure 2.3 Overview of several poly(hydroxyl alkanoate)s (PHA) used for food packaging 

applications: (a) general structure of PHAs with residues R1/R2 as alkyl chains ranging from 1-13 
carbons, (b) poly(hydroxyl butyrate) (PHB), (c) Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

(PHBV), and (d) poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx). 

In general, PHAs can be used to coat paper or paperboard to produce water-resistant surfaces, 

making the coated material completely biodegradable. PHB-coated paperboard has been used 

for packaging of ready meals, while PHBV-coated paperboard has been used for dry products, 

dairy products, and beverages (Andersson, 2008). In addition to functionalizing the surface of 

fiber-based materials, PHAs can also functionalize paper and board’s grease resistance and 

sealability (P. Ragaert et al., 2019). PHAs involve a range of biodegradable thermoplastic 

polymers that are produced through fermentation by different microorganisms (Peelman et al., 

2013). These polymers are characterized by thermomechanical properties that are similar to 

synthetic polymers such as PP (Alavi et al., 2014). PHAs can be processed into different products 

including films, trays, and coatings on other bio-based materials (e.g., paperboard) (P. Ragaert 

et al., 2019). 

Initially, PHAs were used to make everyday articles like shampoo bottles. Moreover, they are 

used to produce carrier bags, containers and paper coatings, biodegradable bags, and lids. 

Currently, their use in terms of packaging applications is restricted as they are not transparent (P. 

Ragaert et al., 2019; Zinoviadou et al., 2016). Their gas and water vapor permeability offer 

opportunities to be applied as food packaging materials. Copolymerization as well as blending 

are used to improve physical-mechanical properties of PHAs (P. Ragaert et al., 2019). 

Several studies have shown that PHB, PHBV, and PHBHHx films are promising materials for food 

packaging due to their good barrier properties. The oxygen permeability of PHAs is comparable 

to PET and PLA. The values are much lower compared to conventional polymers such as PE and 

PP. The water vapor permeability of PHAs is similar to materials such as PET and PLA but slightly 

higher than more apolar polymers such as PE and PP. The carbon dioxide permeability of PHAs 

is higher compared to PET but substantially lower than for common packaging materials such as 

PP and PE (Table 2.2) (Farmahini-Farahani et al., 2017; Kovalcik et al., 2015; Maes et al., 2018; 

Siracusa et al., 2012; Siracusa et al., 2017; Vandewijngaarden et al., 2014). 
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Table 2.2 Barrier and mechanical properties of bio-based polymers produced by microorganisms. 

References 

Anjum et al. (2016); 
P. Ragaert et al. (2019) 

Anjum et al. (2016); 
P. Ragaert et al. (2019) 

Anjum et al. (2016); 
Vandewijngaarden et al. 

(2014) 

NR: Data not reported. 

Mechanical Properties 

Elongation 

at Break 

[%] 

3 – 8 

NR 

850 

Tensile 

Strength 

[MPa] 

35 – 40 

38 

20 

Permeability 

H2O Vapor 

[g·mm/(m2·d·atm)] 

1 – 5 
(unknown 
conditions) 

1.5 
(38°C, 90 % RH) 

1.42 
(23°C, 0 % RH) 

CO2 

[cm3·mm/(m2·d·atm)] 

3 – 28.9 
(23°C, 0 % RH) 

146 
(25°C, 0 % RH) 

54 
(23°C, 0 % RH) 

O2 

[cm3·mm/(m2·d·atm)] 

2 – 11.4 
(23°C, 0 % RH) 

4.9 – 16.7 
(25°C, 0 % RH) 

8.3 
(23°C, 0 % RH) 

Film 

Composition 

PHB 
(P3HB) 

PHBV 
(P(3HB-co-3HV)) 

PHBHHx 
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Dilkes-Hoffman et al. (2018) summarized that a combination of PHA with thermoplastic starch 

(TPS), which provides one of the best oxygen barriers of all polymeric materials, seems to have 

the potential to lower food spoilage rates compared to conventional packaging materials 

according to good barrier properties. 

PHB shows a high crystallinity and a high melting point. Therefore, PHB is often blended with 

PLA. This results in materials of improved mechanical, thermal, and physical properties compared 

to neat PLA (Armentano et al., 2015). Arrieta et al. (2014) figured out that blending PLA with 25% 

(w/w) PHB resulted in improved oxygen and barrier properties, whilst the inherent transparency 

of PLA was reduced. 

Kovalcik et al. (2015) studied the melting and crystallization behavior, thermo-oxidative stability, 

mechanical and viscoelastic properties, and permeability for oxygen and carbon dioxide of 

composite materials of microbial PHBHV with methanol fractionated kraft lignin. The results 

showed that a concentration of already 1 wt % of methanol-extracted kraft lignin can act as an 

active agent for decreasing the oxygen as well as carbon dioxide permeability of PHBHV films. 

The gas permeability was decreased for oxygen by 77 % and by 91 % for carbon dioxide, 

respectively, compared to the native PHBHV film. The low thermo-oxidative stability of pure 

PHBHV was increased for the lignin-containing films. Based on this results, methanol-extracted 

kraft lignin is suggested as a suitable active additive in PHBHV films for applications, especially 

in the field of food packaging (Kovalcik et al., 2015). 

Although, high production costs limit the competitiveness in commercial applications, PHAs might 

have high potential as bio-based and biodegradable plastic packaging materials in the transition 

towards a circular economy (P. Ragaert et al., 2019). 

2.4.3 Selected plant-derived polymers 

2.4.3.1 Lignocellulosic biomass and lignin 

Lignocellulosic biomass is the major structural component of plants, mainly consisting of cellulose 

(40 - 60 %), hemicellulose (10 - 40 %), and lignin (15 - 30 %), whereby the latter one is the most 

complex constituent (Schutyser et al., 2018). Lignin is a randomly cross-linked macromolecule 

composed of the three monolignols p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, 

which form the residues p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S), respectively, as 

shown in Figure 2.4 (Rumpf et al., 2020). It can be obtained from woody biomass (e.g., pine, 

poplar, birch), annual plants (e.g., wheat straw, miscanthus, switchgrass), or agricultural residues 

(e.g., sugarcane bagasse) by various extraction processes. The molecular structure of lignins 

strongly depends on the botanical origin but also on the growing site, season, and isolation 

process (Rinaldi et al., 2016; Chunbao Xu & Ferdosian, 2017). There are different types of 

technical lignins that can either be classified as sulfur-containing or sulfur-free. The most common 
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ones are lignosulfonates, kraft lignin, organosolv lignin, and soda lignin (Schutyser et al., 2018). 

Most industrial lignins originate from the pulp and paper industry with up to 90 million tons of kraft 

lignin released per year worldwide, though only 2 % of it are used commercially for value-added 

products (Tribot et al., 2019). One reason for that might be the deficient quality or missing 

specifications of technical lignins, as they are rather undefined products with a complex 

composition and impurities from the pulping process (such as remaining sugars or thiol groups). 

So far, this restricts their industrial exploitation, as resulting products have varying properties, 

which are inferior to fossil-based products. 

 
Figure 2.4 Lignin monolignol structures: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol 

forming the specific residues p-hydroxylphenyl (H), guaiacyl (G), and syringyl (S) (Rumpf et al., 
2020). 

Nevertheless, in consideration of the global energy crisis and the depletion of fossil fuels and 

petrochemicals, the potential of lignin has been a key topic in biorefinery research (S. S. Hassan 

et al., 2019; K. H. Kim et al., 2021; Renders et al., 2019; Schutyser et al., 2018). As polyphenols, 

lignins possess numerous interesting functional properties, such as antioxidant activity, and thus, 

they are investigated as active packaging materials for the protection of light- or oxygen-sensitive 

goods (Domenek et al., 2013). Antioxidant polymers are a field of great interest, as the use of 

macromolecular antioxidants is related to the possibility to produce materials with long-term 

stability. Due to its cross-linked 3D structure and enzymatic resilience, lignin possesses a higher 

thermal and biological stability compared to low molecular weight compounds, and thus, could be 

used in special fields where the exploitation of low-molecular antioxidant substances would be 

inefficient due to their higher diffusion rates. Moreover, carcinogenic effects have been observed 

for synthetic antioxidants: butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT), 

for example, are able to cause cytotoxicity and carcinogenesis as shown in in vivo studies 

(Espinoza-Acosta et al., 2016). Azadfar et al. (2015) have already shown that lignin has the 
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potential to serve as raw material for antioxidants like guaiacol and 4-vinylguaiacol, whereby their 

antioxidant activity is comparable to that of commercial antioxidants. 

Consequently, lignin has gained increasing interest as environmentally benign antioxidant and its 

ability to improve mechanical, thermal, and barrier properties when incorporated in conventional 

packaging films. In general, a reduction in WVP of lignin-based films is explained by the 

hydrophobicity of lignin. It acts as a barrier in the polymeric matrix and increases the path for the 

diffusion of water vapor, resulting in lower permeation of water molecules through the polymer 

film (Michelin et al., 2020). Next to the utilization of lignin as additive/blend in different polymer 

matrices, it could also be used as raw material for the development of polymeric packaging 

materials, e.g., as polyol substitute in polyurethanes or polyesters or as phenol substitute in 

resins. Hult et al. (2013) investigated softwood lignin esterified with tall oil fatty acid as coating on 

paper board. The thermoplastic properties of lignin were enhanced, and the water vapor and 

oxygen transmission rate decreased while tensile strength was not affected (Hult et al., 2013). 

Polyurethanes of high transparency and flexibility for construction or packaging applications were 

prepared by S. E. Klein, Rumpf, et al. (2019), where petroleum-based polyols could be substituted 

with kraft lignin up to 80 wt %. In addition, demethylated lignins were also used to enhance the 

reaction selectivity towards polyurethane formation (S. E. Klein, Alzagameem, et al., 2019). In a 

recently published study by Hao et al. (2019) thermoset coatings with integrated self-healing and 

removal properties were investigated. They investigated a kraft lignin functionalized with 

carboxylic acid groups as curing agent with poly(ethylene glycol) diglycidyl ether, which resulted 

in a cross-linked structure (Hao et al., 2019). Hambardzumyan et al. (2015) designed novel 

nanocomposite films of lignin and CNC that could be self-supported or used as coatings. This 

combination of the antibacterial properties of lignin and oxygen barrier properties of CNC films 

are promising as food packaging material (Hambardzumyan et al., 2015). 

Rastogi & Samyn (2015) summarized different possibilities for bio-based paper coatings. Next to 

polyester and polysaccharides discussed so far, also lipids and proteins could be used (Rastogi 

& Samyn, 2015). Nevertheless, a full exploitation at industrial scale is not possible, due to different 

crystallization behavior, brittleness, or melt instabilities that lead to difficulties in processing of 

these biopolymers. Blending the lipids and proteins with other biopolymers, such as lignin, may 

provide a route to overcoming this obstacle. 

Lignin cannot only be used in paper coatings but also can be used to improve the strength of 

paperboard. Flory et al. (2013) developed a green binder system with Salix lignin that was equal 

to the wet tear strength of the commercial vinyl acetate binder. Inspired by the reinforcement 

principle of lignin and cellulose in wood, Jiang et al. (2020) developed a cellulose fiber scaffold 

with lignin as reinforced matrix via successive infiltration and mechanical hot-pressing treatments. 

The resulting composite shows a high isotropic tensile strength of 200 MPa, compared to 40 MPa 
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of conventional cellulose paper, and Young’s modulus of 10 GPa, which is even higher than many 

fossil-based plastics. In addition, also the thermostability and UV-blocking performance is 

enhanced due to the lignin addition (Jiang et al., 2020). 

In conclusion, lignins are promising candidates for environmentally benign antioxidants with a 

great abundance (Alzagameem et al., 2019; Alzagameem, El Khaldi-Hansen, Büchner, et al., 

2018; Alzagameem, El Khaldi-Hansen, Kamm, & Schulze, 2018). Regarding the studies 

summarized in this review, lignin use as an additive seems more favorable than its 

copolymerization, as copolymerization usually requires at least one functionalization (such as 

demethylation or carboxylation). Thus, further effort is necessary to get a deeper understanding 

of the lignin structure and the processing conditions required to maintain and enhance the 

antioxidant and antimicrobial properties. 

2.4.3.2 Protein-based polymers 

Research in food packaging has also focused on protein-based films due to their good film-

forming properties, low cost, and biodegradable nature (N. Kumar et al., 2017). Materials 

synthesized from proteins exhibit desirable film-forming and barrier properties, which are often 

comparable to fossil-based products (Kadam et al., 2013). Proteins from different sources have 

been investigated for the synthesis of bioplastic films for packaging applications including 

collagen, gelatin, caseins, soy/whey/quinoa protein, egg white protein, myofibrillar protein, corn 

zein, wheat gluten, and keratin (Galus & Kadzińska, 2015; N. Kumar et al., 2017; Otoni et al., 

2016). 

Among all the protein sources, soy proteins got great attention as a potential source for bio-based 

packaging materials. This development is based on excellent film-forming and oxygen barrier 

properties of films produced from soy protein isolate. However, these materials cannot meet the 

requirements of a film with mechanical and water barrier properties guaranteed by conventional 

plastics (Cho et al., 2010; N. Kumar et al., 2017). Compared to films from other proteins, soy 

protein-based films are characterized by transparency, flexibility, and cost-effectiveness (Otoni et 

al., 2016). Furthermore, they show good oxygen barrier properties under low moisture conditions 

(Denavi et al., 2009). A disadvantage that limits their use beside low mechanical strength is a lack 

of heat stability compared to LDPE (Acquah et al., 2020; S. Popović et al., 2012; Umaraw & 

Verma, 2017; Y. Zhang et al., 2018). 

Whey proteins are able to form elastic films (Y. Wang et al., 2013), which are transparent, flexible, 

and exhibit good oil and oxygen barrier properties at low humidity. A disadvantage is a moderate 

moisture permeability. Nevertheless, whey proteins have been itensively studied as raw material 

for biodegradable packaging (Ramos et al., 2012). 
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Collagen and gelatin are proteins originating from animal sources acquired by a controlled 

hydrolysis reaction. In nature, collagen is the most abundant occurring protein (Fratzl, 2008). 

Collagen-based bioplastic films are characterized by good mechanical properties (Fadini et al., 

2013), and therefore, are suitable for various applications (Oechsle et al., 2017). In contrast to 

coallgen-based films, gelatin films show poor mechanical and barrier properties according to their 

hydrophilic nature (Ciannamea et al., 2018). Biscarat et al. (2015) determined functional 

properties of gelatin-based films. Compared to synthetic polymers, good gas barrier properties 

were reached by gelatin films cross-linked with ferulic acid. Gelatin films with poly(ethylene glycol) 

(PEG) 200 showed high gas barrier properties and high permselectivity towards carbon dioxide 

and oxygen (Biscarat et al., 2015). 

Gelatin has been introduced in the manufacturing of packaging films due to its low cost and 

abundance (Chentir et al., 2019). Furthermore, gelatin is used to produce biodegradable 

packaging materials due to its good properties, such as low melting and gelling points, good 

capacity of oxygen barrier, biodegradability, and excellent film formation (Amjadi et al., 2019). 

The use of gelatin-based composite films incorporating other materials like chitosan, sunflower 

oil, and corn oil to enhance the barrier and mechanical properties of these films was studied by 

different authors (Nur Hanani, Roos, & Kerry, 2014). In addition to gelatin, gluten is used to 

prepare films of high homogeneity, excellent gas barrier properties, and mechanical strength 

(Mojumdar et al., 2011). 

Kanatt (2020) developed a new intelligent-active food packaging film using poly(vinyl alcohol) 

(PVA) and gelatin incorporated with Amaranthus leaf extract to monitor freshness and increase 

the shelf life of fish and chicken meat. Incorporation of Amaranthus leaf extract improved its 

mechanical and water vapor barrier properties next to active functions. The decrease in solubility 

enables the use for packaging of flesh foods. Samples packed in neat films had a shelf life of 

3 days while those in active films spoiled after 12 days. The results of the study suggest the 

application of Amaranthus leaf extract containing PVA-gelatin films being both active and 

intelligent ensuring quality and safety of flesh foods (Kanatt, 2020). 

For comparative purposes, Table 2.3 shows the discussed barrier as well as mechanical 

properties of protein-based polymers. 
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Table 2.3 Barrier and mechanical properties of protein-based polymers. 

References 

Y. Li et al. (2016) 

Xin Zhang et al. (2020) 

S. Popović et al. (2012) 

Syahida et al. 2020) 

Nur Hanani, 
O’ Mahony, et al. 

(2014) 

*In some data, the units were normalized. NR: Data not reported. 

Mechanical Properties 

Elongation 

at Break 

[%] 

113.94 

13 

22.2 - 196.61 

44.93 

1.68 - 2.60 

Tensile 

Strength 

[MPa] 

6.97 

3 

0.86 - 6.56 

9.08 

1.43 - 5.37 

Permeability 

H2O Vapor 

[g·mm/(m2·d·atm)] 

1710 
(23°C, 50 % RH) 

1680 
(25°C, 75 % RH) 

NR 

1040 
(24°C, 50 % RH) 

4.05 – 8.61 x 106 
(23°C, 50 % RH) 

CO2 

[cm³/(m2·d·atm)]* 

NR 

NR 

21.15 
(23°C; unknown RH) 

NR 

NR 

O2 

NR 

92.448 g/(m²·d) 
(25°C, 90 % RH) 

16.06 cm³/(m2·d·atm) 
(23°C; unknown RH) 

NR 

0.8 – 4.7 x 10-4 
cm³·mm/(m²·d·atm) 

(23°C, 50 % RH) 

Film 

Composition 

Soy protein 
isolate film with 

glycerol 
(casting method) 

Whey protein 
isolate film with 

glycerol 

Pumpkin oil cake 
protein isolate 

film with glycerol 

Fish gelatin film 
with glycerol 

Beef skin gelatin 
films with corn oil 

(extrusion) 
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2.4.3.3 Polysaccharides 

Packaging films based on carbohydrate sources are generally transparent and homogeneous 

films with effective oxygen barriers at intermediate to low humidity and good mechanical 

properties. According to their hydrophilic character, they have poor water vapor barrier qualities, 

and they are relatively sensitive to moisture. Furthermore, the films obtained from several 

polysaccharides are brittle usually due to interactions between the polymer chains. This leads to 

limited applications of polysaccharide- and protein-based coatings and films (Han, 2014; Youssef 

& El-Sayed, 2018; Zinoviadou et al., 2016). To meet the required properties, a pretreatment such 

as plasticization with small molecular weight-compatible constituents, blending, or chemical 

modification is needed (Alavi et al., 2014). While considering mechanical properties, the tensile 

strength of polysaccharide-based films is similar to those of synthetic polymers; differences are 

observed in elongation at break (Table 2.4) (Cazón et al., 2017). 

For several polysaccharides, the film-forming properties and especially their potential for edible 

packaging has been studied, including starch, cellulose, and its derivatives, alginate, and chitosan 

(Figure 2.5) (Elsabee & Abdou, 2013; Galus & Kadzińska, 2015; Jiménez et al., 2012; Q. Xu et 

al., 2016). 

 
Figure 2.5 Overview of several polysaccharides used for food packaging (edible) films: (a) starch, 

(b) cellulose, (c) alginate, and (d) chitosan (Witzler et al., 2019). 
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Table 2.4 Barrier and mechanical properties of polysaccharide-based polymers. 

References 

Muscat et al. (2012) 

Muscat et al. (2012) 

Dang & Yoksan (2015), 
Dang & Yoksan (2016) 

Nazan Turhan & 
Şahbaz (2004) 

Hay et al. (2018) 

Jannatyha et al. (2020) 

*In some data, the units were normalized. NR: Data not reported. 

Mechanical Properties 

Elongation 

at Break 

[%] 

1.41 

2.40 

78 

29 – 14 

29.51 

201.73 

Tensile 

Strength 

[MPa] 

34.32 

44.38 

5.8 

25 – 33 

61.04 

6.10 

Permeability 

H2O Vapor 

[g·mm/(m2·d·atm)]* 

1260 
(20°C; 52.9 % RH) 

1430 
(20°C; 52.9 % RH) 

36.8 
(25°C, 50 % RH) 

446 – 945 
(25°C; 52 % RH) 

974000 
(23°C, 50 % RH) 

683 

(25°C, 52.8 % RH) 

O2 

[g·mm/(m2·d·atm)]* 

NR 

NR 

0.182 
(Ambient temp., 

0 % RH) 

NR 

NR 

NR 

Film Composition 

High amylose cornstarch films without 
plasticizer 

(amylose:amylopectin ratio 80:20) 

Low amylose cornstarch films without 
plasticizer 

(amylose:amylopectin ratio 25:75) 

Thermoplastic (cassava) starch (extrusion) 

Methylcellulose mixtures in ethanol 

Hydroxypropyl methylcellulose without 
plasticizer 

Carboxymethyl cellulose film with glycerol 
(casting method) 
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Table 2.4 Barrier and mechanical properties of polysaccharide-based polymers. (Continued) 

References 

Michelin et al. (2020) 

Shankar et al. (2015) 

Roy & Rhim (2020) 

Kurek et al. (2014) 

*In some data, the units were normalized. NR: Data not reported. 

Mechanical Properties 

Elongation 

at Break 

[%] 

5.92 

22.1 

8.5 

38.5 

Tensile 

Strength 

[MPa] 

20 

51.8 

41.1 

8.9 

Permeability 

H2O Vapor 

[g·mm/(m2·d·atm)]* 

2570 
(20°C, 0 % RH) 

13400 
(25°C, 50 % RH) 

13600 
(25°C, 50 % RH) 

210 - 3020 
(25°C, 0 – 100 % RH) 

O2 

[g·mm/(m2·d·atm)]* 

NR 

NR 

NR 

0.188 x 10-2 
(25°C, <50 % RH) 

Film Composition 

CMC-film with 50 wt% ethanol organosolv 
lignin with glycerol (casting method) 

Agar/10% lignin composite film with glycerol 

(Sodium) alginate film with glycerol (casting 
method) 

Chitosan film with glycerol 
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Starch. Starch is a natural polysaccharide easily available on an industrial scale. Many plant-

based polysaccharides and cost-effective starch-based materials have been extensively 

investigated as an alternative material for fossil-based food packaging applications due to their 

environmental compatibility and biodegradability (B. Hassan et al., 2018). Although starch-based 

packaging, which has good film-forming properties and excellent oxygen barrier, is already in 

wide use, this material still has some disadvantages such as the poor vapor and oxygen moisture 

barrier and poor mechanical properties compared to conventional non-biodegradable plastics 

used in food packaging industry (Table 2.1 and Table 2.4) (do Val Siqueira et al., 2021; B. Hassan 

et al., 2018; Lumdubwong, 2019; Molavi et al., 2015). 

The oxygen barrier properties are correlated to a high-ordered hydrogen-bonded network 

structure. The barrier properties can be improved by increasing the crystallinity or a higher content 

of amylopectin (Molavi et al., 2015). The poor moisture barrier is caused by a strong hydrophilic 

behavior (Lumdubwong, 2019). A higher crystalline structure in starch-based films leads to less 

sensitivity of moisture and to environmental relative humidity. Considering the poor mechanical 

properties, starch-based films show a relatively high tensile strength while the elongation 

percentage is low (Molavi et al., 2015). The high tensile strength is attributed to the extensive 

intra-molecular hydrogen bonds between amylose, amylopectin, and amylose-amylopectin 

molecules. Amorphous regions in starch-based films formed by amylose cause brittleness and 

thereby influence the poor mechanical properties (Muscat et al., 2012). 

As starch-based films are odorless, colorless, and tasteless, starch is used in either pure or 

blended form as a biodegradable coating or packaging film. The coatings of edible starch are also 

applied for other kinds of foods to maintain quality and to extend the shelf life of products (Fakhouri 

et al., 2015; Lumdubwong, 2019; Ojogbo et al., 2020; R. Thakur et al., 2019). However, as starch 

blends may contain additives like compatibilizers and plasticizers that can migrate out of the 

matrix, only some starch blends are suitable for food packaging applications (Zinoviadou et al., 

2016). 

Starch has already been combined with lignin to improve its poor thermo-mechanical properties 

while simultaneously decreasing its water vapor permeability significantly (Bhat et al., 2013). 

Miranda, Ferreira, Magalhães, Bispo, et al. (2015) and Miranda, Ferreira, Magalhães, Santos, et 

al. (2015) confirmed these findings in their studies, showing that the presence of lignin in 

combination with CNC increased maximum stress and modulus of elasticity, barrier properties, 

and the thermal stability of the material. Javed et al. (2018) published a study concerning starch-

based coatings for paper packaging materials with lignin, investigating the self-supporting films 

regarding their mechanical properties and chemical stability in water as well as their barrier 

properties when used as coating on paper board. When lignin is added, the dissolution of starch 

from the composites could be significantly decreased. The addition of ammonium zirconium 
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carbonate (AZC) leads to further improvement of the storage modulus, indicating that cross-

linking had occurred (Javed et al., 2018). 

Cellulose and Derivatives. Cellulose represents the most abundant renewable polymer source 

available in nature. Biodegradable films made out of this raw material are characterized by 

renewability, low cost, non-toxicity, biocompatibility, biodegradability, and chemical stability (Sen 

Wang et al., 2016). For example, cellulose films (known as Cellophane®) are used for wrapping 

fruits in bio-based trays (Jabeen et al., 2015). 

Films made of cellulose exhibit good toughness, tensile strength, high surface gloss, and good 

transparency (Guzman-Puyol et al., 2019). Whereas hemicellulose-based films are brittle, the 

flexibility, toughness, and oxygen permeability can be improved by addition of plasticizers 

(Mendes et al., 2017; Xueqin Zhang et al., 2020). A disadvantage of cellulose films is their poor 

water vapor barrier. This is caused by the underlying hydrophilic nature of polysaccharides (N. 

Kumar et al., 2017). Soaking cellulose with alkali to swell the structure followed by different 

derivatization reactions, CMC, methylcellulose (MC), hydroxypropyl cellulose (HPC), and 

hydroxypropylmethyl cellulose (HPMC) are available. They are used as raw materials to prepare 

biodegradable films, which are transparent, water soluble, odorless, tasteless, and flexible and 

have moderate strength and resistance to lipid compounds (Table 2.4) (Dhall, 2013). 

CMC is most often used for biodegradable film production. It is highly soluble (in water) and 

crystalline and can build solid and flexible films (Bifani et al., 2007; Farshchi et al., 2019). 

Beneficial characteristics include film-forming properties, good mechanical and gas barrier 

properties, transparency, ease of processing, and low price (Hasheminya et al., 2018). Next to its 

good film-forming properties, CMC has been studied as antibacterial food packaging in 

composites with chitosan (Arnon et al., 2014; Lan et al., 2018) and pectin (Šešlija et al., 2018). 

Michelin et al. (2020) investigated the incorporation of organosolv lignin from corncob in CMC-

based films, which leads to an improved water resistance of approx. 60 % and reduction in the 

water vapor permeability of 20 %, while also enhancing the thermal stability and antioxidant 

activity. 

