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Summary 

The identification of turbidity particles is an important part of brewery analysis. Beer turbidity 

can result from different problems or causes throughout the brewing process. To find the 

origin of the turbidity, it is important to know its composition. Current turbidity analysis are 

usually based on optical, microscopic or enzymatic methods, which are often inaccurate or 

costly and time-consuming. Turbidity in beer remains a significant issue in the beverage 

industry. Many origins of turbidity have already been researched, though it is not always 

possible to identify the immediate cause. Along with beer foam, gloss fineness is one of the 

most important visual quality characteristics of filtered beer. Cloudiness, opalescence, or a 

milky appearance in beverages is usually undesirable and leads the consumer to suspect that 

the product is of lower quality or even product spoilage. Many different types of formation or 

introduction of substances can cause turbidity, which can be divided into two main categories: 

1. Beverage-specific: ingredients cause an interaction 

2. External influences such as process defects or particles interacting with the medium 

In this research, Raman micro-spectroscopy (RMS) was used for the first time to detect specific 

turbidity particles in beer. This method allows the chemical composition of the molecules 

under investigation to be clearly identified. The main attention in this work was devoted to 

the particles that can cause the strongest and also the most intense turbidity. As a basic 

prerequisite for developing a method of turbidity identification via RMS, it was first necessary 

to investigate the behavior of the medium beer under laser. Since beer contains a large 

number of fluorescent constituents, an investigation was carried out with the aim of 

identifying the most intensively fluorescent compounds and bypassing them in further steps. 

In the subsequent work package, which builds on the fluorescence analysis, foreign particles 

(e.g. filter aids, stabilizers and various microplastic particles), but also beer's own particles 

(polyphenols like catechin, proteins like gliadin, β-glucans, calcium oxalate and starch) were 

detected, evaluated and validated. Appropriate sample preparation allowed membrane filters 

to be tested and a filtration method to isolate individual particles to be established and 

implemented. Cluster analyses and similarity matrices were used for identification and 

validation, respectively, and to better represent the particles. By analyzing the sample 

components in different media (dry, fluid (water, beer)) the influences could be distinguished. 
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The filtration residue after membrane filtration has also been analyzed. Two-dimensional 

image scanning of particles was used to determine particle homogeneity. Raman spectra were 

recorded by acquiring single point scans. Two different lasers with wavelengths of 532 nm and 

785 nm were used to test their applicability for identifying potentially haze-forming particles. 

The polyvinylpyrolidone (PVPP) spectra in the different media showed similarities of more 

than 80 %, usually more than 95 %. The cellulose fiber spectra showed no differences between 

the various media, but consistently showed high average similarities of 94.5%. The 

carbohydrates starch, arabinoxylan, cellulose, yeast β-glucan and barley β-glucan, as well as 

gliadin, ferulic acid, proline, glutamine, calcium oxalate and PVPP were identified at a 

wavelength of 532 nm. The same substances were analyzed at a wavelength of 785 nm, which 

resulted in problems with weak carbohydrate spectra of yeast β-glucan, barley β-glucan, and 

arabinoxylan. All other substances were analyzed with a 785 nm wavelength laser. The β-

glucans of yeast and barley could be clearly identified and classified. In addition, catechin, 

which produced much fluorescence noise when measured at 532 nm, could be identified at 

785 nm. The major problem with RMS in relation to beer analysis is the intense fluorescence 

noise of some beer ingredients. Since beer contains a large amount of fluorescent ingredients, 

an investigation was carried out in the first research unit (Chapter 2.2) to find out which 

compounds exhibit the strongest fluorescence in order to be able to process these substances 

specifically. Special procedures have been used and tested that can circumvent the 

fluorescence problem. Within the scope of this research work, the enormous potential of RMS 

for turbidity identification could be highlighted. The developed methods can be adapted in 

further projects for an extension of RMS to beverage analysis.  

In this dissertation a method for RMS was established to detect, evaluate and validate foreign 

beer particles. At the beginning of the work, fluorescent substances were examined by 

fluorescence spectroscopy. These compounds interfere with the Raman signals and can 

prevent analysis. A suitable sample preparation was developed, membrane filters were tested 

and a filtration method for isolating the individual particles was established and implemented. 

To identify particles with RMS and for better representation, particles were selected and the 

results validated using cluster analysis and the similarity matrix. The biggest issue with RMS in 

beer analytics is the intense fluorescence noise of some beer ingredients. Special procedures 

were used and tested to get around the fluorescence problem. Nevertheless, RMS has 

enormous potential in haze analytics and throughout the brewery.  
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Zusammenfassung 

Die Identifizierung von Trübungspartikeln ist ein wichtiger Bestandteil der Brauereianalytik. 

Trübung kann das Ergebnis vieler verschiedener Probleme bzw. Ursachen im gesamten 

Brauprozess sein. Um den Ursprung einer Trübung zu finden, ist es wichtig, die 

Zusammensetzung von dieser zu kennen. Derzeit angewandte Trübungsanalytik basiert in der 

Regel auf optischen, mikroskopischen oder enzymatischen Methoden, die oft ungenau oder 

aufwendig und zeitintensiv sind. Die Trübung in Bier ist nach wie vor ein bedeutendes Thema 

in der Industrie, da viele Ursprünge des Trübungsbildes zwar bereits entdeckt wurden, es aber 

nicht immer möglich ist, die unmittelbare Trübungsursache zu identifizieren. Neben dem 

Schaum zählt die Glanzfeinheit zu einem der wichtigsten visuellen Qualitätsmerkmale von 

gefilterten Bieren. Trübung, Opaleszenz oder ein milchiges Aussehen in Getränken ist 

meistens unerwünscht und lässt den Verbraucher vermuten, dass das Produkt von geringerer 

Qualität oder verdorben ist. Viele verschiedene Arten von Bildung oder Eintrag von 

Substanzen können zu Trübungen führen, welche sich in zwei Hauptkategorien differenzieren 

lassen: getränkespezifisch, wobei die Inhaltsstoffe eine Wechselwirkung verursachen, und 

externe Einflüsse wie Prozessfehler oder Partikeln, die mit dem Medium interagieren.  

In dieser Forschungsarbeit kam erstmalig die Raman-Mikrospektroskopie (RMS) zur Detektion 

bestimmter Trübungspartikel in Bier zum Einsatz. Durch diese Methode kann die chemische 

Zusammensetzung der zu untersuchenden Moleküle eindeutig identifiziert werden. Das 

Hauptaugenmerk in dieser Arbeit wurde den Partikeln gewidmet, welche die stärksten und 

auch intensivsten Trübungen verursachen können. Als Grundvoraussetzung für eine 

Methodenentwicklung der Trübungsidentifikation via RMS musste zunächst das Verhalten des 

Mediums Bier unter Lasereinwirkung erforscht werden. Da Bier eine Vielzahl an 

fluoreszierenden Inhaltsstoffen beinhaltet, ist eine Untersuchung durchgeführt worden, mit 

dem Ziel, die am intensivsten fluoreszierenden Verbindungen aufzuzeigen und diese in 

weiteren Schritten zu eliminieren oder durch Einsatz spezieller Methoden die Fluoreszenz 

umgehen zu können.  

In anschließenden Forschungsarbeiten, welche auf die Fluoreszenzanalytik aufbaut, sind 

Fremdpartikeln (bspw. Filterhilfsmittel, Stabilisatoren und verschiedene 

Mikroplastikpartikeln), aber auch biereigene Partikeln (Polyphenole wie Catechin, Proteine 
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wie Gliadin, β-Glucane, Calciumoxalat und Stärke) nachgewiesen, bewertet und validiert 

worden. Eine geeignete Probenvorbereitung ermöglichte es, Membranfilter zu testen und 

eine Filtrationsmethode zur Isolierung einzelner Partikel zu etablieren und implementieren. 

Clusteranalysen und Ähnlichkeitsmatrizen dienten zur Identifizierung bzw. Validierung und zur 

besseren Darstellung der Partikeln. Durch Analyse der Probenbestandteile in verschiedenen 

Medien (trocken, fluid (Wasser, Bier)) konnten die Einflüsse unterschieden werden. Der 

Filtrationsrückstand nach der Membranfiltration ist ebenfalls analysiert worden. Eine 

zweidimensionale Bildabtastung der Partikeln diente zur Bestimmung der 

Partikelhomogenität. Die Aufnahme der Raman-Spektren erfolgte durch die Erfassung von 

Einzelpunkt-Scans. Es wurden zwei verschiedene Laser der Wellenlängen 532 nm und 785 nm 

eingesetzt, um deren Anwendbarkeit zur Identifizierung von potenziell trübungsbildenden 

Partikeln zu validieren. Die PVPP-Spektren in den verschiedenen Medien zeigten 

Ähnlichkeiten von mehr als 80 %, in der Regel mehr als 95 %. Die Cellulosefaserspektren 

wiesen keine Unterschiede zwischen den verschiedenen Medien, aber durchweg hohe 

durchschnittliche Ähnlichkeiten von 94,5 % auf. Die Kohlenhydrate Stärke, Arabinoxylan, 

Cellulose, Hefe β-Glucan und Gerste β-Glucan, sowie Gliadin, Ferulasäure, Prolin, Glutamin, 

Calciumoxalat und PVPP sind bei einer Wellenlänge von 532 nm erfolgreich identifiziert 

worden. Dieselben Substanzen sind bei einer Wellenlänge von 785 nm analysiert worden, was 

zu Problemen mit schwachen Kohlenhydratspektren von Hefe β-Glucan, Gerste β-Glucan und 

Arabinoxylan führte. Alle anderen Substanzen sind mit dem Laser der Wellenlänge 785 nm 

analysiert worden. Die β-Glucane der Hefe und der Gerste konnten eindeutig identifiziert und 

klassifiziert werden. Darüber hinaus konnte Catechin, das bei der Messung mit 532 nm ein 

starkes Fluoreszenzsignal aufwies, bei 785 nm identifiziert werden. Das größte Problem bei 

der Raman-Mikrospektroskopie (RMS) in Bezug auf die Bieranalytik ist das intensive 

Fluoreszenzrauschen einiger Bierinhaltsstoffe. Da Bier eine große Menge an fluoreszierenden 

Inhaltsstoffen enthält, wurde in der ersten Forschungseinheit (Chapter 2.2) untersucht, 

welche Verbindungen die stärkste Fluoreszenz aufweisen, um diese Stoffe gezielt verarbeiten 

zu können. Es sind spezielle Verfahren eingesetzt und getestet worden, die das 

Fluoreszenzproblem umgehen können. Im Rahmen dieser Forschungsarbeit konnte das 

enorme Potential der RMS für die Trübungsidentifizierung herausgestellt werden. Die 

entwickelten Methoden können, in weiteren Projekten, für eine Erweiterung der RMS auf die 

Getränkeanalytik zielgerichtet adaptiert werden.   
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1 Introduction and motivation 

Haze, cloudiness, blurring, opacity, obfuscation… a lot of names for one big topic: “turbidity”.  

The sheer number of descriptions shows how complex and multi-layered the topic of turbidity 

can be. Turbidity in beer and other beverages remains an ever-present, exciting topic in the 

brewing industry and not least for the analysis institutes. 

Purely optical characteristics like gloss fineness or beer color as well as non-visual attributes 

such as taste, are very important for the appearance of a beer declared to be “filtered beer” 

[1–3].  

