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Summary

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. Externalinfluences 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, B-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 B-glucan and barley B-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 B-glucan, barley B-glucan, and
arabinoxylan. All other substances were analyzed with a 785 nm wavelength laser. The B-
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 afiltration 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

Zusammenfassung

Die Identifizierung von Triibungspartikeln ist ein wichtiger Bestandteil der Brauereianalytik.
Tribung kann das Ergebnis vieler verschiedener Probleme bzw. Ursachen im gesamten
Brauprozess sein. Um den Ursprung einer Tribung zu finden, ist es wichtig, die
Zusammensetzung von dieser zu kennen. Derzeit angewandte Triibungsanalytik basiert in der
Regel auf optischen, mikroskopischen oder enzymatischen Methoden, die oft ungenau oder
aufwendig und zeitintensiv sind. Die Trlibung in Bier ist nach wie vor ein bedeutendes Thema
in der Industrie, da viele Urspriinge des Triibungsbildes zwar bereits entdeckt wurden, es aber
nicht immer moglich ist, die unmittelbare Tribungsursache zu identifizieren. Neben dem
Schaum zahlt die Glanzfeinheit zu einem der wichtigsten visuellen Qualitatsmerkmale von
gefilterten Bieren. Tribung, Opaleszenz oder ein milchiges Aussehen in Getrdanken ist
meistens unerwiinscht und lasst den Verbraucher vermuten, dass das Produkt von geringerer
Qualitdat oder verdorben ist. Viele verschiedene Arten von Bildung oder Eintrag von
Substanzen kénnen zu Tribungen fiihren, welche sich in zwei Hauptkategorien differenzieren
lassen: getrankespezifisch, wobei die Inhaltsstoffe eine Wechselwirkung verursachen, und

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

In dieser Forschungsarbeit kam erstmalig die Raman-Mikrospektroskopie (RMS) zur Detektion
bestimmter Tribungspartikel in Bier zum Einsatz. Durch diese Methode kann die chemische
Zusammensetzung der zu untersuchenden Molekiile eindeutig identifiziert werden. Das
Hauptaugenmerk in dieser Arbeit wurde den Partikeln gewidmet, welche die starksten und
auch intensivsten Tribungen verursachen koénnen. Als Grundvoraussetzung fir eine
Methodenentwicklung der Triibungsidentifikation via RMS musste zunachst das Verhalten des
Mediums Bier unter Lasereinwirkung erforscht werden. Da Bier eine Vielzahl an
fluoreszierenden Inhaltsstoffen beinhaltet, ist eine Untersuchung durchgefiihrt 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 kénnen.

In anschlieBenden 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, B-Glucane, Calciumoxalat und Starke) nachgewiesen, bewertet und validiert
worden. Eine geeignete Probenvorbereitung ermdoglichte es, Membranfilter zu testen und
eine Filtrationsmethode zur Isolierung einzelner Partikel zu etablieren und implementieren.
Clusteranalysen und Ahnlichkeitsmatrizen dienten zur Identifizierung bzw. Validierung und zur
besseren Darstellung der Partikeln. Durch Analyse der Probenbestandteile in verschiedenen
Medien (trocken, fluid (Wasser, Bier)) konnten die Einflisse unterschieden werden. Der
Filtrationsrlickstand nach der Membranfiltration ist ebenfalls analysiert worden. Eine
zweidimensionale  Bildabtastung der  Partikeln diente zur Bestimmung der
Partikelhomogenitat. Die Aufnahme der Raman-Spektren erfolgte durch die Erfassung von
Einzelpunkt-Scans. Es wurden zwei verschiedene Laser der Wellenlangen 532 nm und 785 nm
eingesetzt, um deren Anwendbarkeit zur Identifizierung von potenziell triibungsbildenden
Partikeln zu validieren. Die PVPP-Spektren in den verschiedenen Medien zeigten
Ahnlichkeiten von mehr als 80 %, in der Regel mehr als 95 %. Die Cellulosefaserspektren
wiesen keine Unterschiede zwischen den verschiedenen Medien, aber durchweg hohe
durchschnittliche Ahnlichkeiten von 94,5 % auf. Die Kohlenhydrate Stirke, Arabinoxylan,
Cellulose, Hefe B-Glucan und Gerste B-Glucan, sowie Gliadin, Ferulasdure, Prolin, Glutamin,
Calciumoxalat und PVPP sind bei einer Wellenlange von 532 nm erfolgreich identifiziert
worden. Dieselben Substanzen sind bei einer Wellenldnge von 785 nm analysiert worden, was
zu Problemen mit schwachen Kohlenhydratspektren von Hefe B-Glucan, Gerste 3-Glucan und
Arabinoxylan fiihrte. Alle anderen Substanzen sind mit dem Laser der Wellenlange 785 nm
analysiert worden. Die B-Glucane der Hefe und der Gerste konnten eindeutig identifiziert und
klassifiziert werden. Darliber hinaus konnte Catechin, das bei der Messung mit 532 nm ein
starkes Fluoreszenzsignal aufwies, bei 785 nm identifiziert werden. Das grofRte Problem bei
der Raman-Mikrospektroskopie (RMS) in Bezug auf die Bieranalytik ist das intensive
Fluoreszenzrauschen einiger Bierinhaltsstoffe. Da Bier eine grofle Menge an fluoreszierenden
Inhaltsstoffen enthélt, wurde in der ersten Forschungseinheit (Chapter 2.2) untersucht,
welche Verbindungen die starkste Fluoreszenz aufweisen, um diese Stoffe gezielt verarbeiten
zu konnen. Es sind spezielle Verfahren eingesetzt und getestet worden, die das
Fluoreszenzproblem umgehen kdnnen. Im Rahmen dieser Forschungsarbeit konnte das
enorme Potential der RMS fiir die Tribungsidentifizierung herausgestellt werden. Die
entwickelten Methoden kénnen, in weiteren Projekten, fiir eine Erweiterung der RMS auf die

Getrankeanalytik zielgerichtet adaptiert werden.
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Introduction and motivation

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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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 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
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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%% — 108 % 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].

2* [ ]
virtual energy levels
1* s 1
el
bo
_
]
c
@
1
0 vibration levels

Rayleigh Anti-Stokes Stokes

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.
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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™ 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, CH, and CHs 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].

1.2 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 10%° [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. A =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).
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Figure 4 Time course of fluorescence and Raman scattering
While Raman scattering occurs almost simultaneously with excitation, fluorescence emission
takes about 107 to 10 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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1.3 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 a- and B-glucans. The most common a-glucan in the brewing process is
starch derived from malt. This starch consists of amylose of a-1,4-glycosidically linked glucose
and as amylopectin of a-1,4-glycosidically and a-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 a-glucan and can therefore also cause
turbidity [70]. B-Glucan is particularly problematic for the brewing process. This can originate
from yeast as well as from malt, with malt B-glucan being much more common. While a-
glucans are usually present in the organisms as storage substances, B-glucans are mostly
supporting substances and can be found in yeast as well as in grains as a cell wall substance.
B-glucans are glucose monomers linked by very stable B-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
B-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, B-glucan is broken down in the grain. Highly dissolved malts thus contain less
of the problematic substance. However, -glucan can be released from the grist to a greater
extent by an unsuitable mashing program. The yeast B-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
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guantities, 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)

2.1 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

Factors and

Raman

fluorescence:

foreign turbidity

Review Title Research Title
Publication 1 Publication 2 Publication 3 Publication 4 Publication 5
Beer Turbidity Beer Turbidity Substances in beer Investigation and Identification and
Part 1: A Review of | Part 2: A Review of that cause identification of differentiation of

haze substances

conference papers
and research on

conference papers
and research on

are fluorescent and
can be avoided

and validate non-
beer turbidity

Solutions Spectroscopy and evaluating the particles in using Raman
Possible Future Use qualitative and beverages via micro-
for Beer Turbidity quantitative Raman micro- spectroscopy
Analysis determination of spectroscopy
these ingredients
Major objective
Summary of Summary of Finding out which RMS was used to RMS was used to
literature, literature, substances in beer detect, evaluate detect, evaluate

and validate beer
turbidity relevant

literature of the
past decades,
critical comparison
of outcomes of
differing studies.

literature of the
past decades,
critical comparison
of outcomes of
differing studies.

spectrometer
AqgualogTM
of HORIBA

Data evaluation
using the PARAFAC

preparation was
developed,
membrane filters
were tested, and a
filtration method
for isolating the

turbidity Raman concerning Raman particles particles
spectroscopy
Applied methods / investigations / devices
Combining Combining Fluorescence A suitable sample Preparation of

special slides,

Production of
turbidity particles
from forcibly aged
beer, data material

was evaluated

The various causes
and origins of
turbidity were

discussed.

related to analysis
of substances to
beer turbidity.

using fluorescence
spectroscopy.

Using the PARAFAC

analysis, a specific

model was created

that identified the

three main

components

of the fluorescing

substances.

investigated as well
as different
polymer samples of
the most common
types of plastics
and some high-
performance
plastics from food
production.

model individual particles | using BioNumerics
was established software
and implemented
Main findings / conclusions
The review The different Diverse fluorescing | Different filter aids Starch,
examined beer methods of RS beer ingredients and stabilizing arabinoxylan,
turbidity problems. | were discussed and | could be assigned agents were cellulose,

yeast B-glucan,
barley B-glucan,
gliadin, ferulic acid,
proline, glutamine,
calcium oxalate
and PVPP were
successfully
identified at
532 nm.
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PART 1

2.2 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
e Kieselguhr
e Perlite
e Cellulose fiber
o Stabilizing agents
e Polyvinylpolypyrrolidone (PVPP)
e 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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Beer Turbidity Part 1: A Review of Factors and Solutions
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ABSTRACT

Turbidity in beer will continue to be a major topic as many origins of haze have already been dis-
covered, but it is not always possible to identify its immediate cause. In addition to beer foam,
one of the most important visual quality characteristics of filtered beers is gloss fineness.
Consequently, in the case of an undesirable haze, it is first necessary to identify the haze par-

KEYWORDS

Raman micro-spectroscopy;
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RMS; beverages;
identification; particles;
fluorescence

ticles and how to remove them. The topic is covered in two sections. This review labelled Part
1 and a second review labelled Part 2. Part 1 addresses turbidity in general, the causes and ori-
gins of turbidity and the different analytical methods for turbidity identification and removal.
Part 2 focuses on Raman spectroscopy and provides a general overview of the physical basics,
the areas of application, possible gaps and the challenge for its use for identifying turbidity in

beer and beverages.

Introduction - current state of research

A very important visual quality characteristics of filtered
beers is gloss fineness.!"”?! Anything that impairs the appear-
ance of the beer will reduce acceptance by the consumer
and must be prevented."”) It is therefore important to be
able to identify the composition of haze particles, but ana-
lysis is often limited to optical, enzymatic and microscopic
analyses.*! Raman spectroscopy is one possibility to identify
and characterize turbidity particles based on its use else-

1581 and is discussed in detail in Part 2 of this review.

where
Part 1 will discuss types of haze and their measurement as

well as various removal technologies.

Human perception and visual opacity

Our eyesight helps us to detect visual opacities, but results
vary from person to person, making visual opacity a sub-
jective characteristic. Turbidity in fluids or beer can be
measured by the naked eye or using analytical methods.
The Tyndall effect, which describes the scattering of light
by particles, is the basis for the metrological determin-
ation and usually correlates with visual perception. An
important note: Particles determined in the analysis do
not necessarily generate visible turbidity! This is a phe-
nomenon due to the fact that turbidity depends not only
on the amount of particles, but also on the particle size
and composition.”®!! The general definition of turbidity
and the classification of the particles is discussed in
the following.

General definition of turbidity

According to the standard DIN EN ISO 7027, turbidity is
understood to be the “reduction of the transparency of a
liquid caused by the presence of undissolved sub-
stances”.">'*! Turbidity is perceived as a subjective, visual
impression, which arises due to refraction of the insoluble
particles."*! The turbidity measurement and control should
satisfy consumer expectations (e.g., cloudy Pils versus the
glossy, golden yellow Pils the consumer expects) and also
prevent other quality-reducing issues. Turbidity monitoring
is thus of great importance for visual reasons as well as for
the fact that turbidity is an indicator of more serious
contamination.

Turbidity of beer: distribution by particle size

Undissolved solids, which cause turbidity due to light scat-
tering, are divided into three groups based on the particle
size (Table 1).

The coarsely dispersed solids are macroscopically well-
recognizable particles that can be differentiated by micro-
scopic analysis. Molecularly dispersed solids are already
dissolved in the dispersion medium, such as, for example,
beer, and are therefore no longer visible as turbidity.m]
Despite their small particle size, the colloidally dispersed sol-
ids, also called colloidal turbidity, are partly visible due to
light refraction at the interfaces (Tyndall effect) and are
therefore to be investigated first in the course of Raman
micro-spectroscopy. In addition to the presence of solids,
however, the concentration of available, reactive ingredients
should also be mentioned. Furthermore, the temperature,

CONTACT Eva-Maria Kahle @ eva.maria kahle@tum.de

© 2020 American Society of Brewing Chemists, Inc.
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Table 1. Beer-dyeing solids divided by particle size and examples.[z'm

Beer-dyeing solids Particle size [pm] Examples

Coarse-particle solids >0.1 Yeasts, microorganisms
Colloidally dispersed solids 0.001 to 0.1 Proteins, polyphenols
Molecularly dispersed solids <0.001 Combine with medium

the contents of turbid metal ions such as iron (Fe) and cop-
per (Cu), the oxygen content and the present pH determine
the turbidity reactions.!"!

Turbidity in general

One of the most important quality features in the beverage
industry besides taste, aroma and foam is the chemical-phys-
ical stability, which is also called colloidal stability. This
describes the property of a beverage to avoid unwanted tur-
bidity - its fineness of gloss. All types of turbidity affect the
quality of water and it may be harmful in certain non-alco-
holic beverages. However, it could be a welcome characteris-
tic in beer if it were not for consumer perception.
Customers expect a clear beverage and any form of turbidity
is considered to be a reduction in quality and possibly even
a health hazard. However, this particular turbidity has no
harmful effects on health. For filtered beverages, chemical-
physical stability is an important factor in determining the
shelf life of the product. It depends on various factors, such
as the type of product, microbiological susceptibility, ingre-
dients, technological factors, etc.!'®!

Turbidity in fluids

The optical impression of turbidity results from the scatter-
ing of light by particles finely distributed in the liquid.
Colloidal particles can have a size of 1-500 nm and are in a
state between microscopically suspended particles and
coarsely dispersed suspensions. The Tyndall effect describes
the opalescence of this kind of suspended particles and the
associated impression of a light veil up to a strong turbid-
ity.l'"”] In the Tyndall effect, the size of the distributed par-
ticles is approximately equal to the wavelength of the light
hitting the liquid. The light is scattered by the particles and
directed in all directions. When determining the turbidity,
this scattering is measured using nephelometry. In the field
of brewing technology, measurement at 90° and 25° angles
has proven to be successful'”! In the method with 90°
angles, the scattered light emerges from the sample perpen-
dicular to the incident light. Here, particles with a size of <
1 um are measured, which are perceived as opalescence in
the liquid. The measurement at an exit angle of 25° meas-
ures larger particles (> 1pum-1.5um) and is particularly
suitable for evaluating the condition of the filter elements. It
is possible to determine the turbidity using turbidimetry,
ie, a transmitted light measurement based on Lambert-
Beer’s law.!"! In brewing, turbidity can be described using
the EBC formazin unit, which is based on a standard forma-
zin (formazine) suspension.“]

Results (Thesis publications)

Turbidity in beer

Turbidity in beer plays an important role because it is the first
characteristic to be perceived by consumers and has a decisive
influence on their impression of the product. In the case of
Pils and lager beers, the customer expects a bright beer and
unwanted turbidity is perceived as a defect. However, turbidity
in beer can also be desirable if the beer is unfiltered or natur-
ally cloudy, such as wheat beer or cellar beer. Smaller brew-
eries and craft breweries often work without filters to create
the impression of naturalness and to differentiate their beers
from “industrial breweries”. If the beer has been filtered, gloss
fineness is an important quality feature and essential for deter-
mining the shelf life of the product. 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.”!

Turbidity can have various origins. A basic distinction
can be made between non-biological and biological turbid-
ity. Turbidity of non-microbiological origin can be distin-
guished as cold turbidity, permanent turbidity and turbidity
from foreign substances.!"” As in non-alcoholic beverages,
turbidity can occur in beer in three different ways. Particles
already contained in beer or its raw materials can coagu-
late.!™! Inorganic substances, such as filter aids that have
penetrated or label residues, can lead to small particles in
beer.!'®! Use of state-of-the-art filtration and filling equip-
ment and the application of comprehensive quality assur-
ance ensure that presence of such foreign particles in the
end product is the exception. These particles can be referred
to as “visible turbidity”. Figure 1 lists various types of tur-
bidity and turbidity particles and shows their origins.

The above overview categorizes the different origins of
turbidity and foreign particles.

Turbidity measurement in the past

In the past, the turbidity of a fluid was measured using a
transparent container with a viewing panel attached to it
(similar to the ophthalmologist’s eye test), which could be
viewed through the fluid (Figure 2).

The number that was barely legible corresponded to the
measured turbidity.?!! However, this method was very
inaccurate and further dependent on the subjective feeling
of the subject. One optical analysis method is the measuring
technique process for liquids with 90°-scan scattering and
25%-forward  scattering  (nephelometric  measurement).
According to Back et al,,'! if a beer is considered glossy, the
90° forward spread is < 1.0 EBC-TU and the 25° forward
spread is < 0.2 EBC-TU. The 90° side scattering is favorable
for finely dispersed colloidal turbidity < 1pum and the 25°
forward scattering for particulate dispersed substances in a
size range of > 1-1.5 um. Table 2 presents the standard val-
ues for assessing the turbidity of a beer.

Different units for turbidity measurement

Turbidity values are subdivided into different units depend-
ing on the area of application of various liquids to be inves-
tigated (Table 3).
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Figure 1. Various origins of turbidity and foreign particles that can lead to “visible turbidity”.

T

>456=78

L 1 1 1

Figure 2. Turbidity synoptic.

For the conversion of the different turbidity values, Table
4 provides an overview of this.

Turbidity measurement in the present

Today, some standardized analysis methods are used, which
can also be used in combination. These methods include
optical (as already mentioned in the section ‘“Turbidity meas-
urement in the past’), microscopic, and enzymatic methods
as well as particle size analysis. Methods have already been
mentioned that enable the origin of turbidity to be classified
by optical methods. Since only a few turbidifiers can be dis-
tinguished from each other by these optical methods, dyes
are used. Thus, several substances can be explicitly catego-
rized. The respective dyes are usually specific to a turbidity
generator. If a dye stains several different turbidities, these
can be determined on the basis of the morphological differ-
ences. In addition to the staining methods, the sample is
also treated with acid and base in order to limit the possibil-
ities at the beginning of the investigation. A 1 M potassium
hydroxide solution (KOH) and a 10% sulfuric acid (H,SO,)
solution are added to each sample. Solubility of the particles
in KOH serves as evidence of compounds that contain pro-
tein and solubility in H,50, would indicate calcium com-
pounds. Optical methods also include staining methods that
aim to detect particle material containing carbohydrates,
neutral and acidic proteins, starch, etc. With the help of col-
orants, it is possible to identify turbidities by microscopic
examination. Different dyestuffs are used for different com-
ponents relevant to the turbidity.® For instance, proteins,
polyphenols and particles that contain starch can be stained
and the cause of turbidity identified. In order to concentrate

the turbidity particles, the sample is first centrifuged or
enriched and stained by filtration on a membrane. It is then
examined under a microscope using a reflected or transmit-
ted light method.?%*?! The eosin vellow dye is used to
identify eosinophilic particles of a proteinic type. Under the
microscope, they can be recognized as pinkish-orange-col-
ored skins, flakes, ribbons and fine grains. These particles
only occur in small quantities in the finished beer, but
multiply as storage time, temperature and mechanical stress
increase.l'*2) Polysaccharides such as starch can be colored
and recognized using thionine and iodine. Thionine tints
neutral polysaccharides violet and acid ones pink. Iodine, as
already known from the iodine test in the brewhouse, colors
unglued starch blue and glued starch red. Iodine can also be
used to identify the filter aid PVPP, which shows a strong
orange color."®?! The polysaccharide glucan can be stained
with Calcofluor and made visible with a fluorescence micro-
scope. This allows both f-glucan in yeast, in malt cell walls,
and fi-glucan in finished beer to be detected, as both fluor-
esce blue. The same is possible using the dye Congo red
instead of Calcofluor. This stains f-glucan red."®?°! A thia-
zine dye, methylene blue, is used to identify fibers, tannins
and polyphenols. This is the same dye that is used in yeast
viability tests. It colors the particles a strong blue tone.
Furthermore, this substance can identify tanning agents in
combination with proteins. The microscopic examination of
turbidity particles has therefore proved to be a relatively
reliable method for determining the origins of some turbid-
ity. However, this is an invasive method that cannot be car-
ried out in a closed container.2%

In an enzymatic turbidity determination, the origins of
turbidity are identified with the aid of enzymes. This is
based on the degradation of turbidity-causing substances
using enzymes. This method can be used to determine
whether colloidal stability is impaired, by for example, pro-
teins or carbohydrates. Cloudy or opalescent beer samples
are mixed with a small quantity of enzymes at room tem-
perature - possibly at 40°C or 60°C - and incubated for
24 h. After the reaction time, the turbidity of these samples
and untreated zero samples is measured. The cause of this
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Table 2. Standard values for the evaluation of beer haze according to EBC, 90° measuremen

Results (Thesis publications)

122!

Evaluation

EBC-Turbidity Units [EBC-TU]

ASBC-Turbidity Units [ASBC-FTU]

Bright/brilliant

Standard value for a very well-filtered beer
Clear/almost brilliant

Slightly opalescent/hazy

Opalescent

Cloudy/hazy

Very cloudy/hazy

<0.2 <35

<03 -
0210 1.0 35-69
1.1 to 2.0 69-138
21 1o 4.0 -
4110 80 138-276

=8.0 =276

Table 3. Turbidity units with abbreviation, measurement method, regulation and area of application. (*FTU = NTU*).['322-26]

Name of the unit Abbr. Measurement Regulation Application area

Formazin Turbidity Units FTU* Nephelometer Regulations according to USA (Drinking) water treatment

Nephelometric Turbidity Units NTU* Measurement is conducted at Regulations according to USA, (Drinking) water treatment
an angle of 907 identical to FTU

Formazin Nephelometric Units FNU Scattered light measurement Standard 1SO 7027 / (Drinking) water treatment
(angle 90°) Nephelometer EN 27027
with infrared light source

Formazin Attenuation Units FAU Transmitted light Standard 1SO 7027 / (Drinking) water treatment
measurement (angle 0%) EN 27027

Turbidity Unit Formazin TU/F Measurement with formazin Standard ISO 7027 / EN (Drinking) water treatment; Beer

European Brewery Convention EBC-TU or FHU

Formazin Haze units

ASBC ASBC FTU

Scattered light measurement
/Transmission (angle 90°)

Measurement with formazin

27027; ASBC and EBC
standard methods

Standard 150 7027 / EN Beer
27027; EBC
standard methods

ASBC and EBC Beer

standard methods

Table 4. Conversion of the turbidity units 222+
1FNU
1 NTU
1 EBC-TU 1 FTU
or FHU 1 FAU 1 ASBC FTU
1 0.25 0.014 EBC TU or FHU
4 1 0.057 FNU
NTU
FTU FAU
69 17.5 1 ASBC FTU
6.7 Nephelo

turbidity can be inferred depending on which sample has lost
turbidity due to certain enzymes. Enzymes used include pep-
sin, amyloglucosidase and lichenase, which can degrade pro-
teins, dextrins and starch, and glucan respectively.>*"!

Gel permeation chromatography (GPC) is a process for
separating substances dissolved in liquids according to their
molecular weight. The separation is carried out by diffusion
effects. Molecules of different sizes pass through a separation
column at different speeds. This separation column is filled
with a porous gel consisting of small beads with a size of
6-10 um and represents the stationary phase of the chro-
matograph. The mobile phase - the eluent - consists of one
or more solvents in which the particles to be tested are dis-
solved. If the particles present in the liquid hit the gel, they
can penetrate it, depending on their size. Small molecules
are able to enter the spaces between the gel beads, which
slows their passage through the columns. Large molecules
do not interlock in the pores and migrate quickly through
the separation column. Depending on the type of gel mater-
ial, various samples of different molecular masses can be
separated and tested with this method.”**) GPC can also
be used to identify polysaccharides in beer and wort and
assign them to their origin. Beer or wort with a paste

turbidity can be separated by GPC according to the molecu-
lar weight and stained with iodine. Subsequently, a photo-
metric iodine sample is taken to analyze the results. This
makes it possible to determine whether these are polysac-
charides or glucans, and whether they are of vegetable origin
or yeast'®° As with most other analyses for turbidity
identification, a disadvantage of using gel permeation chro-
matography is the invasive nature of the sampling. It is not
possible to examine the container unopened. Sample prepar-
ation is also relatively time-consuming. The type of turbidity
involved must be known in advance so that a suitable col-
umn and eluent can be selected. In addition, the liquid must
be centrifuged with the GCP before separation in order to
obtain a turbidity residue. Before chromatography, this resi-
due must be dissolved again in the eluent.>**"!

Origins of turbidity

Haze particles in beer can be further distinguished between
foreign particles and those derived from the beer or its raw
materials. Turbidity colloids, as they occur in cold and per-
manent opacification, are composed of turbidity-active sub-
stances derived from beer or its raw materials. Table 5 gives
an overview of the composition of beer turbidity compounds
from different authors’ studies.

Here, too, it can be seen that the proteins, together with
the polyphenols, make up the major part of the turbidity
colloids. The variations in the data can be explained by the
use of different raw materials in the production of the beers.
In addition, the stabilization measures also have a significant
effect on the composition of the beer turbidity, depending
on whether the tanning or protein side is stabilized.* The
individual components of the beer’s own haze builders are
further characterized below.
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102 pm 107 um 1pm

10~ pm 100pm
| |

1Drm

Gramsuaw'> " Wanwrigh>2' Rehmanii et al.>*! NagaBB*3%

Proteins 58-77 % 40-77 % 40-75 % 40-75 %
Polyphenols 17-55 % 15-75 % ~17 % 30-45 %
Polysaccharides 2-12% 0-13 % 3-13 % 2-15 %
Inorganic substances 2-14 % 1-14 % 1-5% 1-14 %

Chill haze and permanent haze

Non-biological turbidity is categorized as chill haze or per-
manent opacity. Chill haze is reversible, forms at a tempera-
ture of 0°C and dissolves when heated to 20°C again,
whereas the permanent opacity is irreversible. Chill haze is
considered to be the precursor of the persistent cloudiness,
as it steadily increases with repeated heating and cooling
and can finally turn into a perpetual opacity. The reversibil-
ity of the cold turbidity results from the rather weak bond
types (hydrogen bonds, hydrophobic bonds) between the
components that form haze in beer. In contrast, the forma-
tion of permanent opacification usually requires oxidation as
well as the formation of covalent bonds, which usually
involves the formation of larger particles. The most import-
ant and common cause of such colloid formation results,
according to unanimous opinion in research, from the inter-
action between proteins and po]yphenols.[z’l]"H"m’m] Figure
3 gives an overview of the particle diameter of turbidity par-
ticles in cold and permanent opacification.

In the following sections, the various turbidifiers will be
discussed in more detail, their origins and interrela-
tions explained.

Non-biological turbidity - proteins and pelyphenols

The most important type of beer turbidity in the category of
organic substances of non-biological origins is the reaction
of proteins and polyphenols. These form complexes which
precipitate in the finished beer and affect its colloidal stabil-
ity.[>""] A distinction is made between cald cloudiness and
permanent cloudiness. Cold turbidity consists of particles of
0.1-1.0 um in size and is formed at —8 °C to 5°C when pro-
teins and polyphenols form non-covalent bonds. This type
of turbidity is not permanent and is reversible at 20°C
or higher.