As mentioned before, mechanical and barrier properties of cellulose-based films can be improved 

by the production of nanocomposites. Moura et al. (2008) propesed nanocomposites using 

chitosan as nanofiller in HPMC to enhance mechanical and film barrier attributes. HPMC films 

containing different concentrations of chitosan as nanoparticles were analyzed for mechanical 

properties, water vapor permeability, and oxygen permeability. They realized that chitosan 

nanoparticles tended to fill up poriferous spaces in the HPMC-matrix. This improves film tensile 

properties and water vapor permeability, concluding that a HPMC-chitson nanocomposite could 

be a possible material for food-packaging applications to extend the shelf life of food 

(Alzagameem, El Khaldi-Hansen, Kamm, & Schulze, 2018; Moura et al., 2008). 
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Another approach is the preparation of HPMC/chitosan films (Sebti et al., 2007). Alzagameem et 

al. (2019) and Alzagameem, El Khaldi-Hansen, Kamm, & Schulze (2018) examined the 

incorporation of different lignins in HPMC and HPMC/chitosan films (Alzagameem et al., 2019; 

Alzagameem, El Khaldi-Hansen, Kamm, & Schulze, 2018). Results show that lignins are in 

general more active against Gram-positive bacteria than against Gram-negative bacteria and that 

films with organosolv lignin possess a higher activity against Staph. aureus than films with kraft 

lignin. It was shown that biomass as well as extraction process influence the properties of the 

films and that the antioxidant activity of lignins correlates with different parameters such as 

genotype and phenotype of biomass, pulping and purification of lignin and the resulting 

heterogeneity (Alzagameem, El Khaldi-Hansen, Büchner, et al., 2018). 

Cellulose acetate (CA), cellulose acetate propionate (CAP), and cellulose acetate butyrate (CAB) 

are thermoplastic cellulosic-derived materials developed through esterification of cellulose. CA 

gets great attention because of its biodegradable nature, excellent optical clarity, and greater 

toughness (N. Kumar et al., 2017). 

Alginates. Alginate and corresponding derivatives are one of the most promising carbohydrates 

for packaging applications, especially for foods that are sensitive to gas permeation (Küçük et al., 

2020). Alginates are naturally occurring indigestible polysaccharides. They are commonly 

produced from various genera of brown algae (N. M. Ahmed et al., 2020). A lot of research on 

alginate has focused on edible coatings or to improve color and flavors (Gammariello et al., 2016; 

Sangsuwan & Sutthasupa, 2019). 

N. M. Ahmed et al. (2020) evaluated the barrier, mechanical, and oil resistance of paper sheets 

coated with a novel cost-saving coating prepared at different temperatures to be used in 

packaging purposes. The coating is based on sodium alginate (SA) with new core-shell inorganic 

particles composed of waste silica fume core covered with cobalt(II) oxide/zinc oxide (CoO.ZnO) 

oxides. SA is broadly used due to high oil resistance and enhanced greaseproof properties. 

Very recently, a binary oxide CoO.ZnO on the surface of silica was shown to decrease the 

penetration of oil and grease through the paper pores leading to lower oil absorption and 

enhanced mechanical properties. Tensile strength was decreased whereas stiffness showed 

slight increase in case of paper sheets coated with SA-CoO.ZnO/SiO2. Incorporation of SA-SiO2 

and SA-CoO.ZnO/SiO2 in the fiber matrices improved the tear and burst indices properties. The 

network created by SA film blended with (CoO.ZnO/SiO2) pigments on paper sheet substrate 

drastically changed their mechanical and barrier properties. They are highly dense and organized, 

causing the creation of smooth distribution of nanoparticles and a strong surface that fills the 

pores in the paper matrices and increases the air, water vapor, and oil resistance of the samples 

coated with SA-CoO.ZnO/SiO2 pigments compared with uncoated paper (N. M. Ahmed et al., 

2020). 
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Chitosan. Chitosan is the second most widely found amino-polysaccharide in nature (Raafat & 

Sahl, 2009). It is a biopolymer with antibacterial properties that can be found in fungi, insects, 

crabs, and shrimps and makes up a significant part of the crustacean waste that is discarded 

every year (Morganti & Stoller, 2017). Chitosan is intensively investigated for biomedical 

applications (Witzler et al., 2018) and bioactive packaging solutions (Rai et al., 2017). Properties 

like being microbe resistant, biocompatible, and biodegradable make chitosan attractive for 

research and use in various applications (Shahid-Ul-Islam & Butola, 2019). In food packaging, 

potential applications of chitosan blend-based films are for fresh products (vegetable, meat, and 

fish) and foods with short to medium shelf life (Haghighi et al., 2020). Moreover, chitosan is widely 

used as a material for nanofibers production due to its ability to form films with antibacterial 

properties (Lin, Xue, et al., 2018; Sharaf et al., 2019). Moreover, chitosan-based materials exhibit 

good mechanical properties and a selective permeability to carbon dioxide and oxygen (Kamdem 

et al., 2019; Priyadarshi & Rhim, 2020). The tensile strength and elongation at break values are 

comparable to appropriate values of HDPE and LDPE (Table 2.4). 

However, the use of chitosan to produce flexible packaging is still limited due to high sensitivity 

to humidity and moisture and high oxygen permeability. As chitosan films are highly permeable 

to water vapor, their use in food packaging is restricted (Priyadarshi & Rhim, 2020; Shen & 

Kamdem, 2015). To overcome these limitations of this otherwise excellent polysaccharide 

biomaterial, several attempts have been made such as blending the films with other natural or 

synthetic polymers and the addition of several active and functional substances like fillers, 

plasticizers, cross-linkers, and natural oils (Priyadarshi & Rhim, 2020). 

Several studies are published that focus on improving the barrier and mechanical properties of 

chitosan-based films. Kamdem et al. (2019) developed a composite flexible film using chitosan 

as base polymer matrix, xylan to improve mechanical properties, and carvacrol (a monoterpenoid 

phenol) to control microbial protection. The results show that adding xylan significantly increases 

the elongation at break of the composite films and exhibits higher tensile strength and Young’s 

modulus. The incorporation of carvacrol and xylan in the composite films was not effective in 

terms of antimicrobial activity (Kamdem et al., 2019). 

Chitosan is another potential packaging material that is investigated with lignin as additive. The 

addition of lignin to chitosan improves the tensile strength, storage modulus, glass transition 

temperature, and degradation temperature, compared to pure chitosan films (Chen et al., 2009). 

Moreover, lignin confers the scavenging properties to the chitosan films: this antioxidant activity 

is highly dependent on the film structure, functional properties, and surface activity, which is, in 

turn, dependent on moisture (Crouvisier-Urion et al., 2016) and the homogenization process of 

the film-forming suspension (Crouvisier-Urion et al., 2017). 
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Despite favorable properties of chitosan like its antioxidant and antimicrobial activity as well as a 

good biocompatibility and biodegradability, there are some drawbacks such as its dissolution in 

acidic media and poor thermal properties. Thus, the combination of chitosan with other polymers 

in binary or ternary films is intensively studied for various systems. W. Yang, Owczarek, et al. 

(2016) investigated films based on PVA, chitosan, and LNPs for food packaging applications and 

found that lignin improved tensile strength and Young’s modulus as well as the thermal stability 

of the systems. 

In conclusion, Table 2.5 summarizes advantages and disadvantages of the polymers discussed 

in chapter 2.4.  
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Table 2.5 Advantages and disadvantages of different bio-based polymers discussed in chapter 2.4. 

References 

Ahmadzadeh & Khaneghah (2020); 
Auras et al. (2004); Benetto et al. 

(2015); Byun & Kim (2014); N. 
Kumar et al. (2017); van den Oever 

et al. (2017) 

Alavi et al. (2014); Andersson 
(2008); P. Ragaert et al. (2019); 

Zinoviadou et al. (2016) 

Alzagameem et al. (2019); 
Alzagameem, El Khaldi-Hansen, 

Büchner, et al. (2018); Alzagameem, 
El Khaldi-Hansen, Kamm, & Schulze 

(2018); Espinoza-Acosta et al. 
(2016); Michelin et al. (2020) 

Acquah et al. (2020); Kadam et al. 
(2013); N. Kumar et al. (2017); S. 
Popović et al. (2012); Umaraw & 

Verma (2017); Y. Zhang et al. (2018) 

Cazón et al. (2017); Han (2014); B. 
Hassan et al. (2018); Q. Xu et al. 

(2016); Youssef & El-Sayed (2018); 
Zinoviadou et al. (2016) 

Disadvantage 

Expensive (synthesis) 
Limited to rigid packaging 

Not transparent 

Deficient quality (technical lignins) 
Copolymerization requires 

functionalization 

Low mechanical strength 
Lack of heat stability 

Poor water vapor barrier 
Sensitive to moisture 

Advantage 

Renewable, biodegradable, biocompatible 
Usable for mono- and multi-layer applications 

Desirable mechanical properties (stiffness, tensile 
strength) 

Good gas permeability 
Transparen 

Water-resistant surfaces by coating 
Functionalize grease resistance and sealability 

Good thermomechanical properties 
Desirable gas permeability and WVP 

Abundance in nature 
Antioxidant activity with long-term stability 

Improves mechanical, thermal, and barrier properties 
Reduction in WVP 

Biodegradable 
Abundance in nature 

Good film-forming properties 
Desirable barrier properties 

Transparent 
Low cost/cost-effective 

Environmentally compatible, biodegradable 
Abundance in nature 

Effective oxygen barriers (intermediate to low humidity) 
Good mechanical properties 

Transparent 
Potential for edible packaging 

Material 

PLA-based 

PHA-based 

Lignocellulose 
biomass and/or 

lignin-based 

Protein-based 

Polysaccharide-
based 
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2.5 Natural additives in the context of active food packaging 

In the packaging and food industry, active packaging that prolongs shelf life and reduces food 

losses has already been widely used (Soltani Firouz et al., 2021; Williams & Wikström, 2011). 

Currently, these packaging types are still mainly based on polymers from fossil-based resources 

(Oliveira Filho et al., 2019). However, as described previously, several other strategies in the field 

of bio-based materials are under development. 

Currently, active packaging solutions follow different approaches (Mousavi Khaneghah et al., 

2018; R. Sharma & Ghoshal, 2018): 

 Addition of absorbers and scavengers of gases, off flavors, moisture, taints, UV light; 

 Removal of catalyzing undesired food components; 

 Addition of emitters/generators of gases and flavors; 

 Release of antioxidant and/or antimicrobial compounds; 

 Temperature controlled systems (insulting materials; self-heating or cooling). 

Thus, basic barrier properties (such as oxygen or moisture) can be improved by adding active 

ingredients in the packaging system and/or using functionalized polymers. Polymers used in films 

and coatings that are inherently antimicrobial are chitosan, poly(L-lysine), calcium alginate, acrylic 

polymers, and sustainable active microbiocidal (SAM) polymers (Appendini & Hotchkiss, 2002; 

Ilg & Kreyenschmidt, 2012). 

A promising technology that is presented and discussed in this chapter is the integration of 

antimicrobial and antioxidative substances (Han, 2003, 2005). Antimicrobial systems target the 

control or reduction of microbial growth which often results in the extension of the lag phase or in 

a reduced growth rate in the exponential phase (Coma, 2008; Lavoine et al., 2014). Different 

antimicrobial strategies using plant extracts are based on absorption, release, and immobilization 

systems (Han, 2003). 

There are different opportunities to implement antimicrobials in packaging materials. In terms of 

time-releasing killing, either a volatile or non-volatile antimicrobial agent is temporarily trapped 

within the backbone material and released from the polymer to the environment. Volatile 

antimicrobial agents are released through evaporation or diffusion into the headspace of food in 

most cases without direct contact. Non-volatile antimicrobial agents are released by direct contact 

through diffusion into the food surface (Appendini & Hotchkiss, 2002; Cooksey, 2005). Another 

approach is the permanent immobilization of a non-volatile antimicrobial agent to a polymer 

backbone. 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). 
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Natural antimicrobial, antioxidative, and photostabilizing agents used for the preservation of food 

are bacteriocins and extracts from biomass of animals, plants, and microorganisms. These 

include enzymes, EOs, and natural extracts from different plant sources (Pereira et al., 2015; 

Qamar et al., 2020). Phenolic compounds and terpenoids are antioxidative and antimicrobial 

agents that occur in EOs extracted from different plants. EOs are the most abundant source of 

bioactive compounds (Ruiz-Navajas et al., 2013). The effect of EOs on the microbial cells 

depends on different mechanisms such as disrupting the enzyme structures, damaging the 

phospholipid bilayer of cell membrane, and compromising the genetic makeup of microbes 

(Asgher, Qamar, et al., 2020). Antioxidants are compounds that react with free radicals, 

neutralizing them and thereby preventing or reducing their damaging effects. Aromatic plants are 

a source of natural antioxidants because of the activity of secondary metabolites such as 

phenylpropanoids and EOs (Burt, 2004). The antioxidant capacity of plant extracts is strongly 

related to the phenolic content (S. Y. Wang & Stretch, 2001; Zheng & Wang, 2003). Due to their 

redox property, they can act as reducing agents, hydrogen donors, singlet oxygen quenchers, 

metal chelating agents, and suppressors of free radicals (Alzagameem, El Khaldi-Hansen, 

Büchner, et al., 2018; Srivastava & Vankar, 2012). The antioxidant activity is not a property of a 

single phenolic compound, but it is widely distributed among the phenolic phytochemical 

constituents. So, anthocyans, flavonoids, phenolic acids, phenolic terpenes, and volatile oils are 

particularly interesting as antioxidants in food packaging (Alzagameem, El Khaldi-Hansen, 

Büchner, et al., 2018; Carpena et al., 2021). 

The search for appropriate substitutional bio-based core materials is important for tackling 

environmental issues. Currently, those materials include, but are not limited to chitosan, starch, 

CMC, PLA, whey proteins, and combinations thereof. As they represent a comparably small 

amount of the packaging itself when compared to core materials, additives tend to be neglected. 

However, they are often critical to achieve the desired properties in packaging materials and can 

be capable of prolonging the shelf life of both packaging materials and packed goods, leading to 

reduced food loss. 

In the following subchapters, the review summarizes applications of plant EOs and plant extracts 

in the context of active food packaging. 
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2.5.1 Plant essential oils 

Plant-based active stabilizers can be isolated by extracting the appropriate biomasses by steam 

distillation using various solvents. Generally, EOs are complex mixtures containing over 300 

different polar and non-polar volatile organic compounds, usually of low molecular weight (below 

300) at quite different concentrations (Dhifi et al., 2016). Often, two or three major components 

exist at relatively high concentrations (20 - 70 %) while others are present in trace amounts. The 

major constituents of EOs are terpenoids and phenylpropanoids which provide the characteristic 

aroma and biological properties. Both families are comprised of phenolic compounds. The 

sufficiently high vapor pressure of EOs, in general, at atmospheric pressure and room 

temperature causes them to be found partially in the vapor state (Dhifi et al., 2016; Nieto, 2017; 

Raut & Karuppayil, 2014). 

In comparison to producing plant extracts, a higher amount of plant biomass must be processed 

to obtain EOs. However, this can prove worthwhile as EOs contain active components of 

biomasses in particularly high concentrations and are therefore typically highly effective in 

different applications. This allows manufacturers to obtain great effects with applying only small 

amounts of oil. Prominent examples of EO applications for active food packaging are listed in 

Table 2.6. Results obtained so far show that plant EOs are interesting components for active food 

packaging. However, the corresponding materials have to be specified regarding water 

resistance; water vapor permeability; mechanical properties; and enhancement of antimicrobial, 

antioxidant, photostabilizing, and light-absorbing properties. Particular research interest lies on 

EOs obtained from food sources such as cinnamon, thyme, and rosemary or food production by-

products as apricot kernels and banana leaves. 
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Table 2.6 Spotlight literature for plant essential oils used in the context of active food packaging. 

References 

Priyadarshi et al. (2018) 

Kamari et al. (2018) 

Qin et al. (2017) 

Noshirvani et al. (2017) 

H. Kim et al. (2018) 

Beak et al. (2018) 

T. Xu et al. (2019) 

Fasihi et al. (2019) 

Abbreviations: Essential Oil – EO; Escherichia coli – E. coli; Staphylococcus aureus – Staph. aureus; Aspergillus – A.; Salmonella typhimurium – 
S. typhimurium; Listeria monocytogenes – L. monocytogenes; Salmonella entertidis – S. entertidis; Bacillus cereus – B. cereus. 

Results 

Prepared films showed better water resistance and improved 
antioxidant, antimicrobial, and mechanical properties; fungal growth on 
Improved antimicrobial properties (against E. coli and Staph. aureus) of 

gelatin films enriched with banana leaf EO; improvements on 
mechanical properties observed packaged bread is inhibited 

Improved antimicrobial properties (against E. coli and Staph. aureus) of 
gelatin films enriched with banana leaf EO; improvements on 

mechanical properties observed 

Enhanced mechanical and antimicrobial properties against E. coli 

Decreased water vapor permeability (particularly for cinnamon EO), 
antifungal activity against A. niger with a higher efficacy of cinnamon EO 

Antioxidant and antimicrobial effects observed (against S. typhimurium 
and L. monocytogenes), water resistance is increased 

Enhanced antioxidant activity and antimicrobial effects against L. 
monocytogenes, Staph. aureus, E. coli and S. typhimurium; change of 

mechanical properties, decrease of water solubility, and water 
permeability 

Better water barrier properties with a decrease in mechanical properties; 

Enhancement of antioxidant and photostabilizing properties; highly 
effective against Penicillium digitatum; shelf life of packaged bread was 

increased 

Packaging Matrix 

Chitosan 

Gelatin 

PLA 

CMC and Chitosan 

Gelatin 

PLA and Sea squirt 
(Halocynthia roretzi) 

shell protein 

Chitosan and Gum 

CMC and PVA 

Biomass 

Apricot kernel EO 

Banana leaf EO 

Bergamot, lemongrass, 
rosemary, and clove 

EOs 
Cinnamon and ginger 

EOs 

Cinnamon bark EO 

Cinnamon bark EO 

Cinnamon EO 

Cinnamon EO 
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Table 2.6 Spotlight literature for plant essential oils used in the context of active food packaging. (Continued) 

References 

J. Wu et al. (2017) 

Aisha & Abdullahi 
(2017) 

S.-Y. Yang et al. (2017) 

Nisar et al. (2018) 

Alves de Figueiredo 
Sousa et al. (2019) 

S. Sharma, 
Barkauskaite, Jaiswal, 

et al. (2020) 

Azadbakht et al. (2018) 

Abbreviations: Essential Oil – EO; Escherichia coli – E. coli; Staphylococcus aureus – Staph. aureus; Aspergillus – A.; Salmonella typhimurium – 
S. typhimurium; Listeria monocytogenes – L. monocytogenes; Salmonella entertidis – S. entertidis; Bacillus cereus – B. cereus. 

Results 

Water vapor permeability and light-absorbing properties of enriched films 
increase while water content and elongation at break decrease; 

antifungal and antimicrobial activity against E. coli, Staph. aureus, A. 
niger, Rhizopus oryzae and Paecilomyces varioti observed 

Effect of enriched films against Staph. aureus, no effect against E  coli 
observed 

Antimicrobial effect against foodborne pathogens reported (E. coli, 
S. typhimurium, Staph. aureus, L. monocytogenes) 

Antioxidant and antimicrobial effects observed (against Staph. aureus, 
E. coli and L. monocytogenes); improved mechanical properties 

(flexibility, resistance to breakage, water barrier properties, and heat 
stability) 

Antifungal activity against Colletotrichum gloeosporioides and 
Colletotrichum musae, but not against Saccharomyces bourladii; 

enhanced shelf life of packaged bananas 

Antimicrobial activities against E. coli and Staph. aureus observed for 
both EOs with cinnamon EO showing a higher antimicrobial effect, 
increased biofilm inhibition and decreased UV light transmission 

Antibacterial effects against S. entertidis, E. coli, B. cereus and Staph. 
aureus observed (especially in liquid phase); lower antibacterial effect in 

vapor phase 

Packaging Matrix 

Gelatin 

Whey protein 

Gelatin 

Pectin 

Starch 

PLA and PBAT 

Chitosan 

Biomass 

Cinnamon EO 

Cinnamon EO 

Cinnamon leaf oil 

Clove bud EO 

Clove EO 

Eucalyptus and 
Cinnamon EOs 

Eucalyptus globulus EO 
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Table 2.6 Spotlight literature for plant essential oils used in the context of active food packaging. (Continued) 

References 

Bonilla et al. (2018) 

Jamróz et al. (2018) 

Song et al. (2018) 

Akyuz et al. (2018) 

Oliveira et al. (2017) 

Sedlaříková et al. 
(2017) 

Ranjbar et al. (2017) 

Akhter et al. (2019) 

Abbreviations: Essential Oil – EO; Escherichia coli – E. coli; Staphylococcus aureus – Staph. aureus; Aspergillus – A.; Salmonella typhimurium – 
S. typhimurium; Listeria monocytogenes – L. monocytogenes; Salmonella entertidis – S. entertidis; Bacillus cereus – B. cereus. 

Results 

Antioxidant effect observed for both Eugenol and ginger EO (depending 
on film formulation); comparable water vapor permeability with increased 

elasticity 

Enhanced antioxidant and antimicrobial effects against E. coli and 
Staph. aureus; change of mechanical properties with addition of 

Lavender EO (decrease of tensile strength, water absorption, etc.) 

Optical and mechanical properties examined; antimicrobial effects 
against Staph. aureus and E. coli 

Particularly olive oil enriched films showed better mechanical properties 
and a high antibacterial activity 

Higher amounts of EO resulted in higher water vapor permeability and 
film flexibility; antimicrobial activity against Penicillium commune 

Antimicrobial effect against Staph. aureus and B. cereus observed with 
both EOs, significantly enhanced effects for O. vulgare EO 

Antimicrobial effect against E. coli, Staph. aureus, Clostridium 
sporogenes, and particularly, Salmonella enterica; reduction of e.g., 

water vapor permeability, film thickness, and tensile strength 

Rosemary and mint EOs improved water barrier properties and inhibited 
Bacillus subtilis, E. coli and L. monocytogenes; both EOs resulted in 

enhanced antioxidant effects 

Packaging Matrix 

Gelatin and Chitosan 

Starch, Furcellaran 
and Gelatin 

Starch 

Chitosan 

Whey protein 

Chitosan 

CMC and Gelatin 

Chitosan, Pectin, 
and Starch 

Biomass 

Ginger EO and Eugenol 

Lavender EO 

Lemon EO 

Olive oil, corn oil, 
sunflower oil 

Oregano EO 

Origanum vulgare, 
O. majorana EOs 

Pistacia atlantica EO 

Rosemary and mint EOs 
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Table 2.6 Spotlight literature for plant essential oils used in the context of active food packaging. (Continued) 

References 

Mahcene et al. (2020) 

Hasheminya et al. 
(2019) 

Kouravand et al. (2018) 

Abdollahi et al. (2019) 

S. Sharma, 
Barkauskaite, Duffy, et 

al. (2020) 

Zeid et al. (2019) 

 Abbreviations: Essential Oil – EO; Escherichia coli – E. coli; Staphylococcus aureus – Staph. aureus; Aspergillus – A.; Salmonella typhimurium – 
S. typhimurium; Listeria monocytogenes – L. monocytogenes; Salmonella entertidis – S. entertidis; Bacillus cereus – B. cereus. 

Results 

Strong antibacterial activity against Staph. aureus, E. coli, 
Salmonella enterica, Enterococcus faecium, Klebsiella pneumoniae and 
Enterococcus faecalis; physical properties analyzed, antioxidant effect 

observed 

Antimicrobial effects against Staph. aureus and E. coli, significant 
antioxidant properties, change in physical properties (e.g., decrease in 

water vapor permeability) 

Antimicrobial effect particularly against Staph. aureus with 
Pseudomonas aeruginosa showing the highest resistance of analyzed 
bacteria; increased elongation at break and water vapor permeability 

Antimicrobial effects particularly against Staph. aureus, B. cereus and L. 
monocytogenes with lower effects against E. coli; alteration of physical 
properties (increased water vapor permeability, improved mechanical 

flexibility) 

Positive properties observed for both EOs, but particularly for clove EO 
films, including UV-blocking and highly antimicrobial effects (inhibition of 

E. coli, complete killing of Staph. aureus) 

Significant antioxidant effect on packaged minced fish with moderate 
alteration of mechanical properties 

Packaging Matrix 

Alginate 

Kefiran and CMC 

Whey protein 

CMC and Agar 

PLA and PBAT 

PLA 

Biomass 

Rosmarinus officinalis, 
Artemisia herba-alba, 

Ocimum basilicum and 
Mentha pulegium EOs 

Satureja Khuzestanica 
EO 

Satureja Khuzistanica 
Jamzad EO 

Summer savory EO 

Thyme and Clove EOs 

Thyme, rosemary, and 
oregano EOs 
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2.5.2 Plant extracts of various biomasses 

Quality and quantity of plant extracts strongly depend on their biomass origin and type of 

extraction processes. The most common extracts have been obtained by conventional solvent 

extraction methods (infusion, decoction, digestion, maceration, and percolation) using solvents 

such as water, ethanol, methanol, chloroform, or dimethyl-sulfoxide (Aleksic Sabo & Knezevic, 

2019; Azwanida, 2015; Karacabey et al., 2013). 

Such extracts typically retard bacterial growth and can also introduce antioxidant and 

photoabsorbing effects. Those properties are reported for various different biomasses including 

(but not limited to) herbs, flowers, trees, and their fruits (Bati Ay et al., 2018; Biswas et al., 2018; 

Havelt et al., 2019; Havelt et al., 2020; Havelt & Schmitz, 2018; Karimi et al., 2018; Kimura et al., 

2017). In contrast to essential oils, the effects tend to be less extensive; however, less biomass 

must be processed to obtain such extracts. Furthermore, as high-concentrated essential oils 

provide lipophilic surroundings for active substances, the application of polar active substances 

is only possible by (hydrophilic) extraction, thus introducing a whole new group of active 

compounds. The specific characteristics observed in plant extracts can be utilized by 

incorporating them in food packaging materials to positively affect the packed food. Prominent 

examples for this approach are documented in Table 2.7. The studies using plant extracts show 

similar improvements in packaging characteristics to plant essential oils. Decreased water vapor 

permeability; enhanced moisture and oil resistance; improved mechanical properties; and 

enhanced antimicrobial, antioxidant, photoabsorbing, and UV-stability are reported. While it is 

challenging to directly compare the obtained data with each other due to a variety of tests and 

extraction methods used, most researchers claim a relevant potential exists for plant-based 

stabilizers in food packaging applications. Again, plant-based active packaging research is 

typically focused on biomasses that represents foodstuff. 
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Table 2.7 Spotlight literature for plant extracts used in the context of active food packaging. 

References 

Veiga-Santos et al. 
(2018) 

K. Wang et al. (2019) 

L. Wang et al. (2019) 

Ashrafi et al. (2018) 

Sogut & Seydim (2018) 

Piñeros-Hernandez et 
al. (2017) 

Mehdizadeh & Mojaddar 
Langroodi (2019) 

Mojaddar Langroodi et 
al. (2018) 

Rezaeigolestani et al. 
(2017) 

Abbreviations: Escherichia coli – E. coli; Pseudomonas aeruginosa – P. aeruginosa; Staphylococcus aureus – Staph. aureus; Listeria monocytogenes – 
L. monocytogenes. 