Different analysis methods are used in advance to avoid customer complaints and to find out 

the causes of cloudiness. However, the analysis is normally limited to optical, enzymatic and 

microscopic analysis for simplicity [4–7]. Turbidity in beer plays a crucial role because it's the 

primary characteristic to be perceived by consumers and has a decisive influence on their 

impression of the merchandise [8, 9]. For Pilsner and lager beers, the customer expects a 

bright beer and unwanted turbidity is perceived as a defect. However, turbidity can even be 

desirable if the beer is unfiltered or naturally cloudy, such as Wheat beer or cellar beer. 

Smaller breweries and craft breweries often work without filters to give the impression of 

naturalness and to differentiate their beers from “industrial breweries”. If the beer has been 

filtered, gloss fineness is a crucial quality feature and essential for determining the storage 

period of the merchandise. A beer is considered to be stable to turbidity if no turbidity occurs 

at a temperature of 25 °C or higher over an extended period of time [10]. Turbidity can have 

various origins. A basic distinction can be made between non-biological and biological 

turbidity. Turbidity of non-biological origin is often distinguished as cold turbidity, permanent 

turbidity and turbidity from foreign substances [3, 11]. Just as in non-alcoholic beverages, 

turbidity can occur in beer in different ways. Particles already contained in beer or its raw 

materials can coagulate [11]. Inorganic substances such as filter aids that have penetrated or 

label residues, can cause small particles in beer [12]. Use of state-of-the-art filtration and filling 

equipment and implementing comprehensive quality assurance measures therefore ensure 

that presence of such foreign particles in the finished product is the exception. These particles 

are often described as “visible turbidity” [3].  

Raman micro-spectroscopy (RMS) is a promising tool for the detection of small particles, and 

is different from current methods. Consequently, in case of unwanted turbidity, it is first 
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necessary to identify the turbidity particles. Previous applications of RMS can be found in 

various research areas [13–17]. RMS offers a high information density in the recorded spectra, 

the so-called "finger print", which represents the chemical structure of the molecule.  

Problems with the established methods include the fact that they are usually not very specific 

and always burdened with the human error factor. In addition, turbidity analysis to date is 

determined by the judgment of a single person and is thus only statistically validated in the 

rarest of cases. It can also take a long time and does not always provide conclusive results. 

Raman micro-spectroscopy is a fast, established method for the high-resolution 

determination of chemical compositions of a wide variety of particles and is a promising 

alternative in food analysis [18, 19]. 

The thesis publications are therefore organized in five parts: 

1. Kahle, E.M., Zarnkow, M., Jacob, F. (2020) “Beer Turbidity Part 1: A Review of Factors 
and Solutions” Journal of the American Society of Brewing Chemists,  
DOI: 10.1080/03610470.2020.1803468 

 
2. Kahle, E.M., Zarnkow, M., Jacob, F. (2020) “Beer Turbidity Part 2: A Review of Raman 

Spectroscopy and Possible Future Use for Beer Turbidity Analysis” Journal of the 
American Society of Brewing Chemists, 
DOI: 10.1080/03610470.2020.1800345 

 
3. Kahle, E.M., Zarnkow, M., Jacob, F. (2019) “Substances in beer that cause 

fluorescence: evaluating the qualitative and quantitative determination of these 
ingredients.” European Food Research and Technology, 245(12), 2727-2737  
DOI: 10.1007/s00217-019-03394-x 

 
4. Kahle, E.M., Zarnkow, M., Jacob, F. (2020) “Investigation and identification of foreign 

turbidity particles in beverages via Raman micro-spectroscopy” European Food 
Research and Technology 247, 579–591 (2021) 
DOI: 10.1007/s00217-020-03647-0 

 
5. Kahle, E.M., Zarnkow, M., Jacob, F. (2020) “Identification and differentiation of haze 

substances using Raman microspectroscopy” Journal of the Institute of Brewing,  
DOI 10.1002/jib.627 
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 Raman micro-spectroscopy 

In the following chapter, the history of Raman spectroscopy is explained, how the Raman 

effect was developed and how it works, the structure of the Raman spectrometer is explained 

and finally how the spectra can be read. 

1.1.1 History of Raman spectroscopy 

As early as 1923, Smekal established the theory of inelastic light scattering. But only Raman 

and Krishman could observe the phenomenon experimentally a few years later and published 

their research in 1928 [20]. They characterized the effect of inelastic scattering as weak 

compared to ordinary scattering [21–23]. This "weak" phenomenon is now called Raman 

scattering. Unlike today, no modern technology was available at that time and so Raman used 

sunlight as a source, while a telescope served as a collector. He used his eyes as a detector. 

Gradually, the components of Raman's equipment were improved [22, 23]. For example, up 

until the mid-1960s, high-pressure mercury or low-pressure mercury burners were used as 

light sources, which have now been almost completely replaced by lasers [24]. Furthermore, 

it turned out that a single monochromator cannot remove stray light as effectively as the 

double monochromator or even triple monochromator introduced later [22]. 

Raman spectroscopy (RS) has become one of the most powerful analytical methods in 

chemical-technical analysis over the last decades. The complementary analytical method of 

infrared spectroscopy (IR or FTIR) is often used as a comparative method of Raman 

spectroscopy. Both methods offer advantages over the other and complement each other 

[25]. Due to the basic physical principles and analysis settings, RS still has some important 

advantages. The high molecular specificity and the easy implementation into existing systems 

allows the use of RS systems in many technological areas. In addition to their chemical-

analytical and biotechnological relevance, such systems are often used in diagnostic medicine, 

forensic sciences, and astrophysics [26–29]. 

1.1.2 Raman effect 

The Raman effect is named after the Indian physicist Chandrasekhara Venkata Raman. He was 

able to demonstrate that a small proportion of the photons hitting a molecule are inelastically 

scattered [20, 30]. If photons of a defined wavelength hit a molecule, a large fraction is 

reflected or they pass through the molecule unaffected. Only a fraction of about 



Introduction and motivation 

- 8 - 
 

0.01 % – 0.001 % of the photons are scattered elastically (without changing the energy level) 

by the molecule in an undefined spatial direction. This scattering is called Rayleigh scattering. 

An even much smaller fraction of one out of 10-6 % – 10-8 % is scattered inelastically (with a 

change in energy level). This Raman scattering can be divided into two different types (Figure 

1). In Stokes Raman scattering, a molecule in the ground state is brought into a (virtual) excited 

state by the exciting photon. When the molecule relaxes again, it emits a photon, but does 

not completely return to the ground state, instead remaining at a higher energy level. Thus, 

the exciting photon has transferred some of its energy to the molecule. The emitted photon 

now has a lower energy and thus a lower frequency than the exciting photon (→ longer 

wavelength, redshift). In anti-Stokes Raman scattering, exactly the opposite happens. The 

exciting photon hits an already slightly excited molecule and lifts it to another (virtual) excited 

state. If the molecule emits a photon and returns to the ground state it has a lower energy 

level than before excitation. The energy difference in the molecule is transferred to the 

emitted photon. This is now more energetic and has a higher frequency than before excitation 

(→ shorter wavelength, blue shift). The Boltzmann distribution should also be mentioned. 

With increasing temperature, more molecules are in the excited state. It becomes interesting 

from 1000 K, which is why many experimental approaches would not be suitable for this. If 

the system is in thermal equilibrium, only a few molecules are present in an excited state, 

which is why the anti-Stokes Raman scattering is much weaker [22, 31]. 

 

Figure 1 Emergence of Rayleigh, Stokes, and anti-Stokes scattering 

In contrast to fluorescence, where a photon actually takes an electron of the excited molecule 

to a higher energy state, the higher energy state in Raman scattering is considered to be 
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virtual, since it is not actually a single excited electron that absorbs the energy of the photon, 

but a much more complex quantum mechanical process [32]. As a result, the photon emitted 

by Raman scattering can have a broad spectrum of different wavelengths. Compared to the 

wavelength of the excited photon, the photons emitted in fluorescence can have only the 

same or a longer wavelength and are thus usually stronger in energy [33, 34]. 

If a molecule emits photons in the Stokes or anti-Stokes spectrum after excitation by a photon, 

it is called Raman-active. Each Raman-active substance has a specific Raman spectrum. This 

means that each molecule of this substance scatters the wavelength of the exciting photon in 

the same way. This is due to the molecular composition, as well as the types of bonds between 

the individual atoms, all of which have different but specific scattering behavior. This 

specificity can be used in analytics to precisely detect and identify simple, as well as highly 

complex, chemical compounds by comparing with their scattering spectra to databases. 

1.1.3 Design and function of a Raman spectrometer 

To detect the weak phenomenon of Raman scattering, the substance under investigation is 

irradiated with monochromatic laser light. This has the advantage of having a higher radiation 

density than previously used light sources, thus making it possible to concentrate radiation 

even on very small samples. A laser with photon energies in the UV to almost IR range is used. 

In order to obtain an increased Raman intensity, the laser beam can be additionally focused, 

which however implies the risk of damaging the sample. A power reduction of the laser 

reduces this risk. The light hitting the sample is scattered, resulting in both elastic scattering 

(Rayleigh scattering) and inelastic scattering (Raman scattering), which is reflected by the 

mirrors S1 and S2 (see Figure 2) to increase the intensity of the radiation. To avoid masking 

the Raman scattered light, which has a significantly lower intensity, the Rayleigh radiation, 

which has the same wavelength as the laser, must be filtered out. The remaining radiation is 

focused on the entrance slit 1 by means of a lens and then spectrally decomposed in the 

monochromator by two collimating mirrors and a grating. Finally, the radiation hits the 

detector through the exit slit 2 to allow analysis [10, 12-14]. 
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Figure 2 Schematic structure of a Raman spectrometer 

Figure 3 shows the schematic structure of the microscope that is used at Research Center 
Weihenstephan with all the connected peripheral devices. 
 

 
Figure 3 Schematic structure of the Raman micro-spectroscopy system used 
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1.1.4 Interpretation of Raman spectra 

Raman spectra show molecular-specific changes in energy and frequency within the molecule, 

which can be seen as a series of peaks. These peaks correspond to the individual vibrational 

energies associated with specific chemical bonds in molecules. Thus, the peaks can be used to 

draw conclusions about bonds and thus molecular composition [37]. 

Reference spectra can be used to identify characteristic bands in the individual spectra. Within 

the spectra, the range 500–1700 cm-1 is known as the "fingerprint region". This part contains 

most of the Raman bands that are used to uniquely identify a particular material. Many of the 

bands in this region are derived from CH, CH2 and CH3 deformation vibrations, which are 

always present in organic molecules. It is also possible that the positions of the individual 

bands varied slightly, which may be due to different chemical conditions [38]. Due to the 

change in energy, different forms of oscillation can occur. Individual atoms can move in three-

dimensional space, and this can lead to changes in bond lengths or angles. For example, in a 

gravitational oscillation only the angle between two atoms changes, whereas in a stretching 

oscillation the bond lengths change. Different designations are used depending on the 

movement [39, 40].  

