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Summary 

The reduction of wasted food is a global issue that has been brought to the attention of the 

food industry, especially by a report published by the Food and Agricultural Organization of the 

United Nations (FAO) about 10 years ago. The reasons for and timing of losses along the value 

chain are manifold and highly dependent on the surrounding infrastructure. In developing 

countries, for example, the causes are often inefficient production, for example due to lack of 

cooling equipment. In developed regions, on the other hand, more than half of the waste occurs 

at retail and at the end consumer. Meat and meat products account for around 20% of 

discarded food. This is probably often caused when the labeled “best before” or “use by” dates 

expire. However, after the dates have been expired, food is often still consumable from a 

microbiological point of view, as the producer is guided by products with a lower quality when 

setting the dates. Furthermore, past studies have shown that meat products packaged under 

a high oxygen atmosphere experience a change in the gas atmosphere in the headspace of 

the package, while the population of aerobic microorganisms on the packaged food increases. 

More specifically, the O2 content decreases while the CO2 content increases vice versa. Fresh 

meat is considered microbially spoiled once a microbial limit of 107 colony forming units per 

gram of sample has been reached. Nowadays, the headspace gas atmosphere in packaging 

is mostly measured with invasive measurement methods. Non-destructive, optical 

measurement methods are a promising alternative to invasive measurement methods. They 

have the advantage that a package is still intact after the determination of the gas atmosphere 

and product quality would therefore still be suitable for placing on the market, for example in 

retail.  

Three research questions could be derived for the present work from these fundamentals. 

First, a review article answered the question, which promising optical, non-destructive 

measurement methods for the quality analysis of already packaged food – in particular meat 

and meat products – are already available or a subject of current research. Next, in the 

practical part of the work, two optical measurement methods were developed that are suitable 

for the non-destructive determination of the O2 and CO2 gas composition in the headspace of 

packaging for meat and meat products. Last, the applicability of the methods for assigning an 

individual “use by” or “best before” date was validated using non-destructive measurement of 

the headspace gas atmosphere of packaged meat and meat products. An extensive literature 

search showed that promising approaches are available in research for non-destructive quality 

analysis of already packaged food. Six measurement methods emerged as suitable for the 

focused optical range between 200 nm (UV) and 50 μm (FIR): Fluorescence spectroscopy, 

hyperspectral imaging (HSI), infrared spectroscopy, Raman spectroscopy, simple color 

measurements in the CIE L*a*b* color space, and the Tunable Diode Laser Absorption 

Spectroscopy (TDLAS), which is a measurement method usually operating in the NIR or MIR 
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that uses tunable laser diodes to measure absorption at a specific wavelength. The research 

also distinguished between measurements on the packaged product itself (direct), and 

measurements of the surrounding gas atmosphere (indirect). For all these measurement 

methods there were approaches that would be suitable for measuring the quality of packaged 

meat and meat products, but many approaches were not very practical (e.g., due to the 

implementation of complex chemometric correlation methods), which could complicate their 

application, e.g., in retail to determine an individual shelf-life date. A broad field of application 

to different packaging forms and types, as well as cost factors, also plays a role for commercial 

application. In direct measurements on the product surface, the quality parameters to be 

determined are often mixed with other attributes, which can also make correlation difficult. 

Therefore, indirect measurement of the headspace gas atmosphere was chosen as a feasible 

approach for the next steps in the work. For O2 determination the fluorescence quenching 

approach was chosen; for CO2 determination an absorption measurement in the MIR was 

chosen.  

For O2 determination a packaging system with integrated fluorescence sensor material was 

developed. For the integration of the sensor material, e.g., in the lid film of the packaging, a 

heat-sealing method was chosen, which could protect both the sensor material towards the 

product side from contamination with the packaged food and the food from potential migration 

of fluorescence material. It was demonstrated that the heat-sealing process had no negative 

influence on the sensor material and that a high measurement precision was given for all tested 

packaging materials. The focus of the work was also on the question of whether the developed 

packaging system allows real-time measurement of the O2 atmosphere. The practical 

simulation of different permeation and diffusion processes showed that the developed method 

is limited in this respect. If a change in the O2 headspace gas atmosphere is induced by a 

microbiological process, measurement in real time is possible. If a change in the O2 

atmosphere takes place due to diffusion processes, for example due to a leakage in the cover 

film, measurement in real time is not possible because the reaction of the embedded sensor 

showed to be too slow due to slow permeation processes through the covering of the sensor 

material.  

For non-destructive determination of the CO2 gas concentration of the headspace gas 

atmosphere, a novel measurement device was developed which operates in the MIR range 

(4.26, 4.27 and 4.45 μm), as this is where the main CO2 absorption band (antisymmetric 

stretch) is located. In addition, a reference beam at 3.95 μm was selected to minimize the 

influence due to packaging-specific properties such as pigmentation, shape and defects. In the 

final configuration, a rapidly modulated thermal IR emitter was used, which has an emission 

characteristic close to blackbody radiation. The beam path of the thermal IR emitter was 

selected so that it passes through the corner of the tray at a 45° angle. On the one hand, this 
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prevents the measurement path from being disturbed by the filling material. It also ensures that 

the measurement path always remains the same. A multi-channel system with preceding 

broadband bandpass filters for the selected wavelengths was used as detector. The work was 

able to show that the developed measuring device delivers precise real-time results, 

regardless of the packaging pigmentation or film imprint (except for the pigment “Carbon 

Black”) or the packaging shape. Surface defects or structural changes of the polymer can 

influence an accurate measurement. 

Both measurement systems developed were used to answer the question of whether an 

individual “use by” or “best before” date for meat and meat products can be determined on the 

basis of the headspace gas atmosphere. For this purpose, different meat and sausage 

products (minced meat, boiled sausage, beef steak and poultry cutlets) were stored at different 

modified gas atmospheres and temperatures and, in addition to determining the O2 and CO2 

gas concentrations (using both the developed non-destructive measurement methods and an 

invasive reference method), other quality parameters such as color, sensory characteristics 

and total plate count were determined. However, an individual shelf life could not be reliably 

determined for any of the measured samples, as a significant change in the gas atmosphere 

occurred either simultaneously with the achievement of the microbiological limit value or 

significantly after the limit value was reached. For red muscle meat, however, a prediction 

could not be completely ruled out. On the other hand, premature spoilage, e.g., due to incorrect 

storage, could also well be determined with the measurement methods. 

  



Zusammenfassung 

XIII 
 

Zusammenfassung 

Die Reduktion an verschwendeten Lebensmitteln ist eine globale Problemstellung, die ins 

besonders durch einen vor rund 10 Jahren veröffentlichten Bericht der Food and Agricultural 

Organization der Vereinten Nationen (FAO) stark in den Fokus der Lebensmittelbranche 

gerückt wurde. Die Ursachen und Zeitpunkte der Verluste entlang der Wertschöpfungskette 

sind hierbei vielfältig und stark abhängig von der umgebenden Infrastruktur. In 

Entwicklungsländern beispielsweise liegen die Ursachen häufig in einer ineffizienten 

Produktion, beispielsweise durch nicht vorhandene Kühlbedingungen. In entwickelten 

Regionen fallen hingegen mehr als die Hälfte der Abfälle im Einzelhandel und beim 

Endverbraucher statt. Fleisch und Fleischprodukte machen hierbei rund 20 % der verworfenen 

Lebensmittel aus. Ursächlich sind hierfür vermutlich häufig ein Überschreiten des etikettierten 

Mindesthaltbarkeitsdatums bzw. Verbrauchsdatums. Nach Überschreiten der Daten sind 

Lebensmittel allerdings häufig aus mikrobiologischer Sicht immer noch verzehrsfähig, da sich 

der Produzent bei der Festlegung der Daten an Produkten mit einer geringeren Qualität 

orientiert. Des Weiteren konnten Studien in der Vergangenheit zeigen, dass bei 

Fleischprodukten, die unter einer hohen Sauerstoffatmosphäre abgepackt wurden, eine 

Veränderung der Gasatmosphäre im Kopfraum der Verpackung stattfindet, während die 

Population von aeroben Mikroorganismen auf dem verpackten Lebensmittel steigt. Konkreter 

gesagt, nahm der O2 Gehalt ab, während der CO2 Gehalt vice versa zunahm. Frischfleisch 

wird als mikrobiell verdorben angesehen, sobald eine mikrobielle Grenze von 107 

koloniebildende Einheiten pro Gramm Probe erreicht wurde. Die Messung der Kopfraum-

Gasatmosphäre in der Verpackung findet heutzutage meistens mit invasiven Messmethoden 

statt. Zerstörungsfreie, optische Messmethoden stellen hierbei eine vielversprechende 

Alternative zu invasiven Messmethoden dar. Sie haben den Vorteil, dass eine Verpackung 

nach der Bestimmung der Zusammensetzung der Gasatmosphäre – oder Produktqualität – 

noch intakt und somit beispielsweise im Einzelhandel noch zur Inverkehrbringung geeignet 

wäre.  

Aus den geschilderten Grundlagen konnten für die vorliegende Arbeit drei Forschungsfragen 

abgeleitet werden. Zuerst wurde in einer Literaturarbeit die Fragestellung beantwortet, welche 

vielversprechenden optischen, zerstörungsfreien Messmethoden zur Qualitätsanalyse von 

bereits verpackten Lebensmitteln – insbesondere von Fleisch und Fleischprodukten – bereits 

vorhanden oder Gegenstand der aktuellen Forschung sind. Als nächstes wurden im 

praktischen Teil der Arbeit zwei optische Messmethoden entwickelt, die zur zerstörungsfreien 

Bestimmung der O2 und CO2 Gasatmosphäre im Kopfraum von Verpackungen für Fleisch und 

Fleischprodukte geeignet sind. Als letztes wurde die Anwendbarkeit der Methoden zur 

Erstellung eines individuellen „Verbrauchsdatums” oder „Mindesthaltbarkeitsdatums” anhand 
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der zerstörungsfreien Messung der Kopfraum-Gasatmosphäre von verpacktem Fleisch und 

Fleischprodukten validiert.  

Bei der umfänglichen Literaturrecherche konnte gezeigt werden, dass bereits 

vielversprechende Ansätze in der Forschung zur zerstörungsfreien Qualitätsanalyse von 

bereits verpackten Lebensmitteln vorhanden sind. Sechs Messmethoden haben sich für den 

fokussierten optischen Bereich zwischen 200 nm (UV) und 50 μm (FIR) als geeignete 

Messmethoden herauskristallisiert: Fluoreszenz-Spektroskopie, Hyperspectral imaging (HSI), 

Infrarot-Spektroskopie, Raman-Spektroskopie, einfache Farbmessungen im CIE L*a*b* 

Farbraum, sowie die Tunable Diode Laser Absorption Spectroscopy (TDLAS), welches eine 

meist im NIR oder MIR agierende Messmethode ist, die mittels durchstimmbarer Laserdioden 

die Absorption bei einer spezifischen Wellenlänge misst. Bei der Recherche wurde ebenfalls 

zwischen Messungen auf das verpackte Produkt selbst (direkt), sowie die Messung der 

umgebenen Gasatmosphäre (indirekt) unterschieden. Für alle genannten Messmethoden gab 

es Ansätze, die für eine Messung der Qualität von verpacktem Fleisch und Fleischprodukten 

geeignet wären, allerdings waren viele Ansätze wenig praktikabel (z.B. durch die 

Implementierung von komplexen chemometrischen Korrelationsmethoden), was die 

Anwendung z.B. im Einzelhandel zur Festlegung eines individuellen Haltbarkeitsdatums 

erschweren könnte. Auch ein breites Anwendungsfeld auf unterschiedliche 

Verpackungsformen und – arten, sowie Kostenfaktoren spielen für eine kommerzielle 

Anwendung eine Rolle. Bei direkten Messungen auf der Produktoberfläche werden die zu 

bestimmenden Qualitätsparameter oftmals mit anderen Attributen vermischt, was eine 

Korrelation ebenfalls erschweren kann. Als praktikabler Ansatz wurde daher für das weitere 

Vorgehen der Arbeit eine indirekte Messung der Kopfraum-Gasatmosphäre gewählt. Für die 

O2 Bestimmung wurde der Ansatz der Fluoreszenzlöschung (Quenching) gewählt, zur CO2 

Bestimmung wurde eine Messung im MIR Bereich ausgewählt.  

Zur O2 Bestimmung wurde ein Verpackungssystem mit integriertem, Fluoreszenz-

Sensormaterial entwickelt. Zur Integration des Sensormaterials – z.B. in die Deckfolie der 

Verpackung – wurde eine Heißsiegelmethode gewählt, die sowohl das Sensormaterial zur 

Produktseite hin vor einer Kontamination mit dem verpackten Lebensmittel als auch das 

Lebensmittel vor einer potenziellen Migration von Fluoreszenzmaterial schützen konnte. Es 

konnte demonstriert werden, dass der Heißsiegelprozess keinen negativen Einfluss auf das 

Sensormaterial hat und eine hohe Messpräzision bei allen getesteten Verpackungsmaterialien 

gegeben war. Hauptfokus der Arbeit lag zudem in der Fragestellung, ob das entwickelte 

Verpackungssystem eine Messung der O2-Atmosphäre in Echtzeit erlaubt. Die praktische 

Simulierung von unterschiedlichen Permeations- und Diffusionsvorgängen konnte zeigen, 

dass hier eine Limitierung der entwickelten Methode vorliegt. Wird eine Veränderung der O2 

Kopfraum-Gasatmosphäre durch einen mikrobiologischen Prozess induziert, ist eine Messung 



Zusammenfassung 

XV 
 

in Echtzeit möglich. Findet jedoch eine Veränderung der O2 Atmosphäre durch 

Diffusionsvorgänge beispielsweise durch eine Leckage in der Deckfolie statt, ist keine 

Messung in Echtzeit möglich, weil sich die Reaktion des eingebetteten Sensors aufgrund 

langsamer Permeationsprozesse durch die Sensormaterialabdeckung als zu langsam erwies. 