Results 

Synergistic antioxidant effect, decreased water vapour permeability, 
increased shelf life of palm oil 

Films showed better mechanical properties and inhibited bacterial 
growth of E. coli and P. aeruginosa for up to 6 days; successful tests 

with packaged salmon and bread 

Moisture and oil resistance are enhanced, both antioxidant and 
antimicrobial activities observed (E. coli, Staph. aureus) 

Decreased water vapor permeability and improved antioxidant, 
photoabsorbing, and antimicrobial effects (against E. coli and Staph. 

aureus); 3 days extended shelf life for packaged minced beef 

Enhanced antioxidant and antimicrobial activity (total mesophilic aerobic 
bacteria, coliforms, E. coli, L. monocytogenes, Staph. aureus and P. 

aeruginosa; shelf life extension of refrigerated, vacuum-packed chicken 
breast fillets) 

Significant antioxidant effect, increased UV-stability 

Antimicrobial effects measured for mesophilic total viable plate counts, 
lactic acid bacteria, psychotropic bacteria, and Pseudomonas; 

synergistic effects observed; lower microbial load on packaged chicken 

Antioxidant effects and prolonged shelf life on packaged meat observed; 
antimicrobial activity against different bacteria (e.g., Pseudomonas spp.) 

Increased shelf life of packaged sausages, antimicrobial effects against 
common food pathogens (Staph. aureus, E. coli, Vibrio 

parahaemolyticus, L. monocytogenes) 

Packaging Matrix 

Starch 

PCL and Chitosan 

Chitosan 

Chitosan 

Chitosan 

Starch 

Chitosan 

Chitosan 

PLA 

Biomass 

Coffee beans and de-
fatted cocoa beans 

Grapefruit seed extract 

Herba Lophatheri extract 

Kombucha tea extract 

Grape seed extract 

Rosemary extract 

Propolis extract and 
Zataria multiflora EO 

Sumac extract and 
Zataria multiflora EO 

Propolis extract and 
Zataria multiflora EO 
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2.5.3 Encapsulated plant essential oils 

Advanced methods use plant essential oils after encapsulation by a variety of different techniques, 

including formation of nanofibers, nanotubes, and nanoparticles (Rehman et al., 2020). This way, 

the essential oils are more resistant against thermal influences (Qiu et al., 2016; Rashed et al., 

2019; Wen et al., 2016). The incorporation of encapsulated essential oil typically also improves 

the mechanical properties of packaging materials (dos Santos Paglione et al., 2019; Mohsenabadi 

et al., 2018). Encapsulation furthermore facilitates gradual release of active ingredients, leading 

to a more durable protection of the packed foodstuff. Encapsulated essential oils are also under 

investigation in other fields and applications including bio-based insecticides and cleaning agents 

(Khoobdel et al., 2017; Werdin González et al., 2017). Recent studies utilizing the encapsulation 

of essential oils in the context of food packaging are presented in Table 2.8. The results confirm 

that encapsulated plant oils are able to improve water vapor permeability, transparency, and 

tensile strength as well as antioxidant and antimicrobial effects.  
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Table 2.8 Spotlight literature for encapsulated plant oils used in the context of active food packaging. 

References 

Lin, Mao, et al. (2019) 

Wen et al. (2016) 

Maestrello et al. (2017) 

Farshi et al. (2019) 

Karimirad et al. (2018) 

Z. Wu et al. (2019) 

Abbreviations: Essential Oil – EO; Listeria monocytogenes – L. monocytogenes; Staphylococcus aureus – Staph. aureus; Escherichia coli – E. coli; 
Aspergillus flavus – A. flavus; Pseudomonas aeruginosa – P. aeruginosa. 

Results 

Antioxidant and antimicrobial effect against L. 
monocytogenes observed e.g., on packaged beef, 

prolongation of shelf life possible 

Better antimicrobial effect against Staph. aureus and E. coli 
observed for encapsulated EO; encapsulation process is 

more suitable formulation method to maintain EO properties; 
shelf life of packaged pork was prolonged 

Successful incorporation of clove EO complexes; resulting in 
less transparent and flexible films, decreased elasticity, 

increased water vapor permeability 

Antimicrobial effect of encapsulated oil against Staph. 
aureus, E. coli, and A. flavus 

Significant antioxidant effect in packaged white button 
mushrooms observed, resulting in presumed shelf life 

prolongation 

Antioxidant properties observed during 7 days of storage 
with only about 30% of EO released from liposomes; 

antimicrobial effect against Staph. aureus and E. coli results 
in 6 days prolonged shelf life of packaged pork 

Encapsulation 

Details 

Chitosan nanofibers 

Nanofibers 

Inclusion complex 

Nanoemulsion 
(Whey protein, Guar 

gum) 

Chitosan 
nanoparticles 

Liposomes in 
Chitosan 

Packaging 

Matrix 

- 

PLA 

Alginate 

- 

- 

PE 

Biomass 

Chrysanthemum EO 

Cinnamon EO 

Clove EO 

Cumin seed oil 

Cuminum cyminum EO 

Laurel EO and silver 
nanoparticles 
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Table 2.8 Spotlight literature for encapsulated plant oils used in the context of active food packaging. (Continued) 

References 

Rashed et al. (2019) 

Qiu et al. (2016) 

Lin, Gu, & Cui (2019) 

Fraj et al. (2019) 

dos Santos Paglione et 
al. (2019) 

Mohsenabadi et al. 
(2018) 

Abbreviations: Essential Oil – EO; Listeria monocytogenes – L. monocytogenes; Staphylococcus aureus – Staph. aureus; Escherichia coli – E. coli; 
Aspergillus flavus – A. flavus; Pseudomonas aeruginosa – P. aeruginosa. 

Results 

Encapsulation enhanced thermal stability of EO; 
antibacterial effect is observed 

Enhanced stability of antioxidants against thermal influence 
after encapsulation; antimicrobial effects against E. coli and 

Staph. aureus are prolonged 

High antimicrobial activity of encapsulated Moringa oil 
against L. monocytogenes and Staph. aureus for 10 days 

without affecting the sensory properties of packaged cheese 

High retention of encapsulated Rosemary EO (determined 
via carvacrol content) observed, suitability for long-term 

delivery of carvacrol can be assumed 

Strong antioxidant and antimicrobial properties against E. 
coli and Staph. aureus; enhanced effects and mechanical 
properties with microencapsulated EO in contrast to free 

EOs 

Films with encapsulated EO show higher water vapor 
permeability, higher transparency, and tensile strength; 

immediate (free EO) and gradual (encapsulated EO) 
antimicrobial effects against Staph. aureus were observed 

Encapsulation 

Details 

Nanoemulsion 
(Whey protein) 

Starch nanoparticles 

Chitosan 
nanoparticles 

PCL nanocapsules 

Microencapsulation 
by ionic gelation 

Chitosan nanogel 

Packaging 

Matrix 

- 

 

Gelatin 
nanofibers 

- 

Soy protein 

Starch and 
CMC 

Biomass 

Lavandula angustofolia 
EO 

Menthone, Oregano, 
Cinnamon, Lavender 

and Citral EOs 

Moringa oil 

Oregano EO 

Oregano EO 

Rosemary EO 
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Table 2.8 Spotlight literature for encapsulated plant oils used in the context of active food packaging. (Continued) 

References 

Merino et al. (2019) 

Vafania et al. (2019) 

Lin, Zhu, & Cui (2018) 

Jang et al. (2017); Lee 
et al. (2017) 

Ardekani et al. (2019) 

Abbreviations: Essential Oil – EO; Listeria monocytogenes – L. monocytogenes; Staphylococcus aureus – Staph. aureus; Escherichia coli – E. coli; 
Aspergillus flavus – A. flavus; Pseudomonas aeruginosa – P. aeruginosa. 

Results 

Both free and encapsulated EO are effective against E. coli 
and L. monocytogenes; presumably due to controlled 
release, encapsulated EO showed lower antimicrobial 

efficacy compared to free EO 

Both free and encapsulated thyme EO has antioxidant and 
antimicrobial effects against Clostridium perfringens; tests 

show that such nanofibers could be used to substitute nitrite 
in meat products 

Antimicrobial effect against Campylobacter jejuni in 
packaged chicken observed 

Strong antibacterial activity against E. coli, mesophilic 
aerobic bacteria, molds, and yeasts for up to 10 days after 

encapsulation in Halloysite nanotubes 

Encapsulated Zataria multiflora EO completely inhibited 
growth of Staph. aureus, P. aeruginosa and Candida 

albicans for 24 hours; tested material is developed for use 
as wound dressing 

Encapsulation 

Details 

Zein nanoparticles 

Nanofibers 
(Chitosan, Gelatin) 

Nanofibers 

Halloysite nanotubes 

Nanofibers 
(Chitosan, PVA, 

Gelatin) 

Packaging 

Matrix 

- 

- 

Gelatin 

Ink (for paper 
packaging) 

PVA 

Biomass 

Thymbra capitata EO 

Thyme EO 

Thyme EO 

Thyme EO 

Zataria multiflora EO 
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2.6 Adoption potential of bio-based (active) packaging along the 

value chain 

Active packaging based on biopolymers are identified as the more sustainable alternative 

compared to conventional packaging. In addition, the integration of natural additives has positive 

effects on the quality and shelf life of the packaged product (Bos et al., 2010; Schumann & 

Schmid, 2018; van den Oever et al., 2017). However, in order to be successful in the market, this 

innovative concept needs to be adopted along the whole agricultural food value chain (Carraresi 

et al., 2018; Golembiewski et al., 2015). 

More specifically, farmers need to collect, process, and deliver raw materials such as annual 

plants (e.g., miscanthus) or residues from agricultural production (e.g., sugarcane bagasse) 

(Keegan et al., 2013). The packaging industry must adopt renewable resources as raw materials 

and might also need to adjust their production processes for the application of bio-based and/or 

biodegradable polymers as a packaging core matrix and to integrate natural additives into the 

packaging materials. Food companies need to be willing to pay more for the material to pack their 

products, and the consumer needs to accept the concept of bio-based active packaging 

(Theinsathid et al., 2011; Wensing et al., 2020). As the implementation of active packaging based 

on bio-based polymers entails several changes for farmers, industry, and consumers, the 

remaining section reviews extant studies exploring the adoption decisions of these value chain 

actors. 

Existing literature looking at the adoption behavior of farmers finds that these value chain actors 

are generally sceptical towards innovations related to the bioeconomy. Therefore, monetary 

incentives and assistance with the novel practices and processes might be necessary (Rossi & 

Hinrichs, 2011). In addition to farmers, food processing companies might also serve as the 

provider of by-products as raw materials to produce active bio-based packaging. However, there 

is currently a lack of research regarding the adoption decisions of managers in those companies. 

Today, a growing number of farmers are interested in adopting practices to valorize by-products 

(Wensing et al., 2019). Therefore, these farmers need to be targeted by policy initiatives and 

could then serve as opinion leaders to positively influence the adoption decisions’ of their 

communities (van Eck et al., 2011; Xiong et al., 2016). 

Focusing on industry representatives such as packaging producers and food companies, 

exploratory studies identify several factors driving their adoption decision. First of all, the market 

prices and the availability of renewable resources for the production of bio-based polymers and 

natural additives are relevant for the adoption decisions of packaging producers (Theinsathid et 

al., 2011). Moreover, relevant policy instruments need to be implemented to foster research and 

development of bio-based polymers with natural additives (e.g., subsidies) or even to ban 

conventional (multi-layer) plastics (Berg et al., 2018; European Commission, 2018; Theinsathid 
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et al., 2011). This would increase the competitiveness of bio-based and/or biodegradable 

packaging with conventional plastics (Theinsathid et al., 2011). However, even when policy 

instruments are in place, the level of consumer demand is the most important factor driving the 

adoption decision of industry representatives (Berg et al., 2018). 

Consumer studies indicate that the final actors in the value chain have both positive and negative 

associations with bio-based products. They may misunderstand the concept of `bio-based´ 

(Sijtsema et al., 2016; Sleenhoff et al., 2015; Stern et al., 2018). However, the majority of 

consumers seem to believe that sustainable packaging is important and useful (Petljak et al., 

2019). Moreover, results of two studies provide evidence that bio-based packaging seems to 

increase the preferences for the packaged product (Herbes et al., 2018; Koutsimanis et al., 2015). 

In fact, empirical results from a discrete choice experiment indicate that consumers are willing to 

pay a price premium for bio-based plastic packaging (Wensing et al., 2020). Considering the 

calculations by van den Oever et al. (2017), this price premium even covers the additional costs 

for bio-based and/or biodegradable plastics compared to conventional materials. Food companies 

could therefore switch to bioplastic packaging without expecting any lost profits (Wensing et al., 

2020). Moreover, especially those consumers with high levels of environmental awareness and 

innovativeness seem to prefer bio-based plastics over conventional plastic products (F. Klein et 

al., 2019; Scherer et al., 2017, 2018). Products packaged with bio-based materials thus need to 

be presented in retail locations which are preferred by this type of consumers such as organic 

stores (Wensing et al., 2020). However, as bio- and fossil-based plastic packaging are not easy 

to be distinguished by consumers, the packaging needs to be labelled accordingly (Rumm, 2016). 

After its use as packaging material, end-of-life solutions also need to be considered for active 

packaging derived from bio-based and/or biodegradable polymers from renewable resources 

(Wensing et al., 2020). Depending on consumers’ disposal behaviors, bio-based bioplastics can 

be decomposed given the right conditions (in case of biodegradable and/or compostable 

compounds) or the material can be used to generate renewable energy. Thus, it is very important 

that the disposal options are clearly communicated to the consumers (Müller et al., 2014). In fact, 

consumers are even willing to pay a price premium for biodegradable and recyclable packaging 

(Klaiman et al., 2016; Yue et al., 2010). 
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2.7 Conclusion 

Besides current political requirements that aim to improve sustainability aspects, the development 

and promotion of more sustainable materials have gained more importance due to consumer 

interests. As customers preferences shifted to high quality and safe products with enhanced shelf 

life, the development of various new trends in packaging systems has arisen. Research focuses 

on improving the characteristics of bio-based packaging materials, in particular mechanical, 

thermal, and physical properties. Although bio-based polymers provide significant opportunities 

in terms of sustainability and biocompatibility, their use in industrial applications is often restricted 

due to lower performance in fundamental packaging functions. Companies are faced with a 

challenge of alternatives offering higher costs, limited functionality, existing infrastructure, and 

inconsistent legislation. Furthermore, a lack of compatibility with conventional processing 

technologies has to be overcome. Food companies need to be willing to pay more for the material 

to pack their products and the consumer needs to accept the novel concept of (active) packaging. 

The proof-of-concept is shown by a few commercially available biopolymers with food applications 

such as PLA, PHAs, PEF, PBS, and thermoplastic cellulose or starch-based films. In the future, 

the market for sustained active packaging will certainly increase due to enhanced efforts and 

innovations in material development and processing technologies. 
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List of Abbreviations 

APET Amorphous poly(ethylene terephthalate) 

AZC Ammonium zirconium carbonate 

CA Cellulose acetate 

CAB Cellulose acetate butyrate 

CAP Cellulose acetate propionate 

CMC Carboxymethyl cellulose 

CoO.ZnO  Cobalt(II) oxide/zinc oxide 

EO Essential oil 

GHG Greenhouse gas 

HDPE High density poly(ethylene) 

HLCNC High lignin-containing cellulose nanocrystals  

HPMC Hydroxypropylmethyl cellulose 

LCA Life cycle analysis 

LDPE Low density poly(ethelene) 

PA Poly(amide) 

PBAT Poly(butylene adipate terephthalate) 

PBS Poly(butylene succinate) 

PCL Poly(caprolactone) 

PE Poly(ethylene) 

PHA Poly(hydroxyalkanoate) 

PHB  Poly(3-hydroxybutyrate)  

PEF Poly(ethylene furanoate) 

PET  Poly(ethylene terephthalate) 

PHBHHx Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)  

PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)  

PLA Poly(lactic acid) 

PP Poly(propylene) 

PS  Poly(styrene) 

PTT Poly(trimethylene terephthalate) 

PVA Poly(vinyl alcohol) 

PVC Poly(vinyl chloride) (PVC) 

SA Sodium alginate 

SAM Sustainable active microbiocidal (SAM) 

SiO2 Silicon dioxide 

TAIC Triallyl isocyanurate  

WVP Water vapor permeability 
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Glossary 

Active packaging Materials designed to deliberately incorporated components that 
would release or absorb substances into or from the packaged food 
or the environment surrounding the food. 

Bioactive Compound that has an effect on a living organism, tissue/cell. 

Bio-based Compound that is composed (in whole or in significant part) of 
biological products or renewable domestic agricultural or forestry 
materials (including plant, animal, and marine materials). 

Biodegradable Degradability achieved via microorganisms. 

Bioplastics Plastics that are either bio-based, biodegradable, or features both 
properties. 

Biopolymers Natural polymers produced by the cells of living organisms (e.g., 
forestry and agricultural crops, terrestrial and marine animals), 
examples are polysaccharides, proteins, and lignin. 

Compostable Compounds approved to be degradable by microorganisms at 
defined conditions (e.g., temperature, humidity, time). 

Edible packing  Compounds approved to be metabolized by humans. 

End-of-life options Including re-use, recycling, recovery, disposal, and others (such as 
littering, ingestion). 

European Green Deal Action plan to boost the efficient use of resources by moving to a 
clean, circular economy, restore biodiversity, and cut pollution. 

Fossil-based Compounds obtained from crude oil, natural gas, brown or hard 
coal. 

Renewable resource Resource which will replenish to replace the portion depleted by 
usage and consumption, either through natural reproduction or 
other recurring processes in a finite amount of time in a human time 
scale. 
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3.1 Abstract 

The quality loss and shelf life of cherry tomatoes stored in different types of commercially available 

bio-based packaging trays were analyzed and compared with the reference materials, corrugated 

cardboard and recycled polyethylene terephthalate (rPET). During storage under conditions 

reflecting points in a regional German supply chain, typical quality parameters were investigated. 

Surface bacterial counts of the packaging materials were investigated before and after storage, 

and material parameters were determined for selected packaging. 

The results showed that groundwood pulp and sugar cane trays showed higher preserving 

characteristics of tomatoes in comparison with the references. During storage, weight loss was 

highest for tomatoes stored in polylactic acid (PLA). The highest increase in microbial count with 

3.5 log10 units was observed after 20 days for tomatoes stored in packaging trays of bamboo. The 

lowest increase with 0.5 log10 units and 0.6 log10 units was recorded for tomatoes stored in 

packaging trays of groundwood pulp and grass paper, respectively. The results of the packaging 

parameters show the highest (411.0 N) and lowest (79.0 N) tensile strength for cellulose and 

groundwood pulp. The water absorption capacity ranged from < 10 g/m² (bamboo, cellulose) up 

to 211.2 g/m² (corrugated cardboard). 

3.2 Introduction 

The rate of quality loss and length of shelf life of fruits and vegetables is influenced by several 

parameters, such as initial contamination with spoilage organisms or pathogens, the growth rate 

of these microorganisms, respiration processes as well as speed of enzymatic, chemical, and 

physical reactions within the product depending on external factors like temperature, humidity, 

and packaging conditions (Ahvenainen, 1996; D’Aquino et al., 2016; Kreyenschmidt & Ibald, 

2012; Patrignani et al., 2016; Soliva-Fortuny & Martı́n-Belloso, 2003; Tripathi & Dubey, 2004). 

The main quality losses of tomatoes during storage are related to softening and decay incidence 

(Buendía−Moreno et al., 2020; Fagundes et al., 2014; Wei et al., 2018). 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 (Buendía−Moreno et al., 2020; Kalamaki et al., 

2012; Opara et al., 2012). Consequently, softening and decay incidence lead to postharvest 

economic losses (Buendía−Moreno et al., 2020; Fagundes et al., 2014; Opara & Mditshwa, 2013; 

Wei et al., 2018). 

However, postharvest losses are not only relevant from an economic point of view. There is also 

an increasing concern about the large quantities of food intended for human consumption that 

are wasted along the entire supply chain (Godfray et al., 2010). Food losses and waste have a 

significant impact not only on the use of natural resources for the product and packaging 

production and the environment, as food production and supply systems are counted as some of 
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the biggest contributors to climate change, but also on malnutrition and hunger in developing 

countries (Caldeira et al., 2019; Hounsou et al., 2022; Korte et al., 2021; Kummu et al., 2012; Qin 

& Horvath, 2022; United Nations, 2015). The environmental impact of producing the food itself is 

much higher than the (plastic) packaging. Thus, the overall negative environmental impact of food 

waste rises with every step in the supply chain, because of resources used and accumulation 

along the chain (Heller et al., 2019; Matthews et al., 2021; Scherhaufer et al., 2018). 

To reduce food loss and waste, selecting a suitable packaging material is essential (Dannehl et 

al., 2008; Korte et al., 2021; Wikström et al., 2019). In 2019, plastic was the dominant packaging 

material with 64 % of the packaging volume for fruits and vegetables. Paper, cardboard, and 

carton accounted for 31 % and other materials such as wood or cotton for 5 % in Germany 

(Naturschutzbund Deutschland (NABU) e.V., 2020). Aside from the main functions such as 

protection, communication, marketing, and convenience, an appropriate food packaging solution 

offers preservation, ensuring high quality, safety, and longer shelf life along the entire supply 

chain (Accorsi, 2019; Aggarwal & Langowski, 2020; Coelho et al., 2020; Kreyenschmidt et al., 

2013; Sharma & Ghoshal, 2018). This is achieved by slowing down microbial growth and reducing 

physicochemical spoilage reactions such as respiration rates influencing water loss 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 may lead to cross contamination and 

thereby affecting the shelf life of the product (Patrignani et al., 2016). Thus, an appropriate 

packaging can prevent 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). 

Since the application of single-use plastic packaging has grown significantly within the last 

decade, the development and promotion of more sustainable materials became key roles on 

political levels worldwide (European Commission, 2018; van Eygen et al., 2017). Moreover, there 

are increasing concerns in terms of the harm caused to the environment mainly during the 

manufacturing phase (i.e., oil refinery and material production), problematic end-of life strategies, 

and adverse effects on human health (Accorsi, 2019; Bertling et al., 2018; European Commission, 

2018; Umweltbundesamt, 2018). Despite these well-known negative effects, up to now, fossil-

based plastics are favored by the food industry because of their stability, lightweight nature, and 

low costs (Ellen MacArthur Foundation and McKinsey & Company, 2016; Matthews et al., 2021). 

New efforts are continuously being made to increase the sustainability of packaging materials 

such as applying bio-based and/or biodegradable materials as well as using easy recyclable 

materials as alternatives to existing fossil-based plastics (García-García et al., 2013; Korte et al., 

2021; Pro Carton, 2010; Rhim et al., 2007; Sharma & Ghoshal, 2018). The production of bio-
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based recyclable packaging and compostable biodegradable packaging is seen as an opportunity 

for the use of renewable resources, including biomass waste, as raw materials to produce 

(polymer) packaging materials (European Parliament and the Council of the European Union, 

2018). Up to now, a limited number of bio-based (polymer) packaging trays are commercially 

available as food packaging (Korte et al., 2021; Sharma & Ghoshal, 2018). There are also limited 

studies about the effect of these packaging solutions on the quality loss and shelf life in 

comparison with commonly used fossil- or wood-based materials. 

Thus, this study aims to investigate commercially available bio-based packaging trays and their 

influence on quality and shelf life of fresh cherry tomatoes and compare these with reference 

materials. During cold storage followed by ambient storage to reflect conditions typical for a 

regional German supply chain, typical quality parameters were investigated. To evaluate material 

properties, material parameters were determined for selected packaging, and surface bacterial 

counts of the packaging materials were investigated before an after storage. In this respect, 

polylactic acid (PLA) and materials from different fibers like wood, sugar cane, bamboo, cellulose, 

and grass were selected as bio-based materials to be used for storage of fresh cherry tomatoes. 

As reference materials, conventional corrugated cardboard and recycled polyethylene 

terephthalate (rPET) were used. 

3.3 Materials and methods 

3.3.1 Study design and sampling 

For the storage trials, fresh cherry tomatoes were delivered by a wholesaler (Bauer Funken 

GmbH, Kempen, Germany) to the laboratory of the University of Bonn. To ensure the 

standardization of the tests, the initial surface bacterial counts of the tomatoes were analyzed 

before the filling process. Approximately 20 fruits were randomly packed into each packaging tray 

(see tray dimensions in Table 3.1) to reach a weight of 250 ± 5 g. The filled packaging trays of all 

packaging materials were wrapped with low-density polyethylene (LDPE) foil of 25 µm thickness. 

The foil was heat sealed and perforated on the top 12 times with a thin needle (Ø 0.5 mm) to 

ensure aerobe conditions. The LDPE foil was used in combination with all tested packaging trays 

to avoid (cross) contamination of the tomatoes and to ensure standardized test conditions. 

Typically, in Germany, fresh cherry tomatoes are only packed in trays without foil or at least 

without additional equilibrium-modified atmosphere packaging. 

In each storage trial, 14 trays of tomatoes were prepared for each packaging material. The 

temperature and time scenario were defined to reflect specific points (central warehouse, 

commercialization, and household conditions) in a regional German supply chain (Pelka & 

Kreyenschmidt, 2013). For 3 days, the trays were stored under controlled temperature conditions 

in high-precision low-temperature incubators (Sanyo MIR 153, Sanyo Electric Co., Ora-Gun, 
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Gumma, Japan) at 12°C and for further 17 days in an open space at room temperature 

(approx. 18°C). During storage, the temperature conditions and the humidity levels were recorded 

continuously every 10 min by data loggers (Data Logger Testo SE & Co. KGaA, Lenzkirch, 

Germany). For temperature and relative humidity data, see Appendix Figure A.1 – A.4. 

Investigations were conducted over a storage period of 20 days with a parameter set comprising 

assessment of decay incidence (n=8) and weight loss (n=8), microbiological investigations (n=3) 

(total viable count (TVC), yeasts and molds), sensory evaluation (n=8) as well as instrumental 

color and texture measurements (n=20). Analyses were conducted at consecutive investigation 

points after 0, 3, 6, (10), 14, 17 and 20 days of storage, except microbial investigations that were 

only conducted at day 0 and 20. Packaging trays were analyzed for surface bacterial counts 

before (day 0) and after storage (day 20) of tomatoes. Selected packaging materials were also 

analyzed for typical material parameters related to stability like tensile strength, elongation at 

break, and water absorption capacity. 

3.3.2 Packaging characteristics and analyses of the packaging trays 

Different types of bio-based packaging trays were compared with a reference, conventional 

packaging materials such as corrugated cardboard and rPET. The packaging trays for this study 

were purchased from different manufacturers. Since bio-based packaging trays for tomatoes are 

rare on the market, packaging trays that were manufactured for different markets and a wide 

product portfolio were integrated in the study. Therefore, the form and volume of the trays differed 

depending on material and manufacturer. The packaging trays, their size and thickness are 

described in Table 3.1. 
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Table 3.1 Reference materials and bio-based packaging materials used for the study. 

Material Size (l x w x h) 
[cm] 

Thickness 
[µm]* 

Picture 

Reference materials 

Corrugated cardboard 21.0 x 7.4 x 2.5 1058.1 ± 4.7 

 

Recycled polyethylene 
terephthalate (rPET) 

13.5 x 9.0 x 4.5 NA 

 
Bio-based packaging materials 

Groundwood pulp 13.5 x 8.5 x 4.0 1233.8 ± 142.4 

 

Sugar cane 13.6 x 13.6 x 2.0 543.6 ± 22.0 

 

Bamboo (PLA coating inside 
because of its hydrophobic 
character) 

13.5 x 7.5 x 3.8 330.1 ± 3.4 

 

Cellulose (PLA coating inside 
because of its hydrophobic 
character) 

13.7 x 8.6 x 5.2 334.4 ± 22.3 

 

Grass paper 15.0 x 8.5 x 4.0 NA 

 

Polylactic acid (PLA) 16.0 x 8.5 x 6.0 NA 

 
* Measured according to DIN EN ISO 534:2011 with an universal thickness measuring device (Frank-
PTI GmbH, Birkenau, Germany). NA - Data not analyzed. 