 Fluorescence and Raman 

Since the Raman signal is very weak, it is also very susceptible to interference. Probably the 

biggest problem with Raman microscopy is the frequently occurring fluorescence of many 

organic substances. These problematic substances initially absorb a stimulating photon when 

irradiated with a laser of sufficient energy. An electron is raised to a real excited state and 

then falls back to its ground state. A photon is emitted which corresponds at most to the 

energy of the irradiated photon, but in most cases has a longer wavelength, which 

corresponds to a lower energy (Stokes rule) [33, 34, 41]. These emitted photons are detected 

by the CCD detector together with the Raman scattered photons. The main problem is the 

much higher frequency of fluorescence compared to Raman scattering. Fluorescence signals 

can therefore completely overlay the Raman signal. The fluorescence of some substances 

makes the analysis of these substances itself a problem, and that’s not the only issue. Even 

the slightest contamination of a non-fluorescent material with fluorescent substances can 

make it difficult or even impossible to measure the Raman spectrum [34]. 
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Beer contains a large spectrum of organic and inorganic substances. Among them are some 

substances that tend to autofluorescence [32, 42–46]. The Raman analysis of beer turbidity 

particles or particles that have been in contact with beer can therefore lead to fluorescence 

problems. Therefore, it may be necessary to use methods to avoid fluorescence. 

1.2.1 Methods of fluorescence avoidance 

An exact recording of Raman spectra is often not possible due to strong fluorescence signals. 

Therefore different methods to avoid fluorescence have been developed. 

1.2.1.1 Anti-Stokes Raman Spectroscopy 

As already mentioned, fluorescence occurs exclusively on the Stokes side of the Raman 

spectrum. For this reason it is only possible to view the anti-Stokes side of the spectrum. 

However, the weak Raman signal is much weaker on the anti-Stokes side. The anti-Stokes 

signal can be amplified by methods such as Coherent anti-Stokes Raman Scattering (CARS), 

but these methods require a lot of equipment and are therefore very expensive [47]. 

1.2.1.2 Surface Enhanced Raman Scattering 

Another possibility to minimize the fluorescence problem is to amplify the Raman signal very 

strongly and ideally, weaken the fluorescence signal simultaneously. In Surface Enhanced 

Raman Scattering (SERS), the analytes are brought into direct proximity to metal 

nanoparticles. Gold, silver or copper particles are often used for this purpose. The exact mode 

of action of SERS is not yet known. However, there are assumed to be two dominant effects, 

a chemical and an electromagnetic amplification. The chemical amplification results from a 

charge transfer between the analyte and nanoparticle surface, which increases the 

polarizability and thus the intensity of Raman scattering. The electromagnetic amplification is 

based on surface plasmon resonance. The irradiated photons excite the charge carriers on the 

metal surface, which enables them to form a very strong, narrowly limited electric field. This 

field excites the analyte in addition to the incident light, which greatly enhances the Raman 

signal. SERS can amplify the Raman signal by up to 1015 [48]. However, SERS only takes place 

if the analyte adsorbs to the nanoparticles and is in sufficient proximity to the surface. In 

unfavorable cases, the fluorescence of an analyte can even be increased instead of decreased. 

In addition, spectra recorded with SERS may differ from the normal Raman spectra specific for 

the substance, which makes it difficult to compare [49]. 
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1.2.1.3 Photo bleaching 

In contrast to the Raman signal, which remains almost constant in time with continuous 

excitation of an analyte, the fluorescence often decreases. This process is called photo 

bleaching. Due to the repetitive process of excitation and subsequent emission of a photon, 

the analyzed substance is chemically damaged, resulting in a permanent loss of fluorescence, 

while the Raman signal is hardly changed [50, 51]. Especially for samples with small 

fluorescent impurities, photo bleaching can be a simple and inexpensive method to quench 

fluorescence. However, the time required to bleach different substances varies considerably. 

Often the bleaching process is completed within a few milliseconds to seconds, making photo 

bleaching a very useful method in these cases. However, it can also take hours to days until 

the fluorescence is attenuated. Such long exposure times can be particularly problematic, 

since some samples can be thermally damaged by long and strong laser irradiation, and this 

also leads to a change in the Raman signal [52]. 

1.2.1.4 Use of alternative excitation wavelengths 

Another way to avoid the occurrence of fluorescence is to vary the wavelength of the 

excitation laser. Many substances are only excited to fluoresce by light of certain wavelengths. 

The critical wavelengths are often found in the visible light range (e.g. λ = 532 nm) [53]. By 

using lasers in the ultraviolet (UV) or near infrared (NIR) range, the fluorescence background 

can often be minimized [54, 55]. Even if fluorescence is emitted after excitation with a UV 

laser, it is usually not in the range of the observed wave shift [34]. NIR lasers often do not have 

enough energy to bring the electrons of the analyte to a higher real energy level, which makes 

fluorescence emission impossible. Unfortunately, UV and NIR lasers also have major 

disadvantages in analysis. A UV laser can cause lasting damage to the sample by burning even 

at low power. The problem with NIR lasers can be found in the physics of the Raman effect 

itself. If the wavelength of the excitation light is increased, the intensity of the Raman 

scattering decreases to the fourth power [55]. This effect makes the analysis of weakly Raman-

active substances in the NIR range very difficult. Another problematic factor of using different 

wavelengths is the high instrumentation complexity. Several lasers and several detectors are 

required, which is associated with very high acquisition costs.  
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1.2.2 Further methods 

In addition to the methods already described, there are several other methods of fluorescence 

avoidance that can be roughly divided into three different categories. The "time-domain 

methods" make use of the fact that Raman scattering is much faster than fluorescence (Figure 

4). 

 
Figure 4 Time course of fluorescence and Raman scattering 

While Raman scattering occurs almost simultaneously with excitation, fluorescence emission 

takes about 10-7 to 10-9 seconds. If the Raman signal can be detected selectively in this short 

time, a fluorescence-free measurement is possible. However, this requires a lot of equipment 

and involves high costs [52]. The "frequency domain methods" are based on a similar principle. 

Here, too, the fast Raman response or slow fluorescence emission is used. The sample is 

excited in fast frequency with sinusoidal changing wavelengths. While the Raman signal can 

follow the sinusoidal excitation, the slow fluorescence obtains a phase shift and an amplitude 

superposition. Fluorescence and Raman signal can thus be distinguished and evaluated [56]. 

The "wavelength-domain methods" work with at least two excitation lasers that have a very 

small wavelength difference. The Raman shift strictly follows the excitation wavelength. This 

is also the reason why the Raman spectra are very similar at different excitation wavelengths. 

Fluorescence emission, on the other hand, is wavelength independent. If the sample is 

irradiated with two slightly different lasers, the fluorescence can be deducted as a constant 

factor [52]. 
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 Turbidity 

Turbidity or foreign particles that can lead to “visible turbidity” of beer and beverages is an almost unwanted phenomenon that can occur 

immediately or after the beer has been stored for some time. Cloudiness can be caused by a variety of factors (see Figure 5) [3].  

 
Figure 5 Various origins of turbidity and foreign particles that can lead to “visible turbidity”
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1.3.1 Types and origin 

The filtration of a beer usually produces a shiny, clear product. Nevertheless, it is possible that 

the product may experience turbidity after filtration, or that turbidity may develop over time. 

1.3.1.1 Protein polyphenol turbidity 

In most cases, proteins or polypeptides and polyphenols are responsible for turbidity 

formation [11]. In the formation of protein-polyphenol turbidity particles, proline-rich protein 

components are linked together by polyphenols [57]. In brewing practice, this is exploited by 

using PVPP to stabilize beer, which imitates a polyproline molecule and thus binds and 

removes polyphenols from the product [58]. In the formation of beer turbidity it is the proline- 

and glutamine-rich storage proteins of the prolamin fraction that play a primary role. These 

are called hordeins in barley and gliadins in wheat, but with protein Z there are also proteins 

that are relevant to turbidity from the albumin fraction [59, 60]. The polyphenols with protein 

crosslinking properties have at least two o-diphenol groups. In beer, these are mainly the 

turbidity-causing proanthocyanodins, which usually occur as di- or trimeric catechins [61]. 

However, in the formation of colloidal particles from proteins and polyphenols, the ratio of 

the two substances plays a decisive role. It has been shown that a ratio of 2:1 or of 5:1 

(gliadin:tannic acid) results in significantly increased turbidity compared to other ratios. The 

size of the particles also changed significantly at different ratios, which, according to Stokes' 

Law, has a considerable influence on the sedimentation rate of the particles and thus on the 

storage and filtration process in the brewery [62–65]. 

The formation of protein-polyphenol-related turbidity is subject to many influences. Besides 

the above-mentioned relationships between the two substances, key factors include the 

temperature and the oxygen content of the beer. Cold storage of beer can cause cold turbidity, 

which is reversible. During cold storage, polyphenols and proteins clump together but do not 

form a covalent bond, which is why the clumping is dissolved again when energy is supplied 

and the turbidity disappears. In contrast, permanent turbidity is favored by high temperatures 

of the beer. Irreversible covalent bonds are formed between the polyphenols and proteins. 

This process is accelerated by an increased oxygen content in the beer. The regular turbidity 

measurement of bottled beer stored at high temperatures can be used to simulate long 

storage at lower temperatures. In this way, the best before date of the product can be 

determined as a function of its chemical-physical stability [66–68]. 
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1.3.1.2 Polysaccharide turbidity 

In addition to beer turbidity caused by polyphenols and proteins, various polysaccharides can 

also cause turbidity. The glucans in this group are polysaccharides consisting only of glucose, 

which are divided into α- and β-glucans. The most common α-glucan in the brewing process is 

starch derived from malt. This starch consists of amylose of α-1,4-glycosidically linked glucose 

and as amylopectin of α-1,4-glycosidically and α-1,6-glycosidically linked glucose. As a rule, 

the starch is almost completely broken down by amylases into maltose and short dextrins 

during the mashing process. If this does not happen completely or if high molecular weight 

starch is released again after mashing due to procedural errors, this can lead to turbidity and 

make filtration more difficult [69]. Yeast cells that are not very vital or dead can excrete 

glycogen, which is very similar to plant starch as α-glucan and can therefore also cause 

turbidity [70]. β-Glucan is particularly problematic for the brewing process. This can originate 

from yeast as well as from malt, with malt β-glucan being much more common. While α-

glucans are usually present in the organisms as storage substances, β-glucans are mostly 

supporting substances and can be found in yeast as well as in grains as a cell wall substance. 

β-glucans are glucose monomers linked by very stable β-glycosidic bonds. Mainly 1,3- and  

1,4-glycosidic bonds are found in cereals and 1,3- and 1,6-glycosidic bonds in yeast. These  

β-glucans have the property of forming highly viscous gels even at very low concentrations 

under the influence of shear forces. These gels increase the viscosity of beer, which 

considerably extends the storage time of beer due to slower particle sedimentation [71]. 

During malting, β-glucan is broken down in the grain. Highly dissolved malts thus contain less 

of the problematic substance. However, β-glucan can be released from the grist to a greater 

extent by an unsuitable mashing program. The yeast β-glucan, like the yeast glycogen, can 

enter beer through autolysed yeast cells [72, 73].  

1.3.1.3 Calcium oxalate turbidity 

Another source of turbidity is calcium oxalate. This salt of oxalic acid is formed in most cases 

by oxalic acid from the cereals and later malt and calcium from the brewing water. Due to its 

very low solubility, it crystallizes even at low concentrations. In the brewing process the aim 

is often to precipitate as much of the oxalic acid dissolved from the grain as possible. This can 

be achieved by ensuring sufficient calcium in the brewing water and a long cold storage of the 

beer. The salt forms, crystallizes and sediments in the tank. If this does not happen in sufficient 



Introduction and motivation 

- 18 - 
 

quantities, further calcium oxalate can precipitate in the bottled product and cloud the beer 

[74]. The crystals are also suspected of triggering gushing - spontaneous effervescence of beer 

when the container is opened [75]. 