Permanent turbidity with a particle size of 1-10pum
begins with a cold turbidity, but the proteins and polyphe-
nols form covalent bonds and form insoluble complexes that
are irreversible, even at higher temperatures. This type of
turbidity occurs when the beer temperature changes more
often between warm and cold.""! Certain inorganic constit-
uents can also favor cold or permanent turbidity. These
include calcium, particularly as calcium oxalate, magnesium
and manganese, which as induction nuclei can increase the
cold haze. These metals and salts were found in increased
amounts in the residues of cold haze. More and more metals
such as aluminum, iron, nickel, copper, tin and lead have
been found in the residues of permanent opacities.”*”’ They
serve as catalysts for oxidation reactions and increase the
tendency to turbidity.“gl Permanent turbidity can also be

l colloidal particles I

[ |

chill haze

permanent

I haze |

Figure 3. Diameter of colloidal particles in chill haze and permanent haze.

32)

stimulated and intensified due to ageing processes, oxida-
tion, prolonged shaking, or pasteurization.[m] Complex for-
mation of proteins and polyphenols is the most common
type of undesired impairment of colloidal slability.“gl Beer
contains approx. 500 mg/L proteins, with only 2mg/L being
sufficient to cause turbidity. The proteins in beer are mainly
introduced by the malt and hops, a minor role is played by
the yeast origin. Since approximately 80% of the proteins in
the malt are insoluble in water, they do not pass into the
wort or the finished beer but are removed from the process
by the spent grains or hot trub. The water-soluble proteins
are resistant to proteolysis during mashing, do not coagulate
during wort boiling, and are not removed with the hot trub.
They remain unchanged or remain as degradation products
in beer.[ZUAZ,-&G]

There are various stabilization measures but since protein
also plays an important role in foam stability, proteins must
not be completely removed from the beer. Silica gel has pro-
ven itself in practice because it can selectively remove tur-
bidity-forming proteins without influencing the foam.[*"]
Silica gel adsorbs proteins and protein-polyphenol com-
plexes. These are then removed from the brewing process by
filtration or sedimentation. Since silica gel is not water-sol-
uble and no residues remain in beer, this process conforms
to purity requirements. Silica gel acts selectively, only pro-
teins, their precursors and complexes are adsorbed that
impair colloidal stability. The removal of foam-positive pro-
teins from beer can be prevented, for example, by adjusting
the pore size of the silica gel. The foam properties of the
beer therefore do not change.[“’ﬁ]

There are different types of classification and fraction-
ation for proteins, which can be carried out by different sol-
vents. According to Osborne, barley proteins can be divided
into four groups, namely albumins, globulins, glutelins and
prolamins (hordeins).*%! According to Asano et al,, proteins
responsible for cold turbidity can also be differentiated
according to their molecular weights.” The different frac-
tions have different effects on the colloidal stability of beer.
Albumins and globulins in particular seem to have a major
influence on the formation of cold cloudiness. There are
numerous different studies in the field of fractionation accord-
ing to molecular weight. These are concerned with associating
proteins of different weights with turbidity. However, the
results are unclear, and several studies show that both low and
high molecular weight proteins can cause turbidity. In add-
ition, proteins with an isoelectric point in the acidic range
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Table 6. Protein fractionation with proline content and turbidity potential.[47]

Fraction 1 ]
Molecular weight [Da] 1-1000 19000
Proteins Hordein Hordein
Content of proteins [%] 69 76
Content of carbohydrates [%)] 7 23
Content of proline [mol %] 55 19.9
Turbidity potential [EBC] 67 233

n \Y
16000 40000
Albumin/ Globulin/ Hordein Albumin/ Globulin/ Hordein
65 75
12 17
10.3 8.7
13.2 10.2

appear to have a turbidity-active effect.!'”?"**¥747] The hor-
dein fraction of barley has the greatest influence. Hordeins are
rich in the amino acid proline and for this reason have a
higher affinity for polyphenols than low-proline proteins,[m
as can be seen in Table 6.

In this work,!*"! samples of the protein fractions were
mixed with beer in combination with the polyphenol cat-
echol and the resulting turbidity was then measured nephe-
lometrically. The higher the proline content in the proteins
present, the greater the turbidity. Due to a pyrrolidone ring
contained in the proline, hydrogen bonds cannot form at
these sites and the secondary structure of the protein is
impaired. It is also not possible for pyrrolidone to form
hydrogen bonds with the oxygen atoms of peptide bonds.
This not only disrupts the structure of the protein, but also
prevents the binding of other proteins at the proline sites.
These free sites and structure impairment prevent the for-
mation of a helix. For this reason, the hydroxy groups of
polyphenols can attach to the free oxygen atoms of the car-
bonyl groups of proteins by hydrogen bonds and form com-
plexes with other proteins. The hydrophobic nature of
proline allows them to bind to polyphenols via the hydro-
phobic effect and cause cold haze.*”*) This property is
exploited in the stabilization of beer in accordance with the
purity requirements by using PVPP (polyvinylpolypyrroli-
done) for polyphenol stabilization. This can be added at the
same time as the filter aid before filtration or as a running
dosage and serves to stabilize the beer on the tanning agent
side. Polyphenols accumulate on the surface of PVPP, i.e,
they are adsorbed. Since PVPP, like the silica gel used for
protein-like stabilization, is not water-soluble, it can be sepa-
rated out again after filtration and therefore conforms to
purity requirements. The mode of action of this process is
similar to the mechanism of complex formation of proteins
and polyphenols. PVPP imitates a proline-rich protein to
which polyphenols can easily bind. Thus, up to 81% of
proanthocyanidins (procyanidin B3, prodelphinidin B3) and
78% of flavan-3-ols (catechin, epicatechin etc.) can be
removed from beer or wort.”®! As already mentioned, poly-
phenols are an important building block in the formation of
cold haze and a possible permanent haze. They bind to pro-
teins and thus enable the formation of large agglomerates.
Polyphenols serve as connecting pieces between proteins.m]
This is shown schematically in Figure 4.

The ratio of polyphenol and protein concentrations plays
an important role. If the polyphenol content is high and the
protein content low, all the linking sites are occupied by
polyphenols and no further proteins can participate in the
complex formation. With a high protein content and low
polyphenol content, a few polyphenols bind, but the

probability is low that other proteins are involved in this
process. Thus, the complexes remain small and only slight
turbidity occurs. If the protein and polyphenol contents are
in equilibrium, ie., if the number of binding sites is the
same, colloidal stability is most severely impaired.
Significant turbidity occurs."*® In addition, the alcohol con-
tent and pH of the beer also have an influence on the link-
ing of proteins and polyphenols. Ethanol plays only a minor
role. The tendency to turbidity initially decreases slightly
with increasing ethanol content and then increases again
with increased alcohol content. The pH value, on the other
hand, has a stronger effect. If the proteins and polyphenols
links are in equilibrium, the turbidity increases rapidly when
the pH rises from below 3 to above 4. If the pH value is fur-
ther increased, the turbidity decreases again. However, this
is irrelevant, since the pH value of beer is approx.
4.25-4.6.27484)

Up to 30% of the polyphenols contained in beer come
from hops, with the rest coming from malt."*”! They can be
divided into three categories that distinguish between mono-
meric, oligomeric and polymeric polyphenols as shown in
Table 7. The flavonoids such as the flavan-3-ole catechins,
epicatechins and gallocatechins and their condensed prod-
ucts, the proanthocyanidins such as procyanidin B3 and
prodelphinidin B3, are of great importance. The latter are
dimers from the combination of catechins or catechins and
gallocatechins,*%%0-%]

The values in Table 7 do not correspond to the values of
real beer. The polyphenols were first removed from the wort
with the aid of PVPP and then mixed again with 100 mg/L
turbidity-forming polyphenols. This shows which of these
polyphenols reach the finished beer. Real values for catechin
are 0.15—4.0mg/L, for procyanidin B3 up to 3.6 mg/L and
for prodelphinidin B3 up to 4.5mg/L, depending on the
type of beer and the raw materials used.”>** In this study,
the various polyphenols were dissolved in a sodium phos-
phate buffer and proteins were added. The resulting turbid-
ity could then be measured nephelometrically. As can be
seen from Table 7 and in accordance with Asano et al,l*"
the two most important polyphenols for turbidity formation
are catechol and procyanidol B3. The others form protein-
polyphenol agglomerates during wort boiling, which are
removed with the hot trub in the whirlpool. The polyphe-
nols that are converted in the finished beer do not seem to
have a high affinity to proteins at first. Catechin and procya-
nidin B3, which consists of two catechin molecules, are
therefore not responsible for turbidity, but are important
precursors of turbidity.™” According to Siebert,”") the
dimer prodelphinidin B3, which results from the
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Figure 4. Mechanism of protein-polyphenol complex formation; influence of protein and polyphenal concentration on turbidity formation.*® [adapted].

Table 7. Polyphenols and their turbidity potential with hordein,*”

Turbidity potential Content after wort Content after

Category Polyphenals with hordein [EBC] boiling [mg/L] storage [mg/L]
Monomeric catechins 0.02 54 46
epicatechins 0.42 0 0
Oligomeric/polymeric procyanidin B, (Dimer) 55 1 10
prodelphinidin By (Dimer) 18.2 traces 0
procyanidin C; (Trimer) 79.3 0 0
proanthocyanidin (Tetramer) 265 0 0
proanthocyanidin (Pentamer) 38.2 0 0

combination of catechin and gallocatechin, is also present in
higher amounts in finished beer.l*

In addition to these flavonoid polyphenols, phenolic acids
from the group of hydroxybenzoic acids, such as gallic acid,
and from the group of hydroxycinnamic acids, such as
ferulic acid, can also influence the colloidal stability of beer.
While it is possible to remove the above-mentioned poly-
phenols from beer using stabilizing measures, this is not the
case for phenolic acids. They pass almost unchanged into
the finished beer. Phenolic acids are also desirable to a cer-
tain extent in beer. Ferulic acid is the precursor for 4-vinyl
guaiacol and is responsible for the clove aroma in wheat
beer. However, too much of this acid in combination with
proteins can lead to undesired turbidity. While gallic acid
only occurs in very small amounts - in the microgram range
- in beer, it is possible that ferulic acid reaches a content of
up to 3.13 mg/L.|54,551 It was found'®® that a certain content
of ferulic acid can positively influence the turbidity stability.

This is probably due to the blocking of polyphenols that
cause strong turbidity, such as pro-cyanidin B3 and prodel-
phindin B3. The reason for this is that ferulic acid has only
one binding site with which it can attach itself to proteins.
It therefore does not form agglomerates with any other pro-
teins. In this respect it can be said that although ferulic acid
has a positive effect on the colloidal stability of beer, it is
always present in significant amounts in the residues of tur-
bidity.°®! The degree of polymerization plays an important
role in the formation of turbidity. The higher the polymer-
ization of polyphenols, the higher their affinity to other sub-
stances and the deterioration of colloidal stability.

The potential for turbidity formation is increased by age-
ing processes and in particular by an increased oxygen load
during production and in bottled beer. This leads to an
increased oxidative polymerization or condensation and thus
to substances with a higher molecular weight.**) Monomers
such as catechins oxidize and polymerize to higher
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Figure 5. Theories on the formation of turbidity by polymerization or reactivation.”® [adapted].

molecular weight phenols, to protein-precipitating polyphe-
nols, which are called tanning agents. This means that
another ring is attached to the single molecule. They
increase in size as a result. A dimer is formed first, such as
procyanidin B3 or prodelphinidin B3. Further polymeriza-
tion produces oligomers and polymers. The monomers cat-
echin and epicatechin are precursors of turbidity, and only
the increased occurrence of dimers and oligomers due to
polymerization leads to an impairment of colloidal stabil-
ity.***") There are two theories how this complex formation
in beer can lead to turbidity. These are described in
Figure 5.

The first possibility is the most widely accepted theory.
As already mentioned, a polymerization of polyphenols
occurs, resulting in the formation of more complex polyphe-
nols. Through the reaction with high-molecular nitrogen
compounds, i.e,, proteins agglomerate and turbidity particles
are formed. The second theory is similar to the first, but
here the complex polyphenols are already present and are
only activated. The next stage in which turbidity particles
are formed is identical to that of the first theory.[*")

Non-biological turbidity - caused by carbohydrates

A non-biological, organic haze, which occurs far less fre-
quently than a cold or permanent haze, is caused by carbo-
hydrates. Polysaccharides or glucans impair the colloidal
stability of beer. Most of these come from malt, but they
can also originate from yeast as glycogen.”®! Glucans con-
sisting of a-(1-4)- and o-(1-6)-glycosidically bound glucose
units are present in the endosperm of the malt as amylose
and amylopectin and are the carbohydrates that are con-
verted into useful sugars for the yeast during mashing. If
these glucans are not sufficiently broken down during mash-
ing, they remain as long-chain dextrins and cannot be used
by the yeast. With increasing fermentation and thus increas-
ing alcohol content, the solubility of the dextrins is further

and further reduced, and a gray veil, which is referred to as
paste turbidity, appears.”””] Reasons for a poor degradation
of the a-glucans can be a lower quality of the raw materials
or can also be based on technological causes. It is possible
that the malt has a high all-glass or gelatinization tempera-
ture, which makes degradation difficult or impossible.
Technological reasons can be an inadequate mashing process
with too short rest periods or incorrect temperatures. Worts
that are too hot during refining after enzymatic degradation
also dissolve glucans from the malt., These dextrins, espe-
cially amylopectin, cause turbidity that is difficult or impos-
sible to remove from diatomaceous earth and membrane
filters.””) Glucans interact with protein-polyphenol com-
plexes via hydrogen bonds and thus additionally increase
the tendency to form cold turbidity. By adding a malt
extract, enzymes are reintroduced, which cleave o-glucans
and degrade them in such a way that they become usable
for the yeast. This can counteract clouding of the paste and
dissolve it.*”*"%8] More rarely, a-glucan turbidity occurs.
Glucans are «-(1-3)- and o-(1-6)-glycosidically bound glu-
cose units that are present as structural molecules in the cell
wall of barley and can enter the finished beer through the
complete malting and brewing process. They may cause fil-
trate disturbances as a fi-glucan gel. It is also possible, how-
ever, that they pass through the filter at higher temperatures
or high pressures during filtration and impair the colloidal
stability of the beer. The higher the molecular weight of the
a-glucan, the more noticeable the turbidity. The molecular
weight is between 31 and 443kDa. From 300kDa they can
cause turbidity after filtration.”?”! Yeast can also release car-
bohydrates in the form of glycogen, glucan or mannan dur-
ing yeast autolysis or under stress conditions, As with
a-glucan from malt, turbidity from yeast-glucan rarely
occurs. Even rarer is a paste turbidity due to yeast man-
nan.®! Glycogen is a reserve substance from o-(1-4) glyco-
sidically bound glucose units of yeast and can be released
under cell autolysis or stress conditions such as high-gravity
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strong; + = strong, — = weak; — — = very weak).["s‘”'sm

Carbohydrate Amylose Amylopectin Arabinoxylan B-Glucans Glycogen Mannan
Origin Malt Malt Malt (wheat) Malt / Yeast Yeast Yeast
Turbidity tendency - ++ - + + +

brewing or high fermentation temperatures. Like x-glucan
from malt, it can cause paste clouding in beer.” Hemi-cel-
luloses, such as pentosan, are another group of substances
that may cause turbidity. These include arabinoxylan, which
occurs in the cell walls of both barley and wheat, but it plays
a greater role in wheat. This can enter into the finished beer
due to poor mashing and can cause turbidity in connection
with proteins.”**** Table 8 lists the carbohydrates discussed
above according to their origin and cloudiness.

Inorganic turbidity

Turbidifiers or foreign particles of inorganic origin are sub-
stances that do not originate from the raw materials but are
introduced into the beer by other means. These include filter
aids that break through during filtration and enter the fin-
ished beer, or residues in containers such as label residues
or other substances. The former can be avoided by post-fil-
tration, the latter usually occur only occasionally and are
difficult to detect and prevent. Such particles can only enter
the beer if process errors occur during bottle cleaning and
inspection prob]ems.[”‘f’” Stabilizers such as PVPP and sil-
ica gel can also occur to some extent in beer and affect col-
loidal stability.['(‘] As already mentioned, by using modern
filtration and filling equipment and implementing compre-
hensive quality assurance, the occurrence of foreign particles
in the end product can be considered an exception.

Non-biological turbidity - inorganic substances

Larger substances, such as label residues or objects in con-
tainers, do not cause turbidity, but do reduce the quality of
the beverage to a lower level for the consumer. Products
contaminated in this way must not be placed on the market.
Very small particles, such as aluminum residues from bottle
cleaning, are often not detected by a bottle inspector and
may be responsible for turbidity.!¢!

Filter aids

Filter aids are powdered, chemically inert substances that
support filtration both physically and mechanically. There are
different principles of action depending on the filter aid used.
Either they promote the formation of a filter cake in suspen-
sions with only a small amount of dissolved solids, form a
fine-pored filter layer through their own mass or loosen too
firm a filter cake. However, filter aids always require a filter
medium upon which their alluvium takes place.!"!

Kieselguhr

Diatomaceous earth, also known as kieselguhr, is the name
given to the fossils of unicellular diatoms that have been
deposited on the sea floor in a layer of up to several

hundred meters thick approximately 15 million years ago.
Dehydration of the water and shifts of the tectonic plates
have brought these layers to the surface of the earth, where
today they are mined in an open pit. The largest deposits
are in the US, Mexico, Chile, China, France and Spain.[(‘z]
There are three different types of diatomaceous earth.
Depending on the permeability, a distinction is made
between fine (permeability <0.1 Darcy), average (permeabil-
ity 0.1-0.5 Darcy) and coarse (permeability > 0.5 Darcy)
kieselguhr. The preparation of the raw material happens
accordingly in three different variants. For the dried kiesel-
guhr, the raw material is crushed, ground and then dried in
a rotary kiln at 300-400°C. At this stage, the natural shape
of the diatom shells, as well as their porosity is retained, so
that it can be produced from fine diatomaceous earth. The
Gur dried in this way usually contains less than 1% crystal-
line silica. For the preparation of fast-filtering diatomaceous
earth, the so-called calcined kieselguhr (medium diatom-
aceous earth), the dried kieselguhr is heated again up to
800°C. At these temperatures, the surfaces sinter together
diamond shells, thereby increasing the particle size. It is
essential that the inner, porous structure and thus the filtra-
tion activity is retained as far as possible in this process.
The so-called flux-calcined kieselguhr varieties have even
faster filtration properties. In order to produce these, the
raw siliceous earth in the rotary kiln is added with 2-5% of
a flux (sodium chloride or sodium carbonate) and then cal-
cined at 800-900°C. This process step lowers the melting
point of the silica from which the diatom atoms mainly con-
sist. This has the effect of enhancing the sintering of the dia-
toms, resulting in even larger conglomerates. Inorganic
impurities, such as iron and aluminum oxides are thereby
converted into barely soluble mixed silicates. This gives the
coarse, flux-calcined diatomaceous earth an almost white
appearance.'®! The calcination process increases the content
of crystalline silicic acid (SiO;), in particular in the form of
cristobalite. While the cristobalite content of the raw sili-
ceous earth is still below 1%, it increases to 10-40% for cal-
The most
important feature of kieselguhr is its large internal porosity.
The inner surface is up to 20m?/g, whereby kieselguhr has
only a very low adsorption capacity, but is largely respon-
sible for the formation of a fine-pored filter cake. Both the
particle size and the shape of the diatomaceous earth par-
ticles have a decisive influence on the clarification effect and
the filtration rate. Fine kieselguhr has a higher clarifying
effect, but at the same time a lower filtration rates. This
applies in the opposite sense for coarse diatomaceous
earth."*** Diatomaceous earth dosages may range from
90-180¢g/hl, depending on the prevailing conditions, e.g.,
the initial turbidity of the unfiltrate or the desired degree of
clarification.!®*!

cination and 40-90% for flux calcination.
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Figure 6. Structural formula of polyvinylpyrrolidone (PVP).179
Perlite
Perlite is a glassy rock of volcanic origin and consists pre-
dominantly of aluminum silicates composed of approxi-
mately 72% silica (SiO;) and 13% aluminum oxide
(AlO3).[ﬁ4'65] The raw material is annealed at 800°C, which
expands the trapped water and causes the perlite to puff and
burst. The resulting glassy particles are ground to a light
and fluffy powder, which is 20-40% lighter in weight than
diatomaceous earth. Perlites are insoluble in water and
largely chemically inert both in beer and in wort. Perlites
are considered to be particularly economical due to their
long filter life and high flow rates. A disadvantage is the
strong abrasive effect of perlites with piping, pumps and fit-
tings. The degree of clarification of perlites is also inferior to
kieselguhr.[*®!

Cellulose fiber

The use of kieselguhr is causing increasing problems in the
beverage industry. Firstly, the disposal of kieselguhr sludge
is very expensive and elaborate. Secondly, the kieselguhr
deposits are finite and even if kieselguhr regeneration meth-
ods are now available, regenerated kieselguhr can be reused
a maximum of five times."*! In addition, the inhalation of
cristobalite powder holds a potential medical hazard. Not
only does the dust lead to silicosis, it is also classified as a
carcinogen for humans (cancer risk class 1) when inhaled,
according to the International Agency of Research on
Cancer (IARC).[W'GQJ Due to this, alternative filter aids are
gaining more and more attention.'!! Cellulose fibers have
been used since the beginning of industrial filtration as a
regenerable filter media in what are called mass filters. In
some cases, 1% asbestos was added to the filter mass to
increase selectivity.®) The mass filter disappeared from
breweries, not the least because of the prohibition of asbes-
tos in Germany in 1993, as well as the high workload.
However, cellulose fibers are still added today as a supple-
ment to other filter aids. The fibers thereby cause a loosen-
ing of the filter cake, a mechanical stabilization against
pressure surges and help to detach the filter cake from the
filter medium. However, filtration with cellulose fibers
requires extensive primary treatment. Cellulose is a biopoly-
mer of f-1,4-glycosidically linked D-glucopyranose units.
The cellobiose units form the backbone of the cellulose. In
addition to the hydrocarbon chains, wood pulp cellulose
contains a carboxy group every 100-1000 glucopyranosyl
units.”%! Cellulose fibers are obtained from both deciduous
trees and conifers. It is therefore a renewable resource that
is completely biodegradable. Ingredients such as lignin and
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hemicelluloses must be removed in order to obtain high-
purity, taste-neutral a-cellulose fibers. Cellulose fibers are
available in different lengths. Long fibers form a compress-
ible support fabric for the filter cake but have only a low
clarification. Short fibers are suitable for fine filtration but
reduce the permeability of the filter cake. Fibrillated fibers
have numerous partial splits or splits on the surface, as a
result of which the filtration activity also increases.! #6771

Further filter aids

In addition to the above filter aids, there are several other
established filter aids in the beverage industry. Since these
also have a turbidity potential in the transition to the fil-
trate, they should also be mentioned at this point. BASF has
developed a pebble-free filter aid called Crosspure. It is a
synthetic exudate of 70% polystyrene and 30% polyvinylpo-
lypyrrolidone (PVPP). The PVPP content allows simultan-
eous tanning agent stabilization.'*®! Another alternative to
kieselguhr-free precoat filtration are cellulose-based viscose
fibers. The diameter, length, cross-section and shape of the
fibers can be varied as required. Furthermore, the fibers can
be provided with functional groups and additives. In this
way, synthetic fibers can be produced for filtration that are
especially suited to a specific beverage.[72’73'

Stabilizing agents

With the help of stabilizing agents, the formation of col-
loidal turbidity can be significantly delayed, but not com-
pletely prevented. The effect of stabilizers is based on the
adsorption of reactants involved in the formation of col-
loidal turbidity. In practice, breweries today mainly use
PVPP or silica gel preparations. These two stabilizers can
also be used in combination.[*!

Polyvinylpolypyrrolidone (PVPP)

PVPP is a high polymer and water-insoluble stabilizer. It is
synthesized by polymerization or condensation from water-
soluble polyvinylpyrrolidone (PVP), giving it a three-dimen-
sional structure and becoming insoluble. %% Figure 6 shows
the structural formula of PVP.

The structural formula of PVP has a cyclic amide, also
called lactam ring. The lactams are derived from the lac-
tones because they contain an amide group instead of the
intramolecular ester group. These monomeric ring structures
are connected to each other via hydrocarbon C()lIlpOl]I]dS.[74]
PVPP is a white powder and has a melting point of 220°C.
Due to the amorphous structure, PVPP has a high internal
surface area of approx. 1.2m?%g.”! The dosage recommen-
dations range from 10 to a maximum of 50 g/hLl"®) pvpp
has a binding site that is complementary to proline segments
as found in opacifying proteins. Because of this property,
PVPP is able to specifically adsorb polyphenols such as cat-
echol or proanthocyanidins from the unfiltrate. They can
then be retained in the filter. Thus, PVPP is a protein
dummy and beers can be stabilized on the tanning agent
side, as shown in Figure 7.120%7%78]
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PVPP adsorbs polyphenols by hydrogen bonding, which
form between the carbonyl groups of the PVPP and the OH
groups of the phenols of the polyphenols.** The formation
of these bonds is pH dependent, which is why they dissolve
again in an alkaline environment. This fact is based on
the principle of PVPP regeneration. After stabilization, the
PVPP is rinsed with a 0.9% NaOH solution to dissolve the
hydrogen bonds. Subsequently, after an intermediate rinsing
step with hot water, a second regeneration takes place with
sodium hydroxide solution. Finally, it is rinsed again with
water and gassed with CO; in order to lower the pH again
to a value below 7.0. The PVPP regenerated in this way can
be used for renewed beer stabilization. In contrast, the
so-called “lost” PVPP dosage is the PVPP that is discarded
and disposed of after filtration. For a satisfactory stabiliza-
tion, a contact time of 4-5min is needed between PVPP
and the unfiltrate.>%°!

Silica gel

Silica gels, in contrast to PVPP, serve to stabilize beer on
the protein side. They cause a selective adsorption of turbid-
ity-relevant proteins and protein-polyphenol complexes and
barely reduce the amount of foam-active proteins. Silica
gels are odorless and tasteless, as well as chemically inert.
There are three different silica gel preparations on the
market - xerogels, hydrated xerogels and hydrogels.”**! The
distinguishing feature is the water content of the respective
preparations (Table 9).

Hydrogels and hydrated xerogels are less dusty due to
their higher water content, making them easier to handle.
The use of xerogels, however, is more economical, as they
have a better stabilizing effect compared to hydrogels. Silica
gel preparations do not swell and so beer losses are very
low.l*® Silica gels consist of cross-linked silica molecules
(8i0,). The preparation of silica gels is carried out by react-
ing silicates in the form of water glass with mineral acids
such as sulfuric acid. This results in an intermediate step to
generate first silica sol and then silica gel. By washing, the
same hydrogel is formed, which can then, depending on the
drying intensity, be processed into xerogel or hydrated xero-
gel.[z’“‘("’] Compared with PVPP, silica gel preparations
with 300-700 m*/g have a much larger internal surface area.
In addition, there are reactive silanol and silanediol groups,

A segment of polyproline

Figure 7. Structural similarities between the amino acid proline, a section of polyproline and a section of PVPP.

Results (Thesis publications)

JOURNAL OF THE AMERICAN SOCIETY OF BREWING CHEMISTS @ 1

A segment of PVYPP

[37.771

Table 9. Overview of the various silica gel preparations and their water

contents,22445¢!

Silica preparations Water content [%]
Xerogels 5-25

Hydrated xerogels 25-40

Hydrogels 50-60

which is why silica gel preparations are characterized by a
high adsorption capacity. focl

Further stabilizing agents
Table 10 gives an overview of other stabilizers, as well as
their corresponding effect.

However, with the exception of bentonite, the use of the
stabilizers listed in Table 10 is prohibited in Germany due
to the purity requirement.”*® Bentonite is natural aluminum,
calcium or magnesium silicates, which have a non-specific
adsorption capacity towards nitrogen compounds.m The
protein adsorption by bentonite is therefore less selective
and thus, for example, foam-active protein fractions are also
removed.***#! I addition, its strong swelling capacity
increases beer loss. Due to these facts, silica gels are usually
preferred in breweries for stabilization on the pro-
tein side,’®?!