To test the stability and thereby evaluate the protective function, the non-plastic packaging 

materials (corrugated cardboard, groundwood pulp, sugar cane fiber, bamboo fiber, and cellulose 

fiber) were analyzed, independent from the storage trials, for tensile strength, elongation at break, 

and water absorption capacity. Additionally, the surface bacterial counts were investigated before 

the storage trial (day 0) to assess a possible risk of cross contamination. The bacterial load of the 

packaging materials was also tested after the storage trials (day 20) to evaluate their potential of 
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taking up microorganisms that increase the spoilage potential of the tomatoes. These analyses 

were performed in triplicate on each packaging material before and after storage. 

3.3.3 Microbiological analysis of cherry tomatoes 

For the microbiological assessment of the tomatoes, 25 g of the tomato pericarp was transferred 

to a filtered sterile stomacher bag and filled up with 225 ml physiological saline tryptone diluent 

(0.85 %; Oxoid BR0053G, Cambridge, UK) adding 0.1 (m/v) % trypton (BHD Prolab VWR, 

Pennsylvania, USA). The samples were homogenized separately for 60 s in a Stomacher 400 

(Kleinfeld Labortechnik, Gehrden, Germany). Serial decimal dilution series of the homogenates 

(tomatoes) and solutions (packaging) were made using saline tryptone diluent. Two replicates 

were prepared for each appropriate dilution step. TVC was determined by pour plate technique 

(1 mL) on plate count agar (Merck, Darmstadt, Germany). The agar plates were incubated at 

30°C for 72 h. Yeasts and molds were detected by spread plate technique (0.1 mL) on Yeast 

extract glucose chloramphenicol agar (YGC) (Merck KGaA, Darmstadt, Germany), and plates 

were incubated at 25°C for 120 h. Counts of colony forming units (cfu) were calculated and 

expressed as log10 cfu/g. 

3.3.4 Sensory evaluation 

A sensory evaluation of the freshness of the tomatoes was carried out by a trained sensory panel 

(of at least three panellists). For the sensory evaluation, an evaluation scheme that included five 

product-specific attributes of the loss of freshness of tomatoes was used. Attributes were defined 

as color (C), decay incidence (DI), firmness (F), odor (O), and general appearance (GA). The 

attributes were evaluated based on a graded hedonic five-point scale (0-5): 0 being the highest 

quality and 5 being equal to “unacceptable”. A weighted sensory index (SI) was illustrated by 

matching different weighting factors to the various attributes. The weighted sensory index was 

calculated as a weighted average using equation 3.1 (Pelka & Kreyenschmidt, 2013): 

�� =
1 ∗ � + 2 ∗ 
� + 2 ∗ � + 1 ∗ � + 1 ∗ 
�

7
 (3.1) 

where C is the color, DI is the decay incidence, F is the firmness, O is the odor, and GA is the 

general appearance. 

The sensory acceptance, calculated as sensory index (SI), was plotted as a function of time, and 

fitted to a linear model. The acceptance level of sensory product quality was reached when the 

SI was 2.0 based on the evaluation of the sensory panel. 

  



3 Influence of different bio-based and conventional packaging trays on0 
the quality loss of fresh cherry tomatoes during distribution and storage 

106 Published in Packaging Technology and Science 

3.3.5 Assessment of weight loss and decay incidence 

The weight of filled tomato trays was measured using a balance with an accuracy of ± 0.1 g 

(Mettler-Toledo GmbH, Gießen, Germany). Weight loss percentage of tomatoes was calculated 

as the difference between initial weight of the trays with tomatoes and the corresponding weight 

at consecutive investigation points. 

The assessment of visual decay incidence focused on counting the number of rotten and infected 

tomatoes per packaging tray. Tomatoes were considered as infected if a visible lesion like 

damage, pressure mark, mold growth or any other sensory deficiency was observed. The number 

of fruits representing the decay incidence was expressed as percentage of rotten fruits related to 

overall fruit number. 

3.3.6 Color and texture measurements 

Color measurements were conducted on 20 tomatoes from each packaging material. To get a 

representative evaluation, tomatoes were randomly picked from three packaging trays of the 

specific packaging material. The surface color of the tomatoes was measured using a large view 

spectrophotometer (ColorFlex EZ 4500L, HunterLab, Murnau). The color measurement was 

conducted at a wavelength between 400 nm and 700 nm with a 45°/0° geometry. The CIE L*a*b* 

scale was used, measured with D65 illuminant (6500 K daylight). For the measurement, the 

tomatoes were placed in equatorial region on the glass surface of the measurement device. The 

CIE L*, a* and b* values were recorded, and the chroma (color saturation) as well as the hue 

angle were automatically calculated. As reported by López Camelo & Gómez (2004), the color 

difference (eq. 3.2) was selected and calculated as an appropriate value for evaluating the 

ripening stage of tomatoes: 

����� ���������� = ((�∗ − 50)" + (#∗ − 60)" + %∗")&.' (3.2) 

Additionally, the calculated chroma value, reflecting color purity or saturation of a single color, 

was used as indicator of consumer acceptance in case of completely ripe tomatoes (López 

Camelo & Gómez, 2004). Values measured on 20 tomatoes for each packaging material were 

averaged for each package. 

The firmness (texture) of the tomatoes was measured using a digital texture analyzer 

(TAXTPlusC, Stable Micro Systems, Godalming, United Kingdom) with a 100-N load cell. The 

firmness of the fruit flesh was calculated by the recorded compression force using a penetration 

test. For the measurement, the tomatoes were placed central under the measuring tool, a 

rounded, cylindrical stamp with a diameter of 5.5 mm. Test, pre-test, and post-test speeds were 

2 mm/s, 1 mm/s and 20 mm/s. The distance used was 15 mm of penetration depth of a whole 

tomato. The results were plotted as the needed force in N. 
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3.3.7 Surface bacterial counts of packaging materials 

For the determination of the surface bacterial counts of the packaging materials, three samples 

per packaging material were analyzed, each before and after use. For the microbiological 

analysis, a sample from the inner bottom of the packaging tray was cut to a size of 2.5 x 2.5 cm. 

The sample was transferred into a falcon tube which contained 20 mL of soybean-casein digest 

broth with lecithin polysorbate (Roth, Karlsruhe, Germany) and washed out by intensive mixing. 

The microbial count of TVC and yeasts and molds of the solution was determined and expressed 

as log10 cfu/cm². 

Three samples were analyzed for TVC and yeasts and molds on each investigation point. The 

number of colony-forming units is the average of the analyzed samples. 

3.3.8 Evaluation of material parameters 

Based on DIN EN ISO 1924-2:2008, tensile strength and elongation at break were determined. 

The analysis was conducted with a universal testing machine (Frank-PTI GmbH, Birkenau, 

Germany). The material sample was secured in the clamps and the device pulled on the sample 

at a steady speed. The maximum force (tensile strength in N) required to tear through the sample 

was recorded. Sample strips with a width of 15 mm were cut from the packaging material for 

analysis. Because of the given sizes of the packaging, the standardized test length (distance 

between the clamping clamps) had to be reduced from 180 mm to 70 mm. The testing device 

automatically calculated the elongation at break (%) of the material from the given parameters. 

An average value was calculated for each packaging material from 10 measured values. 

Water absorption capacity (g/m²) was measured based on DIN EN ISO 535 and Cobb60. Round 

samples with a diameter of 5.64 cm, corresponding to 25 cm², were cut out of the packaging 

materials. 25 mL of distilled water were pipetted into a 500-mL Erlenmeyer flask. The packaging 

sample was weighed (dry matter) and then placed on the opening of the Erlenmeyer flask. A Petri 

dish was pressed firmly upside down on the sample. The flask was then turned over creating an 

approximately 1-cm high water column on the sample. From this moment, the test time of 60 s 

started while the Petri dish was pressed continuously against the Erlenmeyer flask. After 45 s, 

the Erlenmeyer flask was turned over, the Petri dish removed, and the sample placed on blotting 

paper with the wet side down. After further 15 s, a second blotter paper was placed on the sample 

and rolled over the sample four times with the rolling pin. Then the sample was weighed again 

(wet weight). The water absorption capacity was calculated using equation 3.3: 
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� = ((( − 
)) ×
1000

+
(3.3) 

where A is the water absorption capacity in g/m², WW is the wet weight in g, DM is dry matter in 

g, and X is the surface area of the sample in cm². 

Calculated values were averaged for each packaging material. 

3.3.9 Data analysis 

The standard deviations were calculated for all analyzed parameters. The investigated 

parameters were analyzed for significant differences using the one-way ANOVA for k-samples 

according to Kruskal-Wallis for independent samples. A rejected null hypothesis was followed by 

a pairwise comparison to identify significant differences for selected parameters on different 

packaging materials. The significance level was defined as a p value ≤ 0.05. The given 

significance values are Bonferroni corrected. For description of data, bar and line charts were 

used. Data analysis was conducted with SPSS Statistics 27 (IBM Corp. 1989, 2020, New York, 

NY). 

3.4 Results 

3.4.1 Microbiological analysis of cherry tomatoes 

Figure 3.1 shows the development of TVC on tomatoes at the beginning and the end of the 

storage trials. Microbial proliferation differed between the tomatoes stored in the different tested 

packaging trays. At the beginning of the storage trials, TVC ranged between 3.0 ± 0.2 log10 cfu/g 

and 6.0 ± 0.7 log10 cfu/g. After 20 days of storage, TVC reached values between 

3.9 ± 0.2 log10 cfu/g and 8.8 ± 0.3 log10 cfu/g. The highest increase with 3.5 log10 units was 

observed for tomatoes stored in packaging trays of bamboo. The lowest increase with 

0.5 log10 units and 0.6 log10 units was recorded for tomatoes stored in packaging trays of 

groundwood pulp and grass paper, respectively. TVC of tomatoes stored in the reference 

packaging trays of corrugated cardboard and rPET increased by 1.5 log10 units and 

2.8 log10 units, respectively. 



3 Influence of different bio-based and conventional packaging trays on 

the quality loss of fresh cherry tomatoes during distribution and storage 

 Published in Packaging Technology and Science 109 

 
Figure 3.1 Total viable count on fresh cherry tomatoes packaged in reference materials (n=9) and 
different types of bio-based packaging trays (n=3) during storage. Abbreviations: PLA, polylactic 

acid; rPET, recycled polyethylene therephthalate. 

Figure 3.2 shows the growth of yeasts and molds on tomatoes at the beginning and the end of 

the storage trials. At the beginning of the storage trials, the load of yeasts and molds varied in a 

normal, typical range between 2.0 ± 0.0 log10 cfu/g and 4.5 ± 0.3 log10 cfu/g. After 20 days of 

storage, yeasts and molds reached values between 4.2 ± 0.1 log10 cfu/g and 7.0 ± 0.2 log10 cfu/g. 

The highest increase with 4.3 log10 units was observed for tomatoes stored in packaging trays of 

bamboo. The lowest increase with 1.1 log10 units was recorded for tomatoes stored in packaging 

trays of grass paper. The increase for tomatoes stored in the reference packaging trays was 

1.7 log10 units (corrugated cardboard) and 2.0 log10 units (rPET). 

 
Figure 3.2 Growth of yeasts and molds on fresh cherry tomatoes packaged in reference materials 
(n=9) and different types of bio-based packaging trays (n=3) during storage. Abbreviations: PLA, 

polylactic acid; rPET, recycled polyethylene therephthalate. 
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3.4.2 Sensory evaluation 

Different tested packaging trays had a varying strong influence on the sensory quality of tomatoes 

during storage (data not shown). Nevertheless, important sensory changes were observed 

especially for the attributes decay incidence, odor, and general appearance from day 0 to day 20. 

Figure 3.3 illustrates the changes in sensory index as a function of time. Tomatoes packaged in 

trays of groundwood pulp and sugar cane remained clearly below the acceptance level until the 

end of storage. These packaging trays preserved an acceptable sensory quality of tomatoes over 

the entire storage with values for decay incidence, general appearance, and odor below 1. The 

shortest shelf life with 11 days was observed for tomatoes packed in trays of cellulose because 

of the high scored attributes decay incidence, general appearance (both 4.0), and odor (3.7), 

respectively. Using the reference trays, corrugated cardboard and rPET, for storage of tomatoes, 

the shelf life reached 15 and 19 days, respectively. The shelf life of tomatoes stored in trays of 

bamboo, grass paper, and PLA reached values between 16 and 19 days. The slope of the linear 

model, expressing the speed of spoilage, reflects the difference between the shelf life. With values 

of 0.021 and 0.019 for groundwood pulp and sugar cane, the slope is well below the slope for all 

other materials, including the references, with values ranging between 0.085 and 0.117. The 

highest gradient factor of 0.165, confirming the shortest determined shelf life, was shown for 

cellulose. 

 
Figure 3.3 Sensory index of fresh cherry tomatoes packaged in reference materials (n=16) and 

different types of bio-based packaging trays (n=8) during storage. m – slope of linear model 
expressing speed of spoilage. Abbreviations: PLA, polylactic acid; rPET, recycled polyethylene 

therephthalate. 
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3.4.3 Assessment of weight loss and decay incidence 

Figure 3.4 indicates changes in weight loss of tomatoes during storage. The weight loss ranges 

between 1.1 % and 8.5 %. The highest weight loss was observed for tomatoes stored in trays of 

PLA (8.5 %) and grass paper (8.2 %), followed by trays of bamboo (6.0 %) and cellulose (5.6 %). 

Tomatoes stored in the reference trays, corrugated cardboard and rPET, showed a weight loss 

of 4.7 % and 5.8 %, respectively. Interestingly, the weight loss of tomatoes stored in trays of 

groundwood pulp and sugar cane showed an increase by 2.3 % and 0.7 % during the first 3 days 

of storage. At the end of storage, tomatoes packaged in trays of groundwood pulp and sugar cane 

reached the lowest weight loss with values of 1.1 % and 2.4 %, respectively. The weight loss in 

trays of groundwood pulp and sugar cane is significantly lower compared with that of the reference 

trays, corrugated cardboard and rPET (P ≤ 0.05). 

 
Figure 3.4 Weight loss of fresh cherry tomatoes packaged in reference materials (n=16) and 

different types of bio-based packaging trays (n=8) during storage. Abbreviations: PLA, polylactic 
acid; rPET, recycled polyethylene therephthalate. 

The decay incidence, measured by rotten and infected tomatoes, increased with storage time in 

all tested packaging trays (Figure 3.5). The initially determined decay incidence was minimal and 

varied between 0.5 % for tomatoes stored in the reference tray corrugated cardboard and 5.9 % 

for tomatoes packed in trays of sugar cane. The trend of decay incidence of tomatoes stored in 

the tested packaging trays is mostly comparable with the weight loss. At day 3, tomatoes stored 

in trays of rPET and PLA already showed noticeably high decay incidences with 38.9 % and 

56.7 %, while all other packaging trays were still below 15 %. On day 6, the decay incidence of 

tomatoes stored in trays of corrugated cardboard showed a rapid increase up to 41.4 %. At the 

end of storage, high decay incidences with 94.9 % and 95.4 % were recorded for tomatoes stored 
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in trays of rPET and cellulose. The highest decay incidence, with 100 %, was shown already at 

day 17 for tomatoes stored in trays of PLA. This confirms the findings in weight loss that was one 

of the highest for tomatoes stored in trays of PLA as well. The increase in decay incidence of 

tomatoes was negligible for trays of sugar cane and groundwood pulp and showed values of 

13.7 % and 17.9 %, respectively at the end of storage. These results are in accordance with the 

results of weight loss that remained also low for these packaging trays. For the packaging trays, 

groundwood pulp and sugar cane, significant differences (P ≤ 0.05) in decay incidence were 

recorded compared with all other tested packaging trays. The packaging trays of groundwood 

pulp and sugar cane showed lower values for decay incidence than the references, corrugated 

cardboard and rPET. The recorded decay incidences for the packaging trays of grass paper and 

bamboo are significantly lower (P ≤ 0.05) compared with the reference material rPET as well. 

 
Figure 3.5 Decay incidence of fresh cherry tomatoes packaged in reference materials (n=16) and 
different types of bio-based packaging trays (n=8) during storage. Abbreviations: PLA, polylactic 

acid; rPET, recycled polyethylene therephthalate. 

3.4.4 Color and texture measurements 

The measurements of color difference showed only slight differences over the entire storage 

period as well as between tomatoes stored in trays of different packaging materials (data not 

shown). Average color difference values ranged between 51.3 and 44.9. According to the USDA 

color standard, a color difference of around 50 already classifies tomatoes as red (full ripe) (López 

Camelo & Gómez, 2004). Additionally, chroma (indicator of consumer acceptance in case of 

completely ripe tomatoes) showed only slight differences during storage. At the beginning (day 0), 

chroma varied between 22.1 (rPET) and 24.5 (grass paper) and at the end of storage (day 20), 
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chroma ranged between 23.1 (groundwood pulp) and 26.0 (PLA). The recorded chroma values 

for bamboo (17.6) and cellulose (14.0) were noticeably lower than these values (data not shown). 

In this study, the recorded values for the firmness of the tomatoes varied over the entire storage 

period in all packaging trays, but no clear trend could be detected (data not shown). The recorded 

firmness ranged between 32.2 N and 17.1 N. High standard deviations were detected, which 

indicate natural occurring variations in fruit firmness. 

3.4.5 Surface bacterial counts of packaging materials 

Figure 3.6 displays the microbial load of TVC on the packaging trays studied before and after 

storage of tomatoes. TVC of unused packaging materials varied between 0.5 ± 0.0 log10 cfu/cm² 

(rPET and PLA) and 2.8 ± 0.1 log10 cfu/cm² (corrugated cardboard). After the storage trials, TVC 

reached values between 2.7 ± 0.5 log10 cfu/cm² and 6.8 ± 0.7 log10 cfu/cm². The highest increase, 

with 6.2 log10 units, was observed for PLA. The lowest increase, with 0.9 log10 units, was recorded 

for sugar cane. TVCs of the references corrugated cardboard and rPET increased by 

1.3 log10 units and 4.3 log10 units, respectively. 

 
Figure 3.6 Microbial load on reference materials (n=6) and different types of bio-based packaging 
trays (n=3) before and after storage of fresh cherry tomatoes. Abbreviations: PLA, polylactic acid; 

rPET, recycled polyethylene therephthalate. 

Figure 3.7 displays the microbial load of yeasts and molds on the packaging trays studied before 

and after storage of tomatoes. The initial load for yeasts and molds of unused packaging trays 

stayed below the detection limit for all tested packaging materials. After storage, for yeasts and 

molds values between 2.5 ± 0.8 log10 cfu/cm² and 6.1 ± 0.5 log10 cfu/cm² were reached. The 

highest increase with 4.6 log10 units was observed for cellulose. In addition, the reference rPET 

showed a comparatively high increase in yeasts and molds with 4.0 log10 units. The lowest 

increase with 1.0 log10 units was recorded for sugar cane. As the tomatoes stored in trays of rPET, 
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PLA, and cellulose were completely spoiled after storage, these packaging materials showed a 

comparable high microbial load with > 6.5 log10 cfu/cm². 

 
Figure 3.7 Growth of yeasts and molds on reference materials (n=6) and different types of bio-

based packaging trays (n=3) before and after storage of fresh cherry tomatoes. 

3.4.6 Evaluation of material parameters 

Since a mechanically stable packaging is essential for product protection during transport, it is 

important that packaging materials have appropriate material properties for their specific 

application. Table 3.2 shows the average values of tensile strength, elongation at break, and 

water absorption capacity. 

The highest tensile strength, with 411.0 N, was shown for cellulose, which is one of the thinnest 

materials, with a thickness of 334.4 µm. In contrast, the lowest tensile strength (79.0 N) was 

recorded for groundwood pulp, which was the thickest material (1233.8 µm). The highest 

measurements for elongation at break were recorded for corrugated cardboard (7.2 %). The 

values for sugar cane, bamboo, and cellulose varied between 4.2 % and 4.7 %. As shown for the 

tensile strength, groundwood pulp had the lowest elongation at break with 2.1 %. However, there 

was no correlation between thickness and tensile strength and elongation at break. 

The evaluation of the water absorption capacity of the different packaging materials showed that 

corrugated cardboard had by far the highest water absorption capacity, with 211.2 g/m². The value 

for sugar cane was lower by a factor of ten (22.4 g/m²) compared to the reference, corrugated 

cardboard. The water absorption capacity for bamboo and cellulose was even lower, with values 

< 10 g/m². A low water absorption capacity for the packaging materials cellulose and bamboo was 

estimated because of their inner coating with a PLA layer. The low water absorption capacity 

maintains a high relative humidity, but at the same time, it also favors the growth of yeasts and 

molds as shown for bamboo and cellulose (chapter 3.4.1). 
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Table 3.2 Averaged values of the packaging parameters peak force (n=10), elongation at break (n=10), 
and water absorption capacity (n=5) for different types of bio-based packaging materials and reference 
material. Lowercase letters donate significant differences (P ≤ 0.05) among the packaging materials for 
each parameter. 

Packaging material Tensile strength 

[N] 

Elongation at break 

[%] 

Water absorption capacity 

[g/m²] 

Corrugated cardboard 163.3 ± 3.9 ab 7.2 ± 0.5 abc 211.2 ± 59.3 
Groundwood pulp 79.0 ± 5.5 cde 2.1 ± 0.4 ade 33.6 ± 4.1 
Sugar cane 231.0 ± 16.4 cf 4.5 ± 0.5 bd 22.4 ± 6.0 
Bamboo 307.0 ± 11.8 ad 4.2 ± 0.2 c 5.6 ± 2.0 
Cellulose 411.0 ± 17.9 bef 4.7 ± 0.3 e 8.8 ± 5.9 

3.5 Discussion 

According to the data of this trial and stated by Alegbeleye et al. (2022), yeasts and molds are 

more important for spoilage of tomatoes than TVC. García-García et al. (2013) studied the 

influence of PLA-coated cardboard trays and uncoated cardboard trays (references), each 

wrapped with thin (20µ) and thick (70µ) LDPE films, on quality changes of tomatoes during 

30 days of storage at 20°C. The study showed bacterial counts remaining below 4 log10 cfu/g over 

a storage period of 30 days at 20°C, independent from the packaging material. This means that 

the packaging materials and storage conditions preserved microbial fruit quality of tomatoes until 

the end of storage (García-García et al., 2013). Contrary to our results, the authors concluded 

advantages in terms of extending the shelf life of fresh tomatoes packaged in PLA-lined cardboard 

trays compared to unlined cardboard trays. 

Since the focus of this study was the comparison of the influence of the packaging trays on quality 

changes of stored tomatoes, a standard LDPE foil was used in combination with all tested 

packaging trays to avoid (cross) contamination of the tomatoes and ensure standardized test 

conditions. Therefore, as observed in this study, it is expected that microbial growth among the 

tested packaging trays does not show any remarkable difference. 

Comparing the influence of bio-based packaging trays with the reference materials on the SI, the 

findings show that groundwood pulp and sugar cane preserved the tomatoes even better than the 

references, corrugated cardboard and rPET. Bamboo, cellulose, and PLA obtain comparable 

results with the reference materials. As these visually and organoleptically detected findings by 

the panel tests are in accordance with the results presented for microbiological results 

(chapter 3.4.1) and decay incidence (chapter 3.4.3), it is assumed that the packaging materials 

have no direct influence on sensory changes. 

According to Robertson (2013), a weight loss between 3 % and 10 % of the initial product weight 

leads to significant losses of freshness of fruits and vegetables. In addition, several authors stated 

that a weight loss of more than 5 % reduces the market value of fruits and vegetables (Almenar 
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et al., 2008; Koide & Shi, 2007). In the presented study, the weight loss stayed below these limits 

for tomatoes stored in trays of groundwood pulp and sugar cane over the entire storage period. 

In the study of García-García et al. (2013), the weight loss was reported to be < 3.5 % for all 

packaging combinations at the end of storage. In this study, such low weight losses at ambient 

storage temperature were only observed for tomatoes stored in trays of groundwood pulp and 

sugar cane. A possible explanation for the results of this study is that the weight loss is 

significantly influenced by the interaction of the relative humidity inside the packaging trays, the 

packaging material itself, and its form. It is assumed that the material and form have a direct 

influence on the exchange and alignment of surrounding conditions, which in turn affects 

processes of quality changes. In our study, this assumption is also confirmed by the determined 

water absorption capacity for the packaging materials groundwood pulp and sugar cane, 

materials with a much lower water absorption capacity compared with the reference corrugated 

cardboard (chapter 3.4.6). A lower water absorption capacity is normally related to a larger 

retention of water vapor inside the packaging resulting in lower weight loss. 

As widely reported, deterioration, physiological changes and other biochemical activities of 

tomatoes are primarily related to the storage temperature and consequently also the relative 

humidity (Al-Dairi et al., 2021; Arah et al., 2015; Majidi et al., 2014; Žnidarčič et al., 2010). Storage 

of tomato fruits at temperatures of about 20°C, with high relative humidity, is a crucial factor in 

slowing down many metabolic activities, thereby maintaining fruit quality appearance and 

avoiding the transpiration process and water loss in tomatoes during storage (Al-Dairi et al., 2021; 

Arah et al., 2015; Ayomide et al., 2019; Buendía−Moreno et al., 2019; Paull, 1999). Optimal values 

of relative humidity for tomatoes are within the range of 85 - 95 % (v/v) depending on the mature 

stage (Arah et al., 2015; Castro et al., 2005; Shewfelt, 1986; Žnidarčič et al., 2010). Especially, 

because of the water absorption capacity and water transmission rate of packaging materials, the 

surrounding conditions are directly influenced and thereby leading to undesirable quality changes 

like high weight losses affecting microbial growth, mainly noticeable through the growth of yeasts 

and molds. 

As decay incidence is strongly related to microbial infection of internal plant tissues, micro-cracks 

in tomatoes, which originate from the stem scar, are the main factor affecting decay incidence in 

tomatoes (Buendía−Moreno et al., 2019). A lower decay incidence in some packaging materials 

may be due to firmness retention of tomatoes. These findings are confirmed by several authors 

stating that a reduced softening (firmness) of tomatoes is related to a lower decay incidence 

during storage (Buendía−Moreno et al., 2020; Wei et al., 2018). Preserving plant cell structures 

with even and smooth packaging trays leads to reduced decay incidence such as pressure marks 

and micro-cracks and thereby microbial infection of internal tissues is avoided (Buendía−Moreno 

et al., 2019). The influence of external physical activity or vibration during transportation was 
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supposed to be negligible since packaging trays are boxed in a secondary packaging that adds 

further layer of protection and absorbs vibration. Even if differences in material properties were 

shown, the tested packaging trays exhibit comparable mechanical properties (e.g., 

strength/hardness), and neither protective inlets nor flexible packaging (e.g., paper bag) were 

used. However, the current study aimed at a basic research on the general suitability of such 

trays. Further studies have to be conducted under practical conditions to evaluate the influence 

of other factors such as vibration during transportation. 

In general, next to other factors, the percentage of decay incidence elevates with maturity as well 

as irrespective of maturity stages by storage time (Diaz-Perez et al., 2000; Moneruzzaman et al., 

2009). Several authors stated decay incidence levels similar to those found in this study. 