1.3.1.4 Turbidity due to auxiliary materials 

Most beer cloudiness finds it origins in the raw materials used for brewing: malt, water, hops 

and yeast. However, breakthroughs of filter aids such as diatomaceous earth or bentonites, 

and stabilizers such as PVPP, can also cause turbidity. Such turbidity often indicates faulty 

filtration or a police filter that is not working properly [76]. 

1.3.1.5 Other particles and microbiological contamination 

Further particles can get into the beer, especially during the filling process. A malfunction in 

the bottle washing machine can lead to label residues in the bottles. Glass splinters can enter 

the product through exploding bottles in the filler or through defective containers that are not 

recognized by the bottle inspector. It is also possible that various airborne particles or fibers  

fall into the rinsed bottles and contaminate the product [77]. Culture yeasts, foreign yeasts or 

beer-spoiling bacteria can also cause turbidity. This can indicate a lack of filtration (culture 

yeasts) or hygiene deficiencies.  
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2 Results (Thesis publications) 

 Summary of results 

The thesis publications are summed up in the following paragraphs 2.2 to 2.6 with a 
description of authorship contribution followed by full copies of the publications. Table 1 gives 
an overview of the publications. Publisher permissions for the imprint of publications can be 
found in paragraph 5.4. 

Table 1 Short overview of the five publications with title of the publication, major objective, applied method and main findings 

Review Title Research Title 
Publication 1 Publication 2 Publication 3 Publication 4 Publication 5 
Beer Turbidity 

Part 1: A Review of 
Factors and 

Solutions 

Beer Turbidity 
Part 2: A Review of 

Raman 
Spectroscopy and 

Possible Future Use 
for Beer Turbidity 

Analysis 

Substances in beer 
that cause 

fluorescence: 
evaluating the 
qualitative and 

quantitative 
determination of 
these ingredients 

Investigation and 
identification of 
foreign turbidity 

particles in 
beverages via 
Raman micro-
spectroscopy 

Identification and 
differentiation of 
haze substances 

using Raman 
micro-

spectroscopy 

Major objective  
Summary of 
literature, 

conference papers 
and research on 

turbidity 

Summary of 
literature, 

conference papers 
and research on 

Raman 
spectroscopy 

Finding out which 
substances in beer 
are fluorescent and 

can be avoided 
concerning Raman 

RMS was used to 
detect, evaluate 

and validate non-
beer turbidity 

particles 

RMS was used to 
detect, evaluate 

and validate beer 
turbidity relevant 

particles 

Applied methods / investigations / devices 
Combining 

literature of the 
past decades, 

critical comparison 
of outcomes of 

differing studies. 
 

Combining 
literature of the 

past decades, 
critical comparison 

of outcomes of 
differing studies. 

 

Fluorescence 
spectrometer 
AqualogTM 
of HORIBA 

 
Data evaluation 

using the PARAFAC 
model 

A suitable sample 
preparation was 

developed, 
membrane filters 

were tested, and a 
filtration method 
for isolating the 

individual particles 
was established 

and implemented 

Preparation of 
special slides, 
Production of 

turbidity particles 
from forcibly aged 
beer, data material 

was evaluated 
using BioNumerics 

software 

Main findings / conclusions 
The review 

examined beer 
turbidity problems. 
The various causes 

and origins of 
turbidity were 

discussed. 

The different 
methods of RS 

were discussed and 
related to analysis 
of substances to 
beer turbidity. 

Diverse fluorescing 
beer ingredients 

could be assigned 
using fluorescence 

spectroscopy. 
Using the PARAFAC 
analysis, a specific 
model was created 
that identified the 

three main 
components 

of the fluorescing 
substances. 

Different filter aids 
and stabilizing 
agents were 

investigated as well 
as different 

polymer samples of 
the most common 

types of plastics 
and some high-

performance 
plastics from food 

production. 

Starch, 
arabinoxylan, 

cellulose, 
yeast β‐glucan, 
barley β‐glucan, 

gliadin, ferulic acid, 
proline, glutamine, 

calcium oxalate 
and PVPP were 

successfully 
identified at 

532 nm. 
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PART 1 

 Beer Turbidity Part 1: A Review of Factors and Solutions 

This review examined beer turbidity in general and the problems dealing with haze. The 

various causes and origins of turbidity were discussed in detail, starting with the current state 

of research and human perception and visual opacity. Further classification led to a general 

definition of turbidity of beer, the distribution by particle size, the general turbidity and more 

accurately in fluids and in beer. Past and present turbidity measurements were also compared.  

 

The origins of turbidity are discussed in detail:  

 

Origins of turbidity 

- Chill haze and permanent haze 
- Non-biological turbidity – proteins and polyphenols 
- Non-biological turbidity – caused by carbohydrates 
- Non-biological turbidity – inorganic substances 

o Filter aids 

• Kieselguhr 

• Perlite 

• Cellulose fiber 
o Stabilizing agents 

• Polyvinylpolypyrrolidone (PVPP) 

• Silica gel 
- Non-biological turbidity – microplastics 
- Biological turbidity 

 
 
 
 
 
 
 
 
 
 
 
 
Authors/Authorship contribution:  
Kahle, E-M.: Literature search, writing, review conception and design; Zarnkow, M.: critical review of 
draft, discussion of data; Jacob F.: Supervised the project 
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PART 2  

 Beer Turbidity Part 2: A Review of Raman Spectroscopy and Possible Future Use 
for Beer Turbidity Analysis 

Beer Turbidity Part 2 focuses on Raman spectroscopy (RS). The review provides a general 

overview of the physical basics, the areas of application, possible gaps, and the challenge for 

the use of Raman spectroscopy in beer and beverage analysis. Analysis of turbidity in beer is 

often limited to optical, microscopic and enzymatic analyses. This review explores in detail 

how Raman micro-spectroscopy can be used as a way to identify beer turbidity particles and 

the possibility of establishing it as a future robust beer analysis method. 

The aim of this review was to determine whether and how turbidity-relevant substances in 

beer can be examined with the aid of RS. This paper discussed what effort is involved in 

spectroscopy with regard to sample preparation and what technical equipment is required. It 

has been found that most substances that affect the colloidal stability of beer can be identified 

by Raman spectroscopy. Some substances such as the protein fraction prolamine or the 

proanthocyanidins procyanidin B3 and prodelphinidin B3 have not yet been investigated. For 

other substances, spectroscopy is difficult. This is true for glutamic acid. When studying 

glutamine, fluorescence is strongly excited and covers the Raman bands, which makes it 

difficult to obtain a meaningful Raman spectrum. The investigated substances were mainly 

analyzed in their pure form or in solution. Fluorescence makes a direct examination of beer or 

other beverages difficult. Beverages contain numerous different substances which can 

strongly hinder the uptake of the Raman spectrum and therefore require complex sample 

preparation, e.g., by centrifugation and recovery of turbidity residues. While there are very 

few studies for beer in connection with Raman spectroscopy, wine has already been the 

subject of many studies in this field. Wine was analyzed for phenolic constituents, which can 

also cause turbidity in beer. However, no specific substances, such as catechin or epicatechin, 

could be differentiated in those investigations; a distinction was made only with regard to 

non-specific polyphenols, anthocyanins and tannins. 

 
 
 
Authors/Authorship contribution:  
Kahle, E-M.: Literature search, writing, review conception and design; Zarnkow, M.: critical review of 
draft, discussion of data; Jacob F.: Supervised the project 
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PART 3 

 Substances in beer that cause fluorescence: evaluating the qualitative and 
quantitative determination of these ingredients. 

Fluorochromes can weaken investigation results or, because of their common recurrence 

(sub-atomic vibrations) totally superimpose significant signals and make estimations 

unthinkable. This is particularly valid for non-obtrusive, optical estimating techniques such as 

Raman micro-spectroscopy, which reach their cut-off points when fluorochromes are 

available. Beer contains numerous fluorescent substances, e.g. amino acids, nutrients and 

phenolic mixes. Consequently, in this investigation, eight unique beers (ale lager, dim ale, 

Pilsner brew, Radler lager, wheat lager, dull wheat lager, non-alcoholic ale brew, and liquor 

free wheat brew) were analyzed for their fluorescent ingredients. Utilizing the PARAFAC 

model, it was possible to clarify the fluorescence of the eight lagers for three components. By 

comparing the results with existing information, these parts could be subjectively attributed 

to the natural substances DOM (dissolved organic matter), DOC (dissolved organic carbon) or 

CDOM (colored dissolved organic matter) and OC (organic carbon). The discharge and 

termination spectra assisted with building up these natural substances as the three fragrant 

amino acids phenylalanine, tryptophan and tyrosine, iso-α-corrosive, phenolic mixes and the 

nutrient B gathering. What's more, relationships with the fluorescence forces from the EEM 

(excitation–emission matrix) information were recognized in the mixtures in the lager 

investigations. Accordingly, a connection emerged between the fluorescence power and iso-

α-corrosive. The fluorescent amino acids phenylalanine, tryptophan and tyrosine indicated 

only slight connections with the fluorescent power. The results indicated that fluorescence 

spectroscopy combined with the acquired EEM information could be used to estimate organic 

components and enables sensitive monitoring to identify fluorescent substances in brewing 

tests. Subjective investigation in conjunction with the PARAFAC examination is likewise 

invaluable to distinguish the primary components. 

 
 
 
 
 
Authors/Authorship contribution:  
Kahle, E-M.: Literature search, writing, review conception and design; Zarnkow, M.: critical review of 
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PART 4 

 Investigation and identification of foreign turbidity particles in beverages via 
Raman micro-spectroscopy 

This study considers two main sources of external influences. Raman micro-spectroscopy 

(RMS) was used to detect, evaluate and validate filter aids, stabilizers and various microplastic 

(MP) particles. A suitable sample preparation was developed, membrane filters were tested, 

and a filtration method for isolating the individual particles was established and implemented. 

To identify particles with RMS and for better representation, a few particles were selected and 

the results were validated using cluster analysis and the similarity matrix. The different media 

influences were identified by analyzing particles both dry, in water and beer. The filtration 

residue after membrane filtration was also analyzed. A two-dimensional image scan of the 

particles served to determine particle homogeneity. The spectra were then recorded with 

single-point scans. The polyvinylpolypyrrolidone (PVPP) spectra in the different media showed 

similarities greater than 80 %, usually greater than 95 %. The cellulose spectra showed no 

differences between the different media, but consistently high average similarities of 94.5 %. 