Zur zerstörungsfreien CO2 Bestimmung der Kopfraum-Gasatmosphäre wurde ein neuartiges 

Messgerät entwickelt, welches im MIR Bereich (4,26, 4,27 und 4,45 μm) arbeitet, da hier die 

Haupt-CO2 Absorptionsbande (asymmetrische Streckschwingung) liegt. Zudem wurde ein 

Referenzstrahl bei 3,95 μm ausgewählt, um den Einfluss durch verpackungsspezifische 

Eigenschaften wie Farbe, Form und Defekte zu minimieren. In der endgültigen Konfiguration 

wurde ein schnell modulierbarer thermischer IR-Strahler verwendet, der eine 

Emissionscharakteristik nahe der Schwarzkörperstrahlung aufweist. Der Strahlengang des 

thermischen IR-Emitters wurde so gewählt, dass er im 45 ° Winkel durch die Ecke des Trays 

verläuft. So wird zum einen verhindert, dass der Messpfad durch das Füllgut gestört wird. 

Zudem wird ein immer gleich-bleibender Messpfad gewährleistet. Als Detektor wurde ein Multi-

Channel System mit vorangesetzten Breitband Bandpassfiltern für die ausgewählten 

Wellenlängen gewählt. Die Arbeit konnte zeigen, dass das entwickelte Messgerät präzise 

Echtzeitergebnisse liefert, unabhängig von der Verpackungspigmentierung oder 

Folienaufdruck (mit Ausnahme des Pigments „Carbon Black”) oder der Verpackungsform. 

Oberflächendefekte oder strukturelle Veränderungen des Polymers können dagegen eine 

präzise Messung beeinflussen.  

Beide entwickelten Messsysteme wurden zur Beantwortung der Fragestellung eingesetzt, ob 

ein individuelles „Verbrauchsdatum” oder „Mindesthaltbarkeitsdatum” für Fleisch und 

Fleischprodukte durch die Bestimmung der Kopfraum-Gasatmosphäre festgelegt werden 

kann. Hierfür wurden unterschiedliche Fleisch und Wurstwaren (Hackfleisch, Brühwurst, 

Rindersteak und Hähnchengeschnetzeltes) bei unterschiedlichen modifizierten 

Gasatmosphären und Temperaturen gelagert und neben der Bestimmung der O2 und CO2 

Gaskonzentrationen (sowohl mit den entwickelten zerstörungsfreien Messmethoden, als auch 

mit einer invasiven Referenzmethode), weitere Qualitätsparameter wie Farbe, Sensorik und 

die Gesamtkeimzahl bestimmt. Ein individuelles Haltbarkeitsdatum konnte allerdings für keine 

der gemessenen Proben sicher bestimmt werden, da eine signifikante Veränderung der 

Gasatmosphäre entweder gleichzeitig mit dem Erreichen des mikrobiologischen Grenzwertes 

oder erst deutlich nach Erreichen des Grenzwertes stattgefunden hat. Für rotes Muskelfleisch 

allerdings konnte eine Vorhersage nicht komplett ausgeschlossen werden. Ein vorzeitiger 

Verderb bspw. durch eine inkorrekte Lagerung könnte jedoch mit den Messmethoden 

bestimmt werden. 
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1 Introduction 

1.1 Polymer-based food packaging 

Although there is nowadays a lot of criticism in the society regarding the packaging of food 

with plastics, it is undeniable that polymer-based packaging is, along with paper board, the 

most important packaging type for retaining the quality of food worldwide (Piergiovanni & 

Limbo, 2016). Since the first use of polyethylene in the 1930’s for the packaging of food (Coles 

et al., 2003), the development and research on improved packaging types – tailor made for the 

packaged good – are still ongoing.  

Plastic packaging consists of around 70−99% polymers (depending on the amount of additives 

such as plasticizers, antioxidants, pigments, etc.), which is why the nomenclature “polymers” 

and “plastics” is often used as synonym (Piergiovanni & Limbo, 2016).  

Plastics can be categorized at various levels. Firstly, a distinction can be made regarding the 

raw material: If it is produced from natural raw materials or synthetically. Secondly, polymer-

based materials are classified based on the method of production regarding the polymerization 

reaction, namely a condensation or addition reaction. Thirdly, they are classified according to 

the physical properties of the polymers as thermoplastics, elastomers, and thermosets. The 

group most used for food packaging are thermoplastics. Thermoplastics are linear or branched 

polymers with either an amorphous or semi-crystalline structure (Brandsch & Piringer, 2008). 

They have the advantage that they can be melted and thus shaped using temperature and 

pressure. Figure 1 shows a schematic illustration of amorphous and semi-crystalline 

structures. 

 

 

Figure 1: Morphology of thermoplastics: Schematic representation of (a) amorphous and (b) semi-crystalline 

structures of synthetic polymers (own illustration, according to (Piergiovanni & Limbo, 2016)) 

 



Introduction 

2 
 

The ratio of the amorphous and semi-crystalline parts of a plastic is relevant for its properties, 

as amorphous and semi-crystalline structures are completely different in their behavior. The 

following Table 1 shows the main differences: 

 

Table 1: Comparison of the properties of amorphous and semi-crystalline polymers (adapted to (Horvath et al., 
2017; D. S. Lee et al., 2008)) 

Property Amorphous polymers Semi-crystalline polymers 

Transmission (VIS) higher transparency higher opacity  

Melting no distinct melting point  
crystallites are melting at a specific 

temperature 

Hardness generally, relatively weak and flexible 
for most polymers hard and brittle, low 

impact resistance 

Gas barrier moderate to poor moderate to good 

Chemical resistance moderate good 

 

However, for the semi-crystalline polymers it must added that their properties can be highly 

influenced by the cooling rate or orientation, while amorphous polymers are less affected by 

these factors (D. S. Lee et al., 2008).  

There are several important polymers used within the food packaging industry. The most 

important are shown in Table 3. Polyethylene (PE) is the most-used polymer⎯in either its low-

density (PE-LD) or high-density (PE-HD) form. In the case of PE, for example, so-called chain 

growth polymerization with ethylene takes place, in which the monomers are covalently linked 

(by double bonds). Another polymerization would be condensation polymerization which is, for 

example, the method of choice to produce polyethylene terephthalate (PET). In this process, 

the molecules pairwise bond by releasing water (Piergiovanni & Limbo, 2016).  

1.1.1 Thermal properties of polymers 

To gain the desired form of the polymer for use as food packaging, the thermal properties ⎯the 

behavior of the material when experiencing energy input in form of heat⎯are of great interest. 

From that knowledge, the defined temperatures, e.g., during film production (extrusion), form 

production (blow molding, injection molding or a thermoforming line) or heat-sealing can be 

chosen. Thermal properties can for example be investigated using so-called differential 

scanning calorimetry (DSC). The measurement is based on the change in the internal energy 

of a polymer at constant heat flow 𝑄̇ and partial pressure 𝑝. The change in internal energy is 

the enthalpy change ∆𝐻. By comparing the heat flow of the measured sample to the reference 

sample with no enthalpy changes (baseline), the amount of ∆𝐻 can be calculated, using the 

heat flow difference. Endothermic processes, such as melting, evaporation or glass transition, 

lead to an increase in enthalpy or decrease in heat flux. Exothermic transformations, such as 

crystallization, hardening and decomposition, lead to a corresponding decrease in enthalpy or 
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increase in the measured heat flow. The heat flow 𝑄̇ is the amount of heat per time and mass, 

which is proportional to the specific heat capacity 𝑐𝑝 with the proportionality factor of the 

heating rate v (Ehrenstein et al., 2003). A typical curve for a DSC measurement of a (semi-

crystalline) polymer is shown in Figure 2.  

The glass transition, which is a shift of the base line due to the transition from the glass-elastic 

to the rubber-elastic state, is related to the amorphous parts of a polymer. Due to the glass 

transition, no real phase transition, but a relaxation transition takes place. Above the glass 

transition temperature, which is defined as the temperature at which half of the change in 

specific heat capacity has already been converted, the polymer has a more liquid-like behavior 

(“rubbery state”) than a solid-like behavior (“glassy state”). For semi-crystalline polymers, the 

glass transition is often more difficult to measure via DSC, as its appearance is highly 

dependent on the degree of initial crystallinity (Frick & Stern, 2011). 

 

 

Figure 2: Schematic illustration of a DSC curve for semi-crystalline polymers (own illustration) 

 

Crystallization typically happens during cooling and is the reaction opposite to melting. Melting 

and crystallization correspond to the crystalline part of a polymer, which is why semi-crystalline 

polymers have a melting and crystallization peak, whereas amorphous polymers only have a 

value in glass transition. For some polymers such as PET, it is also quite regular that during 

the heating process an exothermic peak appears, which is known as the re-crystallization of 

amorphous structures (Frick & Stern, 2011). The thermal behavior of important food packaging 

polymers is also shown in Table 3.  
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1.1.2 Permeation properties of polymers 

Among the most important polymer properties, when it comes to the packaging of food 

products, are their gas barrier properties. They are decisive as to whether a food is protected 

from gases or water long enough for optimum shelf life. In general, the permeance and water 

vapor transmission (WVTR) rates are therefore most significant. Figure 3 shows the oxygen 

permeability and WVTR values for several polymers. Table 3 also gives an overview of typical 

values for oxygen permeability. The values mentioned are for orientation purposes and should 

not be understood as fixed values, since large differences in the measured values can be found 

within the published literature (Buchner, 1999). 

 

Figure 3: Comparison of oxygen permeability and water vapor transmission rates at 23°C of some polymers 
commonly used in the packaging industry normalized to a thickness of 100 μm (adapted to (Schmid et al., 2012)) 

 

For better comparability, the values are often normalized to a film thickness of 100 µm and 

standard conditions (273.15 K, 1013 mbar), using the ideal gas law (compare equation 1.8). 

Even if the standardization of the unit of the O2 permeability and WVTR would make sense, it 

is unfortunately often apparent from the literature that there is no uniform designation (Buntinx 

et al., 2014; Gonzalez et al., 2008; Kim et al., 2005).  

The figure shows clearly that there can be large differences in barrier properties depending on 

the polymer, which has indeed a significant influence on product quality (Baur et al., 2013).  
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The permeation of gases is, after reaching the stationary state (= equilibrium state of the 

permeating substance in the to be entered film sample has been reached (Langowski, 2017)), 

linear over time (Buchner, 1999) and is based on three sub steps: adsorption, diffusion and 

desorption. First, gas molecules are adsorbed onto the film surface on both sides of the 

packaging material. This occurs in a concentration dependent on the partial pressure present 

on the respective side. After adsorption, the molecules initially dissolve near the film surface. 

Due to the different concentrations on the surfaces, the molecules diffuse through the film in 

the direction of the lower concentration. As a result, the concentration on the side with the 

lower partial pressure increases. As a result, there is an imbalance between the concentration 

and the partial pressure prevailing in the environment. In order to regain the equilibrium, the 

last step is the desorption of the molecules from the side in contact with the volume of lower 

substance concentration of the film surface (Langowski, 2008; D. S. Lee et al., 2008). The 

measurement of gas permeation is accomplished by the measurement of the increase in the 

gas concentration, e.g., with optical sensors (DIN Standards Committee Packaging, 2014).  

 

Theoretical background of the one-dimensional permeation process: 

The calculation of the one-dimensional permeation process, in which the gas permeates 

through a homogenous film, is based on the combination of Henry’s law (1.1) and Fick’s first 

(1.2) and, if the time dependency is relevant, e.g., for the non-steady state, Fick’s second law 

(1.3) (Langowski, 2008, 2017): 

In the case of constant solubility, Henry’s law applies with the concentration 𝑐 on the respective 

side, the partial pressure 𝑝 of the substance on the respective side, and the sorption coefficient 

𝑆. Fick’s first law describes the diffusion of the substance, whereas 𝐽 describes the diffusion 

flux (also abbreviated with 𝐹 in the literature), because of the diffusion coefficient 𝐷, as a 

function of the concentration of the substance 𝑐 and the length 𝑥. The second law in addition 

considers the time dependency 𝑡.  

 

Henry’s law     𝑐 = 𝑆 ∗ 𝑝     (1.1) 

 

Fick’s first law:     𝐽 =  −𝐷
𝜕𝑐

𝜕𝑥
     (1.2) 

 

Fick’s second law:    
𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2     (1.3) 

  

It is often assumed that, for a given polymer and gas, the sorption coefficient remains 

independent of the concentration (Langowski, 2008). In the following, 𝑐1 stands for the 

concentration of the substance on the side of the film with the higher partial pressure and 𝑐2 
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for the concentration on the side with the lower partial pressure. After steady state is reached, 

a constant or stationary flux density 𝐽 is reached (𝐽 =
𝜕𝑐

𝜕𝑡
= 𝑐𝑜𝑛𝑠𝑡). At this point, 𝜕𝑐/𝜕𝑥 is also 

constant, resulting in a linear increase in the permeated mass through the film with a thickness 

𝑑. The permeation occurs from the side with the higher partial pressure 𝑐1 to the side with the 

lower partial pressure 𝑐2 and can be described by inserting these values into 1.2:  

 

 

𝐽 = 𝐷
𝑐1−𝑐2

𝑑
     (1.4) 

 

By combining this law with the Henry’s law, it follows: 

 

𝐽 = 𝐷 ∗ 𝑆
𝑝1−𝑝2

𝑑
= 𝑃

𝑝1−𝑝2

𝑑
    (1.5) 

 

The permeation coefficient 𝑃 is defined as the product of the diffusion coefficient 𝐷 and the 

sorption coefficient 𝑆. 