Moneruzzaman et al. (2009) reported a total rotting percent of full ripen tomatoes of 8.19 % after 

3 days of storage. The decay incidence then raised to 74.68 % after 15 days of storage 

(Moneruzzaman et al., 2009). As non-adequate levels of O2 and CO2 as well as water vapor 

accumulation within the packaging can lead to an increased decay (Akbudak et al., 2012; Linke 

& Geyer, 2003), differences in decay incidence, as previously demonstrated, are related to the 

packaging tray themselves and their form having a direct influence on the exchange and 

alignment of surrounding conditions. In addition to the material properties themselves (e.g., 

moisture absorption capacity), several factors (e.g., the way the tomatoes are stacked in the 

packaging, the height of the packaging sides, and holes in the bottom) can influence the air 

exchange and air circulation, thus having a direct influence on overall quality changes of the 

stored tomatoes. 

The tomatoes analyzed in this study showed almost full ripening at the beginning of the storage 

trials. According to López Camelo & Gómez (2004), chroma for tomatoes in (visual) red color 

stage was analyzed to be 29.9. Even if the results of this study are not in this range, the analyzed 

values are comparable among themselves. Therefore, no conclusion can be drawn about the 

influence of the tested packaging trays on tomato color change during ripening and even in the 

ripening state. The low color saturation at the end of storage for tomatoes stored in trays of 

bamboo and cellulose indicates color changes due to the onset of rotting processes, which were 

also shown by the assessment of decay incidence and the microbial growth of the tomatoes. 

Buendía−Moreno et al. (2019) showed that no differences in tomato color changes occurred 

during storage between PE and cardboard trays. In the study of García-García et al. (2013), the 

peak of ripeness was reached after a storage period of two weeks. Especially during ripening, the 

used packaging material influences color changes. Advantageous storage characteristics of 

tomatoes are attributed to PLA-coated cardboard trays compared with uncoated trays because 

of the fact that a PLA coating significantly influences the value of the color parameter a/b by 
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absorbing parts of the ethylene and thereby contributing to a delayed maturation (García-García 

et al., 2013). 

Fruit firmness is an indicator of product freshness (Aurand et al., 2012). The texture of fruits 

changes immediately after harvest, during ripening and storage because of molecular and 

biochemical processes causing breakdown and deterioration of membrane and cell structure, cell 

wall composition and intracellular materials. The softening occurs in relation to turgor loss and 

enzyme-controlled cell wall loosening (Aurand et al., 2012; Bertin & Génard, 2018; 

Buendía−Moreno et al., 2019; Fagundes et al., 2015; Page et al., 2010; Rao et al., 2011). 

Several authors stated that firmness of stored tomato progressively decreased during storage at 

22°C resulting from moisture content loss and activation of enzymes that can degrade the cell 

wall of tomatoes (Al-Dairi et al., 2021; Tigist et al., 2013). Domínguez et al. (2016) attributed a 

slowed down process of ripening to the (modified) atmosphere and the high humidity inside 

packages decreasing the activity of enzymes involved in the cell wall degradation. 

Buendía−Moreno et al. (2019) reported no difference in product firmness between tomatoes 

packed in tray materials such as PE and cardboard after 24 days at 8°C. In a comparable study, 

García-García et al. (2013) demonstrated that the firmness of cherry tomatoes packaged in PLA-

coated trays was better preserved compared with uncoated ones because of the positive effect 

of low concentrations of ethylene and water vapor on the firmness and other quality parameters 

of tomatoes during storage. 

It was expected that an increase in decay incidence results in a decrease of firmness because of 

enzymatic-induced changes in cell wall structure. Therefore, well-preserved plant cell structures 

are required to avoid microbial infection of internal tissues reducing decay. However, as proven 

through color measurement, the investigated tomatoes in this study were already in a full ripened 

stage. This, in turn, makes it difficult to draw a concluding remark about the influence of the 

packaging on firmness at this final stage of ripening. 

The microbial characteristics of the packaging materials were strongly related to the spoilage rate 

of the packaged tomatoes. The increase in yeasts and molds until the end of storage depends on 

the spoilage of the packaged tomatoes and on the material structure and the possibility for 

bacteria to grow on it. Therefore, the trend in increase of yeasts and molds on packaging materials 

from start to end of storage was comparable to the changes in TVC. Differences were found for 

the packaging materials PLA and bamboo. For PLA, the load of yeasts and molds was 

comparable with the value for the reference, corrugated cardboard. The values for bamboo even 

remained below. 

Even if the clean and unused packaging materials were slightly contaminated with 

microorganisms due to their nature and production process, this contamination was lower than 
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the microbial load of the tomatoes. However, there is a potential for cross contamination between 

packaging material and packaged product and vice versa. High initial microbial loads bear the 

potential of cross contamination with the packaged tomatoes, spreading bacteria and thereby 

accelerate spoilage of the packaged product upon storage. Considering this fact, sustainable and 

bio-based packaging materials are suitable in the same way as the reference materials for the 

storage of tomatoes. It can be assumed that the packaging materials fulfill the requirement of 

EU regulation No. 543/2011, which demands that packaging protects the product, and that the 

inner surfaces of the packaging are clean and designed in a way that considering the product, no 

changes are generated (European Commission, 2011). 

While mechanical material properties provide stability and thus guarantee product protection 

during transport, the water absorption capacity also influences product quality parameters (e.g., 

weight loss) due to the influence on environmental conditions. The crucial factor is that natural 

fibers contain hydrophilic constituents, such as cellulose and hemicellulose, and are therefore 

prone to high humidity and moisture (Asim et al., 2017; Chen et al., 2018; Nor Arman et al., 2021). 

High water absorption capacities lead to swelling of natural fibers, and the absorbed water 

molecules will affect the normal matrix interactions and stimulate bacterial growth directly 

influencing product quality (Khalid et al., 2008; Nor Arman et al., 2021; Robledo-Ortíz et al., 2020). 

However, the actual water absorption is determined by several internal and external factors. The 

internal factors mainly comprise of the fiber’s inherent characteristics, such as fiber orientation, 

porosity, and area of exposed surfaces. Among the external factors, humidity and temperature of 

soaking medium and surface protection are of importance (Dittrich et al., 2014; Jawaid & Abdul 

Khalil, 2011; Nor Arman et al., 2021; Ramlee et al., 2019). Hence, different materials naturally 

absorb moisture differently. The results shown for the water absorption capacity of the bio-based 

materials are in line with the weight loss described (chapter 3.4.3). 

For example, the weight loss of tomatoes packaged in the reference trays of corrugated cardboard 

(which shows the highest determined water absorption capacity) is higher compared with 

materials such as groundwood pulp and sugar cane (whose water absorption capacity is in the 

range of one-tenth that of corrugated cardboard). However, it also shows that, despite coating 

achieving lower water absorption capacity than cellulose and bamboo, other factors have a great 

influence as well. As shown for decay incidence (chapter 3.4.3), several factors influence the 

quality changes of the stored tomatoes. In general, Buendía−Moreno et al. (2019) attributed a 

higher weight loss of tomatoes stored in uncoated cardboard trays compared to polyethylene 

trays to the water absorption properties of the cardboard itself. 

In general, the recorded packaging parameters showed that, in most cases, bio-based packaging 

materials are preferable compared with the reference, corrugated cardboard, as they are lighter 

and thinner, resist a higher tensile strength, and exhibit low values for water absorption capacity. 
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During storage, these values are favorable because of stability and resistance during 

transportation. 

3.6 Conclusion 

Quality loss and shelf life of cherry tomatoes are mostly affected by storage temperature, gas 

concentrations, and relative humidity inside the packages. In practical conditions, both the 

material and the size of the trays have an impact on quality changes and shelf life of fresh cherry 

tomatoes and, thus, on the amount of food waste. Considering the totality of the examined 

parameters, tomatoes stored in groundwood pulp and sugar cane showed consistently good 

results with only minor quality changes during storage. These materials, at least, partly contribute 

to a better-preserved quality of the stored tomatoes compared with the references, corrugated 

cardboard and rPET. PLA and grass paper, on the other hand, showed strong and premature 

quality changes on the stored tomatoes, which is why these materials are not recommended for 

tomato packaging. It remains to be clarified whether packaging solutions made of innovative 

materials can guarantee the quality and safety of food in practical application and, thus, represent 

packaging that is equivalent to wood-based packaging. 
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4.1 Abstract 

The industrial packaging of meat products is an important process factor to preserve high quality 

and prolong shelf life by reducing microbial growth, lipid oxidation, and enzymatic autolysis. 

Currently, legislation and regulations are forcing companies to eliminate or reduce the use of 

(conventional fossil-based plastic) packaging. 

This case study in the German meat industry was designed to ascertain the effectiveness of four 

innovative packaging materials, differing in foil thickness and composition, to preserve the quality 

of MA-packed emulsion-type sausages during its shelf life compared to a conventional control 

packaging (multi-layer APET/PE 300µ/62µ). During storage, different product parameters and the 

atmosphere inside the packages were investigated to analyze the effect on product quality and 

shelf life. 

Except for one plastic-reduced multi-layer APET/PE 250µ/47µ, all materials showed significantly 

higher values for defect packages and gas permeability compared to the control. The decline in 

product quality varied between the materials showing no correlation between microbial spoilage 

and a decrease in product quality for emulsion-type sausages in the tested materials in 

comparison to the control. Besides the control, the multi-layer APET/PE 230µ/62µ was most 

effective in keeping the quality of MA-packed emulsion-type sausages and preserved an 

acceptable product quality during its shelf life. 

4.2 Introduction 

Plastic, with its multiple functions and durability, is an ubiquitous material in our economy. The 

development and promotion of more sustainable materials and strategies get increasing attention 

on social and political levels in the EU, leading to the launch of the “European Strategy for Plastics 

in a Circular Economy” in 2018 (European Commission, 2018). To reduce environmental impacts, 

all plastic packaging placed on the EU market must be completely reusable and/or recyclable by 

2030 (European Commission, 2018). The multi-layer structure makes plastic one of the most 

complex material mixtures from a recycling perspective (Ragaert et al., 2017). Hence, from an 

environmental, sustainable, and biocompatible perspective, especially the use of multi-layered 

packaging materials must be reduced. 

Based on their chemical and technical properties, the large group of multi-layer materials is 

suitable throughout the food industry due to their adjustability to the diverse requirements of 

different food groups offering effective packaging solutions to increase safety, quality, shelf life 

and thus to reduce food waste (Ellen MacArthur Foundation and McKinsey & Company, 2016; 

Faraca and Astrup, 2019; Kreyenschmidt et al., 2013; Matthews et al., 2021; Soro et al., 2021). 

Therefore, food packaging is of high importance concerning sustainable and resource protecting 

food production (European Commission, 2020; United Nations, 2020). 
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Especially the gas and water vapor permeability of the packaging material is of high relevance for 

meat and meat products (Barlow & Morgan, 2013; Matthews et al., 2021; Sharma & Ghoshal, 

2018). As meat consists of a highly concentrated matrix of proteins, moisture, and fats, a 

combined effect of microbial and endogenous enzymes, such as proteases and lipases, causes 

food deterioration and promoting lipid as well as protein oxidation (Bekhit et al., 2021; Comi, 

2016). To reduce the reaction rate of these processes, the barrier against oxygen is a key factor 

(Barlow & Morgan, 2013; Herbert et al., 2013). Ethylene vinyl alcohol (EVOH) copolymers are 

widely used as high barrier layers in multi-layer packaging materials due to their very low 

permeability of gases (like O2 and CO2) and organic vapors (Gavara et al., 2016; López-Rubio, 

2011). Therefore, materials for modified atmosphere packaging (MAP) of meat, consisting of a 

sealed two-component lid/tray system typically comprising multiple joined material layers, 

comprise low-density polyethylene (PE-LD), linear low-density polyethylene (PE-LLD), polyamide 

(PA), polypropylene (PP), EVOH and polyethylene terephthalate (PET) (Barukčić et al., 2020; 

Kargwal et al., 2020; Seier et al., 2022; Walker et al., 2020). 

Essential packaging functionalities, such as mechanical stability and barrier function against gas 

diffusion, depend on the material itself and the integrity of the packaging. Maintaining the modified 

atmosphere by hindering gas diffusion through the material and damage from external forces like 

puncture, tearing is of most importance (Chen et al., 2020; Rossaint et al., 2014; Seier et al., 

2022). Small leaks affect the gas barrier properties causing an accelerated oxygen, water vapor, 

and flavor transfer off the packaging leading to a shortened shelf life of gas- or flavor-sensitive 

products. Furthermore, small leaks in food packaging can lead to microbial penetration (Chung 

et al., 2003). 

There are different strategies to develop more sustainable packaging solutions which still offer 

the necessary moisture or oxygen barriers to preserve the product quality and to reduce the 

environmental impact of the packaging itself: reducing packaging materials by decreasing the 

thickness, reducing the number of layers, using easily recyclable materials or recycled materials, 

e.g., rPET, applying paper composite, bio-based and/or biodegradable materials (Pro Carton, 

2010; Soro et al., 2021; Teck Kim et al., 2014). Reducing the environmental impact of the 

packaging material for meat can be best achieved by the minimization of used fossil-based 

materials such as thinner layers and paper composite materials that retain mechanical and barrier 

properties rather than emphasizing end-of-life issues like recycling or disposal (Barlow & Morgan, 

2013). Furthermore, the material properties of simple mono-layer materials can be improved by 

the design of the packaging itself or by using active packaging solutions (Schumann & Schmid, 

2018; Soro et al., 2021; Yildirim et al., 2018). Currently, there are no competitive alternatives that 

offer the same level of protection as multi-layer plastic packaging, especially for fresh products 

like meat (Matthews et al., 2021). Innovations in food packaging still need to fulfill the requirement 

(Matthews et al., 2021) to reduce food waste by maintaining the shelf life, quality and safety while 
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minimizing packaging waste (Molina-Besch et al., 2019; Wikström et al., 2019; Williams & 

Wikström, 2011). However, investigations about the effects of new packaging on organoleptic and 

microbial quality, and the shelf life of meat products are rare. 

The case study was aimed to investigate the effect of four possible substitutions (test materials) 

of conventional multi-layered amorphous polyethylene terephthalate/polyethylene (APET/PE) 

(control) on the quality loss of emulsion-type sausages in order to reduce packaging and food 

waste. Multi-layer foils variing in foil thickness, a mono-layer foil, and an innovative paper-

polyethylene compound (Paper-PE) were tested. 

4.3 Materials and methods 

4.3.1 Product and packaging samples 

Three types of emulsion-type sausage were investigated: Pure emulsion-type sausage 

(Mortadella), ham sausage (Bierschinken), and mushroom ham sausage (Champignon-

Schinkenwurst). The detailed ingredients and nutritional information, as supplied by the 

manufacturer, are listed in Table 4.1. All product types were sliced and packaged in packaging 

materials differing in foil thickness using an oxygen-free modified atmosphere with a gas mixture 

of 30 % CO2 and 70 % N2, a typical gas composition used for meat products in Germany. The 

given shelf life of the products was 28 days. 

Table 4.1 Composition and nutritional information as supplied by the manufacturer for the three investigated 
types of emulsion-type sausage. 

 Emulsion-
type sausage 
(Mortadella) 

Ham sausage 
(Bierschinken) 

Mushroom ham sausage 
(Champignon-Schinkenwurst) 

Product code M B C 
Ingredients 

Main 85 % pork meat 88 % pork meat 
61 % pork meat; 20 % 

mushrooms 
Minor 
(same ingredients 
present in all of the 
products) 

Drinking Water; salt; spices; spices extracts; dextrose; glucose syrup; acidity 
regulator: sodium citrate; stabilizer: diphosphate; antioxidants: ascorbic acid, 

sodium ascorbate; preservative: sodium nitrite. 

Nutritions [%] 

Fat 20 10 24 
Carbohydrates 1 1 1 
Protein 14.0 16.8 9.7 
Salt 2.50 2.30 2.25 

The selection of packaging materials, as well as upper and under foil combinations, was 

performed by the meat processing company in cooperation with the University of Bonn. Therefore, 

this study was designed and conducted as a case study. In total, the case study covered the 

investigation of an APET/PE multi-layer ((C) APET/PE 300µ/62µ) as control and four material 

combinations: two multi-layer foils with reduced foil thickness ((1) APET/PE 250µ/47µ and (2) 

APET/PE 230µ/62µ), one mono-layer foil ((3) Mono APET 200µ/52µ) and one paper-
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polyethylene compound ((4) Paper-PE/62µ). The characteristic material properties (thickness and 

permeabilities), based on the packaging specifications provided by the packaging suppliers, are 

shown separately for upper and under foil in Table 4.2. 

Table 4.2 Overview of packaging materials used for storage trials with material characteristics. 

Material code Material/layers (outside to inside) 
Thickness 

[µm] 

Permeability 

O2 

[cm³/m²/d] 
Water vapor 

[g/m²/d] 

Upper foil  

PET 62 
(Control) 

PET-print-k/PE-hv-PA-EVOH-PA-hv-PE 62 2.5** 1.2*** 

PET 47 PET-print-k-PE-hv-PA-EVOH-PA-hv-PE 47 2.5** 1.2*** 
Mono 52 OPET-AD-PE-EVOH-PEEL on PET 52 <3.0** <9.4**** 

Under foil  

APET 300 
(Control) 

APET/PE-EVOH-PE PEEL 300 <3.0** <9.0*** 

APET 250 APET/PE-EVOH-PE PEEL 250 <3.0** <9.5*** 
APET 230 APET/PE-EVOH-PE PEEL 230 <3.0** <9.5*** 

Mono 200 APET-APET BARRIER-APET 200 <1.0** <9.5**** 
Paper-PE 
compound 

Paper-polyethylene with oxygen barrier 
(EVOH) 

400* <3.0***** <8.0**** 

*Grammage (326 g/cm²) 
**23°C, 0 % RH; ***23°C, 85 % RH; ****38°C, 90 % RH; *****23°C, 50 % RH 

4.3.2 Study design and sampling 

The products were produced and MA-packaged in a German meat processing factory and 

transported to the laboratory in a cooling truck under temperature-controlled conditions. The 

products arrived at the laboratory within 48 h after production. Packages were stored under 

temperature-controlled conditions at 7°C, which is the recommended storage temperature of the 

manufacturer, for 45 days in high-precision low-temperature incubators (Sanyo MIR 153, Sanyo 

Electric Co., Ora-Gun, Gumma, Japan). During the experiments, data loggers (Testo, Escort 

Junior; ESCORT JUNIOR Internal Temperature Data Logger, Escort, Auckland, New Zealand) 

recorded the storage temperatures every 10 min. A total of 349 pork sausage packages were 

tested in five storage trials to assess the development of quality parameters. Tests were 

conducted at appropriate time intervals over a storage period of 45 days. The analyzed 

parameters included measurements of the modified gas atmosphere inside the packages, 

microbiological investigations, and the color of the product, which was instrumentally measured. 

Tests were conducted on days 3, 7, 14, 21, 28, 31, 39, and 45 of storage. The number of samples 

for the different quality parameters are outlined in Table 4.3. 
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Table 4.3 Experimental design of the conducted analyses for quality parameters and the relevant total 
number of analyzed samples. 

 
Product 

Code 

Total Number of Analyzed Samples [n] 

Gas 
Atmosphere 

Microbiological 
Analysis 

Color 

Multi-layer  

(Control) APET/PE 300µ/62µ M/B/C 73 73 30 
(1) APET/PE 250µ/47µ M/B 94 59 35 
(2) APET/PE 230µ/62µ M 60 31 30 

Mono-layer  

(3) Mono APET 200µ/52µ M/B 55 55 31 
Paper-PE compound  

(4) Paper-PE/62µ M/B/C 67 67 24 

4.3.3 Gas barrier properties of the packaging materials 

Concentrations of oxygen (O2) and carbon dioxide (CO2) inside the trays were monitored over the 

storage period with a handheld gas analyzer with an accuracy of ± 0.1 % O2 and ± 2 % CO2 

(Oxybaby V O2/CO2, WITT-Gasetechnik GmbH & Co KG, Witten, Germany). The headspace in 

the packages was sampled with a syringe needle, and per measurement 10 mL of headspace 

gas was withdrawn through a self-adhesive sealing pad on the package. The gas volume was 

absorbed in 15 s, and the O2 concentration was detected by an electrochemical sensor. The gas 

analyzer uses infrared (IR)-absorption to detect the CO2 concentration. Gas concentrations are 

given as volume percentages of the total packaging atmosphere. Every single package was 

measured three times at the same puncture spot, and the mean value was calculated. According 

to the producer, packages with an O2 concentration above 0.5 % are considered as damaged or 

inappropriate. The value of 0.5 % is the technical limit which is attributed to the accuracy of the 

machines. A variation below this limit is within the scope. 

4.3.4 Microbiological analysis 

For microbiological analysis, mixed product samples of 25 g were cut from three meat sausage 

slices aseptically using a sterile scalpel. Samples were transferred to a filtered sterile stomacher 

bag and filled up with 225 mL saline tryptone diluent (0.85 % NaCl-saline-tablets (Oxoid 

BR0053G, Cambridge, UK) with 0.1 (m/v) % tryptone (VWR, Leuven, Belgium)). The samples 

were homogenized separately for 60 s in a Stomacher 400 (Kleinfeld Labortechnik, Gehrden, 

Germany). Decimal serial dilutions of the homogenates were made using saline tryptone diluent. 

Appropriate dilutions of the homogenates were investigated for the natural flora (total viable count 

(TVC), yeasts and molds, lactic acid bacteria (LAB), and Enterobacteriaceae). TVC was 

determined by pour plate technique (1 mL) on plate count agar (Merck, Darmstadt, Germany). 

The agar plates were incubated at 30°C for 72 h. Yeasts and molds were detected by spread 

plate technique (0.1 mL) on Yeast extract glucose chloramphenicol agar (Merck, Darmstadt, 

Germany), and plates were incubated at 25°C for 120 h. LAB were determined by pour plating 

(1 mL) on de Man, Rogosa, Sharpe agar (Merck, Darmstadt, Germany), then agar plates were 
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incubated aerobically at 37°C for 72 h. Enterobacteriaceae were identified by overlay treatment 

(1 mL) on violet red bile dextrose agar (Merck, Darmstadt, Germany) by incubating the agar plates 

at 37°C for 24 h. Each sample was analyzed and enumerated in duplicate. Counts of colony-

forming units (cfu) were expressed as log10 cfu/g for each medium and sample. 

4.3.5 Color measurements 

The color of the pure emulsion-type sausage was measured using a large view 

spectrophotometer (ColorFlex EZ 4500L, HunterLab, Murnau, Germany). The color measurement 

was conducted at a wavelength between 400 nm and 700 nm and with a 45°/0° geometry. The 

CIE 1976 L*a*b* scale was used (international standard, internal company software); measured 

with D65 illuminant (6500 K daylight). For the measurement, the emulsion-type sausage slices 

were placed on the glass surface of the measurement device. The color of three slices per 

package was measured and a mean value was calculated for each package (=sampling point). 

4.3.6 Data analysis and statistics 

Since the criteria for normal distribution and homoscedasticity were not met by most of the 

parameters, non-parametric testing was selected for all statistical analyses. Differences between 

the packaging materials were analyzed with the Kruskal-Wallis-Test. The significance level was 

defined as P ≤ 0.05. The given significance values are Bonferroni corrected. Box plots were used 

for describing the data, and the median was applied to compare the results due to its characteristic 

of not being biased by extreme values or outliers. Data analysis was conducted with SPSS 

Statistics 27 (IBM Corp. 1989, 2020, New York, USA). The microbial growth data were fitted using 

the software ORIGIN 8.0G (OriginLab Corporation, Northampton, MA, USA). 

The total viable count was used as a parameter for the determination of microbial shelf life, here 

exemplified by one selected product of emulsion-type sausage (Mortadella). When TVC reached 

a level of 6.7 log10 cfu/g, the product was considered spoiled according to the microbiological 

standard and warning values for food (German Society for Hygiene and Microbiology (DGHM) 

e.V.). 
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4.4 Results 

The measured gas atmosphere inside the packaging was analyzed for significant differences 

between the different types of emulsion-type sausage to exclude any influence of different product 

compositions. It was shown that the product itself does not have an influence (data not shown). 

Thus, all analyses only differentiate between the packaging material (independent of the type of 

product). 

4.4.1 Gas barrier properties of the packaging materials 

The measurements of the O2 concentration inside the packages, monitored over the entire 

storage period, showed a high variation between the different packaging materials (Figure 4.1). 

No significant difference in the O2 concentration was detected between the control and the multi-

layer APET/PE 250µ/47µ. Whereas significant differences were shown between the control and 

the multi-layer APET/PE 230µ/62µ (P < 0.001), the mono-layer Mono APET 200µ/52µ 

(P = 0.001) as well as the paper compound paper-PE/62µ (P = 0.001). Among the multi-layer 

APET/PE 230µ/62µ, the mono-layer Mono APET 200µ/52µ, and the paper compound paper-

PE/62µ, no significant differences were observed. 

When comparing O2 levels within the different packaging solutions, only the control and multi-

layer APET/PE 250µ/47µ can be considered intact packages according to the critical limit of 

0.5 % O2. The median, of the O2 concentrations, for the control and multi-layer 

APET/PE 250µ/47µ are below this value. 
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Figure 4.1 O2 concentrations inside all analyzed packages for different packaging materials over 

the entire storage. 
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Considering only the O2 concentrations of the intact packages (O2 ≤ 0.5 %) (Figure 4.2), the 

median of the control and the paper compound paper-PE/62µ is 0.1 % O2. The value for the multi-

layer APET/PE 250µ/47µ is slightly lower with 0.0 % O2 compared to the control. The O2 

concentrations of the other packaging materials (multi-layer APET/PE 230µ/62µ and mono-layer 

Mono APET 200µ/52µ), compared to the control, showed with a median of 0.3 % O2 higher 

values. Even the measured O2 concentrations for the mono-layer Mono APET 200µ/52µ and the 

paper compound paper-PE/62µ varied more than those of the other investigated packaging 

materials, including the control. 

0,0

0,1

0,2

0,3

0,4

0,5

0,6

Packaging material

APET/PE       APET/PE       APET/PE      Mono APET  Paper-PE/62µ
300µ/62µ       250µ/47µ       230µ/62µ        200µ/52µ    
   n=52               n=69              n=19              n=24              n=27

O
xy

g
e

n
 c

o
n

ce
n

tr
at

io
n 

[%
]

 
Figure 4.2 O2 concentrations inside the intact packages (O2 ≤ 0.5 %) for different packaging 

materials over the entire storage. 

Taking the critical limit of 0.5 % O2 into account, the analysis of intact and vice versa defect 

packages showed differences between the five packaging materials (Table 4.3). For all packaging 

materials, the percentage of defect packages was higher compared to the control (28.8 %) except 

for the multi-layer APET/PE 250µ/47µ (26.6 % defective packages) (Table 4.4). The percentage 

of defect packages increased to 56.4 % when using the mono-layer Mono APET 200µ/52µ 

without any EVOH layer. The same trend is shown when the thickness of the under foil (multi-

layer APET/PE 300µ) becomes too thin and decreases to 230µ (68.3 % defect packages) 

followed by the paper-PE compound used as under foil (59.7 %). 
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Table 4.4 Percentage of intact (O2 ≤ 0.5 %) and defect (O2 > 0.5 %) packages of different packaging 
materials. 