This investigation should show that foreign particles can be detected and evaluated by RMS 

with suitable sample preparation and recording. 
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PART 5 

 Identification and differentiation of haze substances using Raman micro-
spectroscopy 

The identification of turbidity or haze is an important part of brewery analytics. Haze can be 

caused by various issues throughout the brewing process and identifying the composition can 

pinpoint the origin. Haze analytics are commonly based on enzymatic or microscopic methods, 

which can be inaccurate or laborious. Raman micro-spectroscopy (RMS) presents a promising 

alternative for detecting haze particles. It is fast, easy to use and requires little sample 

preparation. Here, the applicability of RMS at 532 nm and 785 nm to identify potentially haze‐

forming particles has been evaluated. At 532 nm, measurements were taken using standard 

microscope slides. Due to the high fluorescent background of normal glass at an excitation 

wavelength of 785 nm, fused quartz microscope slides were used at this wavelength. Starch, 

arabinoxylan, cellulose, yeast β‐glucan, barley β‐glucan, gliadin, ferulic acid, proline, 

glutamine, calcium oxalate and PVPP were identified at 532 nm. The same substances when 

analyzed at 785 nm resulted in problems with weak carbohydrate spectra of the β‐glucans and 

arabinoxylan. All the other substances could be analyzed at 785 nm. Catechin, which produced 

fluorescence noise at 532 nm could be identified at 785 nm. Although there is an issue with 

the intense fluorescence noise of some beer components, Raman micro-spectroscopy has 

great potential in haze analysis and potentially in wider brewery analyses. 
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3 Discussion 

Turbidity identification is an important part of brewery analysis. Turbidity in beer can have 

many causes, and originate from a wide variety of places in the brewing process [11, 78–80]. 

To find this origin, it is important to identify the type of turbidity. The vibrational spectroscopic 

technique of RMS could offer a promising alternative to conventional analysis. It offers the 

advantages of a fast and straightforward method without time-consuming sample preparation 

[81–89]. There are no studies to date that address the identification of beer turbidity using 

Raman micro-spectroscopy. However, work exists in the field of wine production [90–95]. 

Although these scientific studies are not designed for turbidity, conclusions can be drawn 

about turbidity-active constituents. The main components of turbidity-active substances are 

polyphenols and proline-rich proteins and there are some studies on these for identification 

using Raman spectroscopy [96–98]. 

 

The main focus in this work has been on the particles that can cause the strongest and also 

most intense turbidity. The differentiation of the ingredients into the main categories 

described above is intended to simplify the classification of the turbidity-causing substances. 

Among the beverage-specific ingredients which are primarily considered by scientists to be 

the "top" turbidity-causing substances are: Polyphenols, proteins, β-glucans, calcium oxalates 

and starch. Among these, again, there are gradations and sub-substances. One of the most 

important representatives was chosen: The polyphenol catechin and the protein fraction 

gliadin. Although gliadin and catechin are not turbidity particles in themselves, they form the 

basis for the very common protein-polyphenol turbidity [99]. Gliadin is a protein fraction of 

wheat (equivalent to hordein in barley) that is high in the amino acids glutamine and proline. 

Catechin is a phenolic substance commonly found in beer that often forms di- or trimers called 

oligomeric proanthocyanidins. These two classes of substances are capable of forming 

insoluble turbidity particles by cross-linking with each other [11]. Identification of the particles 

is a useful tool to find the origin of turbidity in the brewing process and a possible starting 

point for solving the turbidity problem. Among the next beverage-specific substances are β-

glucans. The occurrence of β-glucans in beer, which include the potentially turbid substances 

cellulose, yeast β-glucan and barley β-glucan, in most cases has various causes. Cellulose, for 

example, can enter the beer via the remnants of a paper label or as a filter breakthrough from 

a filtration aid. Yeast-β-glucan in beer often comes from yeast. Barley-β-glucan may be present 
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in beer if malt production or mashing operations are inadequate. It is important to identify 

these substances to narrow down their possible origin. Calcium oxalate is a substance that can 

lead not only to turbidity in beer, but also to other phenomena such as gushing. High 

molecular weight starch is a strong turbidity agent that can enter the beer, for example, due 

to insufficient mashing or excessive heating. Here, the arabinoxylans were investigated, which 

are known as cell wall polysaccharides whose turbidity potential, however, is not known 

exactly.  

The second classification of causes of turbidity is due to external influences such as process 

defects or particles interacting with the medium. In addition to the raw material-related 

turbidity, the turbidity-causing colloids caused by particles foreign to the beer must also be 

taken into account. The presence of non-beer turbidity particles usually indicates errors in 

process control, e.g. when particles from filter aids or stabilizers break through the filter 

medium due to pressure surges. In addition to filter aids and stabilizers, other particles can 

also occur in breweries that have the potential to form turbidity [79, 100–102]. In this context, 

label fibers, lubricant residues from beer can lids, and plastic debris or microplastics from 

conveyor belts, membranes, valves, lines, or seals should be mentioned [79, 103]. The MP 

particles can cause turbidity due to the interaction of the product with the packaging. With 

the development of new analytical methods and techniques, it is possible to analyze raw 

materials and food products during operation. For beverage samples in particular, there is 

usually no risk of MP being introduced via the raw materials due to the frequent filtration 

steps in the closed process. Instead, most particles in beverages are due to either exposure 

from process plastic during production or subsequent contamination as a result of 

inappropriate sampling and handling methods [6]. The plastic can enter the beer during the 

process, e.g., through the manual addition of additives and raw materials, contaminated 

water in the brewhouse and fermentation cellar. It can also enter the beer during 

transportation and storage by crown cork joints or PET detaching from the wall of a plastic 

bottle [104, 105]. Numerous filter aids (cellulose, diatomaceous earth, perlite) and stabilizers 

(PVPP, silica gel such as Xerogel) as well as the most common MP particles (UP, PA, PE, PF, 

PMMA, PS, PVC, PP, PVDF, PTFE, PEEK, PET) were detected, evaluated and validated. 
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The first part of this dissertation addressed the diverse fluorescing beer ingredients. The 

predominantly organic ingredients cause primary fluorescence. These compounds can affect 

analysis results or fully overlay important signals as a result of their natural frequency 

(molecular vibrations), making measurement impossible [32, 106–109]. This is especially true 

for non-invasive, optical measurement methods such as RMS, which reach their limits if 

fluorochromes are present. With the aid of a fluorescence spectroscope, the fluorescent 

compounds were analyzed and identified [110, 111]. Using the PARAFAC analysis, a specific 

model was created that identified the three main components of the fluorescing substances 

[112, 113]. These components could be qualitatively assigned to the organic substances DOM, 

DOC or CDOM and OC by comparing with existing database literature. Using the emission and 

extinction spectra, these ranges could be assigned to the three aromatic amino acids 

phenylalanine, tryptophan and tyrosine, as well as to iso-α-acid, phenolic compounds, and the 

vitamin B group. The PARAFAC model explained the fluorescence of eight beers with a 

variance of 98.7 % for three components. In addition, correlations to the fluorescence 

intensities (FI) could be evidenced from the EEM data by incorporating beer analyses. In 

particular, the correlation with the FI from Origin software could be shown for iso-α-acid 

(R2 = 0.63). This resulted in a statistical significance of the p value < α = 0.005 (p value: 

0.00408). For the fluorescing amino acids phenylalanine, tryptophan and tyrosine, only slight 

correlations could be shown with the FI. There were no correlations for the phenolic 

compounds ferulic acid, coumaric acid and isoxanthohumol. This was also shown in the EEM 

spectra, as only slight differences were determined in the color ranges. The same trend was 

evidenced in the quantitative evaluation of the vitamins. The objective of this analysis was to 

study several beers and discover which organic compounds show fluorescence. In further 

research, some methods to avoid fluorescence were applied to ensure interference-free 

analysis.  

 

Two different slide types were available for selection for analysis in further studies on this 

topic. Conventional glass slides showed no problems when analyzed at 532 nm. In contrast 

they showed strong interference spectra, when excited at 785 nm. The glass produced a 

strong fluorescent background that made analysis difficult. This fluorescence background 

could be completely avoided by using slides made of pure quartz [114]. Therefore, quartz 

slides are recommended for measurements at 785 nm, while conventional glass slides can be 
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used for measurements at 532 nm [115]. At an excitation wavelength of 532 nm, many 

potentially beer-clouding substances could be detected reliably and reproducibly as pure 

substances. These included the carbohydrates starch, wheat arabinoxylan, cellulose, yeast β-

glucan and barley β-glucan. It is of particular note that RMS could distinguish the yeast and 

barley β-glucans, as well as cellulose. Furthermore, gliadin could be detected as a turbidity-

relevant protein fraction, as well as calcium oxalate and PVPP as additional turbidity formers. 

The amino acids proline and glutamine, which are very frequently found in turbidity-forming 

proteins, as well as ferulic acid, which is also a frequent component of turbidity particles, were 

also reliably detected. Pure substances that are insoluble in beer (starch, cellulose, 

arabinoxylan, yeast β-glucan, barley β-glucan, calcium oxalate, PVPP) were used to produce 

artificially cloudy beer. After extracting these substances from the beer, they could still be 

detected without fluorescence.  

 

Catechin as a turbidity-relevant polyphenol [116, 117], which was not detectable in the 

532 nm measurements due to strong fluorescence, was easily detected using the 785 nm 

laser. The already weak carbohydrate spectra of barley and yeast β-glucan, as well as 

arabinoxylan, could hardly be evaluated at 785 nm. The trub particles extracted directly from 

force-aged beer could not be analyzed with neither the 532 nm laser nor the 785 nm laser due 

to strong fluorescence. In addition to identifying trub substances, it is also very important to 

differentiate them. Beer contains a large number of different substances which can interfere 

with Raman measurement by autofluorescence [32]. Artificial beer turbidity was created with 

the substances that are difficult to dissolve or which are insoluble in beer. These substances 

were subsequently removed from the beer. The aim of this method was to test whether the 

particles were still easily identifiable after contact with beer or whether any fluorescent 

impurities adsorbed onto them and impaired the measurement. Similarity matrices and 

dendrograms were created to identify the particles, each comparing a 5-fold determination 

(n = 5) of beer particles with uncontaminated pure substances. In addition, spectra were 

identified using the KnowItAll algorithm.  

 

Particles of arabinoxylan, cellulose, starch, yeast β-glucan, barley β-glucan, PVPP and calcium 

oxalate were investigated. Arabinoxylan, yeast β-glucan, and barley β-glucan could not be 

identified by the algorithm, as in the validation of the pure substance spectra, but showed 
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high similarities with comparable spectra in literature [57-59]. It was also possible to 

distinguish the three β-glucans by the double peak between 1000 and 1200 rel. 1/cm. Good 

agreement with the reference spectra was observed for starch (97.0 %), cellulose (96.7 %), 

calcium oxalate (97.92 %), and PVPP (96.6 %). With exception of the cellulose and calcium 

oxalate spectra, all recorded data from the beer contact samples showed high uniformity 

within their substance class. However, the lack of uniformity of the calcium oxalate spectra is 

due to the presence of the monohydrate and dihydrate forms, each of which split into uniform 

groups. The poor reproducibility of the cellulose spectra is possibly due to the ability of the 

material to adsorb a wide variety of organic and inorganic materials [63]. These impurities 

could produce single, small peaks that still allow unambiguous identification of the substance 

but lead to peak matching discrepancies in a direct comparison. 

 

To differentiate the particles, a cluster analysis was carried out with all the data on the spectra 

of the pure substances and on the pure substances after contact with beer. The aim of the 

analysis was to test to what extent and with what certainty the individual particles can be 

distinguished. The cluster analysis is based on peak matching. Similarities and differences are 

thus represented primarily on the basis of common peaks. 

The dendrogram created from the cluster analysis (Figure 6) shows that especially PVPP 

(violet), starch (brown) and calcium oxalate (light blue) form compact groups that are clearly 

distinguishable from all other substances. The group of β-glucans is also clearly visible, 

consisting of yeast β-glucan, barley β-glucan and cellulose, grouped at the upper branches of 

the dendrogram. Closely grouped below are the other carbohydrates arabinoxylan and starch. 