The permeation rate or flux 𝐹𝑃 through a film is defined as the product of the flux density with 

the area 𝐴𝐹𝑖𝑙𝑚 of the film through which the gas can permeate (Langowski, 2008): 

 

𝐹𝑃 = 𝐽 ∗ 𝐴𝐹𝑖𝑙𝑚 = 𝑃 ∗ 𝐴𝐹𝑖𝑙𝑚
𝑝1−𝑝2

𝑑
   (1.6) 

 

The permeability 𝑄 is given by (Langowski, 2008):  

 

      𝑄 =
𝑃

𝑑
=  

𝐹𝑃

𝐴𝐹𝑖𝑙𝑚(𝑝1−𝑝2)
    (1.7) 

 

To have standardized results, the values have to be adapted, using the ideal gas law: 

 

                        
𝑝1𝑉1

𝑇1
=  

𝑝2𝑉2

𝑇2
       (1.8) 

 

In the case of permeation through a multilayer film, the individual permeabilities can be 

reciprocally summed up and calculated with i layers as follows (Buchner, 1999; Langowski, 

2008):  

 

       
1

𝑄
=  ∑

1

𝑄𝑖
= ∑

𝑑

𝑃𝑖
𝑖𝑖      (1.9) 
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1.1.3 Modified atmosphere packaging and vacuum packaging 

Modified atmosphere packaging (MAP) involves the replacement or changing of the ambient 

gas atmosphere within a packaging system to enhance or preserving food quality (Church & 

Parsons, 1995). The modification and the gases used depend on which food is to be packaged 

and which (quality) parameter is to be influenced. In many cases, the goal is to enhance the 

shelf life of a food product. The gases used for the modification are called protective gases. 

The gas mixtures used for MAP consist mainly of the gases nitrogen (N2), carbon dioxide (CO2) 

and oxygen (O2). N2 serves most commonly as an inert filling gas, without any direct influence 

on the food itself, but to obtain the desired concentration ratio of O2 and CO2 (D. S. Lee et al., 

2008). CO2 acts as a bacteriostatic. Its use as a protective gas for a food product was first 

documented in 1883 by Hermann Kolbe, who placed beef in a CO2 gas-atmosphere to analyze 

its antiseptic effect (Kolbe, 1883). The gas influences both the lag phase and the growth rate 

of microorganisms (Gill & Tan, 1980). O2 is reduced or removed for MAP in most cases, since 

many microbiological and enzymatic processes responsible for spoilage require O2. However, 

for some products the presence of O2, such as fresh fruits and vegetables for cellular 

respiration or red meat for color, is advantageous (D. S. Lee et al., 2008).  

When setting the MAP in a package, it must always be taken into account that the gas 

atmosphere does not remain static. Figure 4 shows the most influential factors responsible for 

gas changes within a MAP food system: Gases solubilization in the food product (Chaix et al., 

2015) can decrease the gas concentration in the headspace. In addition, permeation through 

the packaging induced by the different partial pressures inside the packaging and of the 

ambient air – as described in 1.1 – will also affect the protective gas atmosphere during storage 

(Buchner, 1999). 

 

 

Figure 4: Different processes affecting the modified atmosphere within a packaged food system. The red arrows 
demonstrate gas exchange and the direction of interaction between tray, lid film, food and headspace (adapted to 

(Chaix et al., 2015)). 

For packaging with, e.g. ,80% (v/v) O2 and 20% (v/v) CO2 MAP, both the O2 and the CO2 will 

permeate out of the packaging, as the ambient air has lower O2 (20.9% (v/v)) and CO2 (0.041% 
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(v/v)) concentrations, which can then lead to the collapse of the packaging as a consequence. 

But the product itself can also change the headspace atmosphere, for example, due to 

chemical processes such as oxidation or (micro)biological activity such as fermentation or 

respiration processes (e.g., uptake of O2 and release of CO2) (Buchner, 1999; Chaix et al., 

2015; Meredith et al., 2014). 

Another common way to change the headspace air within packaging is the (almost) complete 

removal of the air. This method is called vacuum packaging (VP). VP is often used for O2- 

sensitive products (which are not negatively influenced by the vacuum), as the almost complete 

removement of O2 leads to much lower oxidation activity by simultaneous enhancement of the 

shelf life by the inhibition of microorganisms. Compared to MAP, VP is more cost and space 

efficient (Embleni, 2013). For some meat and meat products, vacuum skin packaging is 

therefore the method of choice. With this VP method, a heated and softened lid film covers the 

product, which was pre-placed on the lower tray in a vacuum chamber directly (like a second 

skin of the product) (Yamaguchi, 1990).  

1.1.4 Packaging of meat and meat products 

Since unpreserved meat and meat products generally have a short shelf life (see section 1.2), 

suitable packaging plays an important role in maintaining quality so that the product can be 

stored for an adequate period of time after being placed on the market before being consumed 

by the end consumer. For meat and meat products, either a modified atmosphere or vacuum 

packaging is the method of choice. Table 2 gives an overview for typical gas compositions 

(MAP or vacuum) for meat and meat products mentioned in the literature and their (positive 

and negative) impact on the quality of the packaged food product: 
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Table 2: Some typical modified atmospheres for packaged meat and meat products and the impact of gas composition on food product quality.  

Meat or 

Meat-product 
Atmosphere 

Quality impact 
Reference 

positive negative 

Beef (fresh) 

80% (v/v) O2 

20% (v/v) CO2 

• Maintaining of OxyMbFe(II) 

• Inhibition of anaerobes 

• Lipid oxidation 

• Protein oxidation 
(Church & Parsons, 1995) 

Vacuum 
• Inhibition of aerobes 

• Inhibition of oxidation 
• DeoxyMbFe(II) formation 

(Boles & Pegg, 2010) 

(Kameník et al., 2014) 

Chicken 

(fresh) 

70-80% (v/v) O2 

20-30% (v/v) CO2 
• Inhibition of anaerobes 

• Promotion of aerobes 

• Lipid oxidation 

• Protein oxidation 

(Chmiel et al., 2018) 

(Herbert et al., 2015) 

(Höll et al., 2016) 

65% (v/v) N2 

35% (v/v) CO2 
• Inhibition of aerobes • Potential grow for anaerobic pathogens (Höll et al., 2016) 

Cured boiled 

sausages 

0.5% (v/v) O2 

99.5% (v/v) N2 
• Inhibition of aerobes 

• Inhibition of lipid oxidation 

• Inhibition of nitrosomyoglobin oxidation 

• Potential grow for anaerobic pathogens 

(Böhner & Rieblinger, 2016; Gibis & 

Rieblinger, 2013) 

70% (v/v) N2 

30% (v/v) CO2 
(Kameník et al., 2015) 

Dry fermented 

sausages 

20% (v/v) N2 

80% (v/v) CO2 
• Inhibition of nitrosomyoglobin oxidation  (Walz et al., 2017) 

Minced beef 
70-80% (v/v) O2 

20-30% (v/v) CO2 

• Maintaining of OxyMbFe(II) 

• Inhibition of anaerobes 
• Fat oxidation 

(Church & Parsons, 1995) 

(Hilgarth et al., 2019) 

Pork (fresh) 

70% (v/v) O2 

30% (v/v) CO2 

• Inhibition of anaerobes 

• Color stability 

• Lipid and protein oxidation 

• Lower juiciness 

(Cayuela et al., 2004) 

(Peng et al., 2019) 

(Lund et al., 2007) 

Vacuum 
• Inhibition of aerobes 

• Inhibition of oxidation 
• (Water holding capacity) 

(Cayuela et al., 2004) 

(Kameník et al., 2014) 
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Maintaining MbFe(II):  

This quality aspect is mainly interesting for the packaging of red muscle beef, as it ensures a 

stable, red coloring attractive the consumer (Corlett et al., 2021).  

Myoglobin (Mb) is the heme protein which is, from a physiological point of view, primarily 

responsible for the temporary storage of O2 in the erythrocytes (red blood cells). Mb appears 

red, but, depending on Mb oxidation or reduction state, its color differs (Livingston & Brown, 

1981). Figure 5 shows different possibilities for the redox reactions and gives also an indication 

of the resulting colorization. 

 

 

Figure 5: Colorization of myoglobin in red muscle beef as a function of the oxidation or reduction state (adapted to 
(Suman & Joseph, 2013)). 

 

Oxymyoglobin (OxyMbFe(II)) is the most desired redox variety, as it leads to a bright, red color 

of the meat and is the reason why red muscle beef is packaged in a high O2 atmosphere in 

general. The oxidation to metmyoglobin (MetMbFe(III)) is in contrast the most unwanted state, 

as it changes the color to grey-brown. That effect occurs at low O2 partial pressure values. 

Forrest et al. showed in 1975 that the formation of MetMbFe(III) starts at a O2 partial pressure 

of 100 hPa and reaches its maximum at 5 hPa (Forrest et al., 1975; Hood & Riordan, 1973). 

Vacuum packaging results in contrast in a more purple color, induced by deoxymyoglobin 

(DeoxyMbFe(II)), which is formed at O2 partial pressures below 20 hPa, reaching a maximum 

at O2 partial pressure values <5hPa (Forrest et al., 1975; Suman & Joseph, 2013). Other meat 

sources like pork or poultry also experience this transformation. However, due to their 

significantly lower amounts of MbFe(II), the color change is not that apparent for them (Ginger 

et al., 1954).  
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Nitrosomyoglobin oxidation:  

Nitrosomyoglobin (or nitrosylmyoglobin, MbNO) arises during the cooking and curing of meat 

in the presence of nitrites, e.g., in preparing sausages, and results in a pink colorization 

(Cassens, 1997). Due to exposure to light at a certain wavelength between 300 and 600 nm, 

the bound NO dissociates. If O2 is present, it can absorb the energy and thereby be converted 

into the excited singlet state. This excited state is highly reactive and leads to the oxidation of 

the food coloring (Fe(II) → Fe (III)), which in turn is reflected in a gray-brownish color. That 

process is called photooxidation and is the reason why sausages are packaged in the absence 

of O2, using N2 and CO2 as protective gas or under vacuum conditions (Møller et al., 2002; 

Suman & Joseph, 2013).  

 

Lipid and protein oxidation: 

Lipid and protein oxidation processes are especially undesirable in meat and meat products in 

terms of sensory perception, as oxidation can lead, for example, to the formation of volatile 

organic compounds (VOC’s) (Casaburi et al., 2015). For lipids, oxidation either occurs at stored 

triglycerides or tissue phospholipids (Love & Pearson, 1971). The oxidation of fat often leads 

to rancid off-flavors. Due to the oxidation of protein and free amino-acids, off-flavors such as 

ammonia can be formed. But the structure of the meat and the meat product can also be 

affected, as oxidation leads to a crosslinking of proteins and, as a result, to a loss of water 

retention capacity causing the texture to be less juicy and tender (Lund et al., 2011; Lund et 

al., 2007).  

 

Water retention capacity: 

The water retention capacity of meat can be influenced by many process steps along the meat 

production value chain, and many factors are not totally clarified yet (Hertog-Meischke et al., 

1997). However, it is an important quality factor for meat. From an economical point of view, 

the loss of water before the packaging or production step is unfavorable, as less product can 

be produced, which means a loss of money. From a consumer point of view, a lower water 

retention capacity leads to quality changes and unappealing retail aesthetics (Forrest et al., 

2000; Pettersen et al., 2021). Many publications have tried to find a correlation between 

packaging type and drip loss. However, many contrary statements⎯even within one animal 

group⎯are represented here (Cayuela et al., 2004; Doherty et al., 1996; Łopacka et al., 2016; 

Sørheim et al., 1996). Water retention capacity appears to be largely influenced by early 

postmortem events that affect meat quality, making it difficult to establish a packaging-effects 

relationship (Huff-Lonergan & Lonergan, 2005). 
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Influence on anaerobes and aerobes: 

The influence of the surrounding headspace gas atmosphere of packaged meat and meat 

products on the development of the microbiome on the filling good is significant, since either 

aerobic or anaerobic microorganisms are inhibited or promoted, respectively. The absence of 

O2, for example, can inhibit obligate aerobic microorganisms, since they require O2 for 

respiration. Conversely, this promotes microaerophilic or obligate anaerobic microorganisms. 

If a product is packaged with a high O2 atmosphere, the effect is reversed (Krämer, 2010). 

Therefore, it is important to choose a protective gas atmosphere that ensures the best possible 

product quality.  
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1.1.5 Optical properties of polymers 

For the optical measurement systems investigated in this work, one polymer property was most 

decisive: Transmittance (𝑇) of light within the electromagnetic spectrum⎯especially for the 

visible spectrum (VIS) (300 nm – 800 nm) and the infrared (IR) (800 nm – 500.000 nm). 

Basically, this property can be described as the ratio of transmitted intensity (𝐼) to the incident 

intensity (𝐼0) at a certain frequency: 

 

𝑇 =  
𝐼

𝐼0
      (1.10) 

 

It is known that 𝐼 is dependent on the length of the path 𝑙 to be penetrated, as well as the 

molecular concentration 𝑐 of the substance or material and the molecular absorption coefficient 

𝜀. These relations can be described with the Lambert Beer’s law:  

 

𝐼 = 𝐼010− 𝜀𝑐𝑙     (1.11) 

 

The molecular absorption coefficient increases with the absorption. 𝐴 is calculated as a 

simplification of Lambert Beer’s law as follows: 

 

𝐴 = −𝑙𝑜𝑔𝑇 =  𝜀 ∗ 𝑐 ∗ 𝑙     (1.12) 

 

The Lambert Beer’s law describes transmission and is used in many spectroscopic 

applications (Atkins et al., 2022). 