Packaging 
material 

Under foil 
APET/PE 

300µ 
APET/PE 

250µ 
APET/PE 

230µ 
Mono APET 

200µ 
Paper-PE 

compound 

Upper foil 
PET/PE 

62µ 
PET/PE 

47µ 
PET/PE 

62µ 
Mono APET 

52µ 
PET/PE 

62µ 

Material code Control 1 2 3 4 

Intact packages 
(O2 ≤ 0.5 %) [%] 

71.2 73.4 31.7 43.6 40.3 

Defect packages 
(O2 > 0.5 %) [%] 

28.8 26.6 68.3 56.4 59.7 

4.4.2 Microbiological analysis 

The microbiological analyses pointed out that emulsion-type sausages showed a high quality 

upon arrival at the laboratory, with TVC ranging between 1.0 ±0.0 log10 cfu/g and 

2.3 ± 0.8 log10 cfu/g. The microbial count of emulsion-type sausages, including all investigation 

points and samples (intact and defect packages), in different packaging materials, is shown in 

Figure 4.3. Considering the entire storage, TVC showed the lowest median for the control and 

multi-layer APET/PE 230µ/62µ with 1.1 log10 cfu/g and 1.0 log10 cfu/g, respectively. A decrease 

in foil thickness of under and upper foil, or a change in the material itself, led to an increase in the 

median of TVC during the storage period. No growth of yeasts and molds, and LAB was 

determined for the control and multi-layer APET/PE 230µ/62µ and the paper compound paper-

PE/62µ. The multi-layer APET/PE 250µ/47µ was the only material where the growth of LAB 

occurred. The mono-layer Mono APET 200µ/52µ led to an increase in the growth of yeasts and 

molds compared to the other investigated materials. The mean bacterial load of 

Enterobacteriaceae was under the detection limit for all tested packaging materials (data not 

shown). 
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Figure 4.3 Microbial count of total viable count (TVC), yeasts and molds, and lactic acid bacteria 

(LAB) including all investigation points and samples (intact and defect packages) of emulsion-type 
sausages packaged in different innovative packaging materials. 

4.4.3 Microbial shelf life 

According to the German Society for Hygiene and Microbiology (DGHM), a product is considered 

spoiled when TVC reaches 6.7 log10 cfu/g. As the growth curve of TVC shows, exemplified by the 

emulsion-type sausage Mortadella (Figure 4.4), the time to reach this critical TVC level varied 

between products packaged in different innovative materials. A TVC of 6.7 log10 cfu/g was 

reached after 26 days for the multi-layer APET/PE 250µ/47µ as well as the mono-layer 

Mono APET 200µ/52µ and after ten days for the paper compound paper-PE/62µ. A TVC of 

6.7 log10 cfu/g was not reached for products in control and multi-layer APET/PE 230µ/62µ 

packages over the entire storage period. Similar results were observed for the investigated ham 

sausage (Bierschinken) and mushroom ham sausage. 
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Figure 4.4 Total viable count (TVC) for different innovative packaging materials exemplified by the 

emulsion-type sausage Mortadella over a storage period of 45 days at 7°C. 

4.4.4 Color measurements 

No changes and trends were observed for L*, a*, b* values during storage time and between 

packaging materials. The L* values fluctuated between 69.2 and 70.7 for all packaging materials 

(data not shown). Only slight differences were observed for a* values during storage time. Over 

time, a* values differ less than 0.4. Amongst the tested packaging materials, initial a* values 

ranged from 6.0 to 7.0 (data not shown). No remarkable changes in yellowness (b* values) were 

measured in this study. B* values ranged from 10.7 to 12.5 (data not shown). 

4.5 Discussion 

According to the results of this study, both the mono-layer Mono APET 200µ/52µ without any 

EVOH layer and a decrease in foil thickness of the multi-layer APET/PE 300µ (under foil) as well 

as the paper compound paper-PE/62µ lead to changes in the gas atmosphere resulting in a high 

percentage of defect packages. The specified permeabilities for O2 and water vapor (Table 4.2) 

refute the assumption that a change in material or its thickness is associated with an increase in 

permeability. Considering the different investigated packaging materials, it is assumed that the 

gas atmosphere is affected by the barrier properties compared to the multi-layer foils, especially 

for the paper compound paper-PE/62µ. As embedding of EVOH is a key factor to guarantee high-

barrier properties, it is conceivable that the barrier properties in the paper-PE compound differ 

greatly (under the same environmental conditions) compared to the multi-layer foils due to the 

lack of protective layers. Depending on surrounding conditions, especially relative humidity, a 

moisture uptake by the EVOH layer favors an increased O2 permeability (Alipour et al., 2015; 
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Blanchard et al., 2017; Cabedo et al., 2006; Mokwena et al., 2011). Additionally, increased O2 

contents result from permeabilities under test conditions that deviate from the specified values. It 

must be considered that the specified values refer to different test conditions (temperature and 

humidity), which makes it difficult to compare these values directly. Furthermore, according to the 

DIN standard for O2 permeability (DIN 53380) and water vapor permeability (DIN 53122), the 

conditions under which permeabilities are tested are not the conditions to which materials in cold 

chains are exposed typically. 

The high percentage of defect packages for the multi-layer APET/PE 230µ/62µ, the mono-layer 

Mono APET 200µ/52µ, and the paper compound paper-PE/62µ may be related to the sealing 

quality in this study. Several authors reported that micro-leakage in the sealing caused by 

improper sealing conditions reduces the gas barrier properties of a packaging material (Chung et 

al., 2003; Rossaint et al., 2014; Zardetto et al., 2022). 

Hauptmann et al. (2021) studied the sealing behavior of paper-based film laminates, among 

others. Their findings show that the seal strength of paper-based thin film materials depends on 

the moisture content of the material itself. The heat sealing of paper materials is improved by 

increased sealing time and sealing pressure as this leads to a sufficient heat transfer. Sealing 

pressure and moisture content of paper-based materials are the most important variables to be 

adjusted; as sealing time is typically minimized for the highest productivity, paper-based materials 

need control of climate conditions during storage, production, and transportation, or conditioning 

before being applied on the packaging machines (Hauptmann et al., 2021). Due to the specified 

barrier properties, and the high percentage of defect packages in this study, its results point out 

that it is difficult to find the optimal sealing settings due to many external factors. Although an 

attempt was made to adjust the optimal sealing settings, the defect packages of the described 

level still occurred. Nevertheless, in addition to the barrier properties, this is a factor that causes 

high defects. Any kind of defect needs to be avoided as this causes additional rejects and 

increases food waste due to undesirable and early quality changes. 

Regarding the microbial results of this study, it must be emphasized that a certain variation for 

TVC as well as differences in the microflora were shown for different packaging materials contrary 

to expectations. Neither Enterobacteriaceae nor LAB nor yeasts and molds were clearly 

dominating germs between different packaging materials. The higher variations of TVC analyzed 

for the mono-layer Mono APET 200µ/52µ and the paper compound paper-PE/62µ can be 

explained by the more heterogenous microflora due to the higher percentage of packages with 

increased O2 content compared to the control multi-layer. The growth of LAB increasingly occurs 

on emulsion-type sausage packaged in the multi-layer APET/PE 250µ/47µ whereas the growth 

of yeasts occurs more frequently with the mono-layer Mono APET 200µ/52µ and the paper 

compound paper-PE/62µ. This growth behavior can be explained by the relatively large number 
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of packages with increased O2 content caused by defect packages and also changed barrier 

properties (differences between specified and achieved application-related). In turn, the growth 

of yeasts suppresses the growth of LAB. Nielsen et al. (2008) figured out that yeasts do not 

constitute a spoilage problem in processed, vacuum-packed meat products. But several isolates 

have the ability and potential to spoil meat products also under a low O2/high CO2 atmosphere 

(0.5 % O2, 20 % CO2, 79.5 % N2) (Nielsen et al., 2008). Especially in MA- and vacuum-packaging, 

air leakages lead to a loss of functionality and affect the growth of spoilage mold, causing a 

marked deterioration of the product and leading to rejection of the product by the consumer before 

the end of shelf life (Koruk & Sanliturk, 2019; Zardetto et al., 2022). Eilamo et al. (1995) reported 

on minced meat steaks that the size of the leak affects the growth of yeasts and molds. These 

findings in combination with the present study show that sufficient barrier properties and 

mechanical resistance are key factors to food quality and that it is very complicated to replace an 

extremely effective EVOH barrier with just a mono-material. However, Pettersen et al. (2020) 

showed that: a competitive quality and shelf life can be obtained by packaging chicken fillets in 

recyclable mono-layer materials (high-density polyethylene (HDPE)) instead of complex multi-

layered materials (APET/PE) to achieve more sustainable packaging systems. This points out 

that the use of more sustainable packaging materials depends on the product itself and its 

requirements, on the packaging characteristics as well as on the packaging process. 

Typically, a specific spoilage organism is needed and selected to determine the most accurate 

microbial shelf life of fresh meat products (Nychas et al., 2008). As the pattern of microbial growth 

is not consistent for the different packaging materials, in this study, the suitability of microbial 

growth as a parameter to evaluate the shelf life, in general, of MA-packed emulsion-type sausage 

is limited. However, a trend is visible, and due to the analyzed heterogeneous microflora, the TVC 

shows a promising approach. Based on the modeled growth curve of TVC for the emulsion-type 

sausage Mortadella, the control and, therefore, currently used multi-layer along with the multi-

layer APET/PE 230µ/62µ show the best preservation characteristics by suppressing microbial 

growth and keeping product quality during storage indicating intact MA-conditions. This indicates 

that sufficient barrier properties of both under and upper foil are crucial to keep the quality of 

emulsion-type sausage. The multi-layer APET/PE 250µ/47µ and the mono-layer 

Mono APET 200µ/52µ represent promising alternatives reaching the value of 6.7 log10 cfu/g after 

26 days of storage. For all other investigated packaging materials, reducing packaging material 

would have the opposite effect on food waste and makes the whole product less sustainable. 

However, since the shelf life given by the manufacturer is 28 days, investigations are required to 

determine if a shelf life shortened by even two days will increase food waste depending on logistic 

aspects, sales, and consumption rates. 

Besides microbial spoilage, biochemical changes lead to quality loss. Lipid and protein oxidation 

as well as oxidation and degradation of pigments by microorganisms, cause a decrease in color 
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saturation and intensity during storage (Jin et al., 2021). For the consumer, the appearance of 

meat and meat products is crucial when evaluating its suitability for consumption and quality. 

Slight color changes and deviations quickly lead to rejections causing substantial losses of a 

valuable and safe nutrient source and thereby generating food waste (Faustman et al., 2023). 

According to Khorsandi et al. (2019), L* values for emulsion-type sausage are in a range of 

53.1 - 57.4, whereas Ruiz et al. (2009) stated L* values for cured sausage and ham ranging from 

50.0 - 64.0. The values measured in this study are slightly higher. The color measurements 

showed higher variations between the emulsion-type sausages packed in the different packaging 

materials (different batches) than during the storage period. However, as muscles are diverse in 

color, determining of a typical color range for muscle food products is challenging (Sheridan et 

al., 2007). As the O2 concentration inside the packaging is responsible, and even essential, for 

color changes like fading of cured, cut, and packaged meat products, the results show that even 

in defective packages, the O2 concentration is not sufficiently high for color changes leading to 

fading of the packaged product. This can be caused by certain preservatives, according to the 

supplier-given recipe. However, packaging materials as well as the gaseous atmosphere in MAP 

are seen as critical factors influencing the color of red meat during its shelf life (Panseri et al., 

2018). 

In terms of the sustainability of packaging materials, several analyses of food supply chains 

showed that reducing packaging materials is crucial, but it must still fulfill its duty of protection. 

Otherwise, the supply chain, overall, will be less sustainable (Heller et al., 2019; Pauer et al., 

2020; Verghese et al., 2015). For a packaging system, it is always important 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 (Scherhaufer et al., 2018; 

Williams & Wikström, 2011). Kan & Miller (2022) analyzed several food LCA studies to quantify 

the impact of packaging in relation to the impact of the food throughout the life cycle. Plastic 

packaging accounted for less than 10 % of LCA-emissions for more than 75 % of the food items 

surveyed. Conte et al. (2015) stated that multi-layer surpass single-layer materials regarding the 

environmental impact when food waste is included in the system boundaries. Based on the results 

of several LCA studies, minimization of material, whilst retaining mechanical and barrier 

properties of flexible packaging, should be clearly prioritized over recyclability improvements 

(Barlow & Morgan, 2013). When considering the pure material properties, the top priority in the 

(eco)design of meat packaging is food loss prevention instead of minimization of the packaging 

impacts itself. Additionally, light-weighting should be a priority above circularity improvements 

(Pauer et al., 2020). 
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4.6 Conclusion 

Since the use of a mono-layer Mono APET 200µ/52µ without any EVOH layer, an under foil 

reduced in thickness to 230µ and a paper-PE compound lead to an increased O2 concentration, 

the material’s applicability, and ability to protect the gaseous atmosphere must be considered 

when using sustainable materials. The control alongside the multi-layer APET/PE 230µ/62µ show 

the best preservation characteristics by suppressing microbial growth. This indicates that 

sufficient barrier properties of both under and upper foil are crucial in keeping the quality of 

emulsion-type sausage during storage. The multi-layer APET/PE 250µ/47µ and the mono-layer 

Mono APET 200µ/52µ represent promising alternatives, whereas the paper compound paper-

PE/62µ was not effective in keeping the quality of emulsion-type sausage approximately over the 

practical shelf life. In brief, when implementing new packaging materials for perishable products, 

it is crucial to ensure sufficient barrier properties along an appropriate adjusted combination of 

sealing settings. Further studies need to focus on optimal sealing settings to reduce the number 

of defect packages to a minimum. However, although the products were subject to real transport 

conditions while they were being transported from the production site to the laboratory across 

Germany, in a next step transport studies are recommended to evaluate the robustness of these 

studied packaging materials against rigors during transport and handling in a commercial supply 

chain setup. Finally, introducing new high-performance materials remains highly case-dependent, 

but represents a suitable replacement for conventionally used multi-layer packaging, as long as 

food quality is preserved and thereby food waste is prevented. Especially in certain product areas 

where short residual terms are enough the use of new packaging materials can be favored even 

in terms of sustainability. 
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5.1 Abstract 

The antimicrobial activity of different coatings for packaging materials consisting of a mineral 

binder based on liquid potassium silicate, non-conserved acrylates, and non-conserved styrene-

acrylates as binders using functional, active extenders was investigated. The influence of time, 

temperature, and product factors on the antimicrobial activity against different bacteria were 

determined (ISO 22196:2007). 

Results showed a significant reduction in bacterial counts on all tested surface coatings compared 

to the reference, a glass plate without any coating, (24 h, 35°C). Bacterial counts of 

Staphylococcus aureus, Escherichia coli, and Pseudomonas fluorescens were reduced between 

3.32 (M8 against Staphylococcus aureus) and 7.01 log10 units (M1 against 

Pseudomonas fluorescens). A high initial bacteria concentration (108 cfu/ml) leads to a bacterial 

reduction between 1.21 (M8 against Staphylococcus aureus) and 7.57 log10 units (M4 against 

Pseudomonas fluorescens). Incubation at a low temperature (7°C) for prolonged storage (120 h) 

resulted in a reduced reduction rate for Staphylococcus aureus < 2.00 log10 units. For most 

coatings, antimicrobial activity was shown in the presence of several food components as well as 

different pH values. 

The studied coatings show a high antimicrobial activity under different test conditions typical for 

perishable food supply chains and bear a high potential as a coating for packaging materials to 

increase the safety and quality of perishable products (in chilled storage). 

5.2 Introduction 

Generally, packaging materials can be equipped with active agents by direct incorporation or by 

coating and impregnating (existing) packaging materials depending on the physicochemical 

possibilities of the components involved (material, antimicrobial agent, technology) (Appendini & 

Hotchkiss, 2002; Bulitta et al., 2020; Cooksey, 2005; Han, 2003). Coatings are used to protect 

surfaces and to improve their barrier properties such as water vapor transmission rate. Organic 

coatings are well known for their protective function of metallic structures; binders, co-binders, 

extenders, pigments, additives, and solvents, for example, are typical components of organic 

coatings. The binder is an essential ingredient of the coating composition providing mechanical 

strength next to its film-forming properties. Well known and studied protective organic coatings 

are based on oligomeric and polymeric polyurethane, acrylic, epoxy, and polysiloxane-binders 

(Krauklis & Echtermeyer, 2018; Perrin et al., 2009; Raeissi et al., 2021; Zubielewicz & 

Królikowska, 2009). For example, acrylic polymers are widespread as coatings, consolidants, or 

adhesives in art conservation because of their reversibility, long-term stability, easy applicability, 

good adhesion to the substrate, and hydrophobicity (Kovács et al., 2021). Potassium silicate, 
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sodium silicate, lithium silicate, and phosphate are often used as inorganic binders, ensuring a 

well-balance of functionality and durability (Chen et al., 2022). 

Active packaging are materials that are intended to extend the shelf life, or to maintain or improve 

the condition of packaged food. Based on the European Union Guidance, these are designed to 

deliberately incorporate components that would release or absorb substances into or from the 

packaged food or the environment surrounding the food (Commission Regulation (EC) No 

450/2009). One group in the field of active packaging is antimicrobial systems. Antimicrobial 

materials aim to control or reduce microbial growth, resulting in the extension of the lag phase, or 

a reduced growth rate in the exponential phase, or even killing them during food storage (Bulitta 

et al., 2020; Coma, 2008; Dohlen et al., 2016; Lavoine et al., 2014). Depending on the mode of 

action, the resulting antimicrobial systems are classified as time-release killing or contact-active 

materials (Adlhart et al., 2018; Bulitta et al., 2020; Han, 2003). The contact-active killing 

mechanism means that a non-volatile antimicrobial agent is permanently immobilized and 

attached to a polymer backbone, it is part of the polymer, or the whole macromolecule is 

antimicrobial on its own (Appendini & Hotchkiss, 2002; Han, 2003; Siedenbiedel & Tiller, 2012). 

A possible mode of action could be the interaction between the positively charged polymers and 

negatively charged microbial cell membranes resulting in the leakage of intracellular constituents 

as well as the denaturation of structural proteins and enzymes in the membrane core (Bulitta et 

al., 2020; Dehnad et al., 2014; Dutta et al., 2009; Shahidi et al., 1999). Inherently, antimicrobial 

polymers are chitosan as a cationic polymer, poly(L-lysine), calcium alginate, acrylic polymers, 

and sustainable active microbiocidal (SAM) polymers (Appendini & Hotchkiss, 2002; Dohlen et 

al., 2016; Ilg & Kreyenschmidt, 2012). 

In the field of active ingredients, the application of metal oxides as antimicrobials instead of 

organic agents is getting more and more attention. Depending on environmental conditions, the 

advantages of inorganic antibacterial agents are improved, in terms of safety and stability, when 

compared with organic antimicrobial materials (AL-Jawad et al., 2017; Yu et al., 2011). In general, 

simple metal oxide powders (zinc oxide (ZnO), calcium oxide (CaO), magnesium oxide (MgO), 

and titanium dioxide (TiO2)) can exhibit significant antimicrobial activities against several 

microorganisms (Bulitta et al., 2020; Dyshlyuk et al., 2020; Gupta et al., 2013; Jung et al., 2017; 

Qu et al., 2019; Suresh et al., 2018; Yamamoto, 2001; Yao et al., 2007). The advantages of these 

oxides are that they contain elements abundant in nature, are essential for humans, and provide 

high antimicrobial activity in small amounts in their pure and unbound form (Dyshlyuk et al., 2020). 

However, the modes of action are partly different. Particularly TiO2, often added as a white 

pigment, is well known, and associated with a highly efficient photocatalytic activity (induced by 

visible light, near-UV, or UV) and the resulting formation of free radicals or the generation of high-

energy surfaces, high refractive index, chemical stability, and low cost (Arellano et al., 2011; Beyth 

et al., 2015; Bulitta et al., 2020; Ranganayaki et al., 2014). 
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Despite these advantages, there are health concerns related to the use of nanoparticles and TiO2 

has recently been reviewed to pose a health risk. The European Framework Regulation (EC) No. 

1935/2004 applies to all food contact materials and specifies that materials and objects must be 

manufactured in such a way that they do not release any components onto food in large quantities 

that endangers human health or leads to unacceptable changes in the composition of food or 

impairs the organoleptic properties of food (Regulation (EC) No 1935/2004). However, TiO2 is 

approved for use in plastic food contact materials in accordance with Regulation (EU) No. 10/2011 

(Commission Regulation (EU) No 10/2011). Only the use of TiO2 as nanomaterial is prohibited in 

this context (Bundesinstitut für Risikobewertung, 2021; Commission Regulation (EU) 

No 10/2011). 

It has been shown that a variety of antimicrobial agents applied in packaging materials are 

effective against various microorganisms under standardized laboratory conditions. However, it 

is still challenging to develop adequate antimicrobial materials that are in contact with food 

(Balasubramanian et al., 2009; Dohlen et al., 2017). As stated by several authors, the 

antimicrobial action of different agents is often (negatively) influenced by various factors, such as 

cold temperature conditions typical in meat supply chains or the presence of proteins (Asharani 

et al., 2009; Dohlen et al., 2016; Ilg & Kreyenschmidt, 2011; Kampmann et al., 2008; Lee et al., 

2011; Martínez-Abad et al., 2012; Russell & Hugo, 1994). 

Due to the surface-active properties of minerals, the use of coatings either based on a mineral 

binder or using a mineral mixture as a functional extender bears the potential for application as a 

coating in antimicrobial packaging to increase food safety and shelf life. Up to now, it is not clear 

if such coatings are active over the broad spectrum of environmental and product factors existing 

in the food industry. 

Thus, the aim of this study was to investigate the antimicrobial activity of several novel surface 

coatings differing on the binder. The antimicrobial activity of a coating using a mineral binder 

based on liquid potassium silicate in combination with a new class of biopolymer from renewable 

resources, a mixture of specially processed fatty acids and oleic acids, as well as natural resins, 

was determined. Furthermore, non-conserved acrylates, and non-conserved styrene-acrylates 

using a functional extender, a mineral mixture based on calcium-aluminum hydroxide 

(Ca3Al2(OH)12), were evaluated for their antimicrobial activity and potential use as coating of 

packaging materials and food contact surfaces. Therefore, the influence of several environmental 

and product factors typically occurring in meat supply chains on the antimicrobial activity against 

various pathogenic (Staphylococcus aureus, Escherichia coli) and spoilage bacteria 

(Pseudomonas fluorescens) is investigated. 
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5.3 Materials and methods 

5.3.1 Coating preparation/characterization 

The test samples were prepared by coating glass plates with different binder formulations and 

classified into three groups depending on the used raw material base: 

 Mixture of a mineral binder based on liquid potassium silicate in water (binder) and a new 

biopolymer based on renewable resources (co-polymer); 

 Mixture of non-conserved acrylic polymers (binder) and a new functional extender; 

 Mixture of non-conserved styrene-acrylic polymers (binder) and a new functional 

extender. 

The used biopolymer based on renewable resources in the first group is a mixture of fatty acids, 

oleic acids as well as natural resins, which are processed in a thermal process in such a way that 

they emulsify and can be dissolved in the mineral binder based on liquid potassium silicate 

(K2Si2O5) (Figure 5.1(a)) and water. The mixture of fatty acid is represented by a formulation of 

linoleic acid (C17H31COOH), linolenic acid (C18H30O2), and paraffin (CnH2n+2, with n 

approximately between 18 and 32). Paraffin is slightly liquid, oily, or waxy. 

The used functional extender in the second and third groups consists of a mixture of minerals 

based on Ca3Al2(OH)12. As a complex structure with different cations and anions with and without 

the addition of TiO2 as a white pigment. Within these groups, samples with various amounts of 

binder and biopolymer or functional extender were prepared. In total, eight different coatings were 

used for the analyses of antimicrobial activity. The detailed composition of the different surface 

coatings is given in Table 5.1. 
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Table 5.1 Components and detailed composition of mineral binder based on liquid potassium silicate, 
acrylic polymer, and styrene-acrylic polymer coatings with percentage composition of solvent, binder, and 
biopolymer/functional extender. 

Sample 
Code 

Components 
Solvent 
(water) 

[%] 

Composition of functional active 
agents [%] 

Binder 
Biopolymer/functional 

extender 

Mineral binder based on liquid potassium silicate 

M1 
Mineral binder and biopolymer 
(transparent) 

55 40 5 

M4 
Mineral binder and biopolymer with 
mixture of white standard extender 

40 50 10 

Acrylic polymer 

M2 
Acrylic polymer and functional 
extender with titanium dioxide 

58 17 25 

M5 
Acrylic polymer and functional 
extender with titanium dioxide 

66 14 20 

M6 
Acrylic polymer and functional 
extender without titanium dioxide 

75 12 13 

M8 
Dispersion of functional extender in 
acrylic polymer (transparent) 

79.9 17 3.1 

Styrene-acrylic polymer 

M3 
Styrene-acrylic polymer and 
functional extender with titanium 
dioxide 

67.9 17 15.1 

Pure functional extender 

M7 
Suspension of functional extender in 
water 

50 0 50 

The chemical raw material basis for the manufacturing of the acrylic polymer is methyl 

methacrylate (C5H8O2) (Figure 5.1(b)) and 2-ethylhexyl acrylate (C11H30O2) (Figure 5.1(c)), 

produced by companies such as BASF, Alberding & Boley as well as Imparat, and offered to the 

market as basic raw materials. 

a.                                                      b.                                            c. 

                               
Figure 5.1 Overview of chemical structure of binders used for the coatings: (a) potassium silicate 

(K2Si2O5), (b) methyl methacrylate (C5H8O2), and (d) 2-ethylhexyl acrylate (C11H30O2). 

Pure acrylic polymer is characterized by the smallest acrylic resin particles that bind the acrylic 

paint; they are dissolved in water that evaporates completely during the drying process, whereby 

the binder and the color pigments solidify into an elastic film. The styrene-acrylic polymer is 

characterized by the smallest acrylic resin particles that bind the acrylic paint as well. They are 

dissolved in water that evaporates completely during the drying process, whereby the binder and 

the color pigments solidify into a firm film. Both processes are patent-pending due to the novelty 

of being able to dispense with classic preservatives and biocides in aqueous binders. 
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5.3.2 Experimental design 

The antimicrobial activity of different surface coatings was tested for the potential to serve as an 

antimicrobial coating on packaging materials and surfaces against selected gram-positive and 

gram-negative bacteria under various food supply chain conditions. Square glass plates of 

40 mm x 40 mm without any coating were used as references. The antimicrobial activity of the 

surface coatings was analyzed according to ISO 22196:2007. The standard is based on a 

comparison of bacteria counts in saline solution on reference and sample materials after defined 

storage conditions. The standard was modified in order to test conditions typical for food products, 

as described in detail by Dohlen et al. (2016). 

This study was subdivided into four parts. In the first part, the general antimicrobial activity of all 

eight surface coatings was investigated against Staphylococcus aureus, Escherichia coli, and 

Pseudomonas fluorescens under standard (24 h, 35°C) and cold temperature conditions 

(120 h, 7°C) typical for applications in the food industry for perishable products. The second part 

included the determination of the influence of a high initial bacteria concentration of 108 cfu/ml 

after 24 h at 35°C. In the third part, the influence of pH 5, 7, and 9 on the antimicrobial activity 

(24 h, 35°C) was analyzed. The fourth part included the determination of the influence of starch, 

meat extract, and oleic acid as food components for selected coatings (M1, M5, M6, M7, M8). 