The peak matching algorithm can distinguish the carbohydrates from each other as far as 

possible. Starch, in particular, can be clearly distinguished from all the others. Only the 

individual outliers show problems, with representatives from each carbohydrate group 

settling in the dendrogram between calcium oxalate and PVPP. Such outliers are especially 

possible in spectra with very weak signal strength, since here peaks often hardly stand out 

from the signal noise and are thus not detected. On the other hand, it is also possible that 

noise is detected as a peak. 
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Figure 6 Dendrogram of all pure substance and beer contact spectra at 532 nm 
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Due to the more intense Raman scattering at shorter wavelengths, the spectra recorded at 532 nm 

were usually much more intense. Nevertheless, some substances can also be detected 

reproducibly at 785 nm. In this work, however, the 785 nm laser was only indispensable for the 

analysis of catechin (see Table 2).  

 

Table 2 Quality of pure substance spectra 

substance λ 532 nm λ 785 nm 

starch [++] [++] 

cellulose [++] [+] 

barley β-glucan [+] [-] 

yeast β-glucan [+] [-] 

arabinoxylans [+] [-] 

gliadin [++] [-] 

bentonite [- -] [- -] 

catechin [- -] [++] 

proline [++] [++] 

glutamine [++] [++] 

ferulic acid [++] [++] 

calcium oxalate [++] [++] 

PVPP [++] [++] 

 

The analysis of some substances proved to be very difficult with the 785 nm laser. In particular, 

the weak carbohydrate spectra caused problems. While starch and cellulose could still be 

identified with reproducible results, arabinoxylan, barley β-glucan and yeast β-glucan could 

not be analyzed. Despite long optimization trials and summed exposure times of up to 300 s, 

no analyzable spectra were obtained. Although the available reference spectra made it 

possible to roughly classify the investigated substances as carbohydrates, no reliable 

identification could be made due to the very poor signal to noise ratio. In addition, the results 

were hardly reproducible. Similar problems arose in the analysis of gliadin. Although a 

similarity of 87.6 % with the reference spectrum of wool (collagen) could be determined, these 

results were also not reproducible to a sufficient degree. 
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Furthermore, in this work, attention was paid to the non-beer particles: A method to identify 

microplastics in beverages was established, tested and validated using polymer standard 

suspensions. In order to make the results reproducible and comparable, the standard test 

parameters were empirically determined and tested. The design of the methodology included 

the preparation of polymer standards, the design of a sampling/preparation procedure, the 

selection of suitable membrane filters, and the validation of the measurement method. 

Various polymer samples of the most common types of plastics were tested, as well as some 

high-performance plastics from food production. The polymers were manually crushed to 

generate spectral data of the respective substances in the dry state. These served as reference 

spectra in later experiments. The substance-specific peaks were matched with corresponding 

literature values and included in the existing database. 

 

The thermal load capacity of each polymer sample was also checked by iteratively increasing 

the intensity of the laser power. Based on the given experimental parameters, a filtration 

apparatus was designed and fabricated. Different types of filters were analyzed to select 

suitable membrane filters. These differed in the substrate material, the filter thickness and 

the coating of the filter surface. The sampled filters were validated against a requirements 

profile drawn up from the previous literature research. To this end, the filters were tested for 

their tendency to emit fluorescence signals and for their thermal load capacity. This also 

served to empirically determine the analysis parameters required for the automatic analysis 

and identification of unknown polymer particles. The procedure for automatic particle 

detection was created via the imaging software and realized by saturation differentiation of 

neighboring pixels. Adaptation to various particle parameters, such as shape or size of the 

particles or visibility in transmitted light, was performed on a sample-specific basis. The 

inverted design of the microscope resulted in a relatively large area in the Z-direction between 

the slides used, which was clearly outside the focal plane. This allowed particles of all sizes to 

fall out of the focal plane and thus falsify the results. Furthermore, penetrations and 

displacements of the filter membranes in the X-Y-Z direction occurred as a result of the filter 

fixation between the slides. The automatic particle detection was strongly influenced by these 

factors and had to be adjusted and limited accordingly. During the analysis of the polymer 

samples on the selected membrane filters, small particles within the sample were manually 

approached and focused. Video images and image scans were created of these particles, 
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which were then evaluated using the Cluster Analysis and True Component Analysis program 

functions. When evaluating the data, it became apparent that Cluster Analysis mainly 

detected polymer samples that tended to emit fluorescence signals. These included primarily 

the dyed and pigmented polymers, which showed strong fluorescence signals even at a low 

intensity. The remaining polymers showed higher CCD-counts only in some subregions or at 

significantly stronger laser settings, which were suitable for generating average spectra. For 

the suitability test of the analysis as well as the final selection of the most suitable membrane 

filter type, the spectra of the polymer particles on the previously validated filters were 

compared with the reference spectra of the dry polymer samples and plotted in similarity 

matrices. Similarity values ranging from 0 % to 92.26 % were found. However, due to the 

analogous structural makeup of many polymers, the unambiguous identification of unknown 

particles is necessary to detect possible sources of contamination within manufacturing 

processes. 

 

The results of this work show that Raman micro-spectroscopy can be a potent technique for 

the identification and differentiation of a wide variety of beer-turbid substances. Most 

particles can be easily detected by excitation at 523 nm even after contact with beer. In some 

cases, the use of alternative wavelengths may also be advantageous. If the full range of beer-

turbid particles is to be covered, measures are needed to minimize the autofluorescence of 

some turbid particles or to bypass the fluorescence. In particular, particles extracted from 

beer with complex and unknown composition pose problems in this regard.  

 

Identification and differentiation of particles via peak matching based cluster analysis can lead 

to cases that can be quickly detected by visual inspection of the spectra. If visual inspection of 

the data is to be dispensed with, a database algorithm that compares the spectra with 

reference spectra on the basis of various features can be a useful alternative, or a good 

addition. Already, Raman microspectroscopy is a useful extension of conventional turbidity 

analysis. In particular, the differentiation of structurally closely related carbohydrates is 

comparatively easy using this method. In the future, the acquisition of Raman spectra could 

completely replace conventional turbidity analysis. Combined with complete turbidity 

analysis, a significant portion of brewery and beverage analysis could be performed quickly 

and without much sample preparation using only one instrument.  
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However, to achieve this aim, it is necessary to eliminate the fluorescence problems that occur 

with some substances and often in biological material. In addition, a way must be found to 

distinguish and identify spectra with high statistical significance. This creates the need for the 

construction of an appropriate spectra database. 

 

The main goal of this dissertation was to show how beer-inherent and non-beer turbidity 

particles can be detected and identified. Numerous turbidity-active substances can be 

investigated and identified using Raman micro-spectroscopy. Depending on the method and 

the type of particles investigated, this can be done without much sample preparation or even 

non-invasively. However, for some samples, problems arise due to fluorescence. For other 

substances, turbidity residues must first be obtained and examined in solid form, or in the 

case of microbiological turbidity, samples must first be obtained and incubated. Confocal 

Raman micro-spectroscopy could be well suited to determine turbidity in beer and other 

alcoholic and non-alcoholic beverages in the future in a time-saving and reliable way. By using 

suitable wavelengths matched to the different turbidity-relevant substances, it would be 

possible to examine bottled beverages non-invasively and to initiate countermeasures at an 

early stage in order to avoid impairments of the colloidal stability and to extend the shelf life 

of beverages. In summary, the identification was successful.  

 
 



Appendix 

- 107 - 
 

5 Appendix 

 Oral presentations with first authorship 

Kahle, E.M., Zarnkow, Martin; Jacob, Fritz: “Trübungsidentifizierung in Bier” BrauBeviale 2019, 
Nürnberg, 12.11.2019 
 
Kahle, E.M., Zarnkow, Martin, Jacob, Fritz: “Trübungsidentifizierung in Bier” BrauBeviale 2019, 
Nürnberg, 13.11.2019 
 
Kahle, E.M., Zarnkow, Martin, Jacob, Fritz: “Trübungsidentifizierung in Bier” BrauBeviale 2019, 
Nürnberg, 14.11.2019 
 
Kahle, E.M., Zarnkow, Martin, Jacob, Fritz: “Trübungspaket -Mikroskopie, Enzymatik und 
Raman” 14. Weihenstephaner Praxisseminar, Bayreuth, 25.10.2019 
 
Kahle, E.M., Zarnkow, Martin, Jacob, Fritz: “Turbidity Identification in Beer via Raman Micro 
Spectroscopy (TI-RMS)” Young Scientist Symposium, Bitburg, 14. September 2018 
 
Kahle, E.M., Zarnkow, Martin, Jacob, Fritz: "Raman Mikroskopie" 6. Seminar Hefe und 
Mikrobiologie, Freising-Weihenstephan, 13.–14. März 2018 

 Poster presentations with first authorship 

Kahle, E.M., Zarnkow, Martin; Jacob, Fritz: “Turbidity identification in beer via Raman micro 
spectroscopy (RMS)” 37th EBC Congress 2019 Antwerp, Belgium 

 Non-reviewed papers 

Schneiderbanger, H., Kahle, E.M., Zarnkow, M., Coelhan, M., Jacob, F.: “N-
Nitrosodimethylamin in Malz: Blick auf Gerstensorten und Anbaugebiete”. Brauwelt 49: 
1446-1450, 2017 
 
E.-M. Kahle, J. Heintges, M. Zarnkow, F. Jacob: “Bierspezifische Trübungen und deren 
Identifizierung mittels Raman-Mikrospektroskopie – Eine Übersicht der Möglichkeiten” Der 
Weihenstephaner S. 30-32 
  



Appendix 

- 108 - 
 

 Permission of publishers for imprints of publications 

Kahle, E.M., Zarnkow, M., Jacob, F. (2019) “Substances in beer that cause fluorescence: 
evaluating the qualitative and quantitative determination of these ingredients.” European 
Food Research and Technology, 245(12), 2727-2737  
DOI: 10.1007/s00217-019-03394-x 
 
Kahle, E.M., Zarnkow, M., Jacob, F. (2020) “Investigation and identification of foreign 
turbidity particles in beverages via Raman micro-spectroscopy” European Food Research 
and Technology  
DOI: 10.1007/s00217-020-03647-0 
 

 
 



Appendix 

- 109 - 
 

Kahle, E.M., Zarnkow, M., Jacob, F. (2020) “Beer Turbidity Part 1: A Review of Factors and 
Solutions” Journal of the American Society of Brewing Chemists,  
DOI: 10.1080/03610470.2020.1803468 

 
Kahle, E.M., Zarnkow, M., Jacob, F. (2020) “Beer Turbidity Part 2: A Review of Raman 
Spectroscopy and Possible Future Use for Beer Turbidity Analysis” Journal of the American 
Society of Brewing Chemists, 
DOI: 10.1080/03610470.2020.1800345 

 



Appendix 

- 110 - 
 

Kahle, E.M., Zarnkow, M., Jacob, F. (2020) “Identification and differentiation of haze 
substances using Raman microspectroscopy” Journal of the Institute of Brewing,  
DOI 10.1002/jib.627 

 
  



Appendix 

- 111 - 
 

References 

1. Back W (2008) Ausgewählte Kapitel der Brauereitechnologie. Hans Carl Fachverlag, 
Nürnberg 

2. Narziß L, Back W, Gastl M et al. (2017a) Das fertige Bier: Abriss der Bierbrauerei. Abriss 
der Bierbrauerei:361–414 

3. Kahle E-M, Zarnkow M, Jacob F (2020) Beer Turbidity Part 1: A Review of Factors and 
Solutions. ASBCJ:1–16. https://doi.org/10.1080/03610470.2020.1803468 

4. MEBAK (ed) (2012) Würze, Bier, Biermischgetränke (Band 2): Methodensammlung der 
Mitteleuropäischen Brautechnischen Analysenkommission. 