Non-biological turbidity - microplastics

Organic contamination, which is not microbiological or
vegetable in nature, is due to contamination with microplas-
tics. Plastics that are not properly recycled or reused can
accumulate in water and pollute it. Small plastic particles are
formed by decomposition processes, triggered by, for
example, UV radiation or mechanical stress. These particles
are called microplastics with a size between 1 yum and 5mm.
Primary microplastics are produced directly in this size for
use, and secondary microplastics, which reach a size of less
than through  decomposition  processes.®!
Microplastics in water bodies can enter and contaminate
drinking water and process water through the public water
supply. According to a study by OrbMedia,’™ 93% of bot-
tled water is contaminated with microplastics. Although no
damage to human health has been proven, indigestible par-
ticles smaller than 150 um can penetrate and remain in the
body after consumption. ™!

5mm
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Table 10. Overview of other stabilizers and their corresponding effect.1#727%1

Effect

Adsorption of proteins

Precipitation of proteins

Papain, proteinases Enzymatic protein degradation
Amylase, glucanase Enzymatic carbohydrate degradation
EDTA Complexation of metals

Ascorbic acid Oxygen reduction

Stabilizing agents

Bentonite
Tannin

Depending on the container, different concentrations as
well as different types of microplastic have been found.
Water filled into returnable plastic bottles had a concentra-
tion of 118+ 88 particles/L, 14+ 14 particles/L in disposable
plastic bottles, 11+8 particles/L in cardboard containers,
and 50+52 particles/L in glass bottles.™ A larger amount
of polyethylene terephthalate (PET) and polypropylene (PP)
was found in water in plastic bottles, while water from glass
bottles had a balanced concentration of different plastics.
This is due to the materials into which the water was filled.
Reusable plastic bottles are made of PET and screw caps are
made of PP."®! Products with a higher crystalline content
(PET-C) are suitable for use in everyday and consumer
articles and can be exposed to higher temperatures (tempor-
arily up to 200°C). However, due to the higher proportion
of semi-crystalline structures, they also tend to become
more turbid.® These concentrations of microplastics in
water do not cause any visible turbidity. However, due to
the increasing health and environmental concerns associated
with microplastics, it is necessary to increase the number of
analyses of water for plastics.

Biological turbidity

Organic turbidity can have biological or non-biological ori-
gins. On the biological side, turbidity can be caused by
microorganisms or their metabolic products. Due to the
selective properties of beer (low pH value, alcohol content,
hop bitter substances, COs, etc.), the growth of microorgan-
isms is restricted, and they play a subordinate role in the
formation of turbidity. However, poor industrial hygiene
can lead to primary or secondary contamination during bot-
tling, leading to contaminated beers that later become
cloudy. Microorganisms, such as fungi or bacteria can form
turbidity. Some are introduced into production by the raw
materials used and can damage the wort or beer. ! Only a
few types of bacteria and yeasts impair colloidal stability
leading to turbidity or sediment. These can be obligatory
beer-spoiling species, such as gram-positive bacteria, which
belong to the genera of Pediococcus and lactic acid bacteria,
and gram-negative bacteria such as Pectinatus and
Megasphaera. In yeasts, a distinction can be made between
cultivated yeasts and wild yeasts. Culture yeasts include
Saccharomyces cerevisiae and Saccharomyces pastorianus var.
carlsbergensis, wild yeasts, which can be obligate beer spoil-
ers, potential and indirect beer spoilers such as
Brettanomyces  bruxellensis and  Pichia anomala.l?”""%
Pediococeus damnosus can lead to sediment and turbidity in
beer. In addition, taste is strongly impaired because the pH
value of the beer is lowered, and diacetyl is formed.
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Pediococcus inopinatus is another bacterium of this genus
that causes damage to beer but occurs to a lesser extent.l””!
There are different types of bacteria that belong to the lactic
acid bacteria and occur more often in beer than pediococci.
Lactobacillus brevis is one of the microorganisms commonly
responsible for the microbiological contamination of beer.
This type of bacteria is an obligate spoiler and potentially
harmful to beer. It leads to a sour taste and turbidity.
Another frequently occurring lactic acid bacteria is
Lactobacillus lindneri, which is also an obligate spoiler and
potentially harmful to beer. Contamination with this species
leads to a slight clouding of the beer, while taste only
changes slightly or does not change. Depending on the
selective properties of the beer, other species such as
Lactobacillus  coryniformis and Lactobacillus casei can
occur. Many other types of lactic acid bacteria can also be
found to a lesser extent in beer.””*”**| The gram-negative
anaerobic bacteria Pectinatus and Megasphaera are obli-
gate beer-spoiling microorganisms. They only enter the
beverage as secondary contaminants during filling. This is
a stray contamination, since only individual bottles are
infected during filling. These two types of bacteria are
very damaging to beer and lead to beers with an unpleas-
ant odor and bad taste. Both microorganisms cause tur-
bidity, with only a slight fog appearing with Megasphaera,
while Pectinatus forms a strong turbidity, sediment and
possibly lumps.2"*7*1 Table 11 lists bacteria that form a
cloud and/or sediment and their route of entry into
the beer.

Yeasts can cause beer turbidity by appearing in larger
quantities in beer or by impairing colloidal stability through
their metabolites. In yeasts, a distinction is made between
cultured yeasts used in breweries, wineries, etc. and wild
yeasts. Wild yeasts can also be divided into Saccharomyces
or non-Saccharomyces foreign yeasts and into fermenting,
low-fermenting and respiratory yeasts.””! Culture yeasts
cause beer turbidity due to a high cell count in the finished
beer. This may be desirable for unfiltered beers such as
wheat beer or cellar beers. It is also possible, however, that
an undesired increase in the yeast can cause the beer to
cloud. This is the case when yeast passes through the filter
and there are sufficient nutrients for the yeast due to a low
degree of fermentation. Important representatives of wild
yeasts that cause turbidity belong to the category of fermen-
tative Saccharomyces yeasts. These are very similar to the
Saccharomyces culture yeasts and can cause other serious
defects besides beer turbidity. A yeast of this species is
Saccharomyces cerevisiae var. diastaticus. If beer is infected
with this yeast, over-fermentation occurs, ie., the utilization
of dextrins present in the beer. This is not a concern with a
regular brewer’s yeast. Over-fermentation leads to changes
in taste, to subsequent turbidity and to the formation of a
sediment. In the worst case, package swelling can also occur.
Another representative of wild yeast is non-pitching
Saccharomyces pastorianus. These are not over-fermenting
and at low fermentation can result in issues including tur-
bidity. Brettanomyces bruxellensis is an example of a non-
Saccharomyces wild yeast that can cause turbidity.””!! Table
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Table 11. Cloud-causing, beer-spoiling bacteria; L. = Lactobacillus; (++ = very strong; + = strong, — = weak; —— =

very weak),®-"

Nature Occurrence Turbidity Sediment

L. brevis secondary, primary if necessary + +

L. brevisimilis primary - -

L. lindneri primary - -

L. casei secondary, primary if necessary - -

L. coryniformis mostly secondary, primary if necessary - -

L. plantarum secondary - -

Pediococcus damnosus primary - +

Micrococcus kristinae - - -

Pectinatus cerevisiiphilus / frisigensis secondary ++ ++

Megasphaera cerevisiae secondary - -

Gluconobacter oxydans — + —=

Zymomonas mobilis — + +
Table 12. clouding, beer-damaging yeasts; S = Saccharomyces; B = Brettanomyces; (++ = very strong; + = strong, — = weak; — — = very weak).**~?
Nature Frequency Fermentability Occurrence Turbidity Sediment
S. cerevisiae frequent fermentative primary - -
S.p J var. carlsbergensi frequent fermentative primary — —
S. cerevisiae var. diastaticus frequent fermentative, over-fermenting primary, secondary if necessary + +
S. bayanus from time to time fermentative - - -

S. pastorianus
Pichia anomala
B. bruxellensis
B, claussenii

from time to time
from time to time
rare
rare

fermentative
respiratory yeast
fermentatively weak
fermentatively weak

Table 13. Overview table of important turbidity types and origins in beer, non-alcoholic beverages (nab) and water.

Turbidity Origins Kind Occurs Cause / trait
Chill haze protein organic; non-biological Beer, nab When heated reversible
polyphenolic complexes
Permanent haze protein organic; non-biological Beer, nab irreversible
polyphenolic complexes
Turbidity due to carbohydrates  carbohydrates organic; non- Beer, nab Caused by malt or yeast;
biological/biological possibly filtration
problems, increase
in viscosity
Calcium oxalate calcium, oxalic acid organic; non-biological Beer, nab Small insoluble crystals
Cultured yeasts microorganism organic; biological Beer, nab Additional taste and/or
aroma changes
Wild yeasts microorganism organic; biological Beer, nab Additional taste and/or
aroma changes
Bacteria microorganism organic; biological Beer, nab Additional taste and/or
aroma changes
Dirt particles Residues in containers, inorganic Beer, nab Label remnants, filter aids etc.
process error
Mineral turbidity Residues from pipes, inorganic water (possibly beer, nab)  flocculation

flocculation

Microplastics ubiquitous in waters

organic; non-biological

Beer, nab, water None or hardly any

visible turbidity

12 shows the most important representatives of cultured and
foreign yeasts that can occur in beer. This table also indi-
cates the frequency of contamination with these yeasts, their
fermentability and their tendency to form turbidity
or sediments.

Oxalate turbidity

Oxalate turbidity is an organic turbidity of non-biological
origin. It results from the formation of calcium oxalate by
the reaction of oxalic acid and calcium. The oxalic acid
required for this comes from the malt, whereby wheat malt
contains about twice as much as barley malt. The oxalic
acid content also depends on the vintage of the respective
harvest. If soft water is used for beer production, the cal-
cium content is low during brewhouse work. This leads to

a high content of free oxalic acid in beer, because only a
few soluble oxalate salts are produced, which can be sepa-
rated out during the brewing process. The use of hard or
poorly treated water for rinsing filtration systems or for
re-dilution in high-gravity brewing means that calcium can
be reabsorbed into the beer and lead to the formation of
virtually insoluble calcium oxalate.'*” Calcium oxalate pre-
cipitates in the form of various crystals and forms turbidity
from a concentration of more than 20mg/L or leads to
sediments.[**! This type of turbidity can easily be prevented
by careful water treatment or it can be precipitated by a
sufficiently long storage time. It must be ensured that suffi-
cient calcium is present in the brewing water in the hot
area of the production and that only a small amount is
introduced and dissolved the subsequent process
steps. 2027751

in
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Overview of turbidity types

Table 13 gives an overview of all the important types and
origins of turbidity in beer, non-alcoholic beverages (nab)
and water. It is divided into origin, source, appearance and
the causes or properties.

Economic consequences

For the large retail chains, the longest possible best before
date (BBD) of a product is an important factor to include in
their product range and makes economic sense. The product
does not have to be disposed of if the shelf life is longer,
which ensures that almost the entire stock can be sold. For
many breweries, however, long shelf-life requirements are a
problem. Beer is a fresh product with chemical and physical
properties that change over time and impact taste. %!
However, it is in the breweries’ interest to sell a flawless,
high-quality product that is visually consistent and has a
consistent taste for the end consumer. The end consumer
should associate the brand with the quality desired and sup-
plied by the brewery to establish customer loyalty. However,
in order to be listed by various retail chains, often a shelf
life of 9months or more is required. Realistically speaking,
such a long shelf life is hardly possible without changes in
the product’s taste. In addition, most beers are stored at
room temperature in retail stores, transported in warm
trucks or, in extreme cases, exported for several weeks in
warm shipping containers, which greatly accelerates the age-
ing process. The ageing stability of a beer can be divided
into three different categories: The chemical-physical stabil-
ity, the microbiological stability, and the taste stability. The
best before date of a beer can be determined on the basis of
these three factors. Microbiological stability is particularly
important. If this is not guaranteed, the product may spoil
within a few days. However, microbiological stability can be
ensured by using flash pasteurization or pasteurization. As
already mentioned, it is almost impossible to achieve the
taste stability of a warm stored beer for its entire shelf life.
However, the change in taste can be minimized by selecting
suitable raw materials and adapting the brewing process.
The chemical-physical stability is the stability against the
formation of colloidal turbidity particles. The majority of
consumers demand a filtered, glossy beer and associate tur-
bidity, which can also occur with microbial contamination,
with spoilage. As long as this is the prevailing view, a beer
should have no turbidity until the best before date is
reached. Guaranteeing this is an expensive endeavor for
many breweries. The most frequent measure to avoid col-
loidal turbidity is the use of PVPP. In addition to polyphe-
nol stabilization, stabilization is also possible by removing
proteins that cause turbidity. In addition to the high costs
associated with stabilization, the use of stabilizing agents is
subject to increasing criticism in society. Media interest is
very high, which is accompanied by damage to the reputa-
tion of many breweries that constantly advertise the natural-
ness of their beer in their marketing material. Clouding of
the beer can have other causes than proteins and polyphe-
nols. The prevention of turbidity requires the entire process
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to be considered. Potential turbidifiers can be influenced at
every stage of the brewing process. It is also important to
reliably identify and trace any turbidity that has occurred in
the product.

Outlook

Part 1 of the review examined beer turbidity problems. The
various causes and origins of turbidity were discussed. Part
2 will deal with Raman spectroscopy (RS) and the complex
medium of beer and show possible approaches to how it
could be implemented for turbidity analysis in beer and
other beverages.
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PART 2

2.3 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:
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ABSTRACT

Beer turbidity Part 1 focused on beer turbidity, it origins and problems. Beer Turbidity Part 2
focuses on Raman spectroscopy (RS), especially on TI-RMS (Turbidity Identification - Raman
Micro-Spectroscopy). 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 bev-
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erage analysis. Analysis of turbidity in beer is often limited to optical, microscopic and enzymatic
analyses. This review explores in detail turbidity identification using Raman micro-spectroscopy as
a way to identify beer turbidity particles and the possibility of establishing it as a future robust

analysis method for beer.

Introduction - current state of Raman
spectroscopy research

In addition to beer foam, one of the most important visual
quality characteristics of filtered beers is gloss fineness.'*!
Even a slight opalescence impairs the appearance and
reduces consumer acceptance. Accordingly, turbidity is given
a high level of attention along the entire value-added chain
and is ideally prevented via suitable countermeasures.””’ For
undesirable haze, it is first necessary to identify the haze
particles. However, the analysis is often limited to optical,
enzymatic and microscopic analyzes.[“] In recent vyears,
Raman Spectroscopy has been established as a powerful tool
in many research fields such as biology, medicine and
archaeology. It offers another possibility to identify and
characterize turbidity particles. Previous applications of
Raman Spectroscopy can be found in various research areas.
The applications range from the characterization of proteins
and the rapid identification of pathogenic microorganisms,
to the early in vivo detection of cancer cells, and the age
determination of archaeological finds.®™® The advantage
over other methods is that it provides a fast, non-invasive,
non-destructive and high-resolution measurement. It also
offers a high information density in the recorded spec-
tra.®1 This makes it easy to work with samples in liquid
media and requires no laborious sample preparation,™ 1111
A significant exception is complex media such as beer, since
the variety of ingredients means these require accurate
knowledge of the composition and their Raman spectra.”®) A
multitude of organic constituents (e.g., amino acids, vita-
mins, phenols, iso-z-acid) can cause fluorescence, leading to
drift movements in the Raman spectra that superimpose the
actual Raman signals.'? Treatment is also more elaborate

in that the samples must first be decarbonated.""*" This
article is intended to give a general overview of Raman
Spectroscopy, with a focus on Raman Micro-Spectroscopy
(RMS) in connection with the turbidity issue and presents
the likely problem areas and some possible solutions.

Microscopy
Confocal microscopy

Confocal microscopy is a modification of conventional
optical light microscopy. It is characterized by better reso-
lution and the possibility to record optical sections through
a sample. These can then be combined into three-dimen-
sional images using imaging software. ™! In contrast to con-
ventional light microscopy, confocal microscopy detects the
pixels from the focal plane individually. Normal light micro-
scopes image all points in the focus at the same time. This
method is also used to image points that are not in the focal
plane. The overall image is therefore diffuse and lacks the
necessary depth of field. The theoretically achievable reso-
lution limit is described by Abbe’s formula or the Abbe
limit.

LA
nsing  NA

The quotient of the wavelength 4 of the light used and
the numerical aperture NA of the lens used gives the achiev-
able resolution d. This describes the minimum distance that
two lines in a grating must have so that they can still be rec-
ognized as separate lines.'"*'”) By connecting pinholes, both
the illumination beam path and the detected light beam are
selected. Light from outside the focus is blocked by the
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Figure 1. Beam path scheme of a) conventional and b) confocal microscopes.m' [adapted].

pinhole.!">' ! Figure 1 shows a comparison of the func-
tional principles and the design of conventional light micro-
scopes and confocal microscopes.!"”!

Although the optical resolution limit of confocal micros-
copy is also limited by Abbe’s diffraction limit, the reso-
lution theoretically improves by a factor of 1/(,2). Confocal
microscopy allows images with significantly improved reso-
lutions due to the suppression of these non-focal signals.“s]
In order to obtain a complete image of the sample and to
achieve the high contrast, the individual pixels are serially
illuminated and screened. The resolution of the obtained
image plane is determined by the numerical aperture and
the magnification of the objective used, as well as by the
diameter and the selected distance of the pinhole./'>!* 6]

Raman spectroscopy

Raman spectroscopy (RS) has become one of the most
powerful analytical methods in chemical-technical analysis
in recent decades. The complementary analysis method of
infrared spectroscopy (IR or FTIR) is often used as a com-
parative method of RS. Both methods offer advantages over
each other and complement each other. Due to its basic
physical principles and analytical settings, RS nevertheless
has some important advantages. The high molecular specifi-
city and easy implementation in existing systems allows the
use of RS systems in many technological fields. Besides their
chemical-analytical and biotechnological relevance, such sys-
tems are also often used in diagnostic medicine, forensic sci-
ences or astrophysics.!"®)

Raman effect
The physical principle on which RS is based is called inelas-
tic light scattering. The Austrian physicist Adolf Smekal first

predicted the existence of frequency-shifted scattering lines
in 1923. This effect, termed the Smekal Raman effect, was
then experimentally proven in 1928 by the Indian physicists
C. V. Raman and K. S. Krishnan."® 21 This effect is
understood as the phenomenon that the scattered light spec-
trum of a solid, liquid or gaseous chemical compound irra-
diated with monochromatic light contains various weaker
lines (referred to as Raman lines) in addition to the line of
exciting light. These are due to energy interactions such as
oscillations and rotations, between the scattering molecules
and the stimulating radiation.!'® '>2) Furthermore, elastic
scattering types exist, for instance Rayleigh scattering.
Among other things, this is responsible for the blue color-
ation of the sky during the day. The underlying Tyndall
effect describes the transmitted light intensity as a function
of wavelength. Accordingly, shorter wavelength blue light is
scattered more than red light, with longer wavelengths.
Shortly before sunset the angle of incidence is very small
and due to the long way through the atmosphere, the blue
components of the light are scattered almost completely.
What remains are the longer-wave, red light rays, which are
commonly referred to as “evening red”.!*!

1

/{4

1=

The Tyndall effect is also relevant for Raman scattering
and the Raman spectroscopy based on it, since it plays a
decisive role in the selection of suitable laser wavelengths.!*!]
Light scattering is a relatively weak phenomenon by nature.
On average, only about one in 10° photons is scattered by
an irradiated sample. The rest of the light passes unhindered
through the sample and is therefore called transmitted
light.2] Of this small number of scattered photons, only a
very small proportion of the photons are Raman-active
(about one of 106-108 photons) and can be detected for
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Figure 2. Energy diagram showing the vibrational quantum states of molecules in Rayleigh (left), Stokes (center) and anti-Stokes scattering (right).*!

further measurements.!"*) In the original experiment, solar

rays were focused with a lens and passed through a sample
of purified water. The scattered radiation was then bundled
by a second lens and detected by various optical filters.
Thus, the frequency shift could be detected. At that time,
however, the results were purely qualitative and not yet
quantifiable.!'”! Through the development of modern laser
and microscope technologies, a sufficiently high photon
density can be guaranteed even for very small samples (<
1 pm is theoretically possible). However, this is accompanied
by increasing difficulties in parameterizing the measurement,
fluorescence interference signals and thermal loading of the
sample material.'® The correct choice of laser is essential
for the analyses and the result.['* '® 2"

Raman spectroscopy is a vibrational spectroscopic ana-
lysis method. As in infrared spectroscopy, it can be used to
observe energy interactions resulting from movements at the
molecular level. The functional principles of infrared (IR)
and Raman spectroscopy differ from each other. In IR spec-
troscopy, the samples are excited with a wide frequency
range of infrared energy. The molecules absorb the energy
when the frequency of the incident radiation corresponds to
the frequency of a vibrational state of the molecules. The
frequency decrease is detected and the resulting spectrum
can be used to identify the substances.!"” ' In Raman spec-
troscopy, the scattering molecules are excited by radiation
sources with a very small frequency range. They reach
higher or lower energy levels and then release part of their
energy to the irradiated photons. This frequency or energy
difference between exciting and emitted radiation is detected
and is unique for each group of molecules. Peaks of the
respective molecule groups are imaged on the frequency
spectra. These “fingerprint” areas can then be used to iden-
tify unknown substances.!'°!

The detected Raman-active scattered radiation can be div-
ided into three categories according to their frequency shifts.
The Rayleigh scattered radiation has the same frequency as
the stimulating output radiation, which is referred to as fully
elastic scattering. The irradiated photons only hit the elec-
tron cloud in the immediate vicinity of the nucleus. Due to
the low electron mass, the frequency shifts and the energy

differences of the scattered photons are so small that they
cannot be detected. Therefore, no information can be gener-
ated on the scattering molecular groups.™* '°! Rayleigh scat-
tering makes up the largest part of the scattered radiation
detected and must often be attenuated by suitable optical fil-
ters in order not to damage or overload the sensitive CCD
(charge-coupled device) detectors.!™! The relevant Raman
scatterings are divided into Stokes scattering and anti-Stokes
scattering according to their energy interactions with the
scattering molecule. In Stokes scattering, the irradiated pho-
ton transfers energy to the scattering molecule. This mol-
ecule is raised from its energetic ground state to a higher,
virtual energy level and then returns to the next higher
vibration-excited state. The emitted photon has a lower fre-
quency and energy than the stimulating photon. In the
Raman spectrum, the Stokes lines are detected and imaged
in the longer-wave, ie., redshifted, region."* '° In contrast,
the scattering molecule in anti-Stokes scattering transfers
energy to the photon and thus reaches a lower energy level.
The emitted photon again has a higher energy and fre-
quency than in its initial state. The anti-Stokes lines are
detected in the shorter wavelength, blue shifted range. This
means that the scattering molecules must already be in an
excited state of vibration in order to enable anti-Stokes scat-
tering at all, Figure 2 shows the scheme of the energy inter-
actions of the individual scattered light types and the virtual
energy levels. The variable v indicates the vibrational quan-
tum state of the sample.

According to the Boltzmann distribution, however, there
are significantly fewer molecules in the excited oscillation
state at room temperature than in the energetic ground
state.?*] Therefore, the anti-Stokes scattering radiation is
basically weaker and thus offers less potential than the
Stokes scattering radiation.'* ' Although there are meth-
ods to efficiently generate and record Raman signals by
means of anti-Stokes scattering radiation, these require a
higher equipment investment as well as more complex sam-
ple preparation methods. Therefore, adapted spectroscopy
methods such as coherent anti-Stokes Raman spectroscopy
(CARS) are only suitable for specific analyses.[H’ »l
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Figure 3. Beam path of a confocal Raman micro-spectroscope.®® [adapted].

Functional principle of Raman spectroscopy

Figure 3 shows the schematic beam path within a confocal
RS system.”! The laser beam is focused on the confocal
plane of the sample via one or more pinholes and a series of
filters (A-F). The photons scattered at the sample molecules
are guided through the optics of the microscope onto an
optical filter (I). This filter only allows light to pass through
if its wavelength differs from the wavelength originally irra-
diated by the laser. A large proportion of the Rayleigh scat-
tered light is filtered out of the beam path, which makes the
significantly less intense Stokes and anti-Stokes scattered
rays measurable. The filtered scattered light is focused once
again with the aid of a pinhole (J) and is then guided via
laser fibers into the connected spectroscope onto a diffrac-
tion grating, The diffraction grating splits the light beam
according to wavelength ranges and scatters it over the
detection surface of the CCD detectors (L). Here the radi-
ation is converted into an electronic signal, which can then
be calculated by the respective spectroscopy program using
complex algorithms and imaged as a Raman spectrum of the
respective substance.!'® 2!

The time required to analyze the RS depends on several
factors. On the one hand, the method requires a more com-
plex sample preparation, depending on the type of scatter
tested. Samples to be examined on the basis of their anti-
Stokes scattering tendency must be kept at a higher energy
level before and during the measurement.”® This is usually
performed with the aid of a thermoblock in which the sam-
ple holder is located. The choice of laser wavelength also
has an effect on the duration of the analysis. Higher wave-
lengths correlate proportionally with the decreasing intensity
of the scattering signals. The use of EM-CCD detectors
(electron multiplying charge-coupled device) has a positive
effect on the measurement duration. In this relatively new
development, weak signals such as Raman signals are routed

beam
splitter
(D)

% optical grating (K
>_||‘ [ p g g (K)

aperture
diaphragm (J)

CCD camera (L)

lens (E)

over an amplifier path and electronically amplified."®! In
this way, measurements can be accelerated by a factor of up
to 20.°¢!

Laser types of Raman spectroscopy

A Raman spectrometer consists of three main components.
These are a laser source, a sample irradiation array, and a
spectrophotometer. There are different types of lasers that
can be used for this procedure. For example, argon ion
lasers (454.3-528.7nm) are used when high sensitivity is
required.”””! Helium neon lasers (611-640nm) have a lower
intensity than the aforementioned laser, but are less expen-
sive. The Nd:YAG laser (1065nm), which produces less
fluorescence at higher wavelengths in the infrared range, is
also being used more frequently.!®®**! Lasers with wave-
lengths of 532nm and 785nm are also often used. The
532nm is green light, which can be emitted by a Nd:YAG
laser. A laser with a wavelength of 785nm is in the near-
infrared range and is provided by Al-GaAs lasers. In add-
ition, there are numerous other types of lasers, but these are
less important in the Raman process.*®) Table 1 lists some
lasers commonly used in Raman spectroscopy.

Interpretation of Raman spectra

The spectral ranges of a Raman spectrum can be subdivided
according to the excited molecular groups. Figure 4 shows a
Raman spectrum of acetophenone. The convergent IR spec-
trum and the four frequency ranges described below are also
shown. In the first wavelength range from 3700cm ' to
2500 cm ™', mainly monovalent molecular groups such as
OH, NH and CH groups of saturated and unsaturated com-
pounds are detected. This peak occurs more or less strongly
in all organic compounds and is therefore of little relevance
for the identification of unknown substances. The next
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Laser Wavelength [nm] Spectrum Field of Application
Argon ions 454.3-528.7 blue to green inorganic material
Helium neon 630 red fluorescence suppression
Nd:YAG 355, 532, 1064 ultraviolet to infrared fluorescence suppression, organic material
Krypton ions 350-800 blue to red fluorescence suppression, organic material
Diode laser 785, 830 near-infrared to infrared fluorescence suppression, organic material
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Figure 4. Raman spectrum with convergent IR spectrum of acetophenone.Bﬂ [

molecular
[33]

range from 2500cm™' to 1900cm™! covers
groups with triple bonds or accumulated double bonds.
These include nitrogen compounds such as cyanates, nitriles
and isolated thiol compounds. The third range goes from a
wavelength of 1900cm™' to about 1500cm™'. From car-
bonyl compounds and C=C-/C=N double bonds, through
aromatics, ketones, esters to amides and aldehydes, a large
number of specific molecular groups can be detected in this
range.'6 34

The last area is below a wavelength of 1500cm ~ and is
called the fingerprint area. In this area several oscillation
spectra of different origins can be found. Examples are
deformation oscillations, valence oscillations and framework
oscillations, but inorganic and metallo-organic oscillations
can also be detected here.”! This fingerprint area is sub-
stance-specific and characterizes the molecule. An overview
of the Raman-active (and infrared-active) molecular groups
as well as single oscillations and their respective frequency
ranges can be found in Figures 5-9./'°!