Table 5.2 gives an overview of the different conducted experiments. 

Table 5.2 Test conditions (time, temperature, high initial bacteria concentration, pH values, and added food 
components) to investigate the antimicrobial activity of functional active agents of a mineral binder based 
on liquid potassium silicate, acrylic polymer, and styrene-acrylic polymer samples against different bacteria. 

Test conditions 

24 h, 
35°C 

120 h, 
7°C 

24 h, 35°C 

105 cfu/ml 108 cfu/ml pH 5 pH 7 pH 9 Starch 
Meat 

extract 
Oleic 
acid 

C
o

a
ti

n
g

 

Mineral binder based on liquid potassium silicate 

M1 + + + + + + + + + 
M4 + + + + + + - - - 

Acrylic polymer 

M2 + + + + + + - - - 
M5 + + + + + + + + + 
M6 + + + + + + + + + 
M8 + + + + + + + + + 

Styrene-acrylic polymer 

M3 + + + + + + - - - 

Pure functional extender 

M7 + + + + + + + + + 
+ Tested against Staph. aureus, E. coli, and Ps. fluorescens; - not tested. 
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5.3.3 Bacterial cultures 

As test organisms, Staphylococcus aureus (Strain DSM No. 799), Escherichia coli (Strain DSM 

No. 1576), and Pseudomonas fluorescens (Strain DSM No. 50090) were chosen, delivered by 

the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany), 

and were frozen in cryogenic pellets for preservation. Frozen cultures (-18°C) were spread onto 

plate count agar. The inoculated agar plates were incubated at optimal growth time and 

temperature for each microorganism according to the instructions of the DSMZ (Table 5.3). 

Table 5.3 Overview of the used strains, cultivation and enumeration temperature and growth time. 

Bacteria 
Strain DSM 

No. 

Cultivation and 
enumeration 

temperature [°C] 

Cultivation and 
enumeration growth 

time [h] 

Staphylococcus aureus 799 37 24 

Escherichia coli 1576 37 24 

Pseudomonas fluorescens 50 090 25 48 

5.3.4 Preparation of inoculum 

At the beginning of each experimental series, the bacterial solutions for the inoculation of the 

samples and references were prepared by adjusting the bacterial concentration in the inoculation 

suspension via photometric measurement. Microorganisms from the incubated agar plates were 

transferred into a physiological saline solution (0.85 %) (Oxoid, Hampshire, UK) with 0.1 % 

tryptone (Oxoid, Hampshire, UK). McFarland BBS standard (Roth, Karlsruhe, Germany) was 

used as the standard for turbidity to adjust the required reproducible cell density of the inoculation 

suspension. Therefore, using a spectral photometer, the value of the turbidity standard of 

0.5 McFarland units was used as it matches the cell density of 1.5 x 108 cfu/ml. 

The antimicrobial activity under standard and cold temperature conditions (part 1 of experiments) 

was tested by diluting the inoculum of the pure bacteria in physiological saline solution up to a 

concentration of 105 - 106 cfu/ml. To test the influence of a high initial bacteria concentration 

(part 2 of experiments) on the activity after 24 h at 35°C undiluted bacteria suspension with an 

adjusted bacteria concentration of 108 cfu/ml was used for inoculation. Furthermore, the effect of 

a range of different pH values (5, 7, and 9) (part 3 of experiments) was investigated. For this test 

series, Sorenson's buffer was prepared from potassium dihydrogen orthophosphate (VWR, 

Darmstadt, Germany) and disodium hydrogen phosphate dihydrate (VWR, Darmstadt, Germany). 

The bacteria concentration was adjusted photometric directly in the solution of Sorenson's buffer. 

This solution was used as test inocula. To test the influence of food components (part 4 of 

experiments) on the antimicrobial activity, different food components were added to the inocula. 

Starch and oleic acid could be used in its pure form and was therefore directly added to the 

inoculm. The amount depends on the specific miscibility of the food components with distilled 
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water. To test the influence of carbohydrates, 1 g of starch (Merck, Darmstadt, Germany) was 

added to 10 ml of inocula. The effect of proteins was investigated by meat extract (Merck, 

Darmstadt, Germany).The meat extract was prepared by dissolving a meat extract granulate 

(Merck, Darmstadt, German) in sterile distilled water. 1 ml of inocula was added to 9 ml of meat 

extract. Oleic acid (Sigma-Aldrich, St. Louis, USA) was used to test the influence of lipids. 0.1 g 

oleic acid was added to 10 ml of inocula. To ensure homogeneous dispersion in the inoculum 

0.4 ml of tween ® 80 (polysorbate) (Merck, Darmstadt, Germany) was added to the inocula. 

5.3.5 Determination of the antimicrobial activity of surface coatings 

under standard (24 h, 35°C) and cold temperature conditions 

(120 h, 7°C) typical for applications in the food industry for 

perishable products (part 1) 

For each experiment, a minimum of three samples for each coating (M1 - M8) and six samples 

for reference were used. The experiments were conducted in triplicate (n=9). Each sample and 

reference were inoculated with 0.4 ml of the 105 - 106 cfu/ml adjusted bacteria suspension. To 

determine the initial concentration at t0, the bacterial concentration was determined on three 

references immediately after inoculation. The other three references and samples were stored in 

a high-precision incubator (Sanyo model MIR 153, Sanyo Electric Co., Ora-Gun, Gumma, Japan) 

for 24 h at 35°C. To prevent evaporation and to ensure a standardized contact of the material and 

the bacteria suspension during storage, the inoculum was covered by a sterile polyethylene film 

(40 mm x 40 mm). To determine the bacterial counts, each reference and each test sample was 

washed out with 10 ml of soybean-casein digest broth with lecithin polysorbate. The microbial 

counts of the solutions were analyzed. Colony-forming units (cfu) were determined by using the 

drop plate technique and pour plate method (only dilution level 0) with plate count agar (Merck, 

Darmstadt, Germany). Petri dishes were incubated for 24 h for Staphylococcus aureus and 

Escherichia coli at 37°C and 48 h for Pseudomonas fluorescens at 25°C. Results were expressed 

as the number of colony-forming units per milliliter. Detection limits were determined to be 

1.41 log10 cfu/ml for the pour plate and 2.72 log10 cfu/ml for the drop plate technique. In total, 384 

references and samples were analyzed. 

Furthermore, the influence of cold temperature conditions typical in meat supply chains 

(120 h, 7°C) on the antimicrobial activity was tested. The experiments were conducted with 

samples M1 - M8 in the same way described above, but references and test samples were 

inoculated with 0.4 ml of 105 - 106 cfu/ml adjusted bacteria suspension and stored for 120 h at 

7°C. Altogether 333 references and samples were analyzed. 
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5.3.6 Determination of the antimicrobial activity of a high initial bacteria 

concentration (part 2) 

The influence of a high initial bacteria concentration on the antimicrobial activity after 24 h at 35°C 

was tested for the samples M1 - M8 in the same way described above, but references and test 

samples were inoculated with 0.4 ml of 108 cfu/ml adjusted bacteria suspension. In this part, in 

total 357, references and samples were analyzed. 

5.3.7 Determination of the influence of pH on the antimicrobial activity 

of different surface coatings (part 3) 

The third part of the study included the determination of the influence of pH 5, 7, and 9. Therefore, 

the bacterial load was adjusted in the solutions of different pH values to a concentration of 

105 - 106 cfu/ml. The references and samples were inoculated for 24 h at 35°C. This part includes 

the testing of 876 references and samples in total. 

5.3.8 Determination of the influence of food components on the 

antimicrobial activity of different surface coatings (part 4) 

The influence of the food components starch, meat extract, and oleic acid was determined in the 

fourth part. The bacterial load was adjusted in physiological saline solution to a concentration of 

105 - 106 cfu/ml. The references and treated samples were inoculated with different food 

components and stored for 24 h at 35°C. For the studies with the food components, only the 

selected surface coating M1, M5, M6, M7, and M8, which were chosen to cover different binders 

and showed promising results in former experiments, were used. Here altogether 678 references 

and samples were analyzed. 

5.3.9 Data analysis 

5.3.9.1 Antimicrobial activity analysis 

The number of viable bacteria counts was calculated according to the following equation (5.1): 

�,-. =
∑ �

01 × 1 + 0" × 0.1
× � ×

2 + �
�

× � (5.1) 

where Cgew is the weighted arithmetic mean of the number of viable bacteria, C is the total count 

of colonies of all evaluated Petri dishes, n1 is the number of Petri dishes of the lowest evaluated 

dilution step, n2 is the number of Petri dishes of the next higher evaluated dilution step, d is the 

dilution factor that of dilution dispensed into Petri dishes, V is the volume of SCDLP broth for 

wash-out, l is the volume of inoculation, and F is the factor to bring the analyzed volume to 1 ml. 
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The value of antimicrobial activity was calculated by subtracting the logarithmic value of the 

calculated viable counts on the sample from the viable counts on the reference after inoculation 

and incubation, as shown in the following equation (5.2): 

��31& − ���4�5��0 = ��31&678,:- − 78,;<= (5.2) 

where Tx,Re is the bacterial concentration on the reference after x hours of inoculation and 

incubation, and Tx,Sa is the bacterial concentration on the samples x hours after inoculation and 

incubation. Samples that showed a calculated log10-reduction ≥ 2.0 log10 units after inoculation 

and incubation were considered effective antimicrobials according to ISO 22196:2007. 

5.3.9.2 Statistical analysis 

All data were transformed into log10 values before statistical analysis. The standard deviations in 

bacterial counts on references and samples were calculated. The data were analyzed for 

statistical outliers. Outliers were excluded from further (statistical) analyses. The differences in 

bacterial counts on references (t0 and t24) and coating samples were analyzed for significance 

using the one-way ANOVA for k-samples according to Kruskal-Wallis for independent samples. 

A rejected null hypothesis was followed by a pairwise comparison to identify significant differences 

in bacterial count on different coatings. The significance level was defined as a P value ≤ 0.05, 

respectively, and the P value of ≤ 0.01 as highly significant. The given significance values are 

Bonferroni corrected. For the description of data, bar charts were used. Data analysis was 

conducted with SPSS Statistics 27 (IBM Corp. 1989, 2020, New York, NY). 

5.4 Results 

5.4.1 Antimicrobial activity of surface coatings under standard 

(24 h, 35°C) and cold temperature conditions (120 h, 7°C) typical 

for applications in the food industry for perishable products 

The bacterial counts of Staph. aureus, E. coli, and Ps. fluorescens on references at t0 and t24 

show an increase of 2.87 log10 units, 3.67 log10 units, and 3.62 log10 units, respectively, from an 

initial bacteria concentration of nearly 5.00 log10 cfu/ml after 24 h of storage at 35°C (Figure 5.2). 

At the same time, a reduction of 3.32 log10 units is identified for sample M8 against Staph. aureus. 

The bacterial counts of Staph. aureus, E. coli, and Ps. fluorescens on all other samples have 

highly significantly decreased (P ≤ 0.01) by more than 4.38 log10 units compared with the bacterial 

counts on the references. The standard deviations in bacterial counts are marginal with 

< ± 1.00 log10 cfu/ml for all tested bacteria on all samples except on samples M8 and M7 with 

standard deviations up to ± 2.13 log10 cfu/ml. So, all tested materials can be classified as 

antimicrobial surfaces under standard conditions. 
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Number (n) of analyzed references (R) and samples M1 - M8 for Staph. aureus, E. coli, and 
Ps. fluorescens (24 h, 35°C) 

 R t0 R t24 M1 M4 M2 M5 M6 M8 M3 M7 

Staph. aureus 21 24 18 18 9 8 8 9 9 8 
E. coli 20 18 8 7 9 8 8 10 9 9 
Ps. fluorescens 18 25 8 9 9 9 12 12 9 9 

 
Figure 5.2 Arithmetic mean of bacterial counts of Staph. aureus, E. coli, and Ps. fluorescens on 

references and samples M1 - M8 after storage of 24 h at 35°C. 
Bacterial counts: ( ) Staph. aureus, ( ) E. coli, ( ) Ps. fluorescens. 

*Highly significant differences in bacterial counts on samples and references (P ≤ 0.01). 

After 120 h at 7°C (Figure 5.3), conditions usually found in the food industry, only Ps. fluorescens 

shows a significant increase in bacterial count on the reference material of 3.15 log10 units up to 

8.23 ± 0.50 log10 cfu/ml. On the reference material, the bacterial counts of Staph. aureus and 

E. coli stayed nearly the same. The different test samples (M1 - M8) show different antimicrobial 

activities at low temperatures. All samples are active against the gram-negative bacteria E. coli 

with reduction rates > 2.31 log10 units. Samples M1, M4, M5, M6, and M7 led to a reduction of 

bacterial counts of E. coli under the detection limit of 1.41 log10 cfu/ml. These samples show a 

highly significant difference to the reference after 120 h storage at 7°C (P ≤ 0.01). The samples 

M4 and M7 also show antimicrobial activity against Staph. aureus with a reduction in bacteria 

counts to 2.61 ± 0.56 log10 cfu/ml and 1.91 ± 0.76 log10 cfu/ml, respectively. Furthermore, all 

samples are active against Ps. fluorescens with reduction rates > 3.05 log10 units. The bacterial 

concentrations on the mineral binder based on liquid potassium silicate (M1, M4) and samples 

M5 and M7 are highly significantly reduced (P ≤ 0.01) under the detection limit after 120 h 

compared to the references. As shown under standard conditions, the acrylic polymer M8 exhibits 

the lowest antimicrobial activity, at low temperature, compared to the other samples. 
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Number (n) of analyzed references (R) and samples M1 - M8 for Staph. aureus, E. coli, and 
Ps. fluorescens (120 h, 7°C) 

 R t0 R t24 M1 M4 M2 M5 M6 M8 M3 M7 

Staph. aureus 17 18 9 9 9 9 9 9 9 9 
E. coli 17 16 9 9 9 9 8 9 9 9 
Ps. fluorescens 20 18 9 9 12 9 8 9 12 8 

 
Figure 5.3 Arithmetic mean of bacterial counts of Staph. aureus, E. coli, and Ps. fluorescens on 

references and samples M1 - M8 after storage of 120 h at 7°C. 
Bacterial counts: ( ) Staph. aureus, ( ) E. coli, ( ) Ps. fluorescens. 

*Highly significant differences in bacterial counts on samples and references (P ≤ 0.01). 

5.4.2 Influence of a high initial bacteria concentration on the 

antimicrobial activity of surface coatings 

The bacterial concentrations of Staph. aureus, E. coli, and Ps. fluorescens inoculated with a high 

initial bacteria concentration of 108 cfu/ml on the references and samples after storage of 24 h at 

35°C are shown in Figure 5.4. The tested bacteria on the reference materials show only a slight 

increase in bacterial counts to 8.10 ± 0.15 log10 cfu/ml (Staph. aureus), 8.93 ± 0.14 log10 cfu/ml 

(E. coli), and 8.98 ± 0.24 log10 cfu/ml (Ps. fluorescens). The bacterial counts of E. coli and 

Ps. fluorescens show a highly significant decrease in all samples after 24 h storage in comparison 

to the references (P ≤ 0.01). Against Staph. aureus, the highest reduction rates, 

> 4.60 log10 units, could be achieved with the mineral binder based on liquid potassium silicate 

(M1, M4) and samples M5 and M7, as shown in the trials before. The standard deviations are 

marginal for all samples ≤ ± 1.00 log10 cfu/ml. The most effective active sample against E. coli is 

the pure functional extender M7, with a reduction rate of 6.75 log10 units. The bacterial count of 

Ps. fluorescens on sample M4 is minimized under the detection limit. As shown before, the lowest 

reduction rate of 2.76 log10 units is identified for sample M8 against Ps. fluorescens. 
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Number (n) of analyzed references (R) and samples M1 - M8 for Staph. aureus, E. coli, and 
Ps. fluorescens inoculated with a high initial bacteria concentration of 108 cfu/ml (24 h, 35°C) 

 R t0 R t24 M1 M4 M2 M5 M6 M8 M3 M7 

Staph. aureus 18 17 9 9 9 9 9 8 8 8 
E. coli 20 21 9 9 12 8 12 12 7 8 
Ps. fluorescens 24 24 9 9 12 9 9 12 9 9 

 
Figure 5.4 Arithmetic mean of bacterial counts of Staph. aureus, E. coli, and Ps. fluorescens 
inoculated with a high initial bacteria concentration of 108 cfu/ml on references and samples 

M1 - M8 after storage of 24 h at 35°C. 
Bacterial counts: ( ) Staph. aureus, ( ) E. coli, ( ) Ps. fluorescens. 

*Highly significant differences in bacterial counts on samples and references (P ≤ 0.01). 

5.4.3 Influence of different pH on the antimicrobial activity of surface 

coatings 

The influence of pH 5, 7, and 9 on the antimicrobial activity against Staph. aureus, E. coli, and 

Ps. fluorescens are shown in Figure 5.5, Figure 5.6, and Figure 5.7. At pH 5 (Figure 5.5), the 

bacterial count of Staph. aureus on the reference material decreases by almost 2.00 log10 units 

to 3.07 ± 0.36 log10 cfu/ml. The bacterial counts on references for E. coli and Ps. fluorescens 

show an increase up to concentrations of 7.00 log10 cfu/ml. Due to the reduction of the bacterial 

counts on the references after 24 h, none of the samples show an antimicrobial activity (log10-

reduction > 2.00 log10 units) against the gram-positive bacteria Staph. aureus at pH 5. Against 

E. coli, only the mineral binder based on liquid potassium silicate materials (M1, M4) and the pure 

functional extender (M7) are antimicrobial active with a highly significant difference to the 

references (P ≤ 0.01) by reduction of bacterial counts under the detection limit as shown for low 

temperature. As shown for a high initial bacteria count, at pH 5 the lowest bacterial count for 

Ps. fluorescens shows the sample M4 with 2.17 ± 1.32 log10 cfu/ml. The highest bacterial count 

shows the sample M8 with 7.48 ± 0.11 log10 cfu/ml. Comparing the bacterial counts of 

Ps. fluorescens, the mineral binder based on liquid potassium silicate materials (M1, M4) and the 

pure functional extender (M7) show a highly significant difference from the references (P ≤ 0.01).  



5 Antimicrobial activity of different coatings for packaging materials containing 
functional extenders against selected microorganisms typical for food 

162 Published in Food Control  

 
Number (n) of analyzed references (R) and samples M1 - M8 for Staph. aureus, E. coli, and 
Ps. fluorescens inoculated at pH 5 (24 h, 35°C) 

 R t0 R t24 M1 M4 M2 M5 M6 M8 M3 M7 

Staph. aureus 9 6 9 9 9 9 9 9 9 8 
E. coli 9 9 8 9 8 9 9 9 9 8 
Ps. fluorescens 11 12 12 12 12 12 8 8 9 12 

 
Figure 5.5 Arithmetic mean of bacterial counts of Staph. aureus, E. coli, and Ps. fluorescens 

inoculated at pH 5 on references and samples M1 - M8 after storage of 24 h at 35°C. 
Bacterial counts: ( ) Staph. aureus, ( ) E. coli, ( ) Ps. fluorescens. 

*Highly significant differences in bacterial counts on samples and references (P ≤ 0.01). 

At pH 7 (Figure 5.6), the bacterial counts of Staph. aureus, E. coli, and Ps. fluorescens on 

references at t0 and t24 show an increase to a final bacteria concentration of 

5.43 ± 0.93 log10 cfu/ml, 7.68 ± 0.46 log10 cfu/ml, and 7.31 ± 0.16 log10 cfu/ml, respectively. In 

contrast to pH 5 for Staph. aureus, antimicrobial activity was measured at pH 7 with reduction 

rates between 0.30 and 3.37 log10 units. No antimicrobial activity was achieved for samples M3 

and M8 against Staph. aureus. As shown in previous trials, except M8, all tested samples show 

antimicrobial activity against E. coli and Ps. fluorescens at pH 7. Except for M3 against 

Ps. fluorescens, the shown antimicrobial activities showed highly significant differences 

compared to the references (P ≤ 0.01).  
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Number (n) of analyzed references (R) and samples M1 - M8 for Staph. aureus, E. coli, and 
Ps. fluorescens inoculated at pH 7 (24 h, 35°C) 

 R t0 R t24 M1 M4 M2 M5 M6 M8 M3 M7 

Staph. aureus 12 12 9 9 9 9 9 9 9 12 
E. coli 11 9 9 9 8 9 12 9 12 9 
Ps. fluorescens 12 9 12 12 12 12 12 9 12 12 

 
Figure 5.6 Arithmetic mean of bacterial counts of Staph. aureus, E. coli, and Ps. fluorescens 

inoculated at pH 7 on references and samples M1 - M8 after storage of 24 h at 35°C. 
Bacterial counts: ( ) Staph. aureus, ( ) E. coli, ( ) Ps. fluorescens. 

*Highly significant differences in bacterial counts on samples and references (P ≤ 0.01). 

At pH 9 (Figure 5.7), the bacterial count of Staph. aureus on the references decreases from initial 

5.22 ± 0.12 log10 cfu/ml to 4.39 ± 0.37 log10 cfu/ml. E. coli and Ps. fluorescens show an increase 

in bacterial counts on the references about 1.30 log10 units to concentrations of 6.30 log10 cfu/ml 

at pH 9. An antimicrobial activity against Staph. aureus is shown on samples M1, M4, M5, M6, 

and M7, with a highly significant difference in sample M4 compared to the references at pH of 9 

(P ≤ 0.01). The bacterial counts of E. coli and Ps. fluorescens were reduced under the detection 

limit on all samples M1 - M8 leading to highly significant differences compared with the bacterial 

counts on the references at pH 9 (P ≤ 0.01). 
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Number (n) of analyzed references (R) and samples M1 - M8 for Staph. aureus, E. coli, and 
Ps. fluorescens inoculated at pH 9 (24 h, 35°C) 

 R t0 R t24 M1 M4 M2 M5 M6 M8 M3 M7 

Staph. aureus 11 9 9 9 9 9 9 12 9 8 
E. coli 9 9 8 9 8 8 8 8 9 8 
Ps. fluorescens 9 9 9 9 9 9 9 9 9 8 

 
Figure 5.7 Arithmetic mean of bacterial counts of Staph. aureus, E. coli, and Ps. fluorescens 

inoculated at pH 9 on references and samples M1 - M8 after storage of 24 h at 35°C. 
Bacterial counts: ( ) Staph. aureus, ( ) E. coli, ( ) Ps. fluorescens. 

*Highly significant differences in bacterial counts on samples and references (P ≤ 0.01). 

5.4.4 Influence of food components starch, meat extract, and oleic acid 

on the antimicrobial activity of surface coatings 

The bacterial concentrations of Staph. aureus, E. coli, and Ps. fluorescens on the references and 

selected samples (M1, M5 - M8) with added food components, starch, meat extract, and oleic 

acid, which are shown in Table 5.4. The bacterial counts of Staph. aureus, E. coli, and 

Ps. fluorescens on references after inoculation with starch reach concentrations of 

9.00 log10 cfu/ml. Similar to the results after 24 h storage at 35°C, nearly all tested samples (M1, 

M5 - M8) show antimicrobial activity against Staph. aureus, E. coli, and Ps. fluorescens. With 

added starch, the bacterial counts of Staph. aureus and Ps. Fluorescens on samples M1, 

M5 – M7 and of E. coli on all tested samples show highly significant differences compared to the 

bacterial counts on references (P ≤ 0.01). Comparable to results at pH 7, the reduction rate is the 

lowest on sample M8 for all three tested bacteria. The highest standard deviations in bacterial 

count (± 2.00 log10 cfu/ml) are shown on sample M8 for all three tested bacteria. For E. coli, the 

lowest bacterial count shows sample M5, where the bacterial count is reduced to the detection 

limit of 1.41 log10 cfu/ml. 

The bacterial count of Staph. aureus, E. coli, and Ps. fluorescens on references after inoculation 

with meat extract increased up to 10.09 ± 0.19 log10 cfu/ml. The samples M1, M5 - M7 were 

antimicrobial active against all tested bacteria with highly significant differences compared to the 
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bacterial counts on references (P ≤ 0.01), except sample M7 against Ps. fluorescens. Similar to 

the results for the addition of starch, the bacteria count on sample M8 remains high for the tested 

bacteria, with ≥ 8.00 log10 cfu/ml. 

By incubation with oleic acid, the bacterial counts of Staph. aureus, E. coli, and Ps. fluorescens 

on references show an increase in bacterial concentrations, up to 9.24 ± 0.14 log10 cfu/ml. The 

antimicrobial activity of the tested samples in contact with oleic acid is comparable to the results 

shown for the incubation with meat extract. Sample M8 is the only material in which the bacterial 

count is decreased only slightly to values around 8.00 log10 cfu/ml, as previously demonstrated 

for the incubation with starch and meat extract.  
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Table 5.4 Individual bacteria counts of Staph. aureus, E. coli, and Ps. fluorescens on references and samples by added food components starch, meat 
extract, and oleic acid (24 h, 35°C). 

Oleic acid 

Ps. 

fluorescens 

Reference 

4.95 ± 0.12 
(n=12) 

9.24 ± 0.14* 
(n=12) 

Mineral binder based on liquid potassium silicate 

1.90 ± 1.29* 
(n=8) 

Acrylic polymer 

3.76 ± 2.31* 
(n=9) 

5.93 ± 2.41         
(n=8) 

8.69 ± 0.03         
(n=8) 

Pure functional extender 

5.75 ± 2.74* 
(n=7) 

*Highly significant differences in bacterial counts on samples and references (P ≤ 0.01). 