5. Diniz P., Menzel V, Nüter C et al. Trübungsanalyse: Aktuelle Methoden und neue 
Möglichkeiten. Brauerei Forum November 2013:12–15 

6. Nimwegen F (2017) Trübungsmessung in Kompaktbauform. Brauwelt 157:51–52 
7. Bamforth CW (2016) Haze measurement. In: Bamforth CW (ed) Brewing Materials and 

Processes. Elsevier, pp 251–256 
8. Hartmann K (2006) Bedeutung rohstoffbedingter Inhaltsstoffe und 

produktionstechnologischer Einflüsse auf die Trübungsproblematik im Bier, Technische 
Universität München 

9. Kusche M (2005) Kolloidale Trübungen in untergärigen Bieren – Entstehung, Vorhersage 
und Stabilisierungsmaßnahmen 

10. Mastanjević K, Krstanović V, Lukinac J et al. (2018) Beer‐The Importance of colloidal 
stability (non-biological haze). Fermentation 4:91 

11. Steiner E, Gastl M, Becker T (2010) Turbidity and haze formation in beer - insights and 
overview. J Inst Brew 116:360–368. https://doi.org/10.1002/j.2050-0416.2010.tb00787.x 

12. Hartmann K (2006) Bedeutung rohstoffbedingter Inhaltsstoffe und 
produktionstechnologischer Einflüsse auf die Trübungsproblematik im Bier 

13. Butler HJ, Ashton L, Bird B et al. (2016) Using Raman spectroscopy to characterize 
biological materials. Nature protocols 11:664–687 

14. Tolstik T, Marquardt C, Matthäus C et al. (2014) Discrimination and classification of liver 
cancer cells and proliferation states by Raman spectroscopic imaging. Analyst 139:6036–
6043 

15. Colomban P, Tournie A, Bellot-Gurlet L (2006) Raman identification of glassy silicates used 
in ceramics, glass and jewellery: A tentative differentiation guide. J Raman Spectrosc 
37:841–852. https://doi.org/10.1002/jrs.1515 

16. Bolwien C, Sulz G (2010) Raman-Mikrospektrometer zur Untersuchung biologischer 
Proben. tm-Technisches Messen Plattform für Methoden, Systeme und Anwendungen 
der Messtechnik 77:437–444. https://doi.org/10.1524/teme.2010.0037 

17. Dele-Dubois, M., P. Dhamelincourt, J. Poirot, H. Schubnel (1986) Differentiation between 
gems and synthetic minerals by laser Raman microspectroscopy. Journal of Molecular 
Structure:135–138 

18. Kong L, Zhang P, Li Y-q et al. (2011) Multifocus confocal Raman microspectroscopy for 
rapid single-particle analysis. Journal of biomedical optics 16:120503 

19. Thygesen LG, Løkke MM, Micklander E et al. (2003) Vibrational microspectroscopy of 
food. Raman vs. FT-IR. Trends in Food Science & Technology 14:50–57 

20. Raman CV, Krishnan KS (1928) A new type of secondary radiation. Nature 121:501–502 
21. Ferraro JR (2003) Introductory raman spectroscopy. Elsevier 
22. Ferraro, JR, Nakamoto K, Brown CW (2003) Book Introductory Raman Spectroscopy. 

Amsterdam, The Netherland 



Appendix 

- 112 - 
 

23. Stiles PL, Dieringer JA, Shah NC et al. (2008) Surface-enhanced Raman spectroscopy. 
Annu. Rev. Anal. Chem. 1:601–626 

24. Schröder B (1985) Physikalische Methoden in der Chemie. VCH 
25. Käppler A, Fischer D, Oberbeckmann S et al. (2016) Analysis of environmental 

microplastics by vibrational microspectroscopy: FTIR, Raman or both? Anal Bioanal Chem 
408:8377–8391. https://doi.org/10.1007/s00216-016-9956-3 

26. Schmitt M, Popp J (2006) Raman spectroscopy at the beginning of the twenty-first 
century. J. Raman Spectrosc. 

27. Schmitt M, Popp J Raman-Spektroskopie - ein leistungsstarkes Werkzeug für 
biomedizinische Forschung 

28. Schmitt M, Popp J Raman-Spektroskopie - Biomedizinische Diagnostik 
29. Petry R, Schmitt M, Popp J (2003) Raman Spectroscopy—A Prospective Tool in the Life 

Sciences. Chemphyschem:14–30 
30. Smekal A (1923) Zur quantentheorie der dispersion. Naturwissenschaften 11:873–875 
31. Turrell G, Corset J (1996) Raman microscopy: developments and applications. Academic 

Press 
32. Kahle E-M, Zarnkow M, Jacob F (2019) Substances in beer that cause fluorescence: 

Evaluating the qualitative and quantitative determination of these ingredients. Eur Food 
Res Technol 245:2727–2737. https://doi.org/10.1007/s00217-019-03394-x 

33. Smith E, Dent G (2005) Modern raman spectroscopy: A practical approach. Hoboken, John 
Wiley & Sons 

34. Smith E, Dent G (2013) Modern Raman spectroscopy: A practical approach. John Wiley & 
Sons, New Jersey, USA 

35. Hesse M, Meier H, Zeeh B et al. (2016) Spektroskopische Methoden in der organischen 
Chemie, 9., überarbeitete und erweiterte Auflage. Georg Thieme Verlag, Stuttgart, New 
York 

36. WITEC (2017b) Solutions for High-Resolution - Confocal Raman Microscopy. Ulm. 
37. Calin MA, Parasca SV, Savastru R et al. (2013) Optical techniques for the noninvasive 

diagnosis of skin cancer. Journal of cancer research and clinical oncology 139:1083–1104 
38. Jenkins AL, Larsen RA, Williams TB (2005) Characterization of amino acids using Raman 

spectroscopy. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 
61:1585–1594 

39. Larkin P (2017) Infrared and Raman spectroscopy: principles and spectral interpretation. 
Elsevier 

40. Wiercigroch E, Szafraniec E, Czamara K et al. (2017) Raman and infrared spectroscopy of 
carbohydrates: A review. Spectrochimica Acta Part A: Molecular and Biomolecular 
Spectroscopy 185:317–335 

41. Förster T (1982) Fluoreszenz organischer verbindungen. Vandenhoeck & Ruprecht 
42. Sikorska E, Górecki T, Khmelinskii IV et al. (2004) Fluorescence Spectroscopy for 

Characterization and Differentiation of Beers. Journal of the Institute of Brewing 
110:267–275. https://doi.org/10.1002/j.2050-0416.2004.tb00621.x 

43. Sikorska E, Górecki T, Khmelinskii IV et al. (2006) Monitoring beer during storage by 
fluorescence spectroscopy. Food Chemistry 96:632–639. 
https://doi.org/10.1016/j.foodchem.2005.02.045 

44. Sikorska E, Górecki T, Khmelinskii IV et al. (2005) Classification of edible oils using 
synchronous scanning fluorescence spectroscopy. Food Chemistry 89:217–225. 
https://doi.org/10.1016/j.foodchem.2004.02.028 



Appendix 

- 113 - 
 

45. Sikorska E, Gliszczyńska-Swigło A, Insińska-Rak M et al. (2008) Simultaneous analysis of 
riboflavin and aromatic amino acids in beer using fluorescence and multivariate 
calibration methods. Anal Chim Acta 613:207–217. 
https://doi.org/10.1016/j.aca.2008.02.063 

46. Sikorska E, Khmelinskii I, Sikorski M (2009) Fluorescence methods for analysis of beer. In: 
Beer in Health and Disease Prevention. Elsevier, pp 963–976 

47. Druet SAJ, Taran J-PE (1981) CARS spectroscopy. Progress in quantum Electronics 7:1–72 
48. Wiesheu AC (2017) Raman-Mikrospektroskopie zur Analyse von organischen 

Bodensubstanzen und Mikroplastik, Technische Universität München 
49. Kühler P (2015) Oberflächenverstärkte Spektroskopie mit plasmonisch gekoppelten 

Goldnanopartikeln, lmu 
50. Song L, Hennink EJ, Young IT et al. (1995) Photobleaching kinetics of fluorescein in 

quantitative fluorescence microscopy. Biophysical journal 68:2588–2600 
51. am Macdonald, Wyeth P (2006) On the use of photobleaching to reduce fluorescence 

background in Raman spectroscopy to improve the reliability of pigment identification on 
painted textiles. Journal of Raman Spectroscopy: An International Journal for Original 
Work in all Aspects of Raman Spectroscopy, Including Higher Order Processes, and also 
Brillouin and Rayleigh Scattering 37:830–835 

52. Wei D, Chen S, Liu Q (2015) Review of fluorescence suppression techniques in Raman 
spectroscopy. Applied Spectroscopy Reviews 50:387–406 

53. Horiba: (2019) What laser wavelengths are used for Raman spectroscopy? 
http://www.horiba.com/uk/scientific/products/raman-spectroscopy/raman-
academy/raman-faqs/what-laser-wavelengths-are-used-for-raman-spectroscopy/ 

54. Horiba: (2019) [Duplikat] What laser wavelengths are used for Raman spectroscopy? 
http://www.horiba.com/uk/scientific/products/raman-spectroscopy/raman-
academy/raman-faqs/what-laser-wavelengths-are-used-for-raman-spectroscopy/ 

55. Horiba: (2019) What are the advantages and disadvantages of ultra-violet (UV) lasers for 
Raman? https://www.horiba.com/uk/scientific/products/raman-spectroscopy/raman-
academy/raman-faqs/what-are-the-advantages-and-disadvantages-of-ultra-violet-uv-
lasers-for-raman/ 

56. Bright FV, Hieftje GM (1986) A new technique for the elimination of fluorescence 
interference in Raman spectroscopy. Appl Spectrosc 40:583–587 

57. Johnson G, Donnelly BJ, Johnson DK (1968) The chemical nature and precursors of 
clarified apple juice sediment. Journal of Food Science 33:254–257 

58. Siebert KJ, Lynn PY, Siebert KJ (1997) Mechanisms of beer colloidal stabilization. J Am Soc 
Brew Chem 55:73–78. https://doi.org/10.1094/ASBCJ-55-0073 

59. Asano K, Shinagawa K, Hashimoto N et al. (1982) Characterization of haze-forming 
proteins of beer and their roles in chill haze formation. Journal of the American Society 
of Brewing Chemists 40:147–154 

60. Siebert KJ (1999) Effects of protein- polyphenol interactions on beverage haze, 
stabilization, and analysis. J Agric Food Chem 47:353–362. 
https://doi.org/10.1021/jf980703o 

61. Siebert KJ, Carrasco A, Lynn PY (1996) Formation of protein- polyphenol haze in 
beverages. J Agric Food Chem 44:1997–2005 

62. Siebert KlJ, Lynn PY (2000) Effect of protein-polyphenol ratio on the size of haze particles. 
ASBCJ 58:117–123 

63. Siebert KJ, Lynn PY (2008) On the mechanisms of adsorbent interactions with haze-active 
proteins and polyphenols. ASBCJ 66:48–54 