 

Polymers can be identified by their transmission behaviors and their characteristic absorption 

peaks. These properties are in general detected via Fourier-Transform Infrared Spectrometers 

(FT-IR)⎯in either transmission or reflectance mode working in the IR spectral range (Böcker, 

2014). For non-destructive gas analytics, the absorption and emission properties of which are 

described in more detail in sections 1.3.1 and 1.3.2, it is indispensable that polymer absorption 

does not overlap with gas absorption or emission. In addition, colorants or pigments used for 

packaging may also influence the results, especially in the VIS area. Table 3 shows the 

absorption properties of common polymers within the IR range. 
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Table 3: Overview of the most important polymers used for food packaging and their properties. (Tg: Glass transition temperature, Tm: Crystallite melting temperature) (Agroui et al., 
2012; Baur et al., 2013; Buchner, 1999; Ciurana et al., 2013; Demarteau et al., 2018; Frick & Stern, 2011; Kamarudin et al., 2018; Lai et al., 2012; D. S. Lee et al., 2008; Piringer & 
Baner, 2008; Smith, 2021a, 2021b, 2023; Xu et al., 2018) 

Polymer 
Thermal Characteristic Oxygen (O2) Barrier/ 

cm3 (STP)/(m2dbar)100 μm 

Density/ 

g/cm3 

Infrared Absorption Bands and Related Molecular 

Vibrations/cm-1 Tg/°C Tm/°C 

Ethylene vinyl alcohol 

(EVOH) (32% Ethylene) 
57−69 183 0.1 1.14−1.21 

3300 

2925 

2851 

1550 

1450, 1327 

O-H stretch 

CH2 asymmetric C-H stretch 

CH2 symmetric -C-H stretch 

C=O stretch 

C-H bend  

Polyamide 

(PA) 

PA-6: 78 

PA-66: 90 

220−230 

250−265 
<10 1.12−1.14 

3301 

3081 

1641 

1542 

1274 

691 

N-H stretch 

Overtone of N-H bend 

C=O stretch 

In-plane N-H bend 

C-N stretch 

Out-of-plane N-H bend 

Polyethylene  

high density 

(PE-HD) 

< -100 125−135 800−1000 0.95−0.96 

2919 

2850 

730, 720 

CH2 asymmetric C-H stretch 

CH2 symmetric -C-H stretch 

Split CH2 rock 

Polyethylene  

low density 

(PE-LD) 

< -100 105−120 1000−2000 0.92−0.94 

2917 

2852 

1377 

718 

CH2 asymmetric C-H stretch 

CH2 symmetric -C-H stretch 

CH3 umbrella mode 

Split CH2 rock 

Polyethylene terephthalate 

(PET) 
98−125 250−265 10 1.37−1.41 

1721, 1730 

1245, 1286 

1100, 1118 

Aromatic ester C=O stretch 

Aromatic ester C-C-O stretch 

Aromatic O-C-C stretch 

Polylactic acid 

(PLA) 
45−65 150−160 100−200 1.24 

2939 

1748 

1450, 1360 

C-H stretch 

C=O stretch 

C-H bend 
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1184, 1079 C-O stretch 

Polypropylene 

(PP) 
0−20 160−170 300−800 0.90−0.91 

2956, 2875 

2921, 2840 

1377 

CH2 asymmetric and symmetric C-H stretch 

CH2 asymmetric and symmetric C-H stretch 

CH3 umbrella mode 

Polystyrene 

(PS) 
80−110 - 1000−1200 1.04−1.12 

3081, 3059, 3025 

2923, 2850 

1600, 1492 

756 

698 

Aromatic C-H stretches 

CH2 asymmetric and symmetric stretches 

Aromatic ring modes 

Aromatic out-of-plane C-H bend 

Aromatic ring bend 

Polyvinyl chloride 

(PVC) 
81−99 - 800 1.39−1.43 

2965 

2910, 2816 

2851 

1434 

1425 

CHCl asymmetric stretch 

CH2 asymmetric and symmetric stretches 

CHCl symmetric stretch 

CH2 amorphous band 

CH2 crystalline band 
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1.2 Meat spoilage 

Meat is very sensitive to microbiological spoilage, which makes this is a limiting factor for 

storage. Meat⎯red muscle meat as well as white meat⎯has a water activity( aw) (actively 

available water) of 0.98−0.99 and an almost neutral pH, which are perfect conditions for the 

growth of microorganisms (Krämer, 2010; Torres et al., 1994). From the origin, the 

microbiological milieu of both meat types is similar, but the composition may vary due to the 

slaughtering process: The carcasses of red meats are first split and then skinned before 

evisceration. For white (poultry) meat, a purely mechanical process takes place, with neither 

skinning nor splitting. Slaughtering poultry also requires significantly more water because they 

are immersed in warm water (52−59°C) before the feathers are removed. Cattle, for example, 

are skinned without water, and the contamination of the meat by skins and gut contents must 

be avoided. The microbiological contaminations for both meat types are therefore mainly found 

on the surface or skin and not in the deeper muscle tissue (Mead, 2006). After slaughtering, 

the meat is further processed and packaged, and these production steps are most decisive for 

the spoilage bacteria to be found on the meat product. There are several typical meat spoilers 

known, such as Brochothrix thermosphacta, lactic acid bacteria (LAB) (e.g., Carnobacterium 

ssp., Leuconostoc ssp., Lactobacillus ssp.), Pseudomonas ssp., Enterobacteriaceae (e.g. 

Serratia or Yersinia) or Micrococcus (Alessandroni et al., 2022; Borch et al., 1996; Franke et 

al., 2017; Höll et al., 2016; Mead, 2006). Recent studies also show that photobacteria, which 

were originally associated with fish spoilage, also play a crucial role in meat spoilage. Hilgarth 

et al. showed in 2018 that Photobacterium carnosum was predominant in MAP packed beef 

and chicken meat, while Photobacterium iliopiscarium was found on pork (Hilgarth et al., 2018). 

In thinking about the right choice for preservation of meat and meat products, not only are the 

predominant microorganisms, but also those that can be present in a minor concentration on 

the product but are highly pathogenic, are decisive. One of these pathogens may be, for 

example, Campylobacter jejuni. This microorganism can enter the meat via smear infections 

and fecal contamination and can lead to gut infections and acute diarrhea. C. jejuni is 

microaerophilic (Keweloh, 2019; Krämer, 2010), which means that a high oxygen presence, 

e.g., adjusted due to a high oxygen atmosphere via MAP, can prevent the growth of this 

pathogen and thus avoid hazardous meat product. However, the choice of the optimal 

packaging method to prevent the growth of microorganisms is practically not given, as different 

microorganisms have different growth characteristics, which in turn entail different 

consequences for meat quality. In Table 4, some common microorganisms found on meat and 

meat products are shown and categorized in terms of their respiration, pathogenicity, and 

impact on quality. 
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Table 4: Overview of common microorganisms found on meat and meat products within the known literature and 

their main possible quality impacts.  

Bacteria Respiration Quality impact Reference 

B. thermosphacta aerobic • formation of VOC’s (Nychas & Drosinos, 1999) 

C. jejuni microaerophilic • highly pathogenic (D’Agostino & Cook, 2016) 

Enterobacteriaceae 

Escherichia coli 

Hafnia ssp. 

Serratia ssp. 

Yersinia ssp. 

facultative anaerobic • potentially pathogenic 

• formation of VOC’s 

(Krämer, 2010) 

(Pennacchia et al., 2011) 

Lactic acid bacteria 

(LAB) 

Carnobacterium ssp. 

Lactobacillus ssp. 

Lactococcus ssp. 

Leuconostoc ssp. 

facultative anaerobic • formation of VOC’s  

• pH decrease 

(Alessandroni et al., 2022) 

(Mead, 2006)  

(Höll et al., 2020) 

Photobacetrium ssp. facultative anaerobic • formation of VOC’s (Nieminen et al., 2016) 

Pseudomonas ssp. facultative anaerobic • discoloration (green) and 

VOC’s 

(Casaburi et al., 2015) 

(Rossaint et al., 2015) 

 

Nychas and Drosinos name many more microorganisms that can be found on meat and meat 

products (Nychas & Drosinos, 1999), but the microorganisms listed in the table are, to the best 

of the authors‘ knowledge, the most frequently mentioned in the literature. Most of the common 

species are not pathogenic; they are in general more an issue regarding the sensory spoilage 

of meat and meat products, as most of them are responsible for the formation of VOC’s, which 

are catabolized by the degradation of sugars, proteins, free amino acids and lactic acid to 

organic acids, ethyl esters, fatty acids, sulfur compounds of ammonia, alcohols and so on 

(Casaburi et al., 2015; Nychas & Drosinos, 1999), as was already mentioned in section 1.1.4. 

The number of formed odor-active volatile substances that can be found on a spoiled meat or 

meat product is enormous (Casaburi et al., 2015), but there are compounds that particularly 

contribute to odor change, such as 2,3-butanedione (diacetyl), sulfur compounds, lactic or 

acetic acid or isovaleric acid, resulting in olfactory perceptions such as buttery, (rotten) egg-

like, pungent or cheesy (Casaburi et al., 2015; Kadota & Ishida, 1972; Kakouri & Nychas, 1994; 

Keupp et al., 2015; Nassos et al., 1983). Another process during spoilage that leads to a 

sensory change is the degradation of muscle tissue, mainly recognizable at a total viable count 

(TVC) of 108 CFU/g (colony forming units per gram), which leads to slime formation on the 

meat surface (Charles et al., 2006) 

The influence of the spoilage of meat and meat products on human sensory perception is 

described in more detail in the results section of this work.  
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A TVC of 107 CFU/g is defined as a critical value for the microbiological spoilage of fresh meat, 

(Baumgart et al., 2016). However, for some pathogenic microorganisms such as Escherichia 

coli, coagulase-positive staphylococci, Bacillus cereus, Salmonella or Listeria monocytogenes 

lower limits are defined⎯or in case of Salmonella its presence is not allowed at all. In 

Germany, these values are defined by the „Deutsche Gesellschaft für Hygiene und 

Mikrobiologie (DGHM)“.  

The respiration of the microorganisms (compare Table 4) is decisive for the adjusted packaging 

atmosphere. The top priority is usually to inhibit pathogenic microorganisms. As many of them 

are facultative anaerobic – which means they prefer to grow under aerobic conditions but are 

also able to grow without the presence of O2. A minimum level of 20% (v/v) CO2 is used for the 

packaging of fresh meat in general, as 20% (v/v) CO2 is known to be the minimum level to 

reach the bacteriostatic effect (Stiles, 1995). As a typical MAP condition for poultry for example, 

70% (v/v) O2 and 30% (v/v) CO2 are named in the literature (Rossaint et al., 2015).  

 

1.3 Optical measurement methods for determining gas composition 

There are several methods to determine gases via optics. The methods may be absorption 

photometers based on Lambert-Beer‘s law, operating mainly in the ultraviolet (UV), VIS or IR 

range. The emission of light can also be used for gas detection, e.g., chemical or UV-VIS 

fluorescence (Wiegleb, 2016). Methods can also be based on Raman spectroscopy (Stoicheff, 

1957) or hyperspectral imaging (Kuflik & Rotman, 2012). However, as the two measurement 

systems developed in this work are based on infrared spectroscopy and fluorescence 

quenching, they are described in more detail in the following sections. The theoretical 

background of the other mentioned optical methods is further described in section 2.1.  

1.3.1 Infrared Spectroscopy 

The IR is located next to the VIS spectra and can be divided into NIR (near infrared) with a 

spectral range at 800–2500 nm (12500–4000 cm-1), MIR (mid infrared) at 2500 – 50.000 nm 

(4000–200 cm-1) and FIR (far infrared) at 50,000–500,000 nm (200–20 cm-1). In the NIR and 

MIR, the principle of IR spectroscopy is since molecules develop mechanical vibrations by 

absorbing light. In the FIR, on the other hand, rotations develop (Böcker, 2014). However, this 

phenomenon occurs only if a variable or inducible dipole moment, which makes an interaction 

between radiation and molecule possible, is present in the molecule. If this does not occur, 

one speaks of IR-inactive or forbidden transitions (Atkins et al., 2022).  

Typical vibrational wavenumbers are shown in Table 5. 
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Table 5: Typical vibrational types and the respective wavenumbers (Atkins et al., 2022) 

Vibration type Wavenumber ṽ/cm-1 

C-H stretch 2850–2960 

C-H bend 1340–1465 

C-C stretch, bend 700–1250 

C=C stretch 1620–1680 

 

These vibration types are important, e.g., for the identification of gases in unknown mixtures, 

because the composition of a molecules leads to a specific vibrational and absorption spectrum 

which is characteristic for a certain gas. For CO2, for example, wavenumbers of 1388 cm-1 (v1) 

(symmetric stretch), 2349 cm-1 (v3) (antisymmetric stretch), and 667 cm-1 (v2) (perpendicular 

bending motions) are vibrations in the normal mode (Atkins et al., 2022). 

 

For IR measurements – FTIR as well as dispersive spectrometers – broadband radiation 

sources are common, as a whole spectral range can be considered. Thermal emitters are 

frequently used radiation sources. The principle of a thermal emitter is that a metal (e.g., 

tungsten) filament is heated to very high temperatures in order to obtain an emission in the 

desired wavelength range. The higher the temperature, the shorter the wavelength of the 

emitted light. Tungsten-halogen lamps, for example, are heated up to 2600°C to generate light 

in the NIR range. In the MIR range, temperatures <1000°C are sufficient. For the MIR area, 

silicon-carbide sources (Globar) are very common, nowadays in general manufactured as 

micro-electro-mechanical-system (MEMS) (Das & Das, 2010; Hsu, 1997; Wang et al., 2022). 

The output of a thermal emitter is mainly dependent on the temperature 𝑇 of the radiating body. 