1

Advantages of Raman micro-spectroscopy (RMS)
In addition to Raman spectroscopy, there are several other
quantitative analysis methods for trace and substance

adapted].

identification. The purely optical identification of micropar-
ticles was used in many studies only a few years ago. Even
in combination with possible staining methods or optical fil-
ters, the results of such studies are not empirically reliable
as they may contain a human error factor and are difficult
to reproduce.?! Due to the development of new, significant
analytical methods, this scientific practice was largely aban-
doned and now only serves as a preliminary microscopic
examination. The group of thermoanalytical detection meth-
ods comprises various sample preparation and chromatog-
raphy systems as well as various combinations of these two
subgroups. Examples from the subgroup of sample prepar-
ation and sampling methods are solid phase extraction
(SPE), thermal extraction and desorption (TED) and pyroly-
sis (Py). The analytical part of the measurement methods is
performed using methods such as gas or liquid chromatog-
raphy (GC/HPLC), mass spectroscopy (MS) or thermogravi-
metric analyses (TGA).I'® 261 All of these methods are
suitable for the analysis of microplastic particles (MP) and
their additives. However, all of these analyses are also inva-
sive methods, i.e., the destruction of the samples prevents all
further analyses. They also require a relatively large amount
of sample material and can therefore only be used from a
certain particle loading or for particle sizes from
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Figure 5. S‘mgI? [u])g]cillation and group frequencies as well as indications of possible intensities of peaks usually identified during Raman scattering
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approximately 100 um.1*" 2! Accordingly, the thermoanalyt-

ical methods, the vibrational spectroscopic methods RS and
FTIR are subject to both process engineering requirements
and minimum detection limits.

The alternative method of RMS, the complementary ana-
lysis method of Fourier transform infrared spectroscopy, is
often used for direct comparison with RS due to its

sulphonamide

| Sulphonic acid

of possible intensities of peaks usually identified during Raman scattering

Si-0-Si
Si-0-C

v C-C aliphatic
chains

Carboxylic CHX=CYZ
acid
dimer

of possible intensities of peaks usually identified during Raman scattering

similarity. Both methods generally function according to the
same physical principles and differ predominantly in the
excitation wave range used. The application areas and possi-
bilities of both methods often overlap.!'® ¢! Nevertheless,
there are various differences between the two analysis meth-
ods, starting with the minimum resolution limit. The theor-
etical resolution limit of the FTIR, for example, is between
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Figure 9. Single oscillation and group frequencies as well as indications of possible intensities of peaks usually identified during Raman scattering (700-0 cm

L7um and 13 pm, depending on the exciting wavelength
range. The empirically determined minimum resolution
limit, however, was determined at about 20 pm. Particles
smaller than 20 pm can also be detected. However, the iden-
tification accuracy decreases with decreasing particle
size 124 261

In contrast, RS is the only non-invasive analysis method
that enables the chemical identification of MP particles >
1 pm. Theoretically, the detection limit of the RS is even
below 1pm, but the result depends strongly on the magnifi-
cation and numerical aperture of the objective, the wave-
length of the laser, the diameter of the laser dot and matrix
effects of the samples themselves.*'! The minimum reso-
lution that can be achieved using this optical method can be
calculated using the Rayleigh criterion.!®!

0.61 4
NA

Particle sizes below this diffraction limit can only be
detected by non-linear Raman applications."® 'l Another
advantage of RS compared with FTIR is the easier sample
preparation. Aqueous samples can be analyzed directly with-
out preparation, since water has only a weak tendency to
scatter. In addition, the use of sample carriers made of glass
or quartz has no effect on the results.** The major draw-
back of RS is the possibility of interference and fluorescence
signals when analyzing environmental samples. A variety of
microbiological, organic and inorganic contaminants can
significantly influence the identification of such samples and
so suitable cleaning steps are usually carried out when ana-
lyzing environmental samples. In addition, carefully selecting

dRaylr'Igh =
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the analysis parameters (e.g., ALaser, PLaser, NA objective,
etc) can avoid a large part of the fluorescence over-
Iaps.["" 26)

Difference: normal to inverse confocal Raman micro-
spectroscopy

In addition to normal Raman spectroscopy, in which a sam-
ple is analyzed in the gaseous, liquid or solid state, there is
also confocal Raman microscopy. Figure 10 schematically
illustrates the principle of Raman spectroscopy and Raman
micro-spectroscopy. While in the traditional version the
substance to be investigated is examined non-specifically in
its entirety, a selected particle can be identified in micro-
spectroscopy.[m Normal Raman spectroscopy aims to ana-
lyze a sample quantitatively and qualitatively. This includes,
for example, the investigation of mechanical stress, crystallo-
graphic orientation and the determination of the concentra-
tion of substances in solutions or gases. Raman micro-
spectroscopy focuses on qualitative analysis. It serves to
identify and investigate substances. These can be of bio-
logical origin, such as microorganisms or chromium chro-
mosomes, but non-biological material, such as plastic, can
also be examined for its chemical composition.!*®’

Figure 10 shows the difference between normal Raman
spectroscopy and Raman micro-spectroscopy. As can be
seen on the one side of the image, in the classic version the
sample is irradiated with a laser for examination. All sub-
stances within the laser beam are excited rather than indi-
vidual particles. The concentration of the substance can be
determined if the samples are gaseous or liquid. If the
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Figure 10. Difference between Raman spectroscopy and Raman m'\cro-spectroscopy.[m [adapted].

sample is homogeneous, it is also possible to identify which
substance is present. With heterogenic samples, on the other
hand, it is difficult to identify individual molecules because
they are not excited individually. Due to fluorescence, the
Raman bands can be masked. Solutions must also contain a
high concentration of the particles to be investigated so that
the Raman bands are not falsified by the solvent if a solvent
other than water is used.?® * %! In contrast to classic
Raman spectroscopy, Raman micro-spectroscopy allows the
analysis of a single particle. This type of spectroscopy uses
light in the visible spectrum up to the near-infrared range.
The laser beam is focused to a point through the microscope
lens and it is thus possible to excite and examine microscop-
ically small particles in a targeted manner. If a confocal
microscope is available, particles in deeper planes can also
be analyzed with transparent substances and not only the
surface.>®! In the solid state, substances such as minerals
and plastics are analyzed without much sample preparation.
In the case of aqueous solutions or dispersions, sample
preparation can be more complex. Optical tweezers are
required to examine particles in suspension in liquids.m]
The different methods also require special equipment. The
normal Raman spectrometer consists of four important
components. These are the light source of the excitation
laser, the arrangement for irradiating the probes and Raman
probes, a spectrometer and a CCD detector. In addition to
these components, a confocal Raman microspectrometer is
equipped with an optical microscope. For an axial sample
examination, an aperture with perforated plates is required
to ensure confocality.”® I the microscope is inverted, the
design of the instruments is slightly different. With a micro-
scope of this type, the sample is not illuminated from below
and viewed from above as usual, but vice versa. The slide is
irradiated from above, while the objective is mounted under
the specimen. This has the advantage that, for example,
samples in aqueous solution, which may form a sediment,
can be better examined. While with normal microscopes a
thin film of the sample is transferred onto a slide and cov-
ered with a cover glass, when using inverted microscopes, a

slide must be turned upside down in order to examine the
sample it contains. The distance between stage and illumin-
ator is greater than with conventional microscopes, allowing
larger specimens and sample vessels.

Raman microscopy of liquid samples
Raman microscopy of liquids or aqueous solutions can be
performed with little preparation, depending upon the
nature of the sample. However, in the case of liquids with
fluorescent components or impurities, analysis can be diffi-
cult and require more complex sample preparation. Since
water only weakly triggers the Raman effect, aqueous solu-
tions are well suited for examination by Raman spectros-
copy. Therefore, particles that are finely dispersed in water
and in suspension - dispersions - can be analyzed. Such
samples are usually excited with light in the visible or near-
infrared spectrum, which allows the use of a microscope.””!
Many liquid samples are examined in a glass cuvette or glass
tubes at room temperature. The sample containers can also
have different colors, which allows, for example, the examin-
ation of samples in brown glass bottles."™ The sample is
irradiated by a laser to a point inside the liquid to create an
energy-rich area. In this energy-intensive zone, the scattering
of photons is most efficient, and the Raman effect is more
likely to occur. In the case of clear liquids, this zone is rela-
tively clearly defined and there is little scattering outside the
energy-rich zone. In turbid liquids, the intensity of the laser
beam is attenuated, resulting in a lower Raman effect. Light
is also absorbed due to turbidity, which can heat and dam-
age the sample. Since in this case the laser only poorly pene-
trates the sample, the scattering within the liquid is small
and is absorbed again by the surrounding areas. The
detected scattered photons originate from the surface or the
uppermost layers of the liquid.""?!

The frequency plays an important role in the selection of
a suitable laser. The higher the frequency, the higher the
Raman sensitivity. Energy-rich ultraviolet radiation is there-
fore particularly suitable for excitation of scattering.
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Although high-frequency excitation has advantages, it is
rarely used. UV radiation is often absorbed by the samples
and heat-induced damage can occur. Lasers with high-fre-
quency radiation are also more expensive to purchase and
more complicated to handle. It is also not possible to use a
microscope because the light is in the non-visible range.“ﬁ]
For dispersions, it has been shown that Raman microscopy
is suitable for examining individual particles in their sur-
rounding medium.**! A laser with a wavelength in the vis-
ible or near-infrared range is chosen for excitation, which
makes it possible to use a microscope. If confocal micro-
scopes are used, the laser can be focused on a small volume,
a single particle can be identified and its behavior in relation
to directly adjacent substances can be investigated. One dif-
ficulty is to keep the confocal focus of the microscope and
the laser on the volume with the particle to be examined,
since in an aqueous solution it is not possible to prevent
molecular movement. This problem is solved by using
optical tweezers. The particle to be examined is held in pos-
ition by the laser beam. If the refractive index of the particle
is greater than that of the surrounding medium, it is held in
the focus of the laser and overcomes gravitational and ther-
mal forces. In this way, particles in liquids can be examined
up to a mass in the femtogram range (10™"° g). Depending
on whether a particle is smaller or larger than the wave-
length of the used light, the effects vary as a particle is held
in the microscope’s focus. If the object to be examined is
larger than the wavelength of the laser, it is kept in the focus
of the laser beam due to the transmitted impulse of the light
phomns.[ss] If it is smaller than the wavelength of the light,
a particle induces a larger dipole moment due to its higher
polarizability and is pulled into the focus of the laser beam
because a force is generated along the field gradient.“s‘ 37
This force is stronger than the scattering force that forms
when light hits a surface and acts along the radiation of the
light. The particle is drawn to the point of greatest light
intensity. However, this effect only works for transparent or
weakly absorbing particles. If the particles are highly light-
absorbing, the scattering force is higher, and they are moved
away from the light source. To prevent this, a glass plate
can be placed over the focus of the laser. A displacement of
the particle from the zone of greatest intensity is thus
avoided.*! Longer wavelengths are preferred because of the
small volume into which the laser beam is focused. These
wavelengths are associated with a lower frequency and are
therefore lower in energy. This prevents heating and thus
damage to the sample. Sensitive samples, such as microor-
ganisms, cannot tolerate an intense laser over a longer
period of time without damage. Therefore, lasers with a
wavelength in the visible to infrared range (460nm to
780 nm) are used. The radiation is relatively low in energy,
but capable of stimulating the Raman effect. In addition, the
fluorescence is reduced at small wavelengths, which
improves the results of Raman spectroscopy. Lasers include
krypton ion lasers, titanium sapphire lasers or Nd:YAG
lasers. Depending on the type of substance to be examined,
the laser and its frequency need to be adjusted to avoid
fluorescence and damaging the sample.*®! In addition,
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suitable monochromators and filters must be used to filter
out Rayleigh scattering. By using spectrometers with CCD
detectors, the Raman shift is determined and the sample
identified. Even at higher wavelengths, a certain amount of
heat is generated, which is why the temperature must be
controlled in this type of investigation. The use of a tem-
perature-adjustable cell allows cooling of the sample.I3 51

Raman microscopy of solids

Raman microscopy is also suitable for the examination of
solids. These substances can be present in any form (e.g., as
powder or crystalline). Sample preparation for solids is sim-
ple or in some cases not even necessary. Powdery substances
in a solid state are usually filled and analyzed in containers
with a small hole or in glass capillaries. For larger non-pow-
dery materials, such as fibers, the sample can be placed dir-
ectly into a Raman microscope and analyzed. To avoid
damaging the product, it is rotated. This means that the
laser is not focused on a single point over an extended
period of time. Depending on the purity of the substances, a
lower-energy frequency with a longer wavelength can be
selected to avoid fluorescence excitation.™ For solid sam-
ples, an argon ion laser is often used with a wavelength of
approximately 514nm in the visible spectrum. This is a laser
with green light that is particularly suitable for material of
inorganic origin. A laser with a wavelength in the UV range
is ideal for organic substances such as proteins, but this
spectrum is outside the visible range and therefore not suit-
able for microscopy.l‘m]

In general, Raman spectroscopy is suitable for most sol-
ids. An exception are metals in their pure form. Metals are
not polarizable, and light is only reflected. Thus no molecu-
lar oscillations are excited, which are necessary for the
Raman effect.*” Even the smallest solid particles from flue
gases, including diesel exhaust gases, can be investigated by
means of solid phase microextraction (SPME)."™!) First, the
exhaust gases are collected in special sample containers with
a septum. The protective cannula of the SPME pierces the
septum to expose a quartz barrel to which the particles
accumulate in the flue gas. This fiber can be examined by
confocal Raman microscopy. First, the Raman spectrum of
the quartz fiber is determined in its original and enriched
state. By comparing the spectra, any influence from the
quartz can be excluded. Individual particles smaller than
lum can be analyzed from the uppermost layer of the
quartz fiber. This method does not require optical tweezers,
as is the case with the examination of particles in liquids,
because the particles are already fixed on the fiber. The laser
used for this study was a helium neon laser with a wave-
length in the visible spectrum of 632.8 nm."*!! The use of
SPME is not only suitable for the smallest solids from flue
gases, it can also be used for liquids. If highly volatile sub-
stances are to be investigated, the quartz fiber of the SPME
can be held in the headspace of the sample container. If
volatility is low, it can also be immersed directly in
the liquid.'*"!
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Raman microscopy of gaseous samples

Gaseous substances can also be examined using Raman
spectroscopy. However, their low density makes the intensity
of the Raman bands for gases much weaker than for solids
and liquids. To increase the intensity of the bands, special
glass cuvettes with integrated mirrors are used to reflect the
radiation of the laser and thus excite the sample several
times.'*?! Since the Raman effect is not based on the change
of the dipole moment but on a periodic change of the polar-
izability, hydrogen, nitrogen and oxygen molecules can also
be identified, which is not possible in IR spectroscopy.[sg] In
contrast to the investigation of solid substances, it is not
possible to analyze individual molecules in gaseous samples
because they cannot be fixed. However, confocal Raman
microscopy can be used to identify gas inclusions in trans-
parent media. The gas bubbles in the substance must have a
volume of only a few um’. The distance between the inclu-
sion and the surface of the examined object is important.
The deeper the bubble, the weaker the signal and thus the
Raman intensity. Objects that have not been developed for
optical applications contain impurities. These can impede
the laser beam and thus be responsible for a weaker Raman
effect. The object does not have to be destroyed to identify
the contained gas, which is a great advantage of this non-
invasive analysis method."*! An argon krypton laser, which
is located in the visible spectrum with a wavelength of
514.5nm, can be used.*!

Fluorescence

A major topic affecting the efficacy and applicability of the
Raman effect is fluorescence. As a background signal, this
strongly limits Raman spectroscopy. It is produced as a
spontaneous emission of light by the excitation of the mater-
ial to a higher energy level and can be caused by the sample
itself or by impurities in it. Fluorescence superimposes the
weak Raman effect and can strongly impede the recording
of the Raman spectrum.[‘“] Beer contains a wide range of
organic and inorganic substances. These include some sub-
stances that tend to autofluoresce.'> **! The Raman analysis
of beer’s own turbidity particles or particles that have been
in contact with beer can therefore lead to fluorescence prob-
lems. The Stokes and anti-Stokes lines, as already described
(Figure 2), which are important for the Raman effect, are
caused by inelastic scattering and by the energy exchange
between photon and molecule, which results in a change of
the energy level of a particle. In fluorescence, however, the
incident light is completely absorbed and the molecule
remains in an excited energy state for a certain time. The
release of photons causes the molecule to return to its ener-
getic ground state, creating fluorescence. The wavelength of
the emitted light of fluorescence is always higher and there-
fore lower in energy than that of the irradiated light. There
is no exact wavelength to trigger the Raman effect but a cer-
tain wavelength range is necessary for every substance with
a tendency to fluoresce. In order not to reduce the effective-
ness of Raman spectroscopy, the excitation of fluorescence
must be avoided or reduced.” "' Wavelengths in the
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infrared and near-infrared range, such as those used in
Raman microscopy, can prevent fluorescence because it
requires higher energy radiation. It is also possible to use
wavelengths in the UV range for Raman spectroscopy.
Although this can strongly excite fluorescence, the energy
difference to Raman scattering is too high to have a negative
influence on Raman spectroscopy./ ="

While in the Raman effect, only one photon of 108 inci-
dent light quanta has a change in wavelength and is scat-
tered, and fluorescence produces ten photons with the same
amount of light quanta. The Raman spectrum can therefore
easily be covered by fluorescence. However, this phenom-
enon only affects Stokes Raman scattering. Anti-Stokes lines
are not affected by fluorescence, and good results can be
obtained with special forms of Raman spectroscopy despite
the fluorescence and the much weaker intensity of the anti-
Stokes shift.**] The light emitted by the fluorescence always
has a lower wavelength than that of the excitation laser.
Only a Stokes shift can occur because the emitted light is
less energy efficient. With anti-Stokes scattering, which can
occur to a lesser extent with a Raman effect, the wavelength
of the emitted light becomes higher. This effect is used for
Coherent anti-Stokes scattering spectroscopy (CARS). Here
the anti-Stokes scattering is amplified by using a four-wave
mixture. This means that lasers interact with different wave-
lengths to increase the amplitude of the emitted wave-
length.**! The first laser is a pump laser, which raises the
second laser — a Stokes laser - to a higher energy level and
produces a coherent beam with the frequency of the anti-
Stokes signal. The pump laser has a wavelength of
680-1010nm and the Stokes laser 1064 nm. If the frequency
difference between these two lasers corresponds to the
molecular oscillation of a Raman-active substance, the anti-
Stokes scattering is amplified and can be measured.**)

The problem of fluorescence can also be largely solved by
using Fourier transform Raman spectrometers and lasers
with low frequencies in the near-infrared range."" NIR
radiation is not energetic enough to excite the sample - or
impurities in it — to a higher energy level and induce fluor-
escence. However, low irradiation frequencies are at the
expense of the Raman effect. Fourier transform (FT) made it
possible to develop more powerful and sensitive spectrome-
ters that also provide results at low frequencies of the light
source."*”! While normal Raman spectroscopy detects differ-
ent spectra one after the other using a monochromator, FT-
Raman spectroscopy detects different spectra simultaneously.
Spectra of different wavelengths are measured several times
in different combinations. The intensity of the individual
wavelengths is then determined by a computer.[sol This type
of spectroscopy often uses an ND:Yag laser in the near-
infrared range with a wavelength of 1064 nm. This wave-
length excites zero or only minimal fluorescence.'!)

Findings
Raman spectroscopy of turbidity relevant components

To date, there are no studies dealing with the identification
of beer turbidity using Raman microscopy. However, studies
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exist in the field of wine production.”**” Although these
scientific studies were not designed for turbidity, conclusions
can be drawn about turbidity-active components. The main
components of turbidity-active substances are polyphenols
and proline-rich proteins. There are several studies on these
substances for identification by Raman spectroscopy.[sa’m]

Turbidity-relevant proteins

Prolamine/hordein. Prolamine — also called hordein in
barley — is the name given to storage proteins of plants.
They are a main component of barley and wheat grains and
their malts. Prolamines consist of approximately 25% proline
and up to 46% glutamine.'®! Proline, in particular, is the
main component of cold and permanent turbidity because it
forms complexes with polyphenols such as procyanidin B3
and thus impairs colloidal stability. Prolamines have not yet
been investigated in aqueous solutions, only as solids. They
were dissolved from rice according to the Osborne principle
with 70% ethanol and then analyzed in powder form after
freeze-drying.'> A confocal Raman microspectrometer and
an argon ion laser with a wavelength of 514.5 nm were used.
It has been shown that prolamines can be investigated and
identified in this way, although they differ only slightly from
other protein fractions - albumin, globulin, and glutelin - in
terms of wave numbers and intensities.!*’! The analysis of
turbidity residues on proline, instead of prolamine, helps to
draw conclusions on the formation of beer turbidity. This is
the main component of protein-polyphenol complexes and
can be investigated and identified in aqueous solutions, even
in complex amino acid structures.™!

Proline-rich proteins. Proteins consist of complex structures
of different amino acids, which make it difficult to investi-
gate specific amino acids. However, Raman Optical Activity
Spectroscopy (ROA) has been shown to be able to study
unfolded and disordered proteins.'ss] This type of spectros-
copy differs from classical Raman spectroscopy in that it
measures a small change in Raman shift due to the chirality
of molecules. This may be important in the analysis of tur-
bidity-relevant substances. In beer, the formation of protein-
polyphenol complexes is mainly responsible for a deterior-
ation in colloidal stability. As mentioned above, proline-rich
proteins in particular play an outstanding role, as they have
a high affinity to polyphenols, such as catechins and their
derivatives, and enter these compounds. The amino acid
proline keeps the protein in a rigid configuration and pre-
vents the formation of regular secondary structures. This
happens due to the ring structure of proline, the resulting
lack of amide hydrogen and the lack of function to form
hydrogen bridge bonds with other amino acids. These are
partly unfolded molecules.!*! This type of structure - caused
by proline - is called a polyproline II helix. They limit the
formation of a secondary structure, a helix or a leaflet, and
thus favor the connection with polyphenols. There are
already studies dealing with the Raman shift of amino
acids.” *! Since proteins that contain proline are some of
the main turbidifiers, it would be advantageous if they could
be investigated and identified using Raman spectroscopy.

Results (Thesis publications)

However, to date, no published work has specifically investi-
gated beer for proline-rich proteins using Raman micros-
copy. Pure proline can be found and identified by Raman
spectroscopy. In 1970, W. B. Rippon spectroscopically iden-
tified the monomer proline, its polymers poly-L-proline I
and poly-L-proline II and specific Raman bands.'®*) These
partly correspond to the results of infrared spectroscopy, but
there are also some Raman-specific bands. Thus, it is theor-
etically possible to identify proline and its polymers from
aqueous solutions as contained in beer.'®! Dissolved L-pro-
line was investigated for a spectral range of 600-1700cm '
at a wavelength of 785nm. The amino acids (proline) and
proteins (collagen) were present in crystalline form and dis-
solved in water. In general, they are better analyzed in a
solid state. In aqueous solutions, Raman spectra have a
poorer resolution because, among other things, Brownian
molecular motion makes measurement more ditficult.**%"]
This describes the jerky movements of particles in liquids
that vary with temperature. Since beer resembles an aqueous
solution, however, only these Raman spectra are discussed
here. The following Figure 11 shows the Raman spectrum of
proline in aqueous solution and in solid form."*"!

Some prominent bands of proline appear at a wave num-
ber of 1457 cm ™', which is due to a CH, deformation oscil-
lation. We can see a weaker peak at 1090cm™" due to a
swinging vibration of CH,, stronger bands at 1045, 992 and
921cm ' due to a ring-breathing vibration and finally a
strong peak at 845cm ' due to a skeletal stretching vibra-
tion. These measurements of L-proline were determined in
solution with a pH of 6. Here the peaks in aqueous solution
are somewhat wider than in solid, but their intensity can
still be easily identified.!” The pH value in finished beer is
between 4.25 and 4.6.°°! These values were not taken into
account in the Raman spectroscopic examination of proline.
The wave numbers can therefore deviate from the above. In
their work, Culka et al. investigated solutions with pH values
of 1, 6 and 11. On average, their wave numbers were about
1-7cm ! apart.*®™ Individual amino acids have already
been identified in complexes with animal proteins, such as
collagen, using Raman spectroscopy.™® Due to its complex
structure, collagen is a good indicator of the extent to which
individual amino acids can be analyzed from a protein. This
is illustrated by the Raman spectrum in Figure 12,

Figure 12 shows that even in complex proteins the solid
form allows a sharper delineation of the bands. The peaks of
the aqueous solution are less pronounced. At the wave num-
ber of 922cm ', a peak with strong Raman intensity can be
recognized in the solid colony layer, which is due to the
proline located in the protein complex. In the aqueous solu-
tion, this band is less intense, but can still be recognized.
The intramolecular interactions and the oscillations of the
molecules are responsible for the less pronounced bands of
the aqueous solution, some of which have high shifts. In
addition, molecules collide with each other at will, which
increases the movement and thus the temperature. This is
not the case in crystalline or solid form. The molecules are
rigid in three-dimensional form and only weakly influence
each other.”™ It can therefore be stated that proline - the
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Figure 11. Raman spectra of pure proline in aqueous solution and as solids.*! [adapted].
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Figure 12. Raman spectra of collagen in aqueous solution and as solid with bands for proline at approx. 922 cm™".*" [adapted].

most turbid protein in beer - can be identified using Raman
spectroscopy and also with Raman microscopy. It is not
only easy to detect in free form, but also as a component of
complex proteins such as collagen. The change of the sec-
ondary structure by the proline facilitates the analysis.!”"! If
the residue of a turbidity is extracted in beer and analyzed
spectroscopically in solid form, proline should be identifiable
in complexes. In aqueous solution, such as in beer, problems
may occur due to poorer resolution and the tendency of
other substances to fluoresce.

Glutamine-rich proteins. Glutamine also appears to have an
influence on the colloidal stability of beer, as it could be iso-
lated from cold cloudiness in high concentrations. An actual
effect, however, has not been confirmed. According to
Siebert, glutamine is often bound to a proline, as Figure
13 shows. 72!

Figure 13 shows the primary structure (i.e., the amino acid
sequence) of a B hordein of barley. As already described, this

is mainly responsible for the complexation with polyphenols
and thus for cold and permanent opacities.m] It can be seen
that the amino acid glutamine, referred to here as Q, is almost
exclusively bound to a proline, in this case P. The amino acid
glutamine is also known as proline. For this reason, it can be
assumed that glutamine only plays a passive role in turbidity
formation, and that here too, proline, in combination with pol-
yphenols, causes turbidity.™>”*! It would be possible to exam-
ine beer for glutamic acid using Raman microscopy in order
to indirectly deduce proline and turbidity-relevant constituents.
As with proline, it would be advantageous to measure turbidity
residues and not to analyze beer directly, because solids pro-
vide better results. According to Zhu et al, it is possible to
analyze free glutamic acid using spectroscopy, as shown in
Figure 14. It has already been described that it was examined
both in solid form and in aqueous solution at a wavelength
of 785 nm,**!

Here, too, it is examined both in solid form and in aque-
ous solution, with the solid form producing better results.
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P = proline; Q = glutamine

C = cysteine; F = phenylalanine;| = isoleucine; K = lysine;

L =leucine; T =threonine;V =

Y = tyrosine

Figure 13. Amino acid sequence of a B hordein.”?' [adapted].
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Figure 14. Raman spectra of glutamic acid in aqueous solution and as solid."* [adapted].