Appendix 

- 114 - 
 

64. Siebert KJ, Lynn PY (2003) Effects of alcohol and pH on protein-polyphenol haze intensity 
and particle size. ASBCJ 61:88–98 

65. Siebert KJ, Lynn PY (1998) Comparison of polyphenol interactions with 
polyvinylpolypyrrolidone and haze-active protein. Journal of the American Society of 
Brewing Chemists:24–31 

66. Thompson CC, Forward E (1969) European Brewery convention: haze and foam group. 
Towards the chemical prediction of shelf life. Journal of the Institute of Brewing 75:37–
42 

67. Kuchel L, Brody AL, Wicker L (2006) Oxygen and its reactions in beer. Packaging 
Technology and Science: An International Journal 19:25–32 

68. Bamforth CW (1999) Beer haze. J Am Soc Brew Chem 57:81–90. 
https://doi.org/10.1094/ASBCJ-57-0081 

69. Letters R (1969) Haze and foam group origin of carbohydrate in beer sediments. Journal 
of the Institute of Brewing 1969:54–60 

70. Lewis MJ, Poerwantaro WM Release of Haze Material from the Cell Walls of Agitated 
Yeast, vol 1991 

71. Gjertsen P (1966) Beta-glucans in malting and brewing. I. Influence of beta-glucans on the 
filtration of strong beers. In: Proceedings. Annual meeting-American Society of Brewing 
Chemists, vol 24, pp 113–120 

72. Bamforth CW (2009) Current perspectives on the role of enzymes in brewing. Journal of 
cereal science 50:353–357 

73. Bamforth CW, Martin HL (1983) The degradation of β-glucan during malting and mashing: 
The role of β-Glucanase. Journal of the Institute of Brewing 89:303–307 

74. Greif P, Schildbach R (1978) Investigations on the oxalic acid problem in the brewery. 
Monatsschr. Brauwiss 31:275–280 

75. Gastl M, Zarnkow M, Werner B (2009) Gushing-a multicausal problem! Brauwelt 
International 27:16–20 

76. Steiner E, Gastl M, Becker T (2011) Die Identifizierung von Trübungen in Bier (1). Brauwelt 
2011:161–166 

77. Steiner E, Gastl M, Becker T Die Identifizierung von Trübungen in Bier (2). Brauwelt 
2011:193–205 

78. Bishop LR (1975) HAZE-AND FOAM-FORMING SUBSTANCES IN BEER. Journal of the 
Institute of Brewing 81:444–449 

79. Steiner E, Arendt EK, Gastl M et al. (2011) Influence of the malting parameters on the 
haze formation of beer after filtration. Eur Food Res Technol 233:587–597. 
https://doi.org/10.1007/s00217-011-1547-0 

80. Asano K, Ohtsu K, Shinagawa K et al. (2014) Affinity of Proanthocyanidins and Their 
Oxidation Products for Haze-forming Proteins of Beer and the Formation of Chill Haze. 
Agricultural and Biological Chemistry 48:1139–1146. 
https://doi.org/10.1080/00021369.1984.10866300 

81. Bunaciu AA, Aboul-Enein HY, Hoang VD (2015) Raman spectroscopy for protein analysis. 
Applied Spectroscopy Reviews 50:377–386 

82. Agarwal UP, Atalla RH (1995) FT Raman spectroscopy: What it is and what it can do for 
research on lignocellulosic materials. In: Proc. 8th Intl. Symp. Wood Pulp. Chem, vol 8, 
pp 67–72 

83. Noothalapati H, Sasaki T, Kaino T et al. (2016) Label-free chemical imaging of fungal spore 
walls by Raman microscopy and multivariate curve resolution analysis. Scientific reports 
6:27789 



Appendix 

- 115 - 
 

84. Anger PM, Esch E von der, Baumann T et al. (2018) Raman microspectroscopy as a tool 
for microplastic particle analysis. Trends Analyt Chem 109:214–226. 
https://doi.org/10.1016/j.trac.2018.10.010 

85. Wiesheu AC, Anger PM, Baumann T et al. (2016) Raman microspectroscopic analysis of 
fibers in beverages. Anal. Methods 8:5722–5725. https://doi.org/10.1039/c6ay01184e 

86. Araujo CF, Nolasco MM, Ribeiro AMP et al. (2018) Identification of microplastics using 
Raman spectroscopy: Latest developments and future prospects. Water Res 142:426–
440. https://doi.org/10.1016/j.watres.2018.05.060 

87. Soares FLF, Ardila JA, Carneiro RL (2017) Thin-layer chromatography-surface-enhanced 
Raman spectroscopy and chemometric tools applied to Pilsner beer fingerprint analysis. 
J Raman Spectrosc 48:943–950. https://doi.org/10.1002/jrs.5168 

88. Piot O, Autran J-C, Manfait M (2001) Investigation by confocal Raman microspectroscopy 
of the molecular factors responsible for grain cohesion in thetriticum aestivum bread 
wheat. Role of the cell walls in the starchy endosperm. Journal of cereal science 34:191–
205 

89. Prasad M, Kumar A, atta DK et al. (2014) Spectrofluorometric analysis of organic matter 
in the Sundarban mangrove, Bangladesh 

90. dos Santos CAT, Pascoa RN, Lopes JA (2017) A review on the application of vibrational 
spectroscopy in the wine industry: From soil to bottle. TrAC Trends in Analytical Chemistry 
88:100–118 

91. Gallego ÁL, Guesalaga AR, Bordeu E et al. (2010) Rapid measurement of phenolics 
compounds in red wine using Raman spectroscopy. IEEE Transactions on Instrumentation 
and Measurement 60:507–512 

92. Mandrile L, Zeppa G, Giovannozzi AM et al. (2016) Controlling protected designation of 
origin of wine by Raman spectroscopy. Food Chemistry 211:260–267 

93. Rodriguez SB, Thornton MA, Thornton RJ (2013) Raman spectroscopy and chemometrics 
for identification and strain discrimination of the wine spoilage yeasts Saccharomyces 
cerevisiae, Zygosaccharomyces bailii, and Brettanomyces bruxellensis. Appl. Environ. 
Microbiol. 79:6264–6270 

94. Rodriguez SB, Thornton MA, Thornton RJ (2017) Discrimination of wine lactic acid 
bacteria by Raman spectroscopy. Journal of industrial microbiology & biotechnology 
44:1167–1175 

95. Silva MA, Ky I, Jourdes M et al. (2012) Rapid and simple method for the quantification of 
flavan-3-ols in wine. Eur Food Res Technol 234:361–365 

96. Johannessen C, Kapitán J, Collet H et al. (2009) Poly (L-proline) II helix propensities in poly 
(L-lysine) dendrigraft generations from vibrational Raman optical activity. 
Biomacromolecules 10:1662–1664 

97. Zhu G, Zhu X, Fan Q et al. (2011) Raman spectra of amino acids and their aqueous 
solutions. Spectrochim Acta A 78:1187–1195 

98. Pompeu DR, Larondelle Y, Rogez H et al. (2018) Caractérisation et discrimination des 
composés phénoliques à l’aide de la spectroscopie Raman à transformée de Fourier et 
des outils chimiométriques. Biotechnologie, Agronomie, Société et Environnement 
22:13–28 

99. Steiner E, Gastl M, Becker T (2011) Protein changes during malting and brewing with focus 
on haze and foam formation: A review. Eur Food Res Technol 232:191–204. 
https://doi.org/10.1007/s00217-010-1412-6 

100. Basarova G (1990) The structure-function relationship of polymeric sorbents for colloid 
stabilization of beer. Food structure 9:1 



Appendix 

- 116 - 
 

101. Hartmann K, Kreisz S, Zarnkow M et al. (2004) Identifizierung von Filterhilfsmitteln nach 
den einzelnen Filtrationsschritten. Der Weihenstephaner 4:141–143 

102. Leiper KA, Stewart GG, McKeown IP (2003) Beer Polypeptides and Silica Gel Part I. 
Polypeptides Involved in Haze Formation. Journal of the Institute of Brewing 109:57–72. 
https://doi.org/10.1002/j.2050-0416.2003.tb00594.x 

103. Sharpe FR, Channon PJ Beer Haze Caused by Can Lid Lubricant. Institute of Brewing 
1987:163 

104. Kaiser W (2015) Kunststoffchemie für Ingenieure: Von der Synthese bis zur Anwendung. 
Carl Hanser Verlag GmbH Co KG 

105. Schymanski D, Goldbeck C, Humpf H-U et al. (2018) Analysis of microplastics in water by 
micro-Raman spectroscopy: Release of plastic particles from different packaging into 
mineral water. Water Research 129:154–162. 
https://doi.org/10.1016/j.watres.2017.11.011 

106. Demčenko AP (2015) Introduction to fluorescence sensing, Second edition. Springer, 
Cham, Heidelberg, New York NY, Dordrecht, London 

107. BASCHONG W, LANDMANN L (eds) (2006) Cell Biology Chapter 1 - Fluorescence 
Microscopy. Elsevier 

108. Huang YY, Beal CM, Cai WW et al. (2010) Micro-Raman spectroscopy of algae: 
Composition analysis and fluorescence background behavior. Biotechnol Bioeng 
105:889–898. https://doi.org/10.1002/bit.22617 

109. Huang Y-S, Karashima T, Yamamoto M et al. (2004) Raman spectroscopic signature of life 
in a living yeast cell. J Raman Spectrosc 35:525–526. https://doi.org/10.1002/jrs.1219 

110. Antonov M, Lenhardt L, Manojlović D et al. (2016) Changes of Color and Fluorescence of 
Resin Composites Immersed in Beer. J Esthet Restor Dent 28:330–338. 
https://doi.org/10.1111/jerd.12232 

111. Apperson K, Leiper KA, McKeown IP et al. (2002) Beer Fluorescence and the Isolation, 
Characterisation and Silica Adsorption of Haze-Active Beer Proteins. Journal of the 
Institute of Brewing 108:193–199. https://doi.org/10.1002/j.2050-0416.2002.tb00540.x 

112. Andersen CM, Bro R (2003) Practical aspects of PARAFAC modeling of fluorescence 
excitation-emission data. Journal of Chemometrics: A Journal of the Chemometrics 
Society 17:200–215 

113. Gordon R, Cozzolino D, Chandra S et al. (2017) Analysis of Australian Beers Using 
Fluorescence Spectroscopy. Beverages 3:57. https://doi.org/10.3390/beverages3040057 

114. Kerr LT, Hennelly BM (2016) A multivariate statistical investigation of background 
subtraction algorithms for Raman spectra of cytology samples recorded on glass slides. 
Chemometrics and Intelligent Laboratory Systems 158:61–68. 
https://doi.org/10.1016/j.chemolab.2016.08.012 

115. Tuschel D (2016) Selecting an excitation wavelength for Raman spectroscopy. 
Spectroscopy 31:14-23 

116. Walters MT, Heasman AP, Hughes PS (1997) Comparison of (+)-catechin and ferulic acid 
as natural antioxidants and their impact on beer flavor stability. Part 2: Extended storage 
trials. J. Am. Soc. Brew. Chem 55:91–98 

117. Shahidi F, Naczk M (2004) Phenolics in food and nutraceuticals. CRC Press, Boca Raton, 
Fla. 

 