The emissivity 𝜀 is 1 for an ideal blackbody emitter, which means that all electromagnetic 

radiation is completely absorbed and emitted, i.e., the highest physically possible thermal 

radiant power is emitted. A blackbody is idealized and is therefore used as a reference for real 

emitters (𝜀 < 1). The product of 𝜀 and the fourth power of the temperature 𝑇 together with the 

Stefan-Boltzmann constant 𝜎 and the area of the body 𝐴 result in the Stefan-Boltzmann law: 

 

𝑃 = 𝜀 𝜎 𝐴 𝑇4      (1.13) 

 

Emitters that are energy-efficient and at the same time have a high radiant intensity are 

particularly suitable for applications that need to be transportable. The aim in the development 

of thermal emitters is always to achieve a near-blackbody characteristic (high emissivity 

independent of the wavelength). This has the advantage, for example, that the process is more 

energy efficient. Optimized emissivity can be achieved, for example, by using a special alloy 

for the wire. By using a nanostructured nickel-chrome (NiCr) layer, an emitter developed by 

Infrasolid GmbH was able to achieve an emissivity in the NIR and MIR range close to 
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blackbody (>0.9). The wire was arranged in a spiral shape (compare Figure 6), which made it 

possible to achieve a homogeneous temperature distribution (up to 1180 K) and minimal 

energy consumption. Compared to other thin-film emitters, this emitter was able to achieve a 

higher temperature with the same power consumption (Schossig et al., 2015).  

 

 

Figure 6: Thermal IR emitter with a spiral shape radiation element (2.8 mm2) with an NiCr nanostructured layer, 
operating with a near-blackbody characteristic (Schossig et al., 2015)  

 

Also phosphor-converted NIR light emitting diodes (LED) are the subject of current research 

as a light source, as they are more durable and therefore more sustainable compared to 

halogen lamps (H. Lee et al., 2023).  

To achieve the absorption characteristics within the desired infrared range, a monochromator 

– for an FTIR in most cases a Michelson interferometer – is placed in front of the detector (Hsu, 

1997). Another possibility is the use of an optical filter (e.g., optical bandpass filters) that 

separates two or more parts of the IR spectrum. That set-up makes sense when different 

wavelengths are of interest. The different filters are placed directly in front of the detector 

segments, which is then called a multi-channel detector. This means that only the wavelengths 

with the desired absorption characteristics are guided into the detector, as the frequency 

ranges below and above the passband are blocked or significantly attenuated by the filter 

(Levin & Bhargava, 2005).  

Thermal radiation can be achieved by measuring the heating of a sensor surface. For sensors 

or detectors used for IR spectroscopy, two types are commonly distinguished. One measures 

the heating induced by the incident radiation directly; such detectors are called “thermopiles.” 

The other group uses the pyroelectric effect. The change in temperature (the rise in 
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temperature of the sensor material due to the incident radiation) and the temperature of the 

sensor or the crystal it contains, e.g., lithium tantalate, leads to the formation of the electrical 

signal. These are then “pyroelectric sensors” (Feng & Xu, 1999; Fraden, 2016).  

 

Figure 7 shows the transmittance of O2, CO2 and water (H2O) in the UV, VIS, NIR and MIR 

ranges. 

 

 

Figure 7: Transmittance in the UV, VIS and IR (NIR and MIR) ranges of O2, CO2 and H2O (adapted to (Sokolik, 
2009)). 

H2O shows the most striking absorption bands along the spectral range. CO2 has also some 

very strong absorption bands in the NIR and MIR areas, which is why infrared absorption 

spectroscopy is a common measurement system for the identification and quantification of CO2 

(Wong & Anderson, 2012; Guangjun Zhang & Wu, 2004). However, in the VIS area no CO2 

absorption occurs. The detection of O2 via infrared spectroscopy is more difficult, as the 

absorption bands are narrowed or weak. O2 has its strongest absorption in the VIS area at 

760 nm, the so-called A-band. This occurs during the electronic transition of the unexcited 

triplet state to one of the excited singlet states (3∑ −𝑔 →1 ∑ +)𝑔 . The singlet state of the A-

band is at a higher level compared to the ground state, but has a much shorter lifetime  with 

<10-9 s compared to the 1Δg singlet state, which is responsible for the weak absorption bands 

in the NIR (1269 nm and 1908 nm) (Baier, 2005). A schematic illustration can be seen in the 

first publication of this work (see section 2.1).  

In this case, optical measuring systems that can provide precise results even with a weak 

signal must be used. One of these measuring systems is tunable diode laser absorption 
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spectroscopy (TDLAS). In contrast to the FT-IR spectrometers currently in general use (Atkins 

et al., 2022), the TDLAS does not detect absorption over the whole spectrum, but from one 

defined absorption line characteristic for medium to be analyzed. As the monochromatic laser 

is tunable, it can be adjusted to that specific absorption line in the first step. In addition, the 

current or temperature can also be varied, which leads to a variation of emission frequency 

(“wavelength scanning interval”) with a subsequent change in signal strength. The absorption 

peak occurs then as a result of the ratio of the signal levels of the detector and the laser, even 

if the signal is comparable low – as is the case for O2 detection at 760 nm (L. Cocola et al., 

2016; Lackner, 2007). 

Typical diode lasers for TDLAS systems are Fabry-Pérot, distributed-feedback (DFB) and 

vertical cavity surface emitting lasers (VCSEL) (Lewander, 2010). For measurement in the 

MIR, Quantum Cascade DFB lasers, Interband Cascade DFB lasers and MIR VCSEL lasers, 

for example, can be used. One advantage of the use of diode lasers is that the operating 

temperature is room temperature (Du et al., 2019). Photodiodes are broadly used as detectors; 

they use the photoelectric effect, at which light exposure leads to current flow or voltage build-

up (Lewander, 2010). In between, many different set-ups are possible. To generate different 

wavelengths, e.g., to measure different gas types or have a calibration beam, beam splitters 

(e.g., based on zinc selenide) can be used (Durry et al., 2010; Guoyong Zhang et al., 2018). 

To increase the measurement path, set-ups containing spherical mirrors which reflect the laser 

light several times are also possible. This is called a multi-pass cell (Lewander, 2010). The 

implementation of a gas cell requires, of course, that the gas is passed through a body for 

determination, which is not possible, for example, in the application for non-destructive 

detection of gases in food packaging. 

Another possibility to measure O2 gas concentration is an emission-based method, e.g., based 

on fluorescence quenching, which is further described in the following. 

1.3.2 Fluorescence quenching 

Fluorescence is the spontaneous emission of light from an appropriate molecule, called a 

fluorophore, previously excited at a specific wavelength. Emission usually takes place at a 

lower energy, i.e. longer wavelength, than does the absorption (excitation) (Lakowicz, 2006). 

This phenomenon was first described by G.G. Stokes in 1852 and is therefore called the 

“Stokes Shift” (Stokes, 1852). The electronic states are in general described by the Jablonski 

diagram (Figure 8). It shows that, after the excitation of a fluorophore from its ground state 

(S0), the change to reach a higher vibrational level (S1 or S2) occurs. Subsequently, most 

molecules relax to the lowest energy level of S1, which is called internal conversion or 

thermalization and consequently results in emission at a lower energy level than absorption. 

When the photon returns to one of the ground states S0, energy is released in the form of 

fluorescence (Lakowicz, 2006). 
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Figure 8: a) Schematic illustration of a) the ground and electronically excited states during fluorescence according 
to Jablonski and b) excitation (green) and emission (red) during fluorescence (“Stokes Shift”) (adapted to 

(Lakowicz, 2006)) 

 

There are some molecules that are able to work as a quencher for the fluorescence process, 

for example O2. It is not completely known which process is responsible for quenching in terms 

of O2, but the most commonly held theory is that the O2 forces the fluorophore to go into the 

triplet state. As consequence, the luminescence lifetime is shortened. There are two types of 

quenching: dynamic or collisional quenching and static quenching. The latter is caused by a 

phenomenon in which a complex is formed between the fluorophore and the quencher, and in 

some cases this complex absorbs light, which means the direct return of the fluorophore to the 

ground state without any photon emission. In the case of O2 quenching, the process is 

dynamic, which can be described via the Stern-Volmer equation: 

 

𝐹0

𝐹
=

𝜏0

𝜏
= 1 +  𝑘𝑞𝜏0[𝑄]     (1.14) 

 

The term 𝐹 or 𝐹0 stands in this case for fluorescence intensity and 𝜏 or 𝜏0 for the luminescence 

lifetime with and without the presence of O2, respectively. 𝑘𝑞 is the bimolecular quenching 

constant, which in turn expresses the probability that a quencher and a fluorophore collide and 

that this collision triggers a quenching process. [𝑄] is the concentration of the quencher, in the 

case of O2, the O2 concentration in the measured gas or liquid (Lakowicz, 2006).  

One common way to determine the quencher concentration is a frequency-domained 

measurement, using a sinus-wave modulated light for the excitation. In this case, emission 

also occurs with the same modulation frequency, but, due to the luminescence lifetime, this 

emission is delayed relative to excitation, which ends up in intensity curves, modulated by the 
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modulation frequency. The shift between emission and excitation is called phase shift φ, which 

can be used to determine the luminescence lifetime at the given modulation frequency 𝜔, using 

the following formula (Lakowicz, 2006): 

 

tanφ =  ω𝜏φ      (1.15) 

 

Using phase shift and the luminescence lifetime as parameters has the advantage that it is 

independent of turbidity properties in the environment to be measured, in contrast to 

measurements of fluorescence intensity, e.g., using pulse fluorimetry (Huber, 2008; Lakowicz, 

2006). 

 

Most fluorophores absorb and emit light in the VIS spectral range (Banerjee et al., 2016). In 

general light emitting diodes (LED) or laser diodes are therefore used nowadays as light 

sources (Herman et al., 2001; Lakowicz, 2006; Xiong et al., 2016). To gain a modulated signal, 

a modulator with the defined modulation frequency can be used. If an LED or other light 

sources are polychromatic, the use of a monochromator or optical filter for the defined 

wavelengths is useful. Via an optical glass-fiber, the light can then be guided to the sample – 

in general the fluorophore dye. The emitted light and its shifted frequency are then measured 

via a photodiode or a photomultiplier tube after passing through the optical fiber and an optical 

filter, again (Jorge et al., 2004; Lakowicz, 2006; Xiong et al., 2016). 
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1.4 Motivation and objective 

Food waste is a worldwide issue. Although value chains are being constantly optimized, one- 

third – or more than 1.3 billion tons – of globally produced food is wasted per year along the 

whole supply chain. For meat and meat products, around 20 % is lost or wasted. The reasons 

– and therefore the kind of waste – are different, depending on the production region. In 

developing countries, the loss occurs mainly during slaughtering, processing or distribution, as 

maintaining cooling chains or hygienic conditions is more difficult (Gustavsson et al., 2011). 

But in Europe, too, more than 88 million tons of food are wasted each year (European 

Parliament, 2017). However, in industrialized countries more than 50 % of food waste occurs 

during distribution within the retail sector or purchasing households, probably often because 

the “best before” or “use by” date is passed (Gustavsson et al., 2011; Lipinski et al., 2013). 

However, it is also known that these dates are not necessarily an indication for a significant 

loss of food product quality or even microbiological spoilage, as the estimation of a “best 

before” or “use by” date is in general oriented to a product with a lower quality and, in addition, 

especially in terms of microbiological perishable food, a safety margin is applied. That raises 

the question if there are possibilities to overcome these issues, e.g., a real-time quality analysis 

of a food product, to set an individual “best before” or “use by” date, or, on the other hand, to 

detect a shortened shelf life due to improper handling such as failure to maintain the cooling 

chain.  

Several studies were done in the past to develop so called Food Freshness Indicators (FFIs). 

The idea of an FFI is to integrate – in most cases a pH sensitive color dye – into the packaging 

to give consumers the chance to monitor product freshness by themselves, as the dye changes 

its color, e.g., due to the reaction with formed volatile organic compounds (VOC’s), which are 

produced, for example, during fat or protein oxidation. In the case of protein degradation, for 

example, ammonia is produced (Casaburi et al., 2015; Franke & Beauchamp, 2017; Luo et al., 

2022; Morsy et al., 2016). However, that type of shelf-life indication has some limitations. The 

methods and the related dye color changes are highly dependent on the formation of the 

responsible VOC’s. More concretely, some VOC’s can lead to a decrease in pH (e.g., acetic 

acid or lactic acid) and some can increase the pH (e.g., various amines), which can have a 

neutralizing effect (Casaburi et al., 2015). As a consequence, the color change is not reliable, 

which can lead in the worst case to a false negative results and hence the consumption of a 

product containing pathogens such as Campylobacter jejuni (Kerry et al., 2006).  

Optical methods are promising tools as a non-destructive measurement alternative to FFIs, as 

they are highly sensitive analytical systems offering a wide range of measuring points – directly 

on the product itself or indirectly, e.g., the surrounding gas atmosphere (Grau et al., 2011; 

Lundin, 2014; O’Mahony et al., 2006; Sowoidnich et al., 2010). That results in the first research 

question to be answered within this work:  
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Which optical measurement systems are promising tools to evaluate the quality of already 

packaged meat and meat products? 