1 1

The most pronounced peaks are at 873cm ~ and 917 cm
The first deflection can be attributed to the deformation
oscillation of the COOH group. The second is based on the
C-C-N aspect ratio. Due to the low concentration of glu-
tamic acid in the aqueous solution, the intensity bands are
very weak.”®! Raman spectroscopy of glutamic acid shows
an increased fluorescence problem. While very strongly
defined bands can be recognized in the solid form of glu-
tamic acid, these are hardly recognizable in the aqueous
solution. This is not only a consequence of the low concen-
tration and the aqueous aggregate state, it is also related to
the strong tendency of glutamic acid to fluoresce. The
Raman spectrum is strongly attenuated and it is difficult to
perform successful Raman spectroscopy. Unlike proline, glu-
tamic acid cannot be identified from the Raman spectrum
for collagen. For this reason, the Raman microscopic exam-
ination of beer for glutamine, as a passive turbidifier

alongside proline, does not seem to be in the position to
provide meaningful results.*"!

Relevant polyphenols for turbidity

Catechins. Polyphenols are an essential component of cold
and permanent turbidity. The most important polyphenols
are catechin, an anthocyanogen, and the oligomer procyani-
din B3. Both polyphenols are flavan-3-ols. The Raman bands
of catechin, epicatechin and gallocatechin have already been
investigated.[c‘gl Since, as with many Raman spectroscopies,
fluorescence is a major problem, FT-Raman spectroscopy
(Fourier Transform Raman spectroscopy) was used. This
has the advantage that a light source with a high wavelength
(1064nm) can be used, thus avoiding excitation of fluores-
cence. It was found that catechin could easily be identified
with this method, since the wave numbers of the bands of
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Figure 15. Raman spectrum of catechin as a solid."*” [adapted)].

different polyphenols differed at a wavelength of 1064 nm.
The bands of catechin and epicatechin differ, but at some
peaks the difference in wave number is very small, making
it difficult to differentiate.!®! Basically, all these polyphenols
are relevant for turbidity, but catechin is one of the most
frequently found in finished beer.”*! Its Raman spectrum
can be seen in Figure 15 and was determined for samples in
the solid state.

Figure 15 shows the Raman spectrum of catechin when
excited by a laser with a wavelength of 1064 nm. Strong deflec-
tions can be seen here at 766 nm and 1633 nm, which are due
to the oscillations of aromatic carbon double bonds.[! It was
found that phenolic components in wines can be detected by
Raman spectroscopy. The Raman spectrometer used in this
study was equipped with a laser with a wavelength of 785nm
and complex sample preparation was unnecessary for the ana-
lysis. Various wine samples could be examined after a simple
filtration. Polyphenols, anthocyanins and tannins were quanti-
fied. However, no individual polyphenols were identified in
these studies, only the content of phenolic components in their
entirety. The coefficient of determination R2 of this study was
the worst for polyphenols at 0.829, but this was still a good
value. ¥ In general, it can be said that a reverse phase
HPLC in combination with fluorescence detection is better
suited to investigating catechins and other polyphenols than
Raman spectroscopy.>> 7!

Proanthocyanidins. Proanthocyanidins, such as procyanidin
B3 and prodelphinidin B3, are polyphenols that play an
important role in the formation of turbidity in beverages.
They are oligomers of catechins and gallocatechins, which
mainly occur as dimers in beer. The higher the polymeriza-
tion of these polyphenols, the greater their tendency to com-
plex with proteins and affect the colloidal stability of beer.
Procyanidin B3 is a dimer consisting of two catechin mole-
cules. Prodelphinidin B3 consists of one catechin and one
gallocatechin molecule. These dimers have not yet been

specifically investigated by Raman spectroscopy. Another
problem is the tendency of proanthocyanidins to fluoresce.
Polyphenols in wine are coloring substances and are easily
excited to fluoresce when Raman spectra are recorded. This
phenomenon significantly limits the effectiveness of Raman
spectroscopy. Important bands for the identification of sub-
stances may be covered by this type of radiation.””! Reverse
phase HPLC in combination with fluorescence detection is
more suited to analyzing proanthocyanidins. With such a
method, wine can be analyzed directly for these substances
with simple sample preparation and minimal time
expenditure.*)

Ferulic acid. Even though ferulic acid plays a lesser role
than catechol and its derivatives procyanidin B3 and prodel-
phinidin B3 with regard to colloidal stability, it is present in
significant amounts (up to 6.8 mg/L depending on the type
of beer) in the residues of cold or permanent apacity.””]
Ferulic acid has already been investigated in various studies
using Raman spectroscopy and clearly identified.!*® 777!
Figure 16 shows the Raman spectra of pure ferulic acid, of
the cell wall of the endosperm of wheat and of arabinoxy-
lans. The samples were analyzed using a confocal Raman
microscope. The three substances are present in crystalline
form and not in aqueous solution. They were excited with a
helium-neon laser in the red spectrum and examined confo-
cally, i.e., also in an axial direction.”®!

As can be seen from the spectrum in Figure 16 of ferulic
acid, the most intense peak shows a double band at
1601 cm™" and 1630cm™", which can be traced back to the
symmetrical valence oscillation of the aromatic ring in
ferulic acid. Slightly weaker bands are detected at 1176cm ™'
and 1271 em™", which occur due to deformation oscillations
of the CH groups present in the ring.m” 781 This can also be
identified by Raman spectroscopy in more complex systems,
such as in the cell wall of the endosperm of wheat and in
arabinoxylan and ferulic acid. It can be assumed that the
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Figure 16. Raman spectra of ferulic acid/endosperm/arabinoxylans as solids.”®’ [adapted].

bands become somewhat blurred in aqueous solutions since
measurement becomes more difficult here too due to
Brownian molecular movement and therefore requires a
higher concentration. However, it should still be possible to
identify ferulic acid in beer when the turbidity residue is
extracted and investigated. However, a sufficient amount of
this phenolic acid is positive for colloidal stability and would

cause hardly any noticeable turbidity.wg]

Microbiological opacifiers

Microorganisms such as bacteria and yeasts may cause tur-
bidity in clear beverages. Different microorganisms may be
responsible for impairing the colloidal stability of different
types of beverages. However, there are also overlaps, as cer-
tain types of yeasts, for example, infect and damage both
beer and non-alcoholic beverages. Microorganisms are easily
identified by Raman spectroscopy. Species of lactobacilli,
pediococci etc. were analyzed and distinguished in wine.*®!
A ND:YAG laser with a wavelength of 532 nm was used. An
inoculation solution of each of the different microorganisms
was treated in phosphate-buffered salt solution and dis-
solved, pipetted in glass cuvettes and then investigated with
spectroscopy. The bacteria were not analyzed directly in the
wine, but rather in samples of bacteria grown on
Petri dishes.

In order to examine an infected wine - or beer - the bot-
tle would first have to be opened and the sample incubated
on a culture medium for four days at ~ 30°C. Then the
bacteria were analyzed in samples of wine. With this method
it is possible to identify the different bacteria correctly at a
high probability and to distinguish them from microorgan-
isms of the same genus.!>*!

Table 2 shows turbidity-relevant, drink-spoiling microbes
and their sensitivity as well as the positive predictive value
of the identification. Sensitivity describes the proportion of
correctly identified samples from all samples of the genus or
species. The positive predictive value indicates the

percentage of correctly identified samples of all analyzed
and correct samples.'*"!

Genera such as Lactobacillus or Pediococcus can be distin-
guished correctly with very high probability. Depending on
the specific species, the results may be lower. As shown
here, Lactobacillus plantarum has the highest sensitivity at
95.8% and the highest positive predictive value at 100%. The
identification of the important beer and beverage contamin-
ant Lactobacillus brevis is more difficult. Here the sensitivity
is 84.2% and the positive predictive value is only 72.7%.1°1
Different bacteria have similar structures and cell compo-
nents, which makes investigation and identification difficult.
However, different genera of microorganisms have different
compositions of carbohydrates, lipids, proteins, etc. This
results in a unique fingerprint for Raman spectroscopy, so
that microorganisms can be distinguished. It is therefore
relatively easy to identify genera. However, problems with
the differentiation of bacterial species can occur.* Raman
spectra have also been recorded for yeast in connection with
wine. Within the scope of one study, the yeasts
Saccharomyces cerevisiae, Brettanomyces bruxellensis and
Zygosaccharomyces bailii, which are harmful to wine and
may also infect beer and non-alcoholic beverages, were
investigated (Table 3). The top-fermented S. cerevisine is a
cultured yeast that is used in beer production but can also
occur as a spoiler in bottom-fermented beer or if it enters
bottled clear beer. It can cause problems in soft drinks by
causing post-fermentation clouding and fermentation. The
yeast B. bruxellensis is used in Belgian beers as a culture
yeast, but is usually considered to be an undesirable yeast,
which among other issues, reduces colloidal stability. Z. bai-
lii, on the other hand, does not occur at all or only very
rarely in beer, but is a feared contaminant in products such
as fruit juices,lso’ 81,821

As in the previous analyses, a Raman spectroscope was
used with a ND:YAG laser with a wavelength of 532nm.
The yeast samples, previously incubated on a culture
medium (Petri dish) were selected with an inoculation loop,
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Table 2. Probabilities of the identification of turbidity-forming bacteria in
wine by Raman spectrosmpy.[“]

Genus / Species Sensitivity Positive forecast value
Lactobacillus (genus) 0.946 0.963
Pediococcus (genus) 0.928 0.908

L. brevis 0.842 0.727

L. casei 0.958 0.958

L. plantarum 0958 1.0

P. damnosus 0.826-0.875 0.840-1.0

P. inopinatus 0917 0.880

Table 3. Probabilities of identification of turbidity-forming yeasts in wine by
Raman spectroscopy.

Kind Sensitivity Paositive forecast value
Saccharomyces cerevisiae 0.986 0.940
Brettanomyces bruxellensis 0.938 0958
Zygosaccharomyces bailii 0923 0949

dissolved in a phosphate-buffered salt solution, and then
spectroscopically examined. Yeast samples were examined
for the possibility of identification and distinctness, sensitiv-
ity, and the positive predictive values were determined.

Table 3 shows that the different yeasts can be distin-
guished with great certainty. In contrast to bacteria, the
Raman bands differed significantly in the three yeast types
studied. However, here too, there was no direct analysis of
the yeast in wine. Yeasts were tested (Petri dishes) and
examined."®! A beer sample with harmful yeast must be
taken and incubated at ~ 30°C for 48 to 72h. Although
Raman spectroscopy is in itself a rapid method for identify-
ing substances, sample preparation is relatively time-
consuming.m]

Carbohydrates

o-Glucan. Carbohydrates in the form of o-glucans come
mainly from malt in the form of starch as amylose and
amylopectin. These can enter the finished beer if starch is
insufficiently converted into valuable sugars during the
mashing process and the yeast cannot process them during
fermentation, It is also possible that x-glucans originate dir-
ectly from the yeast and occur as glycogen when reserve
substances are released from the yeast cell or released via
autolysis. These carbohydrates can impair the colloidal sta-
bility of beer and cause what is known as paste turbidity.
This makes the beer more susceptible to infection and bio-
logical instability.[® &

Carbohydrates have been examined using FI'-Raman
spectroscopy.”® 5% Raman spectra of amylopectin, amylose
and glycogen in solid form are shown in Figure 17. The
spectroscopy was performed with a laser with a wavelength
of 1064 nm and a resolution of 4cm™'. It can be seen that
these three substances differ only their
Raman bands.**

Amylose and amylopectin are almost identical in their
Raman spectra as well as in NIR spectra.!®! At wave num-
bers of about 850cm™" and 520 cm ™', which are based on a
symmetrical valence oscillation of the COC group and ring-
breathing - an oscillation within an aromatic ring - the
bands vary and the carbohydrates can be distinguished. It

slightly in
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Figure 17. Raman spectra of amylopectin/amylose/glycogen as a

solid*¥ [adapted].

plays only a minor role for the investigation of beer turbid-
ity whether it is amylose or amylopectin. Both types of car-
bohydrates would occur with paste clouding. They are due
to poor mashing or poor malt quality.®!

Glycogen is similar in structure to amylopectin, since
both carbohydrates are «-(1-4)-glycosidically bound and
have -(1-6)-glycosidically bound branches. However, the
degree of branching is almost twice as high for glycogen as
for amylopectin.'®*! For this reason, the Raman spectra are
very similar and can only be distinguished in a few areas or
by the ratio between different bands.

The bands at 484cm ™' and 1130cm " for glycogen and
the bands at 479 cm ™" and 1131cm™" for amylopectin serve
as examples. If the ratio of the relative intensities is calcu-
lated for these bands, a higher value results for glycogen
than for amylopectin:

. Lizo
amylopectin : —— =1
JETEN
1.
glycogen : B 16
hiso

It is therefore possible to distinguish glycogen from
amylopectin, even if this is associated with greater effort.
Differentiation plays an important role in the identification.
It was possible to determine whether paste turbidity was
caused by poor quality malt or insufficient brewhouse work,
or whether it was due to poor yeast management.'&‘ﬂ In con-
trast to amylopectin and amylose, glycogen was also investi-
gated in aqueous solution and was excited at a wavelength
of 532 nm. The Raman spectra of glycogen in solid state and
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Figure 18. Raman spectrum of calcium oxalate.”" [adapted].
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Figure 19. Raman spectrum of kieselguhr.®? [adapted].

in solution vary only slightly. Striking bands can be found
here at wave numbers of 482, 942, 1088, 1129, 1339,
1381 cm ™", Their causes are valence and deformation oscilla-
tions. The mentioned bands differ at most by 4cm™" from
the peaks in the solid state and can be traced back to the
same oscillations.!™

f-Glucan. The fi-glucans are found both in the cell walls of
the malt used and in the cell walls of the yeast. The majority
of these polysaccharides, derived from barley or wheat, can
survive malting and the beer production process unchanged
and enter into the finished beer. It is possible that fi-glucans
from a molecular weight of 250kDa and a concentration of
400 mg/L after filtration cause paste turbidity.[®)

Like the w-glucans, the f-glucans have already been
examined by FT-Raman spectroscopy and have been identi-
fied.®”! However, it is difficult to determine the origin of
the f-glucan present. Whether an impairment of colloidal

stability is due to poorly dissolved malt or insufficient yeast
management cannot be deduced from this. Stress reactions
release not only f-glucan but also other substances such as
glycogen, mannan, and a small amount of trehalose from
the yeast cell.’®! These can be used to identify a yeast-con-
ditioned fS-glucan turbidity. Although mannan is also a
reserve carbohydrate of many other plants, it does not play
arole in the raw materials of beer and cannot be introduced
into beer. It must therefore come from yeast. Mannan, like
f-glucan, was examined by Raman spectroscopy, and it can
be detected in an aqueous solution such as beer. 5% The
examination of a sample for mannan can show whether
paste clouding is caused by the yeast.

Pentosan/arabinoxylan
Pentosan can cause turbidity in beer due to poor malting or
mashing. As already shown in Figure 16, arabinoxylan from
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Table 4. Overview of substances that actively cause turbidity and the possibility to identify them by Raman spectroscopy (RS=Raman spectroscopy;
RMS = Raman micro-spectroscopy; cRMS = confocal Raman micro-spectroscopy; FT-RS = FT-Raman spectroscopy; ROA = Raman optical activity).

Turbidity Investigated
active substances Identification substance Raman Description Source
prolamine/hordein microscopic (eosin solid cRMS Identifiable as solid; not yet in [63]
yellow); aqueous solutions
enzymatic (pepsin)
proline microscopic solid, aqueous resolution ~ RMS Identifiable as a solid and in [58,59, 65, 69,70]
(eosin yellow) aqueous solutions
glutamine microscopic watery resolution RMS Identifiable as solid; in aqueous (591
(eosin yellow) solutions; fluorescence problem
catechin micrascopic solid, wine FT-RS; RS identifiable as solid; general content [52,53, 55, 60, 75]
(methylene blue) of phenolic components
quantifiable in wine
proanthocyanidins microscopic wine - No specific proanthocyanidins with [55, 57]
(methylene blue) RS; fluorescence problem;
ferulic acid microscopic solid cRMS; FT-RS identifiable as solid [60, 76-78]
(methylene blue)
microorganism microscopic aqueous resolution RS; RMS Identifiable in aqueous solution [8, 54, 56]
after incubation
g-glucan microscopic (thionine); solid; aqueous resolution  RS; FT-RS; ROA Identifiable and distinguishable as [84,85]
enzymatic solids and in aqueous solution,
(amyloglycosidase); but hardly any differences
GPC in spectra
B-glucan microscopic (thionine, solid; aqueous resolution ~ FT-RS Identifiable as solid; Difficult to [87, 89]
calcofluor); detect origin
enzymatic
(amyloglucosidase);
GPC
arabinoxylans microscopic (thionine); Solid RMS Identifiable as solid [761
enzymatic
(amyloglucosidase);
calcium oxalate microscopic Solid RS; RMS Identifiable as solid and in aqueous [24, 90]
solution; hydrate forms
distinguishable
inorganic substances microscopic beer, water, solid cRMS; RS; FT-RS  Dependent on the investigated [42, 91, 93,94]

(label remnants, (iodine solution)
filter aids,

stabilizers, etc)

particles; microplasty, kieselguhr,
silica gel, PVPP identifiable; e.g.
problems with fluorescence

the cell walls of wheat grains can be analyzed by Raman
spectroscopys,[7"] Water-extractable arabinoxylan was spec-
troscopically analyzed. The Raman micro-spectrometer used
was equipped with a helium neon laser operating in the red
spectrum. However, the sample was not analyzed in an
aqueous solution, but the cell wall of the endosperm was
examined as a solid. Arabinoxylan consists of the aldopento-
ses, xylose, and arabinose and can be clearly identified by a
double band using Raman microscopy. At wave numbers of
898, 1090 and 1124nm, a specific arabinoxylan vibration
occurs in the cell wall of endosperm. This pentosan has not
yet been investigated as a suspension in liquids such as beer,
but only as a solid in wheat grains.l’!

Calcium oxalate

Beer turbidity caused by calcium oxalate is relatively rare in
beer because it is present early in the brewing process.[f’x]
Calcium oxalate can be formed with the remaining oxalic
acid by adding water that contains calcium during filtration.
This precipitates in crystalline form and leads to turbidity
and sediments when the beer is briefly stored.’®®! As already
mentioned, substances in solid or crystalline form can be
investigated and identified well using Raman spectros-
copy.[m This also applies to calcium oxalate, which forms
small crystals in beer.[®*!

Calcium oxalate can appear as monohydrate, dihydrate
and trihydrate, with the former occurring most frequently.
The three hydrates can be distinguished by Raman spectros-
copy, although this is not relevant for the analysis, identifi-
cation or determination of the cause of turbidity. The
monohydrate, which is called whewellite, and the dihydrate,
which is called weddellite, have very similar Raman spectra
that vary in their wave numbers and are therefore easily dis-
tinguishable.lz"] In practice, calcium oxalate samples were
excited with a helium neon laser with a wavelength of
633nm and a resolution of 2em L' In a wavelength
range of 1200-1800cm ', the most conspicuous band is
based on a valence oscillation of the C-O group of the cal-
cium oxalate. Whewellite has the band at a wave number of
1493cm™" and the weddellite at 1475ecm™". A valence oscil-
lation of the C-C group occurs in a range of 800 and
1100cm . The band lies at a wave number of 909cm ' for
both the monohydrate and the dihydrate Thus it is very dif-
ficult to distinguish the two hydrates in this range. In a
small wave number range of 100-700cm™", bands appear
that make it possible not only to identify calcium oxalate,
but also its two hydrates. A band can be recognized for both
forms at approx. 505cm™! that is due to a symmetrical
deformation oscillation of the OCO group. Further intense
bands can be found in a range of 100-300cm™". Distinct
bands for whewellite and weddellite can be found at a wave
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number of 259, 220, 188 and 162cm ' and are probably
caused by valence and deformation oscillations of the CaO
group.”" The differences between the hydrates are most
obvious with the OH-oscillation in a wave-number-range of
2000-4000 cm ' This is based on crystal-water, that occurs
bound in the oxalate-crystals, and whose oscillation can be
determined. For weddellite the bands are at 3467 and
3266 cm™". The whewellite has a strong peak at 3462cm ™"
and somewhat weaker bands, at 3359, 3248 and
3067 cm 112! Figure 18 shows the Raman spectrum of a
calcium oxalate monohydrate, the whewellite. In this study
the sample was irradiated by a laser with a wavelength of
532nm and has a resolution of 1.2cm ™', Since a different
wavelength is used here than in the Raman spectrum
described above, the wave numbers of the respective oscilla-
tions also deviate from those mentioned above. However, it
can be seen that they are in a similar range. Calcium oxalate
can also be clearly identified here.*!

As can be seen from the work of Frost and of Hug et al.,
different oxalates can be analyzed by Raman spectros-
copy.** ®! Calcium oxalate and its hydrate forms were also
investigated and the possibility of differentiation to other
oxalates. It can be assumed that it is possible to identify
beer turbidity caused by calcium oxalate in bottled beer by
examination with a Raman micro-spectrometer. Calcium
oxalate is very difficult to dissolve in water and beer and so
oxalate should be easily detectable and a non-inva-
sive process.

Inorganic substances

Some inorganic substances in beer in connection with tur-
bidity do not originate from the raw materials, but rather
could be dirt particles or filter aids and stabilizers that have
broken through. Diatomaceous earth, or kieselguhr, is one
of the most frequently used substances in the filtration of
beer, and a trap filter generally ensures that it does not
reach the finished beer. If no trap filter is present, or if
errors occur during filtration, kieselguhr can be introduced
into the beer and impair colloidal stability.["’“]

Confocal Raman micro-spectroscopy has already been
used to examine various types of kieselguhr. The spectrom-
eter is equipped with a helium neon laser at a wavelength of
632.8nm. For the analysis, siliceous earth samples were
washed out with water, dried, crushed and then examined in
a glass cuvette. Figure 19 shows the Raman spectrum of dia-
tomaceous earth at room temperature.'g”

The two bands with the highest intensity were at a wave
number of 493 and 607 cm™". These are due to the molecu-
lar vibrations of O;SiOH and (SiO); and are specific for all
kieselguhrs, regardless of their type and origin. If a residue
of beer turbidity is obtained, it can be examined by Raman
microscopy. If the turbidity is due to kieselguhr, it should
be possible to detect it using these bands.

Silica gel, which is used for protein-side stabilization (i.e.,
for improved colloidal stability) of beer can also enter beer
as a result of process errors and cause turbidity.[gzl This has
been investigated in various studies using normal Raman
spectroscopy and FT-Raman spectroscopy. ** °'! The spectra
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show strong bands at about 495 and 605 ecm ™!, which have
the same origin as diatomaceous earth. The difference
between the two substances is shown by a strong peak at
about 910cm™" for silica gel, which is not very pronounced
or only very weakly present in diatomaceous earth samples.
This is due to the vibration of a SiH molecule. By this oscil-
lation different types of diatomaceous earth can be distin-
guished. 4> 7!

In beer and water samples, Raman micro-spectroscopy
can be used to identify fibers of plastic particles (i.e., micro-
plastics and cellulose).”’ The samples were passed through
a cellulose nitrate filter with a membrane pump, dried, and
analyzed directly on the filter. An ND:YAG laser with green
light and a wavelength of 532nm was used as the illumin-
ation source. Using this method, fibers were found in all of
the investigated beer and water samples. These fibers could
be identified and consisted mainly of cellulose, polyethylene
and polystyrene. Polyethylene terephthalate (PET) could not
be detected. However, it also contained fibers that could not
be examined due to a high fluorescence tendency.m]

Summary

The aim of this review was to determine whether and how
turbidity-relevant substances in beer can be examined with
the aid of Raman spectroscopy. 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 of the substances that affect the col-
loidal stability of beer can be identified by Raman spectros-
copy. 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, In the study of glutamine, fluorescence is strongly
excited and covers the Raman bands. It is therefore difficult
to obtain a meaningful Raman spectrum. The investigated
substances were mainly analyzed in their pure form or in
solution. A direct examination of beer or other beverages is
difficult due to the fluorescence.!"”! 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 sub-
stances, such as catechin or epicatechin, could be differenti-
ated in those investigations; a distinction was made only
with regard to non-specific polyphenols, anthocyanins
and tannins.

To date, beer has so far only been examined for micro-
plastics using Raman microscopy. After relatively uncompli-
cated sample preparation, plastic fibers could be
spectroscopically examined on a filter. Wine-spoiling micro-
organisms have also already been investigated using this
method. The analyzed yeasts and bacteria have many
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similarities with beer-spoiling organisms. However, all inves-
tigations required complex sample preparation. Turbidity
residues first had to be obtained and then incubated for
three days in order to obtain a sufficient amount of sample
material. Spectroscopy itself produced good results. Different
yeast and bacterial genera could be very well differentiated
and identified, but the analysis was not as good for different
species identification. Substances such as calcium oxalate
and various carbohydrates, which can cause turbidity in
beer, were investigated as solids and partly in dissolved
form, and identification was possible without major prob-
lems. It is often difficult to determine a clear cause for paste
opacities that can be caused by x- and f-glucans, It is diffi-
cult to distinguish whether the turbidity is caused by poor
quality raw materials, has technological reasons or is the
result of inadequate yeast management.

An overview of turbidity-relevant substances and the pos-
sibility of examining them using Raman microscopy or other
methods based on the Raman effect is shown in Table 4.

Table 4 shows that substances that actively cause turbid-
ity such as proline and proline-rich proteins can be success-
fully investigated with RS. Limits occur due to fluorescence,
which  requires time-consuming sample preparation.
However, this problem can be solved with suitable methods
and the use of lasers with wavelengths in the near-infrared
or infrared range. Most of the investigated origins of turbid-
ity must first be isolated and analyzed as solids or in aque-
ous solutions in order to avoid superposition by other
substances and fluorescence.

RS has enormous potential to determine turbidities in
beer and other alcoholic and non-alcoholic beverages and is
a time-saving and reliable method. The uncomplicated sam-
ple preparation and fast analysis means that a non-invasive
analysis of beer may also be possible, and errors can be eas-
ily detected. Inline RS is conceivable through targeted fur-
ther developments. This would allow real-time analysis
during the process, and errors in chemical-physical stability
could be detected immediately.

By using suitable wavelengths, adapted to the different
turbidity-relevant substances, it should be possible to limit
the problems caused by RS. The biggest obstacle — fluores-
cence — can already be localized with the help of suitable
lasers and the use of fluorescence reduction methods. In
combination with optical tweezers, particles can be singled
out, specifically analyzed and identified without interfering
with surrounding particles. By applying such a concept in
conjunction with other methods, such as coherent anti-
Stokes Raman scattering, or further development of existing
techniques, problems should be continuously reduced and
efficiency increased. Combining appropriate techniques
could reduce undesirable turbidity and increase the shelf life
of beer.

Outlook

In this review (Part 2), the different methods of Raman
spectroscopy were discussed and related to analysis of sub-
stances related to beer turbidity discussed in the previous
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review (Part 1). With the help of the TI-RMS (Turbidity
Identification - Raman Micro-Spectroscopy), the issue of
beer as a medium will be investigated in further research
work., An appropriate methodology for sample preparation
must first be established to combine these two basic topics
in order to develop a novel robust approach to turbid-
ity analysis.
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PART 3

2.4 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-a-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-
a-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
draft, discussion of data; Jacob F.: Supervised the project
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Abstract

Fluorochromes can impair analysis results or, due to their natural frequency (molecular vibrations) completely superimpose
important signals and make measurements impossible. This is especially true for non-invasive, optical measuring methods
such as Raman microspectroscopy, which reach their limits when fluorochromes are present. Beer contains many fluorescent
substances, e.g., amino acids, vitamins and phenolic compounds. Therefore, in this study, eight different beers (lager beer,
dark lager, Pilsner beer, Radler beer, wheat beer, dark wheat beer, alcohol-free lager beer, and alcohol-free wheat beer) were
examined for their fluorescent ingredients. Using the PARAFAC model, the fluorescence of the eight beers could be explained
for three components. By comparing with existing database literature, these components could be qualitatively assigned
to the organic substances DOM (dissolved organic matter), DOC (dissolved organic carbon) or CDOM (colored dissolved
organic matter) and OC (organic matter). The emission and extinction spectra helped to establish these organic substances
as the three aromatic amino acids phenylalanine, tryptophan and tyrosine, iso-a-acid, phenolic compounds and the vitamin
B group. In addition, correlations with the fluorescence intensities from the EEM (excitation—emission matrix) data were
detected in combination with beer analyses. A correlation between the fluorescence intensity of origin and iso-a-acid could
therefore be shown. The fluorescent amino acids phenylalanine, tryptophan and tyrosine showed only slight correlations
with the fluorescent intensity. The calculated data showed that fluorescence spectroscopy with the obtained EEM represents
a powerful real-time measurement, which offers sensitive monitoring for the identification of fluorescent substances in beer
samples. Qualitative analysis combined with the PARAFAC analysis is also advantageous to identify the main components.