E. coli 

4.86 ± 0.09 
(n=21) 

9.16 ± 0.11* 
(n=19) 

2.25 ± 0.67* 
(n=8) 

4.87 ± 3.20* 
(n=7) 

2.52 ± 1.00* 
(n=7) 

8.81 ± 0.26         
(n=9) 

4.37 ± 2.45* 
(n=10) 

Staph. 

aureus 

5.08 ± 0.11 
(n=12) 

8.14 ± 0.35* 
(n=12) 

3.63 ± 0.53* 
(n=9) 

3.25 ± 2.08* 
(n=9) 

5.00 ± 2.56* 
(n=12) 

7.89 ± 0.52         
(n=10) 

5.62 ± 2.03          
(n=11) 

Meat extract 

Ps. 

fluorescens 

5.11 ± 0.14  
(n=12) 

10.09 ± 0.19* 
(n=12) 

2.64 ± 0.93* 
(n=9) 

3.59 ± 0.45* 
(n=7) 

3.31 ± 1.36* 
(n=10) 

9.40 ± 0.39  
(n=9) 

6.42 ± 2.26 
(n=7) 

E. coli 

5.22 ± 0.09 
(n=12) 

10.05 ± 0.16* 
(n=12) 

2.64 ± 1.42* 
(n=11) 

1.81 ± 0.70* 
(n=8) 

1.73 ± 0.55* 
(n=8) 

9.75 ± 0.07 
(n=9) 

2.61 ± 0.87* 
(n=9) 

Staph. 

aureus 

5.10 ± 0.15  
(n=12) 

9.76 ± 0.16* 
(n=11) 

3.59 ± 0.68* 
(n=9) 

3.28 ± 2.00* 
(n=12) 

3.23 ± 1.16* 
(n=11) 

7.98 ± 1.27  
(n=10) 

3.34 ± 1.68* 
(n=12) 

Starch 

Ps. 

fluorescens 

5.04 ± 0.17  
(n=12) 

9.08 ± 0.16* 
(n=12) 

2.12 ± 1.00* 
(n=9) 

2.55 ± 0.87* 
(n=9) 

2.93 ± 0.92* 
(n=8) 

4.27 ± 1.99            
(n=12) 

2.95 ± 1.07* 
(n=9) 

E. coli 

5.13 ± 0.12 
(n=12) 

9.07 ± 0.18* 
(n=12) 

2.57 ± 1.79* 
(n=9) 

1.41 ± 0.00* 
(n=8) 

2.39 ± 1.84* 
(n=9) 

3.43 ± 2.00* 
(n=12) 

2.00 ± 0.91* 
(n=9) 

Staph. 

aureus 

5.04 ± 0.17 
(n=12) 

9.08 ± 0.16* 
(n=12) 

2.12 ± 1.00* 
(n=9) 

2.55 ± 0.87* 
(n=9) 

2.93 ± 0.92* 
(n=8) 

4.27 ± 1.99        
(n=12) 

2.95 ± 1.07* 
(n=9) 

Sample 

Code 

R t0 

R t24 

M1 

M5 

M6 

M8 

M7 
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5.5 Discussion 

The analyzed coatings characterized either by a mineral binder based on liquid potassium silicate 

in combination with a new class of biopolymer or non-conserved acrylate polymers or non-

conserved styrene-acrylate polymers using a functional extender show high antimicrobial activity 

against the selected gram-positive and gram-negative bacteria Staph. aureus, E. coli, and 

Ps. fluorescens under different test conditions. The results show that both samples of the mineral 

binder based on liquid potassium silicate (M1, M4) show a higher antimicrobial activity under 

standard conditions than the non-conserved acrylate polymers (M2, M5, M6, M8) and non-

conserved styrene-acrylate polymers (M3). However, the functional extender added to acrylic 

polymers does not show any improved properties compared to the pure functional extender 

suspended in water, even in combination with TiO2, and also in comparison to the added 

biopolymer. This can be explained, as stated by Bulitta et al. (2020), either by the fact that TiO2-

containing surfaces need to be actively activated with UV light, which was not given in this study. 

Besides, it is conceivable that the formation of free radicals already leads to a degradation of the 

organic binder resulting in reduced antimicrobial activity. 

The specific mode of action of complex chemical reactions, attributed to a mineral mixture based 

on Ca3Al2(OH)12, is supposed to explain the antimicrobial activity. In an alkaline milieu, aluminum 

hydroxide (Al(OH)3) reacts amphoterically with an ionic character; as a result, it has surface-active 

properties and is generally water-soluble. Ca(OH)2, included as a mineral mixture in the functional 

extender, is also water-soluble with an ionic character. The amphoteric Al(OH)3 reacts with 

Ca(OH)2 to form a stable complex called katoite (Ca3[Al(OH)4]2), a hydroxide rarely found in 

nature. The anomaly of water allows this katoite to dissociate and form ions. These ions react 

with free sodium ions and form temporary sodium hydroxide (NaOH), which in turn is in 

equilibrium with the formation of disodium oxide (Na2O) and water (H2O). In turn, Na2O reacts 

with another water molecule, releasing heat (exothermic reaction) to form two molecules of NaOH, 

occurring in nature only in bound form in numerous minerals. Depending on external conditions, 

depending on notably water content, temperature, pressure, and light, long-term, highly complex 

structures are formed through constant equilibrium reactions, leading to changes in mineral-

containing compounds, thereby contributing to long-term stability and antimicrobial activity 

through the dynamic and the response of Na+ and OH- ions. 

In general, the results of this study validate the formerly stated assumptions explaining the 

mechanisms of antimicrobial activity. Surface-active properties due to minerals leading to a 

charged surface, migration of water-soluble minerals, as well as the formation and migration in 

the dynamics of the sodium ions in an alkaline milieu with water and oxygen, lead to proven 

antimicrobial activities. Furthermore, the results indicate that the binder influences the 

antimicrobial activity of the functional extender. These are indicated by the decrease in 
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antimicrobial activity shown for the dispersion of the pure functional extender in the acrylic 

polymer (M8) compared to the pure functional extender dissolved in water (M7). Here, the results 

indicate that in combination with the binder, the functional extender is bound in the film, and thus 

the minerals are not free to undergo chemical reactions leading to a charged surface. In 

combination with a biopolymer based on renewable resources, the mineral binder based on liquid 

potassium silicate is a significantly promising approach since it achieves good effectiveness 

without further additives. 

Due to the presence of the mineral ions Ca2+, Al3+, and Na+, the coatings exhibit positively charged 

surfaces. Therefore, the antimicrobial activity will be attributed to a combined effect of the charged 

surface of the coatings and a dynamic effect of minerals and Na+ and OH- ions. Several authors 

have shown that the activity of charged antimicrobial polymeric surfaces is influenced by the 

bacterial strains themselves, due to different charges leading to distinct electrostatic interactions 

between microorganisms and charged surfaces, leading to a depolarization of the cytoplasmic 

membrane resulting in cell death (Dohlen et al., 2016; Hewitt et al., 2004; Potter et al., 2005). In 

general, most bacteria carry a net negative surface charge under most physiological conditions 

(Jucker et al., 1996). Potter et al. (2005) proved a correlation between electrophoretic mobility 

and the antimicrobial efficiency of a cationic antimicrobial peptide. The electrophoretic mobility is 

also more negative for the relevant gram-positive bacteria (Staph. aureus) than for the gram-

negative bacteria (E. coli, Ps. fluorescens). Thus, the nearly neutral charge of Ps. fluorescens 

could cause a decreased activity (high resistance) of positively charged surfaces followed by 

E. coli compared to the more negatively charged bacteria. In contrast, Hewitt et al. (2004) 

assumed, based on their results, the existence of a protective function of the outer membrane of 

gram-negative bacteria. As stated by Gottenbos et al. (2003), resistance of Pseudomonas spp. 

compared to E. coli against cationic surfaces originates from a higher production of 

exopolysaccharides. Dohlen et al. (2016) demonstrated that the gram-negative bacteria E. coli 

and Ps. fluorescens are less sensitive to a poly(TBAMS) polymer compared to other tested 

microorganisms after 24 h at 7°C due to varying strength of the negative charges that these 

bacteria exhibit in physiological solutions. Our studies show that no decrease in antimicrobial 

activity for gram-negative bacteria compared to the tested gram-positive bacteria after 24 h at 

35°C and 120 h at 7°C was detected. This leads to the hypothesis that the antimicrobial activity 

is a combination of the effect of surface charge along with the dynamic of minerals and Na+ and 

OH- ions, leading to cell death. 

The temperature is often identified to affect the antimicrobial activity of different materials (Chang 

et al., 2015; Dohlen et al., 2016; Faúndez et al., 2004; Kampmann et al., 2008). In our studies, 

the initial bacterial counts of the references for Staph. aureus and E. coli are higher than after 

24 h of incubation, which is explained by the low incubation temperature. Akin, the antimicrobial 

activity is reduced at low temperatures compared to higher temperatures, which are close to the 
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optimal growth temperatures of the microorganisms. Comparing the results at 35°C and 7°C, 

these indicate a temperature-dependent activity of the surface coatings for Staph. aureus and 

E. coli with reduced activity at cold temperatures. As demonstrated by Dohlen et al. (2016), for 

surface active materials, poly(TBAMS) showed a lower reduction rate stored at 2°C and 4°C for 

Staph. aureus, E. coli, and B. thermosphacta in comparison to 35°C. Generally, microorganisms 

show a higher metabolism and growth at their optimal growth temperature (Jay, 1995). Thus, a 

lower activity of contact active materials can be explained by changes in bacteria cell structure 

due to adaption in gene regulation depending on environmental conditions (Di Bonaventura et al., 

2008; Liu et al., 2002). A positive correlation is proven between cell surface hydrophobicity and 

temperature (Di Bonaventura et al., 2008). However, a possible explanation for different 

antimicrobial activities at low temperatures against E. coli and Ps. fluorescens can be explained 

by various fatty acids present in the outer membrane of these microorganisms (Cullen et al., 1971; 

Gill & Suisted, 1978). Additionally, for migrating systems, the effect is caused by the slower 

release of active components into the environment at lower temperatures than applied for most 

tests on the antimicrobial activity at 35°C (Quintavalla & Vicini, 2002). The study results confirm 

that the antimicrobial activity of the surface coatings is attributed to the effect of a charged surface, 

especially at low temperatures when a lack of growth for some microorganisms is observed. 

The shown antimicrobial activities, leading to highly significantly decreased bacterial counts 

compared to the references, even under high initial bacteria counts for most of the analyzed 

coatings, are in accordance with the findings reported by Braun et al. (2017). In the study, the 

homopolymer poly(TBAMS) showed a highly significant decrease in the initial bacterial counts 

(Braun et al., 2017). At a high initial bacteria concentration, the effect of the electrophoretic 

mobilities of the bacteria is more pronounced when compared to a moderate initial concentration. 

Next to the electrostatic interactions, the availability of active groups is also proportional to the 

number of bacterial counts (Braun et al., 2017; Kurinčič et al., 2016). In order to guarantee the 

antimicrobial activity, it must be ensured that killed cells are regularly removed from the surface 

as the dead biomass, on the one hand, can mask the antimicrobial effect and, on the other hand, 

it offers an organic substrate for newly introduced microorganisms (Bulitta et al., 2020). The fact 

that killed cells do not remain on the surface makes a successive killing of bacteria possible with 

an extension of contact time, leading to comparable results for moderate initial concentrations 

(Lenoir et al., 2006). The research results led to the hypothesis that the antimicrobial activity is a 

combination of surface-active properties and a dynamic effect of water-soluble minerals and Na+ 

and OH- ions. As the availability of active groups needs to be proportional to the number of 

bacterial counts to achieve comparable results between a moderate and high initial concentration, 

an antimicrobial effect is attributed to the migration of minerals into the cells of microorganisms. 

Furthermore, the acrylate polymer leads to an inhibition of the antimicrobial activity of the 

functional extender, comparing the antimicrobial activities of M8 and M7. 
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In contrast to our findings of the influence of different pH values, studies on the polymers 

poly(TBAMS) and poly(TBAEMA) showed reduced antimicrobial activities against E. coli due to a 

more neutrally charged surface at alkaline conditions (Buranasompob, 2005). This is attributed to 

a decreasing zeta potential of compounds of LLDPE and TBAEMA at increasing pH values 

(Seyfriedsberger et al., 2006). A negative correlation between pH and zeta potential and a positive 

correlation between zeta potential and antimicrobial activity were substantiated for chitosan 

(Chang et al., 2015). In our studies, reduced antimicrobial activities at alkaline conditions were 

not proven. The higher antimicrobial activity under alkaline conditions compared to acidic 

conditions is explained by the formerly stated assumption of an amphoteric reaction of Al(OH)3 in 

an alkaline milieu. The reaction of Al(OH)3 with Ca(OH)2 is essential for the formation of the so-

called katoite Ca3Al2(OH)12, which in turn is a prerequisite for constant equilibrium reactions 

leading to changes in the mineral-containing compounds. It is assumed that reactive, stable, and 

adaptable compounds are formed that can cause antimicrobial activity in this milieu through Na+ 

and OH- ions. The formed reactive, stable, and adaptable compounds emphasize the potential 

use of the investigated coatings in various applications. Conceivable applications also include 

food contact surfaces that are exposed to changing environmental conditions during processing, 

cleaning, and disinfection. 

Based on the results of several other studies (Chen & Cooper, 2002; Dohlen et al., 2016; Lenoir 

et al., 2006; Roy et al., 2008; Sahalan et al., 2013), it was expected that the level of antimicrobial 

activity is probably affected by meat components. For different cationic antibiotics and cationic 

polymers, whose modes of action are related to membrane disruption, it was shown in several 

studies that divalent cations like Ca2+ and Mg2+ inhibit antibacterial activity, especially on gram-

negative bacteria (Chen & Cooper, 2002; Dohlen et al., 2016; Lenoir et al., 2006; Roy et al., 2008; 

Sahalan et al., 2013). In nutrient-rich media like meat, bacterial cells are exposed to lower osmotic 

stress than in media with low ionic strength (Møretrø et al., 2012). In the studies of Noyce et al. 

(2006) and Cutter (1999), fatty acids seem to provide a protective matrix for microorganisms, 

leading to reduced antimicrobial activities. Studies of silver-containing materials showed that 

antimicrobial activity is inhibited in the presence of proteins (Ilg & Kreyenschmidt, 2011; Møretrø 

et al., 2012). Proteins can interact with antimicrobial agents and occupy the functional amino 

groups. Furthermore, in the presence of nutrients, the electrical charge of the bacteria is affected 

(Dohlen et al., 2016). In the present studies, the level of antimicrobial activity of the surface 

coatings was not affected by meat components; as shown before, this part of the study confirms 

a combined effect of surface charge along with the dynamic of minerals of Na+ and OH- ions on 

antimicrobial activity. 
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5.6 Conclusion 

The analyzed coatings based on mineral binder based on liquid potassium silicate, non-

conserved acrylate polymers, and non-conserved styrene-acrylate polymers exhibit antimicrobial 

properties in contact with high bacteria concentration, under low-temperature conditions, in acidic 

and alkaline environments as well as in the presence of meat components against several 

microorganisms. The findings underline the potential of these coatings as a new antimicrobial 

material for different applications, such as antimicrobial packaging and antimicrobial food contact 

surfaces. Especially the mineral binder, based on liquid potassium silicate, in combination with a 

biopolymer, based on renewable resources, is a promising approach since an effective 

antimicrobial activity is achieved without further additives. However, additives such as metal ions 

tend to accumulate in food upon contact. In further experiments, it needs to be studied to what 

extent components of the organic coatings may migrate in the product and could become a 

possible health hazard. Overall, the experiments present a first evaluation of the general 

antimicrobial activity of organic coatings under specific conditions in perishable food supply 

chains. It is believed that these coatings can be applied to bio-based packaging materials, 

generating the antimicrobial properties of these materials. In contrast to the direct incorporation 

of antimicrobial-active substances in packaging materials, the coating of foils with antimicrobial 

polymers or substances turns out to be a promising approach to produce antimicrobial packaging. 

Additionally, these coatings attract attention as coatings for organic packaging materials like wood 

and paper to improve the physical properties next to their antimicrobial activity. In the future, the 

antimicrobial activity of coated packaging materials needs to be investigated under real 

conditions. To check the applicability and determine the effect of packaging materials coated with 

films (containing mineral binders based on liquid potassium silicate, non-conserved acrylate 

polymers, and non-conserved styrene-acrylate polymers) on quality loss and shelf life of fresh 

produce. In the long term, these coatings can be implemented to improve hygiene, food safety, 

and quality, as well as the extended shelf life of perishable produce. 
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6 General conclusion 

As customers’ preferences shifted to high-quality and safe products with enhanced shelf life, the 

development of various new trends in packaging systems has risen. An appropriate food 

packaging solution is a key factor related to food safety and the high-quality properties of fresh 

produce, as well as reducing food waste prior to final consumption. Food waste describes an 

increasing concern along the food supply chain, which holds all stakeholders involved 

accountable. If food waste occurs, the negative overall environmental impact rises with every step 

in the supply chain due to more used resources. Fossil-based multi-layer packaging offers 

effective and well-optimized solutions due to mechanical, thermal, and physical properties that 

are easily adjustable to a broad variety of distinctive food types. Despite these advantages, its 

use has to be reduced from an environmental, sustainable, and biocompatible perspective. 

Precisely, there are increasing issues concerning the harm caused to the environment, mainly 

due to the manufacturing phase, problematic end-of-life strategies, and adverse effects on human 

health. 

Unique strategies like reducing packaging thickness and/or the number of layers, using easily 

recyclable materials, and applying bio-based and/or biodegradable materials are pursued in the 

development and implementation of sustainable packaging materials. Although the food industry 

has shown a broad interest in replacing fossil-based plastics, 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. Satisfactory packaging characteristics, 

especially moisture and oxygen barriers, are crucial to preserve product quality and safety, 

ensuring shelf life and preventing food waste. There are several developments for bio-based 

materials, but up to now, widespread use in the market is still missing. 

Thus, the main objective of this thesis was the assessment of different innovative packaging 

strategies to maintain product characteristics and quality of different fresh produce, and thus to 

keep and even improve the resource efficiency of food processing and the packaging material 

itself. The innovative packaging strategies ranged from bio-based to more recyclable fossil-based 

packaging materials for use in supply chains of fresh produce. Furthermore, the potential and 

antimicrobial effectiveness of a novel antimicrobial active compound applied as a coating for 

active packaging materials was assessed. 

The first research question aimed to provide an overview of the status quo on research and 

practical use of bio-based packaging materials produced from renewable resources and biomass 

waste. The applicability of bio-based polymers was considered focusing on the relationship 

between packaging and food preservation. Additionally, the actual use of plant-derived additives 

in combination with bio-based packaging was screened as active packaging can improve 

(fundamental) packaging functions with a direct influence on food quality and shelf life. 
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Based on the literature review it became obvious that, so far, the use of bio-based polymers in 

industrial applications is often restricted due to lower performance in fundamental packaging 

functions that directly influence food quality and safety, the length of shelf life, and thus the 

amount of food waste. The proof-of-concept with food applications is shown by a few 

commercially available biopolymers, such as PLA, PHAs, PEF, PBS, and thermoplastic cellulose 

or starch-based films. Additives are often critical in achieving the desired properties in packaging 

materials and can be capable of prolonging the shelf life of both packaging materials and packed 

goods. Several studies showed that plant essential oils and plant extracts are interesting 

components for active food packaging due to their antimicrobial, antioxidant, and photo absorbing 

effects. Additionally, their incorporation typically improves packaging characteristics, especially 

the mechanical properties of packaging materials. In the future, the market for active packaging 

will certainly increase due to enhanced efforts and innovations in material development and 

processing technologies. 

For the second research question, an investigation of the effect of different bio-based packaging 

materials on the quality loss and microbial spoilage of fresh cherry tomatoes was performed. 

Since the shelf life of cherry tomatoes is very limited mainly due to softening and decay incidence, 

an appropriate packaging is essential regarding food safety and the high-quality properties of 

fresh produce as well as reducing food waste. The influence of bio-based packaging materials 

from renewable resources comprising groundwood pulp, sugar cane, bamboo, cellulose, grass 

paper, and polylactic acid on quality parameters and microbial spoilage was investigated. Storage 

trials with fresh cherry tomatoes were performed under dynamic temperature conditions typical in 

fruit and vegetable supply chains. During storage, the influence on typical quality parameters like 

decay incidence and weight loss, microbiological spoilage, sensory attributes, as well as the color 

and texture of cherry tomatoes, was analyzed and assessed. Furthermore, the packaging 

materials themselves were investigated for surface bacterial counts, followed by general 

packaging parameters like tensile strength, elongation at break and water absorption capacity 

testing. 

The results show that the above-mentioned bio-based packaging materials themselves have an 

influence on quality parameters associated with quality changes due to their capacity for moisture 

absorption and their influence on the exchange and alignment of surrounding conditions. It 

became evident that groundwood pulp and sugar cane showed higher preserving characteristics 

of fresh cherry tomatoes compared to the reference materials, whereas in cellulose and PLA 

packaging, cherry tomatoes reach a level of unacceptable product quality after the shortest 

storage period. Especially the parameters of weight loss, decay incidence, and microbial 

contamination of tomatoes packaged in trays made of groundwood pulp and sugar cane point to 

the advantage of using this kind of bio-based packaging material, even from an economical and 

sustainable point of view due to increasing prices of fossil-based resources (oil) and packaging 
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waste reduction. The results of the packaging parameters showed the highest tensile strength for 

cellulose (thinnest material), and the lowest was recorded for groundwood pulp (thickest material). 

The water absorption capacity showed a wide range, with corrugated cardboard exhibiting, by far, 

the highest value and bamboo and cellulose the lowest. 

For answering the third research question, the ability of different innovative packaging materials 

to preserve and maintain quality and shelf life of emulsion-type sausages was evaluated 

compared to a conventional used multi-layer APET/PE multi-layer. During storage, 

microbiological parameters (total viable count, lactic acid bacteria, Enterobacteriaceae, and 

yeasts and molds) were analyzed, and instrumental color measurements were investigated. 

Additionally, the gas composition in the packages was analyzed to identify the gas barrier 

properties of the packaging materials and the percentage of defective packages. 

The study revealed that the reference multi-layer APET/PE 300µ/62µ, and the multi-layer 

APET/PE 230µ/62µ were the most effective in keeping the quality of ma-packed emulsion-type 

sausage and preserved an acceptable product quality during shelf life. The growth behavior of 

several microorganisms varied in the innovative tested packaging materials compared to 

emulsion-type sausage stored in the reference multi-layer APET/PE 300µ/62µ. The decline of 

product quality varied between the different materials, with no correlation between microbial 

spoilage and a decrease in product quality for emulsion-type sausage packaged in the various 

tested innovative packaging materials. Considering the percentage of intact packages as a critical 

factor for the machine applicability and the gaseous atmosphere-keeping property, it becomes 

evident that the use of a mono-layer Mono APET 200µ/52µ without any EVOH layer, a under foil 

reduced in thickness to 230µ and a paper-PE compound led to an increase in O2 concentration 

compared to the reference multi-layer APET/PE 300µ/62µ. It indicates that sufficient barrier 

properties of both under and upper foil are crucial keeping the quality of emulsion-type sausage 

during storage. Introducing new packaging materials remains highly case-dependent, but as long 

as food quality is preserved, these represent a promising alternative for replacing conventionally 

used multi-layer packaging. Especially in certain product areas where short residual terms are 

enough, the use can be favored, even in terms of sustainability. 

The final research question aimed at the determination of different products, processes, and 

environmental influence factors, focusing on the antimicrobial activity of several surface coatings 

without preservatives, biocides, or any similar compound prepared by new binders’ treatments, 

which use functional extenders. Several trial setups were conducted to elucidate the research 

question. The influence of: selected specific gram-positive and gram-negative organisms, contact 

time, initial bacteria concentration, temperature, pH value, and the presence of food components 

on the antimicrobial activity were analyzed by using a test method according to ISO 22196:2007. 
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The results allowed an evaluation of the potential use of the investigated coatings as packaging 

coating for active packaging materials. 

In general, the results showed a high antimicrobial activity of the coatings based on silicate, non-

conserved acrylates, and styrene acrylates under several test conditions. Thus, these coatings 

bear a high potential for application as packaging material or surface coating in the food industry 

to increase the safety and quality of perishable products. Overall, no difference in the sensitivity 

of gram-positive and gram-negative bacteria was observed. All tested surface coatings based on 

silicate, non-conserved acrylates, and styrene acrylates showed high antimicrobial activities 

under standard test conditions. In addition, a high initial bacteria concentration for incubation 

leads to a reduction in bacterial count. Incubation at low temperatures (120 h, 7°C) resulted in a 

decreased reduction rate for Staph. aureus for most of the samples. Furthermore, antimicrobial 

activity was shown for most of the samples in the presence of the food components starch, meat 

extract, and oleic acid, as well as when inoculated with adjusted pH values (pH 5, 7, 9). It is 

expected that these coatings can be applied to different standards, multilayer, and packaging 

polymers, generating an antimicrobial property of these materials to increase the advantageous 

characteristics of multilayer foils with high barriers for water and gases, as well as increased 

mechanical strength. 

As a concluding remark, replacing fossil-based packaging materials for fresh produce with 

innovative packaging systems needs to evaluate and consider a complexity of different factors 

influencing food safety and high-quality properties of fresh produce, as well as reducing food 

waste. The implementation of packaging materials that appear to be more sustainable at first 

glance is recommended if the environmental impact of the entire supply chain has been 

considered. As the environmental impact of producing the food itself is much higher than that of 

the packaging, it is crucial for the packaging to maintain product quality and guarantee shelf life 

to avoid any food waste. According to the results of this thesis, the tested approaches of 

innovative packaging materials absolutely bear advantages to be used for the packaging of fresh 

produce. But with every application, the interaction between food, packaging, and environmental 

factors is crucial for the effects on quality and shelf life. Prior to the implementation of new 

packaging materials, it is advisable to conduct application-related durability tests to check whether 

packaging solutions made of innovative materials can guarantee the quality and safety of food. 

And thus, represent packaging that is equivalent to commercial packaging. 

Bio-based materials do not only provide significant opportunities in terms of economics, 

sustainability, and biocompatibility. A broad interest in the food industry, and the proof-of-concept, 

is shown by a few commercially available biopolymers with food applications such as PLA, PHAs, 

PEF, PBS, and thermoplastic cellulose or starch-based films. However, their use in industrial 

applications is often restricted due to poor commercial availability, lack of efficient production, 
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recycling and disposal processes, lower performance in machine applicability, and fundamental 

packaging functions. Research needs to focus on improving the characteristics of bio-based 

packaging materials like mechanical, thermal, and physical properties. Approaches to increase 

packaging functions cover active coatings in combination with bio-based materials as they might 

have a significant effect on the adsorption of ethylene and water vapor. Organic coatings have 

the potential to be applied to different standards, packaging polymers, generating an antimicrobial 

property of these materials to increase the advantageous characteristics of multi-layer foils with 

high barriers for water and gases as well as increased mechanical strength. Besides their 

antimicrobial properties, coatings attract attention as coatings for organic packaging materials like 

wood and paper to improve their physical properties. Due to enhanced efforts and innovations in 

material development and processing technologies, the market for active packaging will certainly 

increase in the foreseeable future. Contrasting to the incorporation of antimicrobial active 

polymers as compounds, the coating of foils with antimicrobial polymers or substances turns out 

to be a promising approach producing active, antimicrobial packaging. Challenges such as the 

adhesion of coatings to the substrate need to be overcome. Furthermore, an interesting point for 

further studies on the packaging of fruits and vegetables is the replacement of LDPE film with a 

PLA or cellulose-based film to make the packaging even more sustainable, as it was shown that 

the use of sealed plastic films positively influences the product quality compared to unwrapped 

stored fruits. 

In addition to the points already summarized, end-of-life issues of packaging materials need to 

be emphasized when assessing their sustainability. Safe disposal and recycling of materials often 

remain challenging. Except for drop-in solutions, the disposal and recycling of several bio-based 

materials often remain challenging. One of the main reasons is that investments are required in 

the overall disposal, including steps of collection, separation, composting, and recycling of 

upcoming new materials, which, however, are associated with high costs. Due to a still modest 

market share of such materials, appropriate investments in waste management systems are often 

not made yet. So, further innovations in both recyclable packaging designs and corresponding 

cost-effective technologies are needed. 
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A Appendix 

A.1 Appendix for chapter 3 

 
Figure A.1 Recorded temperature and relative humidity, showing minimum and maximum values of 

each storage day, during the storage trial with the packaging trays of corrugated cardboard and 
grass paper. 

 

 
Figure A.2 Recorded temperature and relative humidity, showing minimum and maximum values of 

each storage day, during the storage trial with the packaging trays of rPET and PLA. 
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Figure A.3 Recorded temperature and relative humidity, showing minimum and maximum values of 
each storage day, during the storage trial with the packaging trays of groundwood pulp and sugar 

cane. 
 

 
Figure A.4 Recorded temperature and relative humidity, showing minimum and maximum values of 

each storage day, during the storage trial with the packaging trays of bamboo and cellulose. 
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