It is known that there can be a link between a change in the protective gas atmosphere in 

packaged food products as a consequence of a quality change. The concentration of O2 for 

example can decrease due to chemical processes such as oxidation (C. A. Kelly et al., 2020), 

and due to O2 respirating microorganisms such as Brochothrix thermosphacta (Kolbeck et al., 

2019). In contrast, the concentration of CO2 can increase as the product of respiration, e.g., 

by the activity of yeasts and lactic acid bacteria (LABs) (Danilovic et al., 2016). The opposite 

evolutions of the concentrations of O2 and CO2 in the spoilage process were further 

investigated by (Höll et al., 2016). They measured the headspace gas atmosphere of high O2 

packaged poultry (MAP: 80 % O2/ 20 % CO2) stored at 10 °C and 4 °C using an invasive gas 

concentration measurement device that did not leave the packages intact. These invasive 

measurement devices are the current state of the art. In addition, they examined the growth of 

microorganisms. They were able to find a correlation between the significant changes in the 

O2 and CO2 headspace gas concentrations and the attainment of the critical total viable count 

(TVC) of 107 CFU/g, especially for the samples stored at 10 °C. The samples constantly stored 

at 4 °C showed a slower, but also visible change in headspace gas concentration (Höll et al., 

2016). These findings in turn again raise the question, if an individual “best before” or “use by” 

date might be possible for some meat or meat-products, as different storage, or cooling chain 

conditions, as well as initial microbiological load might influence the date of attainment of the 

critical TVC of 107 CFU/g and if a reproduceable correlation with the change in head space 

gas concentration can be established. In this case, however, the properties of gas permeation 

through and solving in the packaging material and those of the product itself must also be 

considered. In an application perspective, the measurement of the gas concentration using a 

non-destructive device might be meaningful because, for a later application, for example in 

retail, an invasive measurement would not be possible if the product is still to be sold 

afterwards. Thinking in terms of application, the packaging integrity could also be monitored 

using a non-destructive measurement device for gas concentration analytics, and hence the 

device could be used as an inspection tool during packaging or for incoming product inspection 

in retail. Against this background another research question becomes clear and must be 

answered in this work: 

Is it possible to develop a convenient method for the non-destructive evaluation of the O2 / CO2 

gas concentration in meat packages? 

Here, two different methods⎯one for the O2 and one for the CO2 gas concentration 

measurement are the focus. For the O2 measurement, a method based on fluorescence 

quenching is the core of the work. For CO2 measurement in the mid-infrared range (MIR) 

seems to be the most promising option. Here, the choice of a suitable CO2 absorption band is 
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crucial: one that shows a strong signal on one side but does not overlap with the packaging 

absorption properties on the other side.  

The third research question to be answered is the proof-of-concept of the developed methods 

and is defined as:  

Can individual “use by” or “best before” dates be established for meat and meat products by 

the measurement of the headspace gas concentration? 

Here, the above-mentioned hypothesis that the growth of microorganisms can be determined 

by monitoring the change in the O2 and CO2 composition of the headspace atmosphere by 

using the methods developed should be reviewed. This part of the research must also involve 

the change in the head-space gas concentration of empty packaging systems to distinguish 

between “product effects” such as spoilage, oxidation and dissolving in the product and 

“permeation effects” of the gases permeating the polymer itself. A comparison with state-of-

the-art proven invasive measurement systems also had to be made to validate measurement 

accuracy. In addition, not only the relationship between the gas atmosphere and the 

microbiological spoilage of the meat and meat products, but also other quality aspects such as 

color changes and sensory evaluation were to be considered. 

Figure 9 shows the defined research questions to be answered in the following work.  

 

 

Figure 9: Defined research questions of the work.  
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2 Results – Thesis Publications 

The summaries of the published results are shown in the following sections. The copyright 

licenses are shown in chapter 5, the full printed publications are shown in chapter 7. 

2.1 Publication I 

Dold, Jasmin & Langowski, Horst-Christian (2022). Optical measurement systems in the 

food packaging sector and research for the non-destructive evaluation of product 

quality. Food Packaging and Shelf Life, 31, 100814.  

https://doi.org/10.1016/j.fpsl.2022.100814 

A great deal of research has been done in the past years to investigate diverse quality 

parameters of already packaged food using non-destructive measurement systems. The 

quality parameters of interest are as diverse as the measurement set-ups and tools used, e.g., 

as adulteration, freshness or ripeness, oxidation, microbiological spoilage, packaging integrity 

or moisture content. Also, a broad range of product groups has been the subject of research. 

To achieve a more structured overview of the current state-of-the art, a detailed literature 

search was done in this review paper, covering the spectral range between UV and MIR 

radiation. As a further distinction, the direct measurement of product quality, which means the 

measurement of product properties, and the indirect measurement of product quality, which 

means the measurement of the surrounding gas atmosphere, were considered. Fluorescence 

spectroscopy, hyperspectral imaging (HSI), infrared spectroscopy, Raman spectroscopy, 

simple color measurements (using the Commission Internationale de l’Eclairage (CIE) L*a*b* 

color space) and tunable diode laser absorption spectroscopy (TDLAS) were therefore 

described as basic principles and evaluated for their suitability for the different applications. 

For the direct application, fluorescence spectral analysis, Hyperspectral Imaging (HSI), simple 

color measurement, IR and Raman spectroscopy were the methods of choice in the current 

literature, although the fluorescent and CIE based systems were less present. To evaluate the 

surrounding headspace gas atmosphere (indirect), TDLAS and the insertion of fluorophores 

into the packaging for the quenching-based method were methods mentioned in the published 

literature so far. If the measured parameter is a degradation product related to a quality 

change, which factors might influence these results must be carefully considered. Methods 

containing complex chemometric conversion systems might be more suitable for research 

applications and less for practical applications, e.g., in retail or for the consumer. IR- and 

Raman-based systems offer the broadest application spectra and would also be suitable for 

indirect measurement applications.  

Contributions of the doctoral candidate (CRediT): 
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2.2 Publication II 

__________________________________________________________________________ 

Dold, Jasmin, Eichin, Melanie & Langowski, Horst-Christian (2023). Integration of 

fluorophore-based sensor spots into food packaging systems for the non-destructive 

real-time determination of oxygen. Food Packaging and Shelf Life, 36, 101047. 

https://doi.org/10.1016/j.fpsl.2023.101047 

__________________________________________________________________________ 

O2 determination by fluorescence quenching is a valid and proven measurement method for 

the non-destructive evaluation of gas concentration, which is already described in several 

studies as well as patent applications. However, the current literature does not consider the 

fixed integration of the fluorophores into the packaging itself, or the packages were prepared 

in such a way that a precise measurement can only be made immediately after the packaging 

process, or no research regarding food safety was done. In the presented research paper, all 

mentioned aspects are included: First, a method for the tight and safe integration of the sensor-

material via heat-sealing into the lid film of a packaging was developed. This method was 

applied on different film combinations, and their suitability for a precise and fast determination 

of changes of the headspace O2 concentration was determined. To assess the potential for a 

food safe integration, tests for potential migration of constituents of the sensor material were 

done. To evaluate the developed method from a more practical point of view, three different 

meat and meat products were packed into packaging containing the integrated fluorescence 

material. Beside the continuous O2 headspace gas concentration determination, further quality 

aspects such as surface color and microbiological growth (TVC) were monitored during a 

storage of 7 and 13 days at 4 °C. The tight and safe integration of fluorophores into a food 

packaging system, using common films such as PP, PE-LD, PA and EVOH for a non-

destructive real-time determination of headspace O2 gas concentration was possible with the 

developed method, without a decrease of the measurement precision. Also, first results 

showed that the integration does not lead to the migration of critical substances. The 

applicability of the system shows some limitations, as the response time after the sealing 

process is 2−3 days, which is rather impractical for e.g., a leaking-test after the MAP packaging 

in a packaging machine. However, slow and continuous gas-changes resulting from a 

microbiological spoilage process could be determined in real-time. Especially for the high O2 

packaged minced beef, a correlation of the oxygen concentration with the determined quality 

parameters could be established. For the vacuum packaged samples (sausage “Lyoner” type 

and beef steak), the results were less clear. 

Contributions of the doctoral candidate (CRediT): 
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2.3 Publication III 

__________________________________________________________________________ 

Dold, Jasmin, Götzendörfer Lukas, Hollmann Clarissa, Langowski Horst-Christian. A non-

destructive measuring device in the mid-infrared range for measuring the CO2 

concentration in the headspace of food packaging (2024). Journal of Food Engineering, 

375, 112063. https://doi.org/10.1016/j.jfoodeng.2024.112063 

__________________________________________________________________________ 

The objective of the following publication was the construction and application of a measuring 

device capable of the non-destructive measurement of the headspace gas concentration of 

CO2 in common polymer trays and lid films used for food packaging. As light source, a thermal 

broadband IR emitter and a multi-channel detector as sensor were used. Four different 

measuring channels were selected: 4.26 µm (2347 cm-1) and 4.27 µm (2342 cm-1) located 

directly on the band of the antisymmetric stretching vibration of CO2 as well as 4.45 µm (2247 

cm-1) which is located at the edge on the CO2 absorption band and 3.95 µm (2532 cm-1) as a 

reference measurement outside the absorption band. The housing of the device was designed 

in such a way that a constant measuring path and angle of incidence of the IR emitter could 

be guaranteed. For this purpose, light guiding through the corner of the packaging tray at a 

45° angle was considered as optimal, since the measurement path is relatively short and 

remains unchanged regardless of the tray size. In addition, there is usually no food product in 

this area of the package, which might disrupt the measurement. The device was then examined 

for various influencing factors as was their effect on measurement precision. Hereby, the 

influence of the angle at which the IR radiation enters the tray corner, pigmentation and 

printings of the tray and the lid film, optical polymer irregularities and product residues (meat 

juice and water) were the subject of the assessment. Finally, the suitability of the device for a 

range of commercially available packaging found in the retail was verified. For this purpose, 

different calibration standards were created and the measured CO2 concentration in the 

headspace of the packaging was compared with results obtained via an invasive measurement 

device. 

The shape of the tray corner had no influence on measurement precision, nor did the use of 

the pigments or printings (except for carbon black). Optical irregular polymer structures seem 

to have a major influence, especially if irregular polymer structures are formed due to an 

unsteady cooling process during thermoforming. Food residues or water condensation had a 

measurable but tolerable influence on the measurement result. The applicability of the device 

to a wide range of commercially available polymer forms and types was also demonstrated. 

Contributions of the doctoral candidate (CRediT): 
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2.4 Publication IV 

__________________________________________________________________________ 

Dold, Jasmin, Kehr, Caroline, Hollmann, Clarissa & Langowski, Horst-Christian (2022). Non-

Destructive Measuring Systems for the Evaluation of High Oxygen Stored Poultry: 

Development of Headspace Gas Composition, Sensory and Microbiological Spoilage. 

Foods, 11, 592. https://doi.org/10.3390/foods11040592  

__________________________________________________________________________ 

The aim of this study was to use both developed measurement principles for the non-

destructive determination of O2 (fluorescence quenching) and CO2 (IR spectroscopy) gas 

concentration in the headspace of high-oxygen-packed poultry, to make a statement on the 

development of the gas compositions and its correlation to the sensory and microbiological 

spoilage. The meat was stored under two different initial modified atmospheres (70% (v/v) O2 

/ 30% (v/v) CO2 and 80% (v/v) O2 / 20% (v/v) CO2) and two different storage temperatures 

(4 °C and 10 °C) over a period of 15 days. A previously trained sensory panel did a visual and 

olfactory assessment of the stored samples. Parallel, the microbiological growth (TVC) was 

examined as well as an invasive headspace gas detection, to compare the real-time results to 

the non-destructive devices. To include permeation and dissolving effects on change of the 

gas composition, empty trays filled with the same initial modified atmospheres were stored and 

monitored under the same storage conditions during the 15 days.  

We were able to demonstrate again that the non-destructive methods are quite comparable to 

the invasive methods in terms of measurement precision in real-time, when it comes to a 

microbiologically induced change of the head-space gas concentration. Our results allowed 

some correlations, in terms of the tested quality parameters: Both storage conditions showed 

a good correlation of the sensory attribute slime, while reaching the critical microbiological 

value of 107 CFUg-1. For the samples stored at 10°C, the significant change of the gas 

atmosphere (compared to the empty trays) correlated with most of the sensory spoilage 

attributes. The defined parameter “cross-over,” which describes the intersection of the curve 

of the respective gas concentration in the filled trays with that of the empty trays, also 

correlated with reaching of the critical microbiological value for the irregularly stored samples 

(10 °C). For the regularly stored samples (4 °C) the indication of the change of the gas 

atmosphere only correlated with the sensory attributes days after the critical TVC was already 

reached, leading us to the assumption that the non-destructive measurement systems are not 

useful to define an individual “use-by” day for regular high-oxygen stored poultry.  

Contributions of the doctoral candidate (CRediT): 
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3 Discussion 

The overall aim of this thesis was to develop or implement optical measurement systems to 

determine the composition of the protective gas atmosphere in polymer-based food packaging. 

The idea was to develop measurement tools that work non-destructively, which means that the 

packaging remains intact after the measurement of the gas atmosphere inside. Nowadays, 

measurement with invasive methods, which means that a needle must be inserted into the 

headspace of the packaging through the lid film to extract small aliquots of the gas, is state-of-

the-art. However, these methods have the disadvantage of limited applicability. For some fields 

of application, e.g., monitoring of outgoing goods in production or incoming goods in 

supermarkets, an invasive method is not suitable. For this reason, the current state of the art 

in the literature for non-destructively working optical methods was screened, and the focus 

was placed on the detection of food quality parameters. Here especially the applicability of a 

method or possible sources of measurement errors were identified and critically reviewed. The 

differentiation between indirect measurements, which means the measurement of the 

surrounding gas atmosphere, and direct measurements on the product itself, were also core 

of the research.  

For packaged meat and meat products, only a few suitable and applicable optical methods for 

the non-destructive evaluation of quality aspects were found in the literature, which is why this 

product group was the focus of development in this work. Here, O2 and CO2 are typical filling 

gases, which is why the development of measurement methods for both gases were targeted. 

For the respective gases, the appropriate measurement methods were first evaluated and then 

the specific requirements and implementation options were determined. Different 

measurement and integration methods were selected for both gases and investigated for their 

individual advantages and limitations, such as real-time detection of gases, food-safe 

integration, and polymer specific limitations.  