Keywords Fluorescence spectroscopy - Fluorescing substances - EEM - Amino acid - Vitamins - Phenolics - Iso-a-acid -
PARAFAC

Introduction

Beer is a highly complex medium comprising more than 450
ingredients [1-3]. Many of these substances are fluorescing,
but the primary components of water, ethanol and carbohy-
drates have no influence on the fluorescence [4]. Various
ranges of the fluorescence spectra can be assigned to specific
ingredients by comparing known fluorescing compounds of
beer. Amino acids, vitamins and phenolic compounds are
the main contributors to fluorescence [4-7]. The predomi-
nantly organic ingredients cause primary fluorescence, also

[ Eva-Maria Kahle
eva.maria.kahle @tum.de

Forschungszentrum Weihenstephan fiir Brau- und
Lebensmittelqualitiit, Technische Universitit Miinchen, Alte
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known as autofluorescence. These compounds—referred to
as fluorochromes—can affect analysis results or fully over-
lay important signals as a result of their natural frequency
(molecular vibrations), making measurement impossible
[8-11]. This is especially true for non-invasive, optical
measurement methods such as Raman microspectroscopy,
which reach their limits if fluorochromes are present.

Fluorescence is described as the light spontaneously
emitted when an electronically excited system returns to a
lower energy state. Fluorescence occurs when light of a spe-
cific wavelength reaches a molecule. Photons are absorbed
and electrons in the molecule are boosted, or excited, to an
energetically higher orbital. If they then fall back to their
original level, the energy released is emitted as heat and
photons [8, 12-14]. The critical intermolecular, energetic
processes during fluorescence can be explained using the
Jabtloniski diagram (see Fig. 1) [14-17].
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Fig.1 Jablosiski diagram: @ absorption (stimulation); @ fluorescence; @ phosphorescence; S, ground singlet state, §;, S, excited singlet
states, T triplet state; vibration states 0, 1, 2 and 3: internal conversion (IC); intersystem crossing (ISC); [15], adaption

Table 1 The key fluorescing substances: amino acids, vitamins, phe-
nolic compounds and iso-o-acid and their extinction and emission
ranges in (nm) [4-6, 21-27]

Substance Emission i(nm) Extinction A(nm)
Amino acids 284400 258-300
Vitamins 393-520 270450
Phenolic compounds 320-460 260-340
Iso-a-acid 395450 300-350

In this study, different beer types were investigated using
fluorescence spectroscopy for their fluorescing ingredients
(lager beer=1b, dark lager=dl, Pilsner beer = pb, Radler
beer =rb, wheat beer = wb-lb, wheat beer dark = wb-d,
alcohol-free lager beer =af-1b, and alcohol-free wheat
beer =af-wb). The following Table 1 shows the substances
causing fluorescence and their extinction and emission val-
ues. Using this method of analysis, these ingredients could
be presented as an emission and excitation spectrum (EEM,
excitation-emission matrix) and evaluated as part of beer
testing performed at the same time. Each beer displays dif-
ferent characteristics in the fluorescence spectra, which can
be used for quantitative and qualitative analyses [4, 18-20].
Parallel factor analysis (PARAFAC) was used to evaluate
the obtained data.

Amino acids

The amino acids account for a very large proportion of flu-
orescence. They lie in the emission range 284—400 nm and

@ Springer

the extinction range 258-300 nm. According to Sikorska
et al., three amino acids are involved in fluorescence: phe-
nylalanine, tryptophan and tyrosine [28]. Their emission
and extinction ranges are: for phenylalanine ~ EM: 279 nm,
EX: 258 nm; tryptophan ~ EM: 354 nm, EX: 278 nm and
tyrosine ~EM: 303 nm, EX: 275 nm.

Vitamins

Vitamins are another fluorescing substance group. The fol-
lowing vitamins were evaluated: vitamin B, (riboflavin),
vitamin B; (niacin), vitamin By (pantothenic acid), vita-
min By. (Ca-pantothenate), vitamin B (biotin) and vita-
min By (folate). The vitamins lie in an emission range of
393-520 nm and an extinction range of 270-450 nm. The
emission bands at~450/500-600 nm can be attributed to
riboflavin, flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD) and other phenolic compounds. Sub-
stances from the vitamin B, group (pyridoxine, pyridoxal,
pyridoxamine, pyridoxic acid and pyridoxal-5-phosphate)
emil in the 385-400 nm range. Vitamin B, (riboflavin) lies
in an emission range of around 518 nm and an extinction
range of 353-443 nm [5, 6, 21, 23-25, 28-31]. The vitamins
come from the malt as well as the yeast.

Phenolic compounds

The next group of substances that causes fluorescence are
the phenolic compounds. The phenolic compounds are
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associated with the emission range of 320-460 nm and
an extinction range of 260-340 nm. Analyses of phenolic
compounds were performed on: flavonoids, polyphenols,
phenols, xanthohumol, iso-xanthohumol, ferulic acid and
coumaric acid. Ferulic acid falls in the extinction range
around 340 nm and an emission range of 460 nm. Phenolic
compounds are extracted from malt and hops in different
quantities in the wort according to the technological method
used. Depending on the structure and molecular size, they
can greatly influence different beer properties such as color,
flavor, foam, and chemical and physical stability. Unfa-
vorable conditions, such as a high level of polymerizable
or condensable compounds, and atmospheric oxygen, may
cause derivatives to be produced that are high in protein and
undesirable for flavor [32].

Iso-a-acid (isohumulone)

Iso-a-acids represent another substance group that increases
fluorescence and is present in hops [6]. This chemical com-
pound is largely responsible for the level of bittering units in
beer. Iso-a-acid is converted from a-acid during the isomeri-
zation process in brewing and lies in the emission range of
395-450 nm and the extinction range of 300-350 nm [4,
31, 33].

Materials and methods

Biological replicates: beer preparation
and treatment for fluorescence spectroscopy

Eight different beer varieties were used in total to measure
fluorescence. According to Apperson et al., beer samples
should be diluted for fluorescence spectroscopy and so all
samples were diluted in a 1:10 ratio [6]. Carbon dioxide
was eliminated from the samples, which were then filtered
using vacuum membrane filtration, diluted with Milli-Q
water and transferred to sterile 50 mL swing-top bottles.
In the membrane filtration, the beers were filtered at a pore
size of 0.45 pm. Samples were prepared in triplicate for the
biological replicates.

Fluorescence spectroscopy

The fluorescence measurements in this study were taken
using the fluorescence spectrometer Aqualog™ of HOR-
IBA Scientific, Kyoto/Japan. The fluorimeter simultaneously
measures excitation, emission and absorption spectra along
with transmission. Using a 1 ¢cm quartz cuvette, the fluo-
rescence measurements were determined on an Aqualog™
spectral fluorimeter. Before each measurement series, a
device-specific validation experiment was performed using

Milli-Q water in a separate validation cuvette to calibrate the
device. The Raman peak of water is also measured during
validation. According to Lawaetz and Stedmon, the area of
the Raman peak can be useful to standardize the measured
fluorescence intensity. Fluorescence intensities can vary
greatly according to the used device, the built-in compo-
nents, and the experiment settings. It is therefore important
to standardize the intensity to make it possible to compare
these results with other fluorescence measurements, This
standardization enables the original intensity of a diluted
sample to be determined, by multiplying the dilution factor
[34].

The test parameters of integration time, CCD gain, the
ranges of the extinction spectrum and the scanning rate of
the emission measurement can be set in the Aqualog™ soft-
ware. These settings have a direct influence on the duration
and quality of the experiment. The suitable parameters with
which to measure undiluted and diluted beer samples with
identical settings were approximately determined at the start
of the measurement series using test measurements. A dilu-
tion series of lager beer was also measured to establish the
linearity of concentration and fluorescence intensity.

The settings for the fluorescence spectroscopy and the
ranges used were: integration time (.5 s, extinction spec-
trum 230-700 nm; 3.00 nm steps, emission spectrum
156-933 nm; 1.64 nm steps (4 pixels) and CCD gain at
medium range.

A blank sample with Milli-Q water was measured before
each measurement series. Using the software, the blank
sample used to correct the Raman scattering can be auto-
matically removed from the sample spectra. Excitation and
emission spectra are presented in a three-dimensional matrix
(EEM). The fluorescence measurements were taken as per
the recommendations of HORIBA Scientific.

Technical replicates: beer analyses

All the analyses of the eight beer varieties were carried out
in double determination (n=2), except for the vitamin analy-
sis (n=1), and conducted according to the following test
methods (see Table 2).

Data analysis

The data material was evaluated using statistical analysis
with Excel 2016 (Microsoft, CA, USA) and using Origin
2019 (OriginLab Corporation, USA). The data had been
calculated in statistical analyses using the correlation coef-
ficient R, the coefficient of determination R* and one-way
ANOVA. ANOVA was used with 95% confidence intervals
and the statistical significance value was set to p<0.05 both
for ANOVA and the comparative analysis. The values are
given as means of the standard deviation.
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Table 2 Chemical-technical

p % s Characteristics Unit Method

and microbiological test

methods for the eight beer Amino acids (mg/L) MEBAK WBBM 2.6.4.1.2

Yatieties with: thetr unity; Vitamin B,: riboflavin (mg/L) DIN EN 14152, HPLC/FI

all analyses in double 2

determination (n=2) except Vitamin Bj: niacin (mg/L) AOAC 944.13, Microbiology

for the vitamin analysis (n=1); Vitamin Bg: pantothenic acid (mg/L) AOAC 945.74, Microbiology

‘WBBM =wort, beer, beer- Vitamin Bs.: Ca-pantothenate (mg/L) AOAC 945.74, Microbiology

mixed beverages [35-37] S 5 3 :
Vitamin B;: biotin (mg/L) SOP M 655, Microbiology, L. plantarum
Vitamin By: folate (mg/L) DIN EN 14131:2003, Microbiology
Flavonoids (mg/L) EBC9.12
Polyphenols (mg/L) EBC 2.16.1
Phenols (mg/L) MEBAK vol. 11 2.26
Iso-a-acid (mg/L) EBC 9.47
Xanthohumol (mg/L) MEBAK Raw materials vol. 4.3.3.1
Iso-xanthohumol (mg/L) MEBAK Raw materials vol. 4.3.3.1
Ferulic acid (mg/L) MEBAK WBBM 2.21.3.2
Coumaric acid (mg/L) MEBAK WBBM 2.21.3.2

The data were analyzed using the Solo + MIA 2019 pro-
gram (Eigenvector Research, USA). The PARAFAC analysis
was used to find a suitable model to describe the connections
between the eight beers [38].

Results and discussion
Substances causing fluorescence using the EEM
Evaluation of the lager beer type

Multi-dimensional EEM was charted with the above-spec-
ified settings for all eight beers. The extinction wavelength
(EX) in [nm] is plotted on the x-axis and the emission wave-
length (EM) in [nm] on the y-axis. The intensity, with no
units, [—] of the fluorescence radiation (FI) is shown as a
color scale, where blue represents the lowest (0.000) and
red the highest intensity (8800) [5, 19, 20]. The virtually
diagonal line next to the emission peak can be attributed
to Rayleigh scattering. Rayleigh scattering describes the
emission of light of the same wavelength as the excitation
light. The electrons of the molecules vibrate at the same
frequency as the light, emitting electromagnetic waves of the
same wavelength [39]. These inner filter effects are removed
using the Solo +MIA software.

Based on the volume of data, the EEM for all of the ana-
lyzed types is described using the lager beer variety as an
example. The individual components are presented in Fig. 2.

Figure 2 shows the EEM of the lager beer divided up into
the most important ranges for the fluorescing substances.
The volume of EEM data (Origin 2019) for the eight beer
types, and the extinction and emission spectra of the four
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Fig.2 Two-dimensional contour diagram of the lager beer as an
emission and extinction spectrum (EEM) showing the most impor-
tant ranges of fluorescing substances, vitamins, phenolic compounds,
amino acids and iso-at-acid

substances (amino acids, vitamins, phenolic compounds and
iso-a-acid) were used to calculate their contents and statis-
tically evaluate them based on the fluorescence intensities
(FI) (see Table 4).

Beer analyses: fluorescing properties of the tested
beers in correlation with simultaneous analyses

The beer samples were analyzed for different characteristics
(see Tables 3, 4) and tested for their correlation with the
fluorescence spectra.
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5 Data evaluation using the PARAFAC model
2 for qualitative determination
., =
g
= =z ES o ) . I _ B
E PRl SRl Following data preparation and pre-processing in the
LEE| = d =d Solo+ MIA program, the PARAFAC model is used to
- identify the number of main fluorescing components of
2 the samples (see Fig. 3). The following calculations are
5 1 i 1 .
3 §_ important for evaluating the data:
—_— = )
3zlezgs
CEI[ =& =0 Variance explained
5o
ﬁ _:; The percentage of variance explained, which is taken from
§ M Q6 @ the results table of the PARAFAC model, provides infor-
S -8 =23 mation on how the model breaks down the data. It is cal-
5 culated according to the following equation [40]:
L =
)
37 2 n e . . 2k eé.k
£EE T8 8 S Variance explained[%] = 100 x | 1 — — | [¢))
ik Xt
=
=
5 where E; represents the introduced residues and x;, is the
% data matrix. Variance can be a good indicator of how much
% o~ X - noise there is in the data set and how accurately the model
~ R s presents the data. Stedmon and Bro state that a meaningful
= variance is >99%, however, it depends on the respective data
= set [41].
P
2
5 S = Core consistency (Tucker3 model}
= o B g T
2 |E aNES
o Core consistency describes how well the PARAFAC model
T @ fits a Tucker3 model that uses the same components that
é‘ 94;»” were found by the PARAFAC model, and how trilinear the
’5 f S Lo model is. A three-way PARAFAC model can be described
% E & £ 3 e by the following function:
2z X = ATP(CB), @
fﬁ 5 where X is the model output matrix. A, B and C are the
= % _ - parameter matrices that contain the parameters of the pre-
g % ISR vious PARAFAC model. F is equivalent to the number of
El - components. T (F x FF) is the developed two-dimensional
4 ._I—lb = matrix that comes from a three-dimensional nucleus array.
[N L . . ~ .
= % ES 2 E The three dimensions of this array are presented by d=1 to
= : : .
S5 < 4 < F,e=1to Fand f=1 to F. The superdiagonal elements of
S| E H = & H . R . . ©
£ this three-dimensional matrix are shown by ones, whereas
E 3333 the remainder is zero. This means that each element of the
f-: g E“ éﬂ E‘f é‘“ matrix Td=e=f=1 and the rest is zero [40].
32 In the next step, a Tucker3 model is calculated, using
E é the same parametrization (A, B and C) as the PARAFAC
S i _ model. It is adjusted by minimizing the smallest square of
% B » £ E the nuclear matrix G of the Tucker3 model.
5|z R g :
: % ; E é 3 2‘ 6(G) = IIX — AG(CB)'II 3)
= N “
L) Wowe A=
&) Springer
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3D Plot EM EX Peak Components
Component 1
DOM; protein-like
EM: 354 nm tryptophan ~EM: 354nm | ~EX: 278 nm
EX: 289 nm tyrosine ~EM:303nm | ~EX: 275 nm
phenylalanine ~EM: 279nm ~EX: 258 nm
Component 2
0OC; bOC
EM: 424 nm
EX: 340 nm iso-a-acid ~EM: 395-450nm | ~EX: 300-350 nm
Phenabe ~EM: 320-460nm | ~EX: 260-340 nm
———— compounds
Component 3
CDOM; DOM
EM: 505 nm :’;‘ag‘i‘;" byt | “EM:393-520nm | “EX:270-450 nm
EXI 397 nm '2» O3, Ds, Dge, D7, Dg,
riboflavin ~EM: 518 nm ~EX: 353,443 nm

Fig.3 PARAFAC model of the eight beers with 3D plot, EM, EX, peak and components [4, 5, 21, 23-25, 28-30, 33]

X is equivalent to the data set. G is the previously explained
equivalent to T. However, it only equals 7 if a perfect fit can
be achieved—a core consistency of 100%. The deviation,
which corresponds to the difference of the PARAFAC model
to a Tucker3 model, can be calculated as the core consist-
ency using the following equation [40]:

Core consistency[%]

: Fose (g 7 )
_mﬂx(l_zm zez.zpzl( ot = L) ) @

The core consistency can range from 100 to < 0%,
where 100% indicates the best fit. According to Bro and
Kiers, a value > 90% means that the model is trilinear, a
value of around 50% means that the model is partially
trilinear and partially models trilinear phenomena, and a
value of 0% or less implies that the model is invalid as it
does not describe trilinear variations, For EEM data, tri-
linear means no variation in the excitation spectra across
the emission wavelengths and the opposite, as well as a
virtually linear increase in the fluorescence signal with
concentration [42]. The deficit in the core consistency
cannot be identified visually by observing the different
peaks, but the core consistency can be used to find the
right number of components for a model. It usually starts
at 100% and declines with increasing components. The
correct quantity of components can often be found before
or during this decrease together with other tools such as
the explained variance [42, 43].

Split-half analysis

The split-half analysis is a useful tool to validate a model, by
dividing the random samples of the data set into two separate
sets. These sets are then used to calculate a single PARA-
FAC model [43]. The result is a percentage of the similarity
of the models. Randomization, which is performed more
than once, can provide information on stability. This can
demonstrate that the model is representative for all samples
and the right components were found [43].

Maximum fluorescence intensity (F,,,,) calculation

The maximum fluorescence intensity (F,,,,) is calculated to
obtain relative quantitative information on the variation in
the different components in different samples [42, 44].

Frax[R.U.]1 = Score, x EM,,( Amax) X EX, (Amax)-  (5)

The score (fluorescence intensity Fl) is related to the
quantitative value of a component for the sample n, cal-
culated from the PARAFAC model. EM, (4,,,,) is the
maximum value in the emission spectra of the PARAFAC
model and EX| (4,,,) is the maximum value in the excita-
tion spectra [42, 44]. As the EEMs were standardized to the
daily Raman peak, the unit of the F,, value is described as
Raman units (R.U.). As the fluorescence volume is different
for a specific concentration of each component as a result
of different quantum yields, the ', value cannot be used
to compare the concentration of different components in a
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sample. It is possible that . is higher for a component
than that for another component in the same sample but with
the absolute concentration being lower.

To produce further dilution effects or assess the variation
of the constituents in different samples, it is useful to analyze
the relative proportion of the different components in the

samples [42]. Hence,

Fmax,[R.U.]

Share Ci [-] = /—————.
Z:,Ll Fmax,[R.U]

(6)

where Ci and i are the components contained in a random
sample and n is the total number of components.

The PARAFAC model calculation of the eight beers gave
a variance explained by 99%, a core consistency of 88% and
a split-half analysis of 99%. Based on the values achieved, a
suitable model can be assumed.

Three primary components could be found using the
model calculations and these are shown in the following
Fig. 3.

The peaks of the model can be found in Fig. 3. These
could be identified using the OpenFluor database [45]. The
determination of component 1 as DOM (dissolved organic
matter) results in three different compounds in this case,
which could be identified as being similar to protein. DOM
consists of aromatic and aliphatic hydrocarbons, includ-
ing amide, carboxyl, hydroxyl, ketone and other func-
tional groups. The fluorescence of DOM can be classified
into two groups, of humic-like and protein-like substances
[46]. The total quantity of DOM is related to the DOC (dis-
solved organic carbon). It is assumed that component 1 is
related to phenylalanine, tryptophan and tyrosine. The sec-
ond components are attributed to OC (organic matter) and
DOC compounds. DOC is the portion of the TOC (total
organic matter) that can pass through a 0.45 pm filter. While
organic matter (OM) in a sample is assigned to the TOC,
the DOM is linked to the DOC [46]. Component 2 can be
associated with iso-a-acid and the phenolic compounds. The
third component was identified as CDOM (colored dissolved
organic matter) or DOM. This assumes that component 3
belongs to the vitamins, riboflavin from the vitamin B group
in particular.

Split-half analysis

Split-half analysis is used to verify whether the model is
reliable. Values ~60% are assumed as minimum [43]. The
value for the split-half analysis can be taken from the calcu-
lations of the Solo+MIA program as 98.6%. It shows that
the model works very reliably and can be used.

@ Springer

Maximum fluorescence intensity (F,,,,) calculation

The following Table 5 gives the relative percentages of the
different components in the samples.

Table 5 shows the percentage amounts as Share Ci [%].
This shows the ratios of the respective components in the
samples.

Correlation calculation for the quantitative
determination with Origin and ANOVA

Using Origin, statistical evaluations were performed using
the calculated totals of FI and the analysis values of all
beer types. There was a significant correlation (R*=0.63)
between the iso-a-acid concentrations of the beer types and
the calculated FI from Origin (see Table 4 and Fig. 4). The
graphical representation of the correlation of all beer types
shows the relationship between iso-a-acid and the calculated
FI. The FI was obtained from the EEM graphs by narrow-
ing the respective extinction and emission ranges and thus
calculating the amount of data.

From the calculation using the one-way ANOVA, this
gave a statistical significance of the p value <a=0.005 (p
value: 0.00408). The slope is significantly different from
Zero.

From the correlations of the amino acid concentrations
with the FI, the following correlations were found for the
three amino acids (see Table 6):

According to the literature, the aromatic amino acids phe-
nylalanine, tryptophan and tyrosine are primarily involved
in fluorescence [4, 25, 28, 31].

According to the ANOVA calculation, there was no sig-
nificant correlation between the relevant amino acids and
the FI of the beers despite p values <a=0.005 (phenylala-
nine p=0.0008; tryptophan p =0.0009; tyrosine p =0.0004).
However, a relationship can be assumed based on the trend
(phenylalanine: R2=0.38; tryptophan: R>=0.44; tyrosine:
R*=0.45).

If the phenolic compounds ferulic acid, coumaric acid
and iso-xanthohumol are considered individually, there are
no correlations with the fluorescence intensities (FT). There
were also no significant correlations for the three phenolic
compounds according to the ANOVA calculation (ferulic
acid: p=0.1157; coumaric acid p=0.0159; iso-xanthohu-
mol p=0.0371). The other phenolic compounds shall be
disregarded as a result of too little correlation. The vitamin
analysis also only showed slight correlation.
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Table 5 Results of the

Scs EM, (4, EX, (A, Foax [RU.]  Share Ci [%
calculations of components 1, 2 core, n () 1 (ma) i [ 1 are Ci [%]
and 3 with the score (FI), EM, Component 1
EX, Fy. and share Ci values L

. . ager beer (Ib) LLOSE+11  1.49E-03  2.08E-03 3.37E+09 6.99
with the eight beer types -
Dark lager (dl) 1.32E4+05  1.49E-03 2.08E-03 4.10E-01 0
Pilsner beer (pb) 5.63E+11 149E-03  2.08E-03 1.74E+09 36.17
Radler beer (rb) 2.57E+11  1.49E-03 2.08E-03 T.97E+09 16.52
Wheat beer (wb-Ib LL66E+11 1.49E-03  2.08E-03 5.13E+09 10.64
Wheat beer dark (wb-d) LI17E+11 1.49E-03  2.08BE-03 3.63E+09 7.53
Alcohol-free lager beer (af-lb) 1.74E+11 1.49E-03  2.08E-03 5.40E+08 11.2
Alcohol-free wheat beer (af-wb)  1.70E+11 1.49E-03  2.08B-03 5.29E+09 10.96
Component 2
Lager beer (Ib) 1LLIBE+11  6.96E-03  2.25BE-03 1.85E+09 7.55
Dark lager (dl) LI2E+16  6.96E-03  2.25E-03 L75E+09 7.14
Pilsner beer (pb) 827E+11  6.96E-03  2.25E-03 1.29E+07 52.74
Radler beer (rb) 1L39E+11  6.96E-03  2.25E—-03 2.17E+09 8.84
‘Wheat beer (wb-1b) L64E+10  6.96E-03  2.25E-03 2.56E+08 1.04
Wheat beer dark (wb-d) L99E+11 6.96E-03  2.25E-03 3.11E+09 12.68
Alcohol-free lager beer (af-Ib) 143E4+10  696E-03  225E-03  2.23E+09 0.91
Alcohol-free wheat beer (af-wb)  1.42E+11  6.96E-03  2.25E-03 2.23E+09 9.08
Component 3
Lager beer (Ib) 3.53E+11  3.05E-02 2.65E-132 286E-122 13.09
Dark lager (dl) 3.13E+16  3.05E-02 2.65E—132  253E-122  11.58
Pilsner beer (pb) LI2E+11 3.05E-02  2.65E-132 9.03E-123 4.14
Radler beer (rb) 5.19E+11 3.05E-02  2.65E-132 4.20E-122 19.24
‘Wheat beer (wb-1b) 725E+10 3.05E-02  2.65E-132 5.87E-123 2.69
‘Wheat beer dark (wb-d) 1.03E+11  3.05E-02  2.65E-132 8.30E-123 3.81
Alcohol-free lager beer (af-1b) 6.11E+11  3.05E-02  265E-132 4.94E-122 22.64
Alcohol-free wheat beer (af-wb)  6.16E+11  3.05E-02  2.65E-132 4.98E-122 22.82
35 Table 6 Pearson R and ) . 2
i i Al d R R
° \w‘ coefficient of determination K> mine ast
ad " of phenylalanine, tryptophan, Phenylalanine  —0.62  0.38
tyrosine Tryptophan -066 044
— 25 8 Tyrosine -0.67 045
=) A
g di "
= 204 S aflb
=} ] S
= b e .
£ o Conclusion
£ 154 Py
8
§ ® st whdb Diverse fluorescing beer ingredients could be assigned
Equeton yraven | ® e T using fluorescence spectroscopy based on emission and
i 22848285 . P extinction ranges. Using the PARAFAC analysis, a specific
5 rearson 08 h . L .
R.Sauro 08 model was created that identified the three main compo-

T T T T T
1.2x10°  1.4x10°  1.6x10°  1.8x10° 2.0x10° 2.2x10° 2.4x10°
fluorescence intensity [-]

Fig.4 Graphical representation of the correlation of all beer types
(lager beer=1b, dark lager=dl, Pilsner beer=ph, Radler beer=rb,
wheat beer=wb-lb, wheat beer dark=wb-d, alcohol-free lager
beer=af-lb, alcohol-free wheat beer=af-wb) with the analysis con-
centrations of iso-o-acid (mg/L) and the FI [-] and statistical evalua-
tion: Pearson R and R*

nents of the fluorescing substances. These components
could be qualitatively assigned to the organic substances
DOM, DOC or CDOM and OC by comparing with exist-
ing database literature. Using the emission and extinction
spectra, these ranges could be assigned to the three aro-
matic amino acids phenylalanine, tryptophan and tyrosine,
iso--acid, phenolic compounds, and the vitamin B group.
The PARAFAC model explained the fluorescence of the
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eight beers with a variance of 98.7% for three compo-
nents. The F, ., and Share Ci evaluation divided the beers
quantitatively into the relative percentage amounts of the
different 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 Ori-
gin software could be shown for iso-a-acid (R*=0.63). This
resulted in a statistical significance of the p value <a=0.005
(p value: 0.00408). For the fluorescing amino acids pheny-
lalanine, 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 iso-
xanthohumol. 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.

It can be concluded that fluorescence spectroscopy with
the obtained EEM data presents a powerful measurement
that offers sensitive monitoring to identify fluorescence
substances in beer samples. Only general sample prepara-
tion and processing needs to be observed for beer samples.
Qualitative evaluation using the PARAFAC analysis is also
advantageous to identify the primary components. A quan-
titative evaluation appears to be difficult.