Moreover, the main application focus in this work was on gaining information on the 

microbiological growth and therefore the spoilage of the filling product by monitoring the 

protective gas atmosphere, as the growth of microorganisms leads to changes of it. During 

microbiological spoilage, CO2 is often a respiration product of O2. Through the correlation of 

the change in the head-space gas atmosphere with microbiological growth and other quality 

parameters such as discoloration or sensory evaluation, the possibility of setting an individual 

best-before or use-by date was investigated.  

Figure 9 in section 1.4 shows the defined research questions, also mirroring the structure of 

the work and the resulting publications, which was shown in the previous section. In the 

following, the research questions and the results shown in the publications are critically 

discussed.  
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3.1 Which optical measurement systems are promising tools to evaluate the 

quality of already packaged meat and meat products? 

As already mentioned in section 1.4, the interest of non-destructive measurement devices to 

make a statement about the quality of food is highly given, especially in terms of food waste 

reduction. Measurement systems based on optics are able to provide fast and precise results 

and have already been implemented in many cases in the food sector, e.g., for the in-line 

analysis of nutritional values. However, most of the methods here refer to foods that are not 

yet packaged. As explained in section 1.1.5, packaging materials also have optical properties 

and absorb light at certain wavelengths (Table 3), which is why the application of already 

implemented optical measurement methods to already packaged foods must be carefully 

examined. 

In Publication I, an extensive literature review of the past five years was conducted on the 

development of optical non-destructive quality analysis of already packaged food products. To 

narrow down the field of “optics,” only the wavelength range between 200 nm and 50 µm 

(UV−FIR) was considered, including the following optical measurement systems: fluorescence 

spectral analysis, fluorescence quenching, hyperspectral imaging (HSI), infrared spectroscopy 

(IR), Raman spectroscopy, simple color measurements and tunable diode laser absorption 

spectroscopy (TDLAS).  

Most of the research articles found dealt with direct quality analysis of the filling product, which 

means the measurement was carried out through the packaging directly on the product itself 

to analyze special quality parameters. These parameters are, for example, the adulteration of 

vacuum packaged (PE-HD/PA film) meat, analyzed via NIR spectroscopy working at a spectral 

range between 1.6 and 1.8 µm (6250–5556 cm-1) (Schmutzler et al., 2015, 2016), the 

freshness of packaged salad leaves, analyzed by using a simple color measurement (CIE 

L*a*b* color space) (Cavallo et al., 2018) or the growth of microorganisms on vacuum 

packaged smoked salmon, analyzed by the detection of VOC‘s through a film on the salmon 

surface, using HSI (illumination in the VIS-NIR range of 400−1000 nm) (Ivorra et al., 2016). 

However, there are some issues relating to a set-up aiming the light-source directly on the 

product surface to gain quality parameters:  

The surface of packaged food – especially meat and meat products – is very complex, 

consisting of fats, proteins, carbohydrates, water, diverse degradation products, etc. 

Furthermore, the shape of the product surface may vary widely, even for the same product 

type. These effects can influence the absorption and/or backscattering signal, leading to a 

misinterpretation or miscorrelation.  

If the measurement of the optical system pertained to the surrounding atmosphere in the 

headspace of packaging, it was categorized in Publication I as indirect measurement. The 

monitored quality attributes found in the current literature were much more limited than those 
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in direct measurement. While eight different quality attributes were detected non-destructively 

for direct measurement, only four different attributes were available in the literature for indirect 

measurement. The measured variables were either the degradation effect in the headspace of 

the surrounding gas atmosphere (e.g., O2 decrease in the headspace of packaged meat 

induced by oxidative changes (C. A. Kelly et al., 2020; C. Kelly et al., 2020; Sikorska et al., 

2019)) or due to microbiological spoilage (Escobedo Araque et al., 2018) measured via 

fluorescence quenching; or the increase of CO2 in the headspace of packaged dairy beverages 

and yoghurt induced by microbiological spoilage, using a TDLAS set-up (Danilović et al., 2018). 

Another focus was the determination of the composition of the remaining or protective gas 

atmosphere, e.g., to implement a process control (“in-line”) (e.g., the measurement of the 

absence of O2 in flow bags, using a TDLAS-based system working at 760 nm, which is the O2 

absorption band (Lorenzo Cocola et al., 2018)). If an optical system is used to determine a 

degradation product, it must be considered that, for an exact correlation with the target quality 

parameter (e.g., oxidation or growth of microorganisms), the primary reaction must also be 

determined cleanly in order to be able to make a reasonable correlation. In addition, other 

processes such as solubility or permeation of gases or the formation of the measured gas by 

other metabolic processes should be included in the correlation. This aspect has been 

completely neglected in the given literature shown in Publication I.  

The review showed that there are several scientifically well-studied possibilities for the non-

destructive evaluation of the product quality of already packaged food. However, some of them 

are probably not convenient methods for practical applications. To decrease the amount of 

food waste, measurement tools which are implementable in retail or even at the consumer 

would be necessary, as a major part of products are wasted during that part of the value chain 

in developed countries (Gustavsson et al., 2011; Lipinski et al., 2013). Three important 

aspects, which were compared in Publication I must therefore be considered as well: 

complexity, usability, and total costs. In terms of complexity, fluorescence spectral analysis, IR 

spectroscopy, Raman spectroscopy and the simple color measurement were considered to 

have the lowest complexity (application and set-up). The handling of and applicability for 

different products and packaging materials (“usability”) was rated as medium for most of the 

measurement systems considered; for HSI, applicability to different products and materials is 

probably the highest; more limitations were identified for Raman spectroscopy. In terms of 

costs, fluorescence spectral analysis, IR spectroscopy and the color measurement are 

probably the most economical. 

 

As a result of the literature research, it can be said that in general all methods under 

consideration would be suitable for the quality detection of already packed meat and meat 

products. However, especially for the question posed by (Höll et al., 2016) whether the spoilage 
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state of meat and meat products can be identified by detecting the change in the gas 

atmosphere in the headspace of meat packed under a modified atmosphere, the tools 

presented for indirect measurement are preferred (fluorescence quenching and TDLAS).  In 

addition, the use of a device working with a thermal IR emitter would be useful as well, 

particularly in terms of low complexity, usability, and probably low costs, even if the latter is not 

mentioned in the current literature. 

 

3.2 Is it possible to develop a convenient method for the non-destructive 

evaluation of the O2/CO2 gas concentration in meat packages? 

The review successfully demonstrated that there are already good approaches to measure the 

O2 and CO2 gas atmosphere non-destructively for already packed meat and meat products, 

using an indirect measurement system. However, there is a need for further research, 

especially regarding the applicability and interpretation of the results for the generation of 

suitable correlations, which are therefore addressed in the present thesis and will be discussed 

in the following. 

3.2.1 Oxygen 

In Publication II, the successful integration of fluorescence material into a food packaging 

system for meat and meat products was demonstrated. In contrast to the existing literature, 

several aspects necessary for a practical application were combined in this work. On the one 

hand, an integration process using heat sealing with a covering thin film was selected, which 

not only protects the food from potential contamination with the fluorescent material, but also 

prevents contamination of the sensor spot, e.g., with meat juice, as this can also lead to a loss 

of measurement quality (Lakowicz, 2006). In selecting the polymers for the cover film, it was 

found that all common food packaging films – if they transmit light in the VIS range – are 

suitable for measurement. The insertion of sensor spots with the developed ring-shaped 

sealing tool was also successfully carried out, resulting in a tight sealing seam without the 

measurement precision being affected by the heat-sealing process. 

In addition to the actual integration process, however, several aspects must be taken into 

account in order to be able to make a statement as to whether the measurement method is 

suitable for the intended purpose or not. In terms of food safety, the results shown in 

Publication II pointed out that no critical migration of components occurred, which makes food 

law conformity very likely.  

An important aspect for production scale is how and when to apply the sensor material to the 

lid film. Although it was shown that the integrated sensor material can be stored without a loss 

of measurement precision over a period of a minimum of one year (stored at 6 °C), the 

application would be probably more reasonable directly during the food packaging process. As 
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the spot-covering creates bumps, the winding of the lid film is much more complicated. The 

setup of the integration process on a production scale still needs to be clarified.  

The major aspect for the applicability of a method is whether it can measure O2 partial pressure 

values in real time or if the covering of the sensor spot leads to a delayed response due to 

permeation of the gas and the polymer. A review of the results in Publication II and IV shows 

clearly that this point seems to be the most limiting for a practical application. Three different 

set-ups were evaluated for this purpose within this thesis: 

First, the response time in a closed system (standardized measuring chamber, DIN 53380-5, 

(DIN Standards Committee Packaging, 2014)); second, the response time in a real packaging 

system with simulated packaging defects and simulated microbiological O2 respiration; and 

third, the application with packaged meat and meat products (Publication II and IV).  

The results for the closed system without product and for the application with packed meat and 

meat products make it evident that the response time for the sensor material incorporated into 

the lid film after subsequent exposure to a gas atmosphere (either by flooding the 

measurement chamber with test gas or by admitting the modified atmosphere in the semi-

automatic tray sealer) can vary from 2.58 h (for a PE-LD50μm lidding at 21 °C, cf. Publication II) 

to more than 48 h (for a PP cover at 4 °C, cf. Publication IV). That excludes, for example, the 

possibility of using the method directly after packaging, e.g., for leak detection or proper MAP 

monitoring for outgoing inspection. Therefore, spectroscopy-based methods such as TDLAS 

would be more suitable for this specific purpose, as demonstrated by Cocola et al. in several 

studies (L. Cocola et al., 2016; L. Cocola et al., 2015).  

For the time regime after attainment of the equilibrium in both compartments (gas composition 

in the headspace = gas composition in the encapsulation of the sensor spot), two different 

scenarios were analyzed:  

In the first scenario, a relatively fast change in the O2 gas concentration within the headspace 

is induced by a leak in the packaging. In this case, the response time of the encapsulated 

sensor spot is not fast enough, and the actual O2 gas concentration present in the headspace 

was indicated by the sensor only after 48 h at the earliest in the experiments shown in 

Publication II. As is the case with outgoing inspection, the detection of packaging leaks would 

not be practically useful with the currently developed method.  

If, as in the second scenario, the change of the gas atmosphere is induced by microbiological 

processes, the response time of the encapsulated sensor spot is fast enough. This was proven 

on the simulated set-up in Publication II, as well as in the application tests with minced beef 

under a high-oxygen atmosphere (Publication II) and high-oxygen packed poultry (Publication 

IV).  

The explanation for the different response times lies in the different diffusion and permeation 

properties of the gases. In the case of a hole in the lid film, the ambient air (containing mainly 
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N2 and O2) diffuses much faster into the headspace of the packaging (N2 and O2 have 

approximately the same diffusion rate). Permeation from the headspace into the area of the lid 

film occurs much more slowly, as N2 permeates 4 times more slowly through the film than does 

O2. As a consequence, an under-pressure results in the spot area, leading to an even slower 

O2 permeation process. The change in the gas concentrations induced by microorganisms is 

only a change in O2 and CO2 gas concentration, resulting in stable permeation between the 

area of the sensor spot and the headspace of the packaging. Thus, the applicability of the 

method for monitoring gas changes during the storage of an intact package, e.g., to create an 

individual “use by” or “best before” date for meat and meat-products is given.  

Two different types of packaging were tested for the method developed herein: the integration 

into the lid film of PP or PE-LD trays to set a protective gas atmosphere (Publication II and IV) 

and the integration into PE-LD pouches for vacuum packaging (Publication II). The integration 

of the sensor spot for vacuum packaging is much more complex, as the under-pressure in the 

packaging after removing the air is influenced by the remaining water vapor and O2, which are 

slowly released during storage, in the packaging and the product itself. This makes it rather 

difficult to determine the ambient partial pressure in the spot area, which has an effect on the 

measurement accuracy, especially if the aim of the investigation is not a relative deviation, as 

shown in Publication II, but the quantification of the O2 partial pressures plays a decisive role. 

In summary it can be said that the measuring method developed has still some open research 

and application points, especially when it comes to production scale. Furthermore, food-safe 

integration in form of the covering of the sensor material has some limitations that cannot be 

denied. Due to permeation processes, the response time is in some cases too slow to give 

reliable values. For monitoring of the O2 gas concentration during the storage of meat and 

meat products to evaluate changes due to microbiological respiration, the method gives 

precise results compared to an invasive method, after equilibrium is reached (gas composition 

in the headspace = gas composition in the encapsulation of the sensor spot, 1-3 days after the 

sealing process depending on permeation conditions mainly influenced in these trials by the 

polymer used and the ambient temperature).  

 

3.2.2 Carbon dioxide 

For the non-destructive measurement of the CO2 gas concentration in food packaging, 

especially for meat and meat products, a convenient, fast, and precise measuring device was 

the goal of this work. The device (“Demonstrator”) offers several advantages that are not 

offered by any comparable device, yet.  

Comparing the IR absorption properties of the common polymers (see Table 3 in section 1.1.5) 

with the adjusted channels of the detector (Channel 1: 4.26 µm/2347 cm-1, Channel 2: 4.45 

µm/2247 cm-1, Channel 3: 4.27 µm/2342 cm-1 and Channel 4: 3.95 µm /2532 cm-1) makes it 
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obvious that none overlaps with the absorption properties of the polymers under study. The 

measurement range of the detector is located – except for the reference Channel 4 – directly 

on the main CO2 absorption band located at 2230–2400 cm-1, belonging to the antisymmetric 

stretch vibration of the CO2 molecule (Atkins et al., 2022).  