For future research purposes, additional beer analyses
should be taken into account, for example, for hydroxym-
ethylfurfural. HMF is another substance suspected of being
involved in fluorescence [47]. Further, beers could therefore
be investigated using fluorescence spectroscopy combined
with analysis.
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PART 4

2.5 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 afiltration 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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-73 -




Results (Thesis publications)

European Food Research and Technology
https://doi.org/10,1007/500217-020-03647-0

ORIGINAL PAPER m

Check for
updates

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

Eva-Maria Kahle'® . Martin Zarnkow' - Fritz Jacob'

Received: 1 September 2020 / Revised: 24 October 2020 / Accepted: 31 October 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Cloudiness, opalescence or a milky appearance in beverages is usually undesirable and lead the consumers to assume that
the product is of lower quality. Many different types of formation and entry can lead to cloudiness and these causes can be
divided into two major categories: beverage-specific, where the ingredients cause an interaction, and external influences such
as process errors or particles interacting with the medium. This study considers two main sources of external influences.
Raman micro-spectroscopy (RMS) was used to detect, evaluate and validate filter aids, stabilisers and various microplastic
(MP) particles. A suitable sample preparation was developed, membrane filters were tested, and a filtration method for isolat-
ing 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 analysing the particles both dry, in water and beer. The filtration residue after membrane
filtration was also analysed. 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.

Keywords Turbidity - Beer - Beverages - Filter aids and stabilisers - Microplastic - Raman

Introduction

In addition to the turbidity that occurs due to the raw mate-
rial, the colloids that cause turbidity must also be taken into
account, which are caused by particles that are foreign to
beer. The presence of beer-extraneous turbidity particles
usually indicates errors in process control, e.g. when parti-
cles from filter aids or stabilising agents break through the
filter medium due to pressure surges. In addition to filter
aids and stabilisers, other particles with the potential to form
turbidity can also occur in breweries [1-4]. In this context,
label fibres, lubricant residues from the lids of beer cans as
well as plastic abrasion or microplastics from conveyor belts,
membranes, valves, pipes or seals should be mentioned. The
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MP particles can cause turbidity from the product interact-
ing with the packaging [4, 5]. With the development of new
analytical methods and techniques, it is possible to analyse
raw materials and food during operation. Especially in the
case of beverage samples, there is usually no risk of MP
being introduced via the raw materials due to the frequently
filtration steps in the closed process. Instead, most particles
in beverages can be attributed either to exposure through
process plastic during production or to subsequent contami-
nation as a result of unsuitable sampling and treatment meth-
ods [6]. The plastic can enter the beer during the process,
e.g. through the manual addition of additives and raw mate-
rials, contaminated water in the brewhouse and fermentation
cellar. It can also enter the beer during transport and storage
by dissolving crown cork compound materials or PET from
the wall of a plastic bottle [7, 8]. According to the definition
of the National Oceanic and Atmospheric Administration,
MP are plastic particles with a size of 0.1-5000 pm [9].
Inorganic substances can cause turbidity and may
include filter aids that have penetrated or label residues.
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It is also possible for organic substances of microbiologi-
cal or non-microbiological origin to impair the colloidal
stability of beer [4]. Turbidity of non-microbiological ori-
gin can also be distinguished as cold turbidity, permanent
turbidity and turbidity from foreign substances [10]. As is
the case for non-alcoholic beverages, turbidity can occur
in beer in three different ways: Particles already contained
in beer or its raw materials can coagulate, and turbidity
can also arise from substances introduced during beer
production. Last but not least, foreign particles can enter
the beer before or during filling and cause turbidity [4].
Figure 1 lists various types of turbidity and shows their
origins. The overview categorises the different origins
of turbidity. In this study, the beer-extraneous turbidity
particles are a particular focus and will be explained in
more detail in the following sections. By means of Raman
micro-spectroscopy (RMS), numerous filter aids (cellu-
lose, kieselguhr, perlite) and stabilisers (PVPP, silica gel
like 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. At
the beginning, a suitable sample was prepared with fil-
tration equipment and a filter validation was performed
to detect the foreign particles also in the liquid medium.

Materials and methods

The focus of this work is on the identification and characteri-
sation of non-beer turbidity particles. Beer is a highly com-
plex medium comprising more than 450 ingredients [11-14].
This complex matrix often makes the analysis of different
particles difficult using Raman spectroscopy, since the sub-
stances to be analysed are often overlaid by other ingredients
[15]. Therefore, it is important to establish a suitable sample
preparation in advance of the analysis to solve these matrix
problems. Three various filter aids and stabilisers as well as
twelve plastics were analysed, which are described in detail
in the following. Samples were prepared in five-fold deter-
mination (n=>5) for the replicates.

Filter aids and stabilisers

In terms of filter aids, kieselguhr (Dicalite Speedflow), per-
lite (Dicalite MF2) and cellulose fibres (CelluFluxx P 50)
were used as sample materials, which were provided by Erb-
sloh GmbH, Geisenheim. The kieselguhr used is a prepara-
tion of medium fineness. Dicalite MF2 is a medium to coarse
perlite and CelluFluxx P 50 is an extra-long cellulose fibre.
All preparations were stored in a dry and dark location at
room temperature. Preparations from various manufacturers
were used for the stabilisers. We analysed a non-regenerable

Origins of turbidity
! |
Non-biological Biological
turbidity turbidity
[ I [
Beer own Y Turbidity particles B :
haze particles foreign to beer \ Jeasts Bcizia
Filter aids: Stabilizing agents\
Proteins Polyphenols cellulose. —|{ PVPP.silica gel
kieselguhr. perlite like xerogel
5 i Polymers: e.g. .
Polysaccharides sl"lnms \{P, &C, P‘I‘gE Other particles

Fig. 1 Various origins of turbidity. For this investigation the turbidity particles foreign to beer are relevant
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PVPP from Erbsloh GmbH, Geisenheim and used the PVPP
preparation Stabiclear from Stabifix Brauerei-Technik KG
and also used the silica gel Stabifix Extra. This is a hydrated
xerogel. All preparations were stored in a dry place and pro-
tected from light at room temperature.

Sample preparation of filter aids and stabilisers

To investigate the influence of different media on the Raman
spectra, the PYPP preparations of both manufacturers (Stabi-
fix and Erbsloh), as well as the cellulose preparation were
analysed as a dry powder, a suspension in water, a suspen-
sion in beer and as a filtration residue after membrane fil-
tration. To prepare the suspension in water, 2 mg each of
the dry PVPP and cellulose preparation was weighed and
suspended in 1000 pL sterile water using a vortex mixer. The
suspension in beer was prepared in the same way using beer
instead of water. The beer was first decarbonised by shaking.
Furthermore, a standing time of two hours before starting
measurement to allow for possible enrichment of the PVPP
particles with polyphenols from the beer, To analyse the
filtration residue, a suspension in beer was also prepared. A
suspension of 7.5 mg PVPP was suspended in 150 mL beer,
which corresponds to a dose of 5 g/hL. In the case of the cel-
lulose preparation, 37.5 mg cellulose fibres were suspended
in 150 mL beer, which corresponds to a dosage of 25 mg/hL.

Polymers (MP particles)

To cover the widest possible range of plastic classes, a col-
lection of plastic samples from PlasticsEurope Deutschland
e.V. were used. PET samples in different trade forms were
also provided by Forum PET for this study. Table 1 lists the
plastic workpieces and shows an overview of all the exam-
ined plastic samples, product samples and materials, as well
as the origin of the samples.

Sample preparation of polymers

To validate the analytical method, the existing plastic sam-
ples were crushed by rubbing them with different grades
of sandpaper. The resulting spectra were stored so that the
polymer spectra could be corrected if necessary. The con-
sequential particles were then transferred to screw-top test
tubes as storage containers and could be removed with a
spatula if necessary. The abrasive paper was previously seg-
mented to avoid cross-contamination of the polymer types.
At the beginning, no uniform particle size distribution was
required, so the plastic dusts could be used as internal qual-
ity standards. To avoid interfering signals, the sandpaper
material was examined microscopically and spectroscopi-
cally. The resulting spectra were stored so that the polymer
spectra could be corrected if necessary. The microplastic
preparations produced in this way are shown in Fig. 2 in the
sequence shown in Table 1, at fourfold magnification.

Filtration and validation

The membrane filters were cut into quarters for microscopic
and spectroscopic validation of the filter surface and fixed
between two uncoated slides. In doing so, alignment had to
be observed so as not to confuse the front and back sides of
the gold-coated membrane filters. To analyse the polymer
samples on the filter surfaces, 20 mL screw-top test tubes
were cleaned according to the procedure described above
and stored upside down in a fume cupboard for drying until
use. Subsequently, 100 mg of each of the various particle
dusts was weighed into the screw-top test tubes and filled
with 10.0 mL of double-distilled water [9]. The tops were
screwed on to the tubes, which were suspended in a vortex
mixer directly before being transferred for filtration. The
vacuum pump was then switched off and the membrane filter
was transferred to a slide using special tweezers.

Table 1 Analysed polymer

A Sample no. Material Abbreviation Origin
types and their origin
1 Unsaturated polyester resin up PlasticsEurope
2 Polyamide PA PlasticsEurope
3 Polyethylene PE PlasticsEurope
4 Phenolic resin PF PlasticsEurope
5 Polymethyl methacrylate PMMA PlasticsEurope
6 Polystyrene PS PlasticsEurope
7 Polyviny! chloride PVC PlasticsEurope
8 Polypropylene PP Reed valve housing #1
9 Polyvinylidene fluoride PVDF Reed valve housing #3
10 Polytetrafluoroethylene PTFE valve #6
11 Polyetheretherketone PEEK Seat gasket #8
12 Polyethyleneterephthalate PET Forum PET
@ Springer
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Fig.2 Microscopic images of the plastic samples used at 4x magnification; labelling according to Table 1

To check the suitability of the membrane filters for rou-
tine analysis, all filters were examined microscopically and
spectroscopically. First, the requirements for the filter mem-
branes were checked for each filter type. For this purpose the
filters were analysed for irregularities in their surface struc-
ture using bright-field microscopy with the 20 x lens. The
Raman spectra of the individual filters were then recorded.
The same settings were selected as for the polymer refer-
ence spectra. The thermal stability of the filters was also
qualitatively determined. To determine the maximum laser
intensities and thus the thermal stability of the individual
filter types and materials, Raman spectra of the filters were
recorded at 2, 5, 10, 20 and 40 mW laser power. The thermal
resistance was defined and validated.

Sampling and preparation

The principle of due diligence applies in particular to the
process steps for obtaining and preparing samples, as well as
all other steps preceding the analysis. The theoretical analy-
sis limits of the common analysis methods for microplastics
are currently between 20 pm (FTIR), 10 pm (NIR) and 1 pm
(RS) [15, 16].

Evaluation of membrane filters

Some pre-analysis preparation is necessary for smaller
MP particle sizes, for example, filtering the particles and

@ Springer

removing the sample matrix. To avoid interfering signals
superimposing on the particle Raman signals, high demands
are placed on the filter material and the filter parameteri-
sation. Depending on the complexity of the sample, filter
specifications and analysis parameters and smaller particle
sizes can be measured.

Membrane filtration

To validate suitable filter materials and surfaces, five mem-
brane filter types were tested from Analytische Produktions-,
Steuerungs- und Controllgerite GmbH (APC) and three
membrane filter types from i3 Membrane GmbH. These
eight membrane filters had different filter materials, as well
as different layer thicknesses or the arrangement of the gold
coating. The membrane filters were stored in the storage
containers provided and protected from light and contami-
nation. The relevant specifications of the tested filters are
listed in Table 2.

The membrane filters used, however, had a diameter of
25 mm due to given test parameters. The sample prepara-
tion and a suitable filtration attachment was designed and
manufactured. The requirements placed on the workpiece
are listed in Table 3.

The preliminary design drawing is shown in Fig. 3. For
the basic construction, standardised stainless steel compo-
nents of the company Martin Wagner "WAGNERINOX"
were used. Subsequently, a tapered stainless steel work
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Table 2 Material, coating No

X N R Description Filter carrier material Arrangement of ~ Manufacturer
prupcr%lcs and manulactu.rcr of the coating
the validated membrane filters
1 APC Thicker Type Polycarbonate 40/20 APC GmbH
2 APC PET Polyethyleneterephthalate 40120 APC GmbH
3 APC Folie 1 Filter film 1 40/20 APC GmbH
4 APC Folie 2 Filter film 2 40/20 APC GmbH
5 APC PC Polycarbonate 0/0 APC GmbH
6 13 Trackpor Gold Polycarbonate 40/20 i3 Membrane GmbH
7 I3 Trackpor Gold Polycarbonate 40/0 i3 Membrane GmbH
8 I3 Flexipor Aluminium oxide 0/0 i3 Membrane GmbH
Table 3 Requirements for Requirement Solution

membrane filtration

Fit for @25 mm membrane filter
Stainless steel body

Smooth, non-static surface

Compatibility

Fast filtration, few steps

More favourable design due to standardised component

No plastic parts on the retentate part —
No additional source of contamination

Electrochemical properties of plastic particles — Adhe-
sion, falsification of results
Can be adapted to existing membrane filtration systems

Work to exclude contamination as much as possible

piece was attached to the upper part, which serves as a fill-
ing funnel and increases the maximum sample volume of the
component. The individual components are placed on top of
each other in sequence and fastened with a two-bar clamp.
The filtration attachment was mounted on a pressure-stable
vacuum bottle made by Schott AG and connected to a water
jet pump made by Diagonal GmbH & Co. KG. For safety
reasons, the vacuum bottle was additionally covered with a
splinter protection net.

Raman micro-spectroscopy (RMS)

A Raman spectroscopy system of the model alpha300R
from WiTec GmbH was connected to the confocal research
microscope. Two laser units generated monochromatic
light at the wavelengths 532 nm and 785 nm. These laser
beams entered the microscope via two connected optical
fibre cables. There, the beams were directed onto the sam-
ple and the spectroscope detects the emitted photons. After
the scattering process, the emitted photons were focused
using a pinhole aperture and transmitted to the spectro-
scope. Two spectroscopes were available for particle meas-
urements, one each for a laser unit and a wavelength range.
For analyses with the 532 nm laser, a UHTS series (Ultra-
High Throughput Spectrometer) spectroscope from WiTec
GmbH was used. These were specially developed for high-
resolution Raman spectra with short measuring times. The
model used, a UHTS 300 VIS, is designed for excitation
wavelengths in the visible range (approx. 450-700 nm).

When using the 785 nm laser, a spectroscope of the model
UHTS 400 NIR is used. This spectroscope is specially
adapted to the wavelength range of 6501300 nm and thus
to the near infrared range. However, since the efficiency
of the CCD detectors is directly dependent on the wave-
length of the laser, and the Raman signal decreases by four
times the power of the laser wavelength, the acquisition
of Raman spectra with the 785 nm laser requires a longer
measurement time than the 532 nm laser. Furthermore,
the theoretically possible resolution of the laser increases
with increasing wavelength, which contradicts a quantita-
tive analysis [17, 18]. For this reason, the 785 nm laser is
not used in this paper. Gratings scatter the detected Raman
signal over the CCD detectors. The number of ridges per
millimetre determines the resolution of the Raman signals
and the absolute measuring time. The higher the num-
ber of ridges, the higher the resolution and the longer the
analysis time. With the existing system it was possible
to choose between two gratings (600 and 1800 g/mm).
Due to the homogeneity of the samples and the measure-
ment duration, only the 600 g/mm grating was used. The
scattered photons were then recorded by two CCD detec-
tors from WiTec GmbH. These convert the detected pho-
tons into electrical signals and feed the software with the
data of the Raman signals. By cooling down to a working
temperature of — 60 °C, interfering signals (e.g. noise or
dark current) are avoided. The standard intensity of the
532 nm laser was set at 2.0 mW and increased to 5.0 mW
if necessary. The integration time per recorded spectrum

@ Springer

-78 -



Results (Thesis publications)

European Food Research and Technology

Fig.3 Construction drawing of the filtration attachment (CAD image
file); @ The upper part is composed of a stainless steel hollow cyl-
inder (DN25) and a clamp weld-on socket @ The sealing ring pro-
vides the necessary contact pressure of the membrane filter @ The
membrane filter is inserted between the sealing ring and filter frit @
The filter frit serves as a carrier surface for the membrane filter and
defines the flow volume ® The carrier ring serves as a support and
fixation of the filter frit ® The lower part is composed of a bevelled
stainless steel hollow cylinder (DN10) and a clamp welding socket

was 0.4 s at 50 accumulations. This results in an absolute
measurement duration of 20 s/particle. To obtain signifi-
cant reference spectra, five individual spectra of each sub-
stance were recorded at different positions within a sample
and an average spectrum was generated. Video images of
each substance were stored to be able to make compari-
sons during later microscopic analyses. The images were
acquired with the WiTec software Control 5.1, which
directly links the video images with the acquired spectra,
The programme also stores the position and parameters of
the single spectra, line scans and image scans. During the
later evaluation the video images can be combined with
the spectral data and the results can be visualized.

al Springer

Data analysis and statistical evaluation

All analyses and measurements were controlled and per-
formed with the WiTec Control FIVE 5.1 software. The
quantitative data evaluation and processing was carried out
by the WiTec software Project FIVE 5.1, The data mate-
rial was evaluated using the software BioNumerics 7.6.3.
Applied Maths N.V., Belgium. The determined average
spectra of the reference samples, all spectra as well as the
cluster data sets from the image scans were imported into the
database and processed. A five-fold determination (n=35) of
all analysed samples was carried out, each with three differ-
ent particles in the sample. Due to the size of the particles,
the five-fold determination of the samples was carried out
at three different positions within a particle. Each individual
spectrum was automatically formed from the mean value
of ten repeated measurements using the WITec Control
software.

Results and discussion
Filter aids and stabilisers

The first peak in the Raman spectra at a wavenumber of
approx. 0 rel. cm ™' can be neglected, since this peak rep-
resents the laser [19]. For a better overview, only one of
the Raman spectra from each of the five samples is shown
below, unless otherwise described.

Samples containing cellulose and silicon dioxide

The cellulose fibres were analysed in dry state, as suspen-
sion in water, as suspension in beer and as filtration residue.
Although cellulose fibres have no adsorption capacity, it is
necessary to check the particles from the filtration residue
to determine whether a change in the Raman spectra can be
detected as a result of a possible deposition of beer constitu-
ents. Figure 4 shows a microscope image of the cellulose
fibres at 60 x magnification and the corresponding spectra.
The Raman spectra of cellulose fibres show a peak at
approx. 2900 rel. cm™!. At this wave number, the C-H com-
pounds from the hydrocarbon chains of cellulose oscillate
[17, 19]. However, a characteristic oscillation frequency in
the range of 2900-3500 rel. cm™ was found for OH groups,
so that these are also reflected in the measured Raman spec-
tra at approx. 2900 rel. cm em™' [17]. The other peaks in the
range of about 600-1500 rel. cm™" can generally be assigned
to aliphatic hydrocarbons (600-1300 rel. cm™!) and organic
carbon (1300-1700 rel. cm‘l) [17, 19]. The spectra show
similarities of at least 89.6% to each other. No other groups
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Fig.4 Microscope image of
cellulose fibres in bright field
with white light source at 60x
magnification (left); Raman
spectra of cellulose fibres at dif-
ferent sample preparations [(dry
(1); suspension in water (2);
suspension in beer (3): filtration
residue (4) (colour-coded)],
n=10, A=532 nm (right)

can be identified with regard to the different sample prepa-
rations, which is also confirmed by the dendrogram shown
in Fig. 5.

Figure 5 shows that, due to the high similarities across
all individual spectra, no clusters are formed according to
the different sample preparations. The spectra shows an
average of at least 94.5% similarity to each other. Thus,
although cellulose fibres in different media and states can-
not be distinguished from each other, all spectra show a
similar Raman spectrum. Figure 6 shows microscopic
images of particles of the silica gel, kieselguhr and perlite

Fig.5 Evaluation of Raman

spectra of cellulose fibres

at different sample prepara- o
tions (colour-coded) using a T
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preparations investigated. The spectra each have a peak at
approx. 925 rel. cm™' and a slightly lower peak at approx.
460 rel, cm™!, In the literature, oscillation frequencies at
450-550 rel. cm ™" and 9001100 rel. cm™" are assigned to
the silicon oxides [17, 19].

Table 4 shows the Si0, contents of hydrated xerogel,
flux-calcined kieselguhr, perlite, and borosilicate glass.

It is evident that all materials have a high proportion
of §i0, in common. The spectra of the different materials
are at least 91.2% similar to each other. The Table 4 also
shows that the particle spectra in particular do not show

similarity in %

hierarchical cluster analysis,
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Fig.6 Microscope images of
silica gel (a), kieselguhr (b) and
perlite particles (c) in bright
field with white light source at
60x magnification and Raman
spectra of silica gel (1), perlite
(2), kieselguhr (3) and borosili-
cate glass (4) (colour-coded),
n=10, A=532 nm
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Table 4 Silicon dioxide contents of various materials in %

Si0, content [%]

Hydrated xerogel (Stabifix 2015) 55-62
Flux-calcined kieselguhr (Rompp 2007) 88-92
Perlite (RSmpp 2010) 68-75
Borosilicate (Rompp 2009a) 70-80

any tendency to cluster formation. This is illustrated by the
hierarchical cluster analysis, as shown in Fig. 7.

Due to the similarity of the silica gel, kieselguhr and
perlite spectra to those of borosilicate glass, it is not pos-
sible to judge whether the spectra reflect the material
properties of the particles or the slide. For this reason, no
further analyses of these particles in different media were
carried out. For future measurements, slides made of other
materials such as calcium fluoride (CaF,) should be used
instead of borosilicate [20, 21].

@ Springer
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PVPP (polyvinylpolypyrrolidone)

Figure 8 presents a microscope image of PVPP particles
at 60 x magnification and the corresponding spectrum of
PVPP at different sample preparations. The microscope
images show particle agglomerates of different sizes. When
viewed purely optically there are no differences between
the two preparations. The spectra each show a prominent
peak at approx. 2930 rel. cm™', as well as a region with
several consecutive peaks at approx. 700-1700 rel. cm™'.
The peak at approx. 2930 rel. cm™! can be assigned to the
oscillations of the C—H compounds (2800-3100 rel cm‘l)
[19]. C-H compounds are found in PVPP both in the
hydrocarbon chain as well as in the cyclic amide struc-
ture. The oscillations of the N-H compounds, as well as
the carbonyl group from the amide group of PVPP, show
peaks in the Raman spectrum at a wave number of about
1550-1700 rel. cm™! [17]. Especially the carbonyl group,
which is usually located at approx. 1700 rel. cm™', can be
identified in the spectra shown at a wavelength of approx.
1660 rel. cm™" [17, 22]. This peak is lower in the samples
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Fig.7 Evaluation of Raman
spectra of silica gel, perlite,
kieselguhr and borosilicate
glass using a hierarchical cluster
analysis, A=532 nm
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Fig.8 Microscope images of
PVPP particles in bright field
with white light source at X 100
magnification and Raman
spectra of PVPP at different
sample preparations: filtration
residue (1), suspension in beer
(2). suspension in water (3),
dry (4) (colour-coded)); n=10,
A=532nm
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from the filtration residue compared to the other samples.
This could be due to a shift in charge conditions at the car-
bonyl group caused by the hydrogen bonds that form there
with the polyphenols. The remaining peaks in the range of
approx. 700-1700 rel. cm™" were generally assigned in the
literature to aliphatic hydrocarbons (600-1300 rel. cm™)
and organic carbon (1300-1700 rel. cm™") [17, 19]. The
bands below 1800 rel. cm™ [19] and 1500 rel. cm™" [17]
also characterise the molecule as a whole. This range is also
referred to as the "fingerprint" of the molecule [17, 19, 22].

Figure 8 also shows that the dry state spectrum differs
from that in suspension (beer and water) and from the
filtration residue. The peak at a wave number of approx.
2930 rel. cm™" is particularly noticeable here, being higher
and wider in the dry sample compared to the other samples.
The Raman spectra of PVPP in dry state are at least 96.8%
similar, whereas the similarities to the spectra of the other
samples are between 51.2-59.9%. Furthermore, the spectra
of the other samples also show high similarities. The spectra
of samples suspended in water are at least 99.6% similar,
those of samples suspended in beer at least 95.2% similar
and those from the filtration residue at least 89.4% similar.
Furthermore, it can be seen that the samples from the filtra-
tion residue and those suspended in beer are at least 86.7%
similar and that the samples suspended in water are at least
83.0% similar to those suspended in beer. However, when

® " Q

® +®

N VORI L

~

®) ) o
® O o

A
A 4 \
A" " haadl o

WAy WAt v, |

; L A )\
. R . SO T i
i o

Uy Y o RN il 0 A

Ve st At et o,

M\-l

i I T vy

comparing the samples from the filtration residue with those
from the water suspension, the spectra only show a similarity
of 71.9-76.1%. This may be attributed to polyphenol adsorp-
tion by the PVPP particles. Further analyses are necessary
to verify this assumption. The similarity ratios of the Raman
spectra can also be determined by means of a hierarchical
cluster analysis: The cluster analysis shows four clusters,
each consisting of the different particle variants. As in the
similarity matrix, the cluster analysis shows only a low aver-
age similarity of 56.4% for the dry particles compared to the
remaining particles, whereas the clusters of the remaining
PVPP particles are, on average, at least 80.7% similar.

Polymers

Five individual spectra of each polymer type were recorded
at several points within a sample and an average spectrum
was generated. Reference spectra for the following experi-
ments were to be recorded and spectral series were used to
determine the intensity maxima of the polymers to empiri-
cally determine and confirm the general test parameters. For
a better overview, only three of the respective individual
spectra of the polymers are shown in Fig. 9.

The polymer samples 1-7 and 12 were the most common
types of plastic and two additional polymer types (UP and
PF). Finally, it was possible to generate the spectral data of
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all polymers except the PF sample @. However, due to fluo-
rescence signals, the defined experimental parameters often
had to be varied and adjusted accordingly. To get an over-
view of the laser intensity level at which the individual poly-
mers tended to emit fluorescence signals, the intensity spec-
tral series of the polymers were recorded. Figure 10 shows
such an iterative spectral series. Using the standard parame-
ters, the spectrum of the examined PA sample showed strong
interference signals between 1500 and 4000 rel. em™'. The
laser intensity was then reduced and the number of accumu-
lation cycles increased. The green graph shows, at 1 mW and
100 accumulation cycles, a maximum of peaks in the rel-
evant fingerprint area at relatively low fluorescence signals.
In the next iteration step (0.5 mW) the signal strength of
the individual peaks decreased again, therefore the intensity
optimum of this sample was set at 1 mW.

With the help of the Sub BG function of the Project FIVE
5.1 software some of the fluorescence superimposed spectra
could also be restored or cleaned up. However, the identifi-
ability of the respective substance spectra also decreased.
By means of this processing function, all acquired Raman
signals are attenuated down to a common baseline. The sub-
stance-specific peaks should therefore be clearly identifiable
in advance. Otherwise, the signal-to-noise ratio (SNR) may
be too low, resulting in unidentifiable spectra. The partial
images @, @@ and @ in Fig. 10 show polymer spectra which
demonstrate a very low SNR value after using the Sub BG
function. In the PF sample, the interference signals could not
be reduced even at the lowest intensity level of 0.1 mW and
ultimately led to the fact that the reference spectra could not
be recorded. On the one hand, this may be due to the deep
black colour of the sample, on the other hand, it may also

be due to the unknown composition or possible additives.
Specific information about the composition of the sample
was not available, so this hypothesis remains unconfirmed.
The microscopic examination showed no thermal damage
whatsoever to the particles examined. Other samples were
also dark or black in colour (e.g. PVC, PEEK) and yet the
Raman spectra of these samples could be detected, even
though they were very weak. It must therefore be assumed
that unknown fluorophoric substances are present in the PF
sample. In the end, the PF sample was the only polymer
sample from which no spectra could be recorded and was
therefore not investigated further in the subsequent experi-
ments. Based on the results of the filter validations, the range
of laser intensity levels to be tested was set at 0.1 to 10 mW.
The recorded spectra had to be clear enough to be used to
identify the polymers and at the same time not show any
thermally induced impairment of the analysis results. The
minimum value was set at the value at which the particle
under investigation could be identified perfectly using the
resulting spectrum.