The theoretical assumption that the function of the constructed measurement device is 

therefore not affected by common polymer types was further confirmed in Publication III. The 

FT-IR analysis of the different trays and polymer films did not reveal any polymer-related 

absorption within the measuring range of the four channels. However, the FT-IR 

measurements showed that a reduction in transmission may occur due to different 

pigmentation and printing. To eliminate such effects, – as well as haze effects due to 

contamination by product residues or different tray shapes – the reference wavelength was 

used. It is located outside the CO2 absorption band and can therefore be used to compensate 

for non-CO2-related optical effects. 

Another advantage of the measurement device is the chosen angle for the measurement path. 

The 45° angle through the corner of the packaging allows measurement without any disruption 

of the results by the filling good. The current literature describing IR- or TDLAS-based 

measurement systems for the detection of the filling gas in meat packages either works in a 

reflectance/backscattering mode, where the light is guided onto the food and the 

backscattering signal is detected, or in transmission mode, where the light is guided either 

vertically from the top to the bottom of the tray or horizontally through the side walls of the tray 

(L. Cocola et al., 2017; Czerwiński et al., 2021). 

The decisive factor for the suitability of a measuring device is the generation of precise and 

reproducible measurement results. Based on the screening of eight different, real packaging 

systems with different tray shapes, sizes and colors in Publication III and measurement during 

the storage test with MAP-packed poultry in Publication IV, it has been found that the 

measurement of the CO2 gas concentration in the headspace of the packages with the non-

destructive device in most cases does not show any significant deviation compared to an 

invasive gas analyzer. However, only the results generated between the measurement range 

of 2296 – 2398 cm-1 (compare Figure 3, Publication III) were used to calculate the mean values, 

as they turned out to be the most reliable ones. Also, advantageous – especially in comparison 

to the measurement system based on fluorescence quenching for the detection of the O2 gas 

concentration – is the ability of the device to gain results in short response time. It enables 

broad possibilities for application, for example for leak detection or proper MAP monitoring for 

outgoing inspection at food production facilities, as well as incoming inspection and the 

monitoring of the CO2 gas atmosphere during storage in retail. 

Nevertheless, limiting effects that might have an influence on the convenient application of the 

Demonstrator were identified in Publication III as well: 
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Due to the integration of a reference channel/beam, pigmentations and printings of the trays 

and the lid films were no issue, in general. However, if a tray contained carbon black as pigment 

for coloration, the whole MIR light was absorbed by the pigment and no measurement was 

possible in that case. If the measurement was performed through a labeled part of the lid film, 

there was a statistically significant deviation in the measured CO2 gas concentration for almost 

all samples compared to non-destructive measurement through the transparent part of the lid 

film, as well as to the invasive measurement device. A further phenomenon, which could not 

be clarified in total within this thesis, was the effect of an inhomogeneous inner polymer 

structure or an optical irregular polymer structure on the measurement accuracy of the 

constructed device. For some trays, a polymer with a stronger scattering structure was present, 

resulting in a high statistical deviation (p < 0.001, alpha-level 0.05) for the non-destructive 

measurement of the CO2 gas-concentration. The first assumption that these structures are the 

result of a higher degree in crystallization could be disproven, as the signal of the CO2 

measurement was higher than expected (and crystalline structures have a lower light 

transmittance) and the DSC measurement also showed no difference in enthalpy between the 

reference and the irregular tray. It is therefore reasonable to assume that this is due to an 

altered polymer structure, which can be caused, for example, by irregular cooling during the 

thermoforming processes (Cho et al., 1999). Furthermore, the formation of water condensate 

in the measurement area has also led to a reduction in measurement precision, which is why 

a punctual heating unit should be integrated in the further development of the demonstrator to 

keep the measurement area free of condensate. 

In Publication IV, a modified version of the device described in Publication III was used for the 

study. Instead of a system with a thermal IR emitter, a TDLAS based system was used. The 

three wavelengths located directly on (4.26 µm, 4.27 µm) and at the edge (4.45 µm) of the CO2 

absorption band, the reference beam outside the absorption band (3.95 µm, not mentioned in 

Publication IV), and the 45° angle for the measurement path stayed the same. However, in 

terms of a later industrial use, costs, and robustness, the preferred set-up would be as 

described in Publication III.  

 

In summary it can be said that the development of a novel, non-destructive and convenient 

measurement device for the analysis of the CO2 gas atmosphere for meat packages was 

successfully demonstrated within this thesis. The advantages compared to the system 

developed for the determination of the O2 gas concentration in this thesis, as well as to existing 

systems offer a broad field of application. The identified limitations are mostly avoidable 

through proper handling, except for the measurement of trays with carbon black pigmentation. 

The device is well suited for the most tray shapes and sizes, but it would be not suitable for 
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the measurement of flat packages such as for sliced sausages. Also, meat products packed in 

tubular bags (e.g., minced beef) cannot be evaluated with the current set-up. 

 

3.3 Can individual “use by” or “best before” dates be established for meat and 

meat products by the measurement of the headspace gas concentration? 

In the present work, four different meat and meat products were examined using the developed 

non-destructive measurement methods and evaluated for the possibility of correlating the 

determined and changing O2 and/or CO2 gas concentration in the packaging with various 

quality parameters. As parameter in terms of microbiological spoilage, 107 colony forming units 

per gram (CFU/g) was set as critical value for fresh meat. Fresh meat was used in Publication 

II, where, on one hand, minced beef was packaged under a high-oxygen gas atmosphere, and 

beef steak was vacuum packed on the other hand. In Publication IV, fresh poultry was also 

packaged under a high-oxygen gas atmosphere. No critical value is defined for sliced, boiled 

sausages, which were tested in Publication II as the Lyoner sausage, also vacuum packed. 

However, the DGHM defines for these category a guideline value of 5*106 CFU/g (DGHM, 

2018).  

Other quality aspects were color changes, examined using a simple color measurement (CIE 

L*a*b* color space) in Publication II and an extensive investigation of visual and olfactory 

sensory changes determined by a previously trained panel. 

To set an individual “use by” or “best before” date for meat or meat products it would be useful 

to see a change in the O2 or CO2 gas concentration at least one day before the critical 

microbiological value is reached, so that it can be labeled accordingly in when sold in stores, 

as it was, for example, the case in the study of (Höll et al., 2016). The results obtained during 

this work led to different assumptions and insights:  

The high oxygen packed minced beef (stored at 4°C) (Publication II), for example, showed an 

immediate decrease in the O2 headspace gas concentration, but the microbiological load was 

already at the critical number of 107 CFU/g on day zero. For meat with a high amount of heme, 

the respiration of O2 to CO2 by meat spoilers is significantly more pronounced, especially for 

the spoiler Brochothrix thermosphacta (Kolbeck et al., 2019). These findings would also fit by 

comparing these results to the ones with 4°C and high oxygen stored poultry (same initial gas 

atmosphere) (Publication IV), which showed the first decrease in O2 gas concentration on day 

10 – while the critical TVC was reached on day 6 for that sample. Poultry is a white muscle 

meat, with less heme. However, to be able to make a statement as to whether an individual 

best-before date for high-oxygen packed red meat is possible, further tests with lower initial 

microbiological quantities would be necessary. Nevertheless, as a tool to detect samples which 

are microbiologically spoiled before the labelled shelf life expires, non-destructive methods are 

likely useful for red muscle beef packed at a high-oxygen gas atmosphere. For high-oxygen 
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packed poultry, this use case would be possible only if spoilage was accelerated due to 

improper product storage conditions. Publication IV showed the potential for this, as the 

samples stored at 10°C showed a correlation with the first noticeable increase of CO2, which 

was defined as the “cross-over” point (intersection of the curve of the respective gas 

concentration in the filled trays with that of the empty trays). These findings are further 

underlined by the literature, where a similar trial occurred using invasive devices to detect O2 

and the CO2 gas concentrations (Herbert et al., 2015).  

The vacuum-packed samples showed a quite good correlation between the decrease in the 

O2 gas concentration and the increase in the TVC. For the beef steak an already high load of 

initial microorganisms was present on day zero, so the decrease in O2 on day one was linked 

to attainment of the critical TVC. The question whether the decrease would be noticeable at 

minimum one day before reaching the critical microbiological load is, as for minced beef, still 

unclear. However, the detection of the premature expiration of shelf life is promising here as 

well. For the vacuum packaged Lyoner sausage, the cross-over was reached on the same day 

that the limit of 107 CFU/g was reached, which would imply a tool for detecting already expired 

samples rather than establishing an individual shelf life.  

But not only is the change in the gas atmosphere a marker for an exceeding the shelf-life date, 

the color measurement (Publication II) and attributes characterized by the trained sensory 

panel (Publication IV) correlated with the microbiological spoilage. A reliable sensory marker 

was the attribute slime⎯for the proper stored poultry (4°C) as well as for the improper stored 

poultry (10 °C). The presence of the olfactory attribute buttery (diacetyl) was also noticed by 

the panel when the critical TVC was reached. However, while the formation of VOCs is highly 

dependent on the meat spoiler species (compare Publication IV), the formation of diacetyl 

seems not to be a reliable parameter. The formation of slime is induced by the breakdown of 

the meat tissue by microorganisms and occurs at a microbiological load around 108 CFUg−1 

(Charles et al., 2006), which is why it can be a marker only for already spoiled meat. The color 

change as determined in Publication II was well visible only for minced beef. Here – according 

to the correlation with the change of the gas atmosphere – no final remark can be made, as 

the initial microbiological load already reached the critical TVC.  

 

In summary, it can be said that the establishment of an individual “use by” or “best before” date 

with the help of non-destructive optical methods is not yet possible for any of the samples and 

storage conditions investigated within this thesis. For high oxygen and vacuum-packed red 

muscle beef, the possibility cannot be completely ruled out, as promising results were obtained 

here. For white muscle meat stored under proper conditions, no correlation between a 

significant change in the gas atmosphere and the attainment of critical microbiological spoilage 

of 107 CFU/g exists. For improper conditions, as well as for the tested vacuum-packed sliced 
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boiled sausage, attainment of the “cross-over” could be correlated with attainment of the 

microbiological critical limit and thus could be useful to identify already spoiled samples, e.g., 

if the shelf life at retail was prematurely exceeded. 

4 Final Remarks and Outlook 

The present thesis achieved the overall aim of developing optical, non-destructive 

measurement systems for the investigation of the protective gas atmosphere in polymer-based 

packaging. Two different measuring systems were considered. For the non-destructive 

detection of O2 gas concentration, a packaging system with an integrated sensor material for 

a measurement based on the principle of fluorescence quenching was developed. For the 

detection of CO2 gas concentration, a novel measurement device working in the MIR was 

constructed and successfully applied. The measurement device to detect the CO2 gas 

concentration was therefore able to gain the most precise results, while being more convenient 

compared to the measurement system for the non-destructive detection of the O2 gas 

concentration. The hypothesis to use these tools to set an individual “use by” or “best before” 

date for meat and meat products, could not be confirmed, not because the devices measured 

imprecisely, but because the growth rate of the microorganisms in most cases cannot be 

correlated with the change in the gas atmosphere before the critical microbiological TVC is 

reached. However, promising results for red muscle beef were obtained in terms of a decrease 

in O2 gas concentration, by reaching the critical microbiological figure of 107 CFUg-1. As the 

sample material already had a high initial microbiological load, further trials with a lower initial 

viable count must therefore be done. Furthermore, for boiled cooked sausages, as well as for 

improper stored poultry, the devices were able to detect a significant change in the headspace 

gas concentration on the day when they were microbiological spoiled. For poultry stored under 

regular conditions, the detection of the gas atmosphere is not a reliable method to make a 

statement in terms of microbiological spoilage. However, the sensory evaluation of the poultry 

samples clearly showed a correlation between the formation of slime when the samples 

reached their critical microbiological limit. Applying the knowledge gained from the review 

article, it might be also an idea to find markers for the formation of slime before it becomes 

visible for the human eye, e.g., using HSI technology, to predict spoilage.  

The integration of the fluorescent material into the packaging system as shown in this work is 

difficult industrially and has too few practical fields of application for large-scale 

implementation. Further research could optimize integration and permeation properties, for 

example by using thin membranes or direct embedding of the fluorescent material in the 

polymer itself. However, the benefits and costs are not comparable here. In addition, a number 

of questions remain unanswered, such as the recyclability of such packaging types. 
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In contrast the device developed for the measurement of CO2 gas concentrations offers a 

broad range of potential applications besides setting an individual “use by” or “best before” 

date. To gain a deeper understanding of its requirements and limitations, a broad customer 

study with the prototype would be the next step, including laboratories of food producers for 

quality analysis (production and outgoing inspection) as well as research facilities. In addition, 

screening a wide variety of MAP-packed products in supermarkets would also be a sensible 

next step. The focus here would not have to be exclusively on packaged meat and meat 

products. Newer products on the market such as vegan alternatives that are often packaged 

under MAP could also be screened. On the one hand, it could be documented whether the 

products reach the retail trade with consistent quality (incoming inspection) or whether they 

were stored improperly during transportation.  

In addition, a separate study could be carried out to determine at which improper storage 

temperatures and times premature spoilage occurs and how reliably this can be measured by 

achieving the CO2 “cross-over” marker which was identified within this work. 

It would also make sense to develop more flexible designs that work not only for standard 

polymer trays (as they are used in general for fresh meat), but also for flatter shapes, such as 

those used for sliced cooked sausage or cheese, or for tubular bags. It would also be feasible 

to implement an O2 sensor in addition. However, as absorption at 760 nm is rather weak, the 

use of a TDLAS-based system would therefore make more sense. A limitation here could be 

that the O2 absorption band is located directly at the transition between visible light and the 

near-infrared range, which is an issue for applicability for printed or pigmented packaging. The 

integration of a TDLAS system would also make the device unattractive in terms of price for 

some potential user groups such as the retail trade. 
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