Conclusion

In this study a method for the identification of particles
in beverages was established, tested and validated using
standard suspensions. The confocal Raman micro-spec-
troscopy (RMS) system served as the analytical method.
To make the results reproducible and comparable, the
standard test parameters were determined and tested
empirically. The conception of the method included the
preparation of particle standards, the design of a sampling
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or preparation procedure, the selection of suitable mem-
brane filters and the validation of the measuring method.
Different filter aids and stabilising agents as well as dif-
ferent polymer samples of the most common types of
plastics and some high-performance plastics from food
production were investigated. The polymers were manually
comminuted to generate the spectral data of the respec-
tive substances in the dry state. These served as reference
spectra in later experiments. The substance-specific peaks
were compared with corresponding literature values and
included in the existing database. In addition, the ther-
mal load capacity of each polymer sample was checked
by iterative intensity increase of the laser power. Based
on the given experimental parameters, a filtration appara-
tus was designed and manufactured. Different filter types
were analysed to select suitable membrane filters. These
differed in the carrier material, the filter thickness and
the coating of the filter surface. The sampled filters were
validated on the basis of a requirement profile created from
the previous literature research. The filters were tested for
their tendency to emit fluorescent signals and their thermal
load capacity. This also served to empirically determine
the analysis parameters necessary for the automatic analy-
sis and identification of unknown particles. During the
analysis of the particle samples on the selected membrane
filters, small particles within the sample were manually
located and focused. Video images and image scans of
these particles were created, which were then evaluated
using the programme functions Cluster Analysis and True
Component Analysis. During the evaluation of the data,
it was noticed that mainly polymer samples that tended to
emit fluorescent signals could be detected by the Cluster
Analysis. These primarily included dyed and pigmented
polymers that exhibited strong fluorescence signals even
at low intensity. The other polymers showed higher inten-
sities only in some subranges or at significantly stronger
laser settings, which were suitable for generating average
spectra. To test the suitability of the analysis and the final
selection of the most suitable membrane filter type, the
spectra of the polymer particles on the previously vali-
dated filters were compared with the reference spectra
of the dry polymer samples and presented in similarity
matrices. In conclusion, the ability to characterise foreign
particles, which can cause turbidity in beverages, using
RMS has been successfully established.
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PART 5

2.6 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 B-glucan, barley B-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 B-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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Identification and differentiation of haze
substances using Raman microspectroscopy
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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 microspectroscopy (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 with 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 B-glucan, barley B-glucan, gliadin, ferulic acid, proline, glutamine, calcium oxalate and PVPP were identified at 532 nm.
The same substances when analysed at 785 nm resulted in problems with weak carbohydrate spectra of the f-glucans
and arabinoxylan. All the other substances could be analysed 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 microspectroscopy has great potential in haze analysis and potentially in wider brewery analyses.
© 2020 The Authors. Journal of the Institute of Brewing published by John Wiley & Sons Ltd on behalf of The Institute of

Brewing & Distilling

Keywords: beer haze; identification; Raman microspectroscopy

Introduction

Beer is a complex beverage and contains an almost unlimited
variety of different substances (1,2). Under certain conditions,
some of these substances (Table 1) can interact chemically and
physically with each other, which can lead to lasting changes
in beer properties. For example, beer colour and taste can
change over time. It is also possible that dissolved or suspended
substances become visible and form a cloudy precipitate. Most
of these reactions are undesirable and are associated with the
ageing of the product. Accordingly, there is in increasing focus
on the prediction and prevention of these reactions to increase
the shelf life of beer. Cloudiness of the product can also be
caused by other factors (3-6). The methods of analysis used for
particle identification are often complex, imprecise and time con-
suming, and a new, rapid and reliable method would be
advantageous.

The aim of this work was to verify the potential of Raman
microspectroscopy (RMS) as a method for the rapid and
simple particle identification of haze particles. Turbidity particles
and substances related to turbidity formation in beer are excited
and characterised using a Raman microscope at different excita-
tion wavelengths for Raman scattering. In RMS, scattering mole-
cules are excited by radiation sources with a very small
frequency range. They reach higher or lower energy levels and
then release part of their energy to the irradiated photons. The
frequency or energy difference between exciting and emitted
radiation is detected and is unique for each group of molecules.
Peaks of the respective molecular groups are imaged on the
frequency spectra. These ‘fingerprints’ can then be used to identify
unknown substances (7). Problems that arise and possible
solutions are presented.

Materials and methods

The focus of this work was on the identification and characterisa-
tion of particles in beer which can lead to an optical or analytically
detectable haze. Beer is a complex medium comprising more than
450 ingredients (1,8). This matrix makes it difficult to analyse
different particles using RMS, since the substances to be analysed
are often overlaid by other ingredients (9). Accordingly, samples
need extensive preparation with methods or substances that re-
duce fluorescence. In surface enhanced Raman scattering (SERS),
the analytes are brought into direct proximity to metal nanoparti-
cles. The electromagnetic amplification is based on surface
plasmon resonance. SERS can amplify the Raman signal by up to
10" (10). As a first step, different slides were examined and
validated.

Slides

Before the samples were analysed, the suitability of quartz
(ThermoFisher, Germany) and normal glass (Th. Geyer, Germany)
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Table 1. Composition of standard beer (6,30)

Component Concentration Number of different substances Origin
Water 90 - 94% 1 -
Ethanol 3-5%v/iv 1 Yeast, malt
Carbohydrates 1-6% wiv approx. 100 Malt
Carbon dioxide 35-45g/L 1 Yeast, malt
Inorganic salts 500 - 4000 mg/L approx. 25 Water, malt
Total nitrogen 300 - 1000 mg/L approx. 100 Yeast, malt
Organic acids 50 - 250 mg/L approx. 200 Yeast, malt
Higher alcohols 100 - 300 mg/L 80 Yeast, malt
Aldehydes 30 - 40 mg/L approx. 50 Yeast, hop
Esters 25 - 40 mg/L approx. 150 Yeast, malt, hop
Sulphur compounds 1-10mg/L approx. 40 Yeast, malt, hop
Hop derivatives 20 - 60 mg/L > 100 Hop
Vitamin B compounds 5-10mg/L 13 Yeast, malt

slides as substrates for RMS was evaluated. For this purpose, spec-
tra described by the slides were recorded and compared (n = 5).

Preparation of gold indium tin oxide slides for SERS

Special slides for SERS according to Shan et al. (17) were required,
some of which were produced in-house. Glass slides coated with
the semiconductor material indium tin oxide were purchased. Fur-
thermore, a 1% (w/v) solution of sodium citrate, a 30 mM silver ni-
trate solution and a 10 mM ascorbic acid solution were prepared.
For germ synthesis, 25 mL of chloroauric acid germ solution and
25 uL 1 M hydrogen chloride was heated to boiling ina 100 mL Er-
lenmeyer flask, then 3.75 mL of the sodium citrate solution was
added. 1 mL of silver nitrate and 500 pL of ascorbic acid solution
was then added simultaneously. If prepared correctly, the colour
of the suspension turns from red to blue.

Production of turbidity particles from forcibly aged beer

A pale export beer was used to produce forcibly aged beer sam-
ples. The beer was filtered but not treated with PVPP. The beer
was incubated at 60°C for four weeks to produce haze. In a second
batch, hydrogen peroxide (2 mL) was added to the beer. The bottle
(0.5 L) was then resealed and incubated for two weeks. After the
incubation period, both beer samples were cooled to room tem-
perature, transferred to a 2 L glass bottle and degassed by shaking
by hand. 400 mL of each sample was cooled and split into 8 x 50
mL centrifuge tubes and centrifuged at 1683 g for 5 min (Centri-
fuge Z 366 K). The pellets were then combined, washed twice with
distilled water and centrifuged at 1683 g for 5 min. The washed
pellet was transferred to a glass flask and dried at 50°C water tem-
perature in a vacuum rotary evaporator.

Preparation of polyphenolic extract from beer

Haze relevant polyphenols were isolated from a light export beer
using a Discovery DPA 6S SPE column (Supelco, USA) according
to Dvorakova et al. (12). The column contains a polyamide resin
which selectively adsorbs -OH groups of phenolic substances,
which are present in an aqueous or methanolic solution. Before ex-
traction, the beer was degassed by manually shaking in a 2 L glass
bottle. The column was filled with 5 mL methanol and then with 10
mL distilled water. 100 mL of the beer was acidified with 36% (v/v}

hydrochloric acid to pH 1.5 and passed through the column. The
bound phenolic substances were then eluted with acetone (12
mL) and collected in a round bottom flask. The eluate was dried
in a rotary vacuum evaporator at 50°C,

Production of protein extract from beer

A tannin precipitation was used to extract the haze relevant pro-
teins from beer (13). Beer (180 mL) was degassed by shaking and
then mixed with 20 mL of 2% (v/v) tannin sclution. The mixture
was incubated for 1 h at 10°C. The resulting suspension was di-
vided into 50 mL centrifuge tubes and centrifuged at 1683 x g
for 5 min (Centrifuge Z 366 K). The pellets were combined, distilled
water was added, and the samples were recentrifuged. The pellet
was suspended in 20 mL of 0.3% (v/v) caffeine solution to separate
protein and tannin (74), stirred and incubated for 10 min. The sus-
pension was centrifuged for 10 min at 1683 x g and the pellet
discarded. The protein in the supernatant was dried in a rotary vac-
uum evaporator at 50°C.

Production of protein-polyphenol complex

Beer like protein-polyphenol complexes were produced with glia-
din as the protein and tannin as the polyphenol component. Glia-
din was dissolved in water and then precipitated with tannin at a
gliadin:tannin ratio of 3:1. The resulting suspension was centri-
fuged at 1683 x g for 5 min (Centrifuge Z 366 K). The pellet was re-
suspended twice with distilled water, centrifuged and dried at
50°C in a rotary vacuum evaporator.

Generation of artificial beer turbidity

To produce artificially clouded beer samples, insoluble substances
were suspended in beer (50 mL). The concentration of the sub-
stances are shown in Table 2 and were selected so that haze was
clearly visible to the naked eye. Before processing, the prepara-
tions were incubated for at least 15 minutes.

Extraction of haze substances from artificially clouded beer

To extract haze particles from artificially hazy beer, the samples
were transferred to 50 mL centrifuge tubes and centrifuged for
10 min at 748 x g (Centrifuge Z 366 K). The resulting pellet was
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Table 2. Selected suspended solids added to beer

Substances Concentration (g/50 mL)
PVPP 0.05
Starch 0.25
Yeast f-glucan 0.005
Barley B-glucan 0.005
Arabinoxylans 0.01
Calcium oxalate 0.05
Cellulose 0.05

treated twice with distilled water and centrifuged again. The pellet
was washed with 1 mL distilled water into a 1.5 mL reaction tube
and centrifuged for 10 min at 21,382 x g (benchtop centrifuge
Mikro 200). The supernatant was removed and discarded. The pel-
let was dried for 2 h at 60°C in a thermal mixer (Eppendorf,
Hamburg).

RMS

A Raman spectroscopy system, model alpha300R from WiTec
GmbH, was connected to a confocal microscope. Two laser units
generated monochromatic light at the wavelengths 532 nm and
785 nm. These laser beams entered the microscope via two con-
nected optical fibre cables. Two spectroscopes were available for
particle measurements, one each for a laser unit and wavelength
range. For analyses with the 532 nm laser, a UHTS seties spectro-
scope from WiTec GmbH was used. These were specially devel-
oped for high-resolution Raman spectra with short measuring
times. A UHTS 400 NIR spectroscope was used for the 785 nm laser.
Gratings scatter the detected Raman signal over the CCD detec-
tors. The number of ridges per millimetre determined the resolu-
tion of the Raman signals and the absolute measuring time.
These convert the detected photons into electrical signals and
feed the software with the data of the Raman signals.

Raman spectra 532 nm

The measurements of the Raman spectra at 532 nm were per-
formed as described above, The spectrometer was operated with
the spectral centre at 2050 rel. cm™’. The burr settings were G1:
600 g mm” and BLZ = 500 nm. The prepared slides were placed
with the sample side down on the microscope stage and fixed with
metal clamps. The 40x objective was used to search for and focus
on particles. The entire measurement took 100 seconds divided
into 100 accumulations each with 1 s exposure time.

Verification of pure substance spectra at 532 nm

The spectra of the pure substances recorded by Raman
microspectroscopy at 532 nm were verified using literature data
and databases (9,75,76). In addition, cluster analysis was used
check that the spectra correlated with each other and where n=5.

Data analysis

All analyses and measurements were controlled and performed
using WiTec Control FIVE 5.1 software. Quantitative data evalua-
tion and processing was carried out using the WiTec software Pro-
ject FIVE 5.1. The spectra were identified using the KnowltAll

software (BioRad, USA), and data material was evaluated using
the software BioNumerics 7.6.3, Applied Maths N.V., Belgium and
Origin 2019b, OriginLab, USA.

Results and discussion

Slides

Slides and cover glasses of conventional glass and pure quartz
were tested for their suitability for Raman analysis. Both materials
consist of silicon dioxide, with additional minerals being added
to conventional glass during manufacturing. Figure 1 shows Ra-
man spectra of glass and quartz slides at 532 nm. Although there
are similarities, there are significant differences in the spectra of
the two materials, Both materials show different, broad peaks from
0-1200 rel.cm™, with those of glass being particularly pronounced
between 600 and 1200 rel. cm™. The use of a confocal microscope
in Raman microscopy can help to minimise these peaks, since the
focus is not on the slide but on the sample itself. In addition, the
intense peaks of the slides do not significantly disturb the finger-
print region of the spectrum. The spectra of glass and quartz were
reproducible in five repeat scans. For reasons of cost and sample
preparation, all measurements at an excitation wavelength of
532 nm were performed using glass.

However, a different picture emerges for measurements at 785
nm (Figure 2). In Raman analyses at an excitation wavelength of
785 nm, the glass slides showed a strong fluorescence band be-
tween 1000 and 2200 rel. cm™. Strong fluorescence can superim-
pose over peaks and thus compromise the Raman spectrum.
Fluorescence also occurs when the laser is focused exclusively on
the sample. Due to the strong fluorescence using conventional
glass slides, only quartz slides were used at 785 nm. The spectra
were easily reproducible confirming the work of Tuschel (17).

Spectra of pure substances at 532 nm: starch, wheat
arabinoxylan and ferulic acid

High molecular weight starch is a potent haze agent that can
found in beer through insufficient mashing or over-heating. The
identification of starch as a cause of turbidity can be an important
step in process optimisation. The spectrum recorded at the excita-
tion wavelength of 532 nm (Figure 3) was identified as soluble
starch with 96.8% agreement using the KnowltAll database soft-
ware (Bio-Rad, USA). The spectra of the five different preparations
showed a very high similarity, which suggests good reproducibil-
ity. In contrast, arabinoxylan only plays a minor role in haze forma-
tion, but if malting or mashing is inadequate, an increased
arabinoxylan concentration can lead to turbidity in beer or to filtra-
tion problems (4,78). In addition, the phenolic compound - ferulic
acid - can be found in haze particles, although it is not considered
a major contributor (19). Arabinoxylan showed a weak Raman sig-
nal with difficult-to-differentiate peaks, which was characterised
by some diversity in the five scans (Figure 3). The research of
Philippe et al. (16) showed that the Raman spectra of arabinoxylan
from wheat are subject to fluctuation depending on the stage of
development and the cell layer from which the material originates.
This is partly due to the varying composition of arabinoxylan,
which is composed of arabinose and xylose units, However, the
spectra recorded here show a strong optical correlation to the data
published by Philippe et al. (16). If the arabinoxylan originates from
the aleurone layer of the wheat grain, peaks at 1630 rel. cm ™ and
1603 rel.cm " also clearly show phenclic components that indicate
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Figure 1. Raman spectra of glass (a) and quartz (b) slides at 532 nm (n=5); The spectrum was recorded at 50 mW laser intensity in 100 accumulations with an exposure time of 15
each over a wave range of 0-3000 rel. em”. The two spectra are clearly similar, but the spectrum of the quartz is weaker with differences between 600 and 1200 rel. em’. [Colour

figure can be viewed at wileyonlinelibrary.com]

the linkage of the arabinoxylan with ferulic acid (16). These peaks
cannot be found in Figure 3, since the material used was purified.
However, the peaks noted above are visible in the ferulic acid spec-
trum. This spectrum could be identified by the database algorithm
with agreement of 98.9%. Furthermore, the five replicates show a
high similarity to each other, which suggests that the identification
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Figure 2. Raman spectra of glass (a) and quartz (b) slides at 785 nm (n=5); The spec-
trum was recorded at 80 mW laser intensity in 100 accumulations. with an exposure
time of 1 s eachover a wave range of 0-3000 rel. cm’". The two spectra differ signifi-
cantly. The intense fluorescence between 1000 and 2200 rel. an’is clearly visible.
[Colour figure can be viewed at wileyonlinelibrary.com]

of ferulic acid is highly reproducible with the Raman
microspectroscope. Using the results of Philippe et al. (16), it is also
possible to identify ferulic acid linked to arabinoxylan, a form that
occurs naturally in cereals.

p-glucan

In most cases, the occurrence of B-glucans in beer, which include
cellulose, yeast B-glucan and barley -glucan, have various causes.
Cellulose can enter beer via filter breakthrough of filtration aid.
Yeast -glucan in beer originates from the yeast cell wall. Barley
B-glucan reflects inadequate malting or mashing. It is important
to identify these substances in order to identify the possible origin.
The Raman spectrum of cellulose (Figure 4) showed an agreement
of 96.7% with the reference spectrum. Furthermore, cellulose
showed a high uniformity in the five replicates, which confirms
good reproducibility  of  identification by  Raman
microspectroscopy.

Comparison of the cellulose spectrum with the two B-glucans,
showed a similar spectra (Figure 4). This is probably due to the
structural similarity of the substances. However, there is a clear dif-
ference in the peak at about 1100 rel. cm™', which is much more
defined in the case of cellulose. While the yeast [3-glucan spectra
were highly reproducible in the experiment, the barley B-glucan
spectra were poorly reproduceable. In addition to possible impuri-
ties in the sample, this may be due to the very weak Raman signals
of individual samples, which were neglected by the clustering al-
gorithm. However, the two different groups that correlate with
each other can be clearly seen but there is no rapid method to dis-
tinguish yeast from barley -glucan. However, the separate obser-
vation of the wave range of 1000-1200 rel. cm™ showed in all five
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Figure 3. Raman spectrum of starch (a) at 532 nm (n=5); The spectrum was recorded at 50 mW laser intensity in 100 accurnulations with an exposure time of 1 s each. The wave
range shown is from 250-1700 rel. em’'. Raman spectrum of wheat arabinoxylan (b) at 532 nm (n=5); The spectrum was recorded at 50 mW laser intensity in 100 accumulations
with an exposure time of 1 s each. The wave range from 400-1600 rel. cm’" is shown. Raman spectrum of ferulic acid (¢} at 532 nm (n=5); The spectrum was recorded at 30 mW
laser intensity in 100 accumulations with an exposure time of 1 s each. The wave range from 0-1900 rel. em’™"is shown, [Colour figure can be viewed at wileyonlinelibrary.com]

repeat measurements a differing shoulder height of the double
peak, which both f-glucan types show in this range (Figure 5). Bar-
ley B-glucan shows a peak in the higher wave number range with a
less intense shoulder than in the lower wave number range. This is
reversed for barley B-glucan. This phenomenon is also confirmed
by previous spectra of the different B-glucans (15, 20). This small
difference in the spectra could be useful in the rapid differentiation
of the two substances.

Gliadin and catechin

Although dliadin and catechin are not by themselves haze parti-
cles, they are the basis for protein-polyphenol turbidity. Gliadin is
a protein fraction of wheat (equivalent to hordein in barley), which
has a high content of the amino acids, glutamine and proline. Cat-
echin is a phenolic substance frequently found in beer, which
forms di- or trimers, referred to as oligomeric proanthocyanidins.
These two substances are capable of forming insoluble haze parti-
cles by cross-linking with each other (4). The identification of these
particles is a helpful tool to find the origin of haze in the brewing
process and to target possible solutions for solving such a
problem.

The spectrum of the pure gliadin fraction recorded by RMS
showed a weak signal with many small and broad peaks (Figure 6).
The KnowltAll algorithm was able to assign the spectrum with
98.1% agreement to zein, the equivalent of the gliadin fraction in
maize, and with 96.3% agreement to human hair, which is com-
posed of proline and 4-hydroxy-proline.

Zhu et al, (21) showed that the amino acid proline (among other
amino acids) can be identified from a protein spectrum. Con-
versely, it might be possible to identify proteins and polypeptides
with a high proline or glutamine content by means of the corre-
sponding amino acid spectra. The Raman spectra of the amino
acids proline and glutamine show very clearly defined peaks
(Figure 6). Both spectra were clearly identified by the database al-
gorithm (proline 83.2%; glutamine 96.6%). The spectra of both
amino acids were reproducible, but with proline showing some
deviations in measurement.

This is most likely due to the sample material used. In this work,
a racemic mixture of the two enantiomers D-proline and L-proline
was used. The Raman spectra of enantiomers can be distinguished
from each other. Thus, Raman spectroscopy can be a simple
method to differentiate between enantiomers that are otherwise
difficult to distinguish (22). Glutamine and especially proline are
binding partners of catechin and its polymers in the formation of
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Figure 4. Raman spectra of cellulose ((a), red), barley p-glucan ((b), blue) and yeast fi-glucan {(c), yellow) compared at 532 nm (n=5); The spectra were recorded at 50 mW laser
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Figure 6. Raman spectrum of gliadin (a) at 532 nm (n=5); The spectrum was recorded at 50 mW laser intensity in 100 accumulations with an exposure time of 1 s each. The wave
range from 400-2000 rel. em’"is shown. Raman spectra of L-glutamine (b) and D/L-proline (c) at 532 nm (n=5); The spectra were recorded at 50 mW laser intensity in 100 accu-
mulations with an exposure time of 1 s each and show the wave range from 280-2000 rel. em”", [Colour figure can be viewed at wileyonlinelibrary.com]

insoluble protein-polyphenol complexes. However, it is very diffi-
cult to identify catechin using RMS at 532 nm partly due to the
fluorescence signal that completely overlays the weak Raman
spectrum. Another problem is even small amounts of fluorescent
polyphenols are sufficient to make Raman measurements of
protein-polyphenol complexes impossible. The Raman spectrum
of the catechin recorded in this work is completely superimposed
by fluorescence and therefore has no value. Importantly, it was
also impossible to investigate the haze particles produced by the
forced ageing of beer due to the fluorescence that occurs.

PVPP

In  beer stabilisation, it is important to minimise the
protein-crosslinking polyphenols, typically catechin and its poly-
mers, which can cause problems in beer. Polyvinylpolypyrrolidone
(PVPP) is used to remove these polyphenols. The structure of PYPP
imitates the amino acid proline or a polyproline peptide which is

frequently found in proteins that cause turbidity and to which cat-
echin binds during haze formation (23). However, PVPP itself can
also contribute turbidity by entering the beer stream from filter
breakthrough. PVPP as a pure substance provides a good Raman
spectrum with clearly differentiated peaks (Figure 7). The PVPP
showed 98.6% agreement with the reference spectrum from the
database and reproducibility of the spectra. PVPP can be identified
with a high degree of certainty using the Raman microscope.
Calcium oxalate can lead not only to particles in beer, but also to
other phenomena such as gushing (24). The Raman spectra re-
corded by calcium oxalate showed clearly separated, narrow peaks
and thus good spectra, which could be clearly identified at 98.4%
agreement with the reference spectrum (Figure 7). Despite the in-
tense spectra, the measurement of calcium oxalate was poorly re-
producible. All spectra showed similar peaks, but there were
always small differences. Nevertheless, each spectrum could be
clearly identified as calcium oxalate, which occurs in different hy-
drations. The spectra of monohydrate and dihydrate differ slightly.
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Figure 7. Raman spectrum of PVPP (a) and calcium oxalate (b) at 532 nm (n=5); The spectrum was recorded at 50 m\W laser intensity in 100 accumulations with an exposure time
of 1 s each. The wave range from 0-2000 rel. em’' is shown. [Colour figure can be viewed at wileyonlinelibrary.com]

The peak at about 1480 rel. em™ is particularly striking and a
narrow double peak for monohydrate and a single peak for
dehydrate (25).

Spectra of pure substances at 785 nm

The spectra of pure substances recorded by RMS at 785 nm were
also verified by means of literature data and databases (9,15,76).
In addition, the correlation of the five repeated spectra was
checked by cluster analysis. If the spectra were comparable with
the results obtained, these results are not discussed any further,
However, in general, recording spectra at an excitation wavelength
of 785 nm takes considerably more time, is technically difficult, and
requires an optimised laser focus. The spectra are also much
weaker in most cases.

Conclusions

This work shows that RMS can be a useful method for the identifi-
cation and differentiation of various haze substances. Most of the
particles can be detected by excitation wavelengths at 532 nm
even after contact with beer. In some cases, the use of an alterna-
tive wavelength (785 nm) can be advantageous. For the full range
of haze particles in beer to be covered, it is required to minimise
the autofluorescence of some haze particles or to bypass back-
ground fluorescence. Particles with complex and unknown com-
position recovered from beer caused major problems in this
respect. The identification and differentiation of particles by means
of peak matching-based cluster analysis can cause problems that
can be quickly detected by visually inspecting the spectra. If visual
inspection of the data is dispensed with, an alternative is the use of
a database algorithm that compares the spectra with reference
spectra on the basis of different characteristics.

Raman microspectroscopy is a useful extension to conventional
turbidity analysis. In particular, the differentiation of structurally
closely related carbohydrates is comparatively easy with this
method. As studies show, RMS can be used to detect and identify
particles and a wide variety of microorganisms (26-29).In combina-
tion with a complete turbidity analysis, a considerable proportion

of brewery and beverage analysis could be carried out with RMS,
using one instrument and without extensive sample preparation.
However, to achieve this goal, it is necessary to eliminate the fluo-
rescence problems that occur with some substances and in biolog-
ical material. Furthermore, a way must be found to distinguish and
identify spectra with high statistical significance. This creates the
need for establishing a corresponding spectra database,

The haze material extracted from forcibly aged beer could not
be analysed due to the variety of organic components and the
resulting fluorescence. Should it be possible to reduce this fluores-
cence, it might be possible to determine the components of the
particles by Raman analysis. For this purpose, however, the spectra
of the pure substances contained in the haze particles must be
known in order to interpret the mixed spectra of the haze sub-
stances. Due to the heterogeneity of haze particles in different
beers, it will be necessary to investigate the influence of the
different chemical components on the mixed spectrum of haze
particles. For this purpose, artificial particles with different
compositions could be produced and examined in preliminary
tests. At the moment, RMS must be regarded as a method for large
laboratories, as the equipment requires substantial acquisition
costs. However, the cost of a single analysis are comparatively
low due to the uncomplicated sample preparation and the short
time required. Should it be possible to automate Raman analysis
with automatic particle recognition, it could evolve into a
high-throughput method.
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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, B-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 -
glucans. The occurrence of B-glucans in beer, which include the potentially turbid substances
cellulose, yeast B-glucan and barley B-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

afiltration aid. Yeast-B-glucan in beer often comes from yeast. Barley-B-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-a-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-a-acid
(R2 =0.63). This resulted in a statistical significance of the p value < a =0.005 (p value:
0.00408). For the fluorescing amino acids phenylalanine, tryptophan and tyrosine, only slight
correlations could be shown with the Fl. 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 -
glucan and barley B-glucan. It is of particular note that RMS could distinguish the yeast and
barley B-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 B-glucan, barley B-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 B-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 KnowlItAll algorithm.

Particles of arabinoxylan, cellulose, starch, yeast B-glucan, barley -glucan, PVPP and calcium
oxalate were investigated. Arabinoxylan, yeast B-glucan, and barley B-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 B-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 B-glucans is also clearly visible,
consisting of yeast B-glucan, barley B-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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Discussion
Due to the more intense Raman scattering at shorter wavelengths, the spectrarecorded 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 A 532 nm A 785 nm
starch [++] [++]
cellulose [++] [+]
barley B-glucan [+] [-]
yeast B-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 B-glucan and yeast B-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.